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One aspect of an intravascular ventricular assist device is an 
implantable blood pump Where the pump includes a housing 
de?ning a bore having an axis, one or more rotors disposed 
Within the bore, each rotor including a plurality of magnetic 
poles, and one or more stators surrounding the bore for pro 
viding a magnetic ?eld Within the bore to induce rotation of 
each of the one or more rotors. Another aspect of the invention 
includes methods of providing cardiac assistance to a mam 
malian subject as, for example, a human. Further aspects of 
the invention include rotor bodies having helical channels 
formed longitudinally along the length of the body of the rotor 
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Where each helical channel is formed between peripheral 
support surface areas facing radially outWardly and extending 
generally in circumferential directions around the rotational 
axis of the rotor. 
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INTRAVASCULAR VENTRICULAR ASSIST 
DEVICE 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to pumps usable as 
implantable ventricular assist devices, to components useful 
in such pumps, and to methods of using the same. 

[0002] In certain disease states, the heart lacks su?icient 
pumping capacity to meet the needs of the body. This inad 
equacy can be alleviated by providing a mechanical pump 
referred to as a ventricular assist device to supplement the 
pumping action of the heart. It Would be desirable to provide 
a ventricular assist device Which can be implanted and Which 
can remain in operation for months or years to keep the 
patient alive While the heart heals, or Which can remain in 
operation permanently during the patient’s lifetime if the 
heart does not heal, or Which can keep the patient alive until a 
suitable donor heart becomes available. 

[0003] Design of a ventricular assist device presents a 
daunting engineering challenge. The device must function 
reliably for the desired period of implantation. Moreover, 
blood is not a simple ?uid, but instead is a complex system 
containing cells. Severe mechanical action can lead to 
hemolysis, or rupture of the red blood cells, With serious 
consequences to the patient. Also, blood in contact With an 
arti?cial surface, such as the surfaces of a pump, tends to clot. 
While this tendency can be suppressed to some extent by 
proper choice of materials, surface ?nishes and by adminis 
tration of anticoagulants, it is still important to design the 
pump so that there are no regions Within the device Where 
blood can be trapped or ?oW is interrupted for relatively 
prolonged periods. To provide clinically useful assistance to 
the heart, the device must be capable of delivering a substan 
tial blood ?oW at a pressure corresponding to normal blood 
pressure. For example, a ventricular assist device for an adult 
human patient of normal siZe should deliver about 1-10 liters 
per minute of blood at a pressure of about 70-110 mm Hg 
depending on the needs of the patient. 
[0004] One type of ventricular assist device or pump uses a 
balloon. The balloon is placed Within the aorta. The balloon is 
connected to an external pump adapted to repeatedly in?ate 
and de?ate the balloon in synchronism With the contractions 
of the heart muscle to assist the pumping action. Balloon 
assist devices of this nature have numerous limitations 
including limited durability and limited capacity. 
[0005] As described, for example, in US. Pat. No. 6,688, 
861, a miniature electrically-poWered rotary pump can be 
implanted surgically Within the patient. Such a pump has a 
housing With an inlet and an outlet, and a rotor Which is 
suspended Within the housing and driven by a rotating mag 
netic ?eld provided by a stator or Winding disposed outside of 
the housing. During operation, the rotor is suspended Within 
the housing by hydrodynamic and magnetic forces. In such a 
pump, the rotor may be the only moving part. Because the 
rotor does not contact the housing during operation, such a 
pump can operate Without Wear. Pumps according to the 
preferred embodiments taught in the ’861 patent and related 
patents have su?icient pumping capacity to provide clinically 
useful assistance to the heart and can be small enough that 
they may be implanted Within the heart and extend Within the 
patient’s thoracic cavity. Pumps of this nature provide numer 
ous advantages including reliability and substantial freedom 
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from hemolysis and thrombogenesis. HoWever, implantation 
of such a pump involves a majorly invasive surgical proce 
dure. 
[0006] As described, for example, in Nash, US. Pat. No. 
4,919,647; Siess, US. Pat. No. 7,011,620; and Siess et al., 
US. Pat. No. 7,027,875; as Well as in International Patent 
Publication No. WO 2006/051023, it has been proposed to 
provide a ventricular assist device in the form of a rotary 
pump Which can be implanted Within the vascular system, 
such as Within the aorta during use. Aboul-hosn et al., US. 
Pat. No. 7,022,100, proposes a rotary pump Which can be 
placed Within the aorta so that the inlet end of the pump 
extends through the aortic valve into the left ventricle of the 
heart. 
[0007] A ventricular assist device implanted into the vas 
cular system must be extraordinarily compact. For example, 
such a device typically should have an elongated housing or 
other element With a diameter or maximum dimension trans 
verse to the direction of elongation less than about 13 mm, 
and most preferably about 12 mm or less. To meet this con 
straint, the vascularly-placed ventricular assist devices pro 
posed heretofore resort to mechanically complex arrange 
ments. For example, the device described in US. Pat. No. 
7,011,620 incorporates an electric motor in an elongated 
housing. The motor drive shaft extends out of the housing and 
a seal surrounds the shaft. An impeller is mounted at the distal 
end of the drive shaft outside of the motor housing and Within 
a separate tubular housing. The pump taught in US. Pat. No. 
7,022,100 consists of a separate motor using a ?exible drive 
shaft extending through the patient’s vascular system to the 
impeller, With an extraordinarily complex arrangement of 
seals, bearings, and a circulating pressuriZed ?uid to prevent 
entry of blood into the ?exible shaft. The arrangement taught 
in WO 2006/051023 and in US. Pat. No. 4,919,647 also 
utiliZes ?exible shaft drives and external drive motors. These 
complex systems are susceptible to failure. 
[0008] Thus, despite very considerable effort devoted in the 
art heretofore to development of ventricular assist devices, 
further improvement Would be desirable. 

