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WD 2005/ 028000 PCT/ US2004/ 029842 ROTARY BLOOD PUMP
CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s

wappisioegmwo on cl ains the benefit of U S. Provi sPOmAiS2004/029842
Application No. 60 / 504,233 of Wanpler, et al. filed
Sept enber 18, 2003. 5 FIELD OF THE | NVENTI ON Thi s
invention relates to the field of rotary punps. In
particular, this invention is drawn to bearings for
various rotor and inpeller architectures. BACKGROUND
OF THE | NVENTI ON TyRPEARYBRGPY BUMIS utilize an

I 10 inpeller is
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m@@ﬁﬁ&ﬁ‘i@?%ﬁ k& Be&l#ﬁéjﬁ)r%‘fﬁu@%om:ﬁ% ISpélgs arréllﬁlt&tuférs

sone applications Pat ent . 234,772 Bl of
BM@W&@UI\@DQFTHHIWENH@N describes a centrifugal
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a centrifuga th, an t
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ler carries the notor drive rragnets

yhrapintrrt Heatingd can experience hemalpsip icasdamaghto bkqoolecells In
QL? %%ﬂ&%ﬁéaﬁl@oﬁﬁ«gﬂﬁ‘c 531111# gs%\}&? egucii’%?fg) Httﬁgt can handle

deittatémzbrhmﬁg fhaidkisnch h@b%dpa aipsinalle |fmgsctrhaapphcammsas

enath ok Pkt e kB ot rdaretigelol ShaRilay TdfRiroes

a &é}ﬁrﬁugmoloaa SunP ﬁav{nfg@fecpmsw@ eddidEnaghefk by hAd an

R SRR TR TN R
(N Eoddrd”§ B8Lcritts a centrifugal blood pump with an impeller supported
exclusively by hydrodynamic forces.

Both blood pumps are based on an axial flux gap motor design. The
pump impeller carries the motor drive magnets thus serving as a motor
rotor. In both cases, the drive magnets are disposed within the blades of the
impeller. Drive windings reside outside the pump chamber but within the
pump housing that serves as the motor stator. Integration of the motor and
pump enables the elimination of drive shafts and seals for the pumps. The
pump/motors include a back iron to increase the magnetic flux for driving
the impeller.

Both blood pumps suffer from hydraulic inefficiencies due at least in
part to the large, unconventional blade geometry required for disposing the

magnets within the impeller blades.
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30 part to the large, unconventional blade geonetry
requi red for disposing the nmagnets within the
wOnpsiokgno bl ades. WO 2005/ 028000 PCT/ US2004/ 02982/21S2(04/029842
The natural attraction between the magnets carried by
the inpeller and the back iron creates significant
axi al forces that nust be overcone in order for the
punp to work efficiently. Hgdrodynam c bearings can

damage blood cells as a result of shear,Cch S,
r el atyralpitiagken bﬁFW‘?%‘iW“ﬁﬁléeté CRYR By dhsimpeller
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rotar Iteinatlvsto ni,cal c

thg g 5@‘13 PO VSRIaAER S Ry BRI & actiesamay
bR S TRAA S @l@@'bIdbd’iCh' eve magnetic or hydrodynam c

beari ngs. These design features nay be conbi ned. The

SI:JW QEJHARINYENDAMNCt  bearings enabl es | onger
1 R sucﬁﬂ%ﬁ% i85 B b &A%y SRS &é/m?ﬁg %1-{10515

fl UI one e I'ment
“dGonedctides’ Iaeamglmelchamllsms:tre lpeavudjeg fof herotq:ryrpnmp @sudes

alfrshaittey Razed il acntis Defngy T AHOGE FEohaRpINIGo TS
d

fured 238 phelRledBGRBIevRSHSFHIC nfit berings.
and second maggets is disposed Wthin w i ndl e. &

These depiga feafitres aranke perghitesl. ofhe lagk o mﬂsﬂhénwag?fé%tac
RGO Rl RO B Efa s by
ﬂtpndfrpuchnaésbhb@sl a rotor having an inpel I er confi gured

t at t th dl t bl

I SR uetG AR Rl ot oaBBOF LG, The
M\ﬂnfphhﬂlu@le@@lpl.ﬁh AP déf&ﬁn?fa piapt cltamﬁé' The pumpt
and second rra nets of the ro

heiSiag heua SBISILP Axteeding Mte RRPUIRIAG Char ggﬁ@é?‘ﬁk?e

mABHOEASSEmBF LD rRRRPAIAIn83eFond magnets is disposed within the
spindle. The first and second magnets of the spindle magnet assembly are
arranged proximate each other with their respective magnetic vectors
opposing each other. The pump includes a rotor having an impeller
configured to rotate about the spindle. A rotor magnet assembly comprising
first and second magnets is disposed within a non-bladed portion of the rotor.
The first and second magnets of the rotor magnet assembly are arranged
proximate each other with their respective magnetic vectors opposing each
other. The relative orientations of the spindle and rotor magnet assemblies
are selected so that the spindle and rotor magnet assemblies attract each
other. The rotor may include a grooved bore. In various embodiments, a

hydrodynamic bearing is included for radial or axial support or both.
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other. The relative orientations of the spindle and

rotor nmagnet assenblies are selected so that the
wepbesdkgoand rot or magnet assenblies attract elCH/US2004/029842

ot her. The rotor may include a grooved bore. In

various enbodi nents, a 30 hydrodynam c bearing is

i ncluded for radial or axial support or both. WO

2005/ 028000 PCT/ US2004/ 029842 3 BRI EF DESCRI PTI ON OF

THE DRAW NGS The present invention is illustrated by
BWQESQ&H’@O@TQF&H&DRHVHNG& on in the figures of

the ﬂfe@%@@r&%ﬁ@%ﬁ{;ﬁ% Pﬁr%tra‘cé&i Wwﬁqf df e}&%mﬁr_l@faﬁﬁ%ﬂﬁes

i ndi‘cat'e sim enents an I gure
lirhithtieh rrathssﬁglmes of msmnmamﬂngdmmgsam which Ipessi ve

neti.c bear i Fi ure2|llustrates one

regq%%&ccﬂs dic @Slﬁl@rﬁ@%‘%}fa hiaxial  beari ng.
Fi gwigus 1 {llusedates @Sldé@-@é@[orﬁ@ﬁa pﬁfrrpﬁleaﬂstlﬁg aPpassBrEEMbgnetic

of t he passive 10 magnetic axial bearing. Figure 4

axiglhgatingt es one embodi ment of an inpeller. Figure 5

[
1 S O O Sl ARSI

bdaringst r at es one enbodi nent of a centrlfugal bl ood
pu The I I efd.ni
P RS G B Gl e lagebgdfos B slve
magﬁétﬁtaﬁilaaea‘y‘mghl n t he purrpl ng chamber, a rotor 120
r ot ‘ﬁgf}éﬁ i ndl of rudi ng,.from a base of
t he t‘r?é'es @ e Fme Eﬁé’rmB rises a
bl a%gufm HRrale b @&béalrh@iﬂ%f' tBe rp&mis apphyd €8 rhédical

i d noving surfaces. The inpelFer conprises one
appllcﬁb@@ bl ades 121 that nove fluids when the inpeller

DR IARDETRIRTION Some contexts. For exampl e, when

t he Figtiow 1 ilhustrited ongentbodihbadel poerttribngalfblood pump. The
pump comprises a housing 110 defining a pumping chamber 112 between an
inlet 114 and an outlet 116. Within the pumping chamber, a rotor 120 rotates
about a spindle 130 protruding from a base of the pum];) housing. The rotor
further comprises a bladed portion defining an impeller that provides the
fluid moving surfaces. The impeller comprises one or more blades 121 that
move fluids when the impeller rotates.

