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~a nmuch nore efficient nethod and apparatus to reduce

the drag of plates or vessels noving relative to a

fluid and of internal flows such as |iquids noving

t hrough marine water-jet propul sors. The invention can
" be 5 used to eject additives into specific regions of

t he boundary |l ayer to nodify the rheol ogica
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Background Art

In the past, the effectiveness and efficiency of drag reduction obtained by
ejecting non-Newtonian additives in "external” turbulent boundary layer flows
has been limited relative to the effectiveness and efficiency observed in
“intemal” or pipe flows. In high Reynolds number turbulent pipe flows,
reductions in friction drag of 70 to 80 percent are observed, while for ejection

~into high Reynolds number tufbulent flows over a flat-plate, the maximum

observed reduction in friction drag has been only about 40 to 60 perceht.
Further, the high additive expenditure rates experienced for external boundary
layers have limited the economic benefit of implementing additive systems on
maritime transport craft. Ejection techniques to introduce additives into external

-flows also have introduced unsteadiness and, in some cases, unfavorable

viscbsity gradients into the boundary layer, such that the penalties associated
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process resulted in a greatly reduced net benefit.

nore efficient method for introducing additive

the near-wall region of the. boundary |ayer fg7r %h%é'zom
reduction is needed. In the prior art, advances were
directed toward additive m xing or bubbl e 5
generation and little attention was given to the
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oy P e FEEEERD R B B e e ER T 8 By
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plurality of rearwardly raked ejection apertures.
SSmlarly, in US. Patent No. 4,987,844 to Nadolink
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Pat ent Applications 09
% M}tcﬁlﬁéa'ﬁ tagg ordgy of centimeters for a marlne vehlcle while the

diffusion distance for the present invention has been shown to be on the order
of tens of meters. As with the other inventions, no specific.ejection technique
is identified; only a series of “feasible” methods are listed. In Japanese Laid

- Open Patent Applications 09 151913 and 09 151914 by Mitsutake Hideo and

Yoshida Yuki, respectively, both published 29-11-95, air bubbles are
distributed along the submerged surface of a ship to reduce drag. In the first

| laid open patent application the ejectors are simply straight tubes, one for air

bubbles and one upstream for a liquid. The purported purpose of the -

cmme e e -
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Yoshi da Yuki, respectively, both published 29-11-95,

air bubbles are distributed al ong the subnerged

surface of a ship to reduce drag. In the flrsq715§&ﬁy2007
"open patent application the ejectors are sinply

strai ght tubes, one for air bubbles and one upstream

for a liquid. The pur ported purpose of the 2
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bounsienblpyerivéth a highraaiey wakipbareot ﬁd@remegh energy vl |
jet are not addressed. A classical: discussion of

boundary | ayer theory, including fornmulation of 10
A dlgssical dispussion ainbrundalyur¥ait theiyin insluging fpanulatipnaeli ons,
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by qrg'ﬁgm%"cﬁ%’&%@wvb&ﬁheétWMaws and
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J. AL Hik) Al irReohern® Mofidrs il tNETlrBalkaSBouh89 Layér "ue 23,

e b Hochii, b, Qs b1 Shdeen e
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I A {1
chaf B el rofebhise 1EHRyck A LR ERortYaghe formd BReVpd e, qam
Intrddncemlz%Bahdl' onaesat b Firsd hwnatmnah@oqgrexssmm@bgyﬁn t hat
Amsqgﬂé rﬂ%(fn%(avap I;])uﬁishé/ ;%rﬁé'éed,r@ts BPtﬂQPc% fi %gh%ecolncept

rag reductio
P. St Mirket alrintrgsiuged theaascept oadmge«ﬂuc@nm llmltsewth patpeer

. solulibrs' iIFRirEuISSOHPE w8 in a paper entitled, “The Ultimate Asymptote .

and Mean Flow Structures in Toms' Phenomenon,” published in the ASME
Joumal of Applied Mechanics, 37, pages 488 to 493, in 1970. -Virk et al
related the level of drag reduction to an increase in the thickness of the buffer
zone which, in turn, was limited bythe pipe diameter. For external flows, no
such physical constraint is imposed;' However,D. T. Walkér, his professor W.
G. Tiederman, and colleague T. S. Luchik, in a paper entitled, “Optimization

 of the ejection proceés for drag-reducing additives,”
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and Mean Flow Structures in Tons' Phenonmenon, "
publ ished In the ASME Journal of Applied Mechanics,

37, pages 488 to 493, in.1970. Virk et al rel Bt Reuaie007

| evel of drag reduction to an increase in the

WO 02(080Stkness of the buffer 25 zone which, in RGP0
limted by the pipe dianeter. For external flows, no
such physical constraint is inposed. However, D. T.
Wal ker, hi's professor W G Tiederman, and col | eague
T. S. Luchik, in a paper entitled, "Optimzation of.
the ejection process for drag-reducing additives," 3
17 January 2007 WD 02/08051 PCT/ US01/ 22274 whi ch was

- \Amlchpmss publishied in Experiments i Fluids:14, pdges 414 pages, ihl1oee)

o 00 R PSP BB o e b1,
percehiiags thm mmémmuﬂfcﬁﬁg réulictibh QBséfbéﬁ S 'ﬂEwQ' IEiﬁese

flows. These observations were confirned
obserygtignsawerg confirmed i, elharsasuch asAYu.5F . Kivenyuta @ndl A. fhei r

wnomZikdih et B o i Rl BHRA Y Bt Bd B0 b Blros.

- with Ejadtioni af\iscoaldstichPolpmep Sblutishs,t whith Was pbbiRtegdh mes of

t In t I build Conference KRSI |,
s Glthe [emalione ShisBLiking GoRferenparkRah Satabor 994 1

St. pe@fggu n ons of pol ymer behave as
|gﬁa¥§ J“S’Bﬁlﬂljrg)t &a%ggsg%ﬁfl ows, 10 A Gyr and H
W Bevversdorff in their text, Drag Reduction of

R 95 B SRS dpee
A. Gyf &RY8, VB BeveRsddrTh tRdir @Qﬁ b?éf’(f REA{A{ IQ*EI-U ot Fidws

sol utions exhi bit non- wtoni an be
DlA..ﬁM!ﬁﬁ, Kwegl\@ademcuPsnbuﬂmrs,u 1995 printaut 1lhatm1 caﬂaunllammar

rlows, Mot 8" e o h A BAHPE oot b
Newtoaiargmmvlan The hijpathesibcitdd Ritkatie sectsaflow s Td tdrbareat f or

ol uti t o_exhi bit. non- Newt oni an behavi or. V.G
9‘85?“ [{]2 spof gaAgditive begamesstretclred: furgoiled randhei r

| elongzﬂé@)e bnd’ aliiRedin thé Yob RhichNsre Nele8N) aBnGitlohs '18r ﬁ{bd

solution to exhibit non-NeWtonian behavior. V.G. Pogrebnyak, Y.F. lvanyuta,

and S.Y. Frenbel, ih their paper, “The Structure of the Hydrodynamic Field and
- Directions of the Molecular Slope of Flexible Polymers Under Free-Converging

Flow Conditions" published in Russian in Polymer Science USSR, Vol. 34, No.

3, 1992, define the conditions under which the polymer molecules can be

~ uncoiled, eligned, and sufficiently stretched to become effective in drag

reduction.

Experiments by C. S. Wells and J. G. Spangler, described in their paper,

. “lnjection of a Drag-reducing Fluid into Turbulent Pipe Flow of a Newtonian

Fluid" publiShed in The Physics of Fluids, Vol. 10, No. 9, pages 1890 to 1894,
September, 1967, by M. M. Reischman and W. G. Tiederman described in an
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Directions of the Ml ecul ar Slope of FI exi bl e Pol ynmers
Under Free- Convergi ng Flow Conditions"” published in

Russi an in Polyner Science USSR Vol. 34, No. PDJdwary 2007

1992, define the conditions under which the pol yner
wo 02/e8081ecul es can be uncoiled, aligned, and poftismizent |y
stretched to becone effective in drag reduction.

Experinments by C. S. Wlls and J. G Spangler,

described in their paper, "lInjection of a

Drag-reducing Fluid into Turbulent Pipe Flow of a

‘Newt oni an 25 Fluid" published in The Physics of

Fluids, Vol. 10, No. 9, pages 1890 to 1894, Septenber,
artlcle,l"!lﬁé’er-lbgpmbr Aherometeh Muasarindis fa DrEgaeas CHRapR&I bed

é January. 2007 WO 02/ 0805 PCTI USQ /22274

Fiows, . Pulaned i the Jgntras bl Mechaniee, V. 7844 2rpages 360

o S5 15 R PSS o

Reduction Bog fo Injection®f Palytheb Bolitions inkd Tarbiodert Ftbwiin 4 PipBabi e
tion etoInJectlon of Polérrer.
Parts gl Pafisneh ftine ATGHE dadmel Yo 2BuNg finsess 597 to.be

in Julyel992 IHave I@!&Jrlﬁféﬁﬂ)nbi?’akh%é}'p%eé%gﬂﬁ’i@es +edg$$§rag

4, pages 547°to 565 have c
when theyaiedn tha rearewalt regiomafthe tadslilentbesndam layed kaewd a3

the buffe3onr T s Uoh B 38l Rtensaied ¥, S w onaiBous.

valueswainl-dlmenQSnalitQJﬂvmfﬁcﬁibn tv%ldéﬂ? and kindmafe \ﬁé(%shf NALh
es non di mensi onal i zed friction ve 'ty and

- region p«qs; &N ghailt @8iangd, 100ndscoys vl unitsvieosn et welk nit dlasut

the wal.l. |t hgs -
been “é‘%gﬁ“%&”e@“% ettt e yiStiate 1 Bicrenetands ne
can extenif aut ta saeenaishuhuire&eﬁ'mﬂuamll Ui erQ:l?ng P&ductidn or
al hundred vi.scous wall units.. No drag reduction
relatedzeref?/ec

cvefeabsered when palumenyas casiings & theegioshere
viscou§ Sidr 8@€sde’ dbhfindté Bi/ﬂ"’RéW%fd% StrésSROiSt éhiﬁ’&de%? %&?Lg

domi nate over Reynol ds stresses, that I,
12 viscguyyell units. Thecopventionwsed lﬂﬂnﬁﬂ:terafﬁmrsmﬁwente aintged

As shom Hyhfﬁaﬁyj Er’rac'itﬁflﬁé A ASantglJﬁevﬁ Iy %e?ne andal' A. Brungart in
their paper "Velocity Profile Statistics in a Turbulent Boundary Layer with Soft-
Injected Polymer," publi_shed in the J. Fluid Meehanics, Vol. 238, 'pages 435 to
466in 1992, the flow through this region per unit span, Q,, is equal to 67.3 times
the kinematic viscosity of the fluid. For a given fluid and fluid temperature, this
flow rate is independent of freestream velocity and distance from the beginning

. of the boundary layer.

While the sensitivity of drag reduction to additive location within the boundary
layer has been recognized since 1967, the elegant work of M. Poreh and J. E.
Cermak regarding the “Study of Diffusion from a Line Source into a Turbulent
Boundary Layer," published in the Int. Journal Heat & Mass Transfer, No. 7, in
1964, convinced most researchers that diffusion of the ejected fluid was
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As shown by many, including A A Fontaine, H L.
Petrie, and T. A Brungart in their paper "Velocity

Profile Statistics in a Turbul ent Boundary Layey jauhK 2007

Soft- Injected Polyner,"” published in the J. Fluid
wo o2ishani cs, Vol . 238, pages 435 to 466 in FSABoyihe
fl owthrough this region per unit span, @B, is equal
to 67.3 times .20 the kinematic viscosity of the
fluid. For a given fluid and fluid tenperature, this
flow rate is independent of freestreamvelocity and
di stance fromthe beginning of the boundary | ayer.
While the sensitivity of drag reductl on to additive
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paper
boundary layer. Because of the acceptance of rapid diffusion, not only through

but even outside the boundary layer, the amount of material ejected was often

* several times that calculated vtov flood the entire boundary layer at its greatest
- extent. Ejection velocities were usually of the same order as the free-stream

velocity and ejected mass flow rates often exceeded 100 Q,.