SUMMARY OF THE INVENTION 

[0009] One aspect of the invention is an implantable blood 
pump. The pump according to this aspect of the invention 
includes a housing de?ning a bore having an axis, one or more 
rotors disposed Within the bore, each rotor including a plu 
rality of magnet poles, and one or more stators surrounding 
the bore for providing a rotating magnetic ?eld Within the 
bore to induce rotation of each of the one or more rotors. The 
one or more rotors may be constructed and arranged so that 
during operation of the pump the one or more rotors are 
suspended Within the bore of the housing and out of contact 
With the housing solely by forces selected from the group 
consisting of magnetic and hydrodynamic forces. In this 
embodiment the pump has a maximum lateral dimension in 
any direction perpendicular to the axis of the bore, or a diam 
eter of up to about 20 mm. In one embodiment the diameter of 
the bore is about 14 mm. In another embodiment the diameter 
of the bore is betWeen 9 and 1 1 mm. The pump of the present 
invention can impel from about 1-3 liters of blood per minute. 
In one embodiment the pump is adapted to impel about 2 liters 
of blood per minute. Blood pres sure can be maintained Within 
the range of from 70-120 mm Hg betWeen the inlet and outlet. 
The pump is adapted for positioning Within an artery, and may 
include a gripper adapted to engage the Wall of an artery. 
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[0010] Another aspect of the invention includes methods of 
providing cardiac assistance to a mammalian subject as, for 
example, a human. Methods according to this aspect of the 
invention include advancing a pump including a housing 
having a bore, one or more rotors disposed Within the bore and 
one or more motor stators disposed outside of the housing 
through the vascular system of the subject until the pump is 
disposed at an operative position at least partially Within an 
artery of the subject, and securing the pump at the operative 
position. The method includes the step of actuating the pump 
to spin the one or more rotors and pump blood distally Within 
the artery solely by applying electrical currents to the one or 
more motor stators and to suspend the one or more rotors 

Within the bore solely by forces selected from the group 
consisting of magnetic and hydrodynamic forces applied to 
the one or more rotors. 