The terms “rotor” and “impeller” may be used interchangeably in
some contexts. For example, when the rotor is rotating, the blade portion of
the rotor is inherently rotating such that reference to rotation of either the
impeller or the rotor is sufficient to describe both. When necessary, however,
the term “non-bladed portion of the rotor” or “rotor excluding the impeller”
may be used to specifically identify portions of the rotor other than the
blades. Each blade of the rotor may separately be referred to as an impeller,
however the term “impeller” is generally used to refer to a collective set of
one or more blades.

The pump is based upon a moving magnet axial flux gap motor

architecture. In one embodiment, the motor is a brushless DC motor. Drive
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the rotor is inherently rotating such that reference
to rotation of either the 25 inpeller or the rotor is
weubdsioesmmt t o descri be both. When necessary, ROWES2004/029842
the term "non-bl aded portion of the rotor"™ or "rotor
excluding the inpeller” may be used to specifically
identify portions of the rotor other than the bl ades.
Each bl ade of the rotor rray4separately be referred to
as an inpeller, however the term"inpeller” is
mggheisal2R\capded btydhe eptar hayeanagnetécyearerssparaliel tosthegntor
s
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. CREVESGinE A naersi e yathip the BPL Parbifis: FRueris
ppnéa to @i i wididigk @0 gbf&ratd the dprobliasd fitteetarying
enbodi ment, the drive nmagnets are 'di sposed within a
BB |ﬂa@téatqsé¢&wh the drhie agets IDEFrder el daypngae mpeller to
I [
O R S i A3 ke PEica by the motor
rAPPNGIgNE B dmonfeemboghmgnt eitheethesfard 424 iofitlee hottom bhthe

rerfat B SPREENS [ a0 s pL R ' Hulbite g Rave

sipfaduced., Dy2) dntoBicd to pRideice FEGREL %Inhﬂu@l’j@al ing when the
enmbodi gent ei.ther the face 124 ? bott om_of the
clegragre Betwesn Bisgoterand thehausing f3ls kelewWid Prardetesmaned

th?@éﬁbl@ Y ﬁ§ bﬂ@ eﬁﬂ)éﬁinjf@n% Wht iﬁ@-ﬁie@&r&lned I shBRM<AM R 4 O

pro uce nam C rrng when t he cl ear ance
rablgtewé@rﬂoﬁﬁmﬂwsdo 04106 mhleeshous. ng falls below a

re- t, t
P o F SR RES DR Hoi B bk CRE 150950 788 e Wl
mla%ﬁbl%im QaftiéiDBy gh@ hg@r ﬁéﬁh] greraaé asRnifddrtacial ggadb eh\mheg
t he J 150 and the drjve 15 ets 1 carle
IQiQr- tﬂas P%S{aiafoaédﬁ PERseRt & senitifngal 1iFRupS B394 01} Ba X
géﬁ&oté@&&hltea—t'ﬂl‘ré sBh 8k W&ﬁ lér%rWV%§&Qfd | Wtk d lahdgal
based on an axi al ge not or architecture

\/\P@mlhleabotlmm};y en I@fdmdd@anuc tlwmtj atingrdto avarePe thistaxial
105811%% R)[B?Eh yﬁéﬁﬁ r@]clgécll gé ﬁﬁ&ﬁ%@n&ﬁu?%@éﬁﬁgf %cjubétﬁl
d:iryldgeblomimed:lsbiearnesgh otfahealt fioktes related to the load carried by
the hydrodynamic bearings.

The repulsive radial magnetic bearing of Wampler exacerbates the
axial loads created by the magnetic attraction between the drive magnets and
the back iron. Although the repulsive radial magnetic bearing creates radial
stability, it introduces considerable axial instability. This axial instability can
contribute further to the axial loading. This additional axial loading creates
greater shear forces for any axial hydrodynamic bearing that can cause
undesirable hemolysis for blood applications. In addition, the power required
to sustain the hydrodynamic bearing increases as the load increases. Thus

highly loaded hydrodynamic bearings can impose a significant power

penalty.
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20 damage bl ood cells as a result of shear forces

related to the load carried by the hydrodynam c
woeeansig®o The repul sive radi al nagnetic beari RQTAK2004/029842

Wanpl er exacerbates the axial |oads created by the

magnetic attracti on between the drive magnets and the

back iron. Although the repul sive radial magnetic

bearing creates radial 25 sgability, it introduces

considerable axial instability. This axial jnstability

can TheblopdipurepofFigite ltimchustes axnagnetimaninkbearingsthat

se?gérg ol 20Ake F Etis c#r @adhig 185 ?lﬁﬁ%& ?ﬁ%ﬁ@{oﬁﬁl tHor ces
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a S|l%n| ficant pqwer cy[)lenal t 2005/ 02

roprr/Inghedlretyaied emizo @tomasaet ﬁssmbéy 180 is
dlgggéeagﬁor n ietil ﬁo&?&k%ﬂ gr aondibak tﬁ@fd‘c%ﬁ net

set the axl a a rrpose on t tor
asbglmbbeare mitdpeased ovithiatthe bladdse Al s¢t\£erem@aé1p§1mmhs t he

b
oRgfiieial AP Ee Rt e tRH] Hosfio Skl madidbiing by
m5vﬁ1g5@@5@ﬂncﬂetrhaghdt Eg%éﬁbl mg?doﬂglrlﬁn)dl?ﬁéaﬁg rbéit}ge; salilgdle
rr ro
assi@gﬁé%% 81?%%%@%5%? E%&Q encabihs axiglgpaghet 1031? 3”19
ro@d’n"fﬂ E?aés@&]dlgﬂ?élh&és a ?1‘1'§t {06 ﬁ@aﬁﬂ% aghei e 51"?& ar

magnet” assenbly are not | ocated | ades. A
sesend setanbeasingpaaghet284| meyimatsin dlSp@d?dum ﬁ%ﬂh odtert Hehe
f1%3c§ viﬁ!r% g@?ﬁﬂcﬂ i‘(?t%r gieaflﬁg Iﬁ&e%l?éat% gt ng?ﬁh Q‘ﬁ%bé@etgy 1t 3ne
ethbodinhetet m@blealmlese 286 ishhspcp)selddbeiweeﬁltbeme AZpole_ piece or flux

illustrates one enbodi ne th i al net.i ¢
oY SPRES B seBrongRate Jeebic e ner dgecPy Foter
bea@irdf mfagaéﬂsrmmm A8 redltbraatiS€ epbbdivient, AEABhNDB6 is
net 284 proximately dis osed to _each other. The

mﬁreﬁzta speeeTsiOcid dn pesBioTiee e irsragdsesond beyangaanets

24988134 By SRESO RO P 8yl 0| 5 2B
emmbodenémtat demeeat 286 it oméided s thait the trbormaggeeti asséinlky does
n&riggl%%%da sb}yacgzlp 504 pole piece element.

In one embodiment, elements 282 and 284 are monolithic, ring-shaped
permanent magnets. In alternative embodiments, the bearing magnets may
be non-monolithic compositions. For example, a bearing magnet may be
composed of a plurality of pie-shaped, arcuate segment-shaped, or other-
shaped permanent magnet elements that collectively form a ring-shaped
permanent magnet structure.