In the baper, “Suppressed Diffusion of Drag-reducing Polymer in a Turbulent

Bouhdary Layer,” published in the Journal of Hydronautics, No. 6 in 1972, J.
Wu, and then D. Collins in his thesis entitled, “A Turbulent Bdundary Layer with
Slot Injectlon of Drag-reducing Polymer,” at the Georgia Institute of Technology
in July, 1973 first reported a lower diffusion rate for polymer solutions than was -

- generally accepted. In 1989, D. T. Walker and W. G. Tiederman confirmed
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Experi ence of BLC Techni ques Usage in Underwat er
Shi pbui | di ng, " published in the Proceedi ngs of

Warshi p 99, Naval Submarine 6, by the Royal |nIS7t.lahUztr92007

of 15 Naval Architects, London in June, 1999, the

WO 02/psesest i gators used a w de array -of angl eccalusts220m
circular apertures to eject sufficient material to
flood the entire boundary |ayer. Because of the
acceptance of rapid diffusion, not only through but
even outside the boundary layer, the anount of
materi al ejected was often several tines that
calculated to, flood the entire boundary layer at its

those mbsatvetibn®n emewr;bapea ¢Sinultaneous CLager VMBSt Uahd Y
ame order as the free-stream velocity and
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ur ou
pagesgBifl 4 ip B9, I lelaatyd %Bai'qsrﬁﬁ%‘égre&@fremumat. ng
the PoRst dMCermékwbH@h@E%é&hé st er‘%nfgI Wg,ﬁﬂ P 14 n

July, 1973, first rep orted ower
be apqi'@dw todbe intrasivetion ah“paasuve oeontaminaptsdntocthe adbulent

tov Sl S bS8 Al o

moleculasweight polpmiers) thdl @iffecttfe @haractirBf 'tﬁrﬁﬂl%ﬂh'é ah&sr%rnce
Vel oci meter and Concentrati on Measurements,

the praggss pkdiiiasion, danot behavedhe semexdifusioppan bamorngradual.
tion I N
This was@Aftfed 6y £0A Bribdn, (o0 ede §P 1 R And6oLL
Merkletii theiavork usimgts Al EnhmféscizemcEXI[@ehhhiaéEa Méadorathéift.of 8lot>
6.to.9 ?_is ﬁ@% earl 1990s t here was
'nledeﬁa'% é Eﬁﬂ\% Rt eﬁ‘ai“ a¢ BaNG oaweawelaw vandk,
publistisd tﬁ ehhiénﬁ Wﬂ@fd@ i Prindiob U?‘h‘é'}}é&fg H§rT Soiithe:  be

on fo introduction o assiv

~and Hc EnP&menamlsﬁheﬂt Brftuswrt of Siot-mj&cted Umg;redﬁpmgl galyned v,

s°'“"°ﬂ'?ﬁ%w% _@ggfrggt%gp%ﬁ ‘sagalguegus sol utj t(jns of

12, in wh'mhabeyedembnétrﬁtbw nﬁﬁél&tt@é]ﬁ hide8is&ad flows, that control or
modification of the outer flow field at the ejection slot with a pair of large-eddy

* break-up devices (LEBUs), fljrther reduced the rate of polymer diffusion across

the boundary layer. Further, A. A. Fontaine, H. L. Petrie, and T. A. Brungart in
their paper, “Velocity Profile Statistics in a Turbulent. Boundary Layer with Slot-

. injected Polymer,” publlshed in the Journal of Fluid Mechanics, 238, pages 435

to 466 in 1992, showed that areduction in the mass flowrate of the ejected fluid
by a factor of two and a doubling of the concentrations to maintain a constant
polymer expenditure rate produced a further reduction in the diffusion rate.

W. B Amﬂldkhiev, B. A. Barbarnel, and N. P. Mazaév_a in their paper on "The

- Boundary Layer with Slot Injection of Polymer Solutions," prepared for the Tenth
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di ffusion can be nore gradual. This was confirned by
T. A Brungart, L. L. Petrie, W L. Harbi son, @nhraary 2007

06-02-2002 L. Merkle in their work using "A Fluorescence

Techni que for Measurement of Slot- injected Fluid
Concentration Profiles in a Turbul ent Boundary Layer
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in SEPOARI 3580 rddloA 15 Bl Both By Jls HE St iBlog” v o

ncen was Ssu
The adicleiis/iaclpddadig thej textt ‘éslcq‘us OragiRéduictidrein Bshmdasv bdyerg t he

‘ ' ht
| el BBy M BRI TS ol Vol TR bl o) SRR aRE 0
20 puklighad:in 189G represented in 'Vall-Layer Structure and

publ i shed in the journal of Fluid

'Drag Reducti on,
Mechani cs, Vol. 156, page 419 to 437 (1985), where
u. §he§te§h6nw'aaqqﬁ1atse@ql awniben 09122378% “Methedtfor Reducing |

Dissipation Rate of Fluid Ejected into a Boundary Layer,” which was filed on 31

‘December, 1998, and which issued as U.S. Patent No. 6,138,704, describes a

, method to introduce ordered vorticity upstream of and in thé ejected drag-
- 25 -reducing fluids., Controlled and favorable vorticity is employed to keep' the
' ejected fluid in the near-wall region and to orient the molecules or structures of

‘the additive in the configuration in which
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di scharge rates was disruptive to the boundary | ayer
and resulted in an increase in. the local skin '
friction drag, upstream at, and just downstr eignaghary 2007
the ejection 10 site. W M Kays and M E. Cravvford In
wo 0208v8i r text on Convective Heat and Mass Tranub@rn?274
publ i shed by MGawHi Il,: Inc. (1993), third edi ti on,
pages 226 to 230, point out that when the ratio of
the mass flux of a second or ejected fluid normal to
. the mass flux of the freestreamor first fluid exceeds
0.01, the boundary layer "is literally blown off the
wal | surface.” 15 A good sumary of their own
they are st effective. Wwel | as the research of other
- experinmenters with gas injection, is presented by C
L. Merkle and S. Deutsch intheir article, "Drag

" | on.
A disHRAIA bR chPorimBHital rOGINS G prob BN 3 db4vB%r Al GBhle™"
viscosity grrdiéntrin the reacweall regudzragfemboumldry laybrbyaxféngl’gif nt1 the4 10,
es (0]

peper B3l RELO. Vo Ut Yemeguet, ansbbl. Miyancgaigatiit “Frctionai
Drag Reflétionl by thiedig MighViERSity gMﬁ‘O da‘fgurebg?éﬂé 'Bl?:g;pESQ

Reduci n D| ssi pation Rate

Layer,5publisheq in hiansactions of thei8ME; 1 15) pageSﬂOS to@d ¢ thdune,

1900, 1388, acbet B o SRNFE R o htnth sieace el s
ejectlngOpdlymeﬂWQi& iR édhnttﬁ@p@vﬁﬁsgﬂidgﬁmd?ﬁe eoye! 89we

uids. Controlled and favorable vortl I'S errp"oyed
and. thé Sranglari 196 jandtin papersiby 4. My aed Nle&'uhm/ahbh agtPrag and

e rdict he additive
Rectudfinly BB RISl o i K 454 Y0 Bhogd 58760
which 0249 msnsreﬁﬂrusmnmaémﬁslew Hiee lnsm:f godrast b Basid
dISCUSS rjnenta results o roviding a
Enaingi 7 45% T Bevioustyicded 959 pgparcinRussiR Ya F
I e in
IvanyL:Iﬁ ghd\w 64 Krﬁaﬁhﬁ!lo@grégaﬁt\( & Q}I#:Elﬂﬁéﬁdél h@(@{en't éadds g
viscosjfy ggmgem wvlh prqnncge stabfization mriammar flow. They then present
results from a series of experiments in turbulent flow in which they purport to

establish afavorable viscosity gradient by using a special ejector. No geometry
of the ejection system and no deteils of the method to achieve the favorable
viscosity gradient were presented, but the plotted results indicated that the -
reduction in towed resistance was increased from about 50 percent to about 70
percent on their very long (40 m), but small-diameter (0.4 m), body. They also

. reported that their measurements of local drag reduction indicated a constant

improVe’ment (greater drag reduction), relative to their previous ejsction method,
along the length of the towed body.

Quite separate from. using additives for boundary layer control there are
techniques to retard or eliminate flow separation which otherwise would lead to - _

- increased drag. F. O. Ringleb described the potentlal for “Separation Control
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5 Drag Reduction by Injecting Hi gh-viscosity Fluid
into a Turbul ent Boundary Layer," published in
Transactions of the ASME, 115, pages 206 to 21137 JaRuary 2007
June, - 1993.. The adverse effect of producing a

WO 02/¢86%at i ve Vi scosity gr adi ent when ejecti ng'CWMSymamwas
identified in the previously identified paper by C S.
Well and.J. G Spangler (1967) and in papers by J. W
and M Tulin, such as "Drag 10 Reduction by Ejecting
Additive Solutions into a Pure Water Boundary Layer,"
whi ch was published in the Transactions of -t he ASME,
Journal of Basic Engineering, in 1972. In their.

by Tra@pedl Voricys™ m et 1924BBaRRIry (1 ayeRUSEMES) VoXU1, B. v

anyuta and A. A Khonmyakov present a theoretlcal

Lachmawguﬂ@mr pHblished i Pergamory |P§€%§3 in 961,08 well 3¢ in a
“Discus¥iGHiObE F?EBIQHS %Ebﬁgted Wi r?r%tgﬂ&n&l Vi %Qﬁéﬂ{jhﬁ{é}r

present resul roma Sseries oOF expe

-Appllca:tlmbﬂlm?erﬂéd)m the AWEf%Wmsugﬂ roncfrauytsepamé zmlbwssih a
. avor e radl ent Yy usin a Specl a
Ph"ad@})@@t ? ondd 2@&4%99@4 T he cepeentiivle rpvideAn-ahiuplo

chang it @rifufiioh YotV A o RgRAUAYE hefiol BAH B difeise
continuaess ibutsvhene separation atildbessxpeetdd ohitlwcdamlnuou@sbrface

re %%?Pe was |ncreas?d fr mabo ercent to
or wall] & RS Sontite il Geofiion sieh e Ayotusd a6 tnevate
grooveS &ah lprédseeh %froﬁ? v6rt8§k in B@grooweyfh% Sthe AtRIRAGH Rt hat

heir measurenen [ ocal “drag reduction I ndicated a

above then@rtm&s bridggs overribﬁtgrc@@aemcblem:mgattaeued townstream.

s g 6! bR il ROl e s e g PRy

or redlmlﬁah es@endedy whke! of 3bparlatte llowO NS 6rabtiméd Péferrad o add

echniques to retard or_elimnate fl ow separation '
ng'emr@ﬁe%ttww glteysadin diftugersand aféheeta@@@fgha@bodxes 0.
Ri ngl eb descri bed the potential for "Separation :
Control 9 17 January 2007 WD 02/08051 PCT/ USQOL/ 22274

Discusbipnd 06 piad jetydo contes!"separative dfdncontiressibletutbajeet flow
can be g 3 Coflol o Flow, Seaaraligs s & Hrage, pliblithed by
Hemisphere Publishing Corporation, in 1976. Jets of the same fluid as in the
freestream are used to entrain the freestream flow in regions of an adverse

~pressure gradient.. The concept is to use the excess momentum of the wall jet
. to offset the loss of boundary layer momentum resulting from skin friction.

