g FROVAGNETI C DEVI CE AND METHCD FOR BOUNDARY LAYER CONTROL
#icatjon Ser.” No. 07/904,570 filed Jun. 6, 1992, now BACKGROUND
HE |'NVENT 1. Field of the Invention The present |

ht es t WOP4 G‘@I‘%e and method for magnetically controlli ngpw{]%#sg%og a

d along a wall and, nore particularly, to magnetic control of the

dary | ayer on aerodynam c bodies (such as wings, rotors and flaps) and
odynani ¢ bodi & (such as submarine sails, bow planes, stern appendages
pro- pellers). 2. ‘Description of the Prior Art A viscous fluid, and
a bpdy completely imrersed in the fluid, forma boundary |ayer at the

body's surface when the fluid and the body nove relative to each other.
Theg is, the layer of fluid in contact with the body is essentially at
regg, while in an area renoved fromthe body, the fluid is noving at its

-streamvelocity. The region between the body and that area is known as
a Poundary | ayer. The boundary layer is lamnar at |ow Reynolds' num

f (Re=UL/v, where Uis a characteristic velocity, such as the
-streamvelocity, L is a characteristic dinension of the body, such as
thef | ength of a wing chord or boat hull, and v is the kinematic viscosity

fhe fluid.) Wien the Reynol ds nunber increases, the boundary |ayer
bedones unstable and turbulent. In sone cases, it canThissieaHaiBén Roplaeedt he

bodly . FIGS. 1(a) and 1(b) illustrate flow over an ai rml‘ ll“lmml ml

ELECTROMAGNETIC DEVICE AND
METHOD FOR BOUNDARY LAYER CONTRCL

BACKGROUND OF THE INVENTION
; Field of the Invention

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

D i £ the Pri 2
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 1s, 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.
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} be appreciated that the sane principles apply whether the fluid is a

d or a gas and regardl ess of the shape of the body. When the airfoi

5 operati rig()%f(ﬁ} ﬁmll angle of attack a. as shown in FIG Il¢&yd98f6078
d stream 1 a free-streamvelocity U-err}, flows snoothly over
pper surface 14 of the airfoil. The downward de- flection of the fluid
am by the airfoil _causes an equal and opposite upward lift force to act
he airfoil. ) The boundary layer is laminar at Jow ReyAsldée mumgier .of
Ck a Increases, gomﬂmﬂﬁ'&eée( » i f?ecmﬁislt@ée(ref@&ﬁéfc%&h

ul ent, as indi- catg e irregu ow 17 For g ggses
stra- tion, the boGﬁdéF? FERRTSGREage KRLPEUtT n ¥H%§ a1 ¢ ERrift iker
it is in actuali tuﬁxeﬁéldxerqf hilgh badgl, esuch = tudek lehgthoofdaryidayer

separate fromthe gg £l whchtiheny &aj,d%segr{é @cggl ggfte,gcgg%&s%f

i ft caused by boun | ayer separation
| op in the boundar yhf-‘a;'b\#ld ) Whemabhei ReyR@kds n@l%ﬂéeswa%eayse%,yéme

ul ence at a body' SpauhdBEe l%&ﬁ%‘é@b&\éshﬁ@éﬁﬁé QRAg. turbfiést. bouRdaey
r turbul ence increases viscous

th df
tional propul - sivE2F@Fcett &%qéﬁgﬁfﬁﬁefoﬁf gﬁ ﬁSﬁV ore gteﬁer g{)dy.

h in turn requires nore fuel to be expended to nmaintain the speed of

ai rpl ane, subnari nsﬁgrq{o@)l %rndbhqs? lﬁ@s rér_‘?e w:*ibczhowf @ﬁriﬂéoﬂs

ched. Moreover, if QW separ at es coqgﬂﬁt |t|ona:B$ress

i s created. | nThd¥1i &e 2@ &FbﬁF%ﬁtt r'fg‘ér ?aF‘SyEFl%‘iW

ci'ty and pressure fhechemtthenEludli £ & ndipeia@rse. galelmdc:aegdm1ass

i ficant problemin 0 t ne exanpl e bei ng subnmarine
Pl Jharedr, BRE Soaf

rol surfaces and p r ew Pressure fluctuations asso-

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 velccity U,, flows smocothly over the
upper surface 14 of the airfoil. The downward
deflection of the fluid stream by the airfoil causes an
equal and opposite upward lift force to act on the
airfoil.

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

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

First, boundary layer turbulence increases viscous
drag, which may create the need for additional
propulsive force to be applied to the airfoil or other |
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#% Wit h boundary | ayer separation can cause vibra- tion, which in turn
s fatigue, which can be a seri- ous problemparticularly in netal

aft par Vari ous approaches have been taken to sta oDRdoRAr Y
e flo&wahamﬁ%?ay boundary | ayer separa- sion. One of thgngggbroaches

Budes optimzing the geonetry of the airfoil to achieve a maxi num
i bl e angle of attack. However, an optimumairfoil shape still only
t he airfoi | body opdriathe izt thirni reguinef awrsf fuel agR.be exmeandgches for

grolling the bopgdas yhdAxehnal 3pged St éf”éx@ecen lﬁHeObé@ﬁﬁaﬂQiée al so

uded prOV|d|ng suctlon or. injection ai.r t e sllts in the
oi | surface toPEIRDIAET PLﬁFFHdFﬁﬁren%?dvnf?b 8 % fry layer.
gver, in additismcdchddie Mordenenf pfcuha}fhomgsépaeaséstqpmphateﬂhe

face of the obj gedse S BasBLRACHRR, 'EfiWEALBALENSIVE TUBING networks

gupply the force necessary for suc or I1njection. Accord- ingly, this
goach adds considerably to the overaII wei ght and conplexity of the

gct, which is gﬁmeacﬁiilcsadnncanahsbemnwadmmhevdeaygﬂ @:hj;ﬂrﬁtdwe.argfa nost
ki ca- tions. ' art
not yet achi evERFIFRFYAFSHPFRESUTD pr%cvtlu&éugflﬁ oyn%%%s%nc% peg1 0 ise.
bouddary |ayer corl¥oise iqamabeenységnificeant prchéemcan @ﬁ@YeaS|ly

i nplfenent ed f ashi oguyys rcmentssuwgpgngpﬂ*%élwﬁh@kzné tedrt @l Obj ect of
t he gpr esent |nvent|on to control th w ove or at_|east the

fol fowi ng pur posesSurfacescang 8F°8Ff§?|’éaﬁcrﬁ"‘r é’&?dﬁﬁ “thet$1HEF in the
boudary | ayer to tRftmmrionar assoeisted with boundazay lawenddpazagion

can cause vibration, which in turn causes fatigue,
which can be a serious problem particularly in metal
aircraft parts.

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

Approaches for controlling the boundary layer along a
L 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. _—
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uce viscous drag on the body. 2. Control of boundary |ayer separation

decrease or increase the resulting form (pressure) drag on the body,

ch also can be used to create forces and nb- nents on the body and

reby provi¥@ %4034 onal control. 3. Contrgl.of the char acl’éfosi‘?ﬁ@éﬂm
acoustic field in the fluid surroundi ng the body. 4. Control of heat
nsfer between the body and the fl uid. 5. Control of turbulent fluid
ing in the boundarThe gydar ar& h&€sntowolye mum&evhdranéeﬁépﬁﬁuxitgftbhe

S orcess ¢ I Laprotide Bl QENChEs 0Bt BBfnkdey LA BE-E0Y 10

d forces. | n accordance wth aspect presen
ention, an appar atdsVEor %ﬁ?ﬁFFSPFrn@r%FQiﬁi%d&PQ P%§é¥Y|#$R%qma§ﬁﬁéf a

i d having a predetgesidrired el ectrical conductivity and noving relative to
urface conprises conductivity altering nmeans for providing an el ectrical
ductivity gradient in a near- mall reglon of the flow proximate to the
face, magnetic fi c\2E& 5 g DR ™ generating in the near-wall
ion of the flow a nagnetlc field B(X, yzt) having flux lines with a pre-
ermned orientation with re Eect to the direction of relative novenent
the fluid and the surface, 2 d*8| R IEEUPE chRe RFRASAY AFVABEHSET &R
erating in the neanmxbl rbgi Showfotdre af body afior| £ tldaz tC thee pbl Dewixid v
,Y,2Z,1) traversingﬁ&% gagnetic flux lines, wherein the magnetic field B
el ectric current Sity J create in the near-wall region of the flow a
ce L(x,y,z,t)=J x B havi ngta cefpeidntinshaar trass iouthgcéluid 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 bedy, which also can be used to create forces
and moments on the body and thereby provide directional
control.