The rotor axial bearing magnet assembly is distinct from the drive
magnets 222 carried by a portion of the rotor other than the blades 221. In
the illustrated embodiment, the drive magnets are disposed within the non-
bladed portion 228 of the rotor.
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beari ng magnets 282 and 284. In an alternative

enbodi nent, elenent 286 is nerely a spacer to aid in
weoasistoegndng the first and second beari ng magneCs/us2®2/029842

284 and does not serve to concentrate any nmagnetic

flux. In other 20 enbodi nents, elenment 286 is omtted

so that the rotor magnet assenbly does not include a

spacer or a pole piece elengnt. In one enbodi nent,

el enents 282 and 284 are_nonolithi¢, ring-shape

per MeiesRineegmesgset aspemblieinehiidese @%éﬁir%é%?%aﬂl% magnet
262%84d ageaesﬁa%&ﬁ% X8¥arife rﬂggﬁqéf%@' ThBiffe CAIPARhl Pdle

exa eari ng t may be 25 conposed
bqalrmgamagytetsfarp ipershapeidnagnesatle wegmbodigherged Podﬁ plece

2o SRR B O oA SRRl gt o
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d| stinct fromthe drive

d b
empbedimentoglepirat 286 & merelE A Sﬂﬁgtﬁlsfq%fﬁ%f@%éégébﬁlr%@ndso

seg&%d 'st itk bahafg tmrﬂa dokBRofEéNg tHRBABRrAL Ny
I sposed within t non- bl aded portion 228 of the

megnefic flwo hootiorzdonlipentysiaoano2gsis pmigtedgesthat the

s %Raf%%?{gﬂ@t%&%mggg&g@ ot 1H811ul(‘1‘3§13 é%cref {n:s 5 gé% ﬁﬂk@ element

earing°nagne and a secon nd ng nagnet
264 . InTime 1ﬂust$atedruﬂ1ﬂsc&hmmht,spe1Mr&nt meagriaty 26 gneé 1264 are

| . [
T YT .
riﬁﬁﬁ bd 8b10% ﬂi@e@ﬁ%@t‘e' withlhX 1@5611@1%5&11 dWnki@dinal axis
|

& n beari ng nets 262 and In an alternative
0

@mrrdelﬂtt atdp & byethe spipdledrapringspagaet gsgpmbly.
posi 'PPuQBlefr}g 1&%{;"( Sﬂ%%ﬁéts APda P LA &zgﬁalédehﬁi R%f bB&ring

magnet s a serve to concentrate an
asaugubhEs aref dxnmngdd]smﬂhtdwat drr:bmahgneht vecter=ofeihe 1ﬁéﬁfld8a1

m mtted sa}t ha(i tgﬁl | e magnet. assenbl %edﬂ_es not
F‘E’&?ﬁﬁd’é‘ therpids opthe n %l‘"émb’igel% CHETERMPPOTH ©f
Eddhl d18é bﬁh%@véﬂ@@l@lm@é&m agficenRnEHY saigpelesof 2B6Feritd n@dhets.

are_ cylindrical er shap es y be utilized in
Thyg ﬂwg%ﬂew&a} agnetRd6s eegelpother (e.g.,
NDRBICDrS

EcPE)’é‘t %ﬁ%pﬁﬁ algﬂg’nk RlecfROBE nfy %E&Zéz%dﬁ@%

axis of shared by t e spi ndl

opiyeesei qaghrdheet assenbl y.
The orientation of the magnets is chosen to establish an axial attraction

whenever the bearings are axially misaligned. Note that the relative
orientations of the spindle and rotor magnet assemblies are selected so that
the spindle and rotor magnet assemblies attract each other (e.g., S-to-N,
N-to-S). The magnet vector orientation selected for the magnets of one
assembly determines the magnetic vector orientation for the magnets of the
other assembly. Table 292 illustrates the acceptable magnetic vector
combinations for the first and second rotor bearing magnets (MR1, MR2) and
the first and second spindle bearing magnets (MS1, MS2). Forces such as the
magnetic attraction between the back iron and drive magnets that tend to

axially displace the magnet bearing assemblies are offset at least in part by the



8;}

10

15

20

25

30

The permanent magnets of each of the spindle and rotor
bearing 15 assenblies are arranged such that the
worgs@swo vect ors of the individual magnets oORCEiUSk®A/029842
side of the intervening pol e pieces oppose each other.
Each side of a given pole piece is adjacent the sane
pol e of different magnets. Thus the nmagnetic vectors
of magnets 262 and 264 oppoge each other (e.g.,
Nto-Nor Sto-S). Simlarly, the netic¢c vectors of
magRRlis attashionhetween thepg '1%§6gggPﬁéﬁde PRaXial force to
reBfoE BRALLAN pBlioRG TGRSR, |5 chosen Lo establish an

al attraction whenever the bearings are axially
m sdfiggred alsoilastrhtes wadges oirdapered svirfasas 272 thed fofm a

th i ndl d raot 1 L I
PRy Rt BeallRE R Bhest TRET R Ee Befy L S RAcB bt the
né@i-blaakid pativonodthide rotordsee, 8:d.ObditodSabe 124 5f Figlire 1) and
thg ek asdBnBiyiaRe T A S BHEWRBRECP BBt Restord. T
v RERbbAINERS, M@gﬁ@a&&@hﬁiﬁd fheshtihe '@viﬂ_ﬁﬁ%ﬂ*&b?e of

Table 292 illustrates the acceptabl e magnetic vector

0.0¥pinghes wrk00pinchee Thusin enrersbediventpths pwegringhdes an
‘ . ndl
AN ihic FRaE " Thediiale bolmPl] ;BLRAE IR BRLF
hythgdgniamiabeasngimay beloménd bhehbactoriardhe dodisitrg. ve
that, tend Lall Lspl. h .
ST RUTREL ON ENRRTEA Y a—
m\ﬂ@g@t@@ﬁé&@ QB e REFALRRORHOBEBARN the spaedletanel rotor magnet
a

racti on between the axial bearings that provide an
asgemblies glsedhass radialcompaneat.akhis ragindicomppnsnt ppy be

: i . i t. .
ullBhl to SHAUTEARL Wafithd bf HRliAHcRy UERIE O Brod B Slldient
advess thegmypedler .t he chdial compobentdemserveaesa pireddrd dEring
._non-bl| aded rti.on,of the rofor ee, e.q.. .bottam
it OB AR itk fling Al SherbRSH o Bindventiaciiliis: ng
rot&tidis obeHeoMster PhRrtdhe egﬁ‘icﬂ@.dSt&&H es E@édihﬁrif: gotaﬁ@hic@n_&esult in

enbodi nents, this pre-deternined threshold is thin. a
ﬂwg%gg}rbpr Wipgghich Pfc‘g%lm’éﬂél. f9d3eimEnRS arHgs- ﬂegwmg
rafiQe entHeEo PO aiRsinsieRsRfte tﬁékfdiapﬁgﬁﬁgﬂ RRRhE rotor

bearing. The surface geometr\}/ provi ding the axial 10

artyl threcpiymaping apiéen ifayexpappleew duwnp ihsubjected toexternal
fok &8 LAUFSR of movement or impact.

Instead of a spindle magnet assembly interacting with a rotor bearing
magnet assembly to form the magnetic bearing, a ferromagnetic material
might be used in lieu of one of a) the spindle magnet assembly, or b) the
rotor bearing magnet assembly (but not both) in alternative embodiments.