However, without a Careful balanée of the two effects, the benefit can be

- diminished or even reversed by the increase in wall shear stress produced by

the _jet ‘Mixing is enhanced because of the unsteadiness introduced into thé
boundary layer by the jet. A. I. Tcygan'uk, L. F. Kozlov, V. N. Vovk, and S. L.
Maximov described a method and device to reduce the unsteadiness introduced
by a wall jet in their invention entitled, “Technique for Control of the Near-wall

'Layer Flowing Over a Hard Body by the Method of a Control Jet and a Device
- for Realization of this Technique,” which was published in Bulletin #30 of 15

10
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"Di scussion of Problens Associated wth Standing

Vortices and their ApplicationSj“-presented at the

ASME Synposiumon Fully Separate Flows in 5 17Janumy2007

Phi | adel phia, PA on 18 to 20 May, 1964. The concept

to provide an abrupt change in configuration geonetry

in a region where the flow path is otherw se

conti nuous, but where separation would be expected on
off thee walhtambicestalslishirmrea favonsild . videosithr gpidietitaag ethen wall

geonetr such as produced by a transverse groove,.

lmm@dmtqziv westraast ofdhg Pebneenejeetor. hNogiedips. systens of theeprior

ant Gl e BlsEvveckiseen! bUNLPIR AHRIVG Fsbecilc Stata

of tES U e BlonRi BAAIBL Ot BRJEE. SN BESRI i AldiphehRs

avoi d C€ an e

separated flow Sonetimes referred to as Ringleb

In a¥8brdahes with8 Yirst Ssptict o tis prbddmt ShvdntisR! the?d & Bloviddd a
base of blunt bodies. Discussions of wall jets to

metbod bf ejecting ar drageredatingreutistaressintyl @ fitst floid iend nfdnmer Bat
can be found in Control of Flow Separation by Paul K '

aVO'QﬁaﬂlngRilSP@I P8 e dlpy-offFicof ﬂpﬂn&r@ fhaig] a@%r@guces the rate of

diffuSRESY i A g subTaneain (0 rst AL dhpEPy dhpreoe
the BGHERNGRS AInaYSE SR LB UEAA EBlcing TpSo BEMRE Bt

flwdoihfl’ﬁé‘énnbh@lativésté :Qf/va‘ﬂo§Bi@%ﬁtﬂ&V§6mEﬁ§iﬁ§ttH8‘f6lﬁﬁHhé's‘i’&)s
fromskin friction However out "a car ef ul

perfoahad dre thd otdes indioateidt a@f cenditibaingethefdrhgeaduding substance
di m ni shed or even reversed by the increase in wall
by caveing atsesesd dluidiunvbighppcludre thetdragireduging substaacseas a
unst eadi ness | ntro dinto

d'spsﬁﬁ?ﬁép | I %@gtaﬁemffé?bu%elamcr'éy Siange mixtdie, to flow
throlrflg zz‘ré tH(}ut Y8y fce S egf al belogh@ékéﬁ?éérgﬁﬁﬁm&&é’ccﬁwd fluid.

and evi Cce, cet ness

conﬂamm@dﬁé%@dﬁﬁ/ebdsaa Yikturé @ ihsAlitin, tb tHerdbyolnwind, align
entitled, "Technique for Control of the Near-wall

and Iea&ymd modmuh@s Gf/the dragareduBm@ysmstam % tplassingftha second

rol Jet and a Device for Realization of this

ﬂu'dTemﬂwaﬁex ‘chambes, iaestailish shegrtex within dhe rvortex elamber,
thereby redum nu?hé/ vo%cuty of the second fluid; c) ejecting the second fluid

through a first ejector, having an aperture in a wall, into the first fluid as said
first fluid flows past said wall, sald aperture formed to include a first Coanda

surface as a portlon thereof

In aeCordénce with a second aspect of the present invention, there is provided

a method. of releasing one or more drag-reducing substances into

preselected, multiple strata of the boundary of a first fluid flowing relative to a
Wal_l, said method comprising the following steps: a) ejecting a drag-reducing

substance through at least one of a set  of

13
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off the wall and establishing a favorable viscosity
gradient at the wall inmediatel'y downstream of the
pol ymer ejector. No ejection system of the priigrjan@ird 2007
enabl es the non-disruptive placenment of nultiple
additives in specific strata of the near-wall region
of the boundary |ayer, as in the exanple enbodi nents.
-~ 5 1n accordance with a first aspect of the present
multiple eapiertanes pbsitiened iprtanddada®ngnibichftely fatiejof ahée rfgstafivid,
drag-reduci ng substance intoa first fluid in a manner
whetdinthe apeitdee di apaerttesndaliveringl adrag-fedusing bebdtanse are in .
fluid and reduces the rate of diffusion of the
comgrunicationuwithy asmezgzlgn e veHex ehamber thatuisdpesitiened epy the
increase the effectiveness of the oilrag-reduci n

UpSUSIB IR Y (NG ORI B Betheried By T SHatis hansgd through
T S R T
charB6 AP, K, ShtHcs RRSNE, BECTAABF Enafihel? BT Gdethg
i R GRS 8: ol FRPHRED U bl loP e of
the MRZaberthRato Pfétﬂjt‘éeﬁ sWataof djietBhORIHY; withadi@BpeWulds in

the second fluid. 15 containing the. additive as a
comMiurlicHtdNOWith 1 Gerteit tRAmbES, 4 Tyl sUifddedeopdditntheaitsttex
extend nol ecul es of the drag-reduci ng substance; b)
chambssiargl, Wieers eslevant, fl nozkzlé to aonditicex(echamdpevind t align, and
‘establish a vortex within the vortex chanber, thereby
extendpihe ejgctané vorticity of the second fluid; c)
ej ecting the second fluid through a first ejector,
_havi,ng an:apefpt.u in,a 1, into the first fluid.gs
In QNSRRI Fop e RelRs pee BVl Wigego BrévifSa o
mettfResf éjb@tirﬁg?brm’gglredh&ﬁb%sﬁarfderiﬁfq'%?étq‘%id s hsithetthat
a portion thereof. In accordance with a second aspect
reducts the rateasfeliffusion efithe drag-redieing spbstahde dn tiee first flaid to
. of releasing one or nore drag-reduci ng substances
therghyt increasesibecseffediiveness phthe dragatesiusing: substancriiarnedoting
~a firs ui,d flowing relative to a 25 [1, said ., - .
dragit et o MVInAd eI B B4k 336 mEhed eBmpliging the
folloggﬁ;'s%t%ﬁg,ﬁér?&médjPlsttt\%né:rﬁeP mcf?ébqu:""é) ceh?sﬂ% aMifd Rgviﬁg gas

dispersed therein to flow through a nozzle configured as a microbubble

generator. ‘b) passing the fluid having gas dispersed therein by a vortex
chamber, to establish a vortex within the vortex chamber, thereby reducing
-thé_vorticity of the fluid having gas dispersed theréin; and c) ejecting the fluid
having gas dispersed therein through an aperture into the ﬁrst fluid as said
first fluid ﬂ_ows past said aperture, said aperture including a first Coanda

surface on a portion thereof.

In accordance with a fourth aspect of the present invention, there is provided
an apparatus for ejecting a drag-reducing substance into" a first fluid in a

manner that reduces the rate of diffusion of the drag-reducing substance in

" 13a
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17 January 2007 nmultiple apertures positioned in
tandem al ong the flow path of the first fluid,
wherein the aperture or apertures delivering ai7 January 2007
drag-reduci ng substance are in conmunication with: a
nozzl e, a vortex chanber that is positioned on the
upstream si de. of the aperture to be activated by f|UId
t hat has passed through 5 the nozzle so as to

the efirshlfluic oo tieereby nincreaser the asffaztivehesd lofi thel dradieeducing
vortex chanber, and a Coanda surface opposite the

- subgtancexingiegdnbivg; dnap o et fi rﬁgfluﬁl Wi oo vingr islrfiveoioea ovall, said

nmor e apertures | ocat ed up ream and/ or downstream of

app@ﬁ%iuﬁl YrPaEYRIt aré PBZ%JPO traduces,@n Friakyelochgradient

w3 Senl e R G TR ot B

that' |§ db'%ﬁf&’l%ﬁ toq{@actwe‘fé‘d r ﬁ\‘éae%oongs ﬂﬁﬁ Th& A4 ﬁé’é&i—:’dt t'h?éhgh

g., unwind, align, ‘and exte e ej ectant
saucﬂnomldatmmemw farm bi valteaspesystoi dheordices within the second
invention, there is provided a nethod of ejecting a
ﬂundjnragheemMm@hemt@tramd Chtaoﬁsstf ejestorfmammg ian alpmmrferfor

reduces_the rate ffusion

eJefa\nsgthee%%rawgﬂ@eu@toaﬁ o 6 thee Tt iid mas gaichanerture, said

anehiif FRhd L6 00 Bt UM RPobldrgeotne 11 rs:

fluid in noving relative to a wall, said nethod
In a%@ﬂilfdn%bﬂﬂltﬁ beriftH Qéééwdfghétp%%ntﬁﬁ{/érﬁfdm@hér@ i5Mfovided a
order indicated: a) causing a havi ng gas

mettibd jof rejentinghed mgqrdd@cfdgwwﬁénam&hht@ arfrezfiuad avafmaniadhat
as a mcrobubble generator. b) passing the fluid ‘
avoige\disgipgian anddpews@tiot therfushilug andreduess te ta’ﬁambdlffusmn
stabl havr thevrte chanb
of ey f%&%mﬁ?e.?rﬁ Jiuid e fhespey Hagisge the

eﬁegﬁ%ﬁgép&rtﬁg%é 12L&, n gs%cﬁ{nﬁ%ﬂ@&nb I?ﬁag? bPYE first fluid

avli ng gas rse ETEIn t anTa ture Into

in nid\énd lréI%hvéH@léjsaﬁaéé" $hid frnéfHodf J:é’rhﬁn&h@%eﬁ@ﬁéwﬁ@' Steps, -
aperture, said aperture includi ng a first Coand

perfermédde tive oadgrdndicated: lz ropotiitioding thea«trragm@ducmngﬁsta\ce
fourth aspect of the present invention, there is

by qausingiacsecandabfids whigh insludsisctbe; drggxedueiggrathstaneg as a
dlspersec} FS llQUIg or gasrns”ngcr(f)bgbtﬂe andal substance mixture, or liquid
and'gas'microbubble mlxture, to flow through a nozzle that produces en axial
velocity gradient withih the second fluid containing the additive as a mixture or
in solution, to theréby unwind, align and extend. molecules of the drag-

reducing substance; b) passing the second fluid by a vortex chamber, to

establish a vortex within the vortex chamber, thereby reducing the vorticity of

the second fluid; c) ejecting the second fluid through a first ejector, having an
aperture in said surface, into-the first fluid as said first ﬂuid'ﬂows past said

suﬁace, said aperture formed to include a first Coanda surface as a portion

thereof.

