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BACKGR! _OF THE INVENT

. Field of ;he'Inventiog :

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).
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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 region between the body and that area is known as a

Degcription of the Prior Art

- boundary layer.

The boundary layer is laminar at low Reynolds’ numbers.
(Re = UL/», 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. 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 o 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



1. Field of the Invention The present invention relates to nultiple

el ectromag- netic tiles for magnetically controlling the flow of a fluid
along a wall and, nore particularly, to nagnetic control of the boundary

| ayer on aerodynamni c bodies (such as wings, rotors and flaps) and

hydr odynam ¢ bodes (such as submarine sailsz bowpl anes, stern ap- pendages
and propellers) 2 Descrption of the Prior Art A viscous fluid, and a
body conplety imersed in the fluid, forma boundary |ayer at the body's
sur face 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,

5 eddies and turbulence 18 develop in the boundary layer.

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

10 First, bdundary layer turbulence increases viscous

' drag, which may create the need for additional
propulsive force to be applied to the airfoil or other
body, which in turn requires more fuel to be expended
to maintain the speed of the airplane, submarine,

15 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
20 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
25 can cause vibration, which in turn causes fatigue,
which can be a serious problem particularly in metal
aircraft parts.
_ o

Various approaches haﬁe been taken to stabilize

30 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
35 at limited angles of attack.
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when the fluid and the body nove relative to each othr. That is, the |ayer
of fluid in contact with the body is essentially at rest, while in an area
renoved fromthe body, the fluid is noving at its free-streamvelocity. The
regi on between the body and that area is known as a boundary | ayer. The
boundary layer is |lamnar at | ow Reynol ds- aum bers. (Re=UL/v, where U is
a characteristic velocity, such as the free-streamvelocity, L is a
characteristic dinmensjon of the body, such as the length of a wing chord or
boat hull, and \ABRBrarhes nkemi contrebbing dhe 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

5 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 considerably to the

10 overall weight and complexity of the object, which is
generally inconsistent with the design objectives of
most applications.

The prior art has not yet achieved the capability to

15 provide all of these types of boundary layer control in
a very efficient, practical and easily implemented
fashion.

SUMMARY QF THE INVENTION
20
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
25 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 béay, which also can be used to create forces
and moments on the body and thereby provide directional

30 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.
35 5. Control of turbulent fluid mixing in the
boundary layer.
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the fluid.) Wien the Reynol ds' nunber increases, the.boundary |ayer becones
unstabl e and turbulent In sone cases, it can "separate" fromthe body.

FIGS. 1(a) and 1(b) illustrate flow over an airfoil. It will be appreciated
that the sanme principles apply whether the fluid is a liquid or a gas and
regardl ess of the shape of the body. -5 -

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

5 1In accordance with an aspect of the present invention,
an apparatus for controlling a boundary layer in a flow
of an electrically conductive fluid moving relative to
a surface comprises a plurality of selectively
actuatable control region tiles distributed over the

10 surface, each tile being bounded by magnetic field
generating means for generating in the fluid a magnetic
field g(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

15 current generating means for generating in the fluid an
electric current density E(x,y,z,t) traversing the
magnetic flux lines, wherein the magnetic field
generating means and the electric current generating
means are disposed relative to each other such that

20 actuation of a particular tile generates a magnetic

" field B and electric current density J that create in
the flow a force E(x,y,z,t) =JX E,.and control means
for selectively actuating the tiles to create the force
L in the flow along selected tiles for controlling the

25 flow.

In accordance with another aspect of the invention, the
tiles are disposed in a two-dimensional array and- the
- control means periodically actuates the tiles in a
30 predetermined pattern. |

BRIEF DESCRIPTION QOF THE DRAWINGS

The various aspects of the present invention can be
35 best understood by reference to the detailed
description of preferred embodiments set forth below

taken with the drawings, in which:
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When the airfoil 10 is operating at a small angl e of

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

Figs. 2(a) to 2(c) depict boundary layer flow
S 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

10 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 fiow shown in
15 Figs. 3(a) and 3(b).

Fig. 5 is a qualitative plot relating to the
conductivity of the fluid flow shown in Figs. 3(a) and
- 3(b).
20 |
Fig. 6 shows a one-dimensional array of control region
tiles that illustrates one embodiment of the present
invention. |

25 Fig. 7 shows a test setup used to demonstrate the
efficacy of an embodiment of the invention using a one-
dimensio&al array of control region tiles like that
'shown in Fig. 6.

30 Figs. 8(a) to 8(c) are plan views of the flow in the
test set-up shown in Fig. 7, as visualized using a
fluorescent dye.

Fig. 9 shows one embodiment of a two-dimensional array
35 of control region tiles.

. >
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attack a, as shown in FIG 1(a), the fluid stream 12, “‘?DT%;1199;§LL§QHL*“’
velocity U,, flows snmoothly over the upper surface 14 o € alrfoil. The
downward de- flection of the fluid streamby the airfoil Cﬁg%ﬁ&t%@q{ﬁacm
and opposite upward lift force to act on the airfoil. “

attack a increases, as shown in FIG 1(b), _the boundary Iay
turbul ent, as indi- cated by the i rregul ar fl'ow 17. (For pu
illustra- tion, the boundary | ayer is depicted in FIG 1 as nuch thlcker

than it is in actuglltyolapohsiy £hobneRobfbofinghEagk hNewboundary |ayer

may separate fromtihe airf
dimensional array of control region tiles and Fig.

10(b) is a cross-section along line B-B of Fig. 10(a),
showing an alternate embodiment of a magnet arrangement
5 that can be used in the present invention.

Fig. 11 is a conceptualized cross-sectional view of the
flow conditions over an array in accordance with the
present invention when the control region tiles are

10 actuated at the critical frequency.

Fig. 12 is a plan view of the conceptualized flow
conditions shown in Fig. 11.

15 Fig. 13 conceptually depicts approximate boundary layer

© velocity profiles along a prior art flat plate and
along a flat plate with the flow conditions depicted in
Figs. 11 and 12.

20 Fig. 14'conceptually depicts approximate boundary layer
growth under the conditions shown in Fig. 13.

Fig. 15 is a plan view of an actual flow in a test set-
- up using an array similar to that shown in Figs. 10(a)
25 and 10(b), as visualized by a fluorescent dye.

DETAILED DESCRIPTION OF D DIMENTS

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

layer, an understanding of which principles will aid

comprehension of the present invention.

Fig. 2 plots the velocity in a fluid at a wall (y = 0)
35 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



which then stalls. In addition to the loss of |ift caused by boundary | ayer
separation, eddies and turbul ence 18 develop in the boundary | ayer.
Instability | eading to boundary | ayer turbul ence at a body's surface has
several inplications. First, boundary layer turbul ence increases viscous
drag, which may create the need for additiomgl- propul- sive force to be.
applied to the airfoil or other body, which in turn requires nore fuel to
be expended to maintain the speed of the airplane, submarine, propeller

bl ade, etc., to whctkatks,aanboapproathiesc v fvwedtarean frelocity U,.

The velocity u in the mean-flow direction can thus be
expressed as uly) .

5 The average wall shear stress 7, in the mean-flow
direction is expressed by the following relation:

= au : (1)
10 - w dy twall

where pu is the viscosity of the fluid.

In turn, the wall shear stress is related to viscous
15 drag as follows:
Dviscous = fwalf dA (2)

where dA is an elemental area of the wall.

Equations (1) and (2) show that 7, and Dm“m increase as
20 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
25 external tonditigns. 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.

30
However, instability in the flow in the boundary layer
can cause the flow to become turbulent. An
illustration of this phenomenon is shown in Figs. 2(b)
and 2(c). -
35
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the fl ow separates conpletely, additional pressure drag is created. In
addition, a turbulent boundary |ayer exhibits |arge velocity and pressure
fluctuations, which induce noise. Noise can be a significant problemin
many environ- nments, one exanpl e being submarine control surfaces and
propel I er screw bl ades. Pressure fluctuatien8 asso- ciated wth boundary

| ayer separation can cause vibra- tion, which in turn causes fatigue, which
can be a seri- ous problemparticularly in metal aircraft parts. Vari ous
approaches have D&k taldeh tblustrrtegethe 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
5 éondition, which leads to the replacement of the low
- velocity £luid near the wall by the higher energy
(higher velocity) fluid in the free-stream. The
boundary layer thus established is generally turbulent,
as illustrated in Fig. 2(c). Accordingly, du/dy at the
10 wall is higher than it would have been if the
transition to turbulent flow had not occurred.

Turbulence in the boundary layer has impliéations
beyond the resulting increase in viscous drag. For one

15 thing, the turbulent flow in the boundary layer creates
noise because velocity fluctuations inherent in
turbulent f£low produce pressure fluctuations that tend
to propagate into the free-stream flow.

20 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.

25
Fig. 3(a)'is a planform view of a device illustrating
principles underlying 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

30 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 generally oriented
parallel to the wall surface 104 and normal to the
free-stream fluid flow direction x, although they have

35 y-components proximate to the magnets. (The coordinate.
system used herein is shown in Figs. 3(a) and 3(b).)
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boundary | ayer flow and del ay boundary | ayer separa- tion._One-of-—these
approaches includes optimzing the geonetry of the airfoil to achieve a

maxi mum possi bl e angl e of attack. However, an optinmum ai rf oThis 1} Replaced
only allows the airfoil to operate at limted angles of atta ‘mmiﬁm lT“
ot lnited angl i
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

5 allows free passage of magnetic flux. An electromagnet
can also be used.

However, the magnetic poles can be provided by any _
suitable structure. For example, the poles of one or

10 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
15 107 generates an electric current density J,
represented by arrows 109, between the two eiectrodes.
Of course, if the plate 100 is electrically conductive,
the electrodes 106 and 107 are insulated from the
. plate. '
20
To control the boundary layer using the arrangement
shown in Fig. 3, it is highly desirable that the £fluid
in the boundary layer have a certain degree of '
electrical conductivity ¢ different from the
25 conductivity of the rest of the fluid. In the device
shown in Figs. 3(a) and 3(b), an electrolyte 130 is
added-to‘Phe 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
30 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

35 density can be expressed generally as a vector J
parallel to the mean flow direction x of the fluid |
medium, aithough the lines of electric current have y-



- 3- Approaches for controlling the boundary | ayer along a surface of an

obj ect have al so included providing suction or injectiomof—arr—through—

fine slits in the airfoil surface to supply or mnthdram&ﬁp g¥h§ﬁwﬂkt?%m
bound- - l

- 11 -

components proximate to the electrodes. 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 B, the
5 wvector- or cross-product of J and B acting in a control
region in a direction generally normal to and toward
the wall 100, although near the edges of the control
region bounded by the magnetic poles and the electrodes
J may have significant x- and z-components.
10 |
The Lorentz force L = J X B stabilizes the boundary
layer by counteracting regions of positive and negative
vorticity w, in accordance with the mechanism
- illustrated in Fig. 4.
15
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 (2)
direction.) As a result of the introduction of the
20 electrolyte 130, the fluid has a higher conductivity o,
in the near-wall region than the conductivity ¢, 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
25 of the turbulence production. In the near-wall region,
viscous forces prédominate over momentum forces.
o §
‘The double line 140 denotes where the gradient of the
conductivity ¢ in the y-direction is at a maximum in
30 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.
35 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



ary layer. However, in addition to the burden of provid- ing fine slits
over the surface of the object, such ap- proaches require extensive tubing
networks to supply the force necessary for suction or injection. Accord-
ingly, this approach adds considerably to the overall weight and conplexity
of the object, which is generally inconsi-stient- with the design. objectives
of nost applica- tions. The prior art has not yet achieved the capability
to provide all of these types of boundary |ayer control in a very

ef ficient, practdoducaididysidnadimgitedimredHastonductivity 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 b5.

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.
10 A "wall unit" is a dimensionless number, usually
exptessed as y*, used by those skilled in the art to
express distance when phenomena being measured relate
to the flow conditions along a surface. 1In particular,
the vertical distance from the wall of a flat plate may
15 be expressed as:

‘e y &
y Y 3
(3)
20
where » is the kinematic viscosity of the fluid and
u,==th7 , T being wall shear stress (see Eguation 1)
and p being the density of the fluid.
25

Referring back to Fig. 4, tﬁrbulence 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,
30 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 fluid from
regions further from the wall, that is, the phenomenon
explained previously in connection with Figs. 2(a) to
35 2(c). | -
" This Sheet Has Been
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SUMVARY OF THE INVENTION It is an object of the present invention to

control the flow over a body for at |east the foll ow ng purposes: 1
Control of shear stress in the fluid in the boundary = Ilayer to reduce
shear stress in the fluid at the wall and reduce viscous drag on the
body. 2.- Control of boundary |ayer separaizon to decrease or increase
t he resultlng form (pressure) drag on t he body, which al so can be used
to create forces. and nonents on the body and thereby provide

directional contWhmile the exact mechanism by which such an arrangement

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

5 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 '

10 Lorentz force L, superimposed on the flow exhibits a
gradient in the areas where that boundary is
dislocated.

At the dislocation 14la on the left-hand side, L, is

15 decreasing in the z-direction, to create streamwise
vorticity w, in the positive direction that counteracts

~ the vorticity - that caused the dislocation 141l1a in

the boundary layer. At the right-hand dislocation
141b, L, is increasing in the z-direction, thus creating

20 streamwise vorticity , 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

25 z-direction for the left-hand dislocation 141a, and
smaller in the z-direction for the right-hand
dislocation 141b, it creates vorticities in the
opposite directions from -« and +w, respectively.

30 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

35 more such fluid, such-as where the boundary layer has
been lifted up, is larger than in the adjacent areas.
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3. Control of the characteristics of the acoustic field _inthe-fluid
surroundi ng the ‘body. - 4. Control of heat transfer between the body and

t he fluid,. 5. Control of turbulent fluid mfhoghektHas Been Benlaserar y
| ayer. 6. Control of the characteristics of the py in
the fluid surrounding the body and the resulting ces. In
accordance with an aspect of the present Tnvén” tio an apparatus for
controlling a boundary layer in a
Fig. 4 illustrates how this arrangement is believed to
counteract flow disturbances in the spanwise (z)
direction. . It is believed that the invention
counteracts disturbances in the streamwise (x)

5 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
look much the same as Fig. 4.

10 It is preferable when a conductivity gradient is
provided that it be a 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

15 order to generate the L, gradients that create
vorticity. That is, if 8 is the height of the near-
wall region, then there should be a conductivity
gradient in the y-direction between y = 0 and y = 9,
with the maximum gradient preferably being at y = b.

20
It will be appreciated that by reversing the polarity
of either the magnetic field or the electric current
density, the force JXB can be provided in a direction
normal to but directed away from the wall 100, which

25 will result in the flow medium being pushed in a
direction away from the wall surface 104. This effect
can be uged to disturb and destabilize the boundary
layer by creating the dislocating vortices -w and +w.

30 In the arrangement 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

35 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



flow of an electrically conductive fluid noving relativetoa surface
conprises a plurality of selectively actuat- able nt QlHuﬁﬂqu |Ies

distributed over the surface, each tile being bound ?ﬁeld
generating nmeans for generating in the fluid a nagne l”lmﬂﬂ ||
- 15 -
magnetlc fleld traversing each other will result in a
force J X B.

Arrangements besides that depicted in Fig. 3 are also

5 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

10 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

15 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 E(x,y;z,t} and the current density can be

20 expressed as a function J(x,y,Z,t), so that the
resulting force L=JXBis a func;ion 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

25 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), an

30 expedient manner of producing those variations in the
arrangement shown in Fig. 3 is by providing a layer of
different, preferably higher, conductivity fluid in the
near-wall region. Accordingly, an aspect of the
present invention involves the prov181on of such a

35 layer. In such a case, B and J need not be varied to
produce the L, variations necessary for boundary layer



-4 - B([err]) having flux lines with a predeterm ned urien- tatiton Wth
respect to the direction of relative nove- nent of the egl-ﬁpgee

- ced
surface and electric current generatlng nmeans for gener ui d
an electric 1“‘“”“ H
- 16 -

control, although for given desired flow effects B and
J may still be varied spatially and temporally.

The present invention has numerous significant
5 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

10 diésipate velocity fluctuations in the free-stream
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

15 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.

20 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'

25 such as heat exchanger design. Moreover, turbulent
boundary layer flow enhances fluid mixing, which can
have important ramifications in combustion and chemical
processiﬁg applications (where two fluids may flow
along opposite surfaces of a body to be mixed at the

30 body’s trailing edge). And a turbulent boundary layer
is ordinarily less prone to sepération than a laminar
boundary layer, so that inducing turbulent boundary
layer flow'can delay separation.

35 Controlling boundary layer separation is, of course,
important because of both the form (pressure) drag and
the unstable pressure fluctuations associated with such



current density J(x,y,z,t) traversing the magnetic -f IMes, erein the
magnetic field generating neans and the electric curgﬁﬂ%ﬂgﬁgﬁgﬁgm@gaﬂeans

are disposed rela- tive to each other such that actu . cul ar
tile generates a magnetic field B and el ectric current\“mm ‘ Create
in flowa force L(Xx,y,z,t)=J[err]B, and centioF neans y
actuating the tiles to cre- ate the force L in the flow along selected
tiles for con- trolling the flow I n accordance wi th another aspect of
the invention, BhELPK ESNELEigNspoSeparationnareateysiimeaeasasayhend t he
drag on the body due to the altered distribution of
pressure when the flow separates. Accordingly,
preventing separation reduces such drag. Separation
5 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) ,
10 can reduce these pressure fluctuations and the
resulting fatigue.

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

One aspect of the present invention uses those
principles to provide efficient boundary layer control
20 over a wide area. '

Results of experiments using a singlé control region
indicate that it becomes less capable of providing the
desired boundary layer control as the distance between

25 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.
Acéordingly, a certain magnitude magnetic field and

30 electric current density is desired in that region. As
Dy 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

35 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



control neans periodically actuates the tiles in a prede- _termped—

pattern. BRI EF DESCRI PTI ON OF THE DRAW NGS The various as ects ofRE ﬁxd
present invention can be best understood by reference to tH&is

description of preferred enbodi nents set forth bel ow taken m
drawi ngs, in which: FIGS. 1(a) and 1(b_)1 epict fluid flow

foil. FIGS. 2(a) to 2(c) depict boundary 1ayer flow condi- tions othat

illustrate principles utilized in the present
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.

10 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, D
5 "3 "1 (4)

15

Since 8 is a small distance, the value of D, and D,

required to maintain 50% of the magnetic field and

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

That consideration illustrates another principle
underlying the present invention, namely the provision
of a plurality of separately actuatable control region
25 tiles. ﬁith 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.

30 Fig. 6 schématically 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
35 surface as in Figs. 3(a) and 3(b), is provided with a



I nventi on. FIG 3(a) is a planformview of a magnetic boundary |ayer
control device with a single control region that illustrates the principles
of the present invention and FIG 3(b) is a cross-section along |ine B-B of
FIG 3(a). FIG 4 depicts a section of the fluid flow shown in FIGS

3(a) and 3(Db). FIG 5 is a qualitative. pjgpt_.relating to the conductiv-
ity of the fluid flow shown in FIGS. 3(a) and 3(b). FIG -6 shows a
one-di nensi onal array of control

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

5 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 _ '

10 -electrolyte 230 into the £luid, 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

15 made from known components and is capable of
selectively applying a potential across each electrode
pair through wiring 207. That is, the control circuit
250 can apply a potential across any pair of electrodes
206a-206b, 206b-206c or 206c-2064 in any polarity.