The magnetic bearing is still composed of a spindle portion and a rotor
portion, however, one of the spindle and the rotor portions utilizes
ferromagnetic material while the other portion utilizes permanent magnets.
The ferromagnetic material interacts with the magnets to create a magnetic
attraction between the rotor and spindle. Examples of ferromagnetic

materials includes iron, nickel, and cobalt.
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Al t hough the spindle magnet assenbly is intended to
provi de an axial nagnetic bearing, the attractive
woans@2emeb ween t he spindle and rotor magnet aBeemiskioes29842
al so has a radi al conponent. This radial conponent nay
be utilized to offset radial |oading of the inpeller
due to the pressure gradient 15 across the inpeller.
The radi al conponent also sgrves as a pre-load during

initial rotation and a bias during normal operation to
pr evarenegmbndiment, the tarremagnetihamaterialris dgeftironfe Soft
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bibsingrfer«n dluﬁi@n@?ce trhpr EfS@lﬁlfe(Ht:m@’&ﬁ'hE cimmgler tealdsite push the
I Soft iro aracteri ze a
m@fﬂrm\}a@eﬁp&va&ﬁ gne $rlg e Bupabpyangs Thidadial ad may

bd &8GR ‘I@as@ 'in F)ﬁft%&ﬁ bfféétﬁn %Hé 5pind®& n e rie@ 8s8ehbly,
magnet | zed rerranet| in the presence of an

ext eAHchpughgh@spmd‘le endi 1@1@@ rm@gnett lmesamblienargddugyated @s

cqin BB Rlogl D Blchastys bt TRPBF e AEEDR Rl S
cqrhprisere Bingié nhd@uﬁ jphgtedde Apgreaﬂeo sprihgtrate magﬁ:@t dahieved
W?t%argliuﬂﬂile Inrrl]agorlpe ic ele I?lgIII prg:tr assem ﬁrpcon%gurg& gl ustrated
instead of a single magnet per assembly. The use of two magnetic elements
per assembly results in a bearing that tends to correct bi-directional axial
displacements from a position of stability (i.e., displacements above and
below the point of stability) with a greater spring rate than single magnetic
elements per assembly.

The magnetic force generated by the axial magnetic bearing will
exhibit a radial component in addition to their axial components. The radial
component will tend to de-stabilize the impeller. In particular, the radial
component may introduce radial position instability for the magnetic bearing

of either Figures 1 or 2.
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assenbly 360 is axially aligned with a | ongitudi nal

axis 390 of the spindle so that the spindle and
wepbesdkgomagnet assenbly share the sanme cent r aPCTWS2004/029842

| ongi tudinal axis. In an alternative enbodi nent, the

spindl e magnet assenbly is radially offset so that

the spindle and spindl e magnet assenbly do not share

the sane central axis. In particular, the |ongitudinal

axis 362 of the spindle nmagnet assenbly 360 is
di splkiesadint nstabibity vyayibeuatienedma visingaglialthydredynamic

b Ref Mt b R LB B o bR T 1fake?
h)_pﬂmdynamlabemsﬁg (he, hyrqingjdlyaanne ;tdsrnabbmhxiﬂrg)’blbeated between
e graidig 130 A sl o5s dhbgorse eralat R4 Deapnces

111@1@frhteanQFf1%ﬁﬁi 1 bRk etitbad B dreaRahmAS fRIFAAYbearings
Al t hough the spindle_and rotor magnet assenblies are

reﬂmr@éﬁﬂéﬁ‘@ &1%?§an€€e§rﬁﬁrhes¢ frgtive by yatipes @rré?ﬁ;dﬂrsené%é
r
hydieJTRARGL I AARATTLAGT, (Rl -FR0 b TOORI0 00 GORPhThe
The $urfae gaorm@rmagnéable fet exmh(tthrtm} ma:sashaﬂb( qurnal)
nf,i d [ | ust d t magnet
hf A EE pE8ribps WAV B Blatad S BB theliolntlt §n RSy
asaaslafédl PortRsubf thei Hbuir @frlspmdlh)atlnt @Mémb@dﬁﬁéme@he

directi onal _axia pl gcements froma pgsitiqn of
Stgrfa&s.aepmﬁ 1y gludes %ﬁrvge ﬁé‘iah as AR YEMATE PASIS AL ody ?%a#ew

C1@Qﬂng$ aRfabh ftbéﬂdrfg@m\@léalﬁaﬁce%%ﬁtaﬁ fa s?@é b]:"ﬂnff@hﬁ He r1‘t) In

sin el enents per assenb he nagne
altqrn@'ev‘ge img@nts, tlnmemzﬁ&q%geqme}n;emcdud@eafaahgrewsuch as one
ol @sradial conponent in addition to their axial

conmponen & The radi al conponent will tend to

de- sFighid & Zbudthates ope Iehfbrodnhﬂnpaf memmlt@f 400t imeludidg ah

Lo D RE I LIS AP R g o Ao et FoopUmp e
w%ﬂ@ﬁéqgﬁg @Qcﬁ%’b@&?{@ OFhO 25884 ncl@desTA b§rer @ﬁ] af he rotor bore is

instability ]ég be overcone using radial hydrodynam c
ith

ngémllw@%neéév elpngitudinal exisof the spingiewidjn gee pump
S oS, RPN G BEEL i e iy

qulotmd%@ df3be antbrt(be., mathdn thé ovtgr blae nbomdthih anlyebladesof the
1rnpeelle(1:“ lpeo%glgrq Gt the rotor). The motor rotor and pump impeller are thus
integrated so that a drive shaft is not required. Elimination of the drive shaft
also permits elimination of shaft seals for the pump.

In one embodiment, the rotor has a grooved bore. In particular, the
bore has one or more helical grooves 450. The bore grooves have a non-zero
axial pitch. The groove is in fluid communication with the working fluid of
the pump during operation of the pump.

Figure 5 illustrates the pump 510 operationally coupled to move a
working fluid 540 from a source 520 to a destination 530. A first working
fluid conduit 522 couples the source to the pump inlet 514. A second working
fluid conduit 532 couples the pump outlet 516 to the destination. The working

fluid is the fluid moved by the pump from the source to the destination. In a



10

5illustrated in Figure 1 are exagger at ed.
Hydr odynam c journal bearings require narrow

wolasrasmwes to be effective. | n various enbodi FEMUS2004/029842

the hydrodynam c journal bearing clearances range
fromO0.0005 - 0.020 inches. The surface geonetries
suitable for axial (thrust) or radial (journal)

hydrodynam ¢ bearings may bgylocated on either the
rotor or on an 10 associ ated portion of the housing

medncalsémpima@pn, far emamldﬁ;ttba ing fluid might lae blage r]i@tqﬂ}?
erpBEHHGR, (RXEE ady Sl ae oI SRATHEL 4 puflp

ear ance ‘suc
m@ﬁeeﬁbbbdpfrom oneé faelreny he lagbﬂr)er alrteryal t ernat i ve

enbqdi nents, the su ce
such %{éO%econaﬁct}%ﬁ@? %Pﬁﬂ?aevei’ &?‘iés
alfé‘?ﬁat%'f@éoc@'ﬁ@éﬁarﬁ?éaltcbﬁtdc@b@én or R6taldfliptEn g In particular,
I npel | er. The i mpel l er includes a plurallty of | ades
roio impekes @n &mvgmggdefﬁgn @%HWS@GMIGV@@J@@@&W ood.
4 I
TS e LR TSR e e

nnﬂioamthfaanhblhlmelplfrd:esuhduy ng. Dr| ve magnets (not

|II at ed dj s d within.the n n- bl ade

bor {1PGhE pitreging ABtERASRSeb G0 T F dh R RS b pith
refbnvd H@_}Jécﬁm/e)@ ngRgy anHddl@mehfmﬁbiféiﬂ piriduemetifidagions

rotor) he not or ralor and HH?B eII r are thu

ancheleayigss apaxs Be mpade theretowith epating T P%Eherlggaaer spirit
rq Y gl 1erenttﬁ> B i deY ?crrﬁlﬂfr{ the @élﬁ% pﬂ{é@ﬁe%lﬁcatlon and
atlon of shaft seals for the P I'n one
dembogs aenaccardénglyt tr béeegaadeyt boardlluseradivenather than a

