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BLOOD PROCESSING UNIT WITH HEAT
EXCHANGER CORE FOR PROVIDING
MODIFIED FLOW PATH

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a national stage application of PCT/
I'T2014/000003, internationally filed Jan. 9, 2014, which 1s
herein incorporated by reference in its entirety.

TECHNICAL FIELD

The disclosure pertains generally to blood processing
units used 1n blood perfusion systems.

BACKGROUND

Blood perfusion entails encouraging blood through the
vessels of the body. For such purposes, blood perfusion
systems typically entail the use of one or more pumps 1n an
extracorporeal circuit that 1s mnterconnected with the vascu-
lar system of a patient. Cardiopulmonary bypass surgery
typically requires a perfusion system that provides for the
temporary cessation of the heart to create a still operating,
field by replacing the function of the heart and lungs. Such
1solation allows for the surgical correction of vascular steno-
s1s, valvular disorders, and congenital heart defects. In
perfusion systems used for cardiopulmonary bypass surgery,
an extracorporeal blood circuit 1s established that includes at
least one pump and an oxygenation device to replace the
functions of the heart and lungs.

More specifically, in cardiopulmonary bypass procedures
oxygen-poor blood, 1.e., venous blood, 1s gravity-drained or
vacuum suctioned from a large vein entering the heart or
other veins in the body (e.g., femoral) and 1s transferred
through a venous line 1n the extracorporeal circuit. The
venous blood 1s pumped to an oxygenator that provides for
oxygen transier to the blood. Oxygen may be introduced into
the blood by transier across a membrane or, less frequently,
by bubbling oxygen through the blood. Concurrently, carbon
dioxide 1s removed across the membrane. The oxygenated
blood 1s filtered and then returned through an arterial line to
the aorta, femoral artery, or other artery.

SUMMARY

In some embodiments, the disclosure pertains to a blood
processing apparatus including a housing having a blood
inlet and a blood outlet, the blood inlet extending into an
interior of the housing. A heat exchanger core i1s arranged
within the housing, the heat exchanger core including a core
aperture 1 fluid communication with the blood inlet and
configured to 1mpart turbulence to blood passing from the
blood inlet to an exterior of the heat exchanger core. Heat
exchanger hollow fibers are disposed about the heat
exchanger core such that a heat exchanger fluid may tlow
through the heat exchanger hollow fibers and blood passing,
from the core aperture may tlow across the heat exchanger
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2

hollow fibers. A cylindrical shell extends coaxially about the
heat exchanger core, the cylindrical shell including an
annular shell aperture disposed near an end of the cylindrical
shell opposite to an end near which the core aperture 1s
located, the annular shell aperture configured to permit
blood to pass to an exterior of the cylindrical shell. Gas
exchanger hollow fibers are disposed about the cylindrical
shell such that gases may flow through the gas exchange
hollow fibers and blood passing from the annular shell
aperture may flow across the gas exchanger hollow fibers.

While multiple embodiments are disclosed, still other
embodiments of the present disclosure will become apparent
to those skilled in the art from the following detailed
description, which shows and describes illustrative embodi-
ments of the disclosure. Accordingly, the drawings and

detailed description are to be regarded as illustrative 1n
nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of a blood processing,
apparatus 1n accordance with embodiments of the disclo-
sure.

FIG. 2 1s an 1illustration of a first end cap 1n accordance
with embodiments of the disclosure.

FIG. 3 1s an illustration of a second end cap 1n accordance
with embodiments of the disclosure.

FIG. 4A 1s a perspective illustration of a heat exchange
core 1n accordance with embodiments of the disclosure.

FIG. 4B 1s a perspective illustration of a heat exchange
core 1n accordance with embodiments of the disclosure.

FIG. 4C 1s a perspective illustration of a heat exchange
core 1n accordance with embodiments of the disclosure.

FIG. 5A 1s a perspective view of a cylindrical shell
forming a barrier between a heat exchanger and a gas
exchanger 1n accordance with embodiments of the disclo-
sure.

FIG. 5B 1s a cross-sectional view of the cylindrical shell
of FIG. 5A.

FIG. 6 1s a perspective view of the heat exchanger core of
FIG. 4 disposed within the cylindrical shell of FIG. 5.

FIG. 7 1s a cross-sectional view of the blood processing
apparatus of FIG. 1.

FIG. 8 1s a cross-sectional illustration of a blood process-
ing apparatus 1n accordance with embodiments of the dis-
closure.

FIG. 9 1s a cross-sectional illustration of a blood process-
ing apparatus 1 accordance with embodiments of the dis-
closure.

FIG. 10 1s a cross-sectional illustration of a blood pro-
cessing apparatus in accordance with embodiments of the
disclosure.

FIG. 11 1s a diagram illustrating blood flow paths 1n the
blood processing apparatus of FIG. 10.