20 '
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

25 2064 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.

30
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

35 destabilize. Accordingly, it is possible to actuate
the tiles sequentially so that each is actuated for a
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region tiles that illustrates one enbodi nent of the pres- ent invention.

10

15

20

25

30

35

- 20 -

relatively short length of time, while still
maintaining stable flow over all of the tiles.

'Example No. 1

A test rig was set up to perform a féasibility study
using the device shown in Fig. 6. The rig was tested
in a flow channel in the test setup depicted in Fig. 7
The rig, shown in Fig. 7, consisted of a plate 609
about four meters long, having componeﬁts similar to
those shown in Fig. 6 mounted thereon. The boundary
layer control device 608 consisted of seven permanent
magnets 601la to 601g. 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 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. 7). 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. One such electrolytic
substance 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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- 5- FIG 7 shows a test setup used to denonstrate the efficacy of an
embodi nent of the invention using a one-dinensional array qf;sSRaH9BechRepl@ed
tiles like that shown in FIG 6. FIGS. 8(a) to 8(c) are p

the flowin the 35 test set-up shown in FIG 7, as visualizeamsi -
rescent dye. FIG 9 shows one. enbodi nentapf- a two-di nensi

control region tiles. '

The test tank shown in Fig. 7 consisted of a tank
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
5 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.:
10 | |
' 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
15  contro1 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.
20
Fig. 8 includes three actual prints of the test rig
shown in Fig. 7. Fig. 8(a) shows the plate 609 with
the boundary layer control device 608 in place. The
electrodes 606a are clearly visible. Fig. 8(b) is a
25 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*t =~ 20.
Fig. 8(c) is a print of the visualized flow over the
30 plate under the same conditions as in Fig. 8(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. '
35 .
The present invention also contemplates a two-
dimensional array 300 of n tiles as shown in Fig. 9.



FIG 10(a) shows anot her. enbodi mrent of a two-di- 40 neg§+gggL__,Lay_gL~———
control region tiles and FIG 10(b) is a cross-section along |ine B-B of

FIG 10(a), show ng an alternate enbodi ment of a magnet ﬁﬁg’ Bmwn

can be used in the present invention. FIG 11 is a conc

cross-sectional view of 45 the f|OM/COﬂdItI9£F over an ar ce
with the present invention when the control “%“egion tiles uated at
the critical frequency. FIG 12 is a plan view of the conceptuallzed flow

conditions shown gpiflfG1el has associated with 0 a pair of electrodes

and a pair of magnetic polés provided by
electromagnets. For example, the first row of tiles
360,, to 360,, has associated with it electromagnets 301,,
5 and 362,; the second row of tiles 360, to 360, has
associated with it 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
10 with it electrodes 306,, and 306,; 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

15 ‘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

20 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. '

25

- 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

30 such as an aircraft wing or submarine control surface),
etc. The present invention thus enables flow control
over a large area, and may reduce the strength of the
magnetic field and the electric current required for

~‘the same area if only one control region were provided

35 for such area. It also more readily enables flow
control'without providing a conductivity gradient in
the fluid.



FIG 13 conceptual |y depicts approxi mate boundary |ayer veIOC|ty rofi
along a prior art flat plate and along a flat plate
conditions depicted in FIGS. 11 and 12. FIG 14 concqgggﬁklﬁsgaﬂ
approxi mate boundary 55 | ayer growth under the condi ti ony 13.
FIG 15 is a plan view of an actual flow i % test setup
simlar to that shown in FIGS. 10(a) and 18% ), as visua
fluorescent dye. DETAILED DESCRI PTI ON OF PREFERRED
EMBODI MENTS Fig. 10 shows another embodiment of the invention that
demonstrates flow control using’'a two-dimensional array
- of control region tiles. The array is formed by a
series of spaced-apart permanent magnets 401, 402, 403,
5 404 and 405. The poles are arranged as alternate North
and South poles, as indicated by the designations "N"
and "S" in Fig. 10, and provide magnetic fields
indicated by the flux lines B. Sixteen control region
tiles 406,, 406,,, 4063, . . ., 406, 406, are formed by
10  separately actuatable electrodes 406,, 406,, 406,
406,, 406, 406,, 406y, . . ., 406y, 406, 406,.

The sixteen tiles are actuated in four sub-arrays 411,
412, 413 and 414, each having four tiles actuated at
15 different times. The tiles marked ¢, (referred to as
"equal-phase" tiles because they are all actuated at
the same time) are actuated by passing current J
between electrode pairs 406, and 406,, 406, and 406,
406; and 406, and 4064 and 4064,4. Then, the ¢, tiles
20 are turned off and the equal-phase tiles designated ¢,
are all actuated together; the equal-phase tiles ¢; and
¢, are likewise actuated in turn. In other words, in a
given time period all equal-phase tiles will be
actuated, and the actuation time of each such tile is
25 25% of the total actuation time of all four tiles in a
'sub-array.
.
In Fig. 10(a), the equal-phase tiles in sub-arrays
along the x-direction (the direction of the free-stream
30 flow) are actuated in the same order. That is, the
equal-phase tiles are arranged similarly in sub-arrays
411 and 414 and in sub-arrays 412 and 414. However, in
the spanwise (z) direction, the equal-phase tiles are
shifted from their locations in the adjacent sub-array.
35 Thus, the equal-phase tiles comprise four groups of
tiles and each sub-array includes a tile in one of
those groups. More or fewer sub-arrays can be used for



FIGS. 2(a) to 2(c) illustrate generally accepted princi- ples regarding
flow conditions in a boundary |ayer, an understandi ng of which principles
wi |l aid conprehen- 65 sion of the present invention. FIG 2 plots the
velocity in a fluid at a wall (y=0O of a flat plate and in the region of
the boundary layer. At y=0, the velocity u bi general ly considered to be
zero. The velocity increases as y increases, and approaches the free-stream
velocity Uerr]. The velocity u in . the nean-flow direction can thus be

expressed as U(Y¥low Eoat®éd’ adpendlings #Rathy Masw [&ddidibddad®eahd | ow
area over which the flow is to be controlled. The size
of the tiles varies depending on the freestream flow
conditions. Typically, the dimensions of the sides of
5 each tile have an order of magnitude about twice a
characteristic thickness of the boundary layer on the
plate.

The location of each group of single-phase tiles is

10 chosen to provide a fully closed electrical circuit at
each actuated tile. That is, it is preferable that
there be no electrical current between actuated tiles
in different sub-arrays; for example, it is believed
that the topology shown in Fig. 10(a) effectively

- 15 prevents current from flowing between electrodes

bounding different ¢, tiles when all of the ¢, tiles are
actuated. The same is true for the ¢,, ¢; and ¢, equal-
phase tiles. Those skilled in the art will be able to
construct different topologies, using different numbers

20 of control region tiles in each sub-array and/or
different actuation patterns. Such modifications are
intended to be within the scope of the present
invention.

25 Fig. 10(a) shows the ¢; tiles actuated, the y component
' of the resulting L (J X B) force being downward. This

1s true for all tiles. That is, when the ¢, tiles are
actuated the electrodes 406,,, 406,, 406y, 406y, etc.,
are connected to potentials that make the current flow

30 between electrode pairs (406, and 406,, 406, and 406,
etc.) in a direction to create an L force generally
into the surface of the thus-defined control region.
This control of the electrodes’ potentials over time is
provided by circuitry easily constructed by one skilled

35 1in the art.
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direction is expressed by the follow ng rel ati on:

'REPLACEMENT SHEET
. This Sheet Has Been Rep

s i

Fig. 10(b) shows the arrangement of the magnets beneath
the plate 400 (omitted from Fig. 10(a) for clarity).
This embodiment uses an alternate arrangement of the
magnets, which has been found to improve the flow
5 control provided by the present invention. The primary

magnets 401, 402, 403, 404 and 405 are arranged as
shown to provide the North and South poles that define
control region tiles as shown in Fig. 10(a). Linking
magnets 431, 432, 433 and 434 are coexistensive in the

10 z-direction with the primary magnets 401 to 405. They
are arranged with their North and South poles
corresponding to the North and South poles of the
adjacent primary magnets that define the control region
tiles. For example, the North pole of primary magnet

15 401 and the South pole of primary magnet 402 define the
first row of control region tiles 406,, to 406,,.
Accordingly, the linking magnet 431 is disposed with
its North pole adjacent the primary magnet 401 and the
South pole of the primary magnet 402. This arrangement

20 provides the desired magnetic flux density with less
magnetic mass (that is, smaller magnets).

The optimum frequency of actuation of the equal-phase
tiles is determined experimentally. It has been found

25 that there is a critical frequency at which a condition
analogous to resonance is attained. That frequency can
be'expregfed by the formula:

) u. .
fcz.ic. o ’E’ (5)
c

30 where U, is the free-stream velocity and 4, is the
distance between equal-phase tiles, as shown in Fig.
10(a).

Figs. 11 and 12 conceptually illustrate flow phenomena
35 believed to cause the dramatic decrease in viscous drag
experienced by a flat plate equipped with an array of
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control region tiles arranged in accordance with the
present invention and actuated at £, .

- 26 -

It will be recalled from the discussion in connection
with Fig. 4 that gradients in the Lorentz force L cause
vorticity in the near-wall region of the flow. A
similar mechanism is believed to work with the

‘embodiment shown in Fig. 10. However, in this

embodiment the gradients in L are created by the
components of L in the x- and y-directions, generated

' because the lines of magnetic flux and electric current

in the flow actually curve as they enter and leave the
surface of the plate. That is, by referring to Fig. 3,
it can be appreciated that the path taken by the
electric current between the electrodes 106 and 107 is
actually curved, being curved proximate to the surface
of the plate 100 at the electrodes and actually being
parallel to the surface only at the mid-point between
the electrodes. The same is true of the lines of
magnetic flux. Thus, the magnetic field actually has a
z component and the electric current. actually has an x
component. Accordingly, since L=JX E, L = (L, Ly, L,]
over the control region.

In a two-dimensional array of tiles, actuation of
different tiles in a pattern results in a Lorentz force
L(x, Y,z,t) over the entire array. It is believed that
an array in ‘such accordance with the present inventlon,
actuated at f£,,, will create a series of rotatiomal-
flow regions R in the boundary layer, as depicted in a
highly conceptualized manner in Figs. 11 and 12,
without the necessity of providing a conductivity
gradient in the fluid. The rotational-flow regions can
be considered generally to move at a rate in the order
of U./2 in the x-direction. It is believed that the
relatively small variations in L,, L, and L, over the

~surface of the array, and the periodic application of L



[err] where dAis an elenental area of the wall. Equations (1) —-and—

)
show that [err] and Dlerr] in- crease as du/dy at the wall |creases F
2(a) illustrates u(y) for a |am nar boundary | ayer, showﬁhmébe

and u(y) for a turbul ent boundary |ayer, shown in a dotte
sane exernal conditions. It will be appreei arved that du/dy
| ower for a | am nar boundary than for a turbul ent boundary Iayer at the
sanme | ocation on the _

to the flow at predetermined tiles as discussed above,

continually reinforces the small amount of the
vorticity created by the gradients of L over the array.
This condition, which is analogous to resonance, causes
5 the flow to organize as the periodic rotational-flow
regions depicted conceptually in Figs. 11 and 12.

These flow conditions greatiy reducé the drag on the
plate 400’ for reasons that can be understood by

10 considering Figs. 13 and 14. 1In Fig. 13, the lines
marked u(y),, and u(y)., duplicate the plot in Fig.
2(a). The line marked u(y).y is believed to represent.
a possible configuration of the velocity profile in the
boundary layer formed in the flow illustrated '

15 'conceptually in Figs. 11 and 12. The fluid velocity in
the boundary layer under those conditions increases
generally linearly because it can be thought of as
being organized into the regions R shown in Fig. 11,
and the fluid flow in such a region will vary generally

20 linearly from the center of the regioﬁ, as will be
appreciated by those skilled in the art.

This flow condition is illustrated at the right-most
region depicted in Fig. 11. At the freestream edge of
25 the region, the fluid velocity is U, and at the plate
400 the fluid velocity is 0. Accordingly, the local
velocity in the region x varies linearly from -U,/2 at
the platé'surface to +U,/2 at the freestream edge of
the region. The velocity profile shown conceptually at
30 the right in Fig. 11 and as u(y)., in Fig. 13 reflects
this flow condition. (In Fig. 13 the velocity profile
u(y).,. is shown with an inflection near the plate
‘surface to reflect the complex flow conditions in this
very thin region, caused by the complex rotational flow
35 patterns created in the flow by the present invention.)



wal | . Accordingly, viscous drag can be reduced if the_LLQMLLILLDE_QQEEQ?%y
| ayer can be maintained | am nar. However, instability in the flowin e
boundary | ayer can cause the flow to beconme turbul ent AhisShebtas Béeh Rbdifky Of
this phenonenon is shown in FIGS. 2(b) and 2(c). FI G es
the velocity profile in an unstabl e boundarygl ayer. The ’mm“‘!uumu e
fluid imedi.ately adjacent the wall begins to sl ow down and C

approach zero. This is often an unstable condition, which leads to the
repl acement of the iswhe#botitgat| fldw in the boundary layer that

reduces the drag on the plate. In terms of the

velocity profile u(y), drag D can be expressed as
follows:

e uly) u(y) \, (6)
p=p [ 5 (1- 7 )dy

where p is the fluid’s mass density.

The term in parentheses in equation 6 can be considered
a measure of the "lost momentum” caused by the fluid
10 velocity going to zero at the surface of the plate.

Increasing that term increases the drag on the plate,
since the "lost momentum" is manifested in a force on
the plate in the x-direction. That term represents the
area under the curve u(y) in Fig. 13, and it can be

15 seen that the shaded region, which is the area under
'u(y)“h, is smaller than the comparable area under
either u(y)y, Or u(y).s, Meaning that at any given
location on the plate the drag is reduced by operating
at £, using the arrangement shown in Fig. 10.

20
However, the drag is reduced even more dramatically
Ithan Fig. 13 would indicate, because it is believed the
present invention inhibits boundary layer growth, as
illustrated in Fig. 14. Thus, when the drag D in

25 Equation'% is integrated over the surface of the plate,
the boundary layer flow achieved with the present
invention, BL,,, substantially reduces drag as compared
to either flow with a laminar boundary layer, BL,,, or
a turbulent boundary layer, BL,,..

30
The critical frequency £, can thus be thought of as a
resonant frequency, the value of which will depend on
different factors and which will have minimum and
maximum values for particular flow conditions and array



near the wall by the higher energy (higher velocity) flrord—+nthe—mm8
free-stream The boundary | ayer thus estab- |ished is gq%%%gll t ur bul ent,
as illustrated in FIG 2(c). Accordingly, du/dy at the wa Yy dedin.
it would have been if the transition to turbulent flow h :
Tur bul ence in the boundary | ayer has inpli-cagi ans beyond

increase in viscous drags For. one thing the turbulent flow in the boundary
| ayer creates noi se because velocity fluctuations inherent in turbulent

topologies. However, since the above-discussed flow

can be thought of as a resonant condition, it may be
possible to reduce the L force created in tiles further
downstream. That is, once the flow is organized into
5 patterns characteristic of the above-discusses aspect
of the present invention, it may be that smaller L
forces in following tiles will maintain that flow
- organization, which would reduce power requirements
accordingly. It may also be possible to suitably
10 -actuate properly placed single control region tiles to
.organize and/or maintain such flow patterns.

Example No. 2

15 An array like that shown in Fig. 10 was tested in the
flow channel discussed above in Example No. 1. A test
array with overall dimensions of about 0.3 meters in
the x-direction and about 0.4 meters in the z-
direction. The test array had eight sub-arrays,

20 actuated in a fashion indicated by the placement of the
equal-phase tiles in Fig. 12. The test array included
permanent magnets generating a peak'transverse flux of
about 6000 gauss in the center of each tile. The tiles
were actuated by passing a peak current in an order of

25 magnitude of about 100 ma/cm’ between the pertinent

. electrodes. The flow velocity was about 30 cm/sec.
The fluid was conduétive, but no electrolyte was
introducéd to provide a conductivity gradient. A dye
was used for flow visualization as in Example No. 1.

30
Equal-phase tiles were actuated under varying
conditions. It was found that the flow organized
itself as shown in Fig. 15 when each equal-phase tile
was actuated for 750 msec. For a duty cycle of 1/4 for

35 equal-phasé tiles, the critical frequency £, was thus
3Hz (the reciprocal of 4 x 750 msec.). The bright
regions extending obliquely across the plate in Fig. 15



-7- flow produce pressure fluctuations that tend to propa-

- 30 -

are'waves related to the rotational-flow regions
depicted conceptually in Figs. 11 and 12. The measured
drag was reduced from about 10" N/m* to about 102 N/m?,
or approximately a 90% reduction.

It will be appreciated that magnetic boundary layer

control devices such as discussed above could be

provided on any surface upon which it is desired to .

control the boundary layer, either to prevent or cause
10 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.

15 Accordingly, the magnetic boundary layer control
devices could be easily manﬁfactured 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

20 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

25 array devices according to the present invention would
be extremely low. In addition, with the breakthroughs
presently, taking place with superconductivity, it may
be possible to significantly reduce thé'power )
requirements of devices incorporating the present

30 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

35 solely by the follbwing claims.
. —_—
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gate into the free-streamfl ow. The present invention can stabilize the
flowin the boundary |ayer and thus reduce viscous drag and noi se. The
present invention can al so serve the pur poses | i sted above, i.n ways
described in nore detail in the course' of the followng discussion. FI G
3(a) is a planformview of a device illustrating prin m ml“m t he
present invention. A wall or flat plate 100, sinulatij ﬂm!“m' l trol
surface, is provided with a magnet having a North pole “0F ahd % Sbuth pole
102 for generati WHAT DTSQQEAIMED glst B with

1. An apparatus for controlling a boundary layer in a
flow of an electrically conductive fluid moving
relative to a surface, said apparatus comprising:

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 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 an electric current
density E(x,y;z,t) traversing the magnetic flux lines,
wherein said magﬁetic 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 in the flow a force L(x,y,z,t) =
J X B; 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 accordlng 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.

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

This Sheet Has Been R
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flux lines 103. The flux lines 103 enter and exit the sur- face 104 of the
wal |, thus being generally oriented paral- lel to th urface 104 and
normal to the free-streamfluid flow direction x, although they have
y-conpo- nents proximte to the magnets. (The coordi na mu ) rein
Is shown in FIGS. 3(a) and 3(b).) The magngtic poles ' lﬂn I n
FIG 3 (a) are provided by a horseshoe nagne (not shomn) bé- Meash #
plate 100 (that is, on the side opposite the surface 104), and the plate is

a non-ferrous matepi gl aiPakr3bhOWBwhEECLRBS5aHRa0E FBENBERGINIWing Ehe
el ect romagnet
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.