3. Contrel 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 one general aspect of the present
invention, an apparatus for controlling a boundary
layer in a flow of a fluid having a predetermined
electrical conductivity and moving relative to a
surface comprises conductivity altering means for
providing an electrical conductivity gradient in a
near-wall region of the flow proximate to the surface,
magnetic field generating means for generating in the
near-wall region of the flow a magnetic field
B(x,y,z,t) having flux lines with a predeéermined
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¢éflfdance wi th another general aspect of the invention, a method for
40| | ing a boundary layer in a flowof a fluid noving relative to a

sur;‘ce and hav an electrical conductivity gradient in a -
regign of proxi mate to the surface. opnprises the stgg§&8$ﬁb&m7s
det nining a nagnetic field B(x,y,t) to be provided in the near-wall

iPn of the flpm/such that qux lines of the nagnetic field have a

et of the 11 yighaaadel e SUL!Afea %herumenpgf@&e'a%t Gt et

ty J(x,y,zt) to be provid near - wa regl on of w such
the electric (ﬁ}‘rrréﬁ‘tt grBETIRIRP NaaRs r“rﬁﬁng?ﬁ‘%rﬂw in f6€ pARfhe
. and det er ni maﬂlng-eglﬂﬁsbflﬂlfeéﬁldMB.ﬁhelEetﬂB@mI@nt' gbflsBcpnd the

ana § e mean: 1 ow @ FedyFoR ortPet iy P SRodhile | Ml ATEke: CubtER gt

joponent  nor nal ctz@afteelﬁ%ﬁacxeear walll %@g%ﬂaa@ecwa tthow BOEGre®eci fic
force is normal to the sur- face

dgct of the pres i nven

fhe wal | and is ey GrFchl%n’E ltq%?\ﬁé?’&n?h@ REFPCRAERC BT TRE oRPt HRE wal |

I n dccordance w t hsyetaagaot her general aspect of the present invention, an
appg atus is provided for control- ling a boundary layer of an electrically

conquctive fluid nmoving relative to a surface, the apparatus conpr|3|ng
magdetic field gendRafFARETHARGR Wigh GERERAT| FRReTRL REPECHi 8fatRBgnet i ¢
fieldd B(x,y, zt) haxznﬂanéiuxx ld neehodl €br bogrooll ipa Bouhbers urdypee iand

tric current gen n for.ge t L d electric
PNt density J(? % o# %ver& né“’f’ﬁ@gng%ﬁ‘%. C f J’a Flﬁﬁéé&%n e fluid.
The magnetlc fiel dhgvang ameeldarsticad sgmveﬁnmar‘fd;estemeameame fluid

comprises the steps of determining a magnetic field
Etx,y,z,t) to be provided in the near-wall region of
the flow such that flux lines of the magnetic field
have a predetermined orientation with respect to the
direction of relative movement of the fluid and the
surface, determining an electric current density
J(x,y,z,t) to be provided in the near-wall region of
the flow such that the electric current traverses the
magnetic flux lines in the fluid, and determining a
position at which the magnetic field B and the electric
current density J are to be provided with respect to
the surface and the mean-flow direction of the £luid
such that the magnetic field and the electric current
create in the fluid a force E(x,y.z,t) - JXB having a
component normal to the surface.

In accordance with a more specific aspect of the
present invention, the force J X B is normal to the
surface of the wall and is in a direction toward the
wall or away from the wall.

In accordance with yet another general agpect of the
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B - I n accordance with still another general aspect of the
gention, a method for controlling a boundary layer of an electrically

ductive f elling along a sur- face conprises the st efsr
ermning a naéﬁé?&c field B(x,y,zt) to be prévided in the fIU|/8§33c/ﬁ6o'78

it flux lines of the magnetic field enter and | eave the surface, deter-
ing an electric current density J(x,y,z,t) to be pro- vided in the fluid
h that the el ectri €CREFPHinS raa\Pé’P§€§thbaYﬁ§gr?§t|a§ elascrigRldy n the

id, and determ ni nao@dmad @Fludd Wi ehg the amekethCaf s@kthde anthet he

; d ded h f
R i o L R e R e U

> el ectric current Gen-gefieratingr dat bhenfitiel fd magnatiorLeld B (K, 7t §78) X
aving a conponent RAFiEY A1 fieznégréﬁ@@rmg %E’ahEEeQE%'aIé QN&ECEHEM

AW NGS The vari ous, aspects of g&esent i nventi gn €tan

Bicr st ood by ref er en®k®q iFh@“&EF&FI% T TS ME8RS 0 °5r%ﬁ¥§?ﬂﬁin§ in the
podi nent s set forthfheldwn alegtwithctiweny aensdsy Fixwhizt) trEvESsidga)

) 1(0) deni ot 11 Ui d{d QU ALYRI RO Lrod B cne BLG 2(Ale GARLE) OeDI

ndary |ayer flow condi- 10 ustrate principlesutilized in the
psent i nvention.  Fiedd F apdi she pleskuimararnst densiighel icrepsandar y

&/cr control device umg m@Qadangermgtﬁ(ine Nrgsan xnyexmx)-;gjg andompénert b)
i a cross-section al llneGEhB IG. 3(a). FIG 4 depicts a section
| theflwdflowsh 3%%’;’ 3fftr 3(b): FIG 5is a qualitative
Ot relating to the conductiv- ity of the fluid flow shown in FIGS. 3(a)

B 3(b):  FIG 6 def GltoRdahesSwRE 4N 10hndrhef PGEleridIC UsPRet of the
invention, a method for controlling a boundary layer of
an electrically conductive fluid travelling along a
surface comprises the steps of determining a magnetic
field E(x,y,z,t) to be provided in the fluid such that
flux lines of the magnetic field enter and leave the
surface, determining an electric current density
E(x,y,z,t) to be provided in the fluid such that the
electric current traverses the magnetic flux lines in
the fluid, and determining a position at which the
magnetic field B and the electric current density J are
to be provided with respect to the surface and the
mean-flow direction of the fluid such that the magnetic
field B and the electric current density J create in
the fluid a force f(x,y,z.t) «JXB having a component
normal to the surface.

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(b) depict fluid flow around an
airfoil. R

— ——— e —
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t he present invention. FIG 7 depicts a planformof a w ng

rati

I ncorgporating the present invention. - 6 -

FI G i's # sgection along line VITI-VIIT in FIG 7. FILG. 9(a)

depi @s a ta‘ygr?g@?izg cross-section of a wing having a trim ta%cyc}'té?ﬁm(’%sto
t he lor art and FIG 9(b) depicts the same wing with the trimtab

repl &ed by an enbodi nent_of the _present invention. FIG 10 shows a test
setuf used to denon&t¥5it & (Ae t&r Rilcacjerict hovadasui kayer oflawe i nvention
sﬂo in FIG 3. &hfidibreshewact ealugi@&aﬁt@mha&%debyuébﬁéé%ftizﬁ%‘haUp
sho

in FIG 10. : . PTI ON OF PREFERRE
| MENTS FI GS%%{%% {&Qg?%elf’ﬁust rate generally accepted princi- ples
ing flow conditions in a boundary |ayer. FIG 2 plots the velocity

fluid at a waltidy=0a)ofisaafl poinfbal &r1aadokNat REck&OG O fnda'}g

ary layer. At %/:% t he vei:og t% uis %eneral I% considered to De. zero.
el ocity increasts aS P R BREES® HhATEIpPBathceith&he aresertam

ity Uerr]. THawvesitdont gnd Figt he(bieds- &l onoss s sedt ivm edenghusnbe

ssed as u(y). g-plhg @gﬁ(a_?@ %/\@II shear stress [err] in the nmean-flow
tion is expressed by the OT' owi ng relation: [err]

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

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 depicts a cross-section of a torpedo
incorporating the present invention.

Fig. 7 depicts a planform of a wing incorporating the
prasent invention.

Fig. 8 i1s a cross-section along line VIII-VIII in Fig.

7.
* Fig. 9(a) depicts a transverse cross-section of a wing
having a trim tab according to the prior art and Fig.

9(b) depicts the same wing with the trim tab replaced
by an embodiment of the present invention.

Fig. 10 shows a test setup used to demonstrate the
efficacy of the embodiment of the invention shown in
Fig. 3.

Fig. 11 shows test data generated by the test set-up
shown in Fig. 10,

—————
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where [err] is the viscosity of the fluid. In turn, the wall shear stress

Is related to viscous drag as foll ows: [err] where dA is an elenenta
area of the wall . - 7- bkl 1)
and (2) shoW@R40934% (] and Dlerr] in- crease as-du/dy at the l@li Pkb.%ﬁoﬁ

I ncreases. FIG 2(a) illustrates u(y) for a | am nar boundary |ayer, shown

as a solid line, and u(y) for a turbul ent boundary | ayer, shown in a dotted
line, for the sane ePEZADD : A MERIR t hat du/ dy

BNAD

2 BNy [ 2{3)8

at the wall is lower for a}tanlnarrbbundary thah for a turbul ent boundary
| ayer at the same location on the wall. Accordin , icous drag, can be
reduced i f the flow FAIEhe2 BUMR Y ajétugEFAtR %’eﬁ'ﬁé' Re¥CFerf

However, instabili tth:ﬁlnE:iDplésk avedardihg Bbowdaindiltdpes tanacauselatye fl ow
to becone turbul ent. AD g us- tration of this phenonena is shown in FIGS.
2(b) and 2(c). FIG. ) illustrates the velocity profile in an unstable
béundary | ayer. The veIOC|ty of the fluid imedi ately adjacent the wall
bggi ns to sl ow down gng :ﬁﬁowaablzprm A H1nidsaef 4 evadn ynst abl e

ooty on, v Teady" otFe sl ssgen, ol e dvoielag budlay rew

layer At v = 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:

=y & (1)
B 3 Lt

where p is the viscosity of the £luid.