DETAILED DESCRIPTION

The disclosure pertains to a blood processing apparatus
that, according to various exemplary embodiments, includes
one or more ol a heat exchanger and a gas exchanger (also
commonly referred to as an oxygenator). In some embodi-
ments, the term oxygenator may be used to refer to an
integrated structure that combines a heat exchanger and a
gas exchanger 1n a unitary device. In various embodiments,
for example, the heat exchanger and gas exchanger are
disposed 1n a concentric fashion with one component located
inside of the other component. According to other embodi-
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ments, the heat exchanger and gas exchanger are structurally
distinct structures operable coupled to each other. In some
embodiments, an oxygenator may be used 1n an extracor-
poreal blood circuit. An extracorporeal blood circuit, such as
may be used 1n a bypass procedure, may include several
different elements such as a heart-lung machine, a blood
reservoir, as well as an oxygenator.

FIG. 1 1s a schematic illustration of a blood processing
apparatus or oxygenator 10. While the internal components
are not visible in this illustration, the oxygenator 10 may
include one or more of a heat exchanger and a gas
exchanger. According to some embodiments, the heat
exchanger and the gas exchanger are integrated 1nto a single
structure that forms an oxygenator housing. The oxygenator
10 includes a housing 12, a first end cap 14 that 1s secured
to the housing 12 and a second end cap 16 that 1s secured to
the housing 12. In some embodiments, the housing 12 may
include other structure that enables attachment of the hous-
ing 12 to other devices. While the housing 12 1s 1llustrated
as largely cylindrical 1n shape, 1n some embodiments, the
housing 12 may have a rectangular or other parallelogram
cross-sectional shape. Each of the heat exchanger and the
gas exchanger may have generally the same sectional shape
or each may have a diflerent sectional shape. In some
embodiments, the heat exchanger may be inside the gas
exchanger while 1n other embodiments the gas exchanger
may be located within the heat exchanger. In some embodi-
ments, the heat exchanger and the gas exchanger may be
concentric.

In some embodiments, a blood inlet 18 extends into the
housing 12 and a blood outlet 20 exits the housing 12. As
noted, in some embodiments the blood processing apparatus
10 includes a gas exchanger and thus may include a gas inlet
22 and a gas outlet 24. In some embodiments, the blood
processing apparatus 10 includes a heat exchanger and thus
may include a heat exchanger fluid inlet 26 and a heat
exchanger fluid outlet 28 that 1s behind (in the illustrated
orientation) the heating fluid inlet 26. In some embodiments,
the heat exchanger fluid 1nlet 26 may be disposed at one end
of the housing 12 while the heat exchanger fluid outlet 28
may be disposed at an opposite end of the housing 12. In
some embodiments, the blood processing apparatus 10 may
include a purge port 30 that may be used for purging air
bubbles from the interior of the blood processing apparatus
10.

The positions of the inlets, outlets and purge port are
merely 1llustrative, as other arrangements and configurations
are contemplated. The purge port may include a valve or a
threaded cap. The purge port operates to permit gases (e.g.,
air bubbles) that exit the blood to be vented or aspirated and
removed from the blood processing apparatus 10.

FIGS. 2 and 3 illustrate the first end cap 14 and the second
end cap 16, respectively. The first end cap 14 and the second
end cap 16 are each configured to be secured to the housing
12. In some embodiments, the first end cap 14 and/or the
second end cap 16 may be adhesively secured 1n place. In
some embodiments, the first end cap 14 and/or the second
end cap 16 may be snap-fitted 1into place or even threaded
onto their respective ends of the housing 12.

In some embodiments, as shown 1n FIG. 2, the blood 1nlet
18 and/or the gas inlet 22 may be integrally formed with the
first end cap 14. For example, in some cases the first end cap
14 may be injection molded with the blood inlet 18 and/or
the gas inlet 22 formed as part of the 1mnjection molded part.
In some embodiments, the first end cap 14 may be formed
having apertures to which the blood inlet 18 and/or the gas
inlet 22 may be attached. The first end cap 14 includes an
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annular ring 32 that 1s disposed about a periphery of the first
end cap 14 and that serves, in some embodiments, as an
attachment point for securing the first end cap 14 to the
housing 12. In some embodiments, the first end cap 14 also
includes an annular ring 34 that, as will be described
subsequently, locates portions of the heat exchanger.

In some embodiments, as shown in FIG. 3, the heat
exchanger fluid inlet 26 and/or the heat exchanger tluid
outlet 28 may be 1ntegrally formed with the second end cap
16. For example, 1n some cases the second end cap 16 may
be 1njection molded with the heat exchanger fluid inlet 26
and/or the heat exchanger tluid outlet 28 formed as part of
the 1mjection molded part. Similarly, in some embodiments,
the second end cap 16 may be injected molded with the gas
outlet 24 formed as part of the injection molded part.
However, in some embodiments, the second end cap 16 may
be formed having apertures to which one or more of the heat
exchanger fluid inlet 26, the heat exchanger fluid outlet 28
and/or the gas outlet 24 may be attached. The second end cap
16 includes an annular ring 36 that 1s disposed about a
periphery of the second end cap 16 and that serves, 1n some
embodiments, as an attachment point for securing the sec-
ond end cap 16 to the housing 12. In some embodiments, the
second end cap 16 also includes an annular ring 38 that, as
will be described subsequently, locates portions of the heat
exchanger.