[0011] Still further aspects of the present invention include 
rotor bodies having helical channels formed longitudinally 
along the length of the body of the rotor. Each helical channel 
is formed betWeen peripheral support surface areas facing 
substantially radially outWardly and extending generally in 
circumferential directions around the rotational axis of the 
rotor. Each channel has a generally axial doWnstream portion. 
The helical and axial portions of each of the channels coop 
eratively de?ne one or more continuous ?oW paths extending 
betWeen the upstream and doWnstream ends of the rotor. In 
one embodiment, the axial regions of the channels have 
greater aggregate cross-sectional area than the one or more 
passages. The support surfaces of the rotor body are formed 
on a plurality of lobes. Each lobe has a circumferential extent 
Which increases in a radially outWard direction aWay from the 
rotational axis of the rotor. The support surfaces face gener 
ally radially outWardly aWay from the rotor axis and de?ne 
hydrodynamic bearing surfaces. The circumferential extent 
of the support surfaces is greater than the circumferential 
extent of peripheral surface areas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a diagrammatic perspective vieW of a pump 
in accordance With one embodiment of the present invention, 
With components omitted for clarity of illustration. 
[0013] FIG. 2 is a diagrammatic vieW of components used 
in the pump of FIG. 1, With certain components depicted as 
transparent for clarity of illustration. 
[0014] FIG. 3 is a partial cut-aWay vieW of the pump 
depicted in FIGS. 1 and 2. 
[0015] FIG. 4 is a fragmentary sectional vieW depicting a 
portion of the pump shoWn in FIGS. 1-3. 
[0016] FIG. 5 is a further fragmentary sectional vieW 
depicting another portion of the pump shoWn in FIGS. 1-3. 
[0017] FIGS. 6 and 7 are perspective vieWs depicting a 
rotor used in the pump of FIGS. 1-5. 
[0018] FIGS. 8 and 9 are elevational vieWs of the rotor 
shoWn in FIGS. 6 and 7. 
[0019] FIGS. 10-14 are sectional vieWs taken along frames 
10-14 respectively in FIG. 9. 
[0020] FIG. 15 is a fragmentary, diagrammatic sectional 
vieW depicting a portion of the rotor depicted in FIGS. 6-14 in 
conjunction With another component of the pump. 
[0021] FIG. 16 is a diagrammatic perspective vieW depict 
ing another rotor utiliZed in the pump of FIG. 1. 
[0022] FIG. 17 is a diagrammatic elevational vieW of the 
rotor shoWn in FIG. 16. 

Apr. 30, 2009 

[0023] FIG. 18 is a diagrammatic perspective vieW of the 
pump depicted in FIGS. 1-17 in conjunction With a further 
component. 
[0024] FIG. 19 is a partially blocked diagrammatic vieW 
depicting the pump of FIGS. 1-17 in operating position in the 
cardiovascular system of a subject. 
[0025] FIGS. 20 and 21 are diagrammatic perspective 
vieWs depicting components used in further embodiments of 
the invention. 
[0026] FIG. 22 is a diagrammatic perspective vieW of a 
rotor according to a further embodiment of the invention. 
[0027] FIG. 23 is a diagrammatic sectional vieW taking 
along line 23-23 in FIG. 22. 
[0028] FIG. 24 is a diagrammatic elevational vieW depict 
ing a rotor according to yet another embodiment of the inven 
tion. 
[0029] FIG. 25 is a diagrammatic elevational vieW depict 
ing a component of a stator used in a pump of FIGS. 1-17. 
[0030] FIG. 26 is an electrical schematic diagram of the 
stator used in the pump of FIGS. 1-17. 

