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(57) Abréegée/Abstract:

A heat exchanger includes a core defining a first passageway configured for a first fluid to flow through and a second passageway
configured for a second fluid to flow through. The core Includes a plurality of unit cells coupled together. Each unit cell of the
plurality of unit cells includes a sidewall at least partly defining a first passageway portion, a second passageway portion, a plurality
of first openings for the first fluid to flow through, and a plurality of second openings for the second fluid to flow through. Each unit
cell of the plurality of unit cells is configured to enable the first fluid to combine and divide In the first passageway portion. Each unit
cell is further configured to enable the second fluid to combine and divide In the second passageway portion.
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ABSTRACT

A heat exchanger includes a core defining a first passageway configured for a first
fluid to flow through and a second passageway configured for a second fluid to flow
through. The core includes a plurality of unit cells coupled together. Each unit cell of the
plurality of unit cells includes a sidewall at least partly defining a first passageway por;[ion,
a second passageway portion, a plurality of first openings for the first fluid to tlow through,
and a plurality of second openings for the second tluid to tlow througﬁ. Each unit cell ot
the plurality of unit cells is configured to enable the first fluid to combine and divide in the
first passageway portion. Each unit cell 1s further configured to enable the second fluid to

combine and divide in the second passageway portion.
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HEAT EXCHANGER INCLUDING FURCATING UNIT CELLS

BACKGROUND

[0001] The present disclosure relates generally to heat exchangers and, more specifically,

heat exchangers including unit cells forming furcating flow passageways.

[0002] At least some known heat exchangers utilize heat transfer fluids that flow through
the heat exchangers and transfer heat. A heat transfer efficiency of the heat exchangers is
determined, at least in part, by the flow of the heat transfer fluids through the heat
exchangers. As the heat transfer fluids flow through the heat exchangers, the heat transfer
fluids tend to establish a boundary layer which increases thermal resistance and reduces
the heat transfer efficiency of the heat exchangers. In addition, the heat transfer efficiency
of the heat exchangers is affected by characteristics of the heat exchanger such as material
properties, surface areas, flow configurations, pressure drops, and resistivity to thermal
exchange. Improving any of these characteristics allows the heat exchanger to have an

increased heat transter etficiency.

[0003] In addition, some systems or applications require heat exchangers to fit within a
specitied system volume and weigh less than a specified weight. However, reducing the
size of the heat exchangers to meet system requirements affects the characteristics that
determine heat transter etficiency. Also, at least some heat exchangers are not properly
shaped to fit within the systems, which results in ineffective use of space and/or wasted
volume. Moreover, at least some known heat exchangers are formed to meet system
requirements using fabrication techniques that require multiple joints, such as brazed and
welded joints. Such joints may deteriorate over time, thereby decreasing a service life of

the heat exchangers.

BRIEF DESCRIPTION

[0004] In one aspect, a heat exchanger 1s provided. The heat exchanger includes a core
defining a first passageway configured for a first fluid to flow through and a second

1
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passageway configured for a second fluid to flow through. The core includes a plurality of
unit cells coupled together. Each unit cell of the plurality of unit cells includes a sidewall
at least partly defining a first passageway portion, a second passageway portion, a plurality
of first openings for the first fluid to flow through, and a plurality of second openings for
the second fluid to flow through. Each unit cell of the plurality of unit cells is configured
to enable the first fluid to combine and divide in the first passageway portion. Each unit
cell 1s further configured to enable the second fluid to combine and divide in the segond

passageway portion.

[0005] In another aspect, a heat exchanger is provided. The heat exchanger includes a
core defining a first passageway for a first fluid to flow through and a second passageway
for a second fluid to flow through. The core includes a first unit cell, a second unit cell,
and a third unmit cell. The first unit cell includes a first sidewall at least partially defining a
first passageway first portion and a second passageway first portion. The second unit cell
~Includes a second sidewall at least partially defining a first passageway second portion and
a second passageway second portion. The second unit cell is coupled to the first unit cell.
The third unit cell includes a third sidewall at least partially defining a first passageway
third portion and a second passageway third portion. The third unit cell is coupled to the
first unit cell. The first unit cell is configured to enable the first fluid to flow from the first
passageway first portion to the first passageway second portion and the first passageway
third portion. In addition, the first unit cell is further configured to enable the second fluid

to flow 1nto the second passageway first portion from the second passageway second

portion and the second passageway third portion.
DRAWINGS

[0006] These and other features, aspects, and advantages of the present disclosure will
become better understood when the following detailed description is read with reference to
the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:

[0007] FIG. 1 is a schematic sectional view of an exemplary heat exchanger;
2
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[0008] FIG. 2 1s a schematic view of a portion of the heat exchanger shown in FIG. 1;

[0009] FIG. 3 is a schematic isometric view of a unit cell of the heat exchanger shown in

FIG. 1;
[0010] FIG. 4 1s a schematic side view of a plurality of the unit cells shown in FIG. 3;

[0011] FIG. 5 1s a schematic side view of an exemplary unit cell for use in the heat

exchanger shown 1n FIG. 1;

[0012] FIG. 6 1s a schematic view of fluid tflow through a plurality of the unit cells shown
in FIG. 5;

[0013] FIG. 7 1s a schematic view of a plurality of exemplary flow passages adjacent a

casing of the heat exchanger shown in FIG. 1;

[0014] FIG. 8 1s a schematic view of a plurality of exemplary flow configurations of the

heat exchanger shown in FIG. 1;

[0015] FIG. 9 1s a schematic view of a hybrid counter-flow configuration of the heat

exchanger shown 1n FIG. 1;

[0016] FIG. 10 1s a schematic view of a hybrid parallel flow configuration of the heat

exchanger shown in FIG. 1;

[0017] FIG. 11 1s an 1sometric view of an exemplary heat exchanger core having an

annular shape;

[0018] FIG. 12 1s a sectional view of a portion of the heat exchanger core shown in FIG.

