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EXCHANGER

(57) A heat exchanger is disclosed herein that in-
cludes three walls (12,14,16) that are each shaped in a
wave pattern with the waves that extend in both a first
lateral direction and a second lateral direction. A second
wall is adjacent to and in contact with a first wall with the
waves of the second wall being offset from the waves of
the first wall by one-half wavelength in the first direction.
The third wall is adjacentto and in contact with the second
wall with the waves of the third wall being offset from the
waves o the second wall by one-half wavelength in the
second direction. The first wall and second wall form a
first plurality of flow paths (30B) extending in the second
direction, and the second wall and the third wall form a
second plurality of flow paths (32B) extending in the first
direction.
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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates to heat exchang-
ers and, in particular, to a method for forming a heat ex-
changer and to a heat exchanger that utilizes a weaved
cross-flow configuration to increase the thermal energy
transfer primary surface area of the heat exchanger.

BACKGROUND

[0002] Heat exchangers aim to transfer heat between
a hot fluid and a cool fluid. To increase the efficiency of
heat exchangers, walls (primary surfaces) and fins (sec-
ondary surfaces) are utilized to increase the surface area
through which thermal energy can transfer. The heat
transfer through primary surface is very good because
the walls are thin and the distance the thermal energy
needs to travel is relatively small. The heat transfer
through secondary surfaces is less efficient than primary
surfaces because the thermal energy musttravel alonger
distance along the length of the fins. However, with con-
ventional manufacturing techniques, the most compact
heat exchangers (i.e., high surface area per unit volume)
are achieved through increasing secondary surface area
by adding fins rather than through the addition of primary
surface area.

SUMMARY

[0003] A heat exchanger is disclosed herein that ex-
tends laterally in a first direction and a second direction.
The heat exchanger includes three walls. A first wall is
shaped in a wave pattern with waves that extend in both
the first direction and the second direction. These waves
can have a variety of configurations, including waves
based on a sinusoidal curve in both the first direction and
the second direction. The second wall is adjacent to and
in contact with the first wall. The second wall is also
shaped in a wave pattern with waves that extend in both
the first direction and the second direction. The waves
of the second wall are offset in the first direction from the
first wall by one-half wavelength. The third wall is adja-
cent to and in contact with the second wall. The third wall
is also shaped in a wave pattern with waves that extend
in both the first direction and the second direction. The
waves of the third wall are offset in the second direction
from the second wall by one-half wavelength. The first
wall and second wall form a first plurality of flow paths
extending in the second direction, and the second wall
and third wall form a second plurality of flow paths ex-
tending in the first direction.

[0004] A method of forming a heat exchanger includes
forming a first wall with waves that extend laterally in both
a first direction and in a second direction. The method
also includes forming a second wall adjacent to and in
contact with the first wall with waves that are based on
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a sinusoidal curve and extend laterally in both the first
direction and in the second direction. The waves of the
second wall are offset in the first direction from the waves
of the first wall by one-half wavelength. The method also
includes forming a third wall adjacent to and in contact
with the second wall with waves that extend laterally in
both the first direction and in the second direction. The
waves of the third wall are offset in the second direction
from the waves of the second wall by one-half wave-
length. The first wall and the second wall bound a first
plurality of flow paths that extend in the second direction,
and the second wall and the third wall bound a second
plurality of flow paths that extend in the first direction.
The waves of the first, second, and third walls can be
based on a sinusoidal curve.

[0005] A method of transferring thermal energy
through the use of a heat exchanger includes flowing a
first fluid through a first plurality of flow paths bounded
by a first wall and a second wall. The first wall having a
wave pattern with waves that are based on a sinusoidal
curve and extend laterally in both a first direction and a
second direction. The second wall is adjacent to and in
contact with the first wall and having a wave pattern with
waves that are based on a sinusoidal curve and extend
laterally in both the first direction and the second direc-
tion. The waves of the second wall are offset in the first
direction from the waves of the first wall by one-half wave-
length. The method also includes flowing a second fluid
through a second plurality of flow paths bounded by the
second wall and a third wall. The third wall is adjacent to
and in contact with the second wall. The third wall has a
wave pattern with waves that are based on a sinusoidal
curve and extend laterally in both the first direction and
the second direction. The waves ofthe third wall are offset
in the second direction from the waves of the second wall
by one-half wavelength.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]

FIG. 1A is a perspective view of a portion of a heat
exchanger.

FIG. 1B is a second perspective view of the heat
exchanger in FIG. 1A.

FIG. 1C is a perspective view of a plurality of flow
paths through the heat exchanger in FIG. 1A.

FIG. 2 is a second embodiment of a heat exchanger.

DETAILED DESCRIPTION

[0007] A heatexchanger is disclosed herein that utiliz-
es a weaved cross-flow configuration to transfer thermal
energy between a first fluid and a second fluid. The
weaved configuration is constructed primarily from
stacked sheets/walls that include waves in a first lateral
direction and a second lateral direction. The waves can
have a variety of configurations, including waves that are
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based on a sinusoidal (i.e., cosine or sine) curve. The
walls are primary surfaces that have improved thermal
energy transfer capabilities. The waves of one wall are
offset from waves of adjacent walls by one-half wave-
length to form a plurality of flow paths between adjacent
walls through which the first or second fluid flows. Utilizing
walls with waves provides an increase in primary surface
area of the walls which in turn increases the thermal en-
ergy transfer between fluids flowing adjacent those walls.
The increase in surface area of the walls eliminates the
need for fins (i.e., additional secondary surface), thereby
improving efficiency of the heat exchanger by maximizing
the energy transfer-to-volume ratio.

[0008] Additive manufacturing can be utilized to create
the disclosed heat exchanger so that all components of
the heat exchanger are formed during one manufacturing
process to form a continuous and monolithic structure.
Further, additive manufacturing can easily and reliably
form the heat exchanger with complex walls/shapes and
small tolerances. In the context of this application, con-
tinuous and monolithic means formed as a single unit
without seams, weld lines, adhesive lines, or any other
discontinuities. The waves of the walls (which, for exam-
ple, are based on sinusoidal curves) can have alternate
amplitudes, wavelengths, and other characteristics as re-
quired for optimal thermal energy transfer and to accom-
modate a designed flow of the first fluid and/or second
fluid. Further, the waves can have a variety of shapes,
such as triangular waves with pointed peaks and troughs,
rectangular waves with flat tops and bottoms, and/or oth-
er configurations.

[0009] FIG. 1A is a perspective cross-sectional view
of a portion of a heat exchanger, FIG. 1B is a second
perspective view of the heat exchanger in FIG. 1A, and
FIG. 1C is a perspective view of a plurality of flow paths
through the heat exchanger in FIG. 1A. Heat exchanger
10 includes first wall 12, second wall 14, third wall 16,
fourth wall 18, fifth wall 20, sixth wall 22, seventh wall 24,
and eighth wall 26. Walls 12-26 are primary surfaces,
extend laterally in first lateral direction 28A and second
lateral direction 28B, and are vertically adjacent one an-
other in vertical direction 28C. The terms "lateral" and
"vertical" in the context of FIG. 1A and the rest of this
application are merely relative terms and not intend to
suggest any limitation into the orientation of the disclosed
heat exchanger relative to any particular reference point.
While the waves of walls 12-26 are described as being
based on sinusoidal curves, the waves can have other
configurations and/or orientations. Walls 12-26 with
waves based on sinusoidal curves is just an exemplary
embodiment of heat exchanger 10.