In some embodiments, one of the heat exchanger fluid

inlet 26 and the heat exchanger fluid outlet 28 may be
located 1n the first end cap 14 while the other of the heat

exchanger fluid 1nlet 26 and the heat exchanger tluid outlet
28 may be located in the second end cap 16. In some
embodiments, the heat exchanger fluid 1nlet 26 and outlet 28

may be located 1n the first end cap 14. In some embodiments,
the heat exchanger fluid inlet 26 and outlet 28 may be
located in the second end cap 16.

FIG. 4A 1s a perspective 1llustration of a heat exchanger
core 140 having a first end 142 and a second end 144. In
some embodiments, the heat exchanger core 140 may be
disposed within the blood processing apparatus 10 such that
the first end 142 1s near the first end cap 14 while the second
end 144 1s near the second end cap 16. The heat exchanger
core 140 1ncludes cavities (not visible from the design) that,
in some embodiments, help to locate the first end 142
relative to the first end cap 14 and similarly, the second end
144 to the second end cap 16. In some embodiments, the
annular portions 146 and 147 provide a desired distance
between the fiber bundle (not illustrated) and the heat
exchanger 140 in order to permit a desired volume and/or
depth of potting resin.

In some embodiments, the heat exchanger core 140
includes a comnical deflection surface (not visible in this
orientation) upon which incoming blood from the blood 1nlet
18 impinges. The conical deflection surface deflects the
blood 1n a radial direction. In some embodiments, the
conical deflection surface may include a divider (not shown)
that assists 1n directing blood 1n particular directions. The
heat exchanger core 140 includes an outer surface having
one or more longitudinal ribs 153. The longitudinal ribs 153
provide mechanical support to the heat exchanger fiber
bundle (not illustrated 1n FIG. 4A) and help to create a space
between the fiber bundle and the heat exchanger core 140 1n
order to facilitate radial blood tlow.

A core aperture 154 1s formed within the outer surface 152
such that blood impinging on the conical deflection surface
1s deflected radially outwardly through the core aperture
154. In some embodiments, the heat exchanger core 140
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may have one, two, three, four or any desired number of core
apertures 154 spaced radially about the heat exchanger core
140.

In some embodiments, as illustrated, the heat exchanger
core 140 includes radially disposed core ribs 152, 156. In
some embodiments, the core ribs (or projections) 152, 156
deflects blood away from the outer surface of the core 1n a
radially-outward direction. The core nbs 152, 156 are
designed to impart a radial component to blood flow trajec-
tory.

In some embodiments, the heat exchanger core 140 may
also have one or more longitudinally-extending indentations
160 that are disposed ahead of the core rib 156 and one or
more longitudinally-extending indentations 162 that are
disposed downstream of the core rib 156. In some embodi-
ments, a plurality of the indentations 160 and 162 are
disposed circumierentially around or substantially around
the outer surface 152. In some embodiments, the heat
exchanger core 140 1s configured to provide turbulent blood
flow while providing suflicient physical support for the heat
exchanger hollow fibers (not illustrated).

The indentations 160 include an angled surface 164,
proximate the core rib 156, that provides a radially outward
component to blood tlow trajectory. The indentations 162
include a first tapered surface 166, a second tapered surface
168, a third tapered surface 170, a fourth tapered surface 172
and a bottom surface 174 that in combination assist 1n
causing blood flow to move towards and away from the heat
exchanger core 140.

FIG. 4B 1s a perspective 1llustration of a heat exchanger
core 240 having a first end 242 and a second end 244. In
some embodiments, the heat exchanger core 240 may be
disposed within the blood processing apparatus 10 such that
the first end 242 1s near the first end cap 14 while the second
end 244 1s near the second end cap 16. The heat exchanger
core 240 includes cavities (not 1llustrated in the drawing)
that, in some embodiments, help to locate the first end 242
relative to the first end cap 14 and Similarly, the second end
244 relative to the second end cap 16. In some embodiments,
the annular portions 246 and 247 provide a desired distance
between the fiber bundle (not illustrated) and the heat
exchanger 240 1n order to permit a desired volume and/or
depth of potting resin.

In some embodiments, the heat exchanger core 240
includes a conical deflection surface (not visible in this
orientation) upon which incoming blood from the blood 1nlet
18 mmpinges. The conical deflection surface detlects the
blood 1in a radial direction. In some embodiments, the
conical deflection surface may include a divider (not shown)
that assists 1 directing blood 1n particular directions. The
heat exchanger core 240 includes an outer surface 252. A
core aperture 254 1s formed within the outer surface 252
such that blood impinging on the conical deflection surface
1s detlected radially outwardly through the core aperture
254. In some embodiments, the heat exchanger core 240
may have one, two, three, four or any desired number of core
apertures 254 spaced radially about the heat exchanger core
240.

