SYSTEMS AND METHODS FOR LI QUI D SEPARATI ON RELATED APPLI CATI ONS Thi s
application clains priority under 35 U, S.C. |IS. Provisional
Application Serial No. 60/909, 769, entitled "SEPARATI ON OF |

- 9ROCARBON FROM AN AQUEQUS ENVI RONVENT, " filed on April 3, 2007,
which is herein incorporated by reference in its entirety. BACKGROUND
OF I NVENTI ON of Inventlon The present invention relates to
systens and net hods for separating coﬂrponents ina fluid mxture and,

in particular, to systens and nethods for separating fluids having

i fferent densit|SYSTEMLASD METHODS PR LONID SERARMRIONS desire in
mul tiple industries, including, for exanple, the oil and gas, food
processing, marine transportaki QRppA0sbIRPUWETo&8Neration to clean or
remedi ate water generated in processing plants or other facilities
utilized in théEkeappigaser ¢las)s pPooyesdemil @:5,C.df t1éfe) coltSaiPmivingonal

cont am nants;. i I h ons, Su [ r
cont an naavBialg SIS EP s A e SEeBRATION B TR OGRREINE

oper at i on§FROM BivesQUBGILS ENVeRONMENR filaidnakprilt3h 20, edivhtis bareiaf oi |
and gas wells anﬁgjil t he_refinenment. of these fluids produce wastewater
cont am natSIPYUAT RYEEETSF BolsentreY. A number of devi ces and syst ens
are typically used to facilitate the recovery of water from

cont am nat ed wastewater by _separation of oil fromwater in the

wast ewat er, Such devi ces iﬁé@ﬂVﬁPo@?@ﬁXﬁgg}oﬁr avity separation

apparatus, air/gas flotation systens, and oil/gas ski mer systens

Field of Invention

The present invention relates to systems and methods for separating components
in a fluid mixture and, in particular, to systems and methods for separating fluids

having different densities.

Discussion of Related Art

There is a recognized desire in multiple industries, including, for example, the
oil and gas, food processing, marine transportation, and power generation to clean or
remediate water generated in processing plants or other facilities utilized in these
industries. Process water, often containing contaminants including hydrocarbons such
as oil, as well as other contaminants and suspended solids, is a common byproduct of
operations in these industries. In particular, the production of oil and gas wells and the
refinement of these fluids produce wastewater contaminated with hydrocarbons.

A number of devices and systems are typically used to facilitate the recovery of
water from contaminated wastewater by separation of oil from water in the wastewater.
Such devices include hydrocyclones, gravity separation apparatus, air/gas flotation

systems, and oil/gas skimmer systems.



- 2 - SUWMARY OF | NVENTI ON I n accordance with one or nore
enbodi nents, the invention relates generally to systens and net hods
for separating conponents of a fluid m xture, such as oil and solid
contam nants fromwater. According to one enbodi ment of the present
i nvention, an apparatus for separating a fluid m xture conprises a
vessel, a vortex generation zone having a tapered wail positioned
within the vessel, and a fluid inl et ~éxt endi ng into the vortex

generation zone at an angl e havi r‘lég%a conponent tangential to an
internal wall of the vortex Y& Y&f‘%@‘@pl‘é point on the
internal wad proxtsabeetAmide oih%k@erﬁ%irﬁ&gért@ﬂ%nii%}% ks SARRANSES @

gas inlet extending into the vortex generation zone, a ‘
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embodi ”?”tsolﬁf co%&?rﬁr?{n?sst?&ﬁ “jaHeY.eRFJ:oQ(gﬁn Q%)O(?rt%ge)%{b%hﬁent ?{ the 8%@&% ivrégtic?‘n

fluid m xture conprises a vesse gener ati on®zone havi ng a

t aper ed wah kpppogisfooseparating hilnidirigtivessebrisandvasd epanak igomerzigmezona

fluid co ni.cation.w t.h t.he vortex generatipn.zqgn osi tioned within

the vesser gt 2eRd Msh Brign b T uRREEE haP D nfd efSReannBPER e al'so

conpri ses vartgagnemli@t zdna af drikingledorigni catpoodnt Wingéhtiah® ofittex] wall of

generatio and a fluid outlet in fl uj[d' i:onmmi catLog ,g/ith t he
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separatio ez"cS’ﬁE’.t generaton zgaeat g @ping an, fheintgma PRYEHES On plgtt ed

to a net hade ofpasepauatdrrgmdrifds igds et bktedind o BHDAk LABRIILS E8ne,
conprising, a first conmponent and a second

providing a fluid mxture

conponent ang ﬁhu@iwg%t%ﬁ%ﬁ?te%%‘ihﬁﬁ.e%ddensi ty different than a
density of theAses@ng CARRRAERAbodiABE Jf M RENdET iRGenkiDR ah hpathuid pot Ur e
into a vortex generation zone conprising a tapered wall. positioned

within a VEEEENE 2 fHE HE{He BOTRAha M EHInPY PESEePHAUR 495 Hpviag d [4PEsW of

the fluidwaippbifiéncd ity QL d:sEXnd BREFREd Aoz O N uil BRHL ARG B neoR] ihped
rotational nomentumto the first conponent and the second conponent

in the vorPEX g5aeieren 199A PeBHencdarithin e vedakminag ssthe npdext gracfation d
m Xxture | Qoﬂethggg)ﬂf&uQQWéﬂﬂrﬁgsl g%@nletﬁﬁ%uﬁ?&&?ﬁqu %Ba%mﬁé V&iex

rel easing the confined rotational nonentumof the fluid mxture to
forma fi g&tergionéoeonptd Bridgutitidn fluigd apnmpuriaatien witth ithd sgparhiéorf 4anst
conponent and a,s¢ 9NBe GQURESI fl i ' LTich.n the
second conponen{l, g‘%gge(fi%s@ﬁ%r gl ngdn;ifkH %Jéés}{tatoé Ig%??ﬁﬁgg#ﬁir{%é‘%lgi d

m xt ure rigkHuienThdvaethpd semprerp proeisting & dwrd anik urestonfplriging adiustlcetmpofent he

l. t : ' f.th
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descri pt i ohthefecohécimpennt, aml whedicogbe feidevixiune mong unekigonerwiidrth t he

accorrpanyiz&g Cg{:n%\ll\lnmplgg taper%@lw%llzl p%%i%gr%f \:vrlltlgx}l aggssWel}ln%%lod further

comprises inducing upward flow of the fluid mixture in the vortex generation zone,
imparting a confined rotational momentum to the first component and the second
component in the vortex generation zone, and introducing gas into the fluid mixture in
the vortex generation zone. The method also comprises releasing the confined
rotational momentum of the fluid mixture to form a first zone comprising the fluid
mixture rich in the first component and a second zone comprising the fluid mixture rich
in the second component, and discharging at least a portion of the fluid mixture rich in
the first component from a first fluid outlet of the vessel.

Other advantages, novel features, and objects of the invention will become
apparent from the following detailed description of the invention when considered in

conjunction with the accompanying drawings.



The acconpanyi ng drawi ngs, are not intended to be drawn to scale. In
the draw ngs, each identical or nearly identical conponent that is
illustrated in various figures is represented by a |like nuneral. For
pur poses of clarity, not every conponent may be | abeled in every
drawing. Preferred non--limting enbodi nents of the present invention
wi |l be described with reference to the acconpanying draw ngs in

whi ch: FIG | is a side cross-Sectional view of an apparatus
according to one enbodi nent_of the present invention; FIG 2 is

a chart of rotational veP8&FE PESFRITTUCE QELRAMRIGS taper in a vessel

according to an enbodi nent of the present invention; FIG 3is
a side cross-sectional view of an apparatus accordi ng to anot her
embodi ment of Theagepeganing hyemes o nqu"@ndétdlosb%drswdéo trgsdn dect i onal

vi ew of araramp% %EH?deﬁﬁ@a?Bpﬁ'&rl&Qde% adi, lgg,&jtfeﬁptfl]attﬁ lg{rﬁ%cgg{v&n%@““ on;

FIG 5 is a top down cross-sectiona rou |ne 4° of an
appar at us figeeorsdeprgsensd &p aéﬁbmdmmhtFalfpummesmf ekaem npf ewent dommonent

I;% ur6 t Ith %e ﬁ,g)r t(lldb"él}ed ) 9\?@@{ a%\%n:ggs reff:rr‘lmﬁ nond frfnft)llglg %Bl%g‘(qjari;[eﬁ% o?&%opégslggtg to
i "Mernati (I:anntaglr\aiﬂlhbeldeusjﬂr)edibvllthgefareﬁﬁzntpMﬂcc&yﬁd@mglmMnghinOﬁhlme or
1134) Et enbodi tls of. the invention ract| C%d FIG 8
is a schematic 19 1'dSE Pt FORTBFIA VY, n%ém?% UH 199819869 °B& usedwi t h

t he conputebodiyshenuef prbdet invertidnaccor dance with one or nore
enbodi ment  Sc) Ffé]% 1|s Q\él?ar}tt (I)forgtanonal velocity of fluid versus wall taper in a vessel
according to an embodiment of the present invention;

FIG. 3 is a side cross-sectional view of an apparatus according to another
embodiment of the present invention;

FIG. 4 is a side cross-sectional view of an apparatus according to a further
embodiment of the present invention;

FIG. 5 is a top down cross-sectional view through line 5-5 of FIG. 4 of an
apparatus according to an embodiment of the present invention;

FIG. 6 is a partial cross-sectional view of an apparatus according to a further
embodiment of the present invention;

FIG. 7 is a schematic diagram illustrating a computer system upon which one or
more embodiments of the invention may be practiced;

FIG. 8 is a schematic illustration of a storage system that may be used with the
computer system of FIG. 7 in accordance with one or more embodiment so the
invention;

FIG. 9 is a partial cross-sectional view of an apparatus according to an
embodiment of the present invention;

FIG. 10 is a surface plot of percent efficiency versus pump flow according to an
embodiment of the present invention; and

FIG. 11 is a contour plot of percent efficiency versus pump flow according to an

embodiment of the present invention.