[0010] First wall 12 and second wall 14 contact one
another at first contact lines 30A to form first plurality of
flow paths 30B, second wall 14 and third wall 16 contact
one another at second contact lines 32A to form second
plurality of flow paths 32B, third wall 16 and fourth wall
18 contact one another at third contact lines 34A to form
third plurality of flow paths 34B, fourth wall 18 and fifth
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wall 20 contact one another at fourth contact lines 36A
to form fourth plurality of flow paths 36B, fifth wall 20 and
sixth wall 22 contact one another at fifth contact lines 38A
to form fifth plurality of flow paths 38B, sixth wall 22 and
seventh wall 24 contact one another at sixth contact lines
40A to form sixth plurality of flow paths 40B, and seventh
wall 24 and eighth wall 26 contact one another at seventh
contact line 42A to form seventh plurality of flow paths
42B.

[0011] First wall 12 includes waves having first wall
crests 12A and first wall troughs 12B, second wall 14
includes waves having second wall crests 14A and sec-
ond wall troughs 14B, third wall 16 includes waves having
third wall crests 16A and third wall troughs 16B, fourth
wall 18 includes waves having fourth wall crests 18A and
fourth wall troughs 18B, fifth wall 20 includes waves hav-
ing fifth wall crests 20A and fifth wall troughs 20B, sixth
wall 22 includes waves having sixth wall crests 22A and
sixth wall troughs 22B, seventh wall 24 includes waves
having seventh wall crests 24A and seventh wall troughs
24B, and eighth wall 26 includes waves having eighth
wall crests 26A and eighth wall troughs 26B.

[0012] Heat exchanger 10 is formed by stacking walls
12-26 vertically to form a plurality of flow paths 30B-42B
(seen most easily in FIG. 1C) through which hot fluid and
cold fluid can flow (in a cross-flow configuration) to trans-
fer thermal energy to cool the hot fluid through primary
surface walls 12-26. While shown as having eight walls
12-26, heat exchanger 10 can have any number of walls
that form the plurality of flow paths 30B-42B, including
only three walls 12-16 that form two pluralities of flow
paths 30B and 32B or more than eighth walls forming
more than seven pluralities of flow paths (as shown in
FIG. 1B (unlabeled)). Additionally, heat exchanger 10
can extend in a lateral direction any distance, including
in first lateral direction 28A a distance that is equal to a
distance that heat exchanger 10 extends in second lat-
eral direction 28B. Alternately, heat exchanger 10 can
extend in first lateral direction 28A a different distance
than that in second lateral direction 28B to form heat ex-
changer 10 that has a rectangular footprint or another
shape. In such configurations, the waves of walls 12-26
would repeat so as to have multiple wavelengths in first
lateral direction 28A and second lateral direction 28B to
provide sufficient thermal energy transfer surface area
to meet thermal energy transfer requirements.

[0013] AsshowninFIGS. 1A and 1B, walls 12-26 each
include waves in both first lateral direction 28A and sec-
ond lateral direction 28B that are based on a sinusoidal
curve. However, adjacent walls are offset from one an-
other either in first lateral direction 28A or second lateral
direction 28B by one-half wavelength, resulting in crests
12A-26A contacting troughs 12B-26B of adjacent walls
12-26 to form a plurality of discrete flow paths 30B-42B.
Adjacentwalls 12-26 being offset by one-half wavelength
in either first lateral direction 28A or second lateral direc-
tion 28B forms contact lines 30A-42A that, along with
adjacent walls 12-26, bound the plurality of discrete flow
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paths 30B-42B. Such a configuration provides a weaved,
cross-flow heat exchanger 10 with increased primary sur-
face area. Nearly the entire surface area of each flow
path of the plurality of flow paths 30B-42B is primary heat
transfer area resulting in increased heat transfer and re-
duced volume of heat exchanger 10. Each wall 12-26 will
be described below and its relation to adjacent walls.
However, other configurations of heat exchanger 10 can
have different orientations such that "lateral" and "verti-
cal" are used herein only to describe component in rela-
tion to one another with regards to FIG.S 1A-1C and do
notrequire heat exchanger 10 be oriented such that walls
12-26 extend in a horizontal direction or any particular
special direction.

[0014] First wall 12 is shaped in a wave pattern with
waves extending both in first lateral direction 28A and
second lateral direction 28B. The waves of first wall 12
are based on a sinusoidal curve that repeat in both di-
rections 28A and 28B. Additionally, a person of ordinary
skill in the art will recognize that the waves can be based
on either cosine or sine curves, which are essentially the
same and are only different as to the starting point of
each type of wave. For convenience, this application will
describe the disclosed heat exchanger 10 using cosine
terminology. As shown in FIG. 1A, the waves of first wall
12 show two complete wavelengths in first lateral direc-
tion 28A and four complete wavelengths in second lateral
direction 28B. In FIG. 1B, walls 12-26 are shown to have
at least five waves in both directions 28A and 28B. Mul-
tiple first wall crests 12A (the peaks of the waves) and
multiple first wall troughs 12B (the valleys of the waves)
are in each direction 28A and 28B. However, since the
waves extend both in first lateral direction 28A and sec-
ond lateral direction 28B, first wall crests 12A and first
walls troughs 12B are lines that extend in either first lat-
eral direction 28A or second lateral direction 28B. For
example, as shown by thick line 30A (first contact lines
30A), first wall 12 contacts second wall 14 along first wall
troughs 12B that extend in second lateral direction 28B.
However, first contact lines 30A do include multiple first
wall crests 12A extending along lines in first lateral direc-
tion 28A. Thus, first wall crests 12A and first wall troughs
12B form a checkered pattern with a lowest point of first
wall 12 being at a point where first wall troughs 12B in
first lateral direction 28A intersect first wall troughs 12B
in second lateral direction 28B.

[0015] First wall 12 can have any thickness, including
a constant thickness in one or both directions 28A and
28B or a varying thickness depending on structural
and/or thermal energy transfer needs. The thickness of
first wall 12 (and other walls 14-26) can be configured to
alter the cross-sectional flow area of the plurality of flow
paths 30B-42B. For example, the cross-sectional flow
area can be substantially circular (as shown in FIG. 2) or
another shape. Additionally, the amplitude and/or wave-
length of first wall 12 can be anything suitable for thermal
energy transfer, can be the same or different than the
amplitude and/or wavelength of the other walls 14-26,
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and/or can be different in first lateral direction 28A as
compared to second lateral direction 28B. For example,
the waves of first wall 12 in first lateral direction 28A can
be at least 1.5 times greater in amplitude than the waves
of first wall 12 in second lateral direction 28B. However,
for walls 12-26 to line up, first wall 12, third wall 16, fifth
wall 20, and seventh wall 24 may need to have the same
amplitude and wavelength (and similarly, second wall 14,
fourth wall 18, sixth wall 20, and eighth wall 26).

[0016] Second wall 14 is similar to first wall 12 in that
second wall 14 is shaped in a wave pattern with waves
extending both in first lateral direction 28A and second
lateral direction 28B. Second wall 14 is adjacent to and
in contact with first wall 14 (on a top side) and third wall
18 (on a bottom side). The waves of second wall 14 are
based on a cosine curve (or sine curve) that repeat in
both directions 28A and 28B. The waves of second wall
14 are offset from first wall 12 in first lateral direction 28A
by one-half wavelength. Because second wall 14 is offset
from first wall 12 in first lateral direction 28A, second wall
crests 14A (in first lateral direction 28A) contact first wall
troughs 12B (in first lateral direction 28A) to form first
contact lines 30A, which extend in second lateral direc-
tion 28B. First contact lines 30A are where first wall 12
and second wall 14 connect to one another to bound first
plurality of flow paths 30B. As with first wall 12, second
wall 14 has multiple second wall crests 14A and troughs
14B in both first lateral direction 28A and second lateral
direction 28B. The waves of second wall 14 can have the
same or differing amplitudes and/or wavelengths as the
waves of first wall 12 in one or both directions 28A and
28B. Additionally, similar to first wall 12, the thickness of
second wall 12 can be constantor varying in any direction
28A and 28B.