In some embodiments, as illustrated, the heat exchanger
core 240 1ncludes a radially disposed core rib 256. In some
embodiments, the core rib (or projection) 256 deflects blood
away Irom the outer surface 252 in a radially-outward
direction. The core rib 256 1s designed to impart a radial
component to blood flow trajectory. In some embodiments,
the heat exchanger core 240 1s configured to provide turbu-
lent blood flow while providing suflicient physical support
for the heat exchanger hollow fibers (not illustrated).
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In some embodiments, the heat exchanger core 240 may
also one or more longitudinally-extending indentations 260
that are disposed ahead of the core rib 256. In some
embodiments, a plurality of the indentations 260 are dis-
posed circumierentially around or substantially around the
outer surface 252. The indentations 260 include an angled
surface 264, proximate the core rnib 256, that provides a
radially outward component to blood flow trajectory.

In some embodiments, the heat exchanger core 240
includes a blood turbulence section 270 that 1s disposed
downstream of the core rib 256. The blood turbulence
section 270 includes several longitudinally-extending ribs
272 that are intersected by radial ribs 274. In some embodi-
ments, the ribs 272 and the radial ribs 274 represent portions
of the outer surtace 252. A plurality of voids 276 are formed
within the outer surface 252, 1n between the ribs 272 and the
radial ribs 274. Blood impinging on the blood turbulence
section 270 will splash off 1n a variety of directions, thereby
improving blood flow across the heat exchanger hollow
fibers (not illustrated).

FIG. 4C 1s a perspective 1llustration of a heat exchanger
core 340 having a first end 342 and a second end 344. In
some embodiments, the heat exchanger core 340 may be
disposed within the blood processing apparatus 10 such that
the first end 342 1s near the first end cap 14 while the second
end 344 1s near the second end cap 16. The heat exchanger
core 340 includes cavities (349, while the second cavity 1s
not presented 1n the drawing) that, in some embodiments,
help to locate the first end 342 relative to the first end cap 14
and Similarly, the second end 344 relative to the second end
cap 16. In some embodiments, the annular portions 346 and
347 provide a desired distance between the fiber bundle (not
illustrated) and the heat exchanger 340 1n order to permait a
desired volume and/or depth of potting resin.

The heat exchanger core 340 includes a conical deflection
surface 348 upon which mncoming blood from the blood inlet
18 impinges. The conical deflection surface 348 detlects the
blood 1n a radial direction. In some embodiments, the
conical deflection surface 348 may include a divider (not
1llustrated) that assists i directing blood 1n particular direc-
tions. The heat exchanger core 340 includes an outer surtace
352. A core aperture 354 1s formed within the outer surface
352 such that blood impinging on the conical deflection
surface 348 1s detlected radially outwardly through the core
aperture 354. In some embodiments, the heat exchanger core
340 may have one, two, three, four or any desired number
of core apertures 354 spaced radially about the heat
exchanger core 340. In some embodiments, the heat
exchanger core 340 1s configured to provide turbulent blood
flow while providing suflicient physical support for the heat
exchanger hollow fibers (not illustrated).

In some embodiments, the heat exchanger core 340
includes a blood turbulence section 370 that 1s disposed
downstream of the core rib 356. The blood turbulence
section 370 includes a recessed portion 380 extending into
the outer surface 352 and a grid 382 that extends across the
recessed portion 380. In some embodiments, the grid 382
extends at least substantially co-cylindrically with the outer
surface 352. The grid 382 may be formed of any suitable
metallic or polymeric material, and may be attached to the
heat exchanger core 340 in any suitable manner. The gnd
382 includes a plurality of apertures 384. The gnd 382
provides mechanical support to the heat exchanger fiber
bundle and provides a space for radial blood flow.

FIG. 5A 1s a perspective illustration of a cylindrical shell
62 that may be disposed within the housing 12 and arranged
coaxially with the heat exchanger core 40 (see FIG. 6). FIG.
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5B 1s a cross-sectional view of the cylindrical shell 62. The
cylindrical shell 62 includes a first end 64 and a second end
66. In some embodiments, the cylindrical shell 62 may be
disposed within the housing 12 such that the first end 64 1s
near the first end cap 14 while the second end 66 1s near the
second end cap 16.