%qular the 25 bore has one or nore helica

“%%5:V$§eﬁgb The bore grooves have a non-zero axi al
pitch. The groove is in fluid comunication with the
working fluid of the punp during operation of the
punp. Figure 5 illustrates the punp 510 operationally
coupled to nove a working fluid 540 froma source 520
to a destination 530. A first working 30 fluid conduit
522 couples the source to the punp inlet 514. A second
working fluid conduit 532 couples the punp outlet 516
to the destination. The working fluid is the fluid
noved by the punp fromthe source to the destination.
In a WD 2005/ 028000 PCT/ US2004/ 029842 10
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medi cal application, for exanple, the working fluid
m ght be blood. In one enbodinent, the source and
wdesdsiongmion are arteries such that the punp ROVAES2004/029842
bl ood fromone artery to another artery. Various
"contact| ess" bearing nmechani sns have been descri bed
as 5 alternatives to nmechani cal contact bearings for
rotary punps. In particulariy rotor, inpeller, and
housi ng design features are provided to achi eve
QL;@M§dynanic or nmagnetic bearings. These design
Mﬂg@ 1§$nddB). be used in conjunction with each other,
S|red In the preceding detail ed description, the
Li nveAtpwnp iappdestos chmgrising: 10 reference to specific

| nbaodi n f. V
and CRAMRSCTEgE St AR e BRSO RR L), T HEBR
h(%dﬂsﬁ?% h@ﬁﬂ@’ a §fhdid (136ﬁ@xt§ﬁ@ﬁfg iato tHeephimypent tieanBber; 28k
or

he cl ai ns. nﬁg speci fication _an dr awi ngs
are, 2 sied f‘dmgnyt agsg K@Sﬁa@msm%\ﬁ firh angt 7 agGonel
o Rh TR Sop e e A P R e Y sgcong
mpgnptsapp aranged q:(rnpimaﬁer@ch athempithdbeirmgspeacti®e magnetic
V%gﬁéqgﬂgmﬁgfﬁ Q?T%hanber (112), the punp 5 housing

0) extending into the punping
chanber; and a spindle nmagnet assenbly (160)
conprising a first and a second magnet (262, 264)
2.di spBsegumip dpparehes cfpdaidi & wheeingha firktearfd sesondrspindle

secon magnet.s ar n r ox4 mat g, eac ther with

B EBR Ay SR e HSET B Fa A RIS SR Gretite
other. 10 2. The punp apparatus of claim1l wherein the
first and second spindle nmagnets have one of a

3.cyl i ek appdradundofec] ainm g-Wh@rle&dtHe(Hpimcﬂmhagnet%ss&hbly further
ar at us of cla g]%v\/ner t he SE ?dlerrcg
coRBaHE 4 b mif: COBLASPPEEL bewRsna B EtAn b magnets.

di sposed between the first and second magnets. 4. The
apparatus of claim1l wherein a |ongitudinal axis (362)

4.0f tTige apparatus of claim 1 wherein a longitudinal axis (362) of the
spindle magnet assembly is displaced from a longitudinal axis (390) of the
spindle.

5. The apparatus of claim 1 wherein at least one of the housing and the
spindle has a surface geometry suitable for supporting at least one

hydrodynamic bearing.

6. The apparatus of claim 5 wherein the spindle supports a radial

hydrodynamic bearing between the spindle and a bore of a rotor.

7. The apparatus of claim 5 wherein the at least one hydrodynamic

bearing includes an axial hydrodynamic bearing.
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15 spindl e magnet assenbly is displaced froma
| ongi tudinal axis (390) of the spindle. 5. The
wappariasws of claim 1l wherein at | east one of PO®US2004/029842
housi ng and the spindle has a surface geonetry
suitable for supporting at | east one hydrodynam c
bearing. 20 6. The apparatus of claimb5 wherein the -
spi ndl e supports a radial fpydrodynam c bearing
bet ween the spindl e aaﬂ a bore of a rotor. 7. The
8. appal Bt HRPYRtYs efi Glaisn WhertBePhCamprising: east one

pear RO RO O SR P BRe B ARy S P Bcfuding
arppppeliarsomysrisihgiatlebst one hladedd®®r i si ng: a rotor (120)

configured to rotate about the spindle, the rotor
including an inpeller conprising at |east one bl ade

121 . i ' . of
O fur thes “ppar AR Sl MR HENE G ES;
conpa fgbnnagnet asdensbiy (48Q)emonpolisingmefirst (R82, se284) magnet

(o8 BT At W in SR LR S oot e reros, Tt the firs
arfl secondiragaalh agd Atnped Prokigidte e8APBLHer Rith TRER 9&dpective

vect ors opposi ng.each ot her, erein a relative
MBgNeHt BEGtere RPASHS eagh pithes whereinegelatiygrrsientation of the

spASSRHNJ ﬁo?ﬁﬁ%}é?{ SSLRIIRG afd Qéleﬁgg tsﬁ glrIQtdtTg s%ﬁhﬁ%lre%ﬂrrotor

10 magnet asse les attract eac

maghetrassembbies atttdateaclwhtrezi n t he rotor magnet assenbly
further conprises a pole piece (286) disposed between
the first and second magnets. 11. The apparatus of '

| ai ' . { i n

1, RSB I<L A SRR, B i i LSRG 0o

comprisgspepalt peeqef (286 )adispSsedissteicentthe fifstresid sedndenantbts.
rotor magnets are concentrically arranged about a

bore of the rotor. 13. The apparatus of claim8

whergi : t f .t he. hqusi t i ndl
1¢ne Pty B T ldfimitioAed e i fae BB nechh
rosompaghetshaata fingshaped ofiydacdynani ¢ beari ng.

12.  The apparatus of claim 9 wherein the first and second rotor magnets

are concentrically arranged about a bore of the rotor.

13.  The apparatus of claim 8 wherein at least one of the housing, the
spindle, and the rotor has a surface geometry suitable for supporting at least

one hydrodynamic bearing.

14.  The apparatus of claim 13 wherein the at least one hydrodynamic
bearing includes a radial hydrodynamic bearing defined between a bore of

the rotor and the spindle.

15.  The apparatus of claim 13 wherein the at least one hydrodynamic

bearing includes an axial hydrodynamic bearing.
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20 14. The apparatus of claim 13 wherein the at | east
one hydrodynam c bearing includes a radia
wayadrsedsman ¢ beari ng defi ned between a bore oPCTHIS2004/029842
rotor and the spindle. 15. The apparatus of claim13
wherein the at |east one hydrodynam c bearing
i ncl udes an axi al hydrodynam ¢ bearing. WO 2005/ 028000
PCT/ US2004/ 029842 13 16. fdhe apparatus of claim8
wherein a bore (410) of the rotor is grooved (450).
1617. Theapparatas ofsclaim S|viheredn plore 4103 efphe Latagis grooved
(4ggyrality of drive magnets (122) carried by a
non- bl aded portion of 5 the rotor; and drive w ndi ngs
(140) carried by the punp housing, wherein the drive
magnets co-operate with the drive windings to rotate
1% he The appara8is of qhainp8 dprshencerypeising:i si ng: a rotor

120 i 0 ; [ i Si 1
et PUFALGEOFaPE et a2l Gt bty A RFRFA0 pfifson of
theaoesr; aagnet assenbly (180) conprising a first and a
second magnet , 284) . disposed within the rotor,. .
wherQine pBaies SEA canded bbby Boupes whesigaRe drive
mBEAKisRL SpdatdwahhBE dMwiiBinbs 6 $0RE therdtBgnet i ¢
vectors opposing each other. 15 19. The apparatus of

claim 18 wherein the rotor magnet assenbly further

conprises a pol e piece (286) disposed between the
18 1 s RIHBP SPPBFIURBYNESING 0. The apparatus of claim

18 whes@h i) Habatt a BBFe eﬂfos,nﬁefrbfo%tcoﬁ&%ilﬁﬁgﬁgqmﬁ&fe?r

magnets has a ring shaped formfactor.
hayppgraiesst one bladietl2B; aidrein the first and second

t t tricall .
| ongh FOBF Rehet Aty (RREREDbABEa AETRRAD SR0HH Ragret
(2682, 284aidispoSedvhetiginrthe hetorpivbierdiagha fisstrdnacseecgad mrégiyets are

suitaple for supporting.at .| east one hydrodynam c
AFRAFG 5?0@5*1.%%%3@%%51@ gwﬂ?sthﬁlr E4SRPR YIRS B N eres
oﬁl%é?ﬁg RQFIeoHeRVi des a radi al

19.  The apparatus of claim 18 wherein the rotor magnet assembly further

comprises a pole piece (286) disposed between the first and second magnets.