13b
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manner that reduces the rate of diffusion of the
drag-reduci ng substance in_ 13a 17 January 2007 the
first fluid to thereby increase the effectivengssn@hry 2007
t he drag-reducing substance in reducing drag of the
first fluid in noving relative to a wall, said

apparatus conprising: a) a nozzle that produces an

axial velocity gradient wthin a second fluid that is

Briep Besedptidn ofitiie Baivingszzl e; b) a vortex chanber 5 that

is positioned to be activated, by the second fluid
that has passed through said nozzle, to thereby form
vortex or, system of vortices within the secon

_ d
Theghresent Ve TMior wilkiscosme e fuliendarstpod fram tap dletajled

sl gon B B ol e et i 81

illusGBESH BhEy, %ﬂﬂ rfﬁgs bR hBEhiHRSHR %gq&e?ﬁﬁtgn%?{(ﬁﬁgﬁerein:

portion-thereof. 10 In accordanc spect
of the present invention, there is provided a nethod

of ejecting a drag-reducing substance into a first

Fig. fll igiads¢heraatimoha basicazjectay eletsenti of te ejentioarsystanow- of f

of the first fluid and reduces the rate of diffusion
of the drag-reducing substance in the first fluid to

N e I ———

I e o 1ol Aty e ; .
can b G DU S L1600 LTS8y B ST an
ellipticalBr sh 'dC%fo@dé. Fjg. @B'ehdW e Brofile ofl bafiob @8l WHidH can b
subfs?'ltr'anegzﬁélIal y caus?gng a second ?I ui d, V\h%?ch i ncl udes ©
fed tame addityer 8ttooghga snbxtlaneith as Goadds penfeee ablthd, bottom
iquid, or gas m crobubble and substance m xture, or '

| .
downstgeam comner efllbergrepydunBl 8Cnshaws the profite ofa grR@Neghich

¢ . pr.oduces an_.axi 0 vel oci t r adj ent ‘

can B350 Bnl BB BiRaR M-8 rPnepy stEeedid L Fagraove.
m xture or in solution, to thereby unwi nd, align and
extend . nol ecul es of the drag- reduci ng substance; b)

Fig. adsiangrédesentionnsciidmiatc by ehes @bhfiguratiendra thple ejector

establish a vortex within the vortex chanber, thereby .
systemad Uoithig aonguration cam gllipficaligreoweisdadatet wipstreain of the first
. ejecting . the second fluid through a first ejector, '
ejec#g\}frﬂ agq has communication ports to the vortex chamber of the first
ejector. The ports allow additive from the vortex chamber to feed the .groove
and thus eliminate the need for piping to the gro'ove. ~ A second ejector is
positioned to eject a different additive under the fluid from the first ejector.

Downstream of the second ejector is a smaller ejector, scaled to the mass flow

rate of the fluid that will be ejected under the stratum of the fluid ejected from -

the upstream ejectors.

Fig. 4 is a view similar to Fig. 3; however, in place of a groove, a small sacrificial

ejector is located upstream of the first ejector unit.

13c
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25 aperture in said surface, into the first fluid as
said first fluid flows past said surface, said

aperture formed to include a first Coanda surfpCRnasy2007

ortion thereof. 13b J 17 January 2007 Brief

Woozl‘%@%‘cri ption of the Drawings The present i RGERSMGRM | |
becone nore fully understood from the detail ed
description. given below. The acconpanying draw ngs
are given by way of 5 illustration only, and thus are
not limtative of the present invention wherein: Fig.
1 is a schematic of a basic ejector elenent of the

' aejection system Fig. 2A - 2C present a nunber of
Detaile UOR! of i | es of transverse grooves that 1io0 can

/ be positioned just upstream of the ejector. Fig 2A
ile of an elliptically shaped oove

The Pragt TotgURBJSRYREl O B reeo@Ttgn @\abtiweéevmiam |

of dragfredustiorpélsié edawitSIUGEcRLR BabRIVA {dbrdbeRRAUNA Hf'g,f ace
bott om downstream corner . e groove.

of bofhg'@e é%mb'e aRd upfayprable effecss gfrtbgei,ecmmmedmnomseed an

This invétiohi2vBids/or 8 eéséé‘iﬁé bﬁfa%rabl?—zeeffe%a %Eéi@@aﬂb%?;e of |

t he groove. 1 . IS a Cross-sec ion S

mmaﬂ%\‘ °fo@m emn@almi fifdhe davoaable igblestse tharely incesasingnthel n
t
value of bt fER0GGH Actie pbte a4 SulbPE o fhe Bifndhuleist &
additive.o riennegativereffests ef eiecticmeofvrmgh ewnoéntrauerhis of pbiymefn r st
e,V

solutioﬁﬁsﬁ% Hin?@éﬁmggééi@%ébggg%g%é ihnv n{rﬁﬁ@&t@ploﬁ]a iignqlhe
unsteadingessfin .thq)bpturltgary tayehin thedooal regisn saemmwithej gjedton, ans

d t d t
increas%ciﬁi eflr?iggnrb'ti@éi c{tﬂg?é&%lgérﬁgﬁtﬁj%ﬂ' E‘f \%%q:%s ity
gradiemmthed/vai] i@gtanr Thesaeﬁm tantribjitetd an mmeﬂid Idcal dra

ato Rl iR S bl Bl hethias

where s effectivee] &Jaccﬁcaily. the invention limits, rather than contributes,
to diffusion of the additive away from the buffer zone of the boundary layer.

To reduce the disruption of the established boundary layer and the rapid
diffusion of ejected additive,‘ the ejector of the present invention exploits a
unique combination of fluidics-based configurations. The configurationsinclude
anozzle at the base or "throat" of the ejector with an exit diameter 14 (identified
hereinafter as h, for the purpose of scaling all other elements of the ejector), a

‘Coanda surface on the downstream side of the ejection stream, a vortex

chamber on the upstream side of the ejection stream, and two knife-edges, one
where the ejection stream meets the vortex chamber and the second where it
meets the established boundary layer flow. The second knife-edge can be
replaced by a surface having a small radius of curvature to facilitate
produceability and maihtainabiiity of this component, without sacrificing

performance.

14 -



25 Fig. 4is aviewsimlar to Fig. 3; however, in
place of a groove, a small sacrificial ejector is
| ocated upstreamof the first ejector unit. Beﬁ]anuary 2007

06-02-2002 January 2007 WD 02/08051 PCT/US01/ 22274 Detail ed
Description The present invention is based on the
recognition that the .level and efficiency of drag
reduction achieved with slot ejection of additives

| FIgDT Re#BbfrR0! a\bakib jeck eleicht bie fopeasRBstrng
ion-rel ated processes.

bl e, ef f £ th
e @ oA iAo Vel g S S oGP Dl o

e ﬂm’eém aidd oftheelbmentinbichhiasform Bihd scabld@fheﬁfbyw&adu
there

ation of t favo abl e
| fhn Cg%'l Ado ‘?T@ége steﬁef hgr "\% E@ﬁ”ﬂr@%@ﬂ? e%ﬁ"[‘fpe and
integedt i(5jgeithera kmfel:edge@xpemdademaemg atradiaf of cadature (3. The -
ST o €ioh i o Htocfi B Coath Ml Pe FRRARUE BRI oo
charebar i) and putetialtintersedf(7)ad Goandarsafade08uofsbdiasiiOhess i n

VAR o PG ekl it BOTRLI 1L BRePA L. 1S 1

a@eo@lt@@ﬁﬁhﬁhr@fghamrahmﬂﬁcmSéreemdéb@fnlsyhe gstablished in
10 bédiRaN@byer rﬂS\Q'(‘PZ) ﬁmﬁ&,oﬁé meﬁe&he@% 'cehgtn%uﬁ@?.?us' o of

I ncrease 1IN and to nore ra
9gareetry ghithe |e:l?éf°6 ﬂ%e ‘affanffﬂ gurfacg(@mayihavea cmmma radiysay er
mwberoealrked tﬁadﬁng ?ﬁﬁthéf et t@ﬂﬂfé' é:é&cﬁlhé ynoﬁr@(ﬁa Yesthéo© nf
ra er an contr.il putes usi on o
del"f?& "E’EUPF‘HR?éaﬁ‘MVQPP‘JWﬂ'H%R @fst%a%%f ¢ flEctioBundar y

stieameras a Width tretleqals H,h efheipwpo@tdf o r@fzz_lé Reo esthisish bsged
cte

, d L th f
15 O bob BB SR o bARNC st bl B B SR
maleqilasi sush that they qredn drendsindition men:eesfanf fouseciflestiveagéd
|
o/ AL HB 0L wil ROl T spl&%grfeeg fod 0&&W%Ro§% Bgzz' &
abgytderbpeseent of the fﬂ@qﬂrwm sefocily ane Hmetmfor ehoulsbersizedde t he

ac&iﬂﬁfﬁ&fe@e E'\Esssﬁ‘cﬁ} jal@ ilib @t h@ué nfds8 WBW rste ‘Pﬁayt\)a%l l?)J gctor),
downstr eam si de”of

20 fa éo% rface on the

qé?r 1abg @rgm or;smzilet, @pd will depend upon the length and _

character (e.g., roughness’ and viscoelastic properties) of the wall being treated,

the free_stream velocity, the type and concentration of additive, and the level of

drag reduction desired. The range of these parameters for most commonly

: used additives will resultin laminar flow through the ejector.  The velocity of the

25 ejected fluid stream is bound on the low end by the value sufficient to keep the

‘ejected stream attached to the Coanda surface (8). It is bound on the upper end

by the velocity of the near-wall boundary layer flow that is displaced by the

15
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chanber on the upstream side of the ejection stream
and two knife-edges, one where the ejection stream
nmeets the vortex chamber and the second wher e j7tjanuary 2007
neets the established boundary | ayer flow._ The second

WO 02481 e- edge can be 25 replaced by a surfac@RAGP¥EY
smal | radius of curvature to facilitate
produceability - and maintainability of this conmponent,
wi t hout sacrificing performance.. 14 06-02-2002 17
January 2007 Fig. | is a schematic of a basic ejector
el ement of the ejection system It includes a nozzle

ool o B i, 1

f 2
ot RMaH G50l e ted et iurathice 18 i)
mass flow mﬁad |emomos aetoc(tﬁ)ieteamtnedhemokniefmsﬁﬂ@ﬁdthrh a By

oo G 0 i S e

upon rh@gig @/ﬂh\m@'bﬁuha@y Iﬁﬁr@ﬁf thﬁxﬁ)b%ﬁ 18 et 1R le (Sl) of

~ intersect (7), Coanda surface radi us
turbulenge, Mamﬁfﬁh%rymcmaj; meshanit offliffusion umtmbulemhwnuaryt o

ovr. 8 BHbBRARE. b bl 39 BOSEL et gl o

ejectionoThds\reduietiotrin ﬁh@l&véﬂé?)turbhlén‘ééta\ﬂ ﬂiné W&tn&ﬁ‘ & Qitichabe
are constraints on the eonetry of the ejector, the

diffusionsonira! ang maximizing thesf dhewvelumesl addlhu@ejagtedl Asl i eu
descntféﬁ lﬁ He lﬁr%nfr@dé H?zhz(leéﬁanﬂg g{felrjn%ill ?Lor?gﬁggjﬂﬁ o granld an?

angle ofcahmat vetd 45 kjegreestbmtwdém meeidzﬂre wallstea® tﬂe”én shbd to
ect.i on h that equals h,. The

be adeﬁh?‘s&e Qf%@"@ﬁ@nﬁtﬁ éﬁ@tw% atgear fla\mratgﬁ ﬂuoqgh thaworale

of abo®erster PBr §dcONd &K pdiFrhertsuc and
stretch the addltlveﬁS frfhol ecsu gsdésuc Wﬁt tﬁey are in

the condition necessary to be effective. The flow

o ool e R a8 byl St BB RS it e

The pufposefbf trecCoatriastifaye RO kédEtheiepsted stﬁéawbt@achsci fd hed to.
ormodate mass flow rates of 10 Q The mass flow

dommst,r%qrg exteynalwall. Nyhen polymer additive is ejected the value of the
radius of the Coanda surface (9) should be about 4h,. Eliminating the

~ separation region at the downstream edge of the ejector avoids the

unsteadiness introduced by such sepération, which is inherent in traditional slot

designs.

The velocity component of the ejected stream normal to the boundary layer is

reduced to near-zero because of the Coanda surface and low mass flow rate.

By eliminating'_boundary layer "blow-off," the increase in pressure dragand the

rapid diffusion of ejected additive associated with that phenomena are avoided.