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

D % dA (2)

: = f
viscous "11

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
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fluidgin the free-stream The boundary | ayer thus estab- lished is
gener@lly turbulent, as illustrated in FIG 2(c). Accordingly, du/dy at the
wal | &s hi it would have been if the transition to tu

had t oc%gfﬁgﬁ&ﬁg Tur bul ence in the boundary J ayer has |ﬁp|ﬁ§§ﬁ§§ﬂ@6&4
beyo the resulting increase in viscous drag. For one thing. the turbul ent
flowgn the boundary | ayer creates noise because velocity fluctuations

i nherfent in turbul et dHeowaddodackdoperstar a flamdhaat b&litﬁdatﬂ@attﬁamndotoa
propdf gate into t t £38N

i nvergion can stabil sz ‘ﬂt%ﬁﬁ F?g%wm%?%roﬁﬁdgipe F%meerlo }ﬁ%uggrgé fice

vi scdus drag and ndfale - TW@CﬁFéééﬁ%Y4rﬂkﬁﬂﬁm§nd€aﬁ éﬁ%ob%eﬁﬁﬁ§QQ¢el§uFb©ses
listgd above, in V\mude.splthbedouﬁdw a diRirachni Pet ALl clired QbmihRg: .

fol |l @v ng di scussion. FIG 3(a) is a planformview of a device
illugtrating the present invention. A wall or flat plate 100, sinulat- ing
a wi dg or a controlHowmeveaceingsabibifixida whehfhowain una Hmunﬁagyal&perh
pol e $101 and a SouggnpghgsgoghQOflg@qﬁy@Ebeﬁe ld Bwith flux
lineg 103. The flux _lines 103 enter, and exit the sur ace 4 of the wall,

t hus §bei ng ori ent edLpHEEFREFOR OF Hel i BRegaResR o19 (shaaiy IR0 FAER -t & (Phe
freegstream fl ui d &hdw2dedecti on x. (The coordinate systemused herein is
sho in FIGS. 3(a) and 3(b)). The magnetic poles 101 and 102 shown in

FIG §3(a) are provided by a horseshoe nagnet (not shown) be- neath the
100 (that isFign Bib) situsipsast &heheelocity 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 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 preoduce pressure fluctuations that tend
to propagate into the free-stream flow.

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

Fig. 3(a) is a planform view of a device illustrating
the present invention. A wall or flat plate 100,
gsimulating a wing or a control surface, is provided
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ace 104), and the plate is a non-ferrous material that allows free

sage of magnetic flux. An electromagnet may al so be used. However, the
netic poI provi ded by any suitable structure. For eﬁ@ﬂﬁi

es of one o?%%@wgiﬂagnets can be placed flushowith the surfacée 1 5§§B§%
orma part of the surface itself, and can even protrude fromthe

face. Al such arrangenents are mﬁthln the scope of the present

ention, which in ondtispeBrIpROIAKRG Rallortn@Pinddlenndr 2 afeuExiROkehe

face. For definitignal ‘BW@éﬁéﬁadﬂzgd%.Sﬁx&gQéﬂﬁctﬂﬂﬁldi%pﬁﬁkhofl&:heliﬁfe%sent
ention, "flux Ilnesito are d ta entﬁB and_e <:{]he sur, Lace Wgeth
they are internal 3-t YRGS aoﬁ’i"‘ae%eaq EXEES BT £ SYHfE S
netic pol es protrud@dtheowallmaEnmsfaeeﬁgoorzgm£¢ﬁuganaﬂlehetmm&ﬁﬂﬂwail

I d external to thesqegRet 104 Aar}{-P' 815Ul £ke %eafskéagﬁdfﬁ?{cpsﬁow
ctrodes 106 and 107 generates an ectric_current en5|tg y?rﬁm£re-

ted by arrows 109, IBERGEEPR t¥hre ﬂﬁ@eeFQEF?%EEEr PISTEBUHEEC M ate

is electrically cenduntineFigshe 3gh¢canadesbyl06 and 107 are insul ated
m t he pl ate. - 9- To control the

ndary |ayer using the present in- vention it is highly desirable that
fluid in the bounBheardanesiar pedes A0tecrndiHUafowe ér Bidctilegapmre

gductive ity [err] gréa‘rmémtbyf raombﬁrhésﬁgéldh!fédé/d tno@f shbeny Qsénesaf:rﬁ Iwe
Mid. In the device s

N 3 | t t
led to the boundar yp$%§%r dr;l{/ (lﬁ%s@«?dl )nan %xeel(sgg{er %E?f%ggg?r %sr%éfj% \?0| r
8 through a slit 108p€)r]anditthet pdanedisn twoifarzave mamaxxﬁﬁMFQQCV|ty of

allows free passage of magnetic flux.
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However, the magnetic poles can be provided by any

suitable structure., For example, the poles of one or

more magnets can be placed flush with the surface 104

so as to form a part of the surface itself, and can 1
even protrude from the surface. All such arrangements

are within the scope of the present invention, which in

one aspect provides that flux lines enter and exit the i
surface. For definitional purposes in describing that
aspect of the present inventicn, "flux lines" are
deemed to enter and exit the surface whether or not
they are internal to the magnet {which would be the
case if the magnetic poles protruded from the surface)
or are part of the magnetic field extermal to the
magnet. '

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 present
invention it is highly desirable that the fluid in the
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ayer of the liquid adjacent to the wall. A direction of the current
hrough the conduc- tive fluid is in the direction from an anode

ode cat hode el ectrode 107 such that the curre NSl an
resség?%QH%QGector J parallel to the_nggn.fIOM/directigﬁnQESibbﬁgg
medium As depicted in FIG 3(b). a Lorentz force L, represented by

131, resulting fromthe interposition of the electric current and
tic field, isbevpdasygetlapsr havda iceetxitntdegres ofr edecpradatt of J

acting in a ; on | Lregll r +aad,t t he

100, The Loy SRryCrAVER 1P Al Ayl TEkpR b0 Bl R B0y BhTee

eracting regi 38§toPLpblet Fieidind Ineghei JRVISR My 0] ELEF,; g/h”

dange with thanaeeﬁan% Smiéiét&:rdlwteedid} nid-ldddedl ro Eh& béuiiﬁax’ﬁy Vie,(e\tl)v)

ng downstream,i t I n_FLGS, :
s, a cross-%é??%o§y0$£%éﬁéﬂéﬁg% F?gfgé%égﬁ%aﬁéﬁpﬁzfggﬁFgéﬁfoﬂﬂf As a

t of the intr&8ueusgbnaollithd Waednrol Yoe msbiun fe fingrdadastie hi gher

ctivity [err] cbAahBeivedy -ovld vhdn giﬁﬁértck@ftt{é‘fli%a&!éuﬁaﬁél&édc [@yr] in
ns outside the near-¥all region. As those skilled’in this art know,
near-wal | " re&PSn“?% that part of the flowin the bound- ary |ayer

nsi bl e for nost of the turbul ence produc- tion. In the near-wall

T viscous, [oheSEHRERaTice WP SEsknl MEN WBALECER copayorive
ctivity [err] ERRi€nts yinjithec BigRcrion fxpmman AaRrArnel AEtFeds -10f |
n. Optimally, tbhe catitbdd @lecttd@e 107 such that the current
density can be expressed as a vector J parallel to the
mean flow direction x of the fluid medium. As depicted
in Fig. 3(b), a Lorentz force L, represented by arrows
131, resulting from the interposition of the electric
current and magnetic £ield, is expressed as T X B, the
vector- or cross-product of J and B acting in a control
region in a direction normal to and toward the wall
100.

The Lorentz force L = J X B stabilizes the boundary
layer by coun:eractiig regions of positive and negative
vorticity w, in accordance with the mechanism
illustrated in Fig. 4.

Fig. 4 is a view locking downstream in the flow along
the plate 100 in Figs. 3{a} and 3(b). (That is, a
crogs-section of the flow in the spanwise (z)
direction.} As a result cf the introduction of the
electrolyte 130, the fluid has a higher conductivity o,
in the near-wall region than the conductivity ¢, in
regions outgside the near-wall region. As those skilled
in this art know, the "near-wall" region is that part
of the flow in the boundary layer responsible for most
of the turbulence production. In the near-wall region,
viscous forces predominate over momentum forces.
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which the electrolyte 130 is introduced into the fluid flow are controlled
b that the conductivity gradient is at a maxi num at a predeterm ned
stance fr 1, in accordance with principles di scuss%rp

G 5, theq:‘qgﬂ?njg?de qualitatively illustrates-the con- ductiVi ?%M%d-’g
ariation in the y direction (y=0 at the sur- face of plate 100) and the
eft side plots the conductivity gradient for the conductivity illustrated
OE the right- hand stRfe doH%deddaBReltd menptes) vharawshe gradient gof the

d
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st ance fr(c)im t5he \Aﬁidndﬂtﬁi&itp-evcoﬂd:m‘é iwidltiy-egeggﬁe{g 1%@ aatana%a_gggﬁ: f’_rym as
own in Fl : | .St ance s typic wee a wal | units
(¥+), that is, 10<y+< dsn%g% %(Q)L%@hk;é?l%gn ?g%mﬁg%%ndﬁ[}heg ‘iﬂ?%l"ﬁéoﬁﬁob’é‘?‘?’? es
of a particular fluihidbowheAslarrolynd (130i ¢saintredstahliose nhabgiyid
ual |y expressed asiww aweedoR¥rdnse sekichhedehd é&?cufc’:tix;i‘& eXpPL&Sent
stance when phenongna bei a‘g measur ed relaate to,t%h)i] | ow coxdltlons al ong
surface. In particl & % RE%VEPRita® SFEEaheEineh dintaRse f5pmatle ot
| ate may be expressadlasin aceprdangshevichyvprintipl &d nimmiiseetli sebowty of
tihe fluid and U errlz&= rlgle Ty I : i 1)
IR SL El?.% uf;’%ﬂl sia cﬁgffé%ﬁxfeeis'g Lé?ggtggé’@é £H:

nd p being the density Of tf d. Reterring back t
tjurbul ence in a boufFEEFCFAVEYY i @GATCR 1 Basorfi dkrartiionh (Yedi ®hsthuf
o;i ti \ée and nggat | werfacki 6f tplatd arorn])I aﬁld tlﬁ@rxghft Afidel bustsagrsl in FIG
y the raised portj t ine, this vartic-,li i s
elieved to be one tgfﬁ?ﬁéé#gg r#%réé%g’? \gﬁfka?% cfcfﬁds“ﬁt["tv-"ﬁﬁ bﬁ‘}/n’é%’?a:‘iﬁé"ll
lfow- moment um fl ui d 8Rdthesriayy handegidey hThgetouhieedtiom L44i Uk fdrawn

regions further froantkegwedlac tdid discahBe PHGNAURNALIEXwhotal il
greviously in connectign Wih FIGS,.2(a) to 2(c). . S
; ¢onductivity gradient’is at ‘a’‘maximum, as shown in Fig.