DETAILED DESCRIPTION 

[0031] A pump 10 in accordance With one embodiment of 
the invention includes a housing 12 (FIGS. 1, 2 and 3). Hous 
ing 12 is a ceramic tube de?ning a central bore 14 having an 
axis 16. Bore 14 is cylindrical and has a constant diameter 
over the major portion of its length. The interior surface 13 of 
the housing de?ning bore 14 is smooth, and desirably has a 
surface roughness on the order of 4 micro inches rrns or less. 
Merely by Way of example, the inside diameter of bore 14 in 
this constant diameter region may be about 0.178 inches 
(“in”), and the Wall thickness of the housing may be about 
0.010 in. Housing 12 de?nes an inlet 18 at an end 20 of the 
housing, referred to herein as the inlet or up stream end, and an 
outlet 22 communicating With bore 14 at an output or doWn 
stream end 24 of the housing. The inside diameter of inlet 18 
is slightly less than the inside diameter of bore 14. The hous 
ing includes an inlet transition section 26 having an inside 
diameter Which increases progressively in the doWnstream 
direction at the juncture betWeen inlet 18 and bore 14. The 
inside diameter of the housing increases progressively at an 
outlet transition section 23 immediately upstream from outlet 
22. 
[0032] As best seen in FIG. 4, a thin-Walled metallic tube 28 
is ?tted over the inlet or upstream end of the housing so that 
the interior of tube 28 communicates With inlet opening 18. 
Tube 28 may be formed from a metal such as titanium, tita 
nium alloy, or platinum, and may be braZed to the ceramic 
housing. An upstream end ?tting 30 surrounds tube 28, and 
also surrounds the upstream end 20 of the ceramic housing 
12. A ?exible intake tube 32 surrounds the upstream end of 
?tting 30 and tube 28, and is held in place by a crimp metal 
band 34. As best seen in FIG. 1, intake tube 32 extends 
upstream from ?tting 30 and from housing 12, and terminates 
at a castellated opening 36 at its upstream end. As best seen in 
FIG. 4, the interior of tube 32 communicates With inlet 18 of 
housing 12, and thus With the bore 14 of the housing, through 
tube 28. In one embodiment, intake tube 32 is formed from a 
non-thrombogenic ?exible polymer such as, for example, a 
?uoropolymer, polydimethylsiloxane, silicone polycarbon 
ate urethanes, thermoplastic polyurethanes, polycarbonate 
urethanes, segmented polyurethanes, poly(styrene-b-isobu 
tylene-b-styrene, or sulfonated styrene containing copoly 
mers. 
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[0033] A metallic out?ow tube 40 (FIG. 5) surrounds the 
downstream end 24 of housing 12 and communicates with the 
bore 14 of the housing. Out?ow tube 40 may be formed from 
materials as discussed above with respect to tube 28. The 
downstream end of out?ow tube 40 de?nes the outlet 41 of the 
pump 10. 
[0034] A downstream end ?tting 42 surrounds out?ow tube 
40 and the downstream end 24 of housing 12. An elongated 
electrical cable 44, of which only a portion is shown in FIGS. 
1 and 5, is secured to downstream end ?tting 42. As best seen 
in FIG. 1, the downstream end ?tting 42 carries several min 
iature electrical feedthroughs 46, which are electrically iso 
lated from one another and which are connected to the indi 
vidual conductors of cable 44. 

[0035] A ?rst stator 48 surrounds housing 12 adjacent the 
upstream end thereof, shown in FIG. 25. The stator 48 
includes a magnetically permeable frame 700. The frame is 
con?gured as a cylindrical, tubular ring 702 having a plurality 
of poles 704 projecting inwardly from the ring 702 to the 
exterior of housing 12; six poles are used in this particular 
embodiment depicted. Ring portion 702 is concentric with 
housing 12 and bore axis 16. Each pole includes a widened 
portion at the tip of the pole, where the pole confronts the 
exterior surface of housing 12. The poles de?ne six slots, 
706-1 through 706-6, between them. The dimensions of the 
stator are substantially uniform along the axial length of the 
stator. In this embodiment the stator is formed from numerous 
uniform laminations stacked on one another. The laminations 
are formed from a magnetically permeable material selected 
to minimize power losses due to magnetic hysteresis. For 
example, the laminations may be formed from 29-gauge sili 
con steel of the type sold under the designation M15 electrical 
steel. 

[0036] In the particular embodiment depicted, the exterior 
diameter OD of ring portion 702 is about 0.395 inches, and 
the interior diameter ID of the ring portion is about 0.304 
inches. The width or circumferential extent PW of each pole 
is about 0.035 inches at its juncture with the ring portion 702. 
The interior diameter PD between opposed pole tips may be 
about 0.221 inches. The axial length of the frame is selected 
according to desired output power, and may be, for example, 
about 0.35 inches for about 1 watt output to about 0.85 inches 
for about 3 watts output. 