- The purpose of the vortex chamber, located on the upstream side of the ejector,
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20 factor of about two, larger or smaller, and wll
depend upon the Iength and character (e.g., roughness

and vi scoel asti c properti es) of the wall bei NO17 January 2007 -

treated, the freestreamvelocity, the type and

WO 020¥litent ration of additive, and the |evel SCT/USPIEG274
reduction desired. The range of these paraneters for
most conmonly used additives will result in |amnar
flow through the ejector.. The velocity of the 25
ejected fluid streamis bound on the |ow end by the
value sufficient to keep the ej ected stream attached
to the Coanda surface i s bound on the u&her

r

s to reduge op glimpnate, gouees of ‘@“'Q‘Wéhﬁ'e(éhemw wagdreaatripu

the Ay T SR RAIEIG, 17, erohd MAlRHRY 1o drag™®

and esharea the rateaof ackiatoxa diffusibiectoss thé boandary laysrgdThe

shape; 8 iy Ceamibali deurDy SiecrSiielts Bo (B RrGastst poiE fa
(1) is fﬁeQTﬁ bﬂ(hrféeédb‘é (3 o8 1188 %ﬁl\% 6:*1‘&1 éur e@irﬁxnﬁfﬁtéﬂ' 2h w'et h

using a pr oper conf nozz
centeraaj (12)tts nuﬂwayt dloriga lﬁfaemnded fmmmlsmifaae@q/(%tq,tpe nppm@ ng

wall o%%gp%gﬁer towlllﬁ {(%Hl 2 ehﬁﬁ@'ﬁ f gﬁh%fe(g qrrllec a{“];fﬁé%w&m sm

providef a diohfigdu siifface. t wikie et Douatianeed AV¥EDe pre6ise,
concentration of the additive is, of course, greatest

variatigas fram ghatnfatisr willeregtireon. shiamwallr segreentote avoid rany

ascorlifR), o LA bR e, AR i chihots S0 ol
chambeplisifernodd adthli 4 targyent eonmattingknife-cdige q6) ke thd surfdve
literature, a nozzle with a Iength of order ten

formedh py (1 A mentiopedabovanthednife-adss at (Gcanbe @P&%‘@ﬂ@’s
a smal? g&%& Quih& t@)‘?é&ﬁt@tﬁ’}tﬁéﬁtffaa %ﬁﬁﬁc@%gé"fheté?renﬁﬁﬂf the

uate to precon Itive at
wall. If thleemr\tatumg isufficienh tizkedep the fﬂoa/caltachedl entifdt merges rwnth

the frey @A A (RS b D AEraRton i Sehan pereyiyangs, For

the paeétﬁabwas‘suaietedamrﬁau@caleIrﬁannela'i;pﬁb@dﬁurtﬁ@ $&died of that
Coanda surface is to keep the ejected stream attached

curve shouldebe a@m%@ﬁaamtaxtsmmr e the omtpewaflosyahethat the

dimen@flide t&E obenifidy B £6'the! diEaniRhé§ b8find 5 layer (12), is about

3h,.

The presence of an internal vortex chamber on the upstream wall modifies the

“behavior of the flow relative to the flow in a curved channel and eliminates the

vortices otherwise introduced by the curvature of the upstream wall. Neither
Dean-type nor Goertler-type vortices are formed. The motion of the ejected
stream induces circulation in the vortex chamber. For a properly formed and
scaled chamber, a stable vortex is established within the chamber. The

bouridary layer on the upstream boundary of the ejected stream does not

- continue to develop. Rather, vorticity, which is produced by the internal wall

17
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‘radius of the Coanda surface (9) should be about 4h1.
Eli mnating the separation region at the downstream
edge of the ejector avoids the unsteadiness 17 January2007

i ntroduced by such separation, which is inherent in
traditional slot 20 designs. The velocity conponent
of the ejected streamnormal to the boundary Iayer IS

uqs‘g \flgﬁagt qhgﬁt%r fs%is%up%?e%ﬁlfl%ﬁ]e \gél é‘%ﬁ"%'gﬁﬂ'ag'p >Ha 3306 and
ThebVedoeityfrrofile phthei elemethsfeeanm lspmedlﬁed eclativago &Btﬂibtlﬂ'&d :

cHp AR oo AL SRS YR AYGhhlokS, BARREAAAY Pt

enonena are avo
is slowe@bessthanwnout the dartt@d:hembeh @ecqbytprang aderestablhe

5
a5 SF bERpe 998,75  rBiENe Wl Moo e Ohe eotapied
bouodary tayery, Henge. tl@ﬁ wftasmdmess/\btw@cgd inde the bbendany layérat

ndary | ayer, thereby
th?%@*{tﬂégg&ige%&h&% rag %hﬁgg%ﬁg%%l ng the rate of .
addi tive diffusion across the boundary |ayer. The

?@P@h&m{&%@mmﬁe Icgrv%fré ?%%s@é(ry :}qf%ﬁﬂ%é Fog,'l,ga and

e center ol nt

- su aﬁef@u@dg@lt(le)hewqch@ o Besstiesftynel(pvera @pmwa%pm y

DeAhdype C@ea 6B Erpegooéa@e)s i ﬁedaedmyne%ﬁ@a A uhé @Samﬁ

ext'ended from to the opposit
surfage @b eiection Bipcess) isi @p@%dh%ﬁoauw@q ¥orgieity af tr(el)

upéulé%mt “% wmswmbnl chaﬁﬁéNé G%suﬁatﬁ@ by th&! QERexSEHahfEs

rati o need preci se, varlatlons

Alsmsmqnﬁﬁ'pmﬂ@%t the aditive bydhe P@\t@cwaﬂqw theauoh epazale
initigleRkHb MR rebblcifly SfRb it hdditive %pécﬂ%l@chh@?fegﬁn%cmdésn _t he

profile of the chanber. The top of er is

‘hef%ﬁ'ﬁ?&OW"f smal-eeale ¥Atticiton fBese ﬁ@oakﬁpfr@ecé@glémeefyorko t he

togétﬂérf t%qmprcfv@ itiveeseHaYiof 89 the Afectadindtieamess iakerss vifhtthe
6) can be replaced by a small curved

n
esmﬁﬂ egcbé’“ﬁgarygf’é’ fitate manufacture and i ncrease the

strength of the wall. If the curvature is sufficient
h .15 the

corgits BB ety o e RorE P Sipe e ey Rigceat b
of thej aeidittive durirey the ejemliteeproéess results in a more rapid suppression
of turbulence and, hence, a reduction in diffusion of the concentrated-additive.
In the present invention, diffusion of the concentrated additive is further reduced
by preconditioning the flow just upstream of the principal ejector. Several
techniques can be employed. For unsteady or complex turbulent boundary layer
flows, the present inVentidn_includes a separate, sacrificial, additive ejector that
is configured to eject a low concentratioh of additive and is located just upstream

‘of aprincipal ejector. The concentration can be of order 10 parts per million by
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‘the paraneters associated with full-scale marine
applications, the radius of that curve should be
about 0. 5h, vvlth its center on the outer wall,179dghary 2007
that the di mensi on of the opening (11) to the

establlshed boundary | ayer (12), is about 3hl. 20
The. presence of an internal vortex chanber on the

A Y A e IRl S

imeledintelntipstreaheof argr atitb@iocetidmwmrséhe nmmedmtbd dfythé he
d r . i : e nor
kU e S S T R S
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I er

adﬁﬂ@%’?@{ eg@gﬁe{ Q{ﬁg@sggtg a {\%f gﬁﬁ% nl r?ﬁtlr%ﬁ%m) The
in theumedmwell flegipBr on t he upstream boundary of the ejected

stream does not continue to devel op. Rather,

vorticity, which is produced by the internal wall 17
Fop gelgivelyotigady 7iloysn (nery sl ejegioss cerfigucsd antarsvarseer,
grdo§esd bﬁ)?le%cﬁléd t@?fro&ﬁ& a/ézésl@émefméda)onsﬁoﬂ vertéﬁs,s@a@”ber

oCl t he ejected streamI’s

| arerﬁs’aiﬁpn@d'nsgﬁw Pf/@epan%%' alspﬁ%h/éatabtewaﬁ gairaingderieych

systéﬂﬁw,utotse'pta{e%amls@ae vbrﬂi@ity%éddc@ém @e %u 8hd nhlé%ubnhsr nal
tream is slowed |ess than wit he vortex
develvamee& of the aipalEgamy Pems’ewdayeg rf%FP@V% Pfé’ﬁ'leé that peaguiee of
sta_tﬁb-%ﬁirﬁﬁ’ecf i/éﬂk;éés%pécifcﬂlﬁﬁfgﬁﬁﬂéﬂiﬁoﬁy ts@ﬁaraﬁtﬂf cde«mbl hb@él' on
esta Hence,

beeﬁ%e?‘e&aﬁ’ AEES Lfﬁﬁét&%dwéga'ﬂ%tocpf?wy shRRTRERG ¢ gwogy% rthqit

. preddig inveAfichaatodudessmbll sMeurts B Admtivetih ORIEr tecdnibieed.

38 t he curvature necessary to

furﬂ?%lt}‘w\% b@&% oot B cha O result in the

production of Goertl er type (over a concave wall) or

ok Ry 2t R Eeirh g el e SN 0 R, EGTPER

a schernoglizsf aitmnsvepsenyreaielvesssissetidnitd elliptidal foirh witah ntdiar

vorte
shapeh whel g¢aléd/eropsriv (18 >c bt mwdla waref tolevant hi Iowgevetsrm

- s 4 AP Ry I J o 17} el s el vhR' =0

- unstBRFfdsR.in. the boundary layer than.a rectangular shape. Fig. 2B is a.

schematic of a cross-section of a rectangular groove of width (18) and depth
(17) (where 17 = 18), which can be.fed an additive through a nozzle (19) with a |
Coanda surface (20) at the bottom downstream edge of the groove. For this
configuration, the addition of small amounts of additive will increase the stability
of the entrained vortex. Figj. 2C is a schematic of a cross-section of a similar

rectangular groove that can be fed an additive through a nozzle (21) at the top
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initiates the drag-reducing effect of the additive.
Specifically, that effect includes 15 the dissipation

of small-scale vorticity. These separate necham feary 2007
work together to inprove the behavior of the ejecte
Sstreamas it nerges with the established boundary

| ayer. Comnbining the inproved behavior of the ejected

?upstreéﬁ reﬁgg‘dﬁ"tﬁé" fdd%e PIEes AS ichhfftiratbn, Ble é&ﬁtl\%d&lptehﬁﬁjre

during the Jectlon process resufts In
rate wils bp slighilyigseater thao fordﬁetcanﬁgur@tmsnﬂm 2Bhbntthe euidmve
’ cli ce ted-additive.
will supfpﬁ%%%%glpgléag% t%rftlI: \%hﬁﬁ% ﬁear— [I%ql & #1 CH émdary ayer
as wellcamsiehihzaﬂxeder&%ddl woeteks Ifi tall tchess, tiesl ugtethal Byw (12) is
rec dltioning the flow just upstream of the
ﬁ°m'eﬁ paI ej ector. Several techniques can be
enployed For unsteady or conpl ex turbul ent boundary
| ows, the present invention includes a

In add%l@@d?éhese derbniquesi RIis alsqigpssible t@] @@t:@ndﬂtqﬁvathezﬁowS
upstreé?ﬁrHy' %Pﬁg.npo%fﬁaee;agaréd%.&%ﬂpfq @g? Plstr ggrﬂj b

J ust “upstream o | ncil pa
-pﬂﬂClpaTmecmmcﬂ’mseatedmmueamdyeiaabut)ar@mot mutpam sbipts; dmg—' | on

reducw@ycoam?%gf \%’lo%gquejs? aﬂ?%#gﬂ%e eq?ee Ly . fﬁ(,é 408 éd

ent’i's’ no
in the liderahsér esol hdmits adigntagesmetiitiae @b the praraeteristict ofrtbe at
the | ocation where the concentration of the materi al
upstream foW- principal ejector is greatest, (i.e., where the
penalty for diffusion is the greatest). Thus, for the
' § sacrifice) of a nodest amount of 5
Since ta%i @ch %)f %ewsamtéaveéwoa ifafuch less disruplivei thaw erien artn t he

ejector Béélﬂﬁé Fi’t% IpS‘sﬁ%% W c}‘y {i ﬁg@n[‘addlﬁleyh% A:Jéqgﬁdé’?ﬁ" Lecfo‘?g' on.