FIG 9 is a partial crosssectonal view of an apparatus according to
an enul of the present invention; is a surface plot of
percent e cy versus punp now according to an enbodi nent of the
present invention; and FIG 1 is a contour plot of percent

ef ficiency versus punp flow according to an enbodi nent of the present
i nvention, DETAILED DESCRI PTI ON This invention is not iinmhed
inif S appiicntion to the details of4construction and the

an-angel -tient of conmponents set forth in the foll ow ng description
or illustrated in the draw n§ETAThEDIDNERIPGIONS capabl e of ot her
enbodi ments and of being practiced or of being carried out in various
ways, Also, th hr aseol.o ermn used he ei.n is for tH

pur pose of des@r"?p O R gX Hgllﬁddnrlut(s)f’p‘g grﬂb%‘?ft qff?ﬂsfri’ﬂbon

use of "i ﬂmlaudng’bg)ent Sfaonpoh&itg: for@rin thayilging de@ebtiéd 64 iNgstrated in
"invol vin and vari ations theréf herein, i s neant to enconpass the

itens |istE@THBFAMESRVERHA BGarark drmtler erBrdprnigandiel heingspragifict Ponal

itens. of beif}ScatS&Ibul 81 Rirfdus (R, t/ﬂﬁ(mthef H-x'és@ol ¥hid ermigHIepyRa’ses,
but is not timted to, m xtures of fluids, m xtfures of fluids and

sol i ds, aRErewiikiantesuatoss pliderinivn 6f skald ol baregrried 8f limptings The use

In a fiui dr Mt MpE” 6 rlsﬁig["g)rc‘ﬁm%’en‘E&ntQBmg"’f irﬁr'b GRS VL £Rns T OF
exanpl e, water and a hydrocarbon such as oil, the cor’gponents may be

separ at ed gfeof BSin. s mparrte chrrmeudE Hgmalised Hefeafier anpisanivaenth gickdodii d
m xture. EogeexaB|i®nallifenrfshe fluid mxture is placed within a vessel
and a rotational flowis inparted to the fluid m xture about the

i nsi de of the Hessdlhereg, theyienn ‘c‘fillnﬁ@netnte”mctdmmisse@,vb@t isdenBinityd mi, gr at es

tovar d a gﬁﬂhr‘feé‘})f ﬁﬁih? Hﬁ{gtlu*egg)g F]Q#dgtahé) &%ds \gllP tgreb%§ ﬁﬁﬁg gn(%/gr soﬁgs

centri pet andlor cé rces géner e rotational
flow A fhud/ar siirtiés. a hi gher denS|ty m grates toward a periphery of

t he rotaiional fI response. to or ce. gener at ed by
the rotational ™ {?‘}Nd we AR PR <P p?rﬁgglotegg g‘sj%nsétgﬁ’pf(?n%’??fn g%ul d
be renovedafer mm aahydmoaa)oprsooh a‘s&hletltehem@elliﬁntﬂha)abﬁ %pﬁrﬁteti heletwt@pirng

fluid m x Al ter atl dd naI ch i.n the
denser cohﬁglngcﬁ ER6U Hmﬁl ﬁ?‘}éﬁ%@%gl *dr g&eeéarﬂp% ﬂ&ttj&' ‘Fﬁ’é’“urels
peri pher yplaf;edt\*’nﬂmliraS!Sssdfanti heotanbrai ﬂowai inypahb@w th@ f1hiduhcl tuit ik e

Fl uid m xtures .components of different. densities may al so
separate BVSF° fﬁ‘ﬁgg é?lgiﬂc qogﬁ}oaﬂmw@énpla}wg&% ALY PEeraes o frstitar e
cont ai ni ngxlsaftheﬁcﬂatdﬁms@ov@mmﬁmﬁﬁﬁ to&h&é’bn&ﬁ)e&ﬂ hnd@dtctedtridh@ns &frcggomponent
such as wat er dgg'stll in. a vessel in a nomagitated state,

over ti meStREY aa&wﬂeloﬂrﬁ%nérﬂuwgléé highar 4%@%@%@?8 ©8Rpbhent

si nks, regephbRGfi klfb r@taﬁbbﬁl(ﬂlow i RespBnse @ tHeR 8 Sirif 8RS8 E QERAABA by 8lc an
upper |evel of the m xture and a fluid rich in the denser

conponent 'e4}tioga IfBWer 6‘6!‘“’%“6@6 lﬁﬁéi"f‘?eiﬁoé}lﬂﬁ’f‘%t GPed bYHingoved fRFHt on
process Mhya pRxAeLeIngated alY of e To@X M8 mitARt aQtdMively or

additionally, a fluid rich in the denser component could be removed from an area
proximate the periphery of the mass of the rotationally flowing fluid mixture.

Fluid mixtures comprising components of different densities may also separate
over time by gravitational separation. If a fluid mixture containing a less dense
component such as oil and a denser component such as water is allowed to sit in a
vessel in a non-agitated state, over time the less dense component rises and the denser
component sinks, resulting in a fluid rich in the less dense component at an upper level
of the fluid mixture and a fluid rich in the denser component at a lower portion of the

fluid mixture. This separation process may be accelerated by, for example, contacting



gas bubbl es having a density less than that of the | ess dense
conponent, wth the | ess dense conmponent in the fluidXi3re. Gas
bubbl es may be contacted \vitb the | ess dense conponent in a nunber
of ways including, for exanple, by introducing a fluid containing

di ssolved gas into a fluid m xture to be separated, or by introducing
gas in the formof bubbles directly into the fluid m xture. The fluid
m xture and gas nay be .d to bri ng the gas, dissolved,

gas, or gas bubbles that formfromthe dissolved gas, into contact

wi th the |#85uifdeidaviespplensrytiess thandbrnef ihadesaderss cospmenbivithibe lgas may
di ffuse i feQsd BpbRSR i PGPSR LABRAPERLs b lBRE ﬁ??ﬁ bk RGHERS] DY (H8ess
buoyancy of the l'ess dense conponent, A gas otation separation
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enbodi nent s B%ﬁ' 1%%%5?5%§5€sgmgdn%ﬂﬁe%%ge P ¢ Y f)igd?%df Py BT FR ur e
accor di ng thofdrhef pnigdentirecthy eind the fiuidayixaoapthesuid nextore amreas afay bbese
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from one af nl?%r[%xea“g[ﬁz’élﬁg SRS erBPY e?ﬁasaorfgaﬁ%ibtflr?%ﬁ‘ﬁrfgfm rﬂ"‘ttﬁ%

fol | ow ng digsied pisi Db a@fntacatvitb us 1estlietkieBRpsndt. Ihemphi®seRdts, some of

i nventi on, aratsd'i n of co oﬁr%nts ina fluid mxture will he

se . .
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conponent and a fluid rich in water, but it is to be understood that

the vari ouBS¥KBLAF AEHi tofthe Eoprdisapt hsaninghe flaid naikare and/gdpaie®dng a
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conponent. Varjous enbodi ments of the present invention nmay be

utilized t%5°¥EBPalate PERCBINENHYBaY cCoRPid Phepmeredl diede mesods o5 i nt o
any of a nyRel s@ﬂ‘)argldcnf(ﬁ LRObr Elgf[gﬁg%]%gl?s% ecﬁ@?%%n&&rcﬁl‘l B{x@«gxerﬂcgrc%ﬂs%}t I es.