11;

[0019] FIG. 13 is a schematic view of a plurality of exemplary flow configurations of the

heat exchanger shown in FIG. 11;

R R L R L Y LR
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[0020] FIG. 14 is a schematic view of a plurality of exemplary radial tlow configurations

of the heat exchanger shown in FIG. 11;

[0021] FIG. 15 1s a schematic view of a plurality of exemplary circumferential flow

configurations of the heat exchanger shown in FIG. 11;

[0022] FIG. 16 is schematic view of an exemplary heat exchanger core including a

passageway tor gas tlow;

[0023] FIG. 17 1s a schematic view of a tiered manifold portion for use with .heat

exchanger shown in FIG. 1;

[0024] FIG. 18 1s a schematic view of a planar manifold portion for use with the heat

exchanger shown in FIG. 1; and

[0025] FIG. 19 1s a schematic view of a planar redirection portion for use with the heat

exchanger shown in FIG. 1.

[0026] Unless otherwise indicated, the drawings provided herein are meant to illustrate
features of embodiments of the disclosure. These features are believed to be applicable in
a wide variety of systems including one or more embodiments of the disclosure. As such,
the drawings are not meant to include all conventional features known by those of ordinary

skill 1n the art to be required for the practice of the embodiments disclosed herein.

DETAILED DESCRIPTION

[0027] In the following specification and the claims, reference will be made to a number

of terms, which shall be defined to have the following meanings.

[0028] The singular forms “a”, “an”, and “the” include plural references unless the

context clearly dictates otherwise.
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[0029] “Optional” or “optionally” means that the subsequently described event or
circumstance may or may not occur, and that the description includes instances where the

event occurs and 1nstances where 1t does not.

[0030] Approximating language, as used herein throughout the specification and claims,

may be applied to modify any quantitative representation that could permissibly vary
without resulting in a change in the basic function to which it is related. According‘ly, a

2% &6

value modified by a term or terms, such as “about,” “substantially,” and “approximately,”
are not to be limited to the precise value specified. In at least some instances, the
approximating language may correspond to the precision of an instrument for measuring
the value. Here and throughout the specification and claims, range limitations may be
combined and/or interchanged, such ranges are identified and include all the sub-ranges

contained therein unless context or language indicates otherwise.

[0031] As used herein, the terms “axial” and “axially” refer to directions and orientations
that extend substantially parallel to a centerline of the heat exchanger. Moreover, the terms
“radial” and “radially” refer to directions and orientations that extend substantially
perpendicular to the centerline of the heat exchanger. In addition, as used herein, the terms
“circumferential” and “circumferentially” refer to directions and orientations that extend
arcuately about the centerline of the heat exchanger. It should also be appreciated that the
term “fluid” as used herein includes any medium or material that flows, including, but not

limited to, air, gas, liquid, and steam.

[0032] The systems and methods described herein include a core that enables heat
exchangers to have different shapes, sizes, and flow configurations. The core includes a
plurality of unit cells. The unit cells define passageways for at least two different heat
exchange fluids such that the fluids combine and divide in close proximity separated bnly
by a sidewall of the unit cell. In some embodiments, each unit cell is configured to receive
flows of heat exchange fluid from at least three other unit cells such that the flows combine
into a single flow. In addition, each unit cell forms a trifurcated passageway portion such

that the tlow divides and 1s discharged into at least three other unit cells. As a result, the

S
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thermal boundary layers of the heat exchange fluids are reduced and the heat exchange '
fluids more efficiently transfer heat through the sidewalls of the unit cells in comparison to
heat exchange fluids 1n known heat exchangers. Moreover, the heat exchangers described
herein include multiple arrangements and flow configurations to meet overall system

requirements and have increased efficiency.

[0033] FIG. 1 is a sectional view of an exemplary heat exchanger 100. FIG. 2 is a
partially schematic view of a portion of heat exchanger 100. Heat exchanger 100 includes
a core 102, a redirection portion 103, a manifold portion 104, and a casing 106. Each of
manifold portion 104, core 102, and redirection portion 103 includes a plurality of unit
cells 108 defining a first passageway 110 for a first fluid 112 to flow through and a second
passageway 114 for a second fluid 116 to tflow through. In redirection portion 103, first
fluid 112 and second fluid 116 are redirected by unit cells 108. Specifically, first fluid 112
and second fluid 116 are turned approximately. 180° in redirection portion 103. In
alternative embodiments, heat exchanger 100 has any configuration that enables heat
exchanger 100 to operate as described herein. For example, 1n some embodiments, at least
a portion of first fluid 112 and/or second tluid 116 1s replaced with an at least partially solid
substance configured to accommodate thermal shocks, such as wax, fusible alloy and/or

molten salt.

[0034] In the exemplary embodiment, manifold portion 104 includes a first inlet 118, a
second 1nlet 120, an 1nlet header 122, an outlet header 124, a first outlet 126, and a second
outlet 128. In alternative embodiments, manifold portion 104 has any configuration that
enables heat exchanger 100 to operate as described herein. For example, in some
embodiments, manifold portion 104 includes a plurality of first inlets 118, second inlets
120, inlet headers 122, outlet headers 124, first outlets 126, and/or second outlets 128. In

further embodiments, heat exchanger 100 includes a plurality of manifold portions 104

coupled to core 102.

[0035] In the exemplary embodiment, each of inlet header 122 and outlet header 124

include a plurality of ports 130 1n fluid communication with first passageway 110. Inlet

6
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header 122 and outlet header 124 change in cross-sectional area along the direction of flow
of first fluid 112 to accommodate the differing volume of first fluid 112 in inlet header 122
and outlet header 124 due to first fluid 112 flowing through ports 130. Specifically, inlet
header 122 tapers 1n cross-sectional area from a maximum cross-sectional area adjacent
first inlet 118 to a minimum cross-sectional area adjacent a distal end of inlet header 122.
Outlet header 124 increases in cross-sectional area from a minimum cross-sectional area
adjacent a distal end of outlet header 124 to a maximum cross-sectional area adjacent - first
outlet 126. Pdrts 130 are substantially bell-shaped to facilitate smooth fluid flow through
ports 130 and to minimize irreversible flow losses. In alternative embodiments, heat
exchanger 100 includes any inlet header 122 and outlet header 124 that enables heat
exchanger 100 to operate as described herein. For example, in some embodiments, heat
exchanger 100 includes a plurality of inlet headers 122 and outlet headers 124. In further
embodiments, at least one inlet header 122 and/or outlet header 124 is coupled to second

passageway 114.