[0017] First plurality of flow paths 30B are formed and
bounded by first wall 12 and second wall 14 (and first
contact lines 30A) and extend in second lateral direction
28B. As seen most easily in FIG. 1C, which shows plu-
rality of flow paths 30B-42B without the presence of walls
12-26, first plurality of flow paths 30B have undulating
cross-sectional flow areas due to the waves of first wall
12 and second wall 14, which enhances heat transfer by
limiting boundary layer growth through first plurality of
flow paths 30B. In FIGS. 1A-1C, each of the first plurality
of flow paths 30B are fluidically isolated from adjacent
flow paths of first plurality of flow paths 30B. However,
as shown in FIG. 2, first plurality of flow paths 30B can
be laterally or vertically interconnected such that flow
through one flow path of first plurality of flow paths 30B
can transition and flow through an adjacent flow path of
first plurality of flow paths 30B or adjacent pluralities of
flow paths 32B-42B. With such a configuration, first con-
tactlines 30A are not continuous along an entire distance
of first wall 12 and second wall 14 in second lateral di-
rection 28B and rather there are transition openings be-
tween adjacent flow paths of first plurality of flow paths
30B. The cross-sectional flow area of each of the first
plurality of flow paths 30B can be similar to adjacent flow
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paths or can be differing, such as flow paths of the first
plurality of flow paths 30B alternating between a flow path
that has a circular cross-sectional flow area and a flow
path that has an eyelet-type shape. Fluid flowing through
each of first plurality of flow paths 30B can be hot or cold
gas or liquid, and the fluid can flow in alternating direc-
tions (i.e., fluid in one flow path flows in the opposite
direction to fluid in another/adjacent flow path).

[0018] Third wall 16 is similar to second wall 14 in that
third wall 16 is shaped in a wave pattern with waves ex-
tending both in first lateral direction 28A and second lat-
eral direction 28B. Third wall 16 is adjacent to and in
contact with second wall 14 (on a top side) and fourth
wall 18 (on a bottom side). The waves of third wall 16 are
based on a cosine curve (or sine curve) that repeat in
both directions 28A and 28B. The waves of third wall 16
are offset from second wall 14 in second lateral direction
28B by one-half wavelength. Because third wall 16 is
offset from second wall 14 in second lateral direction 28B,
third wall crests 16A (in second lateral direction 28B) con-
tact second wall troughs 14B (in second lateral direction
28B) to form second contact lines 32A, which extend in
first lateral direction 28A. Second contact lines 32A are
where second wall 14 and third wall 16 connect to one
another to bound second plurality of flow paths 32B. As
with second wall 14, third wall 16 has multiple third wall
crests 16A and third wall troughs 16B in both first lateral
direction 28A and second lateral direction 28B. The
waves of third wall 16 can have the same or differing
amplitudes and/or wavelengths as the waves of first wall
12 and/or second wall 14 in one or both directions 28A
and 28B. In one embodiment, the waves in first lateral
direction 28A of first wall 12, second wall 14, and third
wall 16 have an amplitude and/or wavelength that is
greater than an amplitude and/or wavelength of the
waves in second lateral direction 28B of first wall 12, sec-
ond wall 14, and third wall 16. Additionally, similar to first
wall 12 and second wall 14, a thickness of third wall 16
can be constant or varying in any direction 28A and 28B.
[0019] Second plurality of flow paths 32B are formed
and bounded by second wall 14 and third wall 16 (and
second contact lines 32A) and extend in first lateral di-
rection 28A. Second plurality of flow paths 32B form a
weaved, cross-flow pattern with first plurality of flow paths
30B and third plurality of flow paths 34B. For example,
hot fluid can flow through second plurality of flow paths
32B while cold fluid flows through first plurality of flow
paths 30B and third plurality of flow paths 34B such that
thermal energy transfers across second wall 14 and third
wall 16. Second plurality of flow paths 32B can be similar
in configuration and functionality to first plurality of flow
paths 30B (except that second plurality of flow paths 32B
extendinfirst lateral direction 28A). In FIGS. 1A-1C, each
flow path of second plurality of flow paths 32B are fluid-
ically isolated from adjacent flow paths of second plurality
of flow paths 32B. However, as shown in FIG. 2, second
plurality of flow paths 32B can be laterally or vertically
interconnected such that flow through one flow path of
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second plurality of flow paths 32B can transition and flow
through an adjacent flow path of second plurality of flow
paths 32B. With such a configuration, second contact
lines 32A are not continuous along an entire distance of
second wall 14 and third wall 16 in first lateral direction
28A and rather there are transition openings between adj
acent flow paths of second plurality of flow paths 32B.
The cross-sectional flow area of each of the second plu-
rality of flow paths 32B can be similar to adjacent flow
paths or can be differing, such as flow paths of the second
plurality of flow paths 32B alternating between a flow path
that has a circular cross-sectional flow area and a flow
path that has an eyelet-type shape. Fluid flowing through
each of second plurality of flow paths 32B can be hot or
cold gas or liquid, and the fluid can flow in alternating
directions (i.e., fluid in one flow path flows in the opposite
direction to fluid in another/adjacent flow path).