For exanple, the system and ne _ ‘ments of the present

i nvent i on WaEporaLyigadluibmedpar &t @ olifwingidescarivnall Nrtgpsipydodseantsors
of differegpt, densitifs, dxty ' 1L.Galq Lyl ds,af q,) f t
densities, ap m xt Lrjlr e of] ’(%Br mﬁgﬁaf/acg)gnrp?h%rﬁsoqlﬁggjl? &%’g{\}%a”v\l/gtbgr %%Crlg&?nl

m xt ur e ofteristod perarrtinh e dpyd mixtare tirpludszgnath sireparbpn kamporenbatdiwenar iand
other sol i A% rich i i e i nen he. .of the fluid
fo be separ midrenn e bl Rt IR kP ahdR AR i Kol

enbodi mentugdersthed gfaf e vanaisdersilineashd tleogmpenentsitimayrebet dhtied ed as
part or t ratj.on. cess., i.n some .embodi nents, a characteristic
of a conpgg%%qﬂl%a@{ ‘E"é&é’ﬁé%g‘%‘a agyydr dor(rgoréQghnfﬁ"éﬁ’ongﬁcaﬁgrari“éag "%action to
al ter the cdepsidny Biridusembodipenent tegiradehvievdndoanay bentitompongntatd N a

m xt ur e, For_ exanpl onent of .a fluid_mXxture has a
s Bhs6

i.f...a f 1, C!
greater affinity I'Plgdrr Ogd'égéenltt ﬁgﬁl ,ﬁ& [reSgnto agy oh gurg Y hat gas

coul d be addedndne Hakel ot Kifereet @dntiges. tHe edensé,ttye OktethadfrhéiBéd of

conponent r%l thi ve tfohthe second. co nent ) .
embodiments of the present invention may be used to separate a mixture containing

hydrocarbons of different densities, mixtures of biological fluids of different densities,
a mixture of H,O (normal water) and D,O (heavy water), a mixture of water and heavy
brine, or a tar sand slurry having bitumen and other solids.

In some embodiments, the components of the fluid to be separated need not
have different densities. In these embodiments, the effective densities of the
components may be altered as part of the separation process. In some embodiments, a
characteristic of a component may be changed by, for example, a chemical reaction to
alter the density of the component relative to another component in a mixture. For

example, if a first component of a fluid mixture has a greater affinity for a gas than a



Appar at uses accordi ng to enbodi nents of the present invention for
effecting separauon of a fluid m xture may generally conprise an
external vessel housing an tructure, within Wich a rotational notion
may be inparted to a fluid m xture acedem The inner structure is
referred to herein as a vortex generation zone. in sone enbodi nents
one or nore fluid inlets may be provided to introduce fluid into the
vortex generation zone. The fluid i nFéts may be arranged to introduce
fluid to be separated into the vortex generation zone at an angle
with a cofpreRéaPmPeeng i Baslcorld banddadrie thanaixturefo alisethggensety of the
generatio S in order to induce a
rotatlona;illr%:e(lgl@l ‘QfF%?QQE ogﬁé%ﬁ%grwgig@ of the vortex generation
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gel 3Craii On zone becomes snaller. The rotational flow induces |ess
dense conponents of the fluid mxture to mgrate toward the center of
the vortex generation zone and denser conponents to mgrate toward
the. tapered wall 112 due to the action of centripetal and/or
centrifugal force. As the rotational velocity of fluid passing upward
t hrough the vortex generation zone increases, so does the centripetal
and centrifugal forces experienced by7t-he conponents of the fluid,
which may lead to further separation of fluid conponents at the upper
end of the vor lextrgeher@t. s aoap@aratus for separdthg d fapé miabretiapanedpal |
112 may he selected to provide a rotational fluid velocity within the
vortex gerié? LleB‘ncoﬂPr‘?BerEmcch e Of‘?)asé’éﬁé’? thePresen ’aved’b'ﬂfroﬁﬁ‘hts to a
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tapered wall 112 of the vortex generation zone may al so he sel ected
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between the fluid m xture and gas bubbl es that nay be introduced into

the vort ex/s§eh&dampohpvzerieighhtoaeies sificientidifeante (fird desixadirecunFolr a
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water. A vessel including a vortex generation zone of these.
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14 than a higher angle of entry. In sone enbodinments, this angle may
be fromzero to about 45 degrees above a horizontal axis. This angle
of entry may in sone enbodi nents be bel ow a horizontal axis, further
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introduced into the vessel 100. The walls of fluid outlet 120 are illustrated in FIG. 1 as
vertical, but this should not be considered limiting. In some embodiments, the walls of
fluid outlet 120 may be tapered, or even non-existent. The combination of upper
internal wall 118, fluid outlet 120, upper vessel wall 104, and upper vessel fluid outlet
108 as illustrated in FIGS. 1, 3, and 4 may be referred to as a “head-in-head” fluid
outlet design. In some embodiments, alternate structures and methods may be used to
remove fluid rich in a less dense component of a fluid mixture from vortex generation
zone 114 and/or separation zone 116. These alternative structures and methods may

include, for example, a skimmer, a suction pump and associated tubing, a cone-like

fluid accumulator, and a siphon tube.



No. 5,277,803, hereby incorporated by reference in its eut3rety for
all purposes. Particularly. SPIRALSEP, elenment 34 of U S. Pat. No.
5,277,803, is one enbodi nent of a spiral separator that may he
utilized in certain enbodi nents of the present invention.
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FIG 4 illustrates an alternate configuration at vessel 100. As is
illustrate. in FIG 4, vessel 100 conprises gas inlet or inlets 124
and fluid inlet or inlets 126 positioned and arranged al ong a common
hori zontal plane. In other enbodi nents, gas inlet or inlets 124 may
he positioned above or below a horizontal plane defined by fluid
inlet or inlets 126. For exanple, in sone enbodi nents, gas inlet or
inlets 12.4 may be positioned about si% inches belom/or above a
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inlets 124 and/or fluid inlets 126 may not extend into the vortex
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112, due to the action of centripetal and/or centrifugal force.
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example of a preliminary spiral separator that may be utilized is described in U.S. Pat.
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conpri se, pésitfoned atsqak x idthys below or above a horizontal plane defined by fluid inlets
126. Placing gas inlet or inlets 124 and fluid inlet or inlets 126 at different heights in
the vortex generation zone may reduce the instance of head on collision of fluid flows
from other inlets. In some embodiments, gas inlet or inlets 124 and fluid inlet or inlets
126 may be positioned proximate the intersection of tapered wall 112 and a plane
passing horizontally through a portion of the vortex generation zone with the greatest
cross sectional area 134, or other words, proximate the tapered wall 112 at the widest
point of the vortex generation zone, as is illustrated in FIG. 4. The diameters and
shapes of gas inlets 122, gas inlets 124, and fluid inlets 126 may be selected to suit the
particular requirements for a particular application. For example, in vessels designed to
process a large amount of fluid per day, larger diameter inlets may be used than would
be used in a vessel designed to process a lesser amount of fluid per day in order to

accommodate a greater fluid flow.
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introduced through gas inlets 124 may be introduced at approximately identical angles
such that a rotating co-current flow of the fluids from gas inlets 124 and fluid inlets 126
is generated. For example, fluid introduced through fluid inlets 126 and gas inlets 124
may both be introduced at an angle with a vector component tangential to the wall of
the vortex generation zone proximate the position of introduction such that the fluid
and the gas flows in a clockwise direction. Co-current flow of the fluid and the gas
within the vortex generation zone may be beneficial in some instances in order to
reduce turbulence in the vortex generation zone and/or prevent head on collision of the
fluid flows that might result in smaller gas bubbles coalescing into larger gas bubbles
that may be less effective in contacting components of the fluid mixture.

An additional fluid separation device or system may be present upstream or

downstream of vessel 100. Such additional systems may pre-treat the fluid mixture to
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deliver a partially separated solution to vessel 100, or may post-treat fluid output from
vessel 100 to further separate the output fluid into at least a first and a second effluent.
Such additional systems may be similar to vessel 100, or may be other systems or
devices, such as, for example, a hydro cyclone-based separation system.

A method of utilizing embodiments of the apparatus described above to separate
a fluid mixture may include an act of introducing a fluid mixture to be separated into
vessel 100. The fluid mixture may be introduced from a source of fluid mixture
through fluid inlet or inlets 126. In some embodiments a gas may be introduced into
the fluid mixture before it is introduced into the vessel. In some embodiments, a spiral
preliminary separator, such as the SPIRALSEP™ separator described in U.S. Pat. No.
5,277,803 may be present in fluid inlet or inlets 126 or between a source of fluid
mixture and fluid inlet or inlets 126. Fluid passing through preliminary separator may
be at least partially separated into various components present in the fluid mixture. For
example, hydrocarbons that may be present in the fluid mixture may be at least partially
agglomerated prior to introduction of the fluid mixture into the vessel.

A fluid mixture introduced into the vortex generation zone 114 flows
rotationally upwards through the vortex generation zone. In some embodiments, this
upward flow may be at a rate of between about 0.1 and 0.5 feet/second. Such a rate
may provide adequate residence time of a fluid mixture in the vortex generation zone to
sufficiently mix with a gas that may also be introduced into the vortex generation zone.
This upwards flow may be facilitated by introducing the fluid mixture into the vortex
generation zone at an upward angle. This may be accomplished by including an
upward angled end portion on fluid inlet or inlets 126. The fluid may also flow in a
rotational manner in the vortex generation zone. This rotational flow may be facilitated
by introducing the fluid mixture at an angle with a component tangential to the internal
wall of the vortex generation zone proximate the location of fluid mixture introduction.
The.rotational component of the flow of the fluid mixture may increase as the fluid
mixture flows upward through the vortex generation zone due to the tapered shape of
the vortex generation zone. As the fluid mixture flows rotationally in the vortex
generation zone, components in the fluid mixture with a lower density relative to other

components may migrate toward a central vertical axis of the vortex generation zone
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while more dense components migrate toward the tapered wall 112, due to the action of
centripetal and/or centrifugal force.