[0036] In the exemplary embodiment, core 102 further includes an inlet plenum 134 and
an outlet plenum 136. Inlet plenum 134 and outlet plenum 136 are in fluid communication
with second passageway 114. Inlet plenum 134 is coupled to second inlet 120 and outlet
plenum 136 1s coupled to second outlet 128. Inlet plenum 134 and outlet plenum 136 are
adjacent inlet header 122 and outlet header 124 to facilitate first fluid 112 and second fluid
116 exchanging heat as first fluid 112 and second fluid 116 flow into and out of core 102.
Moreover, a plurality of conduits 125 are coupled to inlet header 122 and outlet header 124

and extend through inlet plenum 134 and outlet plenum 136. In alternative embodiments,
heat exchanger 100 includes any inlet plenums 134 and outlet plenums 136 that enable heat

exchanger 100 to operate as described herein.

[0037] Also, in the exemplary embodiment, core 102 is manufactured using an additive
manufacturing process. An additive manufacturing proceSs allows core 102 to have
complex geometries while limiting the number of joints of core 102. In alternative
embodiments, core 102 is formed in any manner that enables heat exchanger 100 to operate

as described herein.

CA 2960353 2017-03-09



285246-2

[0038] During operation of heat exchanger 100, first fluid 112 flows into inlet header 122
through first inlet 118 and 1s distributed into first passageway 110 through ports 130. First
fluid 112 1n first passageway 110 is directed through core 102, redirection portion 103, and
manifold portion 104. After flowing through first passageway 110, first fluid 112 flows
through ports 130 into outlet header 124 and is dischafged from heat exchanger 100 through
first outlet 126. Second fluid 116 flows into inlet plenum 134 through second inlet 120
and 1s distributed into second passageway 114. Second fluid 116 in first passageway 114
1s directed through core 102, redirection portion 103, and manifold portion 104. After
flowing through second passageway 114, second fluid 116 flows into outlet plenum 136

where second fluid 116 is discharged from heat exchanger 100 through second outlet 128.

[0039] In alternative embodiments, heat exchanger 100 includes any passageways that
enable heat exchanger 100 to operate as described herein. For example, in some
embodiments, heat exchanger 100 includes at least one bypass passageway (not shown) to
enable first fluid 112 and/or second fluid 116 to bypass at least a portion of first passageway
110 and/or second passageway 114. The bypass passageway (not shown) extends fhrough
any portions of heat exchanger 100, e.g., through core 102, redirection portion 103,
manifold portion 104, and/or along an external periphery of heat exchanger 100. As a
result, the bypass passageway (not shown) facilitates management of pressure drop due to

excess amounts of first fluid 112 and/or second fluid 116.

[0040] Moreover, in the exemplary embodiment, core 102 is configured such that first

fluid 112 and second fluid 116 exchange heat as first fluid 112 and second fluid 116 flow
through core 102, redirection portion 103, and manifold portion 104. For example, as
shown 1n FIG. 2, first fluid 112 and second fluid 116 exchange heat through sidewalis of
unit cells 108 as first fluid 112 and second fluid 116 flow through portions of first
passageway 110 and second passageway 114 defined by unit cells 108. As will be
described 1n more detail below, unit cells 108 define portions of first passageway 110 and
second passageway 114 where first ﬂu.id 112 and second fluid 116 combine and divide to
disrupt thermal boundary layers in first fluid 112 and second fluid 116. In the exemplary

embodiment, unit cells 108 are aligned and coupled together such that core 102 is
8
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substantially symmetrical, which facilitates multiple flow configurations of heat exchanger
100. For example, in the illustrated embodiment, core 102 has a diamond shape; In
alternative embodiments, core 102 has any configuration that enables heat exchanger 100

to operate as described herein.

[0041] In some embodiments, core 102 1s divided up into independent zones. Unit cells
108 facilitate sectioning and/or segmenting core 102 into the independent zones. In further
embodiments, heat exchanger 100 includes a plurality of discrete cores 102. The repeating
geometric shapes of unit cells 108 facilitate core 102 coupling to other cores 102 in mulﬁple
different configurations. In some embodiments, heat exchanger 100 includes a segment
(not shown) linking separate cores 102 such that a portion of fluid flows through the

segment between cores 102.

[0042] FIG. 3 1s a schematic isometric view of unit cell 108. FIG. 4 is a schematic side
view of a plurality of unit cells 108. In some embodiments, core 102 includes some unit
cells 108 that differ in some aspects from unit cells 108 shown in FIGS. 3 and 4. In the
exemplary embodiment, each unit cell 108 includes a sidewall 138 defining a plurality of
unit cell inlets 140, a plurality of unit cell outlets 142, an interior surface 144, and an
exterior surface 146. First fluid 112 flows into unit cell 108 through unit cell inlets 140,
contacts 1nterior surface 144, and flows out of unit cell 108 through unit cell outlets 142.
Second fluid 116 tlows past unit cell 108 such that second fluid 116 contacts exterior

surface 146. In the illustrated embodiment, each unit cell 108 has three unit cell inlets 140
- and three unit cell outlets 142. In alternative embodiments, unit cell 108 has any unit cell
inlets 140 and unit cell outlets 142 that enable heat exchanger 100 to operate as described

herein.

[0043]  Also, in the exemplary embodiment, each unit cell 108 forms a first passageway
portion 148 of first passageway 110 and a second passageway portion 150 of second
passageway 114. First passageway portion 148 and second passageway portion 150 are
configured for first fluid 112 and second fluid 116 to- exchange thermal energy through

sidewall 138. In operation, first fluid 112 flows into first passageway portion 148 from

9
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other first passageway portions 148 associated with other unit cells 108. First passageway
portion 148 furcates such that first fluid 112 flows out of first passageway portion 148
towards further first passageway portions 148. In particular, first passageway portion 148
trifurcates such that first fluid 112 flows into three flow paths towards three different first
passageway portions 148. Second fluid 116 flows into second passageway portion 150
from other second passageway portions 150. Second passageway portion 150 furcates éuch
that second fluid 116 tlows out of second passageway portion 150 towards further second
passageway portions 150. In particular first passageway portion 148 trifurcates such that
second fluid 116 flows into three tflow paths towards three different second passageway
portions 150. First passageway portion 148 and second passageway portioh 150 turcate at
an approximately 90° angle. In alternative embodiments, first passageway portion 148 and
second passageway portion 150 furcate at any angles that enable heat exchanger 100 to

operate as described herein.