[0020] Fourth wall 18 is similar to third wall 16 in that
fourth wall 18 is shaped in a wave pattern with waves
extending both in first lateral direction 28A and second
lateral direction 28B. Fourth wall 18 is adjacent to and in
contact with third wall 16 (on a top side) and fifth wall 20
(on a bottom side). The waves of fourth wall 18 are based
on a cosine curve (or sine curve) that repeat in both di-
rections 28A and 28B. The waves of fourth wall 18 are
offset from third wall 16 in first lateral direction 28A by
one-half wavelength. Because fourth wall 18 is offset
from third wall 16 in first lateral direction 28A, fourth wall
crests 18A (in second lateral direction 28B) contact third
wall troughs 16B (in second lateral direction 28B) to form
third contact lines 34A, which extend in second lateral
direction 28B. Third contact lines 34A are where third
wall 16 and fourth wall 18 connect to one anotherto bound
third plurality of flow paths 34B. As with third wall 16,
fourth wall 18 has multiple fourth wall crests 18A and
fourth wall troughs 18B in both first lateral direction 28A
and second lateral direction 28B. The waves of fourth
wall 18 can have the same or differing amplitudes and/or
wavelengths as the waves of first wall 12, second wall
14, and/or third wall 16 in one or both directions 28A and
28B. Additionally, similar to first wall 12, second wall 14,
and third wall 16, the thickness of fourth wall 18 can be
constant or varying in any direction 28A and 28B.
[0021] Third plurality of flow paths 34B are formed and
bounded by third wall 16 and fourth wall 18 (and third
contact lines 34A) and extend in second lateral direction
28B. Third plurality of flow paths 34B form a weaved,
cross-flow pattern with second plurality of flow paths 32B
and fourth plurality of flow paths 36B. For example, hot
fluid can flow through first plurality of flow paths 30B and
third plurality of flow paths 34B while cold fluid flows
through second plurality of flow paths 32B and fourth
plurality of flow paths 36B such thatthermal energy trans-
fers through second wall 14, third wall 16, and fourth wall
18. Third plurality of flow paths 34B can be similar in
configuration and functionality to first plurality of flow
paths 30B and second plurality of flow paths 32B (except
that third plurality of flow paths 34B extend in second
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lateral direction 28B and are offset from first plurality of
flow paths 30B by one-half wavelength in first lateral di-
rection 28A). In FIGS. 1A-1C, each flow path of third plu-
rality of flow paths 34B are fluidically isolated from adja-
cent flow paths of third plurality of flow paths 34B. How-
ever, as shown in FIG. 2, third plurality of flow paths 34B
can be laterally or vertically interconnected such that flow
through one flow path of third plurality of flow paths 34B
can transition and flow through an adjacent flow path of
third plurality of flow paths 34B. With such a configuration,
third contact lines 34A are not continuous along an entire
distance of third wall 16 and fourth wall 18 in second
lateral direction 28B and rather there are transition open-
ings between adjacent flow paths of third plurality of flow
paths 34B. The cross-sectional flow area of each of the
third plurality of flow paths 34B can be similar to adjacent
flow paths or can be differing, such as flow paths of the
third plurality of flow paths 34B alternating between a
flow path that has a circular cross-sectional flow area and
a flow path that has an eyelet-type shape. Fluid flowing
through each of third plurality of flow paths 34B can be
hot or cold gas or liquid, and the fluid can flow in alter-
nating directions (i.e., fluid in one flow path flows in the
opposite direction to fluid in another/adjacent flow path).
[0022] Fifth wall 20 is similar to fourth wall 18 in that
fifth wall 20 is shaped in a wave pattern with waves ex-
tending both in first lateral direction 28A and second lat-
eral direction 28B. Fifth wall 20 is adjacent to and in con-
tact with fourth wall 18 (on a top side) and sixth wall 22
(on a bottom side). Fifth wall 20 has the same orientation
as first wall 12 with the waves of fifth wall 20 being offset
from fourth wall 18 in second lateral direction 28B by one-
half wavelength. The configuration of heat exchanger 10
downward from fifth wall 20 repeats so as to have the
same configuration of heat exchanger 10 between first
wall 12 and fifth wall 20. Because fifth wall 20 is offset
from fourth wall 18 in second lateral direction 28B, fifth
wall crests 20A (in first lateral direction 28A) contact
fourth wall troughs 18B (in first lateral direction 28A) to
form fourth contact lines 36A, which extend in first lateral
direction 28A. Fourth contact lines 36A are where fourth
wall 18 and fifth wall 20 connect to one another to bound
fourth plurality of flow paths 36B. As with fourth wall 18,
fifth wall 20 has multiple fifth wall crests 20A and fifth wall
troughs 20B in both first lateral direction 28A and second
lateral direction 28B. The waves of fifth wall 20 can have
the same or differing amplitudes and/or wavelengths as
the waves of walls 12-18 in one or both directions 28A
and 28B. Additionally, similar to walls 12-18, the thick-
ness of fifth wall 20 can be constant or varying in any
direction 28A and 28B.

[0023] Fourth plurality of flow paths 36B are formed
and bounded by fourth wall 18 and fifth wall 20 (and fourth
contactlines 36A) and extend in firstlateral direction 28A.
Fourth plurality of flow paths 36B form a weaved, cross-
flow pattern with third plurality of flow paths 34B and fifth
plurality of flow paths 38B. For example, hot fluid can
flow through first plurality of flow paths 30B and third plu-
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rality of flow paths 34B while cold fluid flows through sec-
ond plurality of flow paths 32B and fourth plurality of flow
paths 36B such that thermal energy transfers through
second wall 14, third wall 16, fourth wall 18, and fifth wall
20. Fourth plurality of flow paths 36B can be similar in
configuration and functionality to other pluralities of flow
paths 30B-42B. In FIGS. 1A-1C, each flow path of fourth
plurality of flow paths 36B are fluidically isolated from
adjacent flow paths of fourth plurality of flow paths 36B.
However, as shown in FIG. 2, fourth plurality of flow paths
36B can be laterally or vertically interconnected such that
flow through one flow path of fourth plurality of flow paths
36B can transition and flow through an adjacent flow path
of fourth plurality of flow paths 36B. With such a config-
uration, fourth contact lines 36A are not continuous along
an entire distance of fourth wall 18 and fifth wall 20 in
first lateral direction 28A and rather there are transition
openings between adjacent flow paths of fourth plurality
of flow paths 36B. The cross-sectional flow area of each
of the fourth plurality of flow paths 36B can be similar to
adjacentflow paths or can be differing, such as flow paths
of the fourth plurality of flow paths 36B alternating be-
tween a flow path that has a circular cross-sectional flow
area and a flow path that has an eyelet-type shape. Fluid
flowing through each of fourth plurality of flow paths 36B
can be hot or cold gas or liquid, and the fluid can flow in
alternating directions (i.e., fluid in one flow path flows in
the opposite direction to fluid in another/adjacent flow
path).

[0024] Sixth wall 22 has the same orientation, config-
uration, and functionality as second wall 14. Sixth wall
22 is adjacent to and in contact with fifth wall 20 (along
fifth contact lines 38A) to form fifth plurality of flow paths
38B. Fifth plurality of flow paths 38B has the same ori-
entation, configuration, and functionality as first plurality
of flow paths 30B. Seventh wall 24 has the same orien-
tation, configuration, and functionality as third wall 16.
Seventh wall 24 is adjacent to and in contact with sixth
wall 22 (along sixth contact lines 40A) to form sixth plu-
rality of flow paths 40B. Sixth plurality of flow paths 40B
has the same orientation, configuration, and functionality
as second plurality of flow paths 32B. Eighth wall 26 has
the same orientation, configuration, and functionality as
fourth wall 18. Eighth wall 26 is adjacent to and in contact
with seventh wall 24 (along seventh contact lines 42A)
to form seventh plurality of flow paths 42B. Seventh plu-
rality of flow paths 42B has the same orientation, config-
uration, and functionality as third plurality of flow paths
34B.

[0025] Heatexchanger 10 can extend in vertical direc-
tion 28C by including additional walls having the same
orientation as walls 12-26 (as shown in FIG. 1B) and/or
by increasing the amplitude of the waves of walls 12-26.
Heat exchanger 10 can be constructed from a variety of
materials, including conventional materials and materials
that have lower thermal conductivity properties than ma-
terials conventionally used to construct heat exchangers.
Because the primary thermal energy transfer surface ar-
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ea of each flow path of the plurality of flow paths 30B-
42B is increased due to the wave pattern of walls 12-26
of heat exchanger 10, the amount of thermal energy
transfer of heat exchanger 10 is increased as compared
to prior art heat exchangers. With an increase in primary
surface area, heat exchanger 10 can be constructed from
materials that have low thermal conductivity properties,
such as plastics or composites. For example, heat ex-
changer 10 may be constructed from reinforced nylon,
acrylonitrile butadiene styrene, epoxy, or urethane meth-
acrylate. If desired, heat exchanger 10 can be located
within a machine that requires increased thermal energy
transfer capabilities and a small volume, such as a gas
turbine engine.

[0026] While heat exchanger 10 can be constructed
from multiple components such that each of walls 12-26
is constructed independently and then fastened together
along contact lines 30A-42A, heat exchanger 10 can be
formed as one continuous and monolithic piece through
additive manufacturing or other methods such that heat
exchanger 10 is formed as a single unit without seams,
weld lines, adhesive lines, or any other discontinuities.
To construct heat exchanger 10, first wall 12 is formed
with waves based on a cosine curve extending in both
first lateral direction 28A and second lateral direction
28B.