Gas may also be introduced into the vortex generation zone. The gas may be
introduced through gas inlet or inlets 124. The gas may have the potential to change a
characteristic of a component of the fluid mixture to impart a change in-its effective
density and/or viscosity versus other fluid components. In some embodiments the gas
may be, for example, air, methane, acetylene, natural gas, and combinations thereof.
The gas may be introduced directly in a gaseous state, or as gas dissolved in a fluid, or
as gas bubbles carried by a fluid. In some embodiments, a gas bubble generator may
supply gas bubbles to. gas inlets 122 and/or 124. A dissolved gas flotation pump, such
as, for example, that described in U.S. Pat. No. 6,337,023, incorporated herein by
reference in its entirety, may be utilized to provide a fluid comprising a dissolved gas to
gas inlets 122 and/or 124. In many instances it may be desirable to introduce gas
bubbles that are smaller rather than larger in order to increase the available surface area
of the gas bubbles. This also allows the creation of more gas bubbles per given volume
of gas introduced, which may save on chemical costs and which may provide for a
greater potential for gas bubbles to contact specific components of the fluid mixture.
For example, in some embodiments, a dissolved gas flotation pump may be utilized to
introduce gas bubbles with a size of between about five and 100 microns in diameter
into the vortex generation zone of a fluid separation vessel. In some embodiments, a
dissolved gas flotation pump may introduce gas with an average bubble diameter of
about 50 to 70 microns into the vortex generation zone and/or the separation zone of a
fluid separation vessel.

In some embodiments, at least a portion of the gas introduced into the fluid by
the dissolved gas flotation pump may be gas recycled from vessel 100 through a gas
outlet, such as gas outlet 136 illustrated in FIG. 4. Gas outlet 136 may be located in a
wall of zone 150 to capture gas that enters zone 150 along with the less dense
component of the fluid mixture. A conventional gas recovery subsystem as is known in
the art may be present in some embodiments in order to facilitate the recovery of gas
from the gas outlet 136 and/or to recover dissolved gasses from fluids exiting the

vessel. Gas may also be introduced into the vessel from a separate source of gas in
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fluid communication with a gas inlet of a gas bubble generator or dissolved gas
flotation pump.

As the fluid mixture flows through the vortex separation zone, gas introduced
with the fluid mixture or through gas inlet or inlets 124 may contact less dense
components, such as, for example, hydrocarbons that may be present in the fluid
mixture. In some embodiments, a surfactant may be added to the fluid mixture in the
vortex generation zone to facilitate the selective contact of gas with at least one fluid
component.

As the fluid mixture exits the vortex generation zone 114, it may enter the
separation zone 116. In the separation zone, the rotational velocity of the fluid mixture
may decrease due to friction, due to an increased cross sectional area of the separation
zone as opposed to the vortex generation zone, and/or due to interference with the
rotational flow by coalescence material 128. Less dense components of the fluid
mixture, such as, for example, hydrocarbons may float upward through the separation
zone. Gas which may come into contact with the less dense component or components
may facilitate the process of upward flotation. The denser component or components
and/or fluid mixture rich in the denser component or components will move downward
through the separation zone between tapered wall 112 and vessel wall 102 for removal.

In some instances, some of the less dense component may remain in the fluid
rich in the denser component as this fluid flows downward through the separation zone.
In embodiments in which the separation zone includes one or more gas inlets 122, gas
or fluid containing gas bubbles and/or dissolved gas may flow upwards through the
separation zone due to differences in density between the fluid in the separation zone
and the introduced gas-containing fluid, and/or due to an upward angle of introduction
of the gas-containing fluid. This counter flow of the fluid rich in a denser component
of the fluid mixture and gas in the separation zone facilitates the contact of gas to less
dense components of the fluid that may have remained with the fluid rich in the denser
component or components. As gas contacts some of these remaining components, their
effective buoyancy increases and they float upwards through the separation zone for
removal at the top of the separation zone. In some embodiments, there is no upper limit
to the amount of gas that may be introduced into the separation zone. In other

embodiments, an upper limit on the amount of gas that may be introduced into the



0.68 115,51 63.00j 142.001 205.00 2.25 114.00 1 76.50102.00178.50
1.33 78.33 ;76.50

-2

separation zone may be determined by calculating at what point the gas/fluid mix in the
separation zone becomes less dense than the less dense component of the fluid mixture.

In some embodiments, less dense components such as, for example,
hydrocarbons which may have remained in the fluid mixture rich in the denser
component as droplets or as dissolved components may coalesce on coalescence
material 128 as the fluid rich in the denser component moves downward through the
separation zone. On the coalescence material, the less dense component or components
may come out of solution and may form droplets as additional molecules or additional
droplets coalesce. Gas from gas inlet or inlets 122 may sparge the coalescence
material, removing the accumulated component or components from the coalescence
material and/or contacting some or all of the component or components present on or in
the coalescence packing 128 and/or in separation zone 116.

In some embodiments, the fluid rich in a denser component of the fluid mixture
in the separation zone has a rotational velocity which induces additional separation of
less dense components from denser components as denser fluid components migrate
toward vessel side wall 102 and less dense components migrate toward tapered wall
112 due to the action of centripetal and/or centrifugal force.

As the less dense component or components of the fluid mixture float upward
through the separation zone, they may reach upper internal wall 118 and migrate
toward fluid outlet 120. Fluid rich in the less dense component may exit the separation
zone through outlet 120 and enter region 150 defined by vessel side wall 102, vessel
upper wall 104 and upper internal wall 118. This fluid may then be removed, either
continuously or intermittently, through fluid outlet 108. Alternate embodiments may
utilize fluid outlets and/or fluid component separation systems other than the head-in-
head outlet designs illustrated in FIGS. 1, 3, and 4. For example, fluid containing
coalesced hydrocarbons may be removed from the vortex generation zone using any of
a variety of means, including, for example, a skimmer, a suction pump, a siphoned
drain, or a weir.

In some methods according to the present invention, a fluid separation system
such as is illustrated in any of FIGS. 1, 3, and 4 may be operated with a level of fluid
below the upper level of tapered wall 112 of the vortex generation zone. In such a

configuration, the fluid rotating in the vortex generation zone may form a dished
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parabolic upper surface due to centripetal and centrifugal forces. It may be desirable to
maintain a rotational velocity at the surface of the fluid in the vortex generation zone so
as to avoid the formation of significant dishing of the surface of the fluid or the
formation of a deep “vortex bowl” in order to facilitate the removal of fluid from the
interior of the vortex generation zone. The formation of a deep “vortex bowl” may be
avoided in some instances by reducing the wall taper angle and/or a fluid mixture flow
into the vortex generation zone. For example, for a vortex generation zone with a
height of 2.5 feet, a base diameter of 27 inches, and an inlet flow of oily water of 145
gallons/minute, a “vortex bowl” may begin to develop if the vortex generation zone
walls taper at an angle of greater than about 5 degrees from a vertical axis.

In methods of operation where the fluid level does not rise above the upper level
of the vortex generation zone, fluid rich in a less dense component may be removed
from a region proximate the central axis of the vortex generation zone and fluids rich in
a more dense component may be removed from a region proximate the wall of the
vortex generation zone. Numerous devices and methods may be utilized to effect
removal of fluids from the vortex generation zone, including for example, a pump
connected to a tube inserted into a desired region of the vortex generation zone, a
siphon tube inserted into a desired region of the vortex generation zone, or one or more
fluid outlets built into the wall of the vortex generation zone itself.

An embodiment of an apparatus according to the present invention wherein
fluid is removed directly from a vortex generation zone is illustrated in FIG. 6. In FIG.
6, attached to the upper edge of the tapered wall 112 of the vortex generation zone is a
truncated cone-like fluid outlet 138 extending into the top of the vortex generation
zone. In use, a less dense component may pool in the interior space of fluid outlet 138
and may be removed through outlet pipe 140. A more dense component may be
removed from the vortex generation zone through fluid outlet 142. The width D of the
lower end of outlet 138 may in some embodiments be small, for example, one to two
inches in diameter, in order to allow only fluid proximate the central axis of the vortex
generation zone to enter. This facilitates separation of the less and more dense
components because the less dense components present proximate the central axis of
the vortex generation zone will preferably enter outlet 138. The depth H of outlet 138

may also be relatively shallow, in some embodiments about six to seven inches. This
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allows a sufficient height within the vortex generation zone in which the fluid mixture
may separate into constituent components while also allowing an acceptable depth of
the outlet 138 from which outlet pipe 140 may draw fluid to the output. The cone-like
fluid outlet 138 may also in some embodiments be utilized in a vessel such as is
illustrated in FIGS. 1, 2, or 4 to remove fluid from the upper portion of the separation
zone 116.