20.  The apparatus of claim 18 wherein at least one of the first and second

rotor magnets has a ring shaped form factor.

21.  The apparatus of claim 18 wherein the first and second rotor magnets

are concentrically located about a longitudinal axis of the rotor bore.

22.  The apparatus of claim 18 wherein the rotor has a surface geometry

suitable for supporting at least one hydrodynamic bearing.

23.  The apparatus of claim 22 wherein the rotor bore provides a radial

hydrodynamic bearing surface.
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hydr odynam c bearing surface. W 2005/ 028000

PCT/ US2004/ 029842 14 24. The apparatus of claim 22
wohers@snob he at | east one hydrodynam ¢ bear i ngCT/US2004/029842

i ncl udes an axi al hydrodynam c bearing. 25. A punp

apparatus conprising: a punp housing (110) defining a

punpi ng chanber (112), the punp 5 housing having a

spindl e (130) extending intggthe punping chanber; a

r ot or (120) confl%ured to rotate about the spindle
24.130Th etapparaztu@of clpima Rdav eanthemiéeasénoneéwpﬁoéyln@mm

tion (180) of a

béa%ﬁfée earl ﬁ(lélgﬁéar 2851%%6&% ‘non- bl aded portion

of the rotor and 10 a spindle portion (160) of the

magneti c bearing di sposed within the spindle, wherein
28.he Appunipeppadatuscomppising:ons of the magnetic beari ng

east PO BLERe Pulleiafle SRR ChartRG LD Haome
h@@@ﬁgt}ﬂa«n aepindle 3Py exxesding iméth@pdl@lﬁ @hﬁhﬁber
mag erein_the first an tsa

arr a"ﬁ ﬁ%@r %(Qlcﬁﬁflgu P a2 1? ﬁP’c ¢ {1300s ‘édTPFQFe
inCRANAL & 1&%5311@[‘ S0l Pﬂﬁ{ﬁ:& 1@3&%&%&& (129); The

appar at us cl al ereln the sp |ndle ortion of
t he aragostpostion&Ei0) of ammetselseafringdlsanaecgmm a non-
b]{gﬁgai}oﬁugﬁ%%'thg%t)orae{l{fnged proxi mate each other with
respect i c vectors opposing each ot her,
wher &Bplﬁ(ﬂ@ portiat (1|60) bf ibie mbghdtic beghet dispbsal wiidhin the

ri st an ond 20 magnet s, (282, )
ST P GBI TR le 20 JOEPRP ORI, Girias Frisiehe Heptips are
cOFFAREH G0 WeGh@ R cRBRRS! MheP@nthtedieone f thd F&tor and s 1pmcue
appar at us of claim25 wherein the spindle portion o

pemongfibe méagn%@heﬁgngmmprsw o fi¥st and rsesend miagnet,
ge,qﬁttﬁe @&%ndzge@)narrﬁ % Qa Hg&& gl Sﬁ?ﬁhtg te & {)ﬂﬂetrh
ec er,

elrr resp Ive nagne pposIi ng eac
wﬁﬁ thlesr espedtive megm*thjmdtomm}qjosﬁﬂ@eaﬂgmém c bearing
conprises ferromagnetic material. 28. The apparatus

of claim 27 wherein the ferronmagnetic naterial is soft

26.  The apparatus of claim 25 wherein the spindle portion of the magnetic
bearing comprises first and second magnets (262, 264) arranged proximate
each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises first and second
magnets (282, 284) arranged proximate each other with their respective

magnetic vectors opposing each other.

27.  The apparatus of claim 25 wherein the spindle portion of the magnetic
bearing comprises first and second magnets (262, 264) arranged proximate
each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises ferromagnetic

material.

28.  The apparatus of claim 27 wherein the ferromagnetic material is soft

iron.
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i ron. WD 2005/028000 PCT/ US2004/029842 15 29. The
apparatus of claim25 wherein the rotor portion of the
woRrgs@8wo bearing conprises first and second REGUSR®4/029842
(182, 184) arranged proxi mte each other with their
respecti ve magneti c vectors opposi ng each ot her,
wherein the spindle portion of the nagnetic bearing
conprises ferromagnetic 5 mmterial. 30. The apparatus
of cl,aim29 wherein the ferromagnetic material is soft
25 ¢ onTh%iPPWa;S‘t}ﬁ@f dpiza famieredhiie mterporiosueithesnagmeic
D L P TR TR FOERREL (BT ) el Hhoitlate
eashrasheitywithathiesr respeativieanagnetiy) véeisnepzosimg eaddother,e

. i . bou .
bttt Bl BRI e S o Bhhet oot
mbeaill. one bl ade (121); a rotor portion (180) of a

magneti ¢ bearing disposed within a non- 15 bl aded
portion of the rotor; and a spindle portion (160) of

h ic.b [ ' d W thi he .spindle,,
HMhnor BRAEOREGH A S0 B En (5rErBReEget RGPt

irdgaring are configured to attract each other, wherein

at least one of the rotor and spindle portions of the
magneti c bearing conprises a first and a second

C),1rrag(21§t, 20 wherein the first and second nmagnets are
ar r dn GNP ABRATAYSRCURPHSBIBher with their respective

reonep et (oopesI e Rty BN it ), e e
haysingraaviag aspipdie (139 eéendingdntd theqpurapihgsdwonler;

: [ h other wth

{nerty ek €9 heditl SRERAbBIIOR 16 «FRE Calbnfisdle |

rogge wheuvkthe sptiedleptherropar inchnling ahtimpellgnedinerisass tigast

RIS ox mat o cach ot her Wi th their respective

magretdter Yerid E80PePs nitgredie beatiR8 disposed within a non-
bladed portion of the rotor; and

a spindle portion (160) of the magnetic bearing disposed within the

spindle, wherein the spindle and rotor portions of the magnetic bearing are
configured to attract each other, wherein at least one of the rotor and spindle
portions of the magnetic bearing comprises a first and a second magnet,
wherein the first and second magnets are arranged proximate each other

with their respective magnetic vectors opposing each other.