5‘

This distance is typically between 10 and 30 wall
units (y*), that is, 10<y*<30, although it cam 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:

2y K
S 4 Y5

(3}

where » is the kinematic viscosity of the f£luid and

u, = /T /0., T. being wall shear stress {see Equation 1)

and p being the density of the fluid.
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- 11 Wil e the exact mechani sm by which the present invention
prevghts this lift-up of a near-wall fluid is not conpletely understood,
due the a nconpl et e under st andi ng of the feedback ' t
sti Iatév ﬁ%@#@ation of near-wall streamy3se vorticity (+ e?js?g@ﬁ%l@
[err]®, FIG 4 illustrates one of the nmechanisns believed to be at work.
Sincg t he boundary between the | ow and high-conductivity fluid is

di spigaced, as seen Bgfemmw gor E‘u.g)n 4Arwibulieacdoubl @ Boyrsiany FI G 4,
the Qorentz force Ljgral 3/ de'PB.Q§ 9fod Nt dd ‘M’cﬁX'ﬂé s PRIl N
t he eas V\/nere t hat gounda%eerl S %ca %e: %I)il's | ocat P?hy 141 err]

ﬁ%ar':r‘]"el ¥°H§&Fé'éﬁ§| A ai”t‘? t h’e zAﬁl et FREe%D 18 eat e
vortieity -ferr] thal iy ! gf\ggg%\}equ &4&%513 L8 Lhe &%{mgﬁ\

At the rlght and I sl oc 'S |ncrea5|n

ection, thus cteadtesly ik CEEmMMEE- 45 maf [”éﬂ-?-] ‘P‘Y\'@W fauid
tion that courdsd aniss r@p&ad:e{neﬁf]b}athﬂdbﬁr Imemahtm fiﬂma Fdogter vector

([;:12{ |r Lel BeE;uGs eé?qlf%sc %%%38 eskr w%% c't | pk'[eg%%ggf\églr Sgr

is n

in tfe z-direction ¢xplained @rtevhanalmxn @On@apténnlﬂw m sl eksin the
z-di gection for theyydyght- hand dislocation 141b, it creates vorticities in
t he @ppo- site dlrectlons from-[err] and +[err], respectively. The
gradgent of L[err] in the z-direction creates the coun- teracting
vortgcities becausewtiiiee nter ewatt meqhanisnohy drhﬁ:t:hvﬁ:mq gmggenti S hi gher

thangthe more renmpt g, Lo q{g,gt Yevb é’s[zfi{ "&‘Qd bvﬁ Q{{a{ .%aqugauxaws
flui carries nore curren CCO Y, errf ere ere I's nore such
flui i, such as wher@et Wé&ﬁﬂél’y@%t% Buente| fheds yet $ucargeete han
in the adj acent aragfderstahi®ngdof | the tfeidackome Ehen Dings AMatl @wmm@@el S

be- |ieved to countgract. Llow distyLhances Lo LG, SREWASS &tl, JMLoghéo

It |T bel i eved t hat® .

-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 141a on the left-hand side, L, is
decreasing in the z-direction, to create streamwise
vorticity w, in the positive direction that counteracts
the vorticity -w that caused the dislocation 1l4la in
the boundary layer. At the right-hand dislocation
141b, L, is increasing in the z-directiom, thus creating
streamwise vorticity w, in a negative direction that
counteracts the +w at that location. The bolder vector
for L, in Fig. 4 indicates a stronger force. Thus,
since L, (which is negative because it is directed in
the minus y-direction} becomes larger in the
z-direction for the left-hand dislocation 14la, and
smaller in the z-direction for the right-hand
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ao‘s di sturbances in the streamm se (x) direction in the same manner. That
a schematic cross-section of the flow taken in the streamm se (Xx)

h d | d | ook
ection 'n%6§9/ﬁ§42t e spanwi se (2) |1r2ect|on WouIt 00 rruc é%{}gls?%?m%s

4. - - 14 - is prefer

£ conductivity gradient be a maxi numat the edge of the near-wall region.
gvever, that is not necessary. It is believed to be sufficient sim ply to
e a conduct|V|ty ‘gibgiegRtion dhaby- iF rexadtes varthei s -iwalther egi on in
orgler to generate theghledide @iddicri6RS Seidat. a:&eatemv0§g#¢aﬁe&v319at is, if
r] is the height of the near-wall region, then there shoul d be"a
ductivity gradient in the y-direction between y 0 and y =[err], wth

e maxi mum gr adi ent Thefgaaieptbefnl, an yh@ez{Qi*ecthbnmhféabesamnseciated
At by reversing the ?m{@e@fwlﬁg %Lheeléﬁée  BROR6LL Cedd Gl Olal 1O ELEGE T ©

rent density, the I on~nor
directed away f rcﬁﬁ‘%%twé(f‘-f:!l@o 15wﬁF-EheW than &g MorR ¥ero%e ow nedi um

ng pushed in a di residutieney &y Oﬁnahehé\ﬂiiglﬁalﬂ fc%ﬁ@ué@f‘vx@lfolxﬁidf ect can

4 used to disturb and destablllze t he bou ar ayer hy creatin
#s| ocating vortices ¥~ TRES+FRFTIRC- %@ ch%ﬁﬁﬂeW?IQﬁéﬁgaﬁéd in
G 3. the current ders spchnflubd, nmagrerisc wheet delas ebd‘amuan-y Layencias

fher. This of coursegJuOYkeesday Xié“*i@rfg%:c@n%%@ix? gcgﬁgng]t‘.é%fl ux

gnsity B and current density J. wever ppreC|at t hat
e electric current density and the magnetic field need not be per-
Fig. 4 illustrates how the present invention is

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

”QOﬂQUUUO””

It is preferable that the conductivity gradient 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 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
dengity, 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 effeaect
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“ul ar to each other as shown in these FIGURES. Any arrangenent which
des a current and mag- netic field traversing each other wll result
force‘récy?g ih is also possible to provide any desi red %@3/&078
de In"the one shown in FIG 3 so tigat an area of a surtace
porates as many discrete control re- gions as desired. Those discrete

ol regions can then be activated as needed to provide the desired con-
functi ons. can be used to disturb and destaBilize theArbcamgiamgnt s

es that depi ctigg,dh by @ragcgﬁg @gécamgghgg_gglgo%ﬁc&géjaqu Wit the

nt invention. For exanple. the el ectrodes coll e arranged so that

the gurrent-flows across the nean fluid flow direction while the nmagnetic
fluxglines are al orig: ttive BmbuditnerctidiistPackeleianBimi 1f oty carredensity
and B1renoin of L hudiinynahlCeh SN 21881 @ iy 18 KQcfiNange that

: In one of its ener a mven- cti on.
des for varylﬁﬁhﬁﬁe nﬁﬁhét?% ?QQﬂﬁf &ﬁﬂvé9?$eﬁﬂmﬁﬁﬁ§mtﬁOQVQrutﬁeBent|re

ollreglpn ?ﬂdfﬁktbleﬁEmignéﬁthﬂiﬁf?@@ﬁd@ﬁ% %Eﬁﬁﬁ q$yyghqldg%%§g}
sely tai or t arfic r ow,_conditi o e mg-
field can be%gxpggs asl%1¥ c B8R xa§959$539593 & EBfrent
ty can be. expﬁéggédlasc%rtinnndansllyxaydz;hé magmetiiat fibédresadting
L=) x B s anbiNge péffeddicitar kb cACROSEUAWIL Shidwl! OUi Ehedd®

ed control of _the flow around an obj ect 0ssli bl e provi de

1) and J(x, yf29RFeRhatARY 13T THAGEPE tﬁ‘él%i%sﬁ 39esod EP%‘EE%.and

ugh it may bempgsstbt ef imldbrerawversdhycesmieh dterewitte peguwideid wncti ons
,Z,t) and J(Xg¥rZgatF £t Will produce the proper L[err] variations
|G 4),

It is also possible to provide any desired number of
units modeled in the one shown in Fig. 3 so that an
area of a surface incorporates as many discrete control
regions as desired. Those discrete control regions can
then be activated as needed to provide the desired
control functions.