[0037] Stator 48 further includes coils 710, 712, and 714 
shown in electrical schematic in FIG. 26. In the particular 
embodiment depicted, each coil includes about 11 to about 14 
turns of 33- or 34-gauge insulated wire, and may be impreg 
nated with a material such as a varnish after winding. The 
coils are connected in a WYE con?guration to a common 

neutral 718. Coils 710, 712, and 714 are disposed respectively 
in slots 706-1 through 706-6 offrame 700 (FIG. 25). Coil 710 
is wound through slots 706-1 and 706-4, whereas coil 712 is 
wound through slots 706-3 and 706-6, and coil 714 is wound 
through slots 706-5 and 706-2. This arrangement is com 
monly referred to as a balanced three-phase integral slot 
winding. The ends of the coils remote from the neutral point 
718 are connected to inputs P1, P2, and P3. When these inputs 
are energiZed with three sinusoidal voltages offset from one 
another in phase by 60°, the coils provide a magnetic ?eld 
within the bore which is directed transverse to the bore axis 16 
and which rotates around the axis, within a ?rst region 50 
(FIGS. 1 and 2) of the bore. A second stator 52 is disposed 
downstream from ?rst stator 48, and is arranged to apply a 
rotating magnetic ?eld within a second region 54 of bore 14 
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downstream from the ?rst region. The second stator may be 
similar to the ?rst stator. Pump 10 further includes a casing 
47, depicted in broken lines in FIG. 1, extending between the 
out?ow ?tting 42 and the in?ow ?tting 30, and covering the 
stators 48 and 52. A potting material (not shown) ?lls space 
within casing 47 around the stators. 
[0038] A ?rst or upstream rotor 56 is disposed within bore 
14 adjacent the upstream end of bore, within region the ?rst 
region 50. A second rotor 58 is disposed within the bore 
downstream from ?rst rotor 56, within region 54. 
[0039] The ?rst rotor 56, shown in FIGS. 2 and 6-15, is 
formed as a solid, unitary body of a ferromagnetic, biocom 
patible material, such as an alloy including platinum and 
cobalt, as, for example, an alloy consisting essentially of 
platinum and cobalt such as 77.3% Pt and 22.7% Co. The 
rotor has an upstream or inlet end 60, a downstream or outlet 
end 62, and a rotational axis 64 depicted in dotted line in FIG. 
6. The rotor includes a unitary central shaft portion 66 imme 
diately surrounding the axis and coaxial therewith, extending 
throughout the length of the rotor. The central shaft portion 
has a generally spherical dome 67 at its upstream end and a 
conical, tapered region 65 at the downstream end 62. 
[0040] The body of rotor 56 is described herein with refer 
ence to axis 64. As used herein with reference to a structure 
such as rotor having upstream and downstream ends and an 
axis, the up stream direction is the direction parallel to the axis 
toward the upstream end, whereas the downstream direction 
is the opposite direction. A “radial” direction is a direction 
outwardly, away from the axis. A “circumferential” direction 
is a direction around an arc in a plane perpendicular to axis 64. 
The “forward” circumferential direction indicated by one end 
P of the arrow PR in FIG. 6 corresponds to the direction of 
rotation of rotor 56 about axis 64 in service. The opposite 
circumferential direction indicated by one end R of the arrow 
FR (FIG. 7) is referred to herein as the reverse circumferential 
direction. 