32.  The apparatus of claim 31 wherein the spindle portion of the magnetic
bearing comprises first and second magnets (262, 264) arranged proximate
each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises first and second
magnets (282, 284) arranged proximate each other with their respective

magnetic vectors opposing each other.
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WO 2005/ 028000 PCT/ US2004/ 029842 16 33. The
apparatus of claim 31 wherein the spindle portion of
woheosrmagmet i ¢ bearing conprises first and secead/uS2004/029842
magnets (262, 264) arranged proxinmate each other with
their respective magnetic vectors opposing each ot her,
wherein the rotor portion of the magnetic bearing
conprises ferromagnetic 5 paterial. 34. The apparatus
ai m 33 wher n,th ferromagnetic material js soft
3t ol RS AP PREISPHNER 15 WHETERI P IR GCE AN OF 4h¢ BRgnetic

be@frlsl & ﬂ@@g fifdh aha%ecmﬂﬂﬁ%n‘étsb@@w THL) GO baep%ohrﬁéﬂe

and seco magnets ( arranged 10 pfroxi‘mate
eash@tthet Wé’?h thielhrespedtiverag gaelic V@ctqmgmp@sang/ eattvpther,

wﬁgfé(?ﬁ 'tﬂ(g r?t%?%b rﬁBH oli ’thmarﬁ%eﬁctb%?n% Ruels gﬁré%)e% cf[e{ r%%‘tagnetic

eari ng

merteridi aI 36. The apparatus of claim 3~ wherein the
ferromagnetic material is soft iron. 1537.The

apparatus of claim 31 wherein the grooved bore (410)

S TP 5o B R el A e s o

ireh.ai m 31 wherein the grooved bore conprises a
plurality of grooves. 39. The apparatus of claim 38
vvherein each of the plurality of grooves 20 follows a

I t h about. the.b {
38 ol 06 PR S R 10 AL R it Bie 19601 RAGTE BN e
mé ﬁ@ﬂi@bee(rii rombfiSePHER antdeebRE niH DY (RSP Hrfanged
30) ext nd ng |nt t he punpi ng chanber; o
Pl%UBPWZW‘S(P LW’E@Z@@K/ 1@%!9@41276 magnefi¢ m@@rsmmsmg each
f
OSSR P SRLR Sttt WIS i
femomqqglmatenal

36.  The apparatus of claim 35 wherein the ferromagnetic material is soft

iron.

37.  The apparatus of claim 31 wherein the grooved bore (410) comprises at

least one groove (450) following a helical path about the bore.

38.  The apparatus of claim 31 wherein the grooved bore comprises a

plurality of grooves.

39.  The apparatus of claim 38 wherein each of the plurality of grooves

follows a helical path about the bore.

40. A pump apparatus comprising:
a pump housing (110) defining a pumping chamber (112), the pump

housing having a spindle (130) extending into the pumping chamber;
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a rotor portion (180) of a nagnetic bearing di sposed
Wi thin a non- bladed portion of the rotor; 5 a spindle
weandsioesno) 160) of the magnetic bearing di spose#CwiuSkion029842

the spindle, wherein the spindle and rotor portions

of the magnetic bearing are configured to attract

each other, wherein at |east one of the rotor and

spindle portions of the nagnetic bearing conprises a
first and a second nagnet, wherein the first and

secntPtRB RS sonfigurad torgtate Mbokit tae epiagih (I30hdhe rotor

. Wtk is VA=Y Ret.i posi ng each
I B i L B B 32 ) P Car rTed by
non-dtatde popdon (k80) of a magneticthearingrdisposedewithin 2 mgs-

4 carri by the punp housing, wherein the drive

bl%réi‘ﬁi’%g%%-ozg]é? g?tgr'wi th the drive windings to rotate

t he g gpiadle poritbh (160)EofHBP M AirtdicHeatingl disgSsedhRithimthe

tﬁg spi.ndl e portion of the magnetic _ Dearing conprises
spinqie; Wiiegeindas sainetg B gorra0Ttiopa Pt e BAgaatip PERIIAGAES
coBBeUred I’t‘@%ttY‘%]c_tt I%a&ltﬂ Bt er,\rl\ﬁrﬁ@?éiﬁ la¥ S STRHRE LY the/RAbPAR] SPindle

opposi ng each ot her, erein the rotor portion of the
partigne of the sragnetic bearing semfrises ta finstiasé esedondragagnes

8 rr [ OXI e ea ot her .w el
whEh 7 blo S FRaREe Pl b Shle] REOati grelEbther
WﬁB.thEh&eWﬁathgﬁti@@'tdm@pﬂbﬁfgeéafth_tdithef;]?! ndl e .

portion of t magneti c rin ri se rst an
sec cﬂﬂHquFé[lee?gdl(l‘Z% DagFety) ikl et ol pRPRRledeeRion of
thetrBedr; Whith their respective nmagnetic vectors opposing

each other, wherein the rotor portion of the magnetic
beardrige vonpitigsd$4d)earmiemdby éhe punpshausiagi whereig therdeive

cl ai | . | C
s TSt AL lner Go s RIS
PCT/ US2004/ 029842 18 44. The apparatus of claim40
wherein the rotor portion of the nmagnetic bearing

41c onpFlisappdratiet ofarlaing 4¢ wivreimghetspifdie portien pf dna aragodtic
b %@@&aﬁﬁsa%:ﬁﬁé g}égghc%m}.ci]lgﬁgrﬁgjtsr(féz%%%1}1)5%gre78%r}8>t<iin§ate
each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises first and second
magnets (282, 284) arranged proximate each other with their respective

magnetic vectors opposing each other.

42.  The apparatus of claim 40 wherein the spindle portion of the magnetic
bearing comprises first and second magnets (262, 264) arranged proximate
each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises ferromagnetic

material.

43.  The apparatus of claim 42 wherein the ferromagnetic material is soft

iron.
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wherein the spindle portion of the magnetic bearing
conprises ferromagnetic 5 material. 45. The apparat us
wofhowslason 44 wherein the ferromagneti c mat eri aPCTARISs®IN29842
iron. 46. The apparatus of claim40 wherein the rotor
has a grooved bore (410). 47. The apparatus of claim
46 wherein the grooved bore conprises at |least 10 one
groove (450) followi ng a hejg cal path about the bore.
48. The appar at us of cIa|n146 wherein the grooved bore
44 oinh% apparatys of erire (10 grheebthestotagportinn efihgrmeagmetic

0l SRt el B, Pt el AR

ea@:brﬂihalt usthcthwepr iespegiveanpgnetithoetorappidsing dadhi uiheg, a
112 h h )
wBifRh e ERERRE botdaitibt e e BN bt Agmarinh fforagnetic

megdridl. (120) configured to rotate about the spindle,
the rotor including an inpeller conprising at |east
one blade (121); 20 a rotor portion (180) of a
tic bearin IS MAIhIn non- bl aded o IIO
4 v fhe faporog el iR Sthede bt GropmetomtinBal is ok
iromgneti ¢ bearing di sposed within the spindle, wherein
the spindle and rotor portions of the nagnetic bearing
are configured to attract each other, wherein at

east, one of the rot or_and spi e 25 portions of th

44mgn@e¢ RPpRERth el daip A vdaergin ﬁ}esltot%hasaa geayad bore (410).
magnet, WO 2005/ 028000 PCT/ US2004/ 029842 19 wherein
the first and second magnets are arranged proxinate

47achTid Bpparatiid Bf Ehh U6 hEsRent theer iHBgBE ofe ¥EH fs§s at least
Opposi n%éeach ot her, wherein_at |east one of the punp

ONEIIoNG (47 toHewing aihehigal pathrahoss thoherur ed t o
generate a hydrodynam c bearing between the rotor and
punp housing. 5 51. The apparatus of claim50 wherein

48 he pd Eﬂb&a@@g bf QRink e HASerBROMHe! d I%OVQS Yo @ BomPARES §€5

first and second magnets (262, 2 arranged proxinate
plurality of grooves.

49.  The apparatus of claim 48 wherein each of the plurality of grooves

follows a helical path about the bore.