Arrangements besides that depicted in Fig. 3 are also
possible in accordarce with the present invention. For
example, the electrodes could be arranged so that the
current f£lows 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 cne 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 B(x, Y.Z,t) and the current density can be
expressed ag a function J(x, y.2,t}, 8o that the
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oviding a layer of different, preferably higher, conductivity fluid in

e near - wal | Accordi ngly, another of the general aspe

esent inveﬁﬁ%ﬂd@%ol ves the provision of such a layer. In smfgg%féé@,mB
d J need not be varied to produce the L[err] variations necessary for

nsi derably nore expedi ent manner of producing those variations is by

undary layer control, although for given desired flow effects B and J may
i1l be varied spatirgBuytirgl fevgor &l =yJ X Bhiss @ d8mmt lionv &k pnz hals.

merous si gnificant a.pRkhingay, oabs-paobiaantﬁ@%aeé%uirgiaslgb he £low
abi lizing the boundary | ayer and preventing transition to turbulent TFi"ow.
addition, it can F"ﬁﬁgﬁft ‘i‘/e‘?k&ﬁctts A tﬁﬁtﬁ%l%’tﬂ?? 5P EFEVABEr B Y F+&di on
er a wide area of andl®dixsurd.ade thad whet etmovdate tived ddsssegatbowel ocity
uctuations in the éf??ﬁégfeaﬁlf|OML This can significantly affect the
oustic field in the urd surrounding the body. And by stabilizing the
undary | ayer and preventing transition to turbulent flow, the present
vention can reduceAlidudh anstay bet peesibie drnderdsand thechrebanddy ¢h is

great potential sjignific i.n_re i.ng the .t ra- tures_to which

ace vehicles are s%%cjmé]b%ee?]‘%%gﬁgpg- EE’%t’F%'itnt 5r’t%hn§6iﬁa¥tﬁ'gfattlﬁfs5ﬁ‘éﬁe.

4-  On the otPrgdurmdEhepPEPPEFnG, YRABiAFiers etheadligh.r 4.t he body can

stabilize the fl owddsidiBoynaary éfyé&iéiﬁdnia&ﬁ%eof@@ﬁéi&ﬁ ttglose
flurdand the

rbulent flow. In that, ngnner, heat transfer bﬁtween t he

dy can be enhanced@RHAP™Ss 1BnH¥r PERY LIPS GptRYEF| BRsILEA9FaRE heat
changer design. Mpmsfexablyuhlighen; dmdwtaiyikgyElulidoivm ethwnmas-vhyid

xing, which can  ragion. Accordingly, another of the general aspects of
the present invention involves the provision of such a ?
layer. In such a case, B and J need not be varied to
produce the L, variations necessary for boundary layer
control, although for given desired flow effects B and
J may still be varied spatially and temporally.

PR NPT eI

The present invention has numerous significant
implications. It can reduce viscous drag by
stabilizing the boundary layer and preventing
transition to turbulent flow. In addition, it can
inhibit wvelocity fluctuations in the near-wall region
over a wide area of a flow surface and thereby damp and
dissipate velocity fluctuations in the free-stream
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
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havefii@#ortant ram fications in conbustion and chem - cal processing

appl i@ati ons (where two fluids may fl ow al ong opposite surfaces of a body
to b4 m xed aég% body's trailing edge). And a turbul ent boundary | ayer
ordi ifhrily¥e@ Yne to separation than a | nar boundary IR 59@@6?Hbt
i ndug¥ ng turbul ent boundary |ayer flow can detay separation. Controlling

bound@ary | ayer separation is, of course, inportant because of both the form

(pregsure) drag andmhhgeynsﬁ@gq: n%%@?rﬁeévjlé@ﬁt’tﬂ;é griglasgﬁgleﬁ%%&y& h such

on the due to

a f1 @v condition. Se ar tio reatly increases
the @ tered distribGtPoR®of ém%ﬁénlﬁr&NHQQﬁﬁn§eﬁ§réP@%lcakevﬁﬂlngly
prevgnting sepa- ra'such asdusas esddmhn gefgdesipor atMoiirotaln, S Erant € a

fl uctguati ng pressurgc,,]‘_lh‘%lﬁ_:lar aje}}ef w Qnﬁﬁ?ée;% 86 ﬁll%(ggqbo to coupl ed

forcgs which can cause ay- I'ng separa ion
tur b@l ent boundary Fé\j%ru!‘?‘?:ﬁﬁ)an@r TRRACbFRTIRRS dacambuat { oy amct)\mmmg:aa

strofg J x B force pﬁm@biﬂgealmdi):atsa@sramg:& tcl%se&iﬁ%wf é‘w' tuations

and ghe resulting f u ane_to reventin uci ng

sepagati on under con%#‘g? dep&msg% |ts’r‘5 §c%%1né:) 8 ke Jgec} c?r’:cééleand

nonef§t s on the bodybedyl priraiddndi rdgel onannd:@ncut'bukent Bhmdams aayer

vefiion has nUNEr pSoRRtRgl 18881 brorAld BboabhCion Sl & SCIAT® of
e

t hemy In the enb dlne depiCted in surface on
iged to control géyﬁrkaﬁﬁrtﬁ%F(i?qﬂﬁénﬁaFPrQQkRQQn¥QH¥§&§V a

t orpgdo 200 or sin1layeﬂnﬂmomdyannaeizycsepamaudpnan1c body. (The propul sive
and stabilizing fins of the torpedo are omtted for clarity).

scr ey
Magngti c boundary | ayer control devices 202 and 203 in accordance with the
predit invention &WGHGHLBFIPewRdary layer separation is, of courses -

important because of both the form (pressure) drag and
the unstable pressure fluctuations associated with such
a flow condition. Separation greatly increases the

rag on the body due to the altered distribution of
pressure when the flow separates. Accordingly,
preventing separation reduces such drag. Separation
can also create a fluctuating pressure field in the
fluid that subjects the body to coupled forces which
can cause fatigue. :Delaying separation (by inducing
turbulent boundary layer flow) or inhibiting separation
{(by providing a strong J X B force toward the body) ,
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.

The present invention has numerous potential
applications. Figs. 6 to 9 show gome of them.

In the embodiment depicted in Fig. 6, the surface on
which it is desired to control the boundary layer is on
the tail section 201 of a torpedo 200 or similar
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agnetically controlling the boundary |ayer over sec- tions of the tail
pgrtion of the torpedo for steering the torpedo. By providing such control

sdirfaces, rennte control of the torpedo is possible. In the exanpl e shown

FIG 6, bBOM498342 aver control device 202 _hag been set suchPERASHPHE078
pplarity of the electric current and nagnetic frelds are arranged to cause
the J X B force to be in the direction normal to and away fromthe surface

the torpedo. This Wﬂecbeyw%)@m& ggdpe fPﬂ‘rfee%r% ysg{,gmthat
rface thereby causing some sega{j#‘l on resultin n- crease in

ag on that side of TH&% 8FFed ’e"’r&mlf‘ﬁnﬁff%?%et‘%ﬁ?eldﬁea’%rB’éﬂ‘b‘?%l ch
hn be provi ded in eifiderclakdtpit chMagnetdw doundarpnlaysr hothyol nderbsesa

bment that, can changg the Qbﬁeﬁﬁ'ﬁbd}fdah% L orRedns Odzfeste%% %{,@ﬁéi&{‘ of

the JXB force provided b coné ‘3 devi ce | S cause
df rection normal to &f& 5\%{?' héOEWICFﬁ%Yf??H%FCﬂI% EHBo‘P‘PFWiaaH"!ong
the surface with no ilayeabbletysectioms efsetedeatl qrodtian sEdenef céhmedo

pr pedo.  Since side BJof SEQSrfzg?ltﬁfad @ggf t ’-O‘;‘R?R@aﬁaﬁg %r%#ﬁo turn

d§ stribution different fromt on si
the direction shof¥rBpcefie FEROYE ;F°nAé'éér@lf n’i;:fll%/ tqmelal pess il
gontrol of the torpedo can be easily provi ded W t hout the provi- sion of

govi ng control surfaces,. O, _wth a.proper devi ce, . control

dircuitry can be inc&ﬂdéﬁeiﬁ%&ﬁ% o"f‘o Lﬁ'a UBHETY  BAY ST (REeL

direct the tor- pedodeyires2@arhps hﬁﬁnosatlstad:h ychat luhet helanboyli o rthe

depicted in FIG 7, @i1getises éﬁrﬁé}itmiﬁ&ylné £F i JTE |ca§gn££ Oq@gtles 300
en

Are pro- vided V\nthlnavvlga? rowde con ct|V|t In the
ear-wal | region of CABSE| B o{F Bt ﬁP§cBoF?|% i tth‘i-'ed\?vFﬁ@ %nsrfqrtmaciom s
§rovi ded between theahquaway yEtomy aheCenktate def/ inke &&Qpaad t hehi adivagsedge

03 of the wing to i t Lyl | nt Q. the
goundary |ayer. (It \?mk%og%%ﬁapecs;aé 58 %%t&%&qfl ng%%n@aaé Ssbxggg.ce
dehicl e re-entering ERerely tcﬁa@%ﬁ pﬁempa@rés@enmshlg regpllssimg and t hus
gnherently has a congtetéadd VitidHagr ohhéRat haldedlorakhe THEp&fIE AHANOMENON

yay be exhibited in Oth tzﬂéﬂ%of%%e%g Lﬁe rgrﬁggg (w%zcg can be provided
in either the pitch cor yaw direction, or both) induces
a moment that can change the direction of the torpedo.
If the direction of the J X B force provided by control
device 203 is caused to act in a direction normal to
and toward the surface, the fluid flows smoothly along
the surface with no instability or increased drag on
that side of the torpedo. Since side B of the tail
section of the torpedo has a force distribution
different from that on side A, the torpedo can be made
to turn in the direction shown by the arrow y.
Accordingly, remote directional control of the torpedo
can by easily provided without the provision of moving
control surfaces. Or, with a proper homing device,
control circuitry can be included in the torpedo to
modulate the J X B forces to direct the torpedo to its
target automatically.