The cylindrical shell 62 includes an outer surface 68. A
shell aperture 70 1s formed within the outer surface 68 such
that blood flowing between the outer surface 52 of the heat
exchanger core 40 and an 1nner surface 72 of the cylindrical
shell 62 can exit the cylindrical shell 62. In some embodi-
ments, the mner surface 72 of the cylindrical shell 62 may
include one or more shell ribs 80 that protrude from the 1nner
surface 72 and extend toward the heat exchanger core 140,
240, 340. The one or more shell ribs 80 deflect blood away
from the inner surface 72 1n a radially inward direction. In
some embodiments, the one or more shell ribs 80 may, 1n
combination with the core ribs 56 and 58, interrupt longi-
tudinal blood flow and impart a radial flow component to
blood flow through the heat exchanger, 1.e., between the
outer surface 52 of the heat exchanger core 40 and the inner
surtace 72 of the cylindrical shell 72. In some embodiments,
the heat exchanger core 140, 240, 340 may also 1include one
or more longitudinally-extending ribs 75 that may serve to
create a distance between the heat exchanger fiber bundle
and the cylindrical shell 72 in order to allow a radial tlow
path between the heat exchanger core 140, 240, 340 and the
cylindrical shell 62.

In some embodiments, the cylindrical shell 62 may have
one, two, three, four, five, s1x or any desired number of shell
apertures 70 spaced radially about the cylindrical shell 62.
As 1llustrated 1 FIG. 6, the core aperture(s) 54 and the shell
aperture(s) 70 are generally disposed at opposite ends of the
blood processing apparatus 10. Thus, blood entering the
volume between the outer surface 52 of the heat exchanger
core 40 and an 1nner surface 72 of the cylindrical shell 62 1s
torced to tlow at least substantially the entire length thereof
betfore exiting the cylindrical shell 62.

FI1G. 7 1s a cross-sectional 1llustration of embodiments of
the blood processing apparatus 10, illustrating the coaxial
arrangement between the housing 12, the heat exchanger
core 40 and the cylindrical shell 62. In some embodiments,
the blood processing apparatus 10 includes a schematically
illustrated heat exchanger element 74 as well as a schemati-
cally 1llustrated gas exchanger element 76.

In some embodiments, the heat exchanger element 74
includes a number of hollow fibers through which a heating
fluid such as water can flow. The blood may flow around and
past the hollow fibers and thus be suitably heated. In some
embodiments, the hollow fibers may be polymeric. In some
cases, metallic fibers may be used. In some embodiments,
the hollow fibers may be formed of polyurethane, polyester,
or any other suitable polymer or plastic material. According
to various embodiments, the hollow fibers have an outer
diameter of between about 0.2 and 1.0 millimeters or, more
specifically, between about 0.25 and 0.5 millimeters. The
hollow fibers may be woven into mats that can range, for
example, from about 20 to about 200 millimeters 1n width.
In some embodiments, the mats are arranged 1n a criss-cross
configuration.

In some embodiments the gas exchanger element 76 may
include a number of microporous hollow fibers through
which a gas such as oxygen may flow. The blood may flow
around and past the hollow fibers. Due to concentration
gradients, oxygen may diffuse through the microporous
hollow fibers into the blood while carbon dioxide may
diffuse 1nto the hollow fibers and out of the blood. In some
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embodiments, the hollow fibers are made of polypropylene,
polyester, or any other suitable polymer or plastic matenal.
According to various embodiments, the hollow fibers have
an outer diameter of about 0.38 millimeters. According to
other embodiments, the microporous hollow fibers having a
diameter of between about 0.2 and 1.0 millimeters, or more
specifically, between about 0.25 and 0.5 millimeters. The
hollow fibers may be woven into mats that can range, for
example, from about 20 to about 200 millimeters 1n width.
In some embodiments, the mats are 1n a criss-cross configu-
ration.

As shown 1n FIG. 8, blood that enters the blood process-
ing apparatus 10 through the blood inlet 18 is radially
directed through the core aperture(s) 54 such that the blood
flows over and around the hollow fibers within the heat
exchanger element 74. At least some of the blood flow
impinges on the inner surface 72 of the cylindrical shell 62
and 1s radially directed back towards the outer surface 52 of
the heat exchanger core 140, 240, 340 (core 140 1s 1illus-
trated). At least some of the blood flow 1s then directed
radially outwards by the core ribs 56 and 58. The blood
continues traveling back and forth radially until 1t reaches
the shell aperture(s) 70 and enters a space between the
cylindrical shell 62 and the housing 12. In some embodi-
ments, improved heat transfer may be achieved by combin-
ing radial and longitudinal flow through the heat exchanger
clement 74. The blood exiting the shell aperture(s) 70 tlows
over and around the gas exchanger element 76 and eventu-
ally exits the blood processing apparatus 10 through the
blood outlet 20.