50. A pump apparatus comprising:

a pump housing (110) defining a pumping chamber (112), the pump
housing having a spindle (130) extending into the pumping chamber;

a rotor (120) configured to rotate about the spindle, the rotor including
an impeller comprising at least one blade (121);

a rotor portion (180) of a magnetic bearing disposed within a non-
bladed portion of the rotor; and

a spindle portion (160) of the magnetic bearing disposed within the
spindle, wherein the spindle and rotor portions of the magnetic bearing are
configured to attract each other, wherein at least one of the rotor and spindle

portions of the magnetic bearing comprises a first and a second magnet,
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each other with their respective magnetic vectors
opposi ng each other, wherein the rotor portion of the
worgs@ewo beari ng conprises first and second REGUSE@4/029842
(282, 284) arranged proxi mate each other with their
respective 10 magneti c vectors opposing each ot her.
52. The apparatus of claimb50 wherein the spindle
portion of the magnetic begying conprises first and
second magnets (262, 264) arranged proximate each
whetein the firsttansi second peegrate armgrrenged peotiorate epgoothey
t wher ei n. t he t
W BRSO See IBA I SRR et R Bhel e AT f
oraqa@ﬁaid'@tpmnpfhcﬁismgmﬁd thd esteir hat Barfaess cmgnadd © generate a
%a_ 3 soft . iron. .54. The ppara us of cl aim 50
PATYR ReRRG DeReT B HHOT AR IFEHRHOESNEear | ng
conprises first and second nagnets (282 284) arranged
proxi mte 20 each other with their respective nmagnetic

5lvectDhsa msmm@f @aigh 50Wikirein M%@ﬁh@let tisRiof ghemagnetic

ortlon etic earln npri
%P}%%BH%‘?%F 18&&93@?% wgnﬁ ap%ﬁ@@a@naﬁdaraxwm
t
ea‘@ﬂ%tﬁéf‘mﬁﬂﬁt}feﬁrfegg@&ﬂ% ﬂ1ﬁigﬂaﬁ@{f%$é1;§e«i§pnﬁ&gtlg baM other,

2556. The apparatus of clarm 50 e rotor has a
whersin she beioe poatio) of e 2egHLIeBeatnPCIMSEes firgx8igecond

mapg 257 PAAERARHEL 3o Rlnhe PR L M FeRR e
mhghetiaieqtardopborihg eheh biltee. 58. The appar at us of

claim56 wherein the grooved bore conprises a
plurality of grooves. 5 59. The apparatus of cI ai m 58

wher.gi n_each. of e rglity of qgrooves WS a .
Sher | i 2pae- ool ed blidstihsBe Fat Eoniaf of 8 mBgnetic
beahm drpyibey Rish ahll@et@idmadghetd (63, 204) haregbagiruxetate

g %ﬁnera e the hydrodynam c_ beari ng.
each other with their respective’ magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises ferromagnetic

material.

53.  The apparatus of claim 52 wherein the ferromagnetic material is soft

iron.

54.  The apparatus of claim 50 wherein the rotor portion of the magnetic
bearing comprises first and second magnets (282, 284) arranged proximate
each other with their respective magnetic vectors opposing each other,
wherein the spindle portion of the magnetic bearing comprises ferromagnetic

material.

55.  The apparatus of claim 54 wherein the ferromagnetic material is soft

iron.

56.  The apparatus of claim 50 wherein the rotor has a grooved bore (410).
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61. The apparatus of claim 60 wherein the surface
features are defined by 10 tapered surfaces. 62. The
wapparaswws of claim 50 wherein the punp housi NngCT/US2004/029842
i ncludes surface features to generate the
hydr odynam c bearing. 63. The apparatus of claim 62
wherein the surface features are defined by tapered
surfaces. 15 64. The apparaus of claimb50 wherein
each_of the punp housing .and the rotor_includes
57sur f BRecARRAE dlaymy et avharein the grpavediparmeempeises aligeast
: 8l ' e surface
oS (P IR el PE AR BB BIORE 56, A purmp
apparatus conprising: 20 a punp housing (110) defining
a punpi ng chanber (112), the punp housing having a
58spi nidicca ez iusetdaE ﬁé wherein; the groaped§otheorprisesnd
CT/ US2004/ 029842 21 a spindl e magnet
Eﬂ§§§§28%$&?§€§5 conprising a first and a second magnet
(262, 264) disposed within the spindle, wherein the
first and second nmagnets are arranged proxi mate each
5%t herhempparatusiof daigpst wheeeimegubiof the phuabitsobgmoesiesg
er erel i tudi nal axis (362) of the
fo@gﬁ%éﬁ%ﬂgﬁh%%netx%@%@%%ﬁggis di spl aced from a
| ongi tudinal axis (390) of the spindle; and a rotor
(120) configured to rotate about the spindle (130),
60t he Thet apparatns|afdiaion Fhwihepeihlthe rotomindadegsatfadecfestures
to Qe blaq§ é;é%&d wherein a bore (410) of the rotor is
&FBSV%&. 90Y8% X@ﬂﬂﬂﬁ?%ﬂ%%ﬁatus conprising: a punp
housi ng (110) defining a punping chanber (112), the
punp housing having a spindle (130) extending into
61t he Themgpprgatisastfiotdim 60 shieneihehergrfate fsserblaye (2603d by
comprising a first and a second nmagnet (262, 264)
taperg o";%‘étf‘cg?t hin the spindle, wherein the first and
second 15 magnets are arranged proxi mate each ot her
with their respective magnetic
62.  The apparatus of claim 50 wherein the pump housing includes surface

features to generate the hydrodynamic bearing.

63.  The apparatus of claim 62 wherein the surface features are defined by

tapered surfaces.

64.  The apparatus of claim 50 wherein each of the pump housing and the

rotor includes surface features to generate the hydrodynamic bearing.

65.  The apparatus of claim 64 wherein the surface features are defined by

tapered surfaces.

66. A pump apparatus comprising:
a pump housing (110) defining a pumping chamber (112), the pump

housing having a spindle (130) extending into the pumping chamber;
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vectors opposing each other; a rotor (120) configured
to rotate about the spindle, wherein the punp housing
wbasosa2swnf ace geonetry structured to generat ePaT/US2004/029842

hydrodynamic bearing for at |east partially

supporting the rotor during rotation, the rotor 20

i ncluding an inpeller conprising at | east one bl ade

(121); and a plurality of drive magnets (122) di sposed

w t hin_a_non-bl aded gortlon of the rotor. 68. The
apparsatindlegnagnefiassenbly(loPlroraprigings Hest agdiagecond

308 2 S Db AN 0GR
magnels agsatrengedt prceanmbe eaxthaothel with their respective magnetic
vectors opposing each other, wherein a longitudinal axis (362) of the spindle
magnet assembly is displaced from a longitudinal axis (390) of the spindle;
and

a rotor (120) configured to rotate about the spindle (130), the rotor
including an impeller comprising at least one blade (121), wherein a bore (410)

of the rotor is grooved.

67. A pump apparatus comprising:

a pump housing (110) defining a pumping chamber (112), the pump
housing having a spindle (130) extending into the pumping chamber;

a spindle magnet assembly (160) comprising a first and a second
magnet (262, 264) disposed within the spindle, wherein the first and second
magnets are arranged proximate each other with their respective magnetic
vectors opposing each other;

a rotor (120) configured to rotate about the spindle, wherein the pump
housing has a surface geometry structured to generate a hydrodynamic
bearing for at least partially supporting the rotor during rotation, the rotor
including an impeller comprising at least one blade (121); and

a plurality of drive magnets (122) disposed within a non-bladed

portion of the rotor.

68.  The apparatus of claim 67 further comprising:
drive windings (140) carried by the pump housing, wherein the drive

magnets co-operate with the drive windings to rotate the rotor