In the embodiment depicted in Fig. 7, a series of
boundary layer magnetic control modules 300 are
provided within a wing 301. To provide a
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o As schematically depicted in FIG 8, a reservoir 304 is
pr g _ed within the wing for bleeding a conductivity- enhancing materi al
i nti@ t he near-wall region through a slit 302. This device could be a glow

thelpas into the near-wal regi on al ong thelfop sur- face of the wing. or a
pl a generator for injecting a highly ionized gas into the near-wall
reg@on al ong the-t n t nla" t he
air-@n the near-wa &%ﬁ%ﬁ%goglrég Fg% %é e?’\rowg ;iué%él{%g oex=1naser devi ce

i di ng a hi gh | Bensiver s 9h§§i—0@f0fer\'-@legy415r aedting@lhdsnear - wal |
of air to araﬁ%%@fb@twbﬁﬁuéﬁé%&ﬁﬁa SlQ?é?' é'é‘ncrol':'cﬁvx%e 300

gst rat es t hat t.he .near-wall re ogyh ﬁ g i on c{ﬂfentratlon

boundary | ayer?® Stkbear}'eﬁ‘ 188,p79¢ £RE fflﬁ B*? ottt WIEced t owar d
dsurface 306. Avwmhubitigliyy-ehbaboimglanarerapér inkd| tlsd yowtdaayhed and not
grate fromthe an h C I t ttack
Bpreviously pos%gl}géll-e %Itt gﬁfm%p%%tfé}’ i Y, afﬁg Eh%&f%%gﬁcorﬁgg%éggél ?ect ed
wardly from tIRAGA YEPIGLRaER - ERESTING. SN8eFRFRR | HrAHIREBNATE Lfcr ease

§ for a braki ngesfdmdially al plasmymnmltn%ngnnéfm ghow in FIG

t, atrimtab 5 d e trailin alleron 503. The
ightab 505 is dré)o\?iedﬁcggggﬁkyg?%%ﬁcr}?& 5‘\%% g%ﬁg Q%éec 2Mtcal device
fcontrol | i ng tIpheneyieacof mayicbe réxhibdised| fnt mh@mﬁmhmeedf fihghpr esent
g¢ntion depi cted,dHichles.)9(b), magnetic turbul ence control devices 501

and§502 according to the present invention are provided along the top and

bot gom surfaces, respec-
As schematically depicted in Fig. 8, a reservoir 304 is

provided within the wing for bleeding a conductivity-
enhancing material into the near-wall region through a
slit 302. This device could be a glow discharge device
for charging Neon or other appropriate gas and
injecting the gas into the near-wall region along the
top surface of the wing, or a plasma generator for
injecting a highly ionized gas into the near-wall
region along the top surface of the wing. A
conductivity gradient in the air in the near-wall
region could also be provided by use of a laser device
‘ providing a high intensity thin sheet of energy for
‘. heating the near-wall flow of air to around gseveral

thousand degrees Celsius.

Fig. 8 illustrates that when the near-wall region has a
high ion concentration, the boundary layer 305 can be
gstablized by the J X B force directed toward the
surface 306. Accordingly, the boundary layer will stay
attached and not separate from the wing and the wing
can operate at large angles of attack not previously
possible. Or, alternatively, the J X B force could be
directed outwardly from the wing surface to induce
geparation and thus increase drag for a braking effect.
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t§vely, of the aileron 503. By controlling the characteris- tics of the
ppundary | ayer flowing over the aileron, the lift along that portion of the
¥ Ng can be controlled and the wing can be easily and efficiently trinmed
t hout the W284/08342bul ky and expensive nechanical devices. FITESIYI6HS
g al so denonstrate that it nmay be possi- ble’i Oséme environnents and
ponetries to elim nate corrpl etely other control surfaces such as allerons

ghd flaps. That is, - cgllag,g n o] 0 aLreraft
gul d concei vably be pr oVi QE 55 érﬁn na 1i’%o% roI g‘l’etfs’f; %&q : ﬂ
Chanl cal and hydraLFahf ,Scospé.,st grov&ded a.t: the trailing edge of allergz; -

KAMPLE A test rig sems. sdheuprim pasfsogmia fdeaseblb ty rg}dﬁaam&l Bgrédie

bvi ce shown in FIG g esied, d Wchan i n e.te

et up depicted in F é?f fg‘g&'}ﬁk mg@l,iaﬁ &t qile‘ﬂf% ﬁéﬁs’f‘@d %‘P o f%te
@9 about four neter®f GHg CHRAR th hé%&ﬁﬁ)ﬁ@h@gl@mmﬁ e @resem;unt ed

ereon. The boundarﬁdmﬁ_ogoagggbt&gvhp@l@%9qus|ﬁﬁgerpjf tt\ygbggégggent

agnets 600 and 601, that pr [ ux o pr oxi mat el

Juss in the control & 82 ?%C?@S%@[i%‘ rsézug‘éac’?%l’éézt%&htenErgg?‘é‘émM se
gxt ent of the controliovegitéon aneophevidesy d&pnghehaam;etamﬁ%taml 601 were
rranged with their r chive-dogd b ARA o%h | t tg,each

gt her. Stainless steel (Ty e 30 {I:ectrgses 6 %l%gdf?m%gﬁe prggw ded
dpproxi mately 15 cm i:g WF%#@WEL @R baugdazydlayem
ong. A DC vol t age offlamﬁﬁgve{réﬁ ums Finetodedrhet veeh dlhd What portion

of the wing can be controlled and the wing can be

easily and efficiently trimmed without the need for

bulky and expensive mechanical devices.

Figs. 8 and 9 also demonstrate that it may be possible
in some environments and geometries to eliminate
completely other control surfaces such as aerilons and
flaps. That is, by proper placement of control modules
300 an aircraft could conceivably be provided with
directional control with fewer mechanical and hydraulic
parts.

Example

A test rig was set up to perform a feasibility study
ugsing the device shown in Fig. 3. The rig was tested
in a flow channel in the test setup depicted in Fig.
10. The rig, shown in Fig. 10, consisted of a plate
609 about four meters long, having the components shown
in Fig. 3 mounted thereon. The boundary layer control
device 608 consisted of two permanent magnets 600 and
601, that provided a magnetic f£flux of approximately 600
gauss in the control region. Two magnets were used to
extend the streamwise extent of the control region; in
other words, the magnets 600 and 601 were arranged with
their respective North and South poles adjacent to each
other. Stainless steel (Type 304) electrodes 602 and
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el -r odes, depending on the experinent, for generating a total current of
15 ¢ 150 nillianps Various electrolytic substances were injected into
the® | ow nerdi roma slot 604. The electrolytlc sub- stan | of
dil@®e so%‘}‘gﬁé"'&f HCL, NaOH and NaCl, contgning a fluor eggﬁ{g'%gs@ghﬁﬂm
flug@ oscein dye to obtain flow visualiztion in a manner discussed bel ow.
The gest tank shown in FIG 10 consited of a tank approximtely 1.5 neters
widg 0.5 nmeters hégh wade sprovieledr apppogimdtely ex3 dr.uagabds wasewget to
flo

at 15 cnisec. ,A-Lagsy &@ﬁr&rrls,n?egmt O, PELVASIE £ i Poﬁ eetp Ode | aser

y 606 al ong the_ bouhdar a activating the f escing dye in a
| ayer al ong tKe §%ﬁ?eﬁ§a§ﬁ5 H@lﬁﬁaF%StEFQXEQQ41Qﬁ?yﬁaPlE%?lBﬁDOf t he

ary layer. A eidevrodensr dapeh@ingesn p:rmmdqshfmrentecobﬁllg@ém:rmﬁul ts

of thhe experiment., .o ral cur 5 In
expqriments perfornmed on the rest o °Fi 1,5 & 1 ur?enlt sﬁot was produced

upstj eam of the nmagnetic boundary Iayer control devi ce 608 using a
mecifani cal tri ppi %ﬂ%@%lé&f&@gz@@sﬁﬂﬁhﬂ&h’ﬁ vm@nxh eceadtigiy arpd the

contfrol region of Lhe dev t ur bul ence t he,.boundar er of plate 609
di sdppear ed under Y&t e ’ﬂ’é’h&FFF‘oﬁs f‘?'ﬁa%‘ﬂ’f 3 F¥?Je¥"éh‘f el ectrol ytes
and (di fferent cur- smhﬂnanceSTMQnﬁhsmedlsimdmbuna(avhua@bnsquésﬁgﬂsd%ﬁnhf|rned

qualfitatively thaladUeicl NedhiRihla &fe LRl dduicbaras delirddudiyl ence
in the control region. Ition"to t ua | at1ve 1 ndicafion
obt i ned by {1 ow VAXRIAQ AHEAGH, TLAK: VITHALY: Ay @nFaBReL [ Fqusaeg

below.

The test tank shown in Fig. 10 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 606 along the boundary layer for
activating the flucrescing dye in a thin layer along
the surface of the plate to obtain visualization of the
boundary layer. A videoc 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 various
conditions, that is, using different electrolytes and
different currents. The flow visualization techniques
also confirmed qualitatively that reversing the flow of
current increased the turbulence in the control region.

ML, .