[0041] A region 68 of the rotor adjacent the upstream end 
60, referred to herein as the “helix” region, rotor 56 has 
helical channels 74 and 76 de?ning a pair of raised peripheral 
surface areas 70 and 72 radially outwardly from the central 
shaft 66. The channel 74 de?nes a surface area 78 facing in the 
forward circumferential direction, referred to herein as the 
pressure surface or, alternatively referred to as the leading 
surface. Pressure surface 78 is a helical surface of variable 
pitch along the axial length. The pres sure surface has a pitch 
angle A (FIG. 8) of about 60°. As used in this disclosure with 
reference to a helical surface, the term “pitch angle” refers to 
the angle between the axis of revolution, axis 64, and a line 
tangent to the surface. The channel 76 de?nes a surface area 
80, facing in the rearward circumferential direction, referred 
to herein as the suction surface or alternatively referred to as 
the trailing surface. Suction surface 80 is also helical, but has 
a slightly larger pitch angle than pressure surface 78, so that 
the thickness or circumferential extent of raised surface area 
70 increases progressively in the downstream direction (to the 
right as seen in FIG. 9). The suction surface 80 is truncated by 
a small ?at surface 83 in a plane perpendicular to the axis 64 
at the upstream end of the helix region, thereby de?ning a 
sharp, radially-extensive edge 85, having a radius of about 
0.003 inches, at the upstream end of the helix region. The 
raised peripheral surface area 70 is arcuate and of constant 
radius about axis 64. The surface area 70 extends through 
about 1300 of arc about axis 64 from its upstream edge to its 
downstream edge. 
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[0042] The surface area 72 is identical to surface area 70, 
and is offset from surface area 70 by 180° about axis 64. As 
best appreciated With reference to the cross-sectional vieW of 
FIG. 10, the surface areas 70 and 72 are thin. The circumfer 
ential extent of surface area 70 is about 15° of arc around axis 
64, and thus the aggregate circumferential extent of surface 
areas 70 and 72 amounts to about 30° of arc. 

[0043] As used in this disclosure, the term “major diam 
eter” of a body having an axis refers to the dimension Which 
is tWice the greatest radius from the axis to any point on the 
body in a particular plane perpendicular to the axis. For rotor 
56, the major diameter is simply the length of a line extending 
betWeen the peripheral surfaces 70 and 72 through axis 64. As 
used in this disclosure, the term “solidity” refers to the ratio 
betWeen the cross-sectional area of the solid features of the 
body to the area of a circle having a diameter equal to the 
major diameter of the body. The solidity of the helix portion 
68 is in the range of about 10-20% at the upstream or inlet end 
of the body. In one embodiment the solidity is in the range of 
about 10-15%, and about 14%, and increases progressively to 
about 15-25% at the doWnstream end of the helix region, to 
about 18-23%. In one embodiment the solidity is about 20%. 
Stated another Way, the helix region is largely open for entry 
of blood at its upstream end. 

[0044] The rotor 56 further includes a support region 88 
(FIG. 6) disposed doWnstream from the helix region 68. The 
rotor has a ?rst lobe 90 and second lobe 92 projecting out 
Wardly from central shaft 66 in the support region. First lobe 
90 has a pressure surface 94 (FIG. 9), also referred to as a 
leading surface, facing in the forWard circumferential direc 
tion. Pressure surface 94 is continuous With the pressure 
surface 78. First lobe 90 also has a suction surface 96 (FIG. 6), 
also referred to as a trailing surface. Suction surface 96 is 
continuous With the suction surface 80. Thus, the periphery of 
the ?rst lobe 90 constitutes a continuation of the peripheral 
surface area 70 in the doWnstream direction. The ?rst lobe 
also has a surface 98 (FIG. 13) facing generally radially 
outWardly aWay from axis 64, this surface being referred to 
herein as a “support” surface. The opposite lobe 92 has a 
similar pressure surface 99 continuous With the pressure sur 
face at area 72, and suction surface 100 (FIG. 9) continuous 
With the suction surface at area 72. Lobes 90 and 92 are 
diametrically opposite to one another and de?ne passages 106 
and 108 betWeen them. Passage 106 is continuous With chan 
nel 74, Whereas passage 108 is continuous With channel 76. 
The passages extend to the doWnstream end of the body and 
are open at the doWnstream end, so that the channels of the 
helix region and the passages of the support region coopera 
tively de?ne continuous ?oW paths extending betWeen the 
up stream and doWnstream ends of the body. The pressure and 
suction surfaces of the lobes have substantially constant pitch 
angle, and the pitch angles of the pressure and suction sur 
faces are substantially equal to one another, so that the cir 
cumferential extent of each lobe remains substantially con 
stant throughout the support region 88. The pitch angle of the 
pressure and suction surfaces of the lobes are substantially 
smaller than the pitch angle of the pressure and suction sur 
faces in the helix regions. For example, the pitch angles of the 
lobe pressure and suction surfaces may be on the order of 
about 10°. 