' 13. An apparatus according to claim 1, wherein the

fluid is liquid and the apparatus further includes
-
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can al so be used. However, the magnetic poles can be provided by any
suitable structure. For exanple, the poles of one or
pl aced flush with the surface 104 so as to forma part}

itself, and can even protrude fromthe surface. A v I ﬂﬂmj t{ﬁ"’

attached across el ectrodes 106 and 107 genefates an el ectricC

density J, repre- sented by arrows 109, betWeenh the two el ectrodes.

course, if the plate 100 is electrically conductive, the electrodes 106 and

107 are insul at edof 500t 1 H€eP! 1 ering 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 the apparatus further includes
conductivity altering 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 plural

- pairs 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 plural
permanent magnets.

17. An apparatus according to c¢laim 1, wherein said
magnetic field generating means comprises plural
electromagnets. o

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.
. o

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.

20. An apparatus according to claim 19, wherein said
control means actuates said tiles in a predetermined
pattern.
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To control the boundary layer using the arrangenent shown in FIG 3, it is
highly desirable that the fluid in the boundary | ayer; have = ai n degree

of electrical conductivity o- different fromthe condJ\i\fTr{fﬁiTTﬁTTésf
of the fluid. In the device shown in FIGS. 3(a) and 3(8’”[’ {{f ’m
130 is added to the boundary |ayer by bl eedj pg_an el éctro ml”””f
reservoir 108 through a slit 108a into the Tediumto increase tfe s s

conductivity of a thin layer of the liquid adjacent to the wall.
21. An apparatus according to claim 20, wherein said
control means actuates selected said tiles in plural
groups thereof, the tiles in each group being actuated
simultaneously. '

22, BAn apparatus according to claim 21, wherein said
plural groups of tiles are four in number and are
arranged in sub-arrays, each including a tile from one
of said four groups of tiles, and said two-dimensional
array of tiles comprises a two-dimensional arrangement
of said sub-arrays.

23. An épparatus according to claim 22, wherein said
control means actuates said selected tiles such that
adjacent said tiles are not actuated.
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A direction of the current flow through the conduc- tive fluid is in the
direction froman anode el ectrode 106 and to a cathode el ectrode 107 such
that the current density can be expressed generally as a vector J parallel
to the nean flow direction %X of the fluid nmedium al- though the |lines of

el ectric current have y-conponents proximate to the el ectrodes. As depicted
in FIG 3(b), a Lorentz force L, repZeé@hted by arrows 131, resulting from
the interposition of the electric current and mag- netic field, is expessed
as JXB, the vector- or cross-

FIG. 2(a)
PRIOR ART

|:>- '. ‘U(Y)turb.

U (Yunstab.
.

g
FIG. 2(b) FIG. 2(c)
PRIOR ART PRIOR ART

>
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product of J and B acting in a control region in a direc- tion generally
normal to and toward the wall 100, al- though near the eddies of the
control region bounded by the magnetic poles and the electrodes J may have
signficant x- and z-conponents. The Lorentz force L=J X B stabilizes the
boundary | ayer by counteracting regi02%4ff positive and negative vorticity
[err], in accordance with the mechani lus- trated in FIG 4. FIG 4
is a V|eM/Iook|ng downstreamin the flow al ong the plate 100 in FIGS. -3(a)
and 3(b). (That is, a

Fi6. 3(a) —{gpe—

L—100 .

, 101 NQRTH. . |131
ELECTROLYTE| ANODE  CONTROL REGION CATHODE

O-L»x 102
z
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cross-section of the flowin the spanwise (z) direction.) As a result of
the introduction of the electrolyte 130, the fluid has a higher
conductivity [err] in the near-wall re- gion than the conductivity [err] in
regi ons outside the near-wall region. As those skilled in this art know,

the "near-wall" region is that part of the flowin the bound- ary |ayer
responsi bl e for nost of the turbulence4ﬁ?bhuc- tion. In the near-wall
region, viscous forces predom - nate over nonentum forces. The doubl e

| ine 140 denotes where the gradient of the conductivity [err] in the
y-direction is at a maxinumin the

FlG. 4

a0 I\
9y | max 100

)y, |
%cy:‘?////////////////////////////o
FlG. 5

'\
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near-wal | 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 maxinumat a predeternned distance fromthe wall, in
accordance with principles discussed below In FIG 5, the right side
qualitatively illustrates the con- ductivity variation in the y direction
(y=0 at the sur- face of plate 100) an®4He 1eft 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

S

.

FIG. 6

- i
ek
g = 8
&\ S
S
St ey L
2. |
g 4 4 =4 T 2
K4 — +—S ZE
= . T8 £ |85
£ > L& T T
8 - ‘
2| —
2t T8
o | T §§
e LS ¥
g " N (
~—— A S
g Aiiittitttitt=s
_ %
<
g |
-
—_—
This Sheet Has Been R

LT



6/1

Sheet Has Been Re|

.

!

. NS —»

laced

This

09



di stance fromthe wall where the conductivity gradient is at a maxi nrum as
showmn in FIG 5. This distance is typically between 10 and 30 wall units
(y-), that is, 10<y[err]<30, although it can vary dependi ng on the
properties of a particular fluid flow A "wall unit" is a dinensionless
nunber, usually expressed as y[err], used by those skilled in the art to
express di stance when phenonena beiny(q?asured relate to the fl ow
conditions along a surface In particular, the vertical distance fromthe
wal | of 3 . oo

FIG. 8(a)

FiG. 8 (b)

S T N

- CONTROL OFF

FIG. 8(c)

CONTROL ON: 3 TLES ACTWNE
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[err] where v is the kinematic viscosity of the fluid and [err] being
wal | shear stress (see Equation 1) and p being the density of the fluid.
Referring back to FIG 4, turbulence in a boundary |ayer is generally
associated with regions of positive and

8/1
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negative vorticity + [err] and -[err]. As
rai sed portion 141 of the double line, thi
one of the nechanisns at work in the lift
fluid and its replacenent by higher nonent

fromthe wall,

that is the phenonenon ex-

illustrated in FIG 4 by the

s vortic- ity. is believed to be
-up of near-wall | ow nonentum
umfluid fromregions further

pl ai ned previously in connection

with FIG. 2(a) to 2(c).

VWil e the @X3tt nmechani sm by which such an ar-

rangement prevents this lift-up of a near-wall fluid is not conpletely

understood, due.to the as yet inconplete
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under st andi ng of the feedback nechanisns that stinmu- |ate the creation of
near-wall streamm se vorticity ([err] and -[err]), FIG 4 illustrates one
of the nechanisns believed to be at work. Since the boundary between the
| ow- and hi gh-conductivity fluid is dlsplaced as seen by the raised

portion 141 of the double line in FIG, 4, the Lorentz force Ly superinposed
on the flow exhibits a gradient in théoafgas wher e t hat boundary |s
di sl ocat ed. At the dislocation 1 on the left- h |de L,

decreasing in the z-direction, to cre®e ereanﬂlse -
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ticiy [err]

in the positive direction that counteracts the

/1N
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vorticit [err] t.hat caused the dislocation 14IPCFt bou ay r
t he rygﬁy f gh@

t-hand dislocation 141b, L[err] is |ncreasr AN $1 n,
thus creating strearwi se, vorticity [err] in a nega (u ectrdmrfﬁgbg
counteracts the [err]at that |ocation. The bol der vector for L[err] in FIG

4 indicates a stronger force. Thus, since L[err] (mhich~+s—negaLLM§_9§§§g§?
it is directed in the mnus y- drrectro%) becores |arger in the z-direc

for the left-hand dislo- cation 14la, and smaller in the“,mmm:

the right- hand dislocation 1l4§Rari fsCEERTARDVEELI Cities W Iﬁﬂ,’
directions fronferr] and [err], respectrvely.

1. An apparatus for controlling a boundary layer in
a flow of an electrically conductive fluid moving relative
to a surface, said apparatus comprising:

a plurality of selectively actuable control.
region tiles distributed over the surface, each said tile
being bounded by'hagnetic field generating means for
generating in 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 an electric current density.
E(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 in the flow a force E(x,y,z,t) =JXB having a
non-zero 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 accordlng to claim 1, wherein the
electrlc current den51ty 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. '

4, .~ An apparatus according to claim 1, wherein the

component of the force J X B normal to the surface is in a

This Sheet Has Been
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The gradient of L[err] in the z-direction creates the coun- tef&é&/nﬁ i
vorticties because the near-wall region con- ductivitégygﬁrSis Qig?ﬂrﬂﬁsan
the nore renote conductiv- ity [err], and the higher U iv?ry u :
carries nore currTmlmﬂﬁmﬂqu"m L[err] where there is nore such fluid,
such as where the li 4 S been lifted up, is larger than in the
adj acent areas. FI G¢ 4%i1Yustrdtes how this arrangement is believed to
counteract flow di sturbances in the sbéﬁ%ﬁée (z) direc- tion. It is

bel i eved { AL oS o CEREh o 16 SRS A5 519058 Lhe! BOutiaagy™ o°
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 E 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
genefating means generate a magnetic field having flux
lines perpendigular 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.

13. ° An apparatus according to claim 1, wherein the
fluid is liquid and the apparatis further includes

.
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manner. Jhat is, a schematic cross-section of the flow taken in the
streamm se (X) dlrectlon instead of the span- w se-(z) directg¢qn moul d.l0dk
much the sane as FIG 4 It is preferable when a COEEUCtIVIty “gradi ent

is pro- vided that it be a maxi numat the edge of th I3 Jdi E

However, t hat “mﬂ Hﬂmum is beli eved to be |ci ent sinply to

have a conductlv he y-direction in the near-wall region in
he L

order to genert afe err] gradlents that create vorticity. That is, if
[err] is the height of.the near-wall rqgi on, then there should be a
onduct|V|ty gradient in the y- direction between y=0

conductivity altering means for bleedlng an electrolyte
into a near-wall region of the flow.

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

15. An apparatus according to claim 1, wherein said
electric current generating means comprises plural pairs
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 plural permanent
magnets.

17. An apparatus according to claim 1, wherein said

‘magnetic field generating means comprises plural
electromagnets.

18. An apparatus according to claim 1, furthe:-

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

1. An apparatus according to claim 1, further

' comprising plural said magnetic field genérating means and
plural said electric current generating means bounding

- said tiles in a two-dimensional array thereof.

20. An apparatus according to c¢laim 19, wherein said
control means actuates said tiles in a predetermined
pattern. -
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and y=[ers], with-the maxi-nmum-gradi-ent preferably b’é’mﬂa’f y=[ 94 / 0 @26

W Il . beappreciated that by reversing the polarity of ei PRAY] he orrgnet i
field or the el ect Thig SkegiHaaReen fdy, the force J ¥ anA & “pr évi ded f%sa
direction normal to way fromthe wall/ 100, which w ul t
in the fl.ow medi um b a direction avvay[ fuumH ace
104. This effect can be used to disturb and destabili ’t"ﬂ mm’ayer
by creating the dislocating vortices -fFeff]-and +[érr]f C L e s TR

21. An apparatus according to claim 20, wherein said

control means actuates selected said tiles in plural

groups thereof, the tiles in &dch group being actuated

simultaneously.

22, An apparatus according to claim 21, wherein said
plural groups of tiles are four in number and are arranged
in sub-arrays, each including a tile from one of said four
groups of tiles, and said two-dimensional array of tiles
comprises a two-dimensional arrangement of said sub-
arrays.

23. An apparatus according to claim 22, wherein said '
control means actuates said selected tiles such that '
adjacent said tiles are not actuated.

24. An aPparatus according to claim 19, wherein each
of said control region tiles is bounded by a first
permanent priméry magnet on one side thereof having the
North pole thereof facing the surface and second permanent
primary magnet on an opposite side thereof having the
South pole thereof facing the surface.

25. An apparatus according to claim 24, further
including a permanent linking magnet under the surface,
wherein the North pole of said linking magnet is proximate
to said first primary magnet and the South pole of said
linking magnet is proximate to said second primary magnet.

26. An apparatus according to claim 24, wherein a
single said primary magnet comprises said magnetic field
generating means for at least two adjacent said control
region tiles. '

27. ' An apparatus according to claim 19, wherein said
magnetic field generating means comprises a magnet -
extending under the surface of each control region tile

AMENDSD §x5
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and having a North pole at one boundary of said tile and a
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South pole at an opposing boundary of said tile.

28. An apparatus according to claim 24, wherein:

said electric current generating means comprises
selectively actuable electrodes bounding opposing sides of
each said control region tile; and

said control means selectively actuates said
electrodes associated with each said control region tile
in a predetermined pattern. '

29. An apparatus according to claim 28, wherein:
~ a single said primary magnet comprises said

magnetic generating means for at least two adjacent said
contrnl region tiles; L Rved 25

said electri cu:rent_generating means comprises
selectively actuable /bounding opposing sides of each said J/
control region tile, a single said electrode comprising
said electric current generating means for at least two
adjacent said control region tiles; and

said control means selectively actuates said
electrodes in a predetermined pattern such that said
electrodes in adjacent said tiles are not actuated «t the
same time.

30. A device for travelling through a fluid medium
having a predetermined conductivity, the device
comprising: ¢

a surface contacting the fluid medium so that a
boundary layer is formed on said surface; and

flow control means including a plurality of .
selectively actuable control region.tiles distributed over
said surface, each said tile being bounded by magnetic
field generating means for generating in the fluid a
magnetic field E(x,y,z,t) having flux lines with a
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-11- . kn'the aLLangeﬁEﬁf—fTTU§f?éted in FIG 3, the ghuggﬁt den5|fy and'-“
the magnetic field are norna Lig.gach other.. This of ¢ VI gs g. :
maxi mum force J THis h as gnetlc qux denst §|w9
J. However, it mnl C|ated t hat the el density
and the magnetlc f lbe per- pendicul ar Im l" shown
I n these figures. Any arrangenent mh|9h3@rpvides a

predetermined orientation with respect to the flow over

said surface and electric current generating means for

generating in the fluid an electric current demnsity

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 in the flow a force L(x,y,z,t) = J X E having a

non-zero component normal to said surface, said flow

control means further including control means for

selectively actuating said tiles to create the force L in

the flow along selected said tiles for controlling the
flow. '

31. A device according to claim 30, further
comprising plural said magnetic field generating means and
plural said electric current generating means bounding
said tiles in an array thereof wherein said control means
actuates said tiles in a predetermined pattern. -

32. A device according to claim 31, wherein said
array extends in two directions along said surface.

33. An apparatus for controlling a flow of an
electrically conductive fluid moving relative to a
surface, said apparatus comprising:

. . [ ]

magnetic field generating means for generatlng a
magnetic field B(x, Y.2,t) having magnetic flux lines in
the fluid;

electric current generating means for generating
in the fluid an electric current dehsity J(x, Y.2Z,t)
traversing the magnetic flux lines, said electric current
generating means being disposed-in a predetermined

. X% Lot
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fie{;)traversing each other will result in a force J X B. Arrangenent s
besi des that depicted in FIG 3 are also possible in accordance with the
present invention. For exanple, the el ectrodes coqptzﬁfiggrangadzsp,thal ~
the current flows &S al Ben RBGed 1 Ui d 1 ow di rect MON “hki | e tHe: wagnet e 5

flux Iines are alo ection. O the anpunt ent density
and strength of th%“‘ﬂﬁﬂ!ﬂ%‘m eld can be varied with Emﬁo Zhange ;gg\sat
force. in one of i '
provides for varying the magnetic field and current d | ntire
control region and with tine to | ﬁmmm“mi““'mﬂm

- - 37 - , * C L ] S *

al aspects, the present—nwven=—tTon
orientation relative to said magnetic field generating

means; and

" control means for varying over time at least one
of the density and orientation of at least one of the
magnetic field B and electric current density J such that
the magnetic field B and the electric current density J
create in the flow a force E(x,y,z,t) = J X B for
controlling the flow, the force L having a non-zero
component normal to the surface. ' |

34. An apparatus according to claim 33, wherein said
control means varies the orientation of the magnetic field
B and electric current density J to reduce drag on the
surfare,

35. An apparatus according to claim 34, wherein the
surface is a lifting surface.

36. A method for determining a flow control for a
flow of an electrically conductive fluid moving relative
to a surface, said method comprising the steps of:

determining a magnetic field E(x,y,z,t) having
magnetic flux ljines to be provided in the fluid by a
magnetic field generator;

determining an electric current density _
E(x,y,z,t).to be provided in the fluid by an electric
current generator such that the electric current density
traverses the magnetic flux lines in the fluid; and

détermining the variations over time to be
provided in the magnetic field B and the electric current
J and the relative positions and densities at which the
magnetic field B and the electric current density J are to
be provided with respect to the mean-flow direction of the

. P et



provi de boundary |ayer control effects precisely tai- lored to any

particul ar flow condition. That is, the nmag-. netic field can be expressed
as a~function B(xy, z, t) and the current” density can be expressed as a
functlion J(x, vy, z, t), so that the resulting force L=J x Bis a function L

(x,y,z,t). Accordingly, to provide the desired control. of the flow around
an obj.ect it is p(;s]gmpmA_de\B(x,yzt) andn’m z}) that will _ _ '
provi de the desiréd, ffects. Al though it , t’lﬂgssibl‘gayﬂd{aj,s{gi@é
circunm stances tb i ,ﬁr”’”w,’ B(xy, zt) and J(x,%,z,t) t hat .
B e L WEA/US i v g
- 38 -

fluid, such that the magnetic field and the electric
current create in the fluid a force E(x,y,z,t) =J X B for
controlling the flow, the force L having a non-zero
component normal to the surface.

_—
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wi Il prpduce the proper L[err] veriations (see FIG 4), an expedient nanner
of pr.dduci ng those variations in_ the arrangement shown in FIG 3 is by
Qxhdlng a layer of different, preferably hi gher, conductivity fluid in
he hear-wal |l region. Accordlngly, an aspect of the present invention
|nvolves the provision of such a layer. In such a case, B andJ need not be
vaned to produce the L[err] variations necessary ng boundary qu C A
control, al- though for given desired flow effects B’ 'h'dVJ may75‘1r|/1UbeU26

varied spatlally and tenporally. ' ,PEA/US 23 JAN
b} 19%%
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ABSTRACT OF THE DISCLOSURE

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 along the surface of the wall and an
electric current density J traversing the magnetic flux
lines in the fluid to form a control region. The magnetic
_field B and the electric current density J create in the
control region a force J X B that can stabilize or
destabilize flow in the boundary layer. A plurality of
such control regions can be arranged in a two-dimensional
array of control tiles that are periodically actuated in a
controlled, predetermined péttern at a critical frequency
that provides boundary layer control over a given area.

-

as Been Re 1aced

TR \\\\\\\\\\

AMENDED SHEET



ES

BEPLACEIVENT SHEET Dpbass-4 g3

o RE‘PL‘ACED SHEETS G REPLACEMENT SHEBTS  SG
g I_?es:cnpuon : paged ...\.... to paged ..z M Description : paged .»... to paged ..
:?;l'am{(s) ‘ paged ..aL... to paged .9...., | i? ?E.Eim{s) Fpaged .. to paged ..
[ Drawing(s) : paged . 4. to paged M : ¥ Drawing(s) : paged . to paged %.
M Hbstract :paged ..H... to paged ..%...... B Abstract paged 21 to paged .=..
|3ATE OF RECEIPT o
| DATE CF RECEIPT ..M. ...