In addition to the qualitative indication, cbtained by
flow visualization, that the present invention
stabilizes the boundary layer, quantitative
measurements were alsc made. In these expériments a
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the boundary | ayer, quantitative neasurenents were also nmade. In these
experinments a probe 610 was nounted on the end of a sting 611. The sting
611 was about 7 cmlong and was secured to a strut 612 extend-

per pendi cul¥PI%/003¢> the flow channel. The stjyg 611 extendedP ﬁ'&é@?%’é‘?ﬁ‘%
the flow direction and was about 3 mmin dianeter. The prove itself was a
TSI Model 1210-20Wcylindrical hot filmvelocity probe |Iocated in a central

area of the control ESEéOG‘I.@twaas HozhasgeoRf AL ehmd Enaf svenyediz unithe (y+
<5) away fromthe surfac

vel ocity conponent Ef“%?rﬂ |"’saq ﬁ%’@:’i‘r’l y ?‘@Ig?r % f"]ﬁﬁ ﬁ?%‘f‘ﬁ%%sé% %gth ?\2
wal | . This can be appmtl@123cbm¢ﬂﬁg®etmegdlqm@rréyu@y;cocttlm;efltcw t he wal l

approximates a strapghtndi Ne.TnEN@teher 611 "Gaedddd Hﬂ. el to the £low
ferr] Accordingly, .since uferr the wal |l .and %{n s .a con- stant,
the changes in vel o ?'fyc‘f'l’e%fglﬁ%{i“ﬁ? fRECH DI Ay g Eﬁ’éngé@"‘? PRRE shear
stress and al so i n Ytsebfisval ag TEIeMofgliat2 i 2DW cylindrical hot £ilm

REPLACEMENT SHEET I he
vel ocity neasured byle?f::“foY (ﬁ)robe locﬁée%nlen eai%ee nt:ral arif G chie chani @Oﬁtt%c&

tripping device wabegiewl atb & ﬁlﬁtﬁﬁéef?%vﬁ-%tﬁhéénféﬁt%lkdﬁt% regi on.

At t=0 to t=60, the(gontsplawtayifaenOthbhsupfaseds iche pY&B&[ ON Was not
pperating; that is, no current passed through the el ectrodes At

approximately t=60 sec, a voltage of 30 volts was applied across the
el ectrodes to For y* < 5, the streamwise velocity component (u,) is

linearly related to the distance from the wall. This
can be appreciated from Fig. 2(a), where uly) c¢lose to
the wall approximates a straight line. Therefore, near
the wall:

t.,=l-*—d7=rj; (4)

Accordingly, since u, = 0 at the wall and Ay is a
constant, the changes in velocity measured by the probe
reflect changes in wall shear stress and also in
viscous drag (see Equation 2).

Fig. 11 plots the velocity measured by the probe during
one experiment. A mechanical tripping device was used
to trip the flow upstream of the control region. At t
= 0 to t = 60, the control device of the present
invention was not operating; that is, no current passed
through the electrodes. At approximately t = 60 sec, a
voltage of 30 volts was applied across the electrodes
to induce a downward J X B force in the flow. Fig. 11
shows not only a significant decrease in the mean
velocity in the control region, but an almost complete
damping of velocity fluctuations, indicating a laminar
boundary layer. Once the voltage was removed, at t =
100 seconds, the flow conditions reverted to their
previous state.
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I ndi@e a downward JXB force in the flow FIG 11 shows not only a
sigficant decrease in the nean veloc- ity in the control region, but an
al t conplete danp- ing of velocity fluctuations, indicating a | am nar
bourd- arWOl%y¥mMB42 Once t he voltage was renoved, at t= 100 BETU HIS/060TE

conditions reverted to their previous- dBate. It will be
ciated that magnetic boundary | ayer control devices such as discussed

coul d be pro-;yvi surfac n ' Lty | K
ol the boundaryell'gtég'r B8 g?é’é?g{‘%tepfe#’pggt mg?h%ghésebdsu}par l?? or to
e or induce i rAnHFq |§§V1C95h€u¢h(ﬁﬁe@usﬂhséﬁﬂl%bpxﬁwﬂﬂudésoa deV|ce

is sinmple to rpppviaekupg aﬁ dé@ﬁfé@u%bﬁnﬁﬁiéham lmd@aleeal dobe
y retrofit to craft .p sent peration._, Accor
tic boundary ISREFS &o&lg?o}f’mﬂ% g'aéf&ﬁl' °E)Eh%§srr? frr?é( aSFur%‘tﬁs?n

vol ume and deleparasied, t@ratsltemuﬁé opeinducn Lisualdldeglt upon which
to be installed. The devices could be easily fitted on the inside

of the craft, for exanpl e, on a submarine sail, with a m ni nrum amount

of thime and effort The PrEFERE n’a‘We%ti’tRﬂ Froviaes A derge ttlli‘étpé\‘v’ve‘f’-’mé"tﬁu re-

mentfs for operational mhaupdetyré wrdmﬁat@ ellenemes andiwttibR esti®rsd y

| ow.§ I n addition h S Vs 1 ce with

supgr conducti v- |ty?gg%§ §e£%§§¥& %%%Q pgé§% #Eizlﬁiaéegg gég t he power
reqdi rements of de@peegdinz%W;xﬁhﬁ|ma$nEKQCpb@§@¢aryriayasnppuhrgy t he use of
supgr conducting el getteaB088isd be Wasiay rﬁsnufacxméd he aaegecvei@@let hat
the §invention may ta

cope of the i ﬁ‘?én?‘?gﬁv‘?’s‘e‘% (fe‘{)é[ gg?@ﬁ gaoqm A %% %llﬁee?%ﬁ (t;\lead%and

which it is to be znstalBQG The devzces 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.

PEeliminary studies indicate that the power
requirements for operational boundary layer control
devices would be extremely low. In addition, with the
breakthroughs presently taking place with
superconductivity, it may be possible to significantly
reduce the power reguirements 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 gpecifically described,
and the scope of the invention is to be determined
sqolely by the following claims.
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What is clained is: 1. An apparatus for controlling a boundary |ayer in a
f-low of a fluid having a7Tpis8itaitas BénRalaeddect ri cal con- ductivity and noving

relative to e, sai | conpri si ng: conductivity altering
means for pr‘%‘x)/i%@zahg‘%an el elggﬂm’mml:onductivi ty gradi ent P@I/AS93/06078 3
h i :

near-wal | region of -t te 26 the surface;——mgnetic field

denerating means for génerating in the near-wal |l rqg fl ow a
rragnetic field zt). having flux lines with a p W#M&’UI"!
orientation Wthzﬂiﬁ‘p&-&mﬁf *ection of relative * BD woti¥lihe
filuid and the surface; and el ectric current generating neans for

generating in thenear-wall region of the flow an electric current
density J(x,y, z, t) tré@e%&ﬁ&akﬁg gﬁﬁn(é??'é*? 1309 | & doundagis IG¥eL dity a
magnetic field gddewaniing féand hading aspredetertinred alidaidiqganer ating

reans are di spos%@nductgglj_ggimgﬁggﬁol ?ﬁy&\]%mjf&éjp& t%hgst#eéﬁ%erra%ré%c field

B and the electric currég dens create int I
region of the fl| BRPATREHEeCLPRTYSENY) =IxB havi ng a conponent normal to
the surface for con- trolling the flow. 2. An apparatus according to

€laim1, wherein the el egtri ¢ current density J is spatially constant and
paral - lel to the surfIREUrhIVIREALEeHiRG meang ferprovdding an 3. An

appar at us accor debgct £i6aRi SoRduIBF By dRIIERENe & Ebﬁkdwglﬁsrﬁgiﬁhally
constant and parilflgslaet t he surface tran%[\égrse to the nmean-flow direction
of the fluid. . a%b%‘?a?ﬂ%xjaf%'iﬁ' dihd ¥ SUEEASeE, wherein the conponent

of the force J x B normal to the surface is in a direction toward the

To clam 4, wherei n (RO S YhesBeing medne BoPLOSRRRNRIRETERT S,

the surface.  6tRReFpIaklsFemios ¢ifngheo fabwi m magnkbici iiekhd force JXB

mai ntains attachegy fy O OV Havity $4hbA98nes with a predetermined
orientation with respect to the direction of relative
movement of the fluid and the surface; and

ar gartryerpa

electric current generating means for gemerating
in the near-wall region of the flow an electric current
density J{x,y,z,t) traversing the magnetic flux lines,

wherein the magnétic field B and the electric
current density J create in the near-wall region of the
flow a force E(x,y,z,t) =JXB having a component
normal to the surface.

2. An apparatus according to claim 1, wherein the
electric current density J is spatially constant and
parallel to the surface in a mean-flow direction of the
fluid.

3. An apparatus according to claim 2, wherein the
magnetic field B is spatially constant and parallel to
the surface transverse to the mean-flow direction of
the fluid.