Various control systems may be utilized to control the operation of vessel 100.
Parameters which may be controlled include the flow of fluid into the vessel, the flow
of fluid through any of the fluid outlets of the vessel, and the flow of gas into or out of
the vessel. For example, a control system may include a feedback mechanism to
monitor the level of fluid in the vessel and adjust the input and output flows of fluid to
maintain the fluid level between a predetermined minimum and maximum level.
Concentration monitors may provide feedback as to the concentration of components in
fluid output from the vessel and may adjust the flow rates of fluid and/or the residence
time of fluid in the vessel as is required to obtain a desired concentration of a particular
component in a particular fluid output. A dissolved gas sensor may be utilized to
monitor the level of dissolved gas present in fluid in the vessel and may provide
feedback in order to adjust the flow of fluid from a dissolved gas flotation pump into
the vessel as is required.

The system and controller of one or more embodiments of the invention provide
a versatile unit having multiple modes of operation, which can respond to multiple
inputs to increase the efficiency of the system.

A controller for the system of the invention may be implemented using one or
more computer systems 600 as exemplarily shown in FIG. 7. Computer system 600
may be, for example, a general-purpose computer such as those based on in Intel
PENTIUM® -type processor, a Motorola PowerPC® processor, a Hewlett-Packard PA-
RISC® processor, a Sun UltraSPARC® processor, or any other type of processor or
combination thereof. Alternatively, the computer system may include specially-
programmed, special-purpose hardware, for example, an application-specific integrated
circuit (ASIC) or controllers intended for water treatment systems.

Computer system 600 can include one or more processors 602 typically

connected to one or more memory devices 604, which can comprise, for example, any
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determ ned by f.he int ersec doon 0 £ane corres i 'ral{g a. 50% oi |
removal ef fici eRCY W PRThE siP 8é“c (‘Et"“‘&f’r EPE! 11‘6 CRESS PPULE r at ed
in FIG | etdmpae pdaepboamrnﬂ@s@mdla)anpm&r@hbwlt@tchmgre&urmd bdhexvmmat e of

appr oxi mat el M.and a Dcj u flow ramof a X|matey 76
P NA 1 o tIENAG M Faties oPrel rebia B U ErAg: JoteE. PlbiPreAF by
punp Fl owpfiadig dﬁvxcanﬂﬁﬂa()l J¥BdeR] of spBer. Hﬁlaﬂfﬂlﬁo@fto (Ger dybtend 60D rﬂa)l OV\BY

ratio of circul ating np flowrate to DGE p lowrate (i.e
poi nt s doﬁ?ﬂk&P&“&HﬂWB’iﬁ ‘P‘Grfﬁ‘}?é (9t gV et fan %‘}S‘QE‘FFP'@H”‘BHYH'F"’()‘WOF‘PG 1)

resul ted idmhiuBR&FonOietwdrR mVvakitieh b £ SNGleBBiived BUBs ndihvodnhavelage 50%
renoval efficiency were defined as a M Eli MUSTE accept abl e operating

ef fi ci encyPrard &y gy enmpest fefemrensns SrsyEemtaet: tine, a device such
as that from waichihp® datd n‘.d?e E&ﬁod;%@n@%ﬂth@'uﬁenéom &Qto@h{?)‘?éj?xﬁﬁ’cu' d

be run with a ratio of circulating punp flow rate to DGE
rate of 1d@3casO0B gwrrnclude sensopefor matiueng peremeicrrgefikg sy@@nrﬁﬂd/or

circul ati Q(an(gﬁﬁts éﬂe‘?&éf.r %tltg?ataf? AR RUIP el D %Q%Es Jn%/or%hh‘.% ofRIPGF at us

accor di ng to hents of 't he present I nv det er m ned
in a sim Hese qrampueentasiagbevennected hrad costvngkicatenbaseok (mnt diyavaryitat is

simlit Ud%peratlvaepy couplzeg & cr:é)r;%[?l;[té/r s?stgnQ%Ob h%ng %Eé 8rn rtnore 0??116' above may be
coupled to another computer system or component to communicate with computer

system 600 over one or more communication networks. Such a configuration permits



- 30 .- Havi ng thus descri bed several aspects of at |east one
enbodi ment of this invention, it is to be appreciated various
alterations, nodifications, and inprovenents will readily occur to
those skilled in the an.. For exanple, in sone enbodi nents, a
separation vessel may be operated without an outer wall 102,

coal escence material 128 or a separation zone :16. The wal k 112 of
the vortex generation zone may serve ¥s the outer wal | s of the

vessel , In alternate enbodi nents, the vessel nmay include an
wmrmmmmMmm@@wmmmm@%mmwmmmmmmmmwmmd

| evel may b In Laine e the v tion
zone, andc?'ﬁ uid A tﬁn Be %y ab 1€ an Semd’o?%% ch?cpat fithe : Can ‘?éﬁ&ggﬁ%@at i on
zone. any subSuedin ald/@riad ¢amsllertmdﬂé $tﬂBﬁrbﬂﬂBlg daradhctratpmmmm&nbls are

intended to be part of this dis éure g are in ggd t 0 be.
within thé°’§65“?‘uc’t‘“°a?dae°§8‘8b‘85 ofY th ‘?Cﬁ"é’et?th‘lt ‘ﬁ”‘gAE&B‘P dFs M e

f or egoi ngxmcxfgl it heninzind o Erase a@lszuagr\euaysswoaﬂs exanpl e only. \Wat
is clained is: An apparatus for separating a fluid m xture

conprising; a <>é§§eévplaray\§m%w HenéranygamAoReC A §Rhigc R de SRt dBoal |

posi ti onedombibl SorbEmYEBS SR ias readable %&éﬂ%r@céﬂ?&ﬁorﬁz&aﬁ%é@dmgt o the
vortex generatlion zone at an an havi n% a conmponent tangentl al to

an i nt er naledingl 1020 wired sigiatsern %ﬁ‘@?e&tth% e&wroa&aﬂawmeh%cueﬁﬁ‘ Bypae
internal WalbJHr9eesRd 8ot MEdEm sty Rk Blample, be a disk or flash memory. In

typical operation, processor 602 can cause data, such as code that implements one or
more embodiments of the invention, to be read from storage medium 702 into a
memory 704 that allows for faster access to the information by the one or more
processors than does medium 702. Memory 704 is typically a volatile, random access
memory such as a dynamic random access memory (DRAM) or static memory
(SRAM) or other suitable devices that facilitates information transfer to and from
processor 602.

Although computer system 600 is shown by way of example as one type of
computer system upon which various aspects of the invention may be practiced, it
should be appreciated that the invention is not limited to being implemented in
software, or on the computer system as exemplarily shown. Indeed, rather than
implemented on, for example, a general purpose computer system, the controller, or
components or subsections thereof, may alternatively be implemented as a dedicated
system or as a dedicated programmable logic controller (PLC) or in a distributed
control system. Further, it should be appreciated that one or more features or aspects of
the invention may be implemented in software, hardware or firmware, or any
combination thereof. For example, one or more segments of an algorithm executable
by the controller can be performed in separate computers, which in turn, can be

communication through one or more networks.

EXAMPLE:
A test of the removal efficiency of a vessel comprising a vortex generation zone

according to one aspect of the invention was performed. Referring to FIG. 9, the vortex



a gas inlet extending into the vortexg;eneratton zone; and a fluid
outlet fluidly connected to the vessel. claim,
wherein the tapered wail conpr;ses an angle to increasecity of a
fluid mxture flowi ng through the vortex generation zone. 3.The
apparatus of claim2, wherein:prises an angle aging fromgreater
than zero to about 14 degrees froma vertical axis. 4The apparatus of
claim3, wherein the tapered wall conﬁ?fses an angle ranging from
about five and about ten degrees fromthe vertical axis 5. The

appar at us gefiereliai 2ang hadvhepBangle 8ofBf fremst varticahglis adhseaboutenp hef 27
degrees fr. vertical axi : : rat us.aof .Gl gi,m. wher ei n
the vor t exiaichaf sbFaiebt B Fibitie pOior N3 AR AR ARG i kel T
fluid m xtvessel pwabdluid inlets spaced about 180° apart from one another fed by a

circulating pump and two gas inlets spaced about 180° apart from one another fed with
air dissolved in water by a dissolved gas flotation pump (DGF pump). Each fluid inlet
was alternatively spaced approximately 90° from each gas inlet. The gas inlets and the
fluid inlets were all positioned proximate a plane passing through the widest cross
sectional area of the vessel. The fluid inlets were angled at 1.2° above a horizontal
axis, while the gas inlets were positioned approximately horizontally. All inlets were
constructed to introduce oily water and/or water containing dissolved air into the vessel
substantially tangentially to the interior wall at their point of entry.