FIG. 8 1s a cross-sectional view of the blood processing
apparatus 10, 1illustrating the relative orientation of the
clements previously discussed. As shown, the heat
exchanger core 1s centrally located, with the heat exchanger
clement 74 coaxially disposed about the heat exchanger core
140, 240, 340 (core 140 1s 1llustrated). The cylindrical shell
62 1s coaxially disposed about the heat exchanger element
74, tfollowed sequentially by the gas exchanger element 76
and the housing 12. In some embodiments, the heat
exchanger core 140, 240, 340 (core 140 1s illustrated) may
have core ribs 56 and 58 that are configured to impart a
radial component to blood tlow trajectory across the heat
exchanger element 74. In some embodiments, the cylindrical
shell 62 may have one or more radially disposed shell ribs
80 that are configured to impart a radial component to blood
flow trajectory across the heat exchanger element 74.

FIG. 9 1s a cross-sectional view ol a blood processing
apparatus 90 in accordance with embodiments of the dis-
closure. The blood processing apparatus 90 1s similar to the
blood processing apparatus 10, but includes a modified gas
exchanger portion. In some embodiments, an inner surface
of the housing 12 includes one or more housing ribs 92 that
are configured to impart a radial component to blood tlow
trajectory through and across the gas exchanger element 76.
In some embodiments, an outer surtace of the cylindrical
shell 62 includes one or more outer shell ribs 94 that are
configured to impart a radial component to blood flow
trajectory through and across the gas exchanger element 76.
In some embodiments, improved gas transier may be
achieved by combining radial and longitudinal flow through
the gas exchanger element 76.

In some embodiments, the ribs such as the core ribs 56
and 58, the shell ribs 80 and/or the housing ribs 92 may
extend about 10 to about 70 percent of the distance between
a surface from which they extend to an opposing surface. In
some embodiments, the ribs may extend about 25 to about
50 percent of the aforementioned distance. To 1llustrate, the
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core ribs 56 and 58 may extend about 10 to about 70 percent,
or about 25 to about 50 percent, of a distance between the
heat exchanger core 40 and the cylindrical shell 62. In some
embodiments, the ribs may form an angle with the surface
from which they extend that i1s 1n the range of about 30 to
about 90 degrees. In some embodiments, the ribs may form
an angle of about 45 to about 60 degrees. In some embodi-
ments, the ribs may have a height that is in the range of about
0.2 millimeters to about 3 millimeters and a width that 1s 1n
the range of about 0.5 millimeters to about 10 millimeters.

FIG. 10 1s a cross-sectional view of a blood processing
apparatus 100 1n accordance with embodiments of the
disclosure. The blood processing apparatus 100 1s similar to
those discussed above, but blood flow through the heat
exchanger has a spiral component. The blood processing
apparatus 100 has a heat exchanger core 102 that includes
one or more core apertures 104. Blood passes through the
one or more core apertures 104 and enters a heat exchanger
clement 106 that as discussed above may 1nclude a number
of hollow fibers. Blood exits the heat exchanger element 106
through one or more shell apertures 108 and then passes
longitudinally through a gas exchanger element 112 before
exiting through the blood outlet 20.

As shown 1n FIG. 10 that the core apertures 104 and the
shell apertures 108 are longitudinally spaced apart such that
blood entering the heat exchanger element 106 passes the
length of the heat exchanger element 106 before exiting into
the gas exchanger element 112. The core apertures 104 and
the shell apertures 108 are radially spaced apart from one
another. As schematically shown i FIG. 11, for example,
the core apertures 104 may be spaced about 180 degrees
apart from each other. The shell apertures 108 may also be
spaced about 180 degrees apart from each other, and more-
over may be radially displaced from the core apertures 104
by about 180 degrees. As a result, blood passing through the
heat exchanger element 106 undergoes a spiral tflow path
through and around the hollow fibers within the heat
exchanger element 106.

Various modifications and additions can be made to the
exemplary embodiments discussed without departing from
the scope of the present disclosure. For example, while the
embodiments described above refer to particular features,
the scope of this disclosure also includes embodiments
having different combinations of features and embodiments
that do not include all of the above described features.

We claim:

1. A blood processing apparatus comprising:

a housing having a blood ilet and a blood outlet, the
blood inlet extending into an interior of the housing
[near a first end of the housing];

a heat exchanger core arranged within the housing, the
heat exchanger core configured to impart a radial flow
to blood passing from the blood 1nlet and through a core
aperture to an exterior of the heat exchanger core[, the
core including one or more ribs defining indentations]:

heat exchanger hollow fibers disposed about the heat
exchanger core such that a heat exchanger fluid may
flow through the heat exchanger hollow fibers and
blood from the core aperture may flow across the heat
exchanger hollow fibers;

[wherein the heat exchanger hollow fibers are supported
by the one or more ribs of the heat exchanger core:}

a cylindrical shell [extending coaxially about] surround-
ing the heat exchanger [core] Zollow fibers, the cylin-
drical shell including [an annular] a shell aperture
[disposed near a second end of the housing, the shell
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aperture] configured to impart a longitudinal blood flow
component to blood passing to an exterior of the
cylindrical shell; and

gas exchanger hollow fibers disposed about the cylindri-
cal shell such that gases may flow through the gas
exchange hollow fibers and blood passing from the
[annular] shell aperture may flow across the gas
exchanger hollow fibers;

wherein the heat exchanger core includes a blood turbu-
lence section; and

wherein the blood turbulence section comprises a recess
formed within an outer surface of the heat exchanger
core downstream of the core aperture, and a grid
disposed over the recess and under the heat exchanger
hollow fibers, the corve aperture being devoid of the
grid, the grid comprising a plurality of apertures
extending through the grid.