TITLE

MULTIPLE ELECTROMAGNETIC TILES
FOR BOUNDARY LAYER CONTROL

CROSS-REFERENCE TO RELATED APPLICATION

This is a continuation-in-part of Serial No.
07/966,390, filed October 26, 1992.

BACKGROUND OF THE IEQE 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).

REPLACEMENT SHEET I
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- 1é - The present invention has nunerous significant inpli- cations.

ft can reduce viscous drag by stabilizing the boundat
preventing transition to turbulent flow In additio
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velocity fluctuations in" the near-wall region over ge—area o1
surface and thereby danp and dissipate yelocity flu t ati qn@Aan?ihé
free-streamflow. This can significantly affect the Jacloudt

.

d iln

fluid surrounding the body. And by stabilizing the bpu
preventing tpassripenont 8rt UhBUbeRb f hew the present

heat

A viscous fluid, and a body completely immersed in the
fluid, form a bdundary 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 region between the body and that area is known as a
boundary layer.

The boundary layer is laminar at low Reynolds’ numbers.
(Re = UL/», 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. 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 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 in Fig. 1
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*significance in reducing the tenpera- tures to

subj ected upon re- entry into the Earth's atnosphgre. On the

providing JXR directed away fromthe body can dpsfathi1 MAR 1992 f|
| ayer and induce transition to turbuleptiflow 1n that] jmanner
body cap be enhanced, whijch is

boundary

heat transfer between the fluid and the

| mport ant
t ur bul ent

in applications such as heat exchangel
baupfaty cnliaxel haW arhances, Hothiieg No. AhiwlrFafign
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,
eddles 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
propulsive force to be applied to the airfoil or other
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.

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.




haJe important ram fications in conbustion and chem

to be mxed at the body's trailing edge). And a turpu ent boundary‘ Ay er
is ordinarily less prone to separation than a |am
t hat inducing turbul ent boundary [|ayer flow can delja
Control i ng boundary | ayer separation is,4of course;
both the form (pressure) drag and the unstable pre tions
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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 considerably to the

- overall weight and complexity of the object, which is
generally inconsistent with the design objectives of
most applications.

The prior art has not yet achieved the capability to
provide all of these types of boundary layer control in
a very efficient, practical and easily implemented
fashion.

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 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.



the body due to the altered distribution of pressure
separates. Accordingly, preventing sepa- ration redu
Separation can also create a fluctuating pressure fi
subj ects the body to coupled forces which can cause
separation (by inducing turbul ent bounda$y | ayer f1l
separation (by providing a strong J X B force toward
t hese pressure fluctuations and the resulting fatigue.

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 an electrically conductive fluid moving relative to
a surface comprises 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 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 an
electric current density E(X,y,z,t) traversing the
magnetic flux lines, wherein the magnetic field
generating means and the 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 in
the flow a force E(x,y,z,t) =JX E, and control means
for selectively actuating the tiles to create the force
L in the flow along selected tiles for controlling the
flow.

In accordance with another aspect of the invention, the
tiles are disposed in a two-dimensional array and the
control means periodically actuates the tiles in a
predetermined pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

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:
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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). '

Fig. 5 is a qualitative plot relating to the
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 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. 8(a) to 8(c) are plan views of the flow in the
test set-up shown in Fig. 7, as visualized using a
fluorescent dye.

Fig. 9 shows one embodiment of a two-dimensional array
of control region tiles.



By the sane token, preventing or inducing separation under
condi tions can be used to create forces and nonents on thg
di rectional con- troL One aspect of the present inventif
princi- ples to provide efficient boundary |ayer control
Results of experinments using a single control region ingg
beconmes | ess capabl e of providing the degsired boundary f
di stance bet ween

Fig. 10ka) shows another embodiment of a two-
dimensional array of control region tiles and Fig.
10(b) is a cross-section along line B-B of Fig. 10(a),
showing an alternate embodiment of a magnet arrangement
that can be used in the present invention.

Fig. 11 is a conceptualized cross-sectional view of the
flow conditions over an array in accordance with the
present invention when the control region tiles are
actuated at the critical frequency.

Fig. 12 is a plan view of the conceptualized flow
conditions shown in Fig. 11.

Fig. 13 conceptually depicts approximate boundary layer
velocity profiles along a prior art flat plate and
along a flat'plate with the flow conditions depicted in
Figs. 11 and 12.

Fig. 14 conceptually depicts approximate boundary layer
growth under the conditions shown in Fig. 13.

Fig. 15 is a plan view of an actual flow in a test set-
up using an array similar to that shown in Figs. 10(a)

and 10(b), as visualized by a fluorescent dye.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figs. 2(a) to 2(c) illustrate generally accepted '
principles regarding flow conditions in a boundary
layer, an understanding of which principles will aid
comprehension of the present invention.

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



the el ectrodes, Dlerr] and the distance between the
Dierr], becone larger. The reason lies in the fact t
i nvention seeks to control the fluid in the near-wal
Accordingly, a certain magnitude magnetic field and
density is desired in that region. As Derr] and O
magni t udes of the nagnetic field and cugrent den- sijty a
region actually [err] for a given strength nmagne el
Thus, one way to increase the size of the control region whi[ €& T ni ng
t he sanme degnezeabet|, oandorippaloaiches miley fimee-stream velocity U,.

The velocity u in the mean-flow direction can thus be
expressed as uly).

The average wall shear stress 7, in the mean-flow
direction is expressed by the following relation:

Fu (i)

T = ——
w= B dy lwall

where g is the viscosity of the fluid.

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

Dviscous = fwallwdA (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 phenomenon is shown in Figs. 2(b)
and 2(c).



I ncrease the strength of the magnet or current or both. T
Tesults in an inefficient use of the mag- netic field andfcy
bei ng generated, since a only a small percentage of each
near-wall re- gion contributing to flow control. However 4
I nvention enables flow control over a lagge area while gff
the magnetic field and electric current density. The ppti
Derr] and Derr] for naintaining a certain percentage 0

unstable boundary layer. The velocity of the £luid ~—
immediately adjacent the wall begins to slow down and

can even approach zero. This is often an unstable
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
principles underlying 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 generally oriented
parallel to the wall surface 104 and normal to the
free-stream fluid flow direction x, although they have
y-components proximate to the magnets. (The coordinate
system used herein is shown in Figs. 3(a) and 3(b).)



equations can be used to show t hat [err]

10

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. An electromagnet
can also be used. f

However, the magnetic poles can be 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 itself, and can
even protrude from the surface.

A voltage source 105 attached across electrodes 106 and

-+ 107 generates an electric current density J,
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 arrangement
shown in Fig. 3, 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 generally as a vector J
parallel to the mean flow direction x of the fluid
medium, although the lines of electric current have y-



- 14 - Since [err] is a small distance, the val ue of
-required to maintain 50% of the magnetic field and el g
the near-wall region are also very snall. That consj dgr
anot her principle un- derlying the present invention,
of
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components proximate to the electrodes. As depicted in
Fig. 3(b), a Lorentz force f, represented by arrows
131, resulting from the interposition of the electric
current and magnetic field, is expressed as J X B, the
vector- or cross-product of J and B acting in a control
region in a direction generally normal to and toward
the wall 100, although near the edges of the control
region bounded by the magnetic poles and the electrodes
J may have significant x- and z-components.

The Lorentz force L = J X B stabilizes the boundary

| 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 g,

in the near-wall region than the conductivity ¢, 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

"7 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



a plurality of separately actuatable control region tileg.
-arrangenent, flow control over a large area can be provi
magnetic flux and elec- tric currant then would be requi
flow control for that area using a single control regiof.
schematically illustrates the present invention as appli
one- di mensi onal array of individual cof< trol region til
flat plate 200, sinmulating a wing or control. surface as

3(b), is prov'%ﬁ%t@%&@yag%%gfg%t forggﬁg5%5EH&£%&$$%§r&f&ﬁé@rggég 201

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.
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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
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:

*

= v K
Yy =Y 3
(3)

where vy is the kinematic viscosity of the fluid and

u, = /3. /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 fluid from
regions further from the wall, that is, the phenomenon
explained previously in connection with Figs. 2(a) to
2(c).
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-magnetic field Bwith flux lines 203. A plurality pfj S769
206c and 206d are spaced from each other to provide }

260a, 260b, and 260c disposed in FIG 6 ma one-
direction of fluid flow To, provide a |ayer of hifgher

L a

206D,

ifl es

n the

in the near- wall region, a slot 208a BReeds an el
fluid, in a fashion simlar to that illustrated in FIGS. 3(a) ami3

' nn i rin 7 that.
Each el ect r?l%?.léoihles egc%cte%;[eec a:[n%svﬁnl by q«rh2ioch tsuaéh an arrangement

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
gradient in the areas where that boundary is
dislocated.

At the dislocation 1l4l1a on the left-hand side, L, is
decreasing in the z-direction, to create streamwise
vorticity o, in the positive direction that counteracts
the vorticity -« that caused the dislocation 141a in
the boundary layer. At the right-hand dislocation
141b, L, is increasing in the z-direction, thus creating
streamwise vorticity «, 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

v z-direction for the left-hand dislocation 141a, 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 o, 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.

t he
b) .



leads to a control circuit 250. The control circuit is made from known
conponents and is capable of selec- tively applying agseieat ross each
el ectrode pair through wiring 207. That is, the contr ML

apply a potential across any pair of electrodes 206a-
206¢-206d in any polarity. FIG 6 shows the case wherg
and 206b are at the same potential elecijjodes 206b an

an electric Fig. 4 illustrates how this arrangement IE“bE&teveéwte~-nJ
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) dlrectlon would
look much the same as Fig. 4.

It is preferable when a conductivity gradient is
provided that it be a 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-difection 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 y = 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 -w and +w.

' In the arrangement illustrated in Fig. 3, the current
density and the magnetic field are normal to each
other. This of course provides a maximum force J X B
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



current J between the el ectrodes 206b and 206c. This
-represented by the vector J and ar- rows 209. Accordi
is generated in the actuated tile 260b.
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e

magnetic field traversing each other will result in &= o

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
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 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 L =J X B is a function E(x,y,z,t).
Accordingly,.bo 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,g(x,y,z,t) and E(x,y,z,t) that will
produce the proper L, variations (see Fig. 4), an
expedient manner of producing those variations in the
arrangement shown in Fig. 3 is by providing a layer of
different, preferably higher, conductivity fluid in the
near-wall region. Accordingly, an aspect 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




- 15- When any one of the tiles 260a, 260b or 260c if
flow along that tile is quickly stabilized. How ever,
decated it may take a relatively long tinme for the flo Frdtez O

Accordingly, it is possible to actuate the tiles seque tialig ¢agh
is actuated for a relatively short length of tinme, whilfelstil
mai ntai ning stable flow over all of thel6iles.

éontrol, 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 velocity fluctuations in the near-wall region
over a wide area of a flow surface and thereby damp aﬁd
dissipate velocity fluctuations in the free-stream
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. 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 sepération 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



Exanple No. 1 Atest rig was set up to perform a feasibi
t he device shown in FIG 6. The rig was tested in a flow c
test setup depicted in FIG 7. The rig, shown in FIG 7, cj
plate 609 about four nmeters |ong, having conmponents siml g
in FIG 6 nounted thereon. The boundary | ayer control devjfcé

about 18 cm apart, that is, the control region was 18 cm

ir Staj n| ess st eel Type 304) el ectrodes
spanwi se di eQéiow con itlon Separétlon gre;tly 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 separatlon
(by providing a strong J X B force toward the body),
can reduce these pressure fluctuations and the
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.

One aspect of 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 boundary 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
Dy 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



606a. 606b. 606c and 606d were provi ded approximately 8 ¢
.approximately 1 cm w de and 8 cm | ong. Anode and cath

establi shed for each test run. The el ectrode 606a was nmir

anode voltage and the 606d was maintained at the cath- od
el ectrodes 606b and 606c were alter- nately sw tched bet

cat hode volt- ages by a control unit (not shown in FIG 7).

e vvere
meafﬂ

The
n the anode

control region tiles were sequentially actuated for 100 nsec. each (with a
duty cycl e oheféicipntBuser joif cmeeatargrted:e: wWbieeld 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.

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

De DB
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(4)

Since § 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 another 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 f£lux 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




abdut 160 gauss and J[err] for each tile was about 10 na/
electrolytic substances were injected into the flow medi

in a manner di scussed bel ow The test tank shown in FI
tank approximately 1.5 neters wi de, O.51geters high and : ng.
The test fluid 605 was set to flow at 15 cm sec. A | aser arranged to

provide a thi'n sheet of s, ]
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
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 flu1d
in the near-wall region, a slot 208a bleeds an
electrolyte 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
pair through wiring 207. That is, the control circuit
250 can apply a potential across any pair of electrodes
206a-206b, 206b-206c or 206c-2064 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. 1In 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 = J X
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



| aser energy 610 al ong the boundary layer at y+ [err] 20 for activating the
fluorescing dye in a thin |ayer along the
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relatively short length of time, while still ™
maintaining stable flow over all of the tiles.

Example No. 1

A test rig was set up to perform a feasibility study
using the device shown in Fig. 6. The rig was tested
in a flow channel in the test setup depicted in Fig. 7.
The rig, shown in Fig. 7, consisted of a plate 609 -
about four meters long, having components similar to
those shown in Fig. 6 mounted thereon. The boundary
layer control device 608 consisted of seven permanent
magnets 60la to 601g. 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. 7). 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. One such electrolytic
substance consisted of a dilute solution of NaOH
containing a fluorescing disodium fluorescein dye to
obtain flow visualization in a manner discussed below.



sufface of the plate to obtain visualization of the bound
video recorder 607 was provided for re- cording the resu
experi ment. I'n experinments performed on the test rig,

using a mechanical tipping device. It was observed that
entered the control region of the devi & turbul ence in
of plate 609 di sappeared under the above condi- tions. T--,flow

vi sual i zati gn techni ques al so confirmed quai atjvely that rever
of current & e test %ank shown in Fig. 9 consisted of a tank

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 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 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. 8 includes three actual prints of the test rig
shown in Fig. 7. Fig. 8(a) shows the plate 609 with
the boundary layer control device 608 in place. The
electrodes 606a are clearly visible. Fig. 8(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 yt = 20.
FiQ. 8(c) is a print of the visualized flow over the
plate under the same conditions as in Fig. 8(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. '

The present invention also contemplates a two-

dimensional array 300 of n tiles as shown in Fig. 9.



creased the turbulence in the control region. FIG 8 includes three
actual prints of the test rig shown in FIG 7. FIG 8(a)
609 with the boundary |ayer control device 608 in place.
606a are clearly visible. FIG 8(b) is a wint of the visugl
the plate when a turbulent spot is produced upstream and
actuated. The brighter regions evidence,ygnstable flow at
the | aser sheet at y+[err]20. FIG 8(c) Is a print of th \
over the plate under the sane conditions as in FIG 8(b),_egggEL t hat the f
tiles have bBachatilatRds 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
associated with it electromagnets 301, and 302,; etc.

By the same token, the first column of tiles 360, to
BGOﬂ 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 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 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 thus enables flow control
over a large area, and 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. It also more readily enables flow
control without providing a conductivity gradient in
the fluid.



as described above. The bright spots have essentiatly dig

.indicating that the flowin the boundary |ayer has stabili 2& -ACEMENF SH@ET
present invention also contenplates a two-di- nensional g ' oy sl
tiles as shown in FIG 9. Each tile has associated wt

el ectrodes and a pair of nmagnetic poles provided by el eg ronag r
exanple, the first row of tiles 360[er#% to 360 [err] h d w fh
it electromagnets 301[err], and 302[er t he second row, of tlles 360[ err

to 360[err] has associated with it el ectromagnets 301[err] antd~362fe«xrl..
etc. By theps3a®;§O0KkfBus another embodiment of the invention that

demonstrates flow control using a two-dimensional arfay

of control region tiles. The array is formed by a

series of spaced-apart permanent magnets 401, 402, 403,

404 and 405. The poles are arranged as alternate North

and South poles, as indicated by the designations "N"

and "S" in Fig. 10, and provide magnetic fields

indicated by the flux lines B. Sixteen control region

tiles 406,,, 406,,, 406,;, . . ., 406,, 406, are formed by
separately actuatable electrodes 406,, 406,, 406,
406,, 406,, 406, , 406y, . . ., 4064, 406,, 4064.

The sixteen tiles are actuated in four sub-arrays 411,
412, 413 and 414, each having four tiles actuated at
different times. The tiles marked ¢, (referred to as
"equal-phase" tiles because they are all actuated at
the same time) are actuated by passing current J
between electrode pairs 406, and 406,, 406, and 406,
4063 and 406,, and 406, and 4064. Then, the ¢, tiles
are turned off and the equal-phase tiles designated ¢,
“are all actuated together; the equal-phase tiles ¢; and
¢, are likewise actuated in turn. In other words, in a
given time period all equal-phase tiles will be
actuated, and the actuation time of each such tile is
25% of the total actuation time of all four tiles in a
sub-array.

In Fig. 10(a), the equal-phase tiles in sub-arrays
along the x-direction (the direction of the free-stream
Wflow) are actuated in the same order. That is, the
equal-phase tiles are arranged similarly in sub-arrays
411 and 414 and in sub-arrays 412 and 414. However, in
the spanwise (z) direction, the equal-phase tiles are
shifted from their locations in the adjacent sub-array.
Thus, the equal-phase tiles comprise four groups of '
tiles and each sub-array includes a tile in one of
those groups. More or fewer sub-arrays can be used for



the first colum of tiles 360[err] to 360[err] has associaﬁ_
‘el ectrodes 306[err] and 306[err]; the second columm of tifl
360[err] has associted with it electrodes 306[err] and 3p6ferr]; etc:
sui tably addressing the el ectromagnets and el ec- trodes ps Odlﬁmg wgyh
tiles, it is possible to provide a high degree of flow ¢ rol over “d’l a
area Of course, the electrodes and el eckaomagnets must He ad- ‘
fashion that ensures that no two tiles in close proxim ty.are
si mul taneously actuated. Qtherw se, the magnetic fields and el ectrrT —
currents wouEdoWofoperol depending on the flow conditions and the

area over which the flow is to be controlled. The size

of the tiles varies depending on the freestream flow

conditions. Typically, the dimensions of the sides of

each tile have an order of magnitude about twice a

characteristic thickness of the boundary layer on the

plate. .

The location of each group of single-phase tiles is
chosen to provide a fully closed electrical circuit at
each actuated tile. That is, it is preferable that
there be no electrical current between actuated tiles
in different sub-arrays; for example, it is believed
that the topology shown in Fig. 10(a) effectively
prevents current from flowing between electrodes
bounding different ¢, tiles when all of the ¢, tiles are
actuated. The same is true for the ¢,, ¢; and ¢, equal-
phase tiles. Those skilled in the art will be able to
construct different topologies, using different numbers
of control region tiles in each sub-array and/or
different actuation patterns. Such modifications are
intended to be within the scope of the present
invention.