[0044] The furcated shapes of first passageway portion 148 and second passageway
portion 150 provide for additional surtace area to facilitate heat exchange between first
fluid 112 and second fluid 116. Moreover, the furcation of unit cells 108 reduces and/or
inhibits the formation of thermal boundary layers 1n first fluid 112 and second fluid 116.
For example, thermal and momentum boundary layers are broken up each time first fluid
112 and second fluid 116 are redirected due to unit cells 108 furcating. Moreover, the
repeated furcation in unit cells 108 inhibit first fluid 112 and second fluid 116 from
establishing significant thermal and momentum boundary layers. In alternative
embodiments, first passageway portion 148 and second passageway portion 150 have any

configuration that enables heat exchanger 100 to operate as described herein.

[0045] In addition, in the exemplary embodiment, first passageway portion 148 has a~ first
hydraulic diameter 152 and second passageway portion 150 has a second hydraulic
diameter 154. First hydraulic diameter 152 and second hydraulic diameter 154 are
determined based on flow requirements, such as flow rate, pressure drop, and heat transfer,
and/or volume requirements for heat exchanger 100. Unit cell 108 forms first passageway

portion 148 such that first hydraulic diameter 152 1s approximately equal to the width of
10

CA 2960353 2017-03-09



285246-2

unit cell inlet 1407 Second passageway portion 150 1s formed by multiple unit cells 108.
Accordingly, unit cell 108 spans only a portion of second hydraulic diameter 154. In the
illustrated embodiment, unit cell 108 spans approximately half of second hydraulic
diameter 154. Moreover, in the exemplary embodiment, first hydraulic diameter 152 i1s
approximately equal to second hydraulic diameter 154. In alternative embodiments, first
passageway portion 148 and second passageway portion 150 have any hydraulic diameters
that enable heat exchanger 100 to operate as described herein. For example, in some
embodiments, first hydraulic diameter 152 and second hydraulic diameter 154 are different
from each other. In further embodiments, first hydraulic diameter 152 is greater than
second hydraulic diameter 154 such that a ratio of first hydraulic diameter 152 to second

hydraulic diameter 154 is at least 2:1.

[0046] Moreover, 1n the exemplary embodiment, first passageway portion 148 and
second passageway portion 150 have a square cross-sectional shape. In alternative
embodiments, first passageway portion 148 and second passageway portion 150 have any
cross-sectional shape that enables heat exchanger 100 to operate as described herein.- For
example, in sdme embodiments, first passageway portion 148 and/or second passageway
portion 150 have any of the following cross-sectional shapes, without limitation:
rectangular, diamond, circular, and triangular. Moreover, in some embodiments, first
passageway portion 148 and/or second passageway portion 150 include any of' the
following, without limitation: a fin, a surface having engineered roughness, a surface

roughened by manufacturing process, any other heat transfer enhancement, and

combinations thereof.

[0047] In the exemplary embodiment, the shape and size of unit cells 108 is determined
based at least in part on any of the following, without limitation: surface area, pressure

drop, compactness of core 102, and fluid flow. In the exemplary embodiment, unit cells
108 have substantially the same shape. In particular, unit cells 108 have a partially cuboid
shape. In alternative embodiments, core 102 includes any unit cells 108 that enable heat
exchanger 100 to operate as described herein. In some embodiments, core 102 includes

unit cells 108 that differ in configuration from each other. In further embodiments, the
11
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shape of unit cells 108 at least partially conforms to a shape of core 102. For example, in
some embodiments, unit cells 108 are at least partially curved to align with an annular

shape of core 102.

[0048] In some embodiments, at least a portion of unit cells 108 are tlexible to facilitate
unit cells 108 shifting in response to characteristics of first fluid 112 and/or second fluid
116 such as pressure, flow rate, volume, and density. For example, in some embodiments,
sidewalls 138 are tlexible and adjust to attenuate fluid surge. In further embodiments, unit
cells 108 are flexible such that first fluid 112 causes first passageway 110 to expand and at
least partially propel second fluid 116 through second passageway 114. In the exemplary
embodiment, sidewalls 138 of unit cells 108 are substantially rigid. In alternative
embodiments, unit cells 108 have any amount of flexibility that enables heat exchanger

100 to operate as described herein.

[0049] FIG. 5 1s a schematic side view of a unit cell 156 for use in the heat exchanger
100. FIG. 6 1s a schematic view of fluid tlow through a plurality of unit cells 156. Unit
cell 156 includes a sidewall 138 at least partially defining first passageway portion 148 and
second passageway portion 150. First passageway portion 148 has first hydraulic diameter
152 and second passageway portion 150 has second hydraulic diameter 154. Unit cells 156
are configured such that first hydraulic diameter 152 is different than second hydraulic
diameter 154. In addition, sidewall 158 is at least partially curved such that first
passageway portion 148 and second passageway portion 150 form blended flow
passageways. In particular, the edges of sidewall 158 are blended to facilitate smooth fluid
flow. The hydrodynamic shape of first passageway portion 148 and second passageway
portion 150 reduces pressure drop due to changes in direction of first fluid 112 and second
fluid 116. In alternative embodiments, core 102 includes any unit cells 156 that enable
heat exchanger 100 to operate as described herein. In some embodiments, unit cell 156
incorporates minimal surfaces to facilitate blending of unit cell 156. For example, in some
embodiments, unit cell 156 maintains a constant mass and reduced stress to increase
structural and pressure capabilities. In further embodiments, structural and pressure

capability remain constant and the mass is reduced.
12
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[0050] With particular reference to FIG. 6, an example flow of first fluid 112 and second
fluid 116 through a plurality of unit cells 108 is described. FIG. 6 includes an X-axis, a Y-
axis, and a Z-axis for reference throughout the following description. Arrows 160 indicate
the flow direction of first fluid 112 and arrows 162 indicate the flow direction of second
fluid 116. Arrows 160 and arrows 162 extend in the X-direction, the Y-direction, and the
Z-direction. Notably, arrows 160 extending in the Z-direction point into the drawing sheet
away from the viewer and arrows 162 extending in the Z-direction point out of the drawing

sheet towards the viewer. .