‘rel at st ea OWs, nore

as is slaqym ingfiged: %chl!qm@fsﬂmd%@f differingvidsrosies fuptigh sedtiniel t o
ejectorg lﬂé%ﬁ@ the %tsg%hghrrﬁ%{ ai Qggv%fl%f) e?fls%su O@Ja'a?énf'ﬁ' ttﬁén

e position upstream ector.
near-wgll eggien, atherebmenaanedg wsteerxpémommemﬁmir Iekaninpkas |ttpmt e

ctectof THLIgEbf, NS o ERENEGelor B ey,
downstreane iof a@rincipel ejleofdr kaﬁé sbhl@tj for acRluesdfaddodrt 8AE fall ned
éct to- glghl%lptgﬁﬁé @é‘@ﬁlve caltkg ufp%{regrfnt g%&t%?%)\//vasye grglatthleovr\]/all

and into the region where’ lt__ls effective in reducing the level of turbulence.

- For gas microbubbles, this also reduces the potential of the bubbles to act
on the wall as roughness elements during ejection. ~ For both gas and
concentrated solution-s of polymer,: it can provide a favorable rather than
unfavorable viscosity gradient at the wall. The ejected fluid can be the
solveni alone, for example water, or a dilute solution of the additive such that

the \)iscosity is the same or less (such as for heated water) than the ambient

solvent. When just water or no additive is used in the

20



been published in the literature. In addition to

properly shaping the groove, the present invention
introduces small anounts of additive in order {0anuary 2007
contribute 15 further to the stabilization of the

entrai ned vortex. Three profiles of upstream groove
configuration are given in Fi 2. Fig. 2Ais a

downsteqang GIRGtY!. Hie reabirgiRgnkLios @ nizg nohe salaxad:+ Sinke dhe
flow raﬁalatiifr&ﬁgr? te EB\FVP&t%érﬂ e?eéf@# %rredﬁééé té Ja'&)ut Bng‘@s(?rthe

, axis (16), and a“depth (17), relative to th
~ ejectionovalegityshpuld berabout veaprrcentiod thes ceﬁswamrvgmtyywms >

e f . 0.
about (i oo, HechBh NS B ing et Ry el Head? o
‘accommeditange!- IaWes lefemtion R:e@c:tQ,Btheﬁ ratio, of $iecheliambéter of tiaie
Cross- n of,.a re 1,00V, of W dt:
Coand gt e g siact G norispd oy Bal e e sk
ejector &dﬁ'\faldéeoftd"fd)& fimed tn@aaivﬁstféeﬁ}ai st Wit (2750 RiARIbR hd ace
(20) at the bottom downstream edﬁ,e of the groove. For

developrpe of daeali saRRERTPB PN {1k sudiare-i deosize AkiaPeRRBUHIY of

should Aélflhih MRukHrbe isk W&ﬁ@ (?@e hehaDithé Ts)égr%@ntof)et%@n the
entrai ned vortex. Fig Is a schematic of

curved wiah 9§ thecthamber and ity eﬁg%(ﬁ mustheagended i lQrC@mF@”Wfat
with the %{ghlg%& %%cq‘n additive through a nozzle (21) at the:
an

uary 2007 upstream edge of the groove.
For this confi gurati on, the additive expenditure rate

be sli.ght r than o ur.ation in
Fig. 3 {8 oo et qeediafit o arte hriotlatisnr o8 i kbl
'systemv anhtthisl donfigaratibe, ae2Nipuedllraregee gbovde2ay lltfb%itéd
| ayer as well as stabilize the entrained vortex.

upstreagp iof theslirst prinipal pieatorynit (25, Apditivednay pgfed ute "?%
elliptical Igg&sve I trd dhdneOm ahRet aesgsrsi?fémmrtﬁf .28 lorifgg.abgo

S e to precondition the w upstreamb
Depen&q;p@%eh ghafﬁiatef ofjthggpstraaretfiiovn aﬂé@ﬁm'cgﬁ@@vqsdgg) can
be. postRFieh BN Bpprebs e, RAEP R, BRERLe of 158 ingP FrRoaPS
eiectorr edlrcungeedaof tgs goboves; iaﬂisllttsyr@é@i ianfdgbdunalsamyall ayer

sacrncBfChcily 38, A3 06Tl S0 L A BrgfE el 1S
concentrption emnthiel arder of 10 wppm can be positioned to suppress the
level of tutbulence at the first principal ejector. Or the sacrificial ejector
..can be a groove 25 as shown in Fig.3 that has a fifth fluid input via a
nozzle 21 at the top upstream edge of the groove, similar to the
arra'ngement shown in Fig. 2C. "Sacrificing" this small amount of additive
will reduce the Ievel of turbtilence and thus the amount of diffusion at the

: »ﬁrs_t principal ejector.

The fluid, f;, from the first pn'ncipal ejector may be a mixture of gas microbubbles

~ which, according to the literature (see Merkle and Deutsch, for example), can

be effective within 300 viscous units of the wall, i.e., further from the wall than most
polymers are effective. Deutsch also reports that the microbubble layer seems to ‘

| act to screen the near-wall layer from the larger structures in the outer regions of

the boundary layer. Thus, multiple tandem ejectors (23) and (4) can be used
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" Since the ejector of the present invention is nuch
| ess disruptive than prior art ejector designs, it is
possible to stratify different additives using)? anfer 2007
ectors as is shown in Fig. 3. E|ect|on of fluids of
6$?¥er|ng viscosities through multiple ef&ct5Pz22m
pernits the establishnment of a favorable VISCOSIty
~gradient in the near-wall region, thereby enhancing
system performance. For exanple, the ejection of
fluid froma simlar but smaller ejector |ocated
i mredi ately downstream of a principal ejector and
scaled for a & value of about one wll act to

WOO

to poamogw%ebqbﬁl@sm differené staleprnd olypers eiliferpaioneiecuaty

vt 90 5B 36 LS AL B 3 ARy ey
of thegmuacnpabejedotmdz&andttl) lisa ainatler e)elmto'e(szey havipgtzesiot vibthof

el i Ao e, Sl
downﬁfédfﬁ EfeBor O o the édlvé?ﬁ‘fb iRfeAtied fo Be bR E@HQ{U& the

rat her” than wunfavorable viscosity gradie
downstegam ejegtorcfoe example, fiordthe purposetdfestablishing ta favemable f or |

I ddj t
viscodtf HBYigat Helogufbminlior § ozt sindll HouleB o BSckish ot o
conver@ent NR@tisgr eweean tHeafelbley. anhb\ﬁ@\t'er Sﬁé&ﬂl@@tc)f VhRdug ust

water or no additive is used in th 17 January
configratipns amﬁﬁm&@aﬁf%@redu@the ﬂﬁ%radaq?alerrmn@bubbles, henpezz| e

soecARaBR AAHHE B BB RN AT e

asforﬂmmwdumnwmmgr;srlmwd)d,ebﬁombout five percent of the
freestreamvelocity. This is about half of the :

ejection velocity of the |arger upstream ejector,

Thus, Wédumﬂﬁtéftehhgtﬂé}ﬁ%& Cgics%ﬂa?ébtgﬁét‘e&bft Rééﬁélfﬁdn& °f

di aneter o anda surface 'dt h
multipishejeclorsean be eaplayedde stratify additives, ivehichparer lanamin to Jbect or

8 t the_d t | ot
etct oLty b Bl b NS ol S bt o
such amm:bd‘uﬁ;bﬁlesbﬁ@ ﬁamﬂﬂ@r Sdale: aftf cd?@ﬁiékétﬁo%&fectﬂ@%iﬂﬂ%r '
emajn about three slot w dths hence, the

from t%"e@ﬁﬂ thanare pelymers,dn Fig. 3, a set of t ree tandem ejectors each
scaled for the desired mass flow rate, could provide a three-tiered strata of water

(low viscosity), f;, under a concentrated solution of polymer, f, over which
microbubbles, f,, are ejected,- Similarly, multiple layers of appropriately scaled

“bubbles or multiple layers of different species of polymers can be ejected from
] tandem ejectors. Over these fluids flow the additive from the upstream grooves

or "sacrificial slot”, f;, and the freestream fluid, f,.

In the past, shipbuilders have concluded that high concentrations and high flow
rates of additive from a single ejector system were more efficient than if the
same amount of additive were ejected from multiple ejection sites distributed

~ along the length of the hull. The increase in local skin friction produced by
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curved wal |l of the chanmber and knife edge (6) nust be
extended in conparison wth the upstream ejector.

Fig. 3 is a cross-section schematic of one 17 January 2007

configuration of a triple ejector system In this

WO 02/088% i guration, an elliptical transverse grE3HSOY2PH s
| ocated upstreamof the first principal. ejector unit
(23). Additive may be fed into the elliptical groove
in the sane manner as displayed in Fig. 2B or Fig. 2C
Dependi ng on the character of the upstream fl ow,
addi ti onal grooves (25) can be positioned to suppress

i .. the level of turbulence at the first principal ]
"ad"'qef‘@?!?ﬁtf’fs "e‘ﬁ‘é b‘?%‘ig@égﬁYSF blomeotfr il leadgdo Anjineeasa isd in

pressuFé &agﬂvgent%ocﬁflﬁ’g'l Hctg:tgorg ?&g'iég Oéﬁérf?:lméﬂa‘? ByUvo egn@?)g% EffedtS

ej ec trve at a® conc Fon on

‘the preshat invertiorninakes ibpossibkntdbemployisetookejettorsatanulape t he

of turbulence at the first princjpal ejector. O
Oﬁlg}l%f‘ov@ digfrigutionefn
additivé Bs BifdnationS¥shBpS add fenitiofthe WailiViHidie) e 21
, at the top qpst?ééa_m _gedge of the éroov'(ee)?/ @%Yﬂ?@g t he
walls mayrbeigeatedwitiauba significagt losin efflsienty.i ci ng” this smal |
amount of additive wll reduce the |evel of
turbul ence and thus the anount of diffusion at the

" Ejectorbi alsd ¢iri bei penfigered teenckiige f thei Aearfviall Flo@Md Bgoiil ' St |

Eﬁr’i nci pal ejector may be a mixture of. gas
separajipr dyhingthangesin dhe Treesteammngle of lircidencs; singecthesee

iector g DU o AT RFR TREp AR

‘proces$eimciude thaltfeatrhent aftilsé wall @b yerkice diffissicr 6Ehbiaditive

h al.so reports that the m crobubble | ayer seens

Deut
dOWnSt(%?%Jmig Wetedegtem &atrent oh ieroutar flow tasedues difusierof theger
additivé bbﬂ*Pélerﬁ%é Wall BRJ Yrbi#Hd érggbr%ﬂﬁsﬁhs, ér{belg%uég@g{r |

o Ia¥e_r. ws, nultiple tandemejectors ( can
ejectiomef gither diffarentzadditives gr 2 different@odzentestich of additive to

s ESTMISUARR H B BSBRFp B Pun0Les o STTerenc
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wei ghts and configurations at the stratum where they

are effective. Downstream- of the principal ejectors

(23 and 4) is a snaller ejector (26), having ayﬁhghmy2007
width h2 (27) that is scaled to the mass flow rate of
the fluid, f3, that is ejected fromthis 5 downstream

ej ector. Wien only the solvent is intended to be

ejected fromthe downstreamejector, for exanple, for

t he purpose of establishing a favorable viscosity

clgirRdi ent, the requirenment for a nozzle or simlar

device to produce a convergent |aminar flow can be
rel axed. However, nozzles of various configurations
are often used to produce the desired scal e