Fig. 10(a) shows the ¢, tiles actuated, the y component
of the fesulting L (T X B) force being downward. This
is true for all tiles. That is, when the ¢, tiles are
actuated, the electrodes 406,;, 406,, 406y, 406,, etc.,
are connected to potentials that make the current flow
between electrode pairs (406, and 406,, 406, and 406,
etc.) in a direction to create an L force generally
into the surface of the thus-defined control region.
This control of the electrodes’ potentials over time is
provided by circuitry easily constructed by one skilled
in the art.



proVided in the proper direction for flow control. For
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Fig. 10(b) shows the arrangement of the magnets
the plate 400 (omitted from Fig. 10(a) for clarity).
This embodiment uses an alternate arrangement of the

=

magnets, which has been found to improve the flow
control provided by the present invention. The primary
magnets 401, 402, 403, 404 and 405 are arranged as
shown to provide the North and South poles that define
control region tiles as shown in Fig. 10(a). Linking
magnets 431, 432, 433 and 434 are coexistensive in the
z-direction with the primary magnets 401 to 405. They
are arranged with their North and South poles
corresponding to the North and South poles of the
adjacent primary magnets that define the control region
tiles. For example, the North pole of primary magnet
401 and the South pole of primary magnet 402 define the
first row of control region tiles 406, to 406,.
Accordingly, the linking magnet 431 is disposed with
its North pole adjacent the primary magnet 401 and the
South pole of the primary magnet 402. This arrangement
pfovides the desired magnetic flux density with less
magnetic mass (that is, smaller magnets).

The optimum frequency of actuation of the equal-phase
tiles is determined experimentally. It has been found

* that there is a critical frequency at which a condition
analogous to resonance is attained. That frequency can
be expressed by the formula:

U,
fczic. o Fc . (-5)
where U, is the free-stream velocity and d, is the

distance between equal-phase tiles, as shown in Fig.
10(a).

Figs. 11 and 12 conceptually illustrate flow phenomena
believed to cause the dramatic decrease in viscous drag
experienced by a flat plate equipped with an array of
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control region tiles arranged in accordance with the
present invention and actuated at £ .

It will be recalled from the discussion in connection
with Fig. 4 that gradients in the Lorentz force L cause
vorticity in the near-wall region of the flow. A
similar mechanism is believed to work with the
embodiment shown in Fig. 10. However, in this
embodiment the gradients in L are created by the
components of L in the x- and y-directions, generated
because the lines of magﬁetic flux and electric current
in the flow actually curve as they enter and leave the
surface of the plate. That is, by referring to Fig. 3,
it can be appreciated that the path taken by the
"electric current between the electrodes 106 and 107 is
actually curved, being curved proximate to the surface
of the plate 100 at the electrodes and actually being
parallel to the surface only at the mid-point between
the electrodes. The same is true of the lines of
magnetic flux. Thus, the magnetic field actually has a
z component and the electric current actually has an x
component. Accordingly, since L=JX E, L = [L:, Ly, L]
over the control region.

' In a two-dimensional array of tiles, actuation of
different tiles in a pattern results in a Lorentz force
E(x,y,z,t) over the entire array. It is believed that
an array in such accordance with the present invention,
actuated at £_,, will create a series of rotational-
flow'regions R in the boundary layer, as depicted in a
highly conceptualized manner in Figs. 11 and 12,
without the necessity of providing a conductivity
gradient in the fluid. The rotational-flow regions can
be considered generally to move at a rate in the order
of U./2 in the x-direction. It is believed that the
relatively small variations in L,, L, and L, over the

surface of the array, and the periodic application of L



flow conditions such as free streamvelocity, fluid den
.attack (if the array 300 is on a lifting body such as a
submarine control surface), etc. The present invention
control over a large area, and may reduce the strength
field and the electric current required for the sane ar
control region were provided for such 4fea. It also nor

R
fl ow control w thout providing a conductivity gradient {n the fluid

G
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usi ng a two-di nensional

continually reinforces the small amount of the
vorticity created by the gradients of L over the array.
This condition, which is analogous to resonance, causes
the flow to organize as the periodic rotational-flow
regions depicted conceptually in Figs. 11 and 12.

These flow conditions greatly reduce the drag on the
plate 400° for reasons that can be understood by
considering Figs. 13 and 14. In Fig. 13, the lines
marked u(y)p, and u(y),, duplicate the plot in Fig.
2(a). The line marked u(y)., is believed to represent
a possible configuration of the velocity profile in the
boundary layer formed in the flow illustrated
conceptually in Figs. 11 and 12. The fluid wvelocity in
the boundary layer under those conditions increases
generally linearl? because it can be thought of as
being organized into the regions R shown in Fig. 11,
and the fluid flow in such a region will vary generally
linearly from the center of the region, as will be
appreciated by those skilled in the art.

This flow condition is illustrated at the right-most
region depicted in Fig. 11. At the freestream edge of
the region, the fluid velocity is U, and at the plate
400 the fluid velocity is 0. Accordingly, the local
velocity in the region x varies linearly from -U,/2 at
the plate surface to +U,/2 at the freestream edge of
the region. The velocity profile shown conceptually at
the right in Fig. 11 and as u(y).: in Fig. 13 reflects
this flow condition. (In Fig. 13 the velocity profile
u(y). is shown with an inflection near the plate
surface to reflect the complex flow conditions in this
very thin region, caused by the complex rotational flow
patterns created in the flow by the present invention.)



arfay of control region tiles. The array is forned by a series of
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arranged as alternate North and South poles, as indicafje

designations "N' and "S" in FIG 10, and provide rragne}'ﬂﬂ*m 3 ENT Sr“EET
cated by the flux Iines B. Sixteen control region tiles$ 10Q£err] 406]
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el ectrodes 406[err], 406[err], 406[err], 406[err] 406[ ¢riq]

406[ err], 406&Frr] C e 406[err] 406&2; 406[ err]. The sixteen til
are actuat edti A4St Sirlss Jingarayidow in £he boundaty AayaBaeBahaving four. ;

tiles actuatredudies the drag on the plate. In terms of the
velocity profile u(y), drag D can be expressed as
follows:

112

r

i « u{y) u(y) (6)
R

where p is the fluid’s mass density.

The term in parentheses in equation 6 can be considered
a measure of the "lost momentum" caused by the fluid
velocity going to zero at the surface of the plate.
Increasing ‘that term increases the drag on the plate,
since the "lost momentum" is manifested in a force on
the plate in the x-direction. That term represents the
area under the curve u(y) in Fig. 13, and it can be
seen that the shaded region, which is the area under
u(y).w, is smaller than the comparable area under
either u(y)pm Or u(Y)us., meaning that at any given
location on the plate the drag is reduced by operating
at f,, using the arrangement shown in Fig. 10.

However, the drag is reduced even more dramatically
than Fig. 13 would indicate, because it is believed the
present invention inhibits boundary layer growth, as
illustrated in Fig. 14. Thus, when the drag D in
Equation 6 is integrated over the surface of the plate,
the boundary layer flow achieved with the present
invention, BL,, , substantially reduces drag as compared
to either flow with a laminar boundary layer, BL,,, or
a turbulent boundary layer, BL,,.-

The critical frequency £, can thus be thought of as a
resonant frequency, the value of which will depend on
different factors and which will have minimum and

maximum values for particular flow conditions and array




different tines. The tiles..marked [err]1l (referred to as "g' PR SHEET
tiles because they are all actuated at the sane tine) are jfadg :
passi ng current J between el ectrode pairs 406[err] and 40| 4
and 406[err], 406[err] and 406[err], and 406[err] and 406feqr
[err]1 tiles are turned off and the equal - phase til es desijgima :
all actuated together; the equal - phase 29 es [err] and [elr] are IlkeMAse
actuated in turn. In other words, in a given tine period all equal-prase

I Il b d t he actuation ti ch such tlle i's 25% of
Elheefo\tMal act%u T o% % rreag‘cl‘j’wﬁverf o9 619 1 °‘§%bgh§?‘é§sed flow

can be thought of as a resonant condition, it may be
possible to reduce the L force created in tiles further
downstream. That is, once the flow is organized into

patterns characteristic of the above-discusses aspect
of the present invention, it may be that smaller L
forces in following tiles will maintain that flow
organization, which would reduce power requirements
accordingly. It may also be possible to suitably

‘actuate properly placed single control region tiles to
organize and/or maintain such flow patterns.

Example No. 2

An array like that shown in Fig. 10 was tested in the
flow channel discussed above in Example No. 1. A test
array with overall dimensions of about 0.3 meters in
the x-direction and about 0.4 meters in the z-
direction. The test array had eight sub-arrays,
actuated in a fashion indicated by the placement of the
equal-phase tiles in Fig. 12. The test array included
permanent magnets generating a peak transverse flux of
about 6000 gauss in the center of each tile. The tiles
were actuated by passing a peak current in an order of
magnitude of about 100 ma/cm? between the pértinent
electrodes. The flow velocity was about 30 cm/sec.

The fluid was conductive, but no electrolyte was
introduced to provide a conductivity gradient. A dye
was used for flow visualization as in Example No. 1.

Equal-phase tiles were actuated under varying
conditions. It was fouhd that the flow organized
itself as shown in Fig. 15 when each equal -phase tile
was actuated for 750 msec. For a duty cycle of 1/4 for
equal-phase tiles, the critical frequency f., was thus
3Hz (the reciprocal of 4 x 750 msec.). The bright
regions extending obliquely across the plate in Fig. 15
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are waves related to the rotational-flow regions
depicted conceptually in Figs. 11 and 12. The measured
drag was reduced from about 10! N/m? to about 10? N/m?,
or approximately a 90% reduction.

It will be appreciated that magnetic boundary layer
control devices such as discussed above could be
provided on any surface upon which it is desired to _
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
dévices 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
array devices according to the present invention 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.




In"FIG 10(a), the equal -phase tiles in sub-arrays along the x-direction
.(the direction of the free-stream flow) are actuated in the sane order.

That is, the effuoa .mha§e tiles are arranged sinilaql ' 11
rS4t2-..and 414. However, in trﬂm H ﬁHﬂmﬂl
: ) i L

and 414 and ifh sub-3
pqual— are shifted fromtheir leocati enSsi
equal - phase tiles conprise four groups of

direction, thg
adj acent sub-srrayg Thus,
u -

tiles and ea% S HAqug}n | ydes a ti3lle in one of those groups. More or
f ewer sub-ari be used/f flow control depend- ing on the flow
condi tions AR L8CLATMED IS:

1. An apparatus for controlling a boundary Iayer in

a flow of an electrically conductive fluid moving relative
to a surface, said apparatus comprising:

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 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 an electric current density.
E(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 in the flow a force E(x,y,z,t) =JXB having a
non-zero component normal to the surface; and

control means for selectively actuating sald
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.

4. .~ An apparatus according to claim 1, wherein the

component of the force 3 X E normal to the surface is in a

i




flowis to be contrqrgﬁgig*he~s+zfrfﬁwthe tiles varies depending on the

-freestream fl ow condgi EMfyfnSHEEEa |y, the di mnensions of the sides of

each tile have an ¢@rdler of magnitufej about tw ce a | St hi ck-
aye1 MAR 49y Pl af e. The IochﬂHBijEHmuelﬂup of
chosen to prpvyde a fully cl osedec ele »Clrcuit

ness of the boundary

si ngl e-phase tiles {s

at each actuated t{l e ; ‘is:ﬂgeferable that there be no
electrical current petween actuated tjlI¢s in different sub-arrays; for
exanpl e, 'Eikéc??{;igﬁ%’f@a%@%héhEuIE?QQ 0g¥%y shaWR1i8:RECGndObahnahigCtively

prevents current

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 bouhdary 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
l%nes 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.

13. " An apparatus according to claim 1, wherein the

fluid is liquid and the apparatis further includes
_—
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fl ow ng between el ectrodes bounding different [err] tiles when all of the
Terr] tiles are actuated. The sane is true for the [err], [err] and [err]
equal - phase tiles. Those skilled in the art will be abl ct

di fferent topologies, using different nunbers of control region tiles in
each sub- array and/or different actuation patterqy ﬂmﬂlm““u cations
are intended to be within the scope of the pres- H“‘l i G

10(a) shows the [err] tiles actuated, the y conpo- *neft 'of ®hé& resulting L
(J X B) force being downward. This rs3Brue for all tiles. That is, when

the [err] tiles are . \
conductivity altering means for bleeding an electrolyte

into a near-wall region of the flow.

1l4. An apparatus according to claim 1, wherein the
fluid is a gas and the apparatus further includes
conductivity altering means for increasing the
concentration of ions in the gas in a near-wall region of
the flow.

15. "An apparatus according to claim 1, wherein said
electric current generating means comprises plural pairs
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 plural permanent
magnets. ’

17. An apparatus according to claim 1, wherein said
magnetié field generating means comprises plural
electromagnets.

18. An apparatus according to claim 1, furthe: -
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 genérating means -and
plural said electric current generating means bounding
said tiles in a two-dimensional array thereof.

20. An apparatus according to ¢laim 19, wherein said
control means actuates said tiles in a predetermined

pattern.
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actuated, the el ectrodes 406[err], 406[err], 406[err], 406[err], etc., are
connected to pot | e current fhks@“éetﬁﬁ%%ﬂiéeﬁf“mde pairs

(406[err] and 406[err], 406[err] and 406[err], 81 Jirection to
create an L forcemnmmﬂu“um‘the surface o &m ﬂ i ned control
region. This con rodes' potent

IS pro-
vided by circuitry eaS|Iy const r lict ed QX one skilled in the art.

21. An apparatus according to claim 20, wherein said
control means actuates selected said tiles in plural
groups thereof, the tiles in each group being actuated
simultaneously. '

22. An apparatus according to claim 21, wherein said
plural groups of tiles are four in number and are arranged
in sub-arrays, each including a tile from one of said four
groups of tiles, and said two-dimensional array of tiles
comprises a two-dimensional arrangement of said sub-
arrays.

23. An apparatus according to claim 22, wherein said
control means actuates said selected tiles such that '
~adjacent said tiles are not actuated.

24. An apparatus according to claim 19, wherein each
of said control region tiles is bounded by a first
permanent prlmary magnet on one side thereof having the
North pole thereof facing the surface and second permanent
primary magnet on an opposite side thereof having the
South pole thereof facing the surface.

25. An apparatus according to claim 24, further
including a permanent linking magnet under the surface,
wherein the North pole of said linking magnet is proximate
to said first primary magnet and the South pole of said
linking magnet is proximate to said second primary magnet.

26. An apparatus according to claim 24, wherein a
single said primary magnet comprises said magnetic field
generating means for at least two adjacent said control
region tiles.

27. ' An apparatus according to claim 19, wherein said
magnetic field generating means comprises a magnet . —
extending under the surface of each control region tile K REPLACEMENT SH

11 MAR 1997
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- 19 ; FIG 10(b) shows the arrangeneat of the magnets beneath the plate
.400 (omtted fromFI G 10(a) for
MR D

and having a North pole at one boundary of said tile and a

35

South pole at an opposing boundary of said tile.

28. An apparatus according to claim 24, wherein:

said electric current generating means comprises
selectively actuable electrodes bounding opposing sides of
each said control region tile; and

said control means selectively actuates said
electrodes associated with each said control'region tile
in a predetermined pattern.

29. " 2n apparatus according to claim 28, wherein:

a single said primary magnet comprises said
magnetic genérating means for at least two adjacent said
contrnl region tiles; Dexrod s

said electrig¢ current generating means comprises
selectively actuable /bounding opposing sides of each said
control region tile, a single said electrode comprising
said electric current generating means for at least two
adjacent said control region tiles; and

said control means selectively actuates said
electrodes in a predetermined pattern such that said
@lectrodes in adjacent said tiles are not actuated «t the
same time.

30. A device for travelling through a fluid medium
having a predetermined conductivity, the device
comprising:

a surface contacting the fluid medium so that a
boundary layer is formed on said surface; and

flow control means including a plurality of
selectively actuable control region .tiles distributed over
said surface, each said tile being bounded by magnetic
field generating means for generating in the fluid a

magnetic field E(x,y,z,t) having flux lines with a
This Sheet Has Been Reﬂlaced




clarity). This enbodi ment uses an alternate arrange- ment of the magnets,
.Which has been found to inprove the flow control provided by the present
i nvention. The primary magnets 401, 402, 403, 404 and 405 are ar- ranged as

shown to provide the North and South pol es that defj m gpn tiles
as shown in FIG 10(a). Linking magnets 431,432,433mﬂmm ullﬁﬁm
coexi stensive in the z-direction with gge primary madgnets 40¥ t§ 405. They

are arranged with their North and South poles corresponding to the North
and Sout h poédstefmined ash beetdt Pon Mad yh npgaeese t bat tief EDewt Beegont r ol
regi on

' said surface and electric current generating means for
generating in the fluid an electric current density
E(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 in the flow a force L(x,y,z,t) =J X E having a
non-zero component normal to said surface, said flow
control means further including control means for
selectively actuating said tiles to create the force L in
the flow along selected said tiles for controlling the
flow.

31. A device according to claim 30, further
comprising plural said magnetic field generating means and
Plural said electric current 'generating means bounding
said tiles in an array thereof wherein said control means
actuates said tiles in a predetermined pattern..'

32. A device according to claim 31, wherein said

array extends in two directions along said surface. EFREPLACEMENT SHEET

33. An apparatus for controlling a flow of an 11MAR 1997
electrically conductive fluid moving relative to a '

surface, said apparatus comprising:

magnetic field generating means for generating a
magnetic field E(x,y,z,t) having magnetic flux lines in_
the fluid;

electric current generating means for generating
in the fluid an electric current dehsity E(x,y,z,t)
traversing the magnetic flux lines, said electric current
generating means being disposed "in a predetermined

This Sheet Has Been Replaced
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tiles. For exanple, the North pole of primary magnet 401 and the South pol e
. of primary nmagnet 402 define the first romFUf~00ﬁ%FeL~LegLon_tiIes 406[ err]

to 406[err]. Ac- cordlngly, the linking magq ) dlsposed withits
North pol e adjacent t he pri ghet 401 l3ed e of the

pri mary magnet Iﬂﬂ B“E ment prOV| magneti c fl ux
density with |le m " m@ﬂ(that IS, : The opti nmum

frequency of actdatFonLo ase tlles S deternlned
experinentally.lt has been found thét there is a critical frequency at
whi ch ao?@@ﬁhatlon relative to said magnetic field generating

means; and

" control means for varying over time at least one
of the density and orientation of at least one of the
magnetic field B and electric current density J such that
the magnetlc field B and the electric current density J
create in the flow a force L(x Yz, t) =J X B for
controlling the flow, the force L having a non-zero
component normal to the surface.