[0051]  Unat cells 108 are coupled in flow communication such that each first passageway
portion 148 receives first fluid 112 from three other first passageway portions 148 and each
second passageway portion 150 receives second fluid 116 from three other second
passageway portions 150. In addition, each first passageway portion 148 directs first fluid
112 towards three different first passageway portions 148 and each second passageway
portion 150 directs second fluid 116 toward three different second passageway portions
150. Accordingly, first fluid 112 and second fluid 116 flow in at least partially counter-
flow directions. In alternate embodiments, first fluid 112 and second fluid 116 flow in any
directions that enable heat exchanger 100 to operate as described herein. For example, in
some embodiments, heat exchanger 100 1s configured such that first fluid 112 and second
fluid 116 flow in counter-flow directions, parallel-flow directions, cross-flow directions,

and hybrids thereof.

[0052] FIG. 7 is a schematic view of flow passages 166 adjacent casing 106 of heat
exchanger 100 (shown 1n FIG. 1). Flow passages 166 are formed by peripheral unit cells

168 such that tluid 170 flows through flow passages 166. Fluid 170 1s one of first fluid
112 (shown in FIG. 1) and second fluid 116 (shown in FIG. 1). In alternative embodiments,

fluid 170 1s any fluid that enables heat exchanger 100 to operate as described herein. In
the exemplary embodiment, flow passages 166 are configured to direct fluid 170 away
from casing 106 to inhibit fluid 170 becoming trapped in a stagnant zone 172. Some flow
passages 166 include a barrier 174 that inhibits fluid 170 entering stagnant zone 172. Some

flow passages 166 include a channel 176 for fluid 170 to flow out of stagnant zone 172. In
' 13
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alternative embodiments, flow passages 166 are configured in any manner that enables heat
exchanger 100 to operate as described herein. For example, in some embodiments, unit
cells 168 are configured such that fluid 170 flows through a geometric tflow transition,
such as the 180 degree turn in redirection portion 103 (shown in FIG. 1), while maintaining

heat exchange throughout at least a portion of the geometric tlow transition.

[0053] In some embodiments, components of heat exchanger 100, such as core 102, are
used in applications not necessarily requiring heat exchange. For example, in some
embodiments, components of heat exchanger 100 are used 1n reactor applications, mass
transfer applications, phase-change applications, and solid oxide fuel cells (SOFC). In
some embodiments of SOFC systems, unit cells 108 are positioned between anode-
electrolyte-cathode layers. In some embodiments of phase-change systems, unit cells 108
include sidewalls 138 having small pores (not shown) and/or engineered surfaces (not
shown) to allow fluids to boil and/or condense. In alternative embodiments, heat exchanger

100 1s used for any applications and/or systems that require movement of tluid.

[0054] FIG. 8 is a schematic view of flow configurations of heat exchanger 100. Heat
exchanger 100 is configured such that first fluid 112 and second fluid 116 flow through
core 102 in multiple directions. In particular, manifold portion 104 is configured and/or
coupled to core 102 1n different locations such that first fluid 112 and second fluid 116 are
directed through core 102 in different directions. Core 102 does not have to change shape,
size, and/or arrangement of unit cells 108 to accommodate ditferent locations and
configurations of manifold portions 104. Moreover, the different configurations of core
102 and manifold portion 104 enable heat exchanger 100 to meet specific system
requirements, such as shape, space, and piping requirements. For example, in some
embodiments, manifold portions 104 are coupled to specific locations on core 102 that
enable heat exchanger 100 to fit different spaces, shapes, and/or piping connections. In

further embodiments, unit cells 108 are coupled together to form core 102 having a desired
shape and tlow configuration. In alternative embodiments, core 102 and manifold portion

104 have any configuration that enables heat exchanger 100 to operate as described herein.

14
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[0055] Inone embodiment, heat exchanger 100 1s configured such that first fluid 112 and
second fluid 116 flow through core 102 in a counter-flow configuration 200. In counter-
flow configuration 200, a first manifold portion 202 and a second manifold portion 204 are
coupled to opposed ends of core 102. First manifold portion 202 includes a first fluid inlet
206 and a second fluid outlet 208. Second manifold portion 204 includes a first fluid outlet
210 and a second fluid inlet 212. First fluid 112 is directed through core 102 from first
fluid 'inlet 206 toward first fluid outlet 210 and second fluid 116 1s directed through core
102 from second fluid inlet 212 toward second fluid outlet 208. As a result, first fluid 112

and second fluid 116 flow through core 102 1n substantially opposed directions.

[0056] In another embodiment, heat exchanger 100 is configured such that first fluid 112
and second fluid 116 flow through core 102 in a parallel-flow configuration 214. In
parallel-flow configuration 214, a first manifold portion 216 and a second manifold portion
218 are coupled to opposed ends of core 102. First manifold portion 216 includes a first
fluid inlet 220 and a second fluid 1nlet 222. Second manifold portion 218 includes a first
fluid outlet 224 and a second fluid outlet 226. First fluid 112 1s directed through core 102
from first fluid inlet 220 toward first fluid outlet 224 and second fluid 116 is directed
through core 102 from second fluid inlet 222 toward second fluid outlet 226. As a result,
first fluid 112 and second fluid 116 flow through core 102 in substantially parallel

directions.

[0057] Inanother embodiment, heat exchanger 100 is configured such that first fluid 112
and second fluid 116 flow through core 102 in a cross-tflow configuration 228. In cross-
flow configuration 228, first manifold portion 230 and second manifold portion 232 are
coupled to opposed ends of core 102. Third manifold portion 234 and fourth manifold
portion 236 are coupled to sides of core 102. First manifold portion 230 includes a first
fluid inlet 238 and second manifold portion 232 includes a first fluid outlet 240. Third
manifold portion 234 includes a second fluid inlet 242 and fourth manifold portion 236
includes a second fluid outlet 244. First fluid 112 is directed through core 102 from first
fluid inlet 238 towards first fluid outlet 240. Second fluid 116 is directed through core 102

from second fluid inlet 242 towards second fluid outlet 244. As a result, first fluid 112 and
15
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‘second fluid 116 flow through core 102 in substantially transverse directions. In particular,

the flow of first fluid 112 is substantially perpendicular to the flow of second fluid 116.