The volume of the vortex generation zone of the vessel used was 51 gallons,
and the volume of the solids collection zone was 14 gallons.

The outer vessel in which the vortex generation zone was housed included two
gas inlets spaced about 180° apart extending into the separation zone perpendicular to
the vessel wall, and angled upwards at 45° from a horizontal axis.

Oily water to be separated and water with dissolved air were introduced into the
vessel at various flow rates. The oily water was produced by adding 110 ppm of 37
API gravity degree crude oil to fresh water introduced into the vortex generation zone.
The flow rate for the oily water from the circulating pump was varied from about 50
and 150 gallons/minute and the flow rate of the water with dissolved air was varied
from about 60 and 95 gallons/minute. The removal efficiency of oil from the oily water
was measured. The amount of oil introduced with the water to generate the oily water
varied from about 60 to about 115 ml/minute using an oil injection pump, the amount
of oil introduced at the inlet of the system, located near the outer vessel, into the vortex
generation zone increased with increased circulating pump flow rate. 14 data points
were taken according to central composite design experiment criteria. The results are

shown below in Table 1 and are illustrated graphically in FIG. 10 and FIG. 11.



7. The apparatus of claim®6, wherein he vortex generation "one is
constructed and arranged to direct a gas upward. 8. apparatus of
claim3, whereinextends into the vortex generation zone r.-.fi a
second angle to induce an upward flow of a fluid m xture. 9. The
apparatus of claim8, wherein the fluid inlet extends into the vortex
generation zone at a second angle ranging fromgrener than zero to
about ten degrees above a horizontaJ'%Yane 10. The appar at us of
claim9, wherein the second angle raﬂges fromgreater than zero to
about five degrees above the horizo E_plane 11. The apparatus of

claim 10, [wherein t Secon@ angtjebout [one degr&ka abovigal e honzont a
pl ane. 1P. The. apparatus pf cl g %g}l fuLHher @mETiplb$3 ng a
prehmar y| $EPATALAL | BOLASLIPS.R | QfLd S xiZplesand the |
fluid 13_0;5‘;& @BRp! Ao | ot M hanh bt & ﬁ téaimﬁ NefRkhg S
defined by a [Waddo $hapeeb as1@ol [MYEST easbrgynuat@a congy 29.54

2 76.50 158.57 | 235.07 | 2.07 61.43 118 88 25.42

3 95.59 102.00 | 197.59| 1.06 87.71 114 46 59.64

4 76.50 102.00 | 17850 | 1.33 100.74 302 60 80.13

5 76.50 45.43 121.93 | 0.59 | 87.71 208 43 | 79.32

6 76.50 102.00 | 178.50 | 1.33 87.71 170 61 64.11

7 57.41 102.00 | 159.41| 1.77 87.71 118 55 53.38

8 90.00 62.00 152.00 | 0.68 115.51 231 61 73.59

9 63.00 142,00 |205.00 | 2.25 114.00 233 104 55.36

10 | 76.50 102.00 | 178.50 | 1.33 78.33 173 85 50.86

11 76.50 102.00 | 17850 | 1.33 87.71 323 105 67.49

12 | 76.50 102.00 | 17850 | 1.33 74.69 222 128 42.34

13 | 63.00 62.00 125.00 | 0.98 97.10 139 74 46.76

14 | 90.00 142.00 |232.00| 1.57 87.71 173 102 41.04

FIG. 10 shows a response surface methodology (RSM) fit to the data from the
central composite design (CCD) experiment. The equation of the surface fit in FIG. 10

is:

Y =-76.92 + 2.14*X1 + 1.14*X2 - 0.019*X1*X2

In this equation, Y is the percent removal efficiency, X1 is the DGF pump flow
rate in gallons/min and X2 is the circulating pump flow rate in gallons/min. Thus, FIG.
10 is a three dimensional surface plot of the oil removal efficiency as it corresponds to
the flows of both the circulating pump which introduced the oily water and the DGF
pump which introduced the air dissolved in water. As can be seen from the Response
Surface Methodology (RSM) plot, FIG. 10, the oil removal efficiency generally
increased with higher DGF pump inlet rates, and with lower circulating pump inlet
rates.

Without being bound to a particular theory, it is believed that these results
reflect that oil removal efficiency increases with increased amounts of air bubbles
introduced into the oily water by the DGF pump. The increased amount of air bubbles
allowed more air bubbles to contact more oil and more effectively bring this oil to the

top of the vessel to be removed.



14. The apparatus of claim1, where.in the fluid outlet is positioned
above a eentra region of the vortex generation zone. 5. The
apparatus of claim 14, wherein the fluid outleth conprises a
head4nhead outlet. 6. The apparatus of claintonprising a solids
col l ection region positioned bel ow the vortex generation zone and in
fluid conmuni cation with the vortex neration zone. | 7.The
apparatus of claimi, wherei 3ned proXrmate to a n of the vortex

generati on zone having a greatest cross sectional area, 19.The
appar atus of ci'&F il ¥a! Caper Bichoktheoibramaypl dlficisrey dsilar@rierioatstoghe
appr oxi mapglyofaMihy cSRAKEE RBRUILIA RELIRREH d?lfy W& HOHEXGF ip{lrypof

generation zone The apparatus of claim 19, wherérn the plural
fluid inlehishgredpessited yndigsokvedar waegr.r Elgjb piet ofa iealimensiaeg! gener at i on

zone havi ﬂ:greéengz{tﬁ)ﬁto?ﬁmte sﬁFch%splé%ﬂ:i@nl%l as R4 from above along a line parallel

with the “efficiency or Y-axis”. Again, as can be seen from the plot, the oil removal
efficiency generally increased with higher DGF pump inlet rates, and with lower
circulating pump inlet rates. However, at higher circulating pump flow rates, i.e. above
125 gallons/minute, the oil removal efficiency dropped with increasing DGF flow rate.

As seen in FIG. 11, if the combined flow rates of the circulating pump and the
DGF pump became too high (the upper right region of FIG. 11) oil removal efficiency
decreased. Without being bound to a particular theory, it is believed that this drop in
removal efficiency indicates that too high a flow rate of liquid through the vessel may
decrease the residence time of the fluid in the vortex generation zone and/or reduce the
air bubble-oil droplet contact time to a point at which there is not enough residence
time or contact time for sufficient contact between the oily water and the air bubbles.

Also shown in FIG. 11 is a point corresponding to a 50% oil removal efficiency.
This point was determined by the intersection of a plane corresponding to a 50% oil
removal efficiency with the surface plot of FIG. 10. As illustrated in FIG. 11, this point
corresponds to a circulating pump flow rate of approximately 101 GPM and a DGF
pump flow rate of approximately 76 GPM resulting in a ratio of the circulating pump
flow rate to DGF pump flow rate of approximately 1.33. Points on FIG. 11 with a
lower ratio of circulating pump flow rate to DGF pump flow rate (i.e. points downward
and/or to the right to the specified point on FIG. 11) resulted in higher oil removal
efficiencies. Thus, if an average S0% removal efficiency were defined as a minimum
acceptable operating efficiency at a given residence time or contact time, a device such
as that from which the data in FIG. 10 and FIG. 11 was obtained could be run with a
ratio of circulating pump flow rate to DGF pump flow rate of 1.33 or lower.

Desirable operating ratios of circulating pump flow rate to DGF pump flow rate
for other apparatus according to embodiments of the present invention may be
determined in a similar manner as above or that which is based on dynamic similitude

of any size prototype and the current model.



The apparatus of claim 18, further conprising a plurality of gas
inlets in fluid CO813rElItilliCali013 with the vortex generation zone
wherein the plurality of gas inlets and the plurality of fluid inlets
are alternatingly and approx: matety evenly spaced about a perineter
of the vortex generation unit The apparatus of claim1,
further conposing one or nore !'as inlets in fluid COMnti 3jeati O3
with the vortex generation zone. 21.-BRe apparatus of claim 22,
wherein the one or nore gas 311C re approximately evenly spaced
about a peri nelaingthut hecniordtsexergengrcatdf anlesmiohe erddodTnentaypdas at us of

claim 22, wherein.the one or re inlets are positioned proximte
to a regl BROBER Ris 0 Br FRegurLT AT A B e g Ry rid TP ety
sect i onal war eadily occur to thidie siapgaimahaist.of cl ai m 22, wherein the one or
nore gas inlets are positioned bel ow a horizontal plane defined by
the fluid inl fOr&XtBRIGI AGOTREFOPHBCYSrd SRAGE et AT B1Y PBABSASE. The

appar at uswathot hhgtblile2%all W B8A18scERNES 1RGP 28T LseP@8tiod RInS 186.€The
posi ti oned above a horizontal plane defined by the fluid inlet

ext endi ng Wkt b 2tdh ghaprier Rengaion 4PPoRay BRES s oW pEH ol sher vspsel.
separating a fhUhlmfethibogintAPtie Seler mBy ¥€REEMn outer wall 102 and

separation zone 116, but in operation, the fluid level may be maintained below the
upper end of the vortex generation zone, and fluid will be withdrawn directly from the
vortex generation zone.