34. An apparatus according to claim 33, wherein said
control means varies the orientation of the magnetic field
B and electric current density J to reduce drag on the
surfare,

35. An apparatus according to claim 34, wherein the
surface is a lifting surface.

36. A method for determining a flow control for a
flow of an electrically conductive fluid moving relative
to a surface, said method comprising the steps of:

determining a magnetic field E(x,y,z,t) having
magnetic flux lines to be provided in the fluid by a REPLACEMENT SHEET
magnetic field generator; ’

11 MAR 197

determining an electric current density
J(x,y,z,t) to be provided in the fluid by an electric -
current generator such that the electric current density
traverses the magnetic flux liﬁes in the fluid; and

determining the variations ovef time to be
provided in the magnetic field B and the electric current
J and .the relative positions and densities at which the
maaneric field B and the electric current density J are to



tion anal ogous to resonance is attained. That frequency can be expressed by

‘the fonul a: - [err] where Uerr] is the
free-streamvel oci ty and dlerr}is-the-dis- tance between equal -phase tiles,
as shown in FIG 10(a) FIGS. 11 and 12 conceptually illustrate flow phe-
nonena bel i eved to ca| I“Hm(! e“ !“n decr ease—i-fA—vis-_cous drag
experienced by a fl at th an This Sheet i

Ce

i
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fluid, such that the magnetic field and the electric
current create in the fluid a force E(x,y,z,t) =JXB for
controlling the flow, the force L having a non-zero
component normal to the surface.

REPLACEMENT SHEET
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array of control region tiles arranged in accordance with the present
-invention and actuated at f[err] It will be recalled fromthe di scussion
in connection with FIG 4 that gradients in the Lorentz force L cause
vorticity in the near-wall region of the flow A simlar nmechanismis
believed to work with the enbodi nent 39

MULTIPLE ELECTROMAGNETIC TILES FOR
BOUNDARY LAYER CONTROL

ABSTRACT OF THE DISCLOSURE

The boundary layer of a f£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 along the surface of the wall and an
electric current density J traversing the magnetic flux
lines in the fluid to form a control region. The magnetic
field B and the electric current density J create in the
control region a force J X B that can stabilize or
destabilize flow in the boundary layer. A plurality of
such control regions can be arranged in a two-dimensional
array of control tiles that are periodically actuated in a
éontrolled predetermined pattern at a critical frequency
that' orovides boundary layer control over a given area.

FIGURE 6.
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-20- shown in FIG 10. However, in this enbodi nent the gradients in L are
.created by the conponents of L. in the x- and y-directions, generated

because the lines of mag- netic flux and electric current in the flow
actually curve :

12 14
10

0

————————

—-4-—-—————a§5\ \\\_ \\\ KON e

16 FIG. 13
PRIOR ART

e

i
:

e

PRIOR ART
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as they enter and | eave the surface-of the plate. That is, by referring to
‘FIG 3, it can be appreciated that the path taken by the electric current
bet ween the el ec- trodes 106 and 107 is actually curved, being curved
proximate to the surface of the plate 100 at the el ec- trodes and actually
being parallel to the surface only at the m d-point between the el ectrodes.
The sanme is true of the |lines of g?gnetic flux. Thus, the magnetic field
actually has a z conponent and thetelectric current actually has an X
conponent. Accordingly, since L=J x B, L=(L[err],L[err],L[err] ] over the
control region

REPLAGEMENT SHEET
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In a two-dinensional array of tiles, actuation of dif- ferent tiles in a
-pattern results in a Lorentz force L(Xx,y,z,t) over the entire array. It is
believed that an array in such accordance with the present invention,
actuated at f[err] will create a series of rotational-flow regions Rin the
boundary | ayer, as depicted in a highly conceptualized manner in FIGS. 11
and 12, without the necessity of p@pviding a conductivity gradient in the
fluid. The rotational-fl ow regions~an be considered generally to nove at a
rate in the order of UL.err] /2 in the x-direction. It is believed that the
relatively small vari a-
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tions in L[err], L[err] and L[err] over the surface of the array, and the
‘periodic application of r to the flow at predeter- mned tiles as discussed
above, continually reinforces the small anount of the vorticity created by
the gradi- ents of L over the array. This condition, which is anal o- gous
to resonance, causes the flow to organize as the periodic rotational-flow
regi ons depicted conceptually in FI,GS. -11 and 12 These fl ow conditions
greatly reduce the drag on the plafé 400" for reasons that can be
understood by consid- ering FIGS. 13 and 14. In FIG 13, the lines marked

P4

@

4 R
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u(j)[err] and u(y)[err] duplicate the plot in FIG 2(a). The line nmarked
‘u(y)[err] is believed to represent a possible

e -
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- 21- configuration of the velocity profile in the boundary |ayer forned in
the flowillustrated conceptually in FIGS. 11 and 12. The fluid velocity in
t he boundary | ayer under those conditions increases generally linearly
because it can be thought of as being organized into the regions R shown in
FIG 11, and the fluid flowin such a region will vary generally linearly
fromthe center of

6

N/

ey
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the region, as will be appreciated by those skilled in the art. This flow
‘condition is illustated at the right-nost region depicted in FIG 11. At
the freestream edge of the region, the fluid velocity is Uerr] and at the
plate 400 the fluid velocity is 0. Accordingly, the local velocity in the
region x varies linearly from-Uerr]/2 at the plate surface to [err]U
[err]/2 at the freestream edge of the region. The velocity profile shown
conceptually at the right in FIG 11 and as u(y)[err]in FIG 13 reflects
this flow condition. (In FIG 13 the Velocity profile u(y)[err]. is

FlG. 8 a
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shown with an inflection near the plate surface to re- flect the conpl ex
flow conditions in this very thin re- gion, caused by the conpl ex
rotational flow patterns created in the flow by the present invention.)

It is this linear flowin the boundary |ayer that re- duces the drag on the
plate. In ternms of the velocity profile u(y), drag D can be expressed as
foll ows: (6)

[err] | 8.
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where p is the fluid s mass density. The termin parentheses in equation
'6 can be consid- ered a neasure of the "lost nonmentum caused by the fluid

velocity going to zero at the surface of the plate. Increasing that term
i ncreases the drag on the plate, since the "l ost rmrrent_uﬁ'- E! lﬁ I h
a force on the plate in the x-direction. That termrepred eﬁﬁﬂ'ﬁﬁﬁ@t fiéﬂ T

under the curve u(y) in FIG 13, and it can be seen that t}e shaded regi pn

which is the area under u(y)[err] is sPmller than the cofpdrableMAR 4897unglef
either u(y)- [err], or u(y)[err], neaning that at any giVen | ocation on
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- 22 - the plate the drag is reduced by operating at f[err] using the

arrangenent shown in FIG 10. However, the drag is reduced even nore
dramati- cally than FIG 13 would indicate, because it is believed the
present invention inhibits boundary |ayer growh, as illustrated in FIG

14. Thus, when the drag Din Equa- tion 6 is integrated over the surface of
the plate, the boundary |ayer flow achieved with the present m ven- tion,
BL[err] substantially reduces dragims conpared to either floww th a

| am nar boundary | ayer, BL[err] or a
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i turbul ent boundary | ayer,
" be thought of as.

part.i cul ar flow conditions and

above-di scussed flow can be thought of as a resonant condition,
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CROSS-REFERENCE TO RELATED
APPLICATION
This is a continuation-in-part of Ser. No. 07/966,390,
filed Oct. 26, 1992, now abandoned and of Ser. No.
07/986,257, filed Dec. 7, 1992, now U.S. Pat. No.
5,320,309, which in turn is a continuation-in-part of Ser.
No. 07/904,570, filed Jun. 26, 1992, now abandoned.

- BACKGROUND OF THE INVENTION

1. Field of the Invention

The present nvention relates to multiple electromag-
netic 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, bowplanes, stern ap-
pendages and propellers).

2. Description of the Prior Art

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
region between the body and that area is known as a
boundary layer.

The boundary layer is laminar at low Reynolds’ num-
bers. (Re=UL/v, where U is 2 characteristic velocity,
such as the free-stream velocity, L is a characteristic
dmensxonofthebody,suchasthclengthofawmg
chord or boat hull, and v is the kinematic viscosity 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(}) illustrate flow over an airfoil. It
will be appreciated .that the same principles apply
whether the fluid is 2 Equid ora gas and regai'dless of
the shape of the body.



" foll ow ng tiles will maintain that flow organi zati on which woul d reduce
. power requirenments accordingly. It may also be possible to suitably actuate

- properly placed single control region tiles to orga mai ntai n
such flow patterns. Exanpr; ACEMENT BHERY 1 y |like that
shown in FIG 10 was tested in the flow chan S I n Exanpl e
No. 1. Atest array with overall dinensions in the '
x-direction and about 0.4 neters in the z-di rray had

ei ght sub-arrays, actuated in a fashion

-2 -

When the airfoil 10 is operating at a small angle of
attack «, as shown in FIG. 1(g), the fluid stream 12,
with a free-stream velocity U, flows smoothly over
the upper surface 14 of the airfoil. The downward de-
flection 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(5), the boundary layer may become turbulent, as indi-
cated by the irregular flow 17. (For purposes of illustra-
tion, 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 propul-
sive force to be applied to the airfoil or other 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 2 significant problem in many environ-
ments, one example being submarine control surfaces
and propeller screw blades. Pressure fluctuations asso-
ciated with boundary layer separation can cause vibra-
tion, which in turn causes fatigue, which can be a seri-
ous problem particularly in metal aircraft parts.
. Various approackss have been taken to 'stabilize
boundary layer flow and delay boundary layer separa-
tion. One of these approaches includes optimizing the
geometry of the airfoil to achieve a maximum possible
angle of attack. However, an optimum airfoii shape still
only allows the airfoil to operate at limited angles of
attack.



I ndi cated by the placenent of the equal -phase tiles in FIG 12 The test.
‘array included permanent magnets geuerating a peak transvee flux of about
6000. gauss in the center of each tile. The tfi Iq edl by pass- ing
a peak current in an order of magnitude of gbd rg] between the
pertinent el ectodes. The flow velocity was gbdqut 30 cm sec. |The fluid was
conduc- tive, but no electrolyte was introdcdd 24 FEBVD9S: onductivity
gradient. A dye was used for flow visual- i4atjion as in Exafplle No. 1.°

-3 -

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 bound-
ary layer. However, in addition to the burden of provid-
ing fine slits over the surface of the object, such ap-
proaches require extensive tubing networks to supply
the force necessary for suction or injection. Accord-
ngly, this approach adds considerably to the overall o
weight and complexity of the object, which is generally
inconsistent with the design objectives of most apphm—
tions.

The prior art has not yet achieved the capability to
provide all of these:types of boundary layer controlina -
very efficient, practical and easily implemented fashion.

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 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 inven-
tion, an apparatus for controlling a boundary layerin a
flow of an electncally conductive fluid moving relative
to a surface compnses a plurality of selectively actuat-
able control region tiles distributed over the surface,
each tile being bounded by magnetic field generating
means for generating in the fluid a magnetic field



-23-

Equal - phase tiles were actuated under varying condi -
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.v,zt) having flux lines with 2 predetermined onen-
zz:;nz'w)ith rsgect to the direction of relan}re move-
ment of the fluid and the surface and electric :lmmat:
generating means for generatmg m the flmd an .ec;ln
current density J(x,y,z,t) traversmg the .magnetxc u:;
lines, wherein the magnetic field generanng means :‘ia
the electric current generating means are dzspgsed T til-
tive to each other such that actuation gf a particular tile
gdncrates a magnetic field B and electnic current dﬁensng
Y that ‘create m the flow a force Lx,y.zt)=J XB, an

control means for selectively actuating the tiles to cre-
ate the force L in the flow along selected tiles for con-
trolling the flow.

In accordance with another aspect of the invention,
the tiles are disposed in 2 two-dimensional array and the
control means periodically actuates the tiles in a prede-
termined pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

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(}) depict flvid flow around an air-
foil.

- FIGS. 2(a) to 2(c) depict boundary layer flow condi-
tions : that illustrate principles utilized in the present
invention.

FIG. 3(qa) 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
FIC)i_. 3(b) is a cross-section along line B—B of FIG.
3(a). -

FIG. 4 depicts a section of the finid: flow shown in
FIGS. 3(2) and 3(5). '

FIG. 5§ is a qualitative plot relating to the conductiv-
ity of the fluid flow shown in FIGS. 3(a) and 3(d).

FIG. 6 shows a one-dimensional array of control
region tiles that illustrates one embodiment of the pres-
ent invention. :
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be appreciated t

FIG. 7 shows a test setup used to demonstrate the
efficacy of an embodiment of the invention using a
one-dimensional array of conmtrol region tiles like that
shown in FIG. 6.

FIGS. 8(a) to 8(c) are plan. views of the flow in the 35
test set-up shown in FIG. 7, as visualized using a fluo-
rescent dye.

FIG. 9 shows one embodiment of a two-dxmensona.l
array of control region tiles.

FIG. 10(c) shows another embodiment of a two-di- 40
mensional array of control region tiles and FIG. 10(b) is
a cross-section along line B—B of FIG. 10(g), showing
an alternate embodiment of 2 magnet arrangement that
can be used in the present invention.

FIG. 11 is a conceptualized cross-sectional view of 45
the flow conditions over an array in accordance with
the present invention when the control region tiles are
actuated at the critical frequency

FIG. 12isa plan view of the conceptualized ﬂow
conditions shown in FIG. 11. 50

FIG. 13 conceptually depicts approximate bonndary
layer wvelocity profiles along a prior art flat plate and
along a flat plate with the flow conditions depicted in

- FIGS. 11 and 12.

FIG. 14 conceptually depicts approximate boundary 55
layer growth under the conditions shown in FIG. 13.

FIG. 15 is a plan view of an actual flow in a test
set-up using an array similar to that shown in FIGS.
10(a) and 10(b), as visualized by a fluorescent dye.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIGS. 2(e) to 2(c) illustrate generally accepted princi-
ples regarding flow conditions in a2 boundary layer, an
understanding of which principles will aid comprehen- 65
sion of the present invention.

FIG. 2 plots the velocity in 2 fluid at a2 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 u(y).

" The average wall shear stress 7 in the mean-flow
direction is expressed by the following relation:

60
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. where p is the viscosity of the fluid.

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

Diriseous = f redd o)
wmn_ '
where dA is an elemental area of the wall.

Equations (1) and (2) show that 7w and Dyiscous in-
crease 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 a2 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 iflus--
tration of this. phenomenon is shown in FIGS. 2(b): and
2(c). .

FIG. 2(b) illustrates the velocrty 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 condition,
which leads to the replacement of the low velocity fluid
near the wall by the higher energy (higher velocity)
fluid in the free-stream. The boundary layer thus estab-
lished 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 lIayer bhas. implications
beyond the resulting increase in viscous drag- For one
thing, the turbulent flow in the boundary layer creates
noise because velacity fluctuations inherent in turbulent



-inside'skin of the craft, for exanple on a subnmarine sail, with a m ninum
anount of tinme and effort Prelimnary stud T t he power
“require- nents for operational boundary |ay rqgghﬁﬁ%ﬁﬂgfﬁﬁ ‘devi ces
according to the present invention would be jeqtrenely |ow. Iinfaddition,

wi th the breakthroughs presently taking plade {wi 21 BEBe9O®nqugti vity, it
may be possible to significantly reduce the Jpgwer require- ts of devices

i ncorporating the present invention by the yse 675U ctiing
el ectromagnet s. O course, it w II7 be apprleci.ated that the jnvention .

flow produce pressure fluctuations that tend to propa-
gate 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
principles underlying the present invention. A wall or
flat plate 100, simulating 2 wing or a control surface, is
provided with a magnet having a2 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 sur-
face 104 of the wall, thus being generally oriented paral-
lel to the wall surface 104 and normal to the free-stream:
fluid flow direction x, although they have y-compo-
nents proximate to the magnets. (The coordinate system -
used herem is shown in FIGS. 3(e) and 3(4).)

The magnetic poles 101 and 102 shown in FIG. 3 (q)
are provided by a horseshoe magnet (not; shown) be-
neath 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. An electromagnet
can also be used. _

However, the magnetic poles can be provided by any .
suitable structure. For example, the poles of one or
more maguets 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 J, repre-
sented by arrows 199, between the two electrodes. 0f
course, if the plate 100 is electrically conductve, the
electrodes 106 and 107 are insulated from the plate.

To control the boundary layer using the arrangement
shown in FIG. 3, it is highly desirable that the fluid in
the boundary layer have a certain degree of electrical
conductivity o different from the conductivity of the
rest of the £nid. In the device shown in FIGS. 3(q) and
3(d), an electrolyte 130 is added to the boundary layer
by bleeding an electrolyte from a reservoir 108 through
a slit 108¢ into the medium to increase the conductivity
of a thin layer of the liquid adjacent to the wall.
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A direction of the current flow through the conduc-
tive fluid is in the direction from an ancde electrode
106 and to a cathode electrode 107 such that the current

-density can be expressed generally as a vector J parallel
to the mean flow direction x of the fluid medinm, al-
though the lines of electric current have y-components
proximate to the electrodes. As depicted in FIG. 3(5), 2
Lorentz force L, represented by arrows 13t, rsulnng
from the interposition of the electric current and mag-
netic field, is expressed as JX3B, the vector- or cross-
product of 7 and B acting in a control region in a direc-
tion generally normal to and toward the wall 100, al-
though near the eddies of the control region bounded
by the magnetic poles and the electrodes I may have
significant x- and z-components.. ..

The Lorentz force L=JxB stabilizes the bonnda.ry
layer by connteracting regions of positive and negative
VOrticity «, in accordance with the mechanism illos-
trated in FIG. 4.

FIG. 4 is a view looking downstream. in the flow
along the plate 100 in FIGS. 3(¢) and 3(5). (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 re-
gion than the conductivity o2 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 bound-
ary layer responsible for most of the turbulence produc-
tion. In the near-wall region, viscous forcs predomi-
nate over momentum forces.

The double line 140 denotes where the gradient of the
conductivity o 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 2 maximum at a predetermined distance from the
wall, in accordance with principles discussed below. In
FIG. 5, the right side qualitatively illustrates the con-
ductivity variation in the y direction (y=0 at the sur-
face of plate 100) and the left side piots the conductivity
gradient for the conductivity illustrated on the right-
hand side. The double line 140 is drawn in FIG. 4 at the
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bei ng . ' _
21 FEB 1998
-0 -

distance from the wall where the conductivity gradient
1s at 2 maximum, as shown in FIG. §. _
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 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:

&)

Br
o p—
=y

where v is the kinematic viscosity of the fluid and
. Ur=V 7,/p, 7w being wall shear stress (see Equation 1)
and p being the density of the fluid.

Referring back to FIG. 4, turbalence in a boundary.
layer is generally associated with regions of positive and
negative vorticity +o and —o. As illustrated in FIG. 4
by the raised portion 141 of the double line, this vortic-

ity 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 fluid from regions
further from the wall, that is, the phenomenon ex-
p%m;ned previously in connection with FIGS. 2(a) to
2(c).

While the exact mechanism by which such an ar-
rangement 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 stimn-
late the creation of near-wall streamwise vorticity (o
and —aw), 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 Ly superimposed on the flow exhibits a
gradient in the areas where that boundary is dislocated.