[0058]  FIG. 9 1s a schematic view of a hybrid counter-flow configuration 300 of heat
exchanger 100. In hybrid counter-flow configuration 300, a first manifold portion 302 is
coupled to a side of core 102. A second manifold portion 304 and a third manifold portion
306 are coupled to opposed ends of core 102. First manifold portion 302 includes a first
fluid 1nlet 308 and a first header 310. Second manitold portion 304 includes a second fluid
inlet 312, a first fluid outlet 314, a second header 316, and a third header 318. Third
manifold portion 306 includes a fourth header 320 and a second fluid outlet 322. First fluid
112 is directed through core 102 from first fluid inlet 308 and first header 310 towards
second header 316 and first fluid outlet 314. First fluid 112 is at least partially redirected
as first fluid 112 flows through core 102. Second fluid 116 is directed through core 102
- from second fluid inlet 312 and third header 318 towards fourth header 320 and second
fluid outlet 322. As a result, the flow contigurations of first fluid 112 and second fluid 116
vary through regions of core 102. In particular, first fluid 112 and second fluid 116 flow
through a cross-tlow region 324, a hybrid tlow region 326, and a counter-flow region 328.
In cross-tlow region 324, first fluid 112 and second fluid 116 flow in substantially
transverse directions. In hybrid flow region 326, the directions of flow of first fluid 112
and second fluid 116 change in relation to each other such that the flows are partially
transverse and partially opposed. In hybrid flow region 326, a portion of the flows of first
fluid 112 and second fluid 116 are diagonal to each other. In counter-flow region 328, first

fluid 112 and second fluid 116 flow in substantially opposed directions.

[0059] FIG. 10 1s a Schematic view of a hybrid parallel tlow configuration 400 of heat
exchanger 100. In hybrid parallel flow configuration 400, a first manifold portion 402 is
coupled to a side ot core 102. A second manifold portion 404 and a third manifold portion
406 are coupled to opposed ends of core 102. First manifold portion 402 includes a first
fluid 1nlet 408 and a first header 410. Second manifold portion 404 includes a second fluid

outlet 412, a first fluid outlet 414, a second header 416, and a third header 418. Third

manifold portion 406 includes a fourth header 420 and a second fluid inlet 422. First fluid
16
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112 is directed through core 102 from first fluid inlet 408 and first header 410 towards
second header 416 and first fluid outlet 414. First flutd 112 1s at least partially redirected
as first fluid 112 flows through core 102. Second fluid 116 is directed through core 102
from second fluid inlet 422 and fourth header 420 towards third header 418 and second
fluid outlet 412. As a result, the flow configurations of first fluid 112 and second fluid 116
vary through regions of core 102. In particular, first fluid 112 and second fluid 116 flow
through a cross-flow region 424, a hybrid tflow region 426, and a parallel flow region 428.
In cross-flow region 424, first fluid 112 and second fluid 116 flow in substantially
transverse directions. In hybrid tlow region 426, the directions of flow of first fluid 112
and second fluid 116 change 1n relation to each other such that the flows are partially
transverse and partially parallel. In hybrid flow region 426, a portion of the flows of first
tfluid 112 and second fluid 116 are diagonal to each other. In parallel flow region 428, first
fluid 112 and second fluid 116 flow in substantially parallel directions. |

[0060] In alternative embodiments, first fluid 112 and second fluid 116 flow through core
102 1n any directions that enable heat exchanger 100 to operate as described herein. For
example, in some embodiments, at least one of first fluid 112 and second fluid 116 is
redirected as first fluid 112 and/or second fluid 116 flows through core 102. In further
embodiments, first fluid 112 and second fluid 116 flow through core 102 in any of the
following tlow configurations, without limitation: counter-flow, parallel flow, cross-flow,
and combinations thereof. Moreover, in some embodiments, first fluid 112 and second

fluid 116 flow through core 102 in any of the following directions relative to each other,

without limitation: diagonal, curved, perpendicular, parallel, transverse, and combinations

thereof.

[0061] FIG. 11 1s an 1sometric view of heat exchanger core 500 having an annular shape.
In particular, heat exchanger core 500 forms a ring-shaped cylinder. Heat exchanger core
500 has a first end 502, a second end 504, and an axis 506 extending through first end 502
and second end 504. An inner surface 508 extends between first end 502 and second end
504 and around axis 506. An outer surface 510 extends between first end 502 and second

end 504 and is spaced radially from inner surface 508. In alternative embodiments, heat
17
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exchanger core 500 has any shape that enables heat exchanger core 500 to operate as
described herein. For example, in some embodiments, heat exchanger core 500 has an at

least partially annular shape with an eccentric opening.

[0062] FIG. 12 1s a sectional view of a portion of heat exchanger core 500. Heat
exchanger core 500 includes a plurality of unit cells 512. Unit cells 512 are arranged along
an arc such that unit cells 512 maintain a constant spacing from inner surface 508 and outer
surface 510. Moreover, unit cells 512 are at least partially curved. Accordingly, unit cells
512 contorm to the shape of heat exchanger core 500. As a result, heat exchanger core 500
utilizes an increased amount of available space and reduces waste. In addition, unit cells
512 allow heat exchanger core 500 to have a desired shape for a specified system and/or
application. In alternative embodiments, unit cells 512 are arranged in any manner and
have any shapes that enable heat exchanger core 500 to operate as described herein. For
example, in some embodiments, unit cells 512 are linearly arranged such that aligned unit
cells 512 are not constantly spaced from inner surface 508 and outer surface 510. In further
embodiments, unit cells 512 have differing shapes that facilitate unit cell 512 conforming

to heat exchanger core S00.

[0063] FIG. 13 is a schematic view of flow configurations of heat exchanger core 500.
In an axial parallel flow configuration 514, heat exchanger core 500 is configured such that

first fluid 112 and second fluid 116 flow through heat exchanger core 500 from first end
502 toward second end 504. As such, first fluid 112 and second fluid 116 flow through

heat exchanger core 500 in directions parallel to axis 506. In an axial counter-flow

configuration 516, heat exchanger core 500 is configured such that first fluid 112 flows

from second end 504 toward first end 502 and second fluid 116 flows from first end 502
toward second end 504. As such, first fluid 112 and second fluid 116 flow through heat

exchanger core 500 in opposed directions parallel to axis 506.