[0027] Next, second wall 14 is formed with waves
based on a cosine curve extending in both directions 28A
and 28B with the waves being offset in first lateral direc-
tion 28A from first wall 12 by one-half wavelength to form
first plurality of flow paths 30B. Second wall 14 is adjacent
to first wall 12 and can be either fastened to first wall 12
along first contact lines 30A, or second wall 14 can be
formed simultaneously with first wall 12 such that first
wall 12 and second wall 14 are one continuous and mon-
olithic piece.

[0028] Then, third wall 16 is formed with waves based
on a cosine curve extending in both directions 28A and
28B with the waves being offsetin second lateral direction
28A from second wall 14 by one-half wavelength to form
second plurality of flow paths 32B. Third wall 16 is adja-
cent to second wall 14 and can be either fastened to
second wall 14 along second contact liens 32A, or third
wall 16 can be formed simultaneously with second wall
14 (and possibly first wall 12) such that second wall 14
and third wall 16 are one continuous and monolithic
piece. Subsequent walls 18-26 (or more) can be formed
utilizing similar steps. Additionally, a method of forming
heat exchanger 10 can start at a bottom wall (a wall that
is on a bottom side of heat exchanger 10) and build up
walls from there, or the method can form heat exchanger
10 building the walls infirst lateral direction 28A or second
lateral direction 28B.

[0029] While the disclosed heat exchanger 10 will be
described as transferring thermal energy between two
fluids, a first fluid and a second fluid, a person skilled in
the art will recognize that the disclosed heat exchanger
10 may be used with more than two fluids provided it is
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constructed with sufficient pluralities of flow paths to ac-
commodate more than two heat exchange fluids. First,
the first fluid (which can be a hot fluid or cold fluid) is
conveyed/flowed in second lateral direction 28B through
first plurality of flow paths 30B and, if necessary, third
plurality of flow paths 34B, fifth plurality of flow paths 38B,
and seventh plurality of flow paths 42B. Then, the second
fluid (which can be a hot fluid or a cold fluid but should
be a fluid that has a different temperature than the first
fluid) is conveyed/flowed in first lateral direction 28A
through second plurality of flow paths 32B and, if neces-
sary, fourth plurality of flow paths 36B and sixth plurality
of flow paths 40B. Because of the weaved, cross-flow
configuration of heat exchanger 10 having walls 12-26
with a wave pattern, thermal energy transfer between the
first fluid and second fluid is rapid because the thermal
energy transfer surface areas of each flow path of the
pluralities of flow paths 30B-42B is large and direct from
the hot fluid to the cold fluid (i.e., no conduction along a
fin) and the undulating nature of each flow path creates
enhances heat transfer.

[0030] FIG. 2 is a second embodiment of a heat ex-
changer. Heat exchanger 110 is similar to heat exchang-
er 10 in FIGS. 1A-1C except that heat exchanger 110
includes sub flow paths as part of a plurality of flow paths
that are vertically connected by transition openings. In
FIG. 2, a plurality of flow paths includes multiple subflow
paths that are connected to adjacent subflow paths ver-
tically to allow for a fluid flowing through the plurality of
flow paths to transition and flow through an adjacent sub-
flow path while still providing an increase in primary sur-
face area for optimal heat transfer. While FIG. 2 shows
subflow paths connected to adjacent subflow paths ver-
tically, the orientation and configuration of heat exchang-
er 110 can be such that subflow paths can be connected
to adjacent subflow paths horizontally (i.e., the pluralities
of flow paths 30B-42B in heat exchanger 10 are connect-
ed to one another by transition openings between adja-
cent flow paths). While the pluralities of flow paths of heat
exchanger 110 can be described with regards to walls in
a similar fashion to that of heat exchanger 10, it may be
easier to understand the configuration of heat exchanger
110 by describing the pluralities of flow paths through
heat exchanger 110 rather than the walls that bound the
pluralities of flow paths.

[0031] Heat exchanger 110 includes walls 112 bound-
ing cold fluid flow path 150 (which encompasses all cold
fluid flow paths, including the pluralities of cold flow paths
as well as subflow paths) extending in first lateral direc-
tion 128A and hot fluid flow path 170 (which encompass-
es all hot fluid flow paths, including the pluralities of hot
flow paths as well as subflow paths) extending in second
lateral direction 128B. While this disclosure describes
the flow paths as being for "hot" fluid and "cold" fluid, this
is done for simplicity such that the temperature and/or
type of fluid is exemplary and any type of fluid and even
more than two fluids can be utilized in heat exchanger
110. Cold fluid flow path 150 includes first plurality of cold
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flow paths 152, second plurality of cold flow paths 154,
third plurality of cold flow paths 156, fourth plurality of
cold flow paths 158, fifth plurality of cold flow paths 160,
sixth plurality of cold flow paths 162, and seventh plurality
of cold flow paths 164. Each cold plurality of cold flow
paths 152-164 includes six cold subflow paths, with first
plurality of cold flow paths 152 having first cold subflow
paths 152A-152F (while not labeled in FIG. 2 for simplic-
ity, the other pluralities of flow paths 154-164 also include
six cold subflow paths of similar configuration and func-
tionality). Between cold subflow paths 152A-152F are
transition openings 166, which provide a path through
which cold fluid can flow between adjacent cold subflow
paths 152A-152F. Similarly, hot fluid flow path 170 in-
cludesfirst plurality of hot flow paths 172, second plurality
of hot flow paths 174, third plurality of hot flow paths 176,
fourth plurality of hot flow paths 178, fifth plurality of hot
flow paths 180, sixth plurality of hot flow paths 182, and
seventh plurality of hot flow paths 184. Each plurality of
hot flow paths 172-184 includes six hot subflow paths,
with first plurality of hot flow paths 172 having first hot
subflow paths 172A-172F (while not labeled in FIG. 2 for
simplicity, the other pluralities of hot flow paths 174-184
also include six hot subflow paths of similar configuration
and functionality). Between hot subflow paths 172A-
172F are transition openings 186, which provide a path
through which hot fluid can flow between adjacent hot
subflow paths 172A-172F. The below disclosure will fo-
cus on first plurality of cold flow paths 152 of cold fluid
flow path 150 and first plurality of hot flow paths 172 of
hot fluid flow path 170. However, the other pluralities of
cold flow paths 154-164 and hot flow paths 174-184 have
similar configurations and functionalities.

[0032] Cold fluid flow path 150 includes pluralities of
cold flow paths 152-164 that are columns of flow paths
arranged so as to be laterally adjacent to at least one
other plurality of cold flow paths 152-164. Each of the
pluralities of cold flow paths 152-164 extend in firstlateral
direction 128A such that cold fluid flowing through the
plurality of cold flow paths 152-164 flows substantially in
first lateral direction 128A. As shown, there are seven
pluralities of cold flow paths 152-164. However, for more
or less thermal energy transfer capabilities, heat ex-
changer 110 can include a lesser or greater number of
pluralities of cold flow paths 152-164 for accommodating
cold fluid flow. Additionally, while each plurality of cold
flow paths 152-164 is shown as having six cold subflow
paths 152A-152F, heat exchanger 110 can include less
than six or greater than six cold subflow paths as the
design requires (and, for example, space within a gas
turbine engine allows). In the embodiment of heat ex-
changer 110 shown in FIG. 2, adjacent pluralities of cold
flow paths 152-164 do not provide for cold fluid flow ther-
ebetween and cold fluid is only able to flow between ad-
jacent cold subflow paths 152A-152F within a single plu-
rality of cold flow paths 152-164. However, other embod-
iments of heat exchanger 110 can include openings that
allow cold fluid to transition between adjacent pluralities
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of cold flow paths 152-164.