At the dislocation 1412 on the left-hand side, L, is

. decreasing in the z-direction, to create streamwise vor-
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ticity o, In the positive direction that counteracts the
vorticity —w that caused the dislocation 141¢ in the
boundary layer. At the right-hand dislocation 1415, Ly
is mcreasmg in the z-direction, thus creating streamwise
vorticity wpin a negative direction that counteracts the
<+ at that location. The bolder vector for Lyin FIG. 4

indicates a stronger force. Thus, since L, (whxch is |
negative because it is directed in the minus y-direction) .

becomes larger in the z-direction for the left-hand dislo-
cation 141g, and smaller in the z-direction for the right-
hand dislocation 1413, it creates vorticities in the oppo-
site directions from —@ and +o, respectively.

. The gradient of L, in the z-direction creates the coun-
tetactmg vorticities because the near-wall region con-
fluctivity o is higher than the more remote conductiv-
Ity o2, and the higher conductivity fluid carries more
current. Accordingly, L, where there is more such
ﬂmd, such as where the boundary layer has been lifted
up, is larger than in the adjacent areas.

FIG. 4 illustrates how this arrangement is believed to
counteract flow disturbances in the spanwise (z) direc-
tion. It is believed that the invention counteracts dis-
turbances 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 span-

© wise () direction would look much the same as FIG. 4.

It is preferable when a conductivity gradient is pro-
vided that it be 2 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 gener-
ate the L, gradients that create vorticity. That is, if 5 is
the height of the near-wall region, then there should be

a conductivity gradient in the y-direction between y=0.

and y=34, with the maximum gradient preferably being
at y=39. .

It will be appreciated that by reversing the polarity of
either the magnetic field or the electric current density,
the force TXB can be provided in a direction normal to
but directed away. from the wall 100, which will result
in the flow medinm 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 —o and +o. -

rfrat jactuati on of a



netic. field B and electric current density J that create in the flow

a force L(x,y,z,t)=J X N having a non-zero conponent normal to the
“surface; and control neans for selectively actuating said tiles to
create the force L in the flow al ong selected said tiles for
controlling the flow. 2. An apparatus according.to claiml, wherein the
electric current density J is spatially constant if REPLACEMENT! § tile.
3. An apparatus according to claim 2, wherein theg WAE.? S
spatially constant for an actuated tile. - .
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In the arrangement illustrated in FIG. 3, the current
density and the magnetic field are normal to each other
This of course provides a maximum force IXB 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 per-
pendicular to each other as shown in these figures. Any
arrangement which provides a current and magnetic
field traversing each other will resuit in 2 force IXB.

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 strength of the mag-
netic field can be varied with time to change that force.

In one of its most general aspects, the present inven-
tion provides for varying the magnetic field and current
density over the entire control region and with time to
provide boundary layer control effects precxsely tai-
lored to any particular flow condition. That is, the mag-
netic field can be expressed as a function By, z, ) and
the current density can be expressed as a function Iy,
z, t), so that the resulting force L=JXB is a function.
L(x,y,z,t) Accordingly, to provzde the desired control -
of the flow around an object it is possible to provide’
B(x,y,zt) and J(x,y,zt) that will provide the desired
flow effects.

Although it may be possible under some circum-
stances to provide functions B(x,y,z,t) and J(x,y,z.t) that
will produce the proper L, veriations (see FIG. 4),
expedient manner of producing those variations in the
arrangement shown in FIG. 3 is by providing a layer of
different, preferab]y higher, conductivity fluid in -the
near-wall region. Accordmgly, an aspect of the present
invention involves the provision of such a layer. In such
a case, B and T need not be varied to produce the L,
variations necessary for boundary layer control, al-
though for given desired flow effects B and J may still
be varied spatially and temporally.



4. An apparatus according to claim1, wherein the conponent of the force J
X B normal to the surface is in a dlrectlon toward the surface for

stabilizing the bound- ary |ayer. S. An appar gt-tS—aeeoktimiged==c| ai m 4,
wherein the force [err] reduces the shear stress |i REPLACBMENTASHEET: e

surftce 6. An apparatus according to claim4, wherdgmmmoime— JIX B
mai ntai ns attached flow over the surface. 7. An jadp a?alt#lé rdigg to
claim1l1, wherein the conponent of the force JXB ror|nd unf gce of
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The present invention has numerous significant impli-
cations. 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 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 sigmificance in reducing the tempera-
tures to which space vehicles are subjected upon re-
entry into the Earth’s atmosphere.

On the other hand, providing JXB 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 fiuid and the body
can be enhanced, which is important in applications
such as heat exchanger design. Moreover, turbulent
boundary layer flow enhances flnid mixing, which can
have important ramifications in combustion and chemi-
cal processing applications (where two flnids may flow
along opposite surfaces of a body to be mixed at the
body’s trailing edge). And a turbulent boundary layer is
ordiparily 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 sepa-
ration reduces: such drag. Separation can also create a
fluctuating pressure field in the fluid that subjects the
body to coupled forces which can cause fatigne. Delay-
ing separation (by inducing turbulent boundary layer
flow) or inhibiting separation (by providing a strong
' IX B force toward the body), can reduce these pressure
fluctuations and the resulting fatigue.



" the wall is in a direction away fromthe surface for destabilizing the
boundary | ayer.
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By the same token, preventing or inducing separation
under controlied conditions can be used to create forces
and moments on the body and provide directional con-
trol.

One aspect of the present invention uses those princi-
ples to provide efficient bounda.ry layer control over a
wide area.

Results of expenments usmg a single control region
indicate that it becomes less capable .of providing the
desired boundary layer control as the distance between
the electrodes, D,, and the distance between the mag-
netic poles, Dp, 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 Dpand D, increase,
the magnitudes of the magnetic field and current den-
sity at the near-wall region actumaily ..9eerease; for a
given su'ength ‘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 mag-

netic field and current density being generated, since a
only a small percentage of each is in the near-wall re-

gion 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.

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

D D
e I/ BT *

] ]



8. An apparatus according to claim7, wherein the force J X B induces

turbulent fluid flowin the boundary |ayer. 9. An apparatus accordin
-claim 7, wherein the force J X B induces the boundaryj :
fromthe surface.

10. An apparatus according to cla

2 1 FEB 1998
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Since 5 is a small-distance, the value of D, and Djg
required to maintain S0% of the mngnenc field and
electric current within the nmr-waﬂ region are also
very small.

That consideration illustrates another pnncxple un-
derlying 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 elec-
tric currsnt than would be required to provide flow.
control for that area using a single control region.

FIG. 6 schematically illustrates the present invention

‘as agphed to a one-dimensional array of individual con-

trol region tiles.

A wall or flat plate 200, simulating a wing or control .
surface as in FIGS. 3(¢) and 3(3), is provided with a -
series of magmets having North poles 201z, 2015, .
201g, and South poles 202a, 2025, . . . 202g. These mag-
nets generate a2 magnetic field B thh flux lines 203. A
plurality of electrodes 206a, 2065, 206¢c 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 iz the near-.
wall region, a siot 208z bleeds an electrolyte 230 into
the fluid, in a fashion similar to that iliustrated in FIGS.
3(a) and 3(2).

Each electrode 206 is connected to wiring 207 that.
leads to a control circuit 250. The control circuit ‘is
made from known ccmponents and is capable of selec-
tively applying a potential across each electrode pair
through wiring 207. That is, the control circuit 250 can:
apply a potential across any pair of electrodes
2062-2065, 2065-206¢ or 206¢c-2064 in any polarity.

FIG. 6 shows the case where electrodes 206a and
2064 are at the same potential, electrodes 2065 and 206¢
are at potentials that make 2065 an anode ‘electrode
relative to electrode 206¢, and electrodes 206¢ and 206d
are at the same potential. In that case, there is an electric
current J between the electrodes 2065 and 206¢. This
electric current is represented by the vector J and ar-
rows 209. Accordingly, a force L=JX B is generated in
the actuated tile 2605

to



magnetic field generating neans and el ectric current generating neans
generate a magnetic field having flux |lins perpendicular to the electrlc
-current. 11. An apparatus according to claim 1, vt e qce
conprises a lifting surface. 12. An apparatus a G '
wherein said lifting-surface is a control surface 13 An apparatus
according to claim1, wherein the fluid is |iquid ahd2theggomggatiuy further
incl udes con- ductivity altering nmeans for bleedihglan electrolytle finto a
near-wal |l region of the flow 15 ' '

‘When any one of the tiles 2600, 2605 or 260c is actu-
ated, the flow along that tile is qmckly stabilized. How-
ever, 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 stiil
maintaining stable flow over all of the tles.

Example No. 1

A test rig-was set .up to perform a feasibility study
using the device shown in FIG. 6. The rig was tested in
a flow channel in the test setup depicted in FIG. 7. The
rig, shown in FIG. 7, consisted of a plate 609 about four
meters long, having components similar to those shown
in FIG. 6 mounted thereon. The boundary layer control
device 608 consisted of seven.permanent magnets 601a.
to 601g. 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. 6065. 606¢ and 6064 were provided approximately -
8 cm. apart. They were approximately 1 cm. wide and 8
cm. long.

Anode and cathode voitage were established for each
test run. The electrode 606 was maintained at the
anode voltage and the 606d was maintained at the cath-
ode voltage. The electrodes 6060 and 606c were alter-
nately switched between the anode and cathode volt-
ages by a control unit (not shown in FIG. 7). The three
control region tiles were sequentially actuated for 100
msec. each (with a duty cycle of }). B, for each tile was
about 160 gauss and Jx for each tile was about 10
ma/cm?. -

Various electrolytic substances were injected into the
flow medinm from a slot 604. One such eiectrolytic
substance consisted of a dilute solution of NaOH con-
taining a fluorescing disodium fluorescein dye to obtain
flow visualization in 2 manner discussed below.

The test tank shown in FIG. 7 consisted of a tank
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
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the mag- netic field between said el ectrodes. 16. |A
to claim1, wherein said nagnetic fié&bd-generating

means -conprises plural

ions in the gas in a near-wall regijo
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per- manent magn§hfface of the plate to obtain visualization of the bound-

ary layer. A video recorder 607 was provided for re-
cording 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 observed that when the spot entered the
controi region of the device, turbulence in the boundary
layer of plate 609 disappearsd under the above condi-
tions. The flow visualization techniques aiso confirmed
qualitatively that reversmg the flow of current in-
creased the turbulence in the control region.

FIG. 8 includes thres acmual prints of the test ng
shown in FIG. 7. FIG. 8(a) shows the plate 609 with the
boundary layer control device 608 in place. The elec-

- trodes 606z are clearly visible. FIG. 8(%) is a orint of 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. 8(c) is a print of the
visualized flow over the plats under the same conditions
as in FIG. 8(3), 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.

The present invention also contemplates a two-di-
mensional array 300 of n tiles as shown in FIG. 9.

- Each tile has associated with it a pair of electrodes
and a pair of magnetic poles provided by electromag-
nets. For example, the first row of tiles 360;1 to 3601,
has associated with it electromagnets 3011, and 302;; the
second row of tiles 36021 to 3602, has associated with it
electromagnets 301; and 302;; etc. By the same token,
the first column of tiles 360;; to 360,; has associated
with it electrodes 3061 and 306;4; the second column of
tiles 36012 to 360, has associated with it electrodes

+ 30617 and 306;;; etc.

By suitably addressing the electromagnets and elec-
trodes associated with the tiles, it is possible to provide
a high degree of flow control over 2 large area. Of
course, the electrodes and electromagnets must be ad-
dressed in a fashion that ensures that no two tiles in
close proximity are simuitaneously actuated. Otherwise,
the magnetic fields and electric currents would not be
provided in the proper direction for flow control. For



17. An apparatus according to claim1, wherein said. magnetic field
generating nmeans conprises plural elec- tromagnets. 18. An appar at us
according to claim1l1, further.com prising nodul ating neans for varying at
| east one of the density and orientation of gt_least one of {he magnetic
field B and electric current density J. 19.1 REPRAUEMENTUSHEEGCOrding to
claim1, further com prising plural said magngtt : r@ting neans
and plural said electric current generating reanszqu&s ig tiles in a -

t wo- di nensi onal array thereof.

-17 -

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 pro-
vide an appropriate addressing sequence depending on
flow conditions such as free stream velocity, fluid den-
sity, 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 thus .enables flow control
over a large area, and 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. It also more readily enabies flow control
without providing a conductivity gradient in the fluid.

FIG. 10 shows another embodiment of the mvention
that demonstrates flow control using a two-dimensional
array of control region tiles. The array is formed by a
series of spaced-apart permanent magnets-401, 402, 403,
404 and 405. The poles-are arranged as alternate North -
and South pcles, as indicated by the designations “N”
and “S” in FIG. 10, and provide magnetic fields indi-
cated by the flux lines B. Sixteen control region tiles
40611, 40613, 40613, . . . , 40643, 40644 are formed by
separately actnatable clectrodes 406,;, 4062, 4063,
406,44, 406,5, 40651, 40633, - . . , 40643, 40644, 406,5.

The sixteen tiles are actnated in four sub-arrays 411,
412, 413 and 414, each having four tiles actuated at
different times. The tiles” marked ¢ {referred to as
“equal-phasz” tiles because they are all actuated at the
same time) are actuated by passing current J between
electrode pairs 40623 and 406,4, 40651 and 40652, 4063
and 406, and 40641 and 40644. Then, the ¢, tiles are
turned off and the equal-phase tiles designated ¢ are all
actuated together; the equal-phase tiles ¢3 and ¢4 are
likewise actuated in turn. In other words, in 2 given
time period all equal-phase tiles will. be actuated, and
the actuation time of each such tile is 25% of the total
actuation time of all four tiles in a sub-array.
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In FIG. 10(g), the equal-phase tiles in sub-arrays

along the x-direction- (the direction of the free-stream

- flow) are actuated in the same order. That is, the equal-
phase tiles are arranged similarly in sub-arrays 411 and
414 and in sub-arrays 412 and 414. However, in the
spanwise (z) direction, the equal-phase tiles are shifted
from their locations in the adjacent sub-array. Thus, the
equal-phase tiies comprise four gronps of tiles and each
sub-array includes a tile in one of those groups. More or
fewer sub-arrays can be used for flow control depend-
ing on the flow conditions and the area over which the
flow is'to be controlled. The size of the tiles varies
depending on the freestream flow conditions. Typi-
cally, the dimensions of the sides of each tile have an
order of magnitude about twice a characteristic thick-
ness of the boundary layer on the plate.

The location of each group of single-phase tiles is
chosen to provide a fully closed electrical circuit at
each actuated tile. That is, it is preferable that there be
no electrical current-between actuated tiles-in different
sub-arrays; for example, it is believed that the topology
shown in FIG. 10(a) effectively prevents current from
flowing between electrodes bounding different ¢ tiles
when all of the ¢ tiles are actuated. The same is true for
the ¢, ¢3 and ¢4 equal-phase tiles. Those skilled in the
art will be able to construct different topologies, using
different numbers of control region tiles in each sub-
array and/or different actuation patterns. Such modifi-

cations are intended to be within the scope of the pres-
ent invention. _

FIG. 10(a) shows the ¢ tiles actuated, the y compo-
nent of the resulting L (JX B) force being downward.
This is true for all tiles. That is, when the ¢, tiles are
actuated, the electrodes 40641, 40642, 40633, 40644, etc.,
are connected to potentials that make the current flow
between electrode pairs (4064 and 4064, 4065 and
40652, etc.) in a direction to create an I force generally
into the surface of the thus-defined control region. This
control of the electrodes’ potentials over time is pro-
tvlided by circuitry easily constructed by one skilled in -

e art.
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control neans actuates said tiles in a predeterm ned
:21. An apparatus according to claim 20, wher¢i |

actuates selected said tiles in plural gﬁﬁ'ﬁ%gk“ﬁﬂ?psfﬂf@
each group being actuated si mul t aneousliy. 22.
according to claim21l, wherein said pl yral 2MAEB 1998 t | |
in nunber and are ar- ranged in sub-argays, each incl ugi

from one of

20. An apparatus according to claim19, wherein said -
pattern.

?n
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appar at us
ps are four
hg atile

FIG. 10(5) shows the arrangement of the magnets
beneath the plate 400 (omitted from FIG. 10(a) for
clarity). This embodiment uses an alternate arrange-
ment of the magnets, which has been found to improve

~ the flow contzol provided by the present invention. The

primary magnets 401, 402, 403, 404 and 405 are ar-
ranged as shown to provide the North and South poles
that define control region tiles as shown in FIG. 10(a).
Linking magnets 431, 432, 433 and 434 are coexistensive
in the z-direction with the primary magnets 401 to 405. -
They are arranged with their North and South poles
corresponding to the North and South poles -of the
adjacent primary magnets that define the control region
tiles. For example, the North pole of primary magnet
401 and the South pole of primary magnet 402 define
the first row of control region tiles 4061; to 40614. Ac-
cordingly, the linking magnet 431 is disposed with its
North pole adjacent the primary magnet 401 and the
South pole of the primary magnet 402. This arrange-
ment provides the desired magnetic flux density with
less 'magnetic mass (that is, smaller magnets).

The optimum frequency of actuation of the egual-.
phase tiles is determined experimentally. It has been
found that there is a critical frequency at which a condi-
tion analogous to resonance is attained. That frequency
can be expressed by the formula-

Us s
Serie, = =g @

where U, is the free-stream velocity and d. is the dis-
tance between equal-phase tiles, as shown in FIG. 10(a).

FIGS. 11 and 12 conceptually illustrate flow phe-
nomena believed to cause the dramatic decrease in vis-
cous drag experienced by a flat plate equipped with an
array of control region tiles arranged in accordance
with the present invention and actuated at for.

It will be recalled from the discussion in connection
with FI1G. 4 that gradients in the Lorentz force L canse
vorticity in the near-wall region of the flow. A similar
mechanism is believed 10 work with the embodiment



said four groups of tiles, and said two-dinmensional array of tiles
conpri ses a two-di nensi onal arrangenent of ————s.adsub- arrays.

23. An apparatus according to claim22, where nHEEIJAﬁEMENT SHGEQT‘t Fol neans
actuates said selected tiles such that adja- j cent—sat es are not
act uat ed. 24. An apparatus according f{ojcl e e n each

of said control region tiles is bounded by a {i gajbgﬁhhpgw] nent

pri mary magnet on one side thereof having the North pol e thereof
facing the surface and second per- 20 _manept primnary magnet on an

opposi te side thereof

shown in FIG. 10. However, in this embodiment the
gradients in L are created by the components of L in the
x- and y-directions, generated because the lines of mag-
netic flux and electric current'in the flow actually curve
as they enter and leave the surface of the plate. That is,
by referring to FIG. 3, it can be appreciated that the
path taken by the electric current between the elec-
trodes 106 and 107 is actually curved, being curved
proximate to the surface of the plate 100 at the elec- .
trodes and actually being parallel to the surface only at
the mid-point between the electrodes. The same is trne
of the lines of magnetic flux. Thus, the magnetic field
actually has a z component and the electric current

actually has an x component. Accordmgly, since
T=IxB L= [LxL,,L:] over the control region.