[0045] The major diameter of the support section de?ned 
by the lobes is equal to the major diameter of helix section. 
HoWever, as best appreciated by comparison of FIG. 13 With 
FIG. 10, the circumferential extent of support surfaces 98 and 
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104 of the lobes is much greater than the circumferential 
extent of the peripheral edge surfaces 82 and 84 of the helix 
regions. For example, each support surface may have a cir 
cumferential extent of about 90-110° of arc about axis 64, so 
that the aggregate circumferential extent of the support sur 
faces is about 180-220°. Moreover, the solidity of the support 
region including the lobes is substantially greater than the 
solidity of the helix region. The solidity of the support region 
may be about 30-40%. 

[0046] As also apparent from FIGS. 13 and 14, the pressure 
surface 94 and suction surface 96 of lobe 90 diverge from one 
another in the radially outWard direction, aWay from axis 64. 
Similarly, the pressure surface 99 and suction surface 100 of 
lobe 92 diverge from one another in the radially outWard 
direction. Stated another Way, the circumferential extent of 
each lobe increases progressively in the radially outWard 
direction, so that the mass of each lobe is concentrated in the 
region of the lobe remote from axis 64. 
[0047] Support surface 104 of lobe 92 has a trailing land 
area 110 (FIGS. 8 and 9) disposed at the same radius from axis 
64 as the peripheral surfaces of the helix regions. The trailing 
land area 110 extends along the trailing or suction edge of 
support surface 104, i.e., the edge of the support surface at its 
juncture With the suction surface 100 of lobe 92. Land area 
110 merges into the peripheral surface 84 of helix area 72, as 
best seen in FIG. 8. The support surface 104 further includes 
a ?rst or upstream hydrodynamic-bearing surface 112 and a 
separating land 114 extending in the forWard circumferential 
direction from trailing edge land 110 to the forWard edge of 
the support surface, at its juncture With pressure surface 99. 
Land 114 lies at the same radius from axis 64 as the trailing 
edge land 110. Thus, bearing surface 112 is bounded on its 
trailing and upstream sides by trailing edge land surface 110 
and peripheral surface 84, and on its doWnstream side by 
separating land 114. As best seen in FIG. 15, bearing surface 
112 is disposed radially inWardly from the land surfaces and 
slopes radially outWardly toWards its trailing edge, i.e., in the 
reverse circumferential direction toWard trailing land surface 
110. Stated another Way, the land surfaces de?ne a generally 
cylindrical surface at the major diameter, and bearing surface 
112 de?nes a depression in this generally cylindrical surface 
Which tapers to a decreasing depth in the reverse circumfer 
ential direction. As also shoWn in FIG. 15, the major diameter 
of the rotor de?ned by land surfaces 110 is just slightly less 
than the internal diameter of bore 14 in the housing. For 
example, the internal diameter of the bore may be about 0.002 
inches larger than the major diameter of the rotor. 
[0048] Support surface 104 further includes a second or 
doWnstream bearing surface 116 immediately doWnstream 
from separating land 114, and a doWnstream end land surface 
118 immediately doWnstream of the bearing surface 116. 
Bearing surface 116 is con?gured in the same Way as bearing 
surface 112, and forms a similar depression in the cylindrical 
outer surface tapering to a progressively decreasing depth in 
the reverse circumferential direction, toWard the trailing edge 
land surface 110. 

[0049] All of the surfaces of rotor 56 are smooth, desirably 
to a surface roughness of about 4 micro inches or less. Rotor 
56 may be formed, for example, by machining from a solid 
rod and polishing using techniques such as electropolishing 
and drag polishing. Rotor 56 has a permanent magnetiZation 
With a ?ux direction transverse to axis 64, so that lobe 92 
forms one pole of a permanent magnet, Where lobe 90 forms 
the opposite pole. 