[0064] FIG. 14 1s a schematic view of radial flow configurations of heat exchanger core
500. In a radial parallel flow configuration 518, heat exchanger core 500 is configured

such that first fluid 112 and second fluid 116 flow from inner surface SO8 toward outer

13
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surface 510. As such, first fluid 112 and second fluid 116 flow through heat exchanger
core 500 1n directions that are perpendicular to axis 506. In an axial counter-flow
configuration 520, heat exchanger core 500 is configured such that first fluid 112 flows
from outer surface 510 toward inner surface 508 and second fluid 116 flows from inner
surface 508 toward outer surface 510. As such, first fluid 112 and second fluid 116 flow

through heat exchanger core 500 in opposed directions that are perpendicular to axis 506.

[0065] FIG. 15 is a schematic view of circumferential flow configurations of heat
exchanger core 500. In a circumferential parallel flow configuration 522, first fluid 112
and second fluid 116 flow through heat exchanger core 500 along at least partially curved
paths between inner surface 508 and outer surface 510. In particular, first fluid 112 and
second tluid 116 tlow circumierentially about axiS 506. In a circumferential counter-flow
configuration 524, first fluid 112 and second fluid 116 flow through heat exchanger core
500 along at least partially curved paths between inner surface 508 and outer surface ‘5 10.
In particular, first fluid 112 flows in a clockwise direction about axis 506 and second fluid
116 tflows 1n a counterclockwise direction about axis 506. In alternative embodiments, first
fluid 112 and second fluid 116 flow through heat exchanger core 500 in any directions that
enable heat exchanger core 500 to operate as described herein. For example, in some
embodiments, first fluid 112 flows in an axial direction and second fluid 116 flows in a
radial direction. In further embodiments, first fluid 112 flows in an axial direction and
second fluid flows in a circumferential direction. In still further embodiments, first fluid

112 flows in a radial direction and second fluid flows in a circumferential direction.

[0066] FIG. 16 1s schematic view of a heat exchanger core 600 including a first
passageway 602 for gas flow 604. Heat exchanger core 600 has a hexagonal cross-
sectional shape. In alternative embodiments, heat exchanger core 600 has any shape that
enables heat exchanger core 600 to operate as described herein. In the exemplary
embodiment, heat exchanger core 600 includes a plurality of unit cells 606 that.are
configured to facilitate heat exchange between gas flow 604 and another fluid such as liquid
flow 608. Unit cells 606 form first passageway 602 for gas flow 604 and a second

passageway 610 for liquid flow 608. First passageway 602 has a first hydraulic diameter
19
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612 that 1s greater than a second hydraulic diameter 614 of second passageway 610. In
some embodiments, the ratio of first hydraulic diameter 612 to second hydraulic diameter
614 is at least 2:1. In further embodiments, the ratio of first hydraulic diameter 612 to
second hydraulic diameter 614 is at least 4:1. In alternative embodiments, unit cells 606
have any configuration that enables heat exchanger to operate as described herein. For
example, in some embodiments, dimensions of unit cells 606, such as sidewall thickness
and height, are altered to adjust the flow area available for at least one of the fluids. In
further embodiments, extended surfaces such as parallel fins, helical strakes, and pin fins

extend adjacent the path of gas flow 604.

[0067] FIG. 17 1s a schematic view of a tiered manifold portion 700 for use with -heat
exchanger 100 (shown in FIG. 1). Tiered manifold portion 700 inclﬁdes conduits 702 and
a plurality of tiered junctions 704. The plurality of junctions 704 couple multiple conduits
702 1n tluid communication such that conduits 702 define a passagéway 706. As fluid
flows through passageway 706, the stream of fluid is split from a relatively large inlet
stream 1nto successively smaller streams. In some embodiments, manifold portion 700
supplies first fluid 112 (shown in FIG. 2) and/or second fluid 116 (shown in FIG. 2) to core
102 (shown in FIG. 1). In further embodiments, the tiered manifold portion 700 recéives
first fluid 112 (shown in FIG. 2) and/or second fluid 116 (shown in FIG. 2) from core 102
(shown in FIG. 1) and progressively combines relatively small outlet streams into
successively larger outlet streams for discharge from one or more outlet ports. In

alternative embodiments, tiered manifold portion 700 has any configuration that enables

heat exchanger 100 (shown in FIG. 1) to operate as described herein.

[0068] FIG. 18 1s a schematic view of a planar manifold portion 800 for use with heat
exchanger 100. FIG. 19 is a schematic view of a planar turning portion 802 for use with
heat exchanger 100. Planar manifold portion 800 includes an inlet 804, an outlet 806, and
a plurality of manifold conduits 808 having a planar shape. Planar turning portion 802
includes a plurality of turn conduits 810 having a planar shape. Planar turning portion 802
is configured to redirect fluid flowing through turn conduits 810. The planar shape of

manifold conduits 808 of planar manifold portion 800 and turn conduits 810 of planar
' 20
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turning portion 802 facilitates an even flow distribution of fluid into, through, and/or out
of core 102 (shown in FIG. 1). In alternative embodiments, planar manifold portion 800
and planar turning portion 802 have any configurations that enable heat exchanger 100
(shown in FIG. 1) to operate as described herein. For example, in some embodiments, at

least one of planar manifold portion 800 and planar turning portion 802 is omitted.

[0069] The above-described systems and methods include a core that enables heat
exchangers to have different shapes, sizes, and flow configurations. The core includes a
plurality of unit cells. The unit cells define passageways for at least two different heat
exchange fluids such that the fluids combine and divide in close proximity separated only
by a sidewall of the unit cell. In some embodiments, each unit cell 1s configured to receive
flows of heat exchange fluid from at least three other unit cells such that the flows combine
into a single flow. In addition, each unit cell forms a trifurcated passageway portion such
that the flow divides and is discharged into at least three other unit cells. As a result, the
thermal boundary layers of the heat exchange tluids are reduced and the heat exchénge
fluids more efficiently transfer heat through the sidewalls of the unit cells in comparison to
heat exchange fluids in known heat exchangers. Moreover, the above-described heat
exchangers include multiple arrangements and tlow configurations to meet overall system

requirements and have increased efficiency.