Such alterations, modifications, and improvements are intended to be part of
this disclosure, and are intended to be within the spirit and scope of the invention.

Accordingly, the foregoing description and drawings are by way of example only.



a vortex generation zone having a tapered wall positioned within the
vt . a separation zone in fluid communication with the vortex

generation zone and positioned =Nithin the vessel and external
vortex generation zone; a gas inlet in fluid communication with the
vortex generation zone; and a fluid outlet ;21 fluid COVEMShi cation

with the separation zone. 28. The apparatus om 27, further

conprising a secondtlet positioned be}low the fluid outlet,

29.

apparatus of claim 27, conmunication with the separation zone.
plurality of ge8aiinkkirsedis:30. The apparatus229, wherein the plurality

of gas inets gre, spaced, aRRLLLY, RS0, A RETI e er of the

vessel .
a vessel;

a vortex generation zone having a tapered wall positioned within the vessel;

a fluid inlet extending into the vortex generation zone at an angle having a

to the

' The
sing a

component tangential to an internal wall of the vortex generation zone at a point on the

internal wall proximate to the fluid inlet;
a gas inlet extending into the vortex generation zone; and

a fluid outlet fluidly connected to the vessel.

2. The apparatus of claim 1, wherein the tapered wall comprises an angle to

increase a rotational velocity of a fluid mixture flowing through the vortex generation

zone.

] The apparatus of claim 2, wherein the tapered wall comprises an angle ranging

from greater than zero to about 14 degrees from a vertical axis.

4. The apparatus of claim 3, wherein the tapered wall comprises an angle ranging

from about five and about ten degrees from the vertical axis.

5. The apparatus of claim 4, wherein the tapered wall comprises an angle of about

nine degrees from the vertical axis.

6. The apparatus of claim 3, wherein the vortex generation zone is constructed and

arranged to direct a fluid mixture upward.

7. The apparatus of claim 6, wherein the vortex generation zone is constructed and

arranged to direct a gas upward.

8. The apparatus of claim 3, wherein the fluid inlet extends into the vortex

generation zone at a second angle to induce an upward flow of a fluid mixture.



31The apparatus of claim?27, further conprisitw. aplurality of gas
inlets in fluid conmuneanon with the vortux generation zone The
apparatus of claim31l, wherein the plurality of gas inlets are spaced
approxi mately evenly about a perinmeter of the vortex generation zone.
33. The apparatus of claim32 wherein the pilLality of gas inlets are
positioned proximate to a region of the vortex generation zone having
a greatest cross sectional area. 34.32Fhe apparatus of claim 29,
further conprising a coal escing naterial positiot in the separation
zone above. at Tigagha@ne o0tlainhe, Whesciakhiet (Juidfnlgastendy ietosthe v@kx The
apparaws of cl.ai m 34, mhergln t he coa | escin terl subst surrounds

a peri pheBSPeBHiop RReh AORPNG AREF SR ?&h&{ea@@ an 24189, ?Jbﬁawafl gserses

cl ai m $4, ;yhenebhzddie pveet ex generation zone is defined by a wall
shaped as art inverteg truncated cone. 37.The a aratus of claim 36,
further conprising a fluid inlet in fluid comnnincation )mth the

vortex gengrat Tﬁknapf)%ﬁls%?Q]aln‘?@%ﬁéﬂelﬁ'ﬂ@‘s’eé@fd%nglerrﬁigeﬁ)ﬂ‘oﬂlfgréﬁ& M&H tex
gener ation zone havin a gr eatest cross sectional area. The

appar at usZ@btfc%ﬂlQPhﬁ legyiiee pledva thenrorzpaipldléngt | et is pc totted
substantial ly above the vortex generati on zone.

11 The apparatus of claim 10, wherein the second angle is about one degree above

the horizontal plane.

12.  The apparatus of claim 1, further comprising a preliminary separator positioned

between a source of fluid mixture and the fluid inlet.

13.  The apparatus of claim 1, wherein the vortex generation zone is defined by a

wall shaped as an inverted truncated cone.

14.  The apparatus of claim 1, wherein the fluid outlet is positioned above a central

region of the vortex generation zone.

15. The apparatus of claim 14, wherein the fluid outlet further comprises a head-in-

head outlet.

16.  The apparatus of claim 1, further comprising a solids collection region
positioned below the vortex generation zone and in fluid communication with the

vortex generation zone.

17.  The apparatus of claim 1, wherein the fluid inlet is positioned proximate to a

region of the vortex generation zone having a greatest cross sectional area.

18.  The apparatus of claim 1, further comprising a plurality of fluid inlets in fluid

communication with the vortex generation zone.



39. The apparatus of claim 38, further conprising a plurality of
fluid inlets approxxnai.ely evenly spaced about a perineter of the
vortex generation zone. 40. The apparatus of claim39, wherein the
plurality of fluid inlets are po proxin a' e to a region of the.
vortex generation zone having a greatest cross sectional area, 4The
apparatus of claim40, wherein at |east one of the plurality of fluid
inlets extends into the vortex genera@ibn zone at an angl e haying a

conmponent tangential to an internal wall of the vortex generation
zone at al?ml nthoipperaisiohtieima. widréin greaxireiety ef floidtinletsfaraui d i nl et

42. The ap BM&:J)Q%vc A:yask?eﬂja o%%@ﬁ%ﬂkr%@ﬁh@%ﬁ&' gef]é/rat%n gag. i nlets

and the pl |ty 0 ets ar proxi i natelv evenly spaced
about a peri nmeter of the vortex generati on zone. 43. The appar at us

of claim further sin as bu er.at in flui
communi ca |on tmlﬂetﬂ)pa'ia?q%eas'taln&rllg ca)]?eg &R ura [ly%? rﬂmd mlo{s ?ﬁmfoéled

The appar atodsnaé a edgiinm 4 voree rgemmatidmezogasa\bmgndogreatge nﬁfsaie@tloﬁeﬂ rarea.

di ssolved gas flotation punp. 46, The apparatus of claim45, wherein
the fluid outlet conprises a headi nhead outlet. 47. The apparatus27,

further conpri Shagppatanis@astaidng, fadedrico®Mpaking a plurality of gas inlets in fluid
communication with the vortex generation zone wherein the plurality of gas inlets and
the plurality of fluid inlets are alternatingly and approximately evenly spaced about a

perimeter of the vortex generation unit.

22. The apparatus of claim 1, further comprising one or more gas inlets in fluid

communication with the vortex generation zone.

23. The apparatus of claim 22, wherein the one or more gas inlets are approximately

evenly spaced about a perimeter of the vortex generation unit.

24. The apparatus of claim 22, wherein the one or more gas inlets are positioned
proximate to a region of the vortex generation zone having a greatest cross sectional

area.

25. The apparatus of claim 22, wherein the one or more gas inlets are positioned
below a horizontal plane defined by the fluid inlet extending into the vortex generation

zone.

26. The apparatus of claim 22, wherein the one or more gas inlets are positioned
above a horizontal plane defined by the fluid inlet extending into the vortex generation

zone.

27. An apparatus for separating a fluid mixture comprising:
a vessel;

a vortex generation zone having a tapered wall positioned within the vessel;



separation '"iltSSei. 8. Theus of claim47,tin the at |east one
additional fluid separat,on vessel is a bydrocyclone. 49. The
apparatus of claim27, further including a feedback suhsvstem
configured and arranged to nodul ate a flow of gas froma gas bubbl e
generator in fluid communication with the gas inlet in response to a
| evel of a dissolved gas in the solution. 50. The apparatus of claim
27, further conposing a source of gas’41uidly connected to a gas
inlet of the gas bubble generator, the source of gas conprising at

| east one of netdpareon a@@tiyﬂeideporrmmdﬁqaabmwfah thgasoriex §dnerdfiog zappardat us

of ¢l ai m B0 Sk LAGY, HOVRLLSING @, 9AS SLEONET L, SHbsygLem i n 1 ui d

conmuni cat1 on erior region of A net hod of
separating a fhugisdnki mtﬂmecmnpmmmolngmth the vortexpreasthtlmgpna; dnldui d

m xture conpr a fi r . conponent and econd conponent, the
fI;(S;J corrpz)nrjlelniﬂrl @\ﬂ“H@IIlﬁ éiﬁqé’ AP VAR etssr‘?B?fa[éo nEHy of the

second conponent; i ntroduci ag the fluid nuxture into a vortex
generation_ zong conprising a ta ere posilioned within a vessel;

i nduci ng dpwar 4% FREFFABES of RBITP {ri fB“W)?P{H‘P@S‘P%aﬁ??@“i‘/gl“f‘é&“‘@‘é}?é‘r“élf’?don
zone; 1 NMpakbivige uigQnfidtned rotati onai nonmentumto the first conponent
and the second conponent in the vortex gcrieratimzone; introducing
gas inw the fund m xture in the vortex generation zone;

29.  The apparatus of claim 27, further comprising a plurality of gas inlets in fluid

communication with the separation zone.