2. The blood processing apparatus of claim [1] 24,
wherein the one or more ribs include one or more radially
disposed core ribs configured to support the heat exchanger
hollow fibers as well as provide a radial component to blood
flow across the heat exchanger hollow fibers.

3. The blood processing apparatus of claim [1] 24,
wherein the one or more ribs include one or more longitu-
dinally disposed ribs configured to support the heat
exchanger hollow fibers.

4. The blood processing apparatus of claim 1, wherein the
heat exchanger core includes a conical deflection surface
disposed between the blood inlet and the core aperture, the
conical deflection surface imparting a radial component to
blood flow trajectory leaving the core aperture.

5. The blood processing apparatus of claim 1, wherein the
housing includes an inner surface upon which one or more
radially disposed housing ribs are disposed, the one or more
radially disposed housing ribs configured to impart a radial
component to blood flow trajectory across the gas exchanger
hollow fibers.

6. The blood processing apparatus of claim 1, wherein the
blood turbulence section comprises a plurality of longitudi-
nally-extending indentations extending into an outer surface
of the heat exchanger core.

7. The blood processing apparatus of claim 1, further
comprising a first end cap secured to the housing, the blood
inlet [being integrally formed] provided with the first end
cap.

8. The blood processing apparatus of claim 7, further
comprising a gas inlet [integrally formed] provided with the
first end cap, the gas inlet 1 fluid commumication with an
interior of the gas exchanger hollow fibers.

9. The blood processing apparatus of claim 1, further
comprising a second end cap secured to the housing, the
second end cap including a heat exchanger fluid inlet
[integrally formed] provided with the second end cap and a
heat exchanger fluid outlet [integrally formed] provided with
the second end cap, the heat exchanger fluid mlet and outlet
cach 1 fluild communication with an interior of the heat
exchanger hollow fibers.

10. The blood processing apparatus of claim 9, further
comprising a gas outlet [integrally formed] provided with
the second end cap, the gas outlet 1n fluid commumnication
with an interior of the gas exchanger hollow fibers.

11. A blood processing apparatus comprising:

a housing having a blood inlet and a blood outlet, the
blood inlet extending into an interior of the housing
[near a first end of the housing];

a first end cap secured to the housing, the blood 1nlet being,
integrally formed with the first end cap;
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a heat exchanger core arranged within the housing, the
heat exchanger core configured to impart a radial tlow
to blood passing from the blood 1nlet and through a core
aperture to an exterior of the heat exchanger coref, the
core including one or more ribs defining indentations]; 5

heat exchanger hollow fibers disposed about the heat
exchanger core such that a heat exchanger fluid may
flow through the heat exchanger hollow fibers and
blood from the core aperture may tlow across the heat
exchanger hollow fibers; 10

[wherein the heat exchanger hollow fibers are supported
by the one or more ribs of the heat exchanger core;]

a cylindrical shell [extending coaxially about] surround-
ing the heat exchanger [core] hollow fibers, the cylin-
drical shell including [an annular] a shell aperture 15
[disposed near a second end of the housing, the shell
aperture] configured to impart a longitudinal blood flow
component to blood passing to an exterior of the
cylindrical shell; and

gas exchanger hollow fibers disposed about the cylindri- 20
cal shell such that gases may flow through the gas
exchange hollow fibers and blood passing from the
[annular] shell aperture may flow across the gas
exchanger hollow fibers;

wherein the heat exchanger core includes a blood turbu- 25
lence section that includes a recess formed within an
outer surface of the heat exchanger core downstream of
the core aperture, and a grid disposed over the recess
and under the heat exchanger hollow fibers, the core
aperture being devoid of the grid, the grid comprising 30
a plurality of apertures extending through the grid.

12. The blood processing apparatus of claim 11, further
comprising a gas inlet integrally formed with the first end
cap, the gas inlet in fluid communication with an interior of
the gas exchanger hollow fibers. 35

13. The blood processing apparatus of claim 11, further
comprising a second end cap secured to the housing, the
second end cap including a heat exchanger flud inlet
integrally formed with the second end cap and a heat
exchanger tluid outlet integrally formed with the second end 40
cap, the heat exchanger fluid inlet and outlet each 1n fluid
communication with an interior of the heat exchanger hol-
low fibers.

14. The blood processing apparatus of claim 13, further
comprising a gas outlet integrally formed with the second 45
end cap, the gas outlet 1 fluid communication with an
interior of the gas exchanger hollow fibers.