1, KirfdtRdy Sl R8ng Qara@&eda&mgs&ﬁssaﬁé&nﬁoazﬁrgﬁau%ﬁ laGRsnrRf €

likely to be reqU|red for mcrobubble ejection as well

thaA2vdi8s dRRPESNEhd HEW-BE" B0thy MRSt AIGG A rbQucek ffﬁé F28 of
Thus, in addition to altering the rheol ogi cal

diffasian 8Ethe bifagtrbdtringfsubbtndan trevidt fluib el hdreby MekddsBlife
ejectors can be enployed to stratify additives, whic

eff@tiferted®¥ihé Bragtedririgauibtusce i reaDERY drag obthe &A@l it he

. boundary | ayer. For exanple, sone additives, 15 such .

mowAg ralative lhidipsai®methof @oinpAsingithe folléwing st@ﬁ§ p@ﬂmrhéaer ed
to be effective further fromthe wall an are

in tinobrdeEingicatédt Fig. 3, a set of three tandem ejectors,
-each scaled for the desired mass flow rate, could
pr @ icdeditioningrtee ditaigaedutirgt substan@f byeiusing a(deband fluid,
viscosity), f3, under a concentrated solution of

| whighohgiodes, thé Aragareducingsubbtanes ay @ bispdrs@ssolitl Jiqualr @ gas

. ejected. Simlarly, multiple |layers of appropriately

micebabtie adOsubstabbe mixdure ntafiowphreudhey rozzledhatpréduieesan
speci es of polyners can be ejected from tandem

axiakyelqsitpgradieBmdihinthe %comi fluid sorftzining theadditive as amixfurem t he
upstream grooves or. "sacrificial slot", f5, and the

orinsplstian, tadhereby wind, align and extard melseulesofthsWag-redvainghav e
concl uded that high concentrations and high fl ow

ubstances of additive froma single ejector systemwere
nore efficient than if the 25 sane anpunt of additive.

weP)ep%?@e trisqcprd{iuid by igpyastex cearmbesntosstablistyp yereput ed

he Ien th of the hull. The increase in |oca

WG e o hergbE e g thg Jorfioltyxf asrapond Biid;

c) ejecting the second fluid through a first ejector, having an aperture in -
a wall, into the first fluid as said first fluid flows past said wall, said aperture

formed to include a first Coanda surface as a portion thereof.

24
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WO 02/ 08051 PCTI US01/ 22274 traditional ejectors and
boundary | ayer bl ow off, which |eads to an increase in

pressure drag, were contributors to this phenopenguaB¥2007

[ ding those effects, the present invention nmakes
woozfa?&%ossi ble to enpl oy sets of ejectors at ‘Mt K™
| ocati.ons al ong a vehicle or propul sor, and thereby
. optimze the distribution of 5 additive as a function
of shape and length of the wall (vehicle). Thus, very
long walls may be treated without a significant |oss
in efficiency. E ectors also can be configured to

~.enerqgize the near- | flow tq avQid_ separation =
2. Thg eib S clalg do WPy eifibe i Cehga fiiaraieperionsel wisive.
since the ejector is adaptable to | ocal changes in
to therfloupfalie tinst {luid pastmaed walk at thp dewnstieary sislewf tesaperture.
include the treatnment of the wall to reduce diffusion
of the additive downstream of the ejector, treatnent
of the outer flowto reduce diffusion of the additive

3. Theandihed onglaimd, wableimB&idaiopeR EhambeP[sBdsii
the downstream ejection of eit her.edis?‘% 'gﬁgjr?teaa%gﬁplgves

have 8 ledsthh bR thereaf\Siishia ! L Lisd 0 achieve a
nor e gﬂ)?ci gnﬁergddr tl vgég@(%grﬁglbto gﬁgé %Jéet%?e‘ 23
06-02-2002 17 January 2007 dainms: 1.. A nethod of
ej ecting a drag-reduci ng substance into a first fluid

i n r. that avoids disruption and "bl ow of f" of
4. Th ety i1, dersin teviriax dabes melsies akrecasigsrin of
the drag-reducing substance in the first fluid to
a regiopavhsig thensgcend duidHeors thenozzle mesteethe voftex chamber.
dr ag-reduci ng substance in reducing drag of the first
fluid in noving relative to a wall, said nethod
© conprising the follow ng steps, performed in the
5. Themshod betiam ¢,dWhér)eirPfh@00dHeSUBh§F1kieF @uﬁéﬁfaﬁﬁn? léﬂkﬁi%-
d, I C es

substance by causing a second fl ui ncl u

‘edge I8 réliGR whBRI R B BRAABE BRI And T sed sol i d.

I quid or gas m Cro € and substance ni xture,
to flow through a nozzle that produces an

6.. The method of claim 1, wherein a region between the wall and the vortex

chamber includes a second curved surface.

7. The method of claim 1, said method further comprising: ejecting a third fluid

. through a second ejector having an aperture that is downstream of said first

ejector, the second ejéctor having a Coanda surface on its downstream side and
a vortex chamber positioned to have at least a portion thereof opposite the

Coanda surface.



axial vel oci ty gr adl ent within the second fl ui d

)4-07-2002

N . .
eoRt-ar-AAg—the—add-t+ve—as—anrxture—or—n aun ti-—-oh

to thereby unwi nd, align and extend.nol ecul es ﬂt“ 2007
drag-reduci ng subst ance; b) passing the second %
by a vortex chanber, to establish a-vortex 15 within

the vortex chanber, thereby reducing the vorticity of
d fluid through

o v FePEgtnds oy o Sho R RS b

st fluid flows past sald

: OtheWé[?? S'"glrﬁfs'ta J&B’SPS‘B%%“’%&‘\‘%%JF&LJ o include a first Coanda

surface as a portion thereof. 24 17 January 2007 WO
02/ 08051 PCT/ USQL/ 22274 2. The nethod of claim 1,

s Tneér%tﬁms*c'?a'w {0 PRt eo PRt et p R

10

15

wroatieoperifa AR UhRRERA Bt ab%ﬁvrgﬁtﬁ%hﬁ%aﬁgﬁge Tre
-hav'fﬁqﬁ Eotd nifecrel Te AR @Etfsﬂpf% & and 49 #ﬁm‘i”t ¥ of

ex c e
posippPd 18 fays RS Qpé@a" e BRI e B ¢ o
the nozzle neets the vortex chamber. 5. The met hod of
claiml1l, wherein the vortex chamber ‘surface forns a

ni fe- edge .i re he.vor . meet s
10. TR o O Gair, el i HRTPertutf 1S irBreal R2E OhLisi on
et t he wal n e v rtex 10 chanber includes a
otherglésggﬁrﬁfagmé%sdgrkuq aé%grsp%pe nmet hod of claim1l1, said
~ nmethod further conprising: eJ ecti ng a third fluid
through a second ejector having an aperture that is

11. THEPRHTEal s o salooys § Fe g bl P el T
aperbEihe AR ARG AR ol BeErBE LS, ghnPRET O '_

hereo
said groove.

12. The method of claim 11, wherein said groove is in communication with a

source of' a fifth fluid that is input to the groove via a Coanda surface on the

downstream bottom position of the groove.

13. The method of claim 11, wherein said groove is in communication with a
source of a fifth fluid that is input to the groove through a nozzle at the top

upstream edge of the groove.
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)4-07-2002 17 January 2007 8. The nethod of claim?7,
wherein the second ejector is a different size, but is.
otherwise sinilar in design, to said first ejepjg&um%2007
The nethod of claim1, said nethod further conprising:
ejecting a fourth fluid through a third aperture that

is upstreamof said first aperture, the third aperture

14.Pn8 ?fYétHBﬂ df ERARCA mrta,ﬁ%gqn.ra tn%.odﬂz@ﬁ{we 53 édsﬂg tﬁéw' sfid

vortex chanber positioned to have at

sectibflaidf opposite the Coanda surface. 10. The nethod of
claim9, wherein the third aperture is a different
size but is otherwise simlar in design, to said

1. R B o iy IR
preéé‘l&fté&”rﬁuft?fe ét'ﬁﬁa%frtﬁé%uﬂﬁaﬁﬁl ¥t B0 Yl%ttﬂ'ufd fldwfn?%]ﬁgige

first as it | ows pas sald groove

to amllhedndoheﬁoaﬁ cnmnnsmgelnezfoﬂosmgistypsove isin
ation with a, source of a fifth fluid that is

i nﬁ ?J g 1f: CRGRAIGNG SYb BRI ANOYeh At deast e of a set of

SR R RO R ool B o v

fluide WmEIAIhCBE | dperiviré for apesRnes Gellﬂfnr@ Y 'cfré@-ré&il%lﬁg tsﬁ%ta‘n%e
i nput to the groove through a nozzle at the t

are upgwnawm@aiw witht Aenazziss e vorex phamauah?tl (so;gdsmdmed on

the [BSiEFay; Sesatc ot AERrua & becthard by diuid dhalihag masaed
t

throQ§h "tﬁdf %ﬁﬂg%&aﬁ té?Ir sRh o ?ﬁtﬂ% @ué%gwy ﬁéfd iR'tAe

pr esel ecte e strata o ayer of
vorteax thammbef, lamdca Cloanda gurfatatoppesité theavavtéx chaaber; met hod
rising the follow ng steps: a) ejecting a
“E Sieclingi Adidsutisergie OnencsugRratanasises doeated ap@eeam

e t.a oSi ti
and/%F gﬁémgiﬂfaﬁh"lwofgﬂ}%hﬁ%g %?)ﬁét“?ey Sb?oq[bce a s?raFa o% ejec%nqefmds
with said apertures in communication with a vortex chamber, a Coanda
surface opposite the vortex chamber, and, when relevant, a nozzle to

condition (e.g., unwind, align, and extend) the ejectant

16. The method of claim 15, wherein at least one drag-reducing substance is

- ejected through the multiple apertures at different concentrations.
17. The method of claim 15, wherein the rates that fluids are ejected through

the multiple apertures vary, dépending on flow parameters of the first fluid, the

desired level of drag reduction, and the length of said wall.

18. The method of claim 14 wherein, the third fluid is heafed, to thereby

provide said fluid with a lower viscosity than if the fluid were not heated.
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' fluid, wherein the aperture or apertures delivering a
————————a-ag—-edteng—stbstance—are—t+—eonni-eat o wh—a—
: nozzl e, a vortex chanber that is positioned 0”Y7kﬁ§my2007

upstream side of the aperture to be activated by fluid
that has passed through the nozzle so as to establish
one or nore vortices of the fluid in the vortex

. chanber, and a Coanda surface opposite the vortex
chanber; b) ejecting fluids through one or nore
apertures | ocated upstream and/or downstream of the
first aperture to. produce a strata of ejectant
fluids, wth said apertures in communication with a
vortex chanber, a Coanda surface opposite the vortex
chanber, and, when rel evant, a nozzle to condition

19. A methaed of ejectingia daﬂg-@duciag@ubataeoel)ntmheﬁrﬁjﬂaiﬂ inrat mah@er

The nmet hod of claim 15, wherein at |east one

that rediiceg thedts bﬂ@iffas&batomrrseaqm? -re@ucing Sgbdtincsmnhé fiest fluid
mul tiple apertures at difrerent concentrations. 17.

to thereEP%ﬂEéMg@ﬁe@ﬁ@ér{?sé5&(%’@?&???&1 h@pﬁﬁ%%?\céli}ﬂtecfdémgds

e ejecte t hrou ertures var
o o TR AP SRR, s e

.said wal | 18...T metho of ¢claim 14 wherein, the

5  followingstens, peffegned in, Wg’clalt%feby provide said fluid
with a | owner Vi-§COSI than if the fluid were not
a)€atisiag fjuid hayie gasdispersed \prein tadlondirefghen seezley a
'drag-reduci ng substance into a first fluid in a manner

configuredzas a aticrobabblegerwratoof di f f usi on of the
drag-reduci ng substance in the first fluid to thereby

b) passiag thé ﬂlﬁdefaﬁ/mtgamrﬁ%:%ezgpbﬁg B¥ adorted ghamber, to

substance in reducing irst fluid in

estabhsﬁ%‘#oﬂﬁx gt ﬂhé@oft@xéhé\@lbbs tfeReBy FERIUBRIY tRE UBHiCEY Gﬁhéhe
fol  owing steps, perforned in the order indicated

n as di spersed therein to
10 fluid ha\fﬁtl)t%%ﬁé'ﬂis'g r%d‘ thekéinignd N9 ¢ I'Sp |

a nozzle configured as a microbubble

c?ﬁie@‘éﬁr?éﬁ\ ﬂum hé\ﬁﬁéggé]ﬂ{sﬁgrsgh ﬂieqe,?\%}dqu%h 0¥ p%'rtflpg fn?& d

vort
the first ﬂund as said first fluid flows past said aperture, said aperture mcludmg

a first Coanda surface on a portlon thereof.