30. The apparatus of claim 29, wherein the plurality of gas inlets are spaced

approximately evenly about a perimeter of the vessel.

31.  The apparatus of claim 27, further comprising a plurality of gas inlets in fluid

communication with the vortex generation zone.

32. The apparatus of claim 31, wherein the plurality of gas inlets are spaced

approximately evenly about a perimeter of the vortex generation zone.

33.  The apparatus of claim 32, wherein the plurality of gas inlets are positioned
proximate to a region of the vortex generation zone having a greatest cross sectional

arca.

34.  The apparatus of claim 29, further comprising a coalescing material positioned

in the separation zone above at least one of the plurality of gas inlets.

35. The apparatus of claim 34, wherein the coalescing material substantially

surrounds a periphery of the vortex generation zone.

36.  The apparatus of claim 34, wherein the vortex generation zone is defined by a

wall shaped as an inverted truncated cone.



- 37 - rel easing the confined rotational nmonentum of the fluid
m xture to forma first zone conprising the fluid mxture rich in the
first conponent and a second zone conprising the fluid mxture rich

in the second conponent; and di scharging at |east a portion of
the fluid mxture rich in the first conmponent froma first fluid
outlet of the vessel. 53. The nethod of claimb52, wherein the first

conponent has a density greater than-the second conponent, 54. 'The
met hod of claim53, wherein the first conponent conprises water and
the second conponent conprises a hydrocarbon. 55. The nethod of

cl ai m 52, gher D LA LBONC NG SR LE O RS (FARCHE. compr i ses

i ntroducing a flui nprising dissol ve Uid mxture.
56. The rrectohmnilmn‘auc:h amtmtlﬁBvorumge:mrmdnrzbnoﬂmdbmyedq)rbhmad: aegiphio$ iheg
dlssolved‘%sm luid m xture conprises introducing the fluid

conpri si ng e§§%‘]c\/aé18"§8'§e BV %rF‘ﬁ?SécrﬁB? 1 Ftie vortex generation

zone. 57. The met hod of claim52, wherein introducing the fluid
m xture i hfﬁvaortex ener tion zone (f‘lorrprl ses introducing the
e

fluid mxt 3BRpRatat of dajey 37 whereln g flpidi quplet is positioned syfstantially

tangentl alabbcb@evbﬂfgxegelﬂallat,wuneof t he vortex gener ation zone
proximate the fluid inlet. 58. The nethod of claim52, wherein

introducing the fluid m xture into the vortex generation zone

conprises jontr %U%Fﬁ%ﬂathb@f ddiki 7, Rt HEEn g RRUGNu ALty R 381d AR fluid
inlet at an upward d direction.
approx1mately cvenly spaced about a perimeter of the vortex generation zone.

40. The apparatus of claim 39, wherein the plurality of fluid inlets are positioned
proximate to a region of the vortex generation zone having a greatest cross sectional

arca.

41.  The apparatus of claim 40, wherein at least one of the plurality of fluid inlets
extends into the vortex generation zone at an angle having a component tangential to an
internal wall of the vortex generation zone at a point on the internal wall proximate to

the fluid inlet

42. The apparatus of claim 41, wherein the plurality of gas inlets and the plurality
of fluid inlets are approximately evenly spaced about a perimeter of the vortex

generation zone.

43. The apparatus of claim 42, further comprising a gas bubble generator in fluid
communication with at least one of the plurality of gas inlets.
44, The apparatus of claim 43, wherein the gas bubble generator comprises a

dissolved gas flotation pump.

45.  The apparatus of claim 44, wherein at least one of the plurality of fluid inlets is

positioned in the vortex generation zone and angled above a horizontal plane.



59. The nethod of claimb52, further conprising sparging a coal escing
mat erial positioned in a separation zone external to the vortex
generation zone with a gas. - 38 - 60The netind of claim52.,
further conprising reducing turbulence in a separation zone external
to the vortex generation zone. 61. The met hod of claim60, wherein
reduci ng the turbulence in the separation on zone conprises providing
a coal escence packing in the separati-@f-zone external to the vortex
generation zone. 62.The nethod of claim52, further conprising incr
f1 ow of théo.f ulle avpxaus of ¢laim kb wherdieshe derequale! ompzioerea hagdfih-dwad
upward thrgugh the vortex generation zone.

47.  The apparatus of claim 27, further comprising at least one additional fluid

separation vessel.

48. The apparatus of claim 47, wherein the at least one additional fluid separation

vessel is a hydrocyclone.

49. The apparatus of claim 27, further including a feedback sub-system configured
and arranged to modulate a flow of gas from a gas bubble generator in fluid
communication with the gas inlet in response to a level of a dissolved gas in the

solution.

50. The apparatus of claim 27, further comprising a source of gas fluidly connected
to a gas inlet of the gas bubble generator, the source of gas comprising at least one of

methane, acetylene, and natural gas.

51. The apparatus of claim 50, further comprising a gas recovery sub-system in

fluid communication with an interior region of the vessel

52. A method of separating a fluid mixture comprising:

providing a fluid mixture comprising a first component and a second
component, the first component having a density different than a density of the second
component;

introducing the fluid mixture into a vortex generation zone comprising a tapered
wall positioned within a vessel;

inducing upward flow of the fluid mixture in the vortex generation zone;

imparting a confined rotational momentum to the first component and the
second component in the vortex generation zone;

introducing gas into the fluid mixture in the vortex generation zone;



6%, ' The rnethod of claim52, wherein introducing the fluid mxture
into the voile: generation zone conprises introducing the fluid

nm xture at nultiple points in the vortex generation zone. 64, The

met hod of claim52, further cornpriing maintamng a |level of fluid
m xture in the vessel between a predeterm ned maxi numand m ni num

| evel , 65. A method of separating a fluid m xture conprising
providing a fluid mixture conprising ¥ first conponent and a second
conponent, the first conponent having a density different than a
density of therekespoptheconpendentatiotahmoogtaeimef thhBuifl ik ahrarioxoum e firsit o r
vortex ge i : ri.Si iti it hi vessel ;
nduci ng. aoapToprEENE FRTRbFc I, bR SObhicaGH Yk ke 1500
one; i npartmm@irg tbofihidmed turotiet inahalecomhmnipenettpanidthe first conponent

and the second .conmponent. in_the. vorte neration.zone;

i nt roduci ng gagmﬂﬁﬁgngﬁéh?$ﬁ?ﬁgﬁT§¥hwzhﬁﬁmPﬁ%€56FPb§eg@%&?@??%ﬂtzone;
W t hdr awi fgmad filkefsd oaxlddof theaBdssef. the fluid m xture rich in the first
conponent Froma first fluid outlet of the vessel,

53.  The method of claim 52, wherein the first component has a density greater than

the second component.

54.  The method of claim 53, wherein the first component comprises water and the

second component comprises a hydrocarbon.

55. The method of claim 52, wherein introducing gas into the fluid mixture

comprises introducing a fluid comprising dissolved gas into the fluid mixture.

56. The method of claim 55, wherein introducing a fluid comprising dissolved gas
into the fluid mixture comprises introducing the fluid comprising dissolved gas at

multiple points in the vortex generation zone.

57. The method of claim 52, wherein introducing the fluid mixture into the vortex
generation zone comprises introducing the fluid mixture through at least one fluid inlet
in a direction tangential to an internal wall of the vortex generation zone proximate the

fluid inlet.

58. The method of claim 52, wherein introducing the fluid mixture into the vortex
generation zone comprises introducing the fluid mixture through at least one fluid inlet

at an upwardly angled direction.

59.  The method of claim 52, further comprising sparging a coalescing material

positioned in a separation zone external to the vortex generation zone with a gas.
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60.  The method of claim 52, further comprising reducing turbulence in a separation

zone external to the vortex generation zone.

61.  The method of claim 60, wherein reducing the turbulence in the separation zone
comprises providing a coalescence packing in the separation zone external to the vortex

generation zone.

62.  The method of claim 52, further comprising increasing a velocity of a cyclonic
flow of the fluid mixture in the vortex generation zone while inducing the fluid mixture

to flow upward through the vortex generation zone.

63.  The method of claim 52, wherein introducing the fluid mixture into the vortex
generation zone comprises introducing the fluid mixture at multiple points in the vortex

generation zone.

64.  The method of claim 52, further comprising maintaining a level of fluid mixture

in the vessel between a predetermined maximum and minimum level.

65. A method of separating a fluid mixture comprising:

providing a fluid mixture comprising a first component and a second
component, the first component having a density different than a density of the second
component;

introducing the fluid mixture into a vortex generation zone comprising a tapered
wall positioned within a vessel;

inducing upward flow of the fluid mixture in the vortex generation zone;

imparting a confined rotational momentum to the first component and the
second component in the vortex generation zone;

introducing gas into the fluid mixture in the vortex generation zone;

withdrawing at least a portion of the fluid mixture rich in the first component

from a first fluid outlet of the vessel.