[0070] An exemplary technical effect of the methods, systems, and apparatus described
herein includes at least one of: (a) increasing heat transfer efficiency of heat exchangers;
(b) providing a heat exchanger core capable of use in multiple flow configurations; (c)
providing a heat exchanger that is configured to meet system requirements such as size,
shape, and piping; (d) increasing the flexibility of heat exchangers; (e) providing heat
exchangers with different shapes; (f) reducing volume of heat exchangers; (g) reducing
weight of heat exchangers; (h) providing a monolithic structure for use as a heat exchanger
core; and (i) decreasing the size of passageways for fluid flow through heat exchanger

COICS.
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[0071] Exemplary embodiments of a heat exchanger assembly are described above in
detail. The assembly is not limited to the specific embodiments described herein, but
rather, components of systems and/or steps of the methods may be utilized independently
and separately from other components and/or steps described herein. For example, the
configuration of components described herein may also be used in combination with other
processes, and is not limited to practice with only heat exchangers and related methods as
described herein. Rather, the exemplary embodiments can be implemented and utilized in

connection with many applications where furcated passageways for fluid are desired.

[0072] Although specific features of various embodiments of the disclosure may be
shown 1n some drawings and not in others, this is for convenience only. In accordance
with the principles of the disclosure, any feature of a drawing may be referenced and/or

claimed in combination with any feature of any other drawing.

[0073] While there have been described herein what are considered to be preferred and
~exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A heat exchanger comprising:

a cbre defining a first passageway configured for a first fluid to flow through
and a second passageway configured for a second fluid to flow through, said core
comprising:

a plurality of unit cells coupled together, each unit cell of said plurality of unit
cells comprising a sidewall at least partly defining a first passageway portion, a second
passageway portion, a plurality of first openings for the first fluid to flow through, and a
plurality of second openings for the second fluid to flow through, each unit cell of said
pluraiity of unit cells configured to enable the first fluid to combine and divide in the first

passageway portion and the second fluid to combine and divide 1n the second passageway

portion.

2. The heat exchanger- in accordance with Claim 1 further comprising a
casing, wherein said plurality of unit cells are configured to conform to a shape of said

casing.

3. The heat exchanger in accordance with Claim 1, wherein said plurality
of unit cells are coupled in flow communication with each other such that at least one unit
cell of said plurality of unit cells is configured to receive the first fluid from at least three

other unit cells of said plurality of unit cells.

4. The heat exchanger in accordance with Claim 1, wherein said sidewall
has an at least partially curved shape such that the first passageway portion forms a blended

flow passageway.

5. The heat exchanger in accordance with Claim 1, wherein said plurality

of unit cells are configured such that the first fluid and the second fluid flow through said
core in at least one of the following flow configurations: counter-tflow, parallel flow, cross-

flow, and hybrid flow.

23
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6.  The heat exchanger in accordance with Claim 1 turther comprising a first
header and a second header, the first fluid flowing into the first passageway tfrom said first

header in a first direction and the second fluid flowing into the second passageway from

said second header in a second direction different than the first direction.

7. The heat exchanger in accordance with Claim 1, wherein said core has

an at least partially annular shape.

8. The heat exchanger in accordance with Claim 1, wherein said core is

substantially symmetric.

9. The heat exchanger in accordance with Claim 1 further comprising a
casing and a peripheral unit cell adjacent said casing, said peripheral unit cell configured

to direct the first fluid in a direction away from said casing to inhibit the first fluid becofning

trapped 1n a stagnant zone.

10.  The heat exchanger in accordance with Claim 1 further comprising a

plurality of cores.

11.  The heat exchanger in accordance with Claim 1 further comprising a first
header coupled to the first passageway to direct the first fluid into the first passageway,
said first header including a plurality of ports in flow communication with the first

passageway, said first header decreasing in cross-sectional area in the direction the first

fluid flows through said first header.

12.  The heat exchanger in accordance with Claim 11, wherein said core
further defines a plenum for the second fluid to flow through, the plenum disposed adjacent

said first header.

13.  The heat exchanger 1n accordance with Claim 12 further comprising a

plurality ot conduits coupled to said first header and extending adjacent the plenum.

24
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14.  The heat exchanger in accordance with Claim 1, wherein each unit cell
of said plurality of unit cells at least partially defines a first hydraulic diameter of the first
passageway and a second hydraulic diameter of the second passageway, the first hydraulic

diameter different from the second hydraulic diameter.

15.  The heat exchanger in accordance with Claim 1 further comprising a
manifold portion and a turning portion, said manifold portion including an inlet plenum to
provide the first fluid to said core and an outlet plenum to receive the first fluid from the

core, the turning portion configured to redirect the first fluid toward the outlet plenum.

16.  The heat exchanger in accordancé with Claim 1 further comprisfng a

tiered manifold portion.

17. A heat exchanger comprising:
a core defining a first passageway for a first fluid to flow through and a second
passageway for a second fluid to flow through, said core comprising:
a first unit cell comprising a first sidewall at least partially defining a tirst
passageway {first portion and a second passageway first portion;
a second unit cell comprising a second sidewall at least partially defining
a first passageway second portion and a second passageway second portion, said second
unit cell coupled to said first unit cell; and
a third unit cell comprising a third sidewall at least partially defining a
first passageway third portion and a second passageway third portion, said third unit cell
coupled to said first unit cell, wherein said first unit cell is configured to enable the first
fluid to flow from the first passageway first portion to the first passageway second portion
and the first passageway third portion, and said first unit cell is further configured to enable
the second fluid to flow into the second passageway first portion from the second

passageway second portion and the second passageway third portion.

18.  The heat exchanger in accordance with Claim 17, wherein said core
further comprises a first header and a second header, said first header configured for the

first fluid to flow from said first header into the first passageway in a first direction, said
25
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second header configured for the second fluid to flow from said second header into the

second passageway in a second direction transverse to the first direction.

19.  The heat exchanger in accordance with Claim 17, wherein said core
further comprises a first header and a second header, said first header configured for the
first fluid to flow from said first header into the first passageway in a first direction, said
second header configured for the second fluid to flow from said second header into the

second passageway in a second direction parallel to the first direction.

20.  The heat exchanger in accordance with Claim 17, wherein said first unit
cell comprises a sidewall defining at least three outlets for the second fluid to exit the

second passageway first portion.

26
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