15. The blood processing apparatus of claim 11, wherein
the cylindrical shell includes one or more shell ribs that
protrude from an inner surface of the cylindrical shell and 50
extend toward the heat exchanger core.

16. The blood processing apparatus of claim [11] 22,
wherein the one or more ribs include one or more radially
disposed core ribs configured to support the heat exchanger
hollow fibers as well as provide a radial component to blood 55
flow across the heat exchanger hollow fibers.

17. The blood processing apparatus of claim [11] 22,
wherein the one or more ribs include one or more longitu-
dinally disposed ribs configured to support the heat
exchanger hollow fibers. 60

18. The blood processing apparatus of claim 11, wherein
the heat exchanger core includes a conical deflection surface
disposed between the blood inlet and the core aperture, the
conical detlection surface imparting a radial component to
blood flow trajectory leaving the core aperture. 65

19. The blood processing apparatus of claim 11, wherein
the housing includes an 1nner surface upon which one or

12

more radially disposed housing ribs are disposed, the one or
more radially disposed housing ribs configured to impart a
radial component to blood flow trajectory across the gas
exchanger hollow fibers.

20. The blood processing apparatus of claam 11, wherein
the blood turbulence section comprises a plurality of longi-
tudinally-extending indentations extending into an outer
surface of the heat exchanger core.

21. The blood processing apparatus of claim 11, wherein
the heat exchanger cove includes one or more ribs.

22. The blood processing apparatus of claim 21, wherein
the heat exchanger hollow fibers are supported by the one or
movre ribs of the heat exchanger core.

23. The blood processing apparatus of claim I, wherein
the heat exchanger corve includes one or more ribs.

24. The blood processing apparatus of claim 23, wherein
the heat exchanger hollow fibers are supported by the one or
movre ribs of the heat exchanger core.

25. A blood processing apparatus comprising:

a housing having a blood inlet extending into an interior
of the housing and a blood outlet extending out of the
interior of the housing;

a heat exchanger element arvanged within the housing,
the heat exchanger element including a corve aperture
in fluid communication with the blood inlet;

a cvlindrical shell surrounding the heat exchanger ele-
ment; and

a gas exchanger element surrounding the cylindrical
shell:

wherein the heat exchanger element includes a blood
turbulence section; and

wherein the blood turbulence section comprises a recess
Jormed within an outer surface of the heat exchanger
element downstream of the cove aperture, and a grid
disposed over the recess, the core aperture being
devoid of the grid, the grid comprising a plurality of
apertures extending through the grid;

wherein the heat exchanger element includes heat
exchanger hollow fibers providing a heat exchanger
fluid flowing through the heat exchanger hollow fibers,

wherein blood may flow across the heat exchanger
hollow fibers, wherein the heat exchanger hollow fibers
are disposed over the grid,;
wherein the blood processing apparatus defines a blood
flow pathway from the blood inlet, across the heat
exchanger element, acvoss the gas exchanger element
and to the blood outlet.
26. The blood processing apparatus of claim 25, wherein
the heat exchanger element is configured to impart a radial

flow to blood passing from the blood inlet and through the

corve aperture of the heat exchange element to an exterior of
the heat exchanger element.

27. The blood processing apparatus of claim 25, wherein
the cylindrical shell includes a shell aperture configured to
impart a longitudinal blood flow component to blood pass-
ing to an exterior of the cylindrical shell.

28. The blood processing apparatus of claim 25, wherein
the gas exchanger element includes gas exchanger hollow

fibers disposed about the cviindrvical shell providing a gas
flowing through the gas exchanger hollow fibers, wherein

blood may flow across the gas exchanger hollow fibers.
29. A blood processing apparatus comprising.
a housing having a blood inlet extending into an interior
of the housing and a blood outlet extending out of the
interior of the housing;



US RE49,759 E

13

a heat exchanger element arranged within the housing,
the heat exchanger element including a core aperture
in fluid communication with the blood inlet;

a cvlindrical shell surrounding the heat exchanger ele-
ment; and

a gas exchanger element surrounding the cylindrical
shell:

wherein the heat exchanger element includes a blood
turbulence section; and

whevrein the blood turbulence section comprises a recess
Jormed within an outer surface of the heat exchanger
element downstream of the cove aperture, and a grid
disposed over the rvecess, the core aperture being
devoid of the grid, the grid comprising a plurality of
apertures extending through the grid;

wherein the heat exchanger element includes heat
exchanger hollow fibers providing a heat exchanger
fluid flowing through the heat exchanger hollow fibers,
wherein blood may flow across the heat exchanger
hollow fibers, wherein the heat exchanger hollow fibers
are disposed over the grid;

wherein the blood processing apparatus includes a blood
flow path from the blood inlet acvoss the blood turbu-
lence section to the blood outlet, wherein the blood
turbulence section is comnfigured to provide turbulent
blood flow across the heat exchanger element.
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