In a two-dimensional array of tiles, actuation of dif-
ferent tiles in a pattern results in a Lorentz force
L(x,v,z,t) over the entire array. It is believed that an
array in such accordance with the present invention,
actuated at foq, will create a seriés of rotational-flow
regions R in the boundary layer, as depicted in a highly
conceptualized manner in FIGS. 11 and 12, without the
necessity of providing a conductivity gradient in the
fluid. The rotational-flow regions can be considered

- generally to move at a rate in the order of U, /2 in the
x-direction. It is believed that the relatively small varia-
tions in L, Ly and L;over the surface of the array, and
the periodic application of L to the flow at predeter--
mined tiles as discussed above, continually reinforces
the small amount of the vorticity created by the gradi-
ents of L over the array. This condition, which is analo-
gous to resopance, causes the flow to organize as the -
penod;c rotational-flow regions deplcted conceptually
in ZIGS. 11 and 12.

These flow conditions greatly reduce the drag on the
plate 400’ for reasons that can be understood by consid--
ering FIGS. 13 and 14. In FIG. 13, the lines marked
U(Y)iam. and u(y):urs, duplicate the plot in FIG. 2(a). The
line marked u(y)ei, is believed to represent a possible



havi ng t he Sduth pol e thereof facing the surface. ' 25. An 'apparat us

according to claim?24, further in- cludi ng a pernmanent |inking nagnet
“under the surface, wherein the North pole ! et mgnet i s
pr oxi - mate to said first primary magnet hritEPLAGEMSNF: SHBET o of

said linking magnet is proximate to said second| pfi1 mary dnet .

26. An apparatus.according to claim24, wherein 21 FEBH@@%G orje said
primary magnet conprises said magnetic field generati'ng megns for at
| east two adj acent said control region ti)es: -
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configuration of the velocity profile in the boundary
layer formed in the flow illustrated conceptually in
FIGS. 11 and 12. The fluid velocity in the boundary
layer under those conditions increases generally linearly
because it can be thought of as being organized into the
regions R shown in FIG. 11, and the fluid flow in such

a region will vary generally linearly from the ceater of
the region, as will be appreciated by those skilled in the
art. .

This flow condition is illustrated at the right-most
region depicted in FIG. 11. At the freestream edge of
the region, the fluid velocity is U, and at the plate 400
the fluid velocity is 0. Accordingly, the local velocity in
the region x varies linearly from —U,/2 at the plate
surface to +U, /2 at the freestream edge of the region.
The velocity profile shown conceptually at the right in
FIG. 11 and as u(Y)ei: in FIG. 13 reflects this flow
condition. (In FIG. 13 the velocity profile u(Y)er:, is
shown with an inflection near the plate surface to re-
flect the complex flow conditions in this very thin re-
gion, caused by the complex rotational flow patterns
created in the flow by the present invention.)

It is this linear flow in the boundary layer that re-
duces the drag on the plate. In terms of the velocity
profile u(y), drag D can be expressed as follows:

“u) ({_ 0\, ©
D=pjo 7 (1— U, )dy

where p is the fluid’s mass density.

‘The term in parentheses in equation 6 can be consid-
ered 2 measure of the “lost momentum™ caused by the
fluid velocity going to zero at the surface of the plate.
Increasing that term increases the drag on the plate,

* since the “Jost momentum” is manifested in a force on
the plate in the x-direction. That. term represents the
area under the curve u(y) in FIG. 13, and it can be seen
that the shaded region, which is the area under u(¥)eri,
is smalier than the comparable area under either u(y)-
lam. OF W(Y)iurb,, meaning that at any given location on



27. An apparatus according to claim 24, wherein:

said electric

current generating neans conprises se- r-l-ee-t-we-l—y—-a-c(—ua.tple
el ect rodes boundi ng opposi ng si des of BQEM(EMENTGSHﬁEFfo regi on
tile; and . said control neans sel ecti {elfy actuatres—sai d| el ec-
trodes associated wth each said control regior |If 9 Ip a
predeterm ned pattern. 28. An appar at us cco?cri ng1?c§ clalm 27,
wherein: -
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the plate the drag is reduced by operating at f.;, using

the arrangement shcewn in FIG. 10.
However, the drag is reduced even

more dramati-

cally than FIG. 13 would indicate, because it is believed
the present invention inhibits boundary layer growth, as
illustrated in FIG. 14. Thus, when the drag D in Equa-
tion 6 is integrated over the surface of the plate, the

boundary layer flow achieved with the

present inven-

tion, BL i, substantially reduces drag as compared to
“either flow with a laminar boundary layer, BLium, ora

turbulent boundary layer, BL 5.

The critical frequency ferx. can thus be thought of as
a resonant frequency, the value of which will depend on

different factors and which will have

minimum aad

maximum values for particular flow conditions and .
array topologies. However, since the above-discussed
flow can be thonght of as a resonant condition, it may
be possible to reduce the L force created in tiles further - -

downstream. That is, once the flow is

organized into

patterns characteristic of the above-discusses aspect of
the present invention, it may be that smaller L forces in
following tiles will maintain that flow organization,
which would reduce power requirements accordingly. -
It may also be possible to suitably actuate properly
placed single control region tiles to organize and/or

maintain sach ﬂow patterns.
Example No. 2

An array like that shown in FIG. 10 was tested in the
flow channel discussed above in Example No. 1. A test
array with overall dimensions of about 0.3 meters in the
x-direction and about 0.4 meters in the z-direction. The
test array had ecight sub-arrays, actuated in a fashion
indicated by the placement of the equal-phase tiles in
FIG. 12. The test array included permanent magnets
‘geunerating a peak transverse flux of about 6000.gauss in
the center of each tile. The tiles were actuated by pass-
ing a peak current in an order of magnitude of about 100
ma/cm? between the pertinent electrodes. The flow
velocity was about 30 cm/sec. The fluid was conduc-
tive, but no electrolyte was introduced to provide a
conducuvxty gradient. A dyc was used for flow vxsua.l

ization as in Example No. 1
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a single said primary nagnet conprises said magnetic
generating nmeans for at |east two adjacent sai
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Equal-phase tiles were actuated under varying condi-
tions. It was found that the flow organized itself as
shown in FIG. 15 when each equal-phase tile was actu-

-ated for 750 msec. For a duty cycle of { for equal-phase

tiles, the critical frequency feri;, Was thus 3 Hz (the recip-
rocal of 4X750 msec.). The bright regions extending
obliquely across the plate in FIG. 15 are waves related
to the rotational-flow regions depicted conceptually in
FIGS. 11 and 12. The measured drag was reduced from .
about 10—! N/m?2 to about 10—2 N/m2, or approxi-
mately a 90% reduction.

It will be appreciated that magnetic boundary layer
control devices such as discussed above cauld be pro-
vided on any surface upon which it is desired to control
the boundary layer, either to prevent or cause separa-
tion, 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. Accord-
ingly, the magnetic boundary layer control devices
could be easily manufactured in large volume and deliv-
ered 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 2 minimum amount of time and effort.

Preliminary studies indicate that the power require-
ments' for operational boundary layer control array
devices according to the present invention would be
extremely low. In addition, with the breakthroughs
presently taking place with superconductivity, it may
be possible to significantly reduce the power require-
ments 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 detetmmed solely
by the following claims.



control region tiles; said electric current generating neans conprrses
se- ,; | ecii vely actuable boundi ng opposi ng sides of each control
regivon tllé, a S|ngle said el ectrode com prisi € ectrlc current

gener at | east two adjacent said cont tiles;
and  sai HERLWGEM&NT BERE kel ectively actuates sai d \ in a
pr edet e o-pattern such that said el ect rode cents sadid tiles

are not a t t he sane tine. 29. An appdrat us according to
claim19, wﬁt‘ﬁ@‘%"s .
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What is claimed is:

1. An apparatus for controlling a bounda.ry layerina
flow of an electrically conductive fluid moving relative -
to a surface, said apparatus comprising:

a plurality of selectively actuable control region tiles
distributed over the surface, each said tile being
bounded. by magnetic field generatmg means. for
generating in the flnid 2 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
geoerating means for gemerating in the fluid an
electric current demsity J(x,y,z,t) traversing the
magnetic flux lines, wherein said magnetic field
generating means and said electric current generat-
ing means are disposed relative to cach other such
that actuation of a particular tile generates a mag-
netic. field B and electric current density J that
create in the flow a force L(x,y,z,t)=J XB baving a
non-zero component normal to the surface; and

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

2.AuaappannmS»mmxndnugtocﬂaun 1, wherein the
electric current density J is spatially constant for an .
actuated tile.

3. Au:ammuanm:umonhngtocﬂmnxz,v&mmanthe
magnetic field B is spatially constant for an actuated tile.

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

5.Auzappannuszmmonhng'u>cmun14,vﬁhcnnnthc
force IxB reduces the shear stress in the fluid at the
surface. .

6.Auxappmmwmsacconhng'u>chmm.4 wherein the
force JXB maintains attached flow-over the surface,

7. Au1appanuusacconhngto«imnx1,\vhennnthe
component of the force TxB normal to the surface of
the wall is in a direction away from the surface for
destabilizing the boundary layer.




- magnetic field generating means conprises a nmagnet extending under the
surface of each control region tile and having a North pole at one boundary
.of said tile and a South pol e at an opposing boundary of said tile 30. A
devi ce fo. 1 [ avcl h a fluid medi um having a predeterm ned
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8. An apparatus according to claim 7, wherein the
force 3B induces turbulent fluid flow in the boundary
layer..

9. An apparatus according to claim 7, wherein the
force I 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 2 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.

13. An apparatus according to claim 1, wherein the
fluid is liquid and the apparatus further includes con-
ductivity altering means for bleeding an electrolyte into
a near-wall region of the flow. '

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

15. An apparatus according to claim 1, wherein said
electric current generating means comprises plural pairs
of electrodes disposed with the flux lines of the mag
netic field between said electrodes.

16. An apparatus according to claim 1, wherein sa.xd
magnetic field generating means comprises plural per-
manent magnets. '

17. An apparatus according to claim 1, wherein said .
magnetic field generating means comprises plural elec-
tromagnets.

18. ‘An apparatus according to claim 1, further com-
prising modulating means for varying at least one of the
density and orientation of at least one of the magncuc
field B and electric current density J.

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



fsaid surface, each said tile being bounded by nag- netic field

generating neans for generating in the fluid a magnetic field
-B(x,y,zt) hawngfluxllnes with a predeterm ned orientation with
respect e ﬁ ver said surface and el ectric—ecur+rent
generat|r\R;EPIIﬁ%l’T%EN‘ojl)s @‘n rating in the fluid an current
density| J yzt) traverlsi ng the magnetic fl ux Illm i, l I"!’ ﬂmrj
magneti t ﬁe‘j gg8ner ati ng means and said electric

i ng nmeaps dlsposed el ative to each other such that act uatlon of a
parti culat es|{a ng- -
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20. An apparatus according to claim 19, wherein said
control means actuates said tiles in a predetermined
pattern.

21. An apparatus according to claim 20, wherein said
control means actuates selected said tiles-in plural
groups thereof, the tiles in each group being actuated-
simultanecusly.

22. Auzappannnsacconhnghochnn121,vﬂuneu:&nd
plural groups of tiles are four in number and are ar-
ranged in sub-arrays, each including a tile from one of -
said four groups of tiles, and said two-dimensional array
of tiles comprises a two-dimensional arrangement of
said sub-arrays.

23. An apparatus according to claim 22, wherein said
control means actuates said selected tiles such that adja-

~ cent said tiles are not actuated.
24. An apparatus according to claim 19, wherein each
. of said control region tiles is bounded by a first perma-
nent primary ‘magnet on ‘one side thereof having the . -
North pole thereof facing the surface and second per- -
manent primary magnet on an opposite side thereof
having the South pole thereof facing the surface.

25. An apparatues according to claim 24, further in-
cluding a permanent linking magnet under the surface, -
u&mnmntherkxih;xﬂcofsndlnﬂnngnmu;nnxspnnn
mate to said first pnmary magnet and the South pole of
said linking magnét is proximate to said second pnmary
magnet.

26. An apparatus. according to clann 24, wherein a
single one said primary magnet comprises said magnetic
field generating means for at least two adjacent said

.control region tiles.
27. An apparatus according to claim 24, wherein:
said electric current generating means comprises se- -
lectively actuable electrodes bounding opposing
sides of each said control region tile; and .

said control means selectively actuates said elec-
trodes associated with each said control region tile
in a predetermined pattern.

28. An apparatus according to claim 27, wherein:




netic field B and electric current density J that create in the flow a

force L(X,y,z,t)=J x B havi ng a non-zero conponent normal to said
surface, said H-ew-car means further including control nmeans
for sel ect|v=I&EMCEMENT1g§H§gfd tiles to create the force L in the flow
al ong sel ect ¢d ra-tiles fof controlling the flow
21FEB 998 | ‘Y 00 0
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a single said primary magnet comprises said magnetic
generating means for at least two adjacent said
control region tiles;

said electric current generating means comprises se-
lectively actuable bounding opposing sides of each
said control region tile, a single said electrode com-
prising said electric current generating means for at
least two adjacent said control region tiles; and

said control means selectively actuates said elec-
trodes in a2 predetermined pattern such that said
electrodes in adjacent said tiles are not actuated at
the same time.

29. An apparatus according to claim 19, wherein saxd
magnetic field generating means comprises a magnet
extending under the surface of each control region tile
and having a North pole at one boundary of said tile and
a South pole at an opposing boundary of said tile.

30. A device for travelling through a fluid medium
having a predetermined conductivity, the device com-
prising:

a surface contacting the fluid medium so inat a

boundary layer is formed on said surface; and
flow control means mcludmg a plurality of seiec-

_tively actuable control region tiles distributed over
said surface, each said tile being bounded by mag-
netic field generating means for generating in the

- fluid a magnetic field B(x,y,zt) having flux lines

- with a predetermined orientation with respect to
the flow over said surface and electric current
generating means for generating in the fluid an
electric current density J(x,y,zt) traversing the
magnetic flux lines, wherein said magnetic field
generating means and said electric current generat-
ing means are disposed relative to each other such
that actuation of a particular tile generates a mag-
netic field B and electric current density J that
create in the flow a force L(x,y,z,t)=TXBhaving a
non-zero- component normal to said surface, said
flow control means further including control
means for selectively actuating said tiles to create
the force L in the flow along selected said tiles for
controlling the flow.
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31. A device according to claim 30, further compris-
ing plural said magnetic field generating means and
plural said electric current generating means bounding
said tiles in an array thereof wherein said control means
actuates said tiles in a predetermined pattern.

32. A device according to claim 31, wherein said
array extends in two directions along said surface.

33. An apparatus for controlling a flow of an electri-
cally conductive fluid moving relative to a surface, said
apparatus comprising:

magnetic field generating means for generanng a

magnetic field B(x,y,2,t) having magnetic flux lines
in the fluid;

electric current generating means for generatmg in

the fluid an electric current density J(x,y,z.t) tra-
versing the magnetic flux lines, said electric current
generating means being disposed in a predeter-
mined orientation relative to said magnetic field
generating means; and

control means for varying over time at least one of

the density and orientation of .at least one of the
magnetic field B and electric current density J such
that the magnetic field B and the electric current
density create in the flow a force L(x,y,zt)=TxB
for controlling the flow, the force L having 2 non-
zero component normal to the surface.

34. An apparatus according to claim 33, wherein said
control means. varies the orientation of the magnetic
field B and clectric current density ¥ to reduce drag on
the surface.

35.. An apparatus according to claim 34, wherein the
surface is a lifting surface.

36. A method for determining flow control for a flow
of an electrically conductive fluid moving relative to a
surface, said method comprising the steps of:

determmmg a magnuetic field B(x,y,z,t) having mag-

netic flux lines to be provided in the fluid by a
magnetic field generator;



said tiles in an array thereof wherein said control neans actuates said
tiles in a prederm ned pattern. 32. A device according to claim 31,
wherein said array extends in two directions along said surface. 33. An
apparatus for controlling a flow of an electri- cally conductive '

noving relative to a surface, said apparatus conpri si el d
generating neans for generating a magnetic fiel dr]mm“mim “ﬂ!ﬂé
magnetic flux |ines in the fluid;. el ectric current cgeperat i ans
for generating in 29

determining an electric current density J(x,y,z,t) to be
provided in the fluid by an electric current genera-
tor such that the electric current density traverses
the magnetic flux lines in the fluid; and

deterrmnmg the variations over time to be provided
in the magnetic field B and the electric current J
and the relative positions and densities at which the
magnetic field B and the electric current density J
are to be provided with respect to the mean-flow
direction of the fluid, such that the magnetic field '
and the electric current create in the fluid a force .
L(x,y,z,t) =J X B for controlling the flow, the force
L having a non-zero component normal to the
surface. :
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BOUNDARY LAYER CONTROL
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| BACKGROUND OF THE INVENTION

1. Field of the Invention _

The present invention relates to multiple electromag-
netic tiles for magnetically controlling the flow of a
fluid along 2 wall and, more particularly, to magnetic
control of the boundary layer on aercdynamic bodies
(such as wings, rotars and flaps) and hydrodynamic
bodies (such as submarine sails, bOWplans, stemm ap-
pendages and propellers).

2. Description of the Prior Art

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. Thatis, 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
region between the body and that area is known as a
boundary layer.

The boundary layer is laminar at low Reynolds’ num-

bers. (Re=UL/v, where U is a characteristic velocity,

such as the freestream velocity, L is a characteristic
dimension of the body, such as the Iength of a wing

chord or boat hull, and v is the kinematic viscosity of

the fluid.) When the Reynolds’ number increases, the
boundary layer becomes uustable and turbulent. In
some cases, it can “separate” from the body.

' FIGS. 1(a) and 1(5) illustrate flow over an airfoil. It
will be appreciated that the same principles apply
whether the Buid is 2 liquid or a gas and reprdlss of

the shape of the body.



zero conponent normal to the surface. 34. An apparatus according to claim
33, wherein said control nmeans varies the orientation of the magnetic field
B-and electric current density J to reduce drag on the suiface. 35. An
apparatus according to claim34, wherein the surface is REpj 4@QM§& surface
36. A nmethod for determning flow control for a flow of an e

conductive fluid noving relative to a surface, said nmethod conprising the
st eps of: determ ning a nagnetic fielg B(X,y,z,t) having mag-
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ABSTRACT OF THE DISCLOSURE

The boundary layer of a £luid 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 along the surface of the wall and an
electric current density J traversing the magnetic flux
lines in the fluid to form a control region. The magnetic
field B and the electric current density J create in the
control region a force J X B that can stabilize or
destabilize flow in the boundary layer. A plurality of
such control regions can be arranged in a two-dimensional
arxay of control tiles that are periodically actuated in a
controlled, predetermined pattern at a critical frequency
that' provides boundary layer control over a given area.

FIGURE 6.
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- 29 - determining an electric current density J(x,yzt) to be provi ded in
the fiuid by an electric current genera- tor such that ‘gﬁaqeﬁ |
current density traverses the magnetic flux lines in tﬁé A -I\@ﬁ\f’l‘;ﬂiEET
determ ning the variations over tine to be provided in the magnetic field
B and the electric current J and the relative positions and densities at

which the magnetic field B and the electric current density J are to be
provided with respect to the nean-fl ow .

- -]



direction of the fluid, such that the magnetic field and the electric .
current create in the fluid a force L(x,y,z,t) =Jx B for controlling the
flow, the force L having a non-zero conponent nor maREPIAGEMENT ShirTace.

FIG. 3(a) T
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