[0033] First plurality of cold flow paths 152 is shown in
a cross-sectional representation so that cold subflow
paths 152A-152F are more easily seen. First plurality of
cold flow paths 152 (and other pluralities of cold flow
paths 154-164 and 172-184) extend vertically and are
bounded by walls 112. First plurality of cold flow paths
152 include cold subflow paths 152A-152F, which allow
cold fluid to flow in first lateral direction 128A while also
allowing cold fluid to transition between adjacent cold
subflow paths 152A-152F. Cold fluid is able to flow be-
tween adjacent cold subflow paths 152A-152F by flowing
atleastpartially vertically through transition openings 166
between adjacent cold subflow paths 152A-152F. Each
of cold subflow paths 152A-152F have a wave pattern
with waves that extend in first lateral direction 128A
based on a cosine curve (or sine curve depending on the
starting point of the wave). However, cold subflow paths
152A-152F are offset from adjacent cold subflow paths
152A-152F by one-half wavelength in first lateral direc-
tion 128A.

[0034] For example, as shown in FIG. 2, cold subflow
path 152A (a topmost subflow path), cold subflow path
152C, and cold subflow path 152E have the same con-
figuration as one another with waves that propagate in
first lateral direction 128A in phase (i.e., crests and
troughs of the waves line up vertically). Cold subflow path
152B, cold subflow path 152D, and cold subflow path
152F (a bottommost subflow path) also have the same
configuration as one another with waves that propagate
infirstlateral direction 128Ain phase. However, cold sub-
flow paths 152B, 152D, and 152F are offset from cold
subflow paths 152A, 152C, and 152E one-half wave-
length such that the crests of cold subflow paths 152A,
152C, and 152E interconnect with the troughs of cold
subflow paths 152B, 152D, and 152F (and vice-versa)
to form transition openings 166 through which cold fluid
can flow into adjacent cold subflow paths 152A-152F.
While cold subflow paths 152A-152F are shown as hav-
ing the same amplitude and wavelength, other embodi-
ments can include cold subflow paths 152A-152F that
have differing amplitudes and wavelengths. Further, oth-
er pluralities of cold flow paths 154-164 can have different
configurations such that those cold subflow paths (which
are part of each plurality of cold flow paths 154-164) have
differing amplitudes, wavelengths, and/or orientations.
[0035] Transition openings 166 that interconnect cold
subflow paths 152A-152F can have as large or small
cross-sectional area as desired and, in other embodi-
ments, heat exchanger 110 may not include transition
openings 166 and instead cold subflow paths 152A-152F
are discrete and fluidically isolated from one another.
[0036] Cold subflow paths 152A-152F are shown as
having a substantially circular cross-sectional area due
to walls 112 having a varying thickness to form the cir-
cular cross-sectional area. However, cold subflow paths
152A-152F can have other cross-sectional areas, such
as any non-circular cross-section including eyelet-type
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shape or another shape.

[0037] First plurality of hot flow paths 172 is shown in
a cross-sectional representation so that hot subflow
paths 172A-172F are more easily seen. First plurality of
hot flow paths 172 has the same configuration as first
plurality of cold flow paths 152 except that first plurality
of hot flow paths 172 extends in second lateral direction
128B and provide flow paths for a different fluid (in this
exemplary embodiment, the fluid is a hot fluid).

[0038] First plurality of hot flow paths 172 include hot
subflow paths 172A-172F that allow hot fluid to flow in
second lateral direction 128B while also allowing hot fluid
to transition between adjacent subflow paths 172A-157F
by flowing at least partially vertically through transition
openings 186 between adjacent subflow paths 172A-
172F. Each of hot subflow paths 172A-172F have awave
pattern with waves that extend in second lateral direction
128B based on a cosine curve (or sine curve depending
on the starting point of the wave). However, hot subflow
paths 172A-172F are offset from adjacent hot subflow
paths 172A-172F by one-half wavelength in second lat-
eral direction 128B.

[0039] For example, as shown in FIG. 2, hot subflow
path 172A (a topmost subflow path), hot subflow path
172C, and hot subflow path 172E have the same config-
uration as one another with waves that propagate in sec-
ond lateral direction 128B in phase (i.e., crests and
troughs of the waves line up vertically). Hot subflow path
172B, hot subflow path 172D, and hot subflow path 172F
(a bottommost subflow path) also have the same config-
uration as one another with waves that propagate in sec-
ond lateral direction 128B in phase. However, hotsubflow
paths 172B, 172D, and 172F are offset from hot subflow
paths 172A, 172C, and 172E one-half wavelength such
that the crests of hot subflow paths 172A, 172C, and
172E interconnect with the troughs of hot subflow paths
172B, 172D, and 172F (and vice-versa) to form transition
openings 186 through which hot fluid can flow into adja-
cent hot subflow paths 172A-172F. While hot subflow
paths 172A-172F are shown as having the same ampli-
tude and wavelength, other embodiments can include
hot subflow paths 172A-172F that have differing ampli-
tudes and wavelengths. Further, other pluralities of hot
flow paths 174-184 can have different configurations
such that those hot subflow paths (which are part of each
plurality of hot flow paths 174-184) have differing ampli-
tudes, wavelengths, and/or orientations.

[0040] Transition openings 186 that interconnect hot
subflow paths 172A-172F can have as large or small
cross-sectional areas as desired and, in other embodi-
ments, heat exchanger 110 may not include transition
openings 186 and instead hot subflow paths 172A-172F
are discrete and fluidically isolated from one another.
[0041] Hot subflow paths 172A-172F are shown as
having a substantially circular cross-sectional area due
to walls 112 having a varying thickness to form the cir-
cular cross-sectional area. However, hot subflow paths
172A-172F can have other cross-sectional areas, such
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as any non-circular cross-section including eyelet-type
shape or another shape.

[0042] As shown in FIG. 2, the wave pattern of cold
subflow paths 152A-152F and hot subflow paths 172A-
172F create a weaved cross-flow configuration in which
each subflow path of cold fluid flow path 150 is adjacent
multiple subflow paths of hot fluid flow path 170 (and vice-
versa). This configuration provides for increased thermal
energy transfer while minimizing the volume needed for
heat exchanger 110 (i.e., increasing the thermal energy-
to-volume ratio of heat exchanger 110). Additionally, the
wave pattern and transition openings 166 and 186 be-
tween subflow paths limits the growth of boundary layers
of the cold fluid and hot fluid through cold fluid flow path
150 and hot fluid flow path 170, respectively, thereby
increasing the thermal energy transfer capabilities.
[0043] Aswith heatexchanger10inFIGS.1A-1C, heat
exchanger 110 can be constructed from multiple compo-
nents such that walls 112 are constructed independently
and then fastened together to form heat exchanger 110.
Heat exchanger 110 can also be formed as one contin-
uous and monolithic piece through additive manufactur-
ing or other methods.