20. An'apparatus for ejecting a drag-reducing substance into a first fluid in a
15 manner that reduces the rate of diffusion of the drag—feducing'substance in the
first fluid to thereby increase the effectiveness of the drag-reducing substance

in reducing drag of the first fluid in moving relative to a wall, said apparatus

comprising:
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10

establish a vortex within the vortex chanber, thereby
reducing the vorticity of the 10 fluid having gas

di spersed therein; and c) ejecting the fluid heVidagary.2007
gas di spersed therein through an aperture into the

first fluid as said first fluid flows past said

aperture, said aperture including. a first Coanda

Sur T Ghcae hah Brdalieid diRlcPMioci Bradfiht ARARBIBLNA R

ej ecting a drag-reduci ng substance 1nto a first

thiis Passka tABOGIESaid Agkier educes the rate of diffusion of
t he drag-reduci ng substance in the first fluid to

t heng Y oaaHaABe: thitds SiBAS] KORASHARId, b dflui |
dr ag)?r educi ng subst an@g in reducl r?g drgtgeg?cﬁnhewfdi rst

thdt| HalshasBed MrbudD dofd RbAZIS td hefebirbim aSdd -
corrp(rj% si ng: 2‘{3&17 January2007 "a) aaﬁgizzrgptgg%téhuéf

vollicESWIHaS tidseasndfiuid/ Rl tREidrex ehaflb&ningV t hin a second
fluid that is passed through said nozzle; b) a vortex

chaghefirstdettorihaviigan djepifdorefodify MEsbobAk Alid iddya HH\®

second fluid that has passed through said nozzle, to

of thadisttiyidt Risibad WPERY, Ad SpsuRIToRthied B MAILAd §TDak4 hi
the second fluid in the vortex chanber, and c) a first.

sur€jce@ Gk @ pditni theree aperture for ejecting the second
fluid into a flow of the first fluid past said

aperture, said aperture forned to. include a Coanda
surface as a portion thereof. 21. The apparatus of

21.Thahppatstus vioRiia 20, viteeeiina Odandibutfagss pSsitmed fréiamrd;
relative 10 to the flow of the first fluid past said

to tiepfitd of the fistfiald past shid dpbrurd CaMsdchERThY@dWnsti@EmSadiId
aperture. 22. The apparatus of claim 20, wherein the

of saidrdpeturehanber is positioned to have at |east a
portion thereof opposite the Coanda surface. 29 A .

a, . mmPly try,--ens

22. The apparatus of claim 20, wherein the vortex chamber is positioned to-have

at least a portion thereof opposite the Coanda surface.

29
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17 January 2007 23. The apparatus of claim20, said
apparatus further including, downstream of the
aperture for ejecting the second fluid: a) a nD7zJZaJneary2007
t hat produces an axial velocity gradient within a
third fluid th at is passed through said nozzle; b) a
vortex chanber that is positioned to be activated, by
. the third fluid that has passed through said nozzle,
~to thereby form a vortex or systemof vortices
within the third fluid in the vortex chanber; and c) a
- 23. The eppadtuejof claim 20psaid jappariat@ farthédr includihgl dbwistreamtdie
flow of the first and second fluids past said second
the apesfueeton ejectieg thessecomdifléfllect or havi ng an aperture
formed to include a Coanda surface as a portion
ﬁh érnaezele that prisices paraxial yelority pradiant withmaa dhiedhfhsd at us -
urther including, upstreamof said aperture for

that'siéséﬁ‘i’mﬁlﬁugrh%&"%%% fldw d: a) ﬁ nozz:ce that pr oduces
Bhaoux chianPes bk & aute 6 b agnveucd i bs i g °
that hagHdsBEa '5‘?“5'? &aé‘h Righd 18 Sierkk S, 4 BB i Vg b |

vortice AR the thfr&?lglla ir$ fHel % ThambbP ahBef eby forma vortex

or systemof vortices wthin'the fourth fluid in the

¥PA bB¥ort BNt e
Fra Srrori gecist for oegtl"?wa HROTRRS ol rcfHion® %ﬁﬁéﬁfwg’,‘ﬁ@d

second. fRERS past eaidridcamdeRclontsaid S¥eont didtorsRpmigtaraaskriuné r d
sai g ,

fluids downstream of said aperture, aperture
formeditoincldetacCoartlaslefaee 6o apdeionthéraok as a portion
t hereof. 25. The apparatus of claim 20, wherein a
~groove is positioned upstreamof said aperture. 26:
' The apparatus of claim25, wherein the groove that is
24. Th?)@§P%ﬁagl$e%{ ¢lgt PRaPAIG APPILRtUP Bygibet incleidinge vasfeapmg of

said apfaﬁ‘f’rteﬁorf?lﬁ ﬁig%esecond%ud ecei ving and conditioning a

a) a nozzle that produces an axial velocity gradient within a fourth fluid
- as the fourth fluid is passed through said nozzle;
- b) a.vortex chamber that is positioned to be activated, by the fourth fluid

30



whi ch includes a drag-reduci ng substance. 27. The
_ apparatus of claim26, wherein said conduit includes a
Coanda surface. 28., The. appar at us of cl ai m PhJanuary 2007
wher ei n sai'd groove has an el liptical cross-section.
29. The apparatus of claim?20, said apparatus further
i ncl udi ng upstream of said first ejector: 31 17
: January 2007 a) a nozzle that produces an axi al
that hay qlagsad threlighdéad howilé, Nbrtherebpdaritl holoftbx b Bydterl ofi briass
it is passed through said nozzle; b) a vortex chanber
within thérfturthdluplisithe eortek dhantber,aeidi vat ed by the fifth fluid
t hat has passed through said nozzle, to thereby forma
¢ban @peduresips ejacting the taurth dleid inta fiow of e fitst fluidfpast gaid
in the vortex chanber, and c) an aperture for e ectlng
aperture gad pheventhe fiawef the spcprdand tird drids Hewnstream ofrwjl
sai d aperture, sai e formed to include a
said apgiR g et aclick S Godb bt ehapeden TsseoiThe ot hod
of clain19, wherein a groove is positioned upstream of
said third aperture for the purpose of renoving
I Ci f h I aid
25. The ngérﬁwsyo{ cfaﬁ}ﬂ]foa\ﬁlgé}refrfé gwogégﬁ ﬁccsnio%ngzi gg\@%?ng ggélarlcz tus .
apertu,-gurther i ncl udi ng, upstreamof said first ejector: a)
a nozzle that produces an axial velocity gradient
within a sacrificial fifth fluid.as it is passed
t hrough said nozzle; b) a vortex chanber that is
26. Theappdratused claim 28, ahétcirathe@rdyvetthat i$ pdsitionedl upisttedri af
‘has passed through said nozzle, to thereby forma
said apelbmmélxclmemewmmitdnd noarleiferascewing iand chdifiorfinidha fiftufluld
in the vortex chamber; and c) an aperture for ejecting
which inghedersF dragfrediang substanee. f1 ow of the first fluid past
said aperture, said aperture forned to include a
Coanda surface as a

27. The apparatus of claim 26, wherein said conduit includes a Coanda surface.
28. The apparatus of claim 25, wherein said groove has an elliptical cross-section.

29. The apparatus of claim 20, said apparatus further including upstream of said first

» ejector:
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portion thereof.. 3la 17 January 2007 32. A nethod of
ej ecting a drag-reduci ng substance into a first fluid
in a manner that avoids disruption and bl ow of {7 piubie007
first fluid.and reduces the rate of diffusion of the
~drag-reduci ng substance in the first fluid to thereby
i ncrease the effectiveness of the drag-reducing
~ substance in reducing drag of the first fluid in
a) a noZHY tH# Pfd:(‘fu_@éé XS akil VRICHHY Gifcfent Sathith 2BAdMRCaGMARILIST NI
the follow ng steps, perforned in the order

-as itis paxte8 MrBdgh Sdid @eRdét i oni ng the drag-reducing substance
' y causing a second fluid, which includes the

dr ag- bedwvoitegcisantisdrainst és pasitioned dp be aetivatal bylthelfiftgui d,
_ or gas  mcrobubble and substance m xture, or liquid .
fluid thatids gasset tbrapigh isbidenazizlet ortbereby forfri aviortéx enayhtem ofozz| e -
that produces an axial velocity gradient within the

vorticesswithin the fifth fluid indihe sertexehamierangi ti ve as a nmixture or

in solution, to _ thereby unwind, align_ and extend
-~ nol ecGl ¥3apgrtyre for glegyn glﬁf!ﬁhrfb"%'ﬂ&tgﬁﬂe\é/;(’fﬂ)e ¥essing
., the.second flujd by a_vortex. chanbe to establish a
nid pa S5 il anrld DRy TnhRR & Comi B hEint fng
. rticity of the second fluid; c) ejecting the
v‘pomonglgeggﬁfg fluid through a first ejector, having an

aperture in said surface, into the first fluid as
said first fluid fl ows past said surface, said

30. Th@RRdthed & A4S %feFé?% ;blg?éd%% Poditidridd gRBBAR cF4hibace as

a portion thereof.
third aperture for the purpose of removing vorticity from the first fluid as it flows

past said groove.

31. The apparatus of claim 24, said apparatus further including, upstream of
said first ejector:

| . a) anozzle that produces an axial veloéity gradient within a

- sacrificial fifth fluid as it is passed through said nozzle;

b) a vortex chamber that is positioned to be activated by the fifth
' fluid that has passed through said nozzle, to thereby form a vortex or system of
vortices within the fifth fluid in the vortex chamber; and |

| ¢) an aperture for ejecting the fifth fluid into the flow of the first
fluid past said aperture, said aperture formed to include a Coanda surface as a

portion thereof.
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- 32. A method» of ejecting a drag-reducing substance into a first ﬂuid ina
~manner that avoids disruption and-blow-off of the first fluid and reduces the rate
of diffusion of the drag-reducing substance in the first fluid to théreby increase
the effectiveness of the drag-reducing substance in reducing drag of tne first
fluid in moving relative to a surface, said method comprising the following steps,
performed in the order indicated: A

a) conditioning the drag-reducing substance by causing a second fluid,
which includes the drag-reducing substance as a dispersed solid, liquid, or gas
microbubble and substance mixture, or liquid and gas microbubble mixture, to
flow through a nozzle that produces an axial \)elocity gradient within the second
fluid containing the additive as a mixture or in solution, to thereby unwind, align
and extend molecules of the drag-reducing substance; -

* b) passing the second fluid by a vortex chamber, to establish a vortex

within the vortex chamber, thereby reducing the vorticity of the second fluid;

c) ejecting the second fluid through a first ejector, having an aperture in |
said surface, into the first ﬂuid as said first fluid flows pést_ said surface, said

aperture formed to include a first Coanda surface as a portion thereof.

31b