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

SUBSTITUTE SHFFT



An appar at us accord| ng to claim1, wherein the conponent of

™ or ce JXB nor mal. t %gﬁﬂml’ the wall is in a direction away from
sur f sta dary | ayer. 8. An a

Dr di n§$‘§8 @Pﬁ‘ﬁm 7, wher el n the ¥orce JxBzsnduces turbul eﬁﬁélﬁ#’a’(’fﬁ%w in
boundary | ayer. 9. An apparatus according to claim?7, wherein the

e JX B induces the boundary layer to separate fromthe surface. 10.

ppar at us accor8i ﬁgdﬂ-ﬁ"étmm qowamemhsnssafﬁcmv@mtsﬁébﬂiéﬂﬂngem ating
s and. el ectrihguaHREP nia}?@,_ner ating neans generate a nmagnetic field
ng flux lines perpend| cular to the electric current. 11. An apparatus

frol surface. sol3e A apnag PR 25C050LES et &new.@fafa%pe fluid

is Jiquid and sai a conduct|V|t ering neans com prises neans
bl eldi ng an el ect FBRyFRFF3EQ: the bound- ary | ayer. 14 An appar at us
accprding to claim1, wherein the fluid is a gas and sai d conductivity
al tering n'eansm- clu Sy for [ he ncen ti o0 ions in
t he} gas. 15. An appa%gt Lgag%cordl ﬁcg%d%g? % <£I1 Whér éi Hﬁgg eq?kéeCtrl C
curfent generati n§ereans X:cﬁrmls:@giaspatta@tedalﬁm over thepssefped.th t he
fluk lines of the magnetic field between said el ectrodes. 16. An

ratus accordipg to claim1l, wherein fal d nacg_netlc field generating

S conpri ses a? a&&gratus accord ng to aim 1, wherein the

' ccmponent of the force J X B normal to the surface of

1 the wall is in a direction away from the surface for

destabilizing the boundary layer.

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

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

10. An apparatus according to claim 1, wherein said
* magnetic field generating means and electric current
¥
§

generating means generate a magnetic field having flux
lines perpendicular to the electric current.

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

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 said conductivity altering means
comprises means for bleeding an electrolyte into the
boundary layer.




fr manent magnet . 17. An_apparatus according to claim1. wherein said
egnetic field generati ng”!ﬁ mlmmmﬁﬁw at | east one el ectromagnet. 18.
An appar at us,, qﬁﬂ%ﬂéfg to il (MIHE" com prising contro%cgﬁgggg&@z%

aryi ng at Ie§st /

of the density and orientation of at |eas
gnetic field B and electric current density J.

22 - 19. An_ apparatus for controlling a boundary layer in a flow of i
dn el ectrical ly conduidti vanf apPRrHA RFCOEHARTt F9eclaim Isuwhareinskieg :

dppar at us conprisingig1uiAR@5es i gad ifld s@2ACEBhENE: IPANRS AL 0L rIRGERE4ANT i N

fluid 'fld%a, <L) h f1ux | .
Ih5 1 caving the surfacELuaRe Reatd 4 GREARREHES GUi e RECRREhSToF Lo

generating in t he.nf kbedgas. el ectric current density J(x,y,z,t) tra-
gersing the magnetic flux lines in the fluid, wherein said nagnetic field
gener ati ng nmeans and said electric current ﬁgnerating nmeans, are

di sposed rel ativéSto BRCIPRATANIS GCROFALET (1R Tty cWheERR Faid 4pg

he el ectric current edensriy dumremt generahéndg | meahs comprisesea pair of
¥(X,y,z,t)=IxB havin it 3 ops t ; faee r :
gontrolling the fl owg%gcgg@%]?;vﬁd%ge orl%:lrlggil% Il?ln%bt l?%%gﬁgat%?uqadgn%dicum
§avi ng a predet er mi nédetdnkrfesn SRid BéegeTPe®S com pri si ng: a surface
gontacting the fluid nediumso that a boundary | ayer is forned on said
gur f ace; and condugt.i vi al tering neans.for providing an electri.-

g% 3 F %ﬁ#éﬁai 9'

al conductivity gradfent® FRPAEIHSAFFOFRYY aim 1, wherein said

magnetic field generating means comprises at least one

permanent magnet.

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

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

13. An apparatus for controlling a boundary layer of
an electrically conductive £luid moving relative to a
surface, said apparatus comprising:

magnetic field generating means for generating in the
fluid a magnetic field E(x,y,z,t) having flux lines
entering and leaving the surface; and

electric current generating means for generating in the
fluid an electric current density J(x,y.z,t) traversing
the magnetic flux lines in the fluid,

wherein the magnetic field B and the electric current
density J create in the fluid a force L(x,y,z,t) = J X
B having a component normal to the surface.
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w proximate to said surface; fl ow control neans including magnetic
- gener at - i rg—rreans for generating in the near-wall region of

] ow a magnetic fiegl mmu‘!mungfluxlines with a
t er mMwed4/@03anNnt at | ‘ ‘m LLLNe the flow over pErASSe/060TSE

and gl ectric current *geheﬁatﬁngsneans‘f37 generating in the near-wall
regigpn of the flow an electric current density  J(X,y,z,t) traversing
the gragnetic flux 3d neg gevicWNeLE! zf«?éﬂi%gg?ﬁ}b&gﬁ!ae'éiqunﬁ{ea&hﬂg means
and said electric current generating neans are” di sposed relative to
eachj ot her such t Vi anegRderernined) uduct Rty hehd S@vilce current

ty J create idonigiEsiag:- wall region a force L(x,vy,z,t)=JxB having
ponent normal to said surface for controlling the flow.

21. A device according to claim?20, wherein the sur- face is
t-generating cont BoFusfacaceontartdagdtieviteid wadiam senphased neans

arying at | eagjundaeyolayée fencdineqand Sai@ndwidda;0bnat | east one of
t he gmagnetic field B and the electric current density J to vary the lift

gendrated by said control surface. 22. A device according to claim 21
wherfei n said |ift-genecandngttoity dlrerihgcreass feupravédéngtae Wi ng of an
lane. 23, AJTRIBodcLer S0 gRa BRI d BB Gh1g bty MOVI N
tive to a surface_an aving an el éctri- _cal conductivity gradient in a
wal | region & the flow proximate to said surface;

flow control means including magnetic field
generating means for generating in the near-wall region
of the flow a magnetic field E(x,y,z,t) having flux
lines with a predetermined orientation with respect to
the flow over said surface and electric current
generating means for generating in the near-wall region
of the flow an electric current density E(x,y,z,t)
traversing the magnetic flux lines, wherein the
magnetic field B and the electric current density T
create in the near-wall region a force E(x,y,z,t) =
JXB having a component normal to said surface.

21. A device according to claim 20, wherein the
surface is a lift-generating control surface and said
device further comprises means for varying the density
or orientation of at least one of the magnetic field B
and the electric current density J to vary the lift
generated by said control surface.

22. A device according to claim 21, wherein said lift-
generating control surface is a surface on the wing of
an airplane.

23. A method for controlling a boundary layer of a
fluid moving relative to a surface and having an
electrical conductivity gradient in a near-wall region
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proxinmate to the s conprising the steps of:

ermning a magnetic fi eé”mllmm [Hl be provi ded I n the near-wall
i on of the f J [} generator such that f '
B the magneti c QWOB%Z | d havec a predeserm ned. grg entation with @H@E’?’%’*
the direction of relative novenent of the fluid and the surface;
ermning an electric current density J(x,y,z,t) to be provided in

2 near-wal |l region otbfttmefﬁ]mu Iproximate ©b affd isurdaceenga {@memiod such

it the electric RSt vegses the magnetic flux lines in
b fluid; and determ l:Sng t e rgétc%ég %fosmlons at which the mag-
ic field B and the electric current density J are to be provi ded

E {ﬁst)eﬂ] to the smémza?.@gt laemagneﬂﬂarfifellwaibd ?CEIQ? & Hé"?rfokrﬂatdﬁ
at the mag- c f] urren reate in the
id a force L(X,Y,z, t?%qﬁa@ grai‘g c%%ponen che frc‘i8'i‘"rr§‘11 }F fg‘HF‘f ace

controlling the f|30wes of the magnec:.c field have a pred@z,b.rm:.ned 24. A

hod according to clgtianticishewetn i»é@pé@egrt%tltﬁef Heb8eB bt f%%lﬁl:@%“ c
A nmethod for controlling a

rent density J are constant
ndary |ayer of an &%W&af’?y%ﬁn%q \?é‘df FHEdSEFER€%1 i ng al ong a
face, said method conprising the steps of: determ ni ng a rragnetic

eld B(x,y,z,t) to beyduauid fedda | &I
Mner at or such t hat flux Fﬂ%e o# %1 maclrﬂ% ngffae nt er hg F V2

e provided in the near- wall region of the flow such
that the electric current density traverses the

magnetic flux lines in the fluid; and

determining a position at which the magnetic field and
the electric current density J are to be provided with
respect to the surface and the mean-flow direction of
the fluid such that the magnetic field and the electric
current create in the £fluid a force i(x.y,z,t) =JXB
having a component normal to the surface.

24. A method according to claim 23, wherein the
magnetic field B and the electric current demsity J are

i \\
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25. A method for controlling a boundary layer of an
electrically conductive fluid travelling along a
surface, said method comprising the steps of:

determining a magnetic field E(x,y,z,t) to be provided
in the fluid such that flux lines of the magnetic field
enter and leave the surface;

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




sul determ ning an electric current density J(x,y,z,t) to be

pr el in the fluid by an—etecttic current gener a- tor such that the
el el current densi “““ the magnetic flux lines in the

8l Lﬁ L™ ango o4amBEs i nl\m“!ﬂ mg“ posi tions at which thpclfmsg:;/nGo';@et ic
fietggs ang the electr rnent density 3 e to be provided wt

resp to the surface and the mean-fl ow direction of the fluid such
fleld and the electrjcg c rrent - cregte%%n-—-the
~¢

‘a force L(x"}?g?’“‘fl LR G RATG 1R BRpBRETh the TRgPRELC Burface

ontrol ling thadf Ebe. electric current density J are to be provided
with respect to the surface and the mean-flow direction
of the fluid such that the magnetic field and the
electric current create in the fluid a force E(x,y,z_,t:}
=JXB having a component normal to the surface.
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