[0044] Heat exchanger 10/110 utilizes a weaved
cross-flow configuration to provide increased primary
surface area to improve the thermal energy transfer ca-
pabilities between a first fluid and a second fluid. The
weaved configuration is constructed primarily from
stacked sheets/walls 12-26/112 (primary surfaces) that
include waves in first lateral direction 28A/128A and sec-
ond lateral direction 28B/128B. Waves 12-26/112 can
have a variety of configurations, including waves that are
based on asinusoidal curve. Walls 12-26/112 are primary
surfaces that have improved thermal energy transfer ca-
pabilities. The waves of one wall 12-26/112 are offset
from waves of adjacent walls 12-26/112 by one-half
wavelength to form plurality of flow paths 30B-
42B/152-164 and 172-184 between adjacent walls
12-26/112 through which the hot or cool fluid flows. Uti-
lizing walls 12-26/112 with waves provides an increase
in primary surface area of walls 12-26/112 which in turn
increases the thermal energy transfer between fluids
flowing adjacent those walls 12-26/112. The increase in
surface area of walls 12-26/112 eliminates the need for
fins (i.e., additional secondary surfaces), thereby improv-
ing efficiency of heat exchanger 10/110 by minimizing
the distance thermal energy must transfer to maximize
the energy transfer-to-volume ratio.

[0045] Additive manufacturing can be utilized to create
the disclosed heat exchanger 10/110 so that all compo-
nents of heat exchanger 10/110 are formed during one
manufacturing process to form a continuous and mono-
lithic structure. Further, additive manufacturing can eas-
ily and reliably form heat exchanger 10/110 with complex
walls 12-26/112 or shapes and small tolerances. While
the waves of walls 12-26/112 are based on sinusoidal
curves in the disclosed embodiments, the waves can
have a variety of configurations with alternate ampli-
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tudes, wavelengths, and other characteristics as re-
quired for optimal thermal energy transfer and to accom-
modate a designed flow of the first fluid and/or second
fluid. Further, the waves of walls 12-26/112 can have
other shapes, such as triangular waves with pointed
peaks and troughs, rectangular waves with flat tops and
bottoms, and/or other configurations.

Discussion of Possible Embodiments

[0046] The following are non-exclusive descriptions of
possible embodiments of the present invention.

[0047] A heatexchangerthat extends laterally in a first
direction and a second direction and has a first wall, a
second wall, and a third wall. The first wall is shaped in
a wave pattern with waves that extend in both the first
direction and the second direction. The second wall is
adjacent to and in contact with the first wall with the sec-
ond wall being shaped in a wave pattern with waves that
extend in both the first direction and the second direction.
The waves of the second wall are offset in the first direc-
tion from the waves of the first wall by one-half wave-
length. The third wall is adjacent to and in contact with
the second wall with the third wall being shaped in awave
pattern with waves that extend in both the first direction
and the second direction. The waves of the third wall are
offset in the second direction from the second wall by
one-half wavelength. The heat exchanger also includes
a first plurality of flow paths extending in the second di-
rection with the first plurality of flow paths each bounded
by the firstwall and the second wall and a second plurality
of flow paths extending in the first direction with the sec-
ond plurality of flow paths each bounded by the second
wall and the third wall.

[0048] The heatexchanger of the preceding paragraph
can optionally include, additionally and/or alternatively,
any one or more of the following features, configurations,
and/or additional components:

A fourth wall adjacent to and in contact with the third wall
with the fourth wall being shaped in a wave pattern with
waves that extend in both the first direction and the sec-
ond direction, the waves of the fourth wall being offset
from the waves of the third wall in the first direction by
one-half wavelength and a third plurality of flow paths
extending in the second direction with the third plurality
of flow paths each bounded by the third wall and the
fourth wall.

[0049] The waves of the first wall are based on a sinu-
soidal curve in the first direction and a sinusoidal curve
in the second direction, and the waves of the second wall
are based on a sinusoidal curve in the first direction and
a sinusoidal curve in the second direction.

[0050] Each flow path of the first plurality of flow paths
and the second plurality of flow paths have a substantially
circular cross-sectional area.

[0051] The first plurality of flow paths are laterally in-
terconnected by first transition openings and the second
plurality of flow paths are laterally interconnected by sec-
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ond transition openings such that flow through one flow
path of the first plurality of flow paths can transition and
flow through an adjacent flow path of the first plurality of
flow paths and flow through one flow path of the second
plurality of flow paths can transition and flow through an
adjacent flow path of the second plurality of flow paths.
[0052] Each flow path of the first plurality of flow paths
are fluidically isolated from one another and each flow
path of the second plurality of flow paths are fluidically
isolated from one another.

[0053] The first wall contacts and connects to the sec-
ond wall along a plurality of contact lines extending in the
second direction to form the fluidically isolated first plu-
rality of flow paths extending in the second direction.
[0054] The second wall contacts and connects to the
third wall along a plurality of contact lines extending in
the first direction to form the fluidically isolated second
plurality of flow paths extending in the first direction.
[0055] The first wall, second wall, and third wall are
constructed by additive manufacturing so that the heat
exchanger is one continuous and monolithic component.
[0056] The waves in the first direction of the first wall,
the waves in the first direction of the second wall, and
the waves in the first direction of the third wall have an
amplitude that is greater than an amplitude of the waves
in the second direction of the first wall, the waves in the
second direction of the second wall, and the waves in
the second direction of the third wall.

[0057] The amplitude of the waves in the first direction
of the first wall, second wall, and third wall is at least 1.5
times greater than the amplitude of the waves in the sec-
ond direction of the first wall, second wall, and third wall.
[0058] The waves in the first direction of the first wall,
the waves in the first direction of the second wall, and
the waves in the first direction of the third wall have a
wavelength that is greater than a wavelength of the
waves in the second direction of the first wall, the waves
in the second direction of the second wall, and the waves
in the second direction of the third wall.

[0059] The first wall, second wall, and third wall are
constructed from a material having low thermal conduc-
tivity.

[0060] A gas turbine engine comprising the heat ex-

changer disclosed above.

[0061] Afirstfluid flows through the first plurality of flow
paths and a second fluid flows through the second plu-
rality of flow paths.

[0062] A method of forming a heat exchanger includes
forming a first wall with waves that extend laterally in both
a first direction and in a second direction. The method
also includes forming a second wall adjacent to and in
contact with the first wall with waves that are based on
a sinusoidal curve and extend laterally in both the first
direction and in the second direction. The waves of the
second wall are offset in the first direction from the waves
of the first wall by one-half wavelength. The method also
includes forming a third wall adjacent to and in contact
with the second wall with waves that extend laterally in
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both the first direction and in the second direction. The
waves of the third wall are offset in the second direction
from the waves of the second wall by one-half wave-
length. The first wall and the second wall bound a first
plurality of flow paths that extend in the second direction,
and the second wall and the third wall bound a second
plurality of flow paths that extend in the first direction.
The waves of the first, second, and third walls can be
based on a sinusoidal curve.

[0063] The method of the preceding paragraph can op-
tionally include, additionally and/or alternatively, any one
or more of the following features, configurations, steps,
and/or additional components:

Additively manufacturing the first wall, second wall, and
third wall.

[0064] Forming a fourth wall adjacent to and in contact
with the third wall with waves that extend laterally in both
the first direction and in the second direction, the waves
being offset in the first direction from the waves of the
third wall by one-half wavelength, and wherein the third
wall and fourth wall bound a third plurality of flow paths
that extend in the second direction.

[0065] The waves of the first wall are based on a sinu-
soidal curve in the first direction and a sinusoidal curve
in the second direction, and wherein the waves of the
second wall are based on a sinusoidal curve in the first
direction and a sinusoidal curve in the second direction.
[0066] A method of transferring thermal energy
through the use of a heat exchanger includes flowing a
first fluid through a first plurality of flow paths bounded
by a first wall and a second wall. The first wall having a
wave pattern with waves that are based on a sinusoidal
curve and extend laterally in both a first direction and a
second direction. The second wall is adjacent to and in
contact with the first wall and having a wave pattern with
waves that are based on a sinusoidal curve and extend
laterally in both the first direction and the second direc-
tion. The waves of the second wall are offset in the first
direction from the waves of the first wall by one-half wave-
length. The method also includes flowing a second fluid
through a second plurality of flow paths bounded by the
second wall and a third wall. The third wall is adjacent to
and in contact with the second wall. The third wall has a
wave pattern with waves that are based on a sinusoidal
curve and extend laterally in both the first direction and
the second direction. The waves of the third wall are offset
in the second direction from the waves of the second wall
by one-half wavelength.

[0067] Whiletheinvention hasbeen described with ref-
erence to an exemplary embodiment(s), it will be under-
stood by those skilled in the art that various changes may
be made and equivalents may be substituted for ele-
ments thereof without departing from the scope of the
invention as defined by the claims. In addition, many
modifications may be made to adapt a particular situation
or material to the teachings of the invention without de-
parting from the scope of the invention. Therefore, it is
intended that the invention not be limited to the particular
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embodiment(s) disclosed, but that the invention will in-
clude all embodiments falling within the scope of the ap-
pended claims.

Claims

1. A heat exchanger extending laterally in a first direc-
tion and a second direction, the heat exchanger com-
prising:

a first wall (12) shaped in a wave pattern with
waves that extend in both the first direction and
the second direction;

a second wall (14) adjacent to and in contact
with the first wall with the second wall being
shaped in a wave pattern with waves that extend
in both the first direction and the second direc-
tion, the waves of the second wall being offset
in the first direction from the waves of the first
wall by one-half wavelength;

a third wall (16) adjacent to and in contact with
the second wall with the third wall being shaped
in a wave pattern with waves that extend in both
the first direction and the second direction, the
waves of the third wall being offsetin the second
direction from the second wall by one-half wave-
length;

a first plurality of flow paths (30B) extending in
the second direction with the first plurality of flow
paths each bounded by the first wall and the
second wall; and

a second plurality of flow paths (32B) extending
in the first direction with the second plurality of
flow paths each bounded by the second wall and
the third wall.

2. The heat exchanger of claim 1, further comprising:

a fourth wall (18) adjacent to and in contact with
the third wall with the fourth wall being shaped
in a wave pattern with waves that extend in both
the first direction and the second direction, the
waves of the fourth wall being offset from the
waves of the third wall in the first direction by
one-half wavelength; and

a third plurality of flow paths (34B) extending in
the second direction with the third plurality of
flow paths each bounded by the third wall and
the fourth wall.

3. The heat exchanger of claim 1 or 2, wherein the
waves of the first wall are based on a sinusoidal curve
in the first direction and a sinusoidal curve in the
second direction, and wherein the waves of the sec-
ond wall are based on a sinusoidal curve in the first
direction and a sinusoidal curve in the second direc-
tion.
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The heat exchanger of claim 1, 2 or 3, wherein each
flow path of the first plurality of flow paths and the
second plurality of flow paths have a substantially
circular cross-sectional area.

The heat exchanger of claim 4, wherein the first plu-
rality of flow paths are laterally interconnected by
first transition openings and the second plurality of
flow paths are laterally interconnected by second
transition openings such that flow through one flow
path of the first plurality of flow paths can transition
and flow through an adjacent flow path of the first
plurality of flow paths and flow through one flow path
of the second plurality of flow paths can transition
and flow through an adjacent flow path of the second
plurality of flow paths.

The heat exchanger of any preceding claim, wherein
each flow path of the first plurality of flow paths are
fluidically isolated from one another and each flow
path of the second plurality of flow paths are fluidi-
cally isolated from one another, and preferably
wherein the first wall contacts and connects to the
second wall along a plurality of contact lines extend-
ing in the second direction to form the fluidically iso-
lated first plurality of flow paths extending in the sec-
ond direction, and/or wherein the second wall con-
tacts and connects to the third wall along a plurality
of contact lines extending in the first direction to form
the fluidically isolated second plurality of flow paths
extending in the first direction.

The heat exchanger of any preceding claim, wherein
the first wall, second wall, and third wall are con-
structed by additive manufacturing so that the heat
exchanger is one continuous and monolithic compo-
nent.

The heat exchanger of any preceding claim, wherein
the waves in the first direction of the first wall, the
waves in the first direction of the second wall, and
the waves in the first direction of the third wall have
an amplitude that is greater than an amplitude of the
waves in the second direction of the first wall, the
waves in the second direction of the second wall,
and the waves in the second direction of the third
wall.

The heat exchanger of claim 8, wherein the ampli-
tude of the waves in the first direction of the first wall,
second wall, and third wall is atleast 1.5 times great-
er than the amplitude of the waves in the second
direction of the first wall, second wall, and third wall,
and/or wherein the waves in the first direction of the
first wall, the waves in the first direction of the second
wall, and the waves in the first direction of the third
wall have a wavelength that is greater than a wave-
length of the waves in the second direction of the
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first wall, the waves in the second direction of the
second wall, and the waves in the second direction
of the third wall.

A gas turbine engine comprising the heat exchanger
of any preceding claim.

A method of forming a heat exchanger, the method
comprising:

forming a first wall with waves that extend later-
ally in both a first direction and in a second di-
rection;

forming a second wall adjacent to and in contact
with the first wall with waves that extend laterally
in both the first direction and in the second di-
rection, the waves of the second wall being off-
set in the first direction from the waves of the
first wall by one-half wavelength;

forming a third wall adjacent to and in contact
with the second wall with waves that extend lat-
erally in both the first direction and in the second
direction, the waves of the third wall being offset
in the second direction from the waves of the
second wall by one-half wavelength,

wherein the first wall and the second wall bound
a first plurality of flow paths that extend in the
second direction, and wherein the second wall
and the third wall bound a second plurality of
flow paths that extend in the first direction.

The method of claim 11, further comprising:
additively manufacturing the first wall, second wall,
and third wall.

The method of claim 11 or 12, further comprising:

forming a fourth wall adjacent to and in contact
with the third wall with waves that extend later-
ally in both the first direction and in the second
direction, the waves being offset in the first di-
rection from the waves of the third wall by one-
half wavelength,

wherein the third wall and fourth wall bound a
third plurality of flow paths that extend in the sec-
ond direction.

The method of claim 11, 12 or 13, wherein the waves
of the first wall are based on a sinusoidal curve in
the firstdirection and a sinusoidal curve in the second
direction, and wherein the waves of the second wall
are based on a sinusoidal curve in the first direction
and a sinusoidal curve in the second direction.

A method of transferring thermal energy through the
use of a heat exchanger, the method comprising:

flowing a first fluid through a first plurality of flow
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paths bounded by a first wall and a second wall,
the first wall having a wave pattern with waves
that are based on a sinusoidal curve and extend
laterally in both a first direction and a second
direction, the second wall being adjacent to and
in contact with the first wall and having a wave
pattern with waves that are based on a sinusoi-
dal curve and extend laterally in both the first
direction and the second direction, the waves of
the second wall being offset in the first direction
from the waves of the first wall by one-half wave-
length;

flowing a second fluid through a second plurality
of flow paths bounded by the second wall and a
third wall, the third wall being adjacent to and in
contact with the second wall, the third wall hav-
ing a wave pattern with waves that are based
onasinusoidal curve and extend laterally in both
the first direction and the second direction, the
waves of the third wall being offset in the second
direction from the waves of the second wall by
one-half wavelength.
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