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ABSTRACT 

Stator packages and electric machines, and methods for 
cooling same, are disclosed herein. In an example embodi
ment, an electric machine includes a rotor, and a stator pack
age having one or more stator coils, stator core portions, and 
a heat exchanger. The stator core portions and heat exchan
ger are arranged successively along a central axis, with the 
heat exchanger being positioned between the stator core 
portions. Each of the stator coils is arranged to extend 
along/within the stator core portions and heat exchanger. 
The heat exchanger includes walls forming passageways 
configured so that coolant entering the heat exchanger via 
an inlet both flows circumferentially from the inlet to an 
outlet, and additionally flows in an undulating manner both 
radially inwardly and outwardly substantially in between 
outer and inner wall surfaces of the heat exchanger, such 
that the coolant cools the one or more stator coils and the 
stator core portions. 
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SYSTEM AND METHOD FOR ELECTRIC 
MACHINE COOLING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] -

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] -

FIELD OF THE INVENTION 

[0003] The present disclosure relates to electric machines 
such as motors and generators and, more particularly, relates 
to systems and methods for cooling electric machines and 
electric machines employing such systems and methods. 

BACKGROUND OF THE INVENTION 

[0004] Electrification of the powertrain in vehicles has 
attracted increasing attention in recent years, as people 
have come to recognize that the adoption of electric vehicles 
(EVs) can help achieve goals related to reducing greenhouse 
gas emissions and mitigating climate change. Electric 
machines with high power densities and high efficiencies 
are important components to such electric vehicles. 
[0005] The thermal limit has become a dominant design 
constraint in regard to such electric machines intended for 
us in electric vehicles, because temperature-sensitive mate
rials are often used to improve power and torque densities. 
For example, high winding temperatures will decrease the 
conductivity of conductors and lead to high copper loss. 
Also, magnet temperature management is important for per
manent magnet machines to avoid demagnetization. In gen
eral, thermal management technology is highly important 
for electric machines. 
[0006] Various cooling schemes are utilized in conven
tional electric machines, including air cooling, water cool
ing, and a combination of both. Such cooling schemes 
include arrangements in which a rotor or stator is cooled 
with radial air ducts or a single radial duct is utilized in the 
middle of a rotor or stator package, as well as arrangements 
having several radial ducts and finshaped structures on the 
rotor package. Notwithstanding such conventional technol
ogies, a challenge remains in that current technology and 
design constraints still yield performance and cooling inef
ficiencies in electric machines. 
[0007] For at least one or more of these reasons, or one or 
more other reasons, it would be advantageous if new or 
improved cooling systems for electric machines and/or elec
tric machines having such new or improved cooling systems 
could be developed, and/or if new or improved methods of 
cooling electric machines could be developed, so as to 
address any one or more of the concerns discussed above 
or to address one or more other concerns or provide one or 
more benefits. 

SUMMARY OF THE INVENTION 

[0008] In at least one example embodiment, the present 
disclosure relates to a stator package for an electric machine. 
The stator package includes a plurality of stator coils, a first 
stator core portion, and a first heat exchanger. The first stator 
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core portion is arranged along a central axis and has a first 
stator core yoke and a plurality of first stator core teeth 
respectively extending radially inwardly from the first stator 
core yoke to respective inner ends of the respective first sta
tor core teeth, where respective neighboring pairs of the first 
stator core teeth together with the first stator core yoke sub
stantially define respective first stator core slots. The first 
heat exchanger is arranged along the central axis and has a 
first inlet and a first outlet, a first heat exchanger yoke, and a 
plurality of first heat exchanger teeth extending radially 
inwardly from the first heat exchanger yoke to respective 
inner ends of the respective first heat exchanger teeth, 
where respective neighboring pairs of the first heat exchan
ger teeth together with the first heat exchanger yoke substan
tially define respective first heat exchanger slots. Further, 
the first heat exchanger is positioned adjacent to the first 
stator core portion, the respective first stator core slots are 
aligned with the respective first heat exchanger slots, and 
each of the stator coils extends through each of a respective 
one of the first stator core slots and a respective one of the 
first heat exchanger slots. Additionally, the first heat exchan
ger includes a plurality of first walls forming at least in part a 
plurality of first passageways configured so that coolant 
entering the first heat exchanger via the inlet both flows in 
a first direction circumferentially around at least a first por
tion of the heat exchanger from the inlet to the outlet, and 
also flows in an undulating manner both radially inwardly 
and radially outwardly substantially in between the first heat 
exchanger yoke and the respective inner ends of one or more 
of the first heat exchanger teeth, such that the coolant passes 
in proximity to and cools one or more of the stator coils and 
also cools the first stator core portion. 
[0009] Additionally, in at least one example embodiment, 
the present disclosure relates to an electric machine that 
includes a rotor and a stator package. The stator package 
includes one or more stator coils, a first stator core portion, 
a second stator core portion, and a first heat exchanger, 
where the first stator core portion, second stator core por
tion, and first heat exchanger are arranged successively 
along a central axis, with the first heat exchanger being posi
tioned adjacent to and between the first and second stator 
core portions. Also, each of the one or more stator coils is 
arranged to extend along or within each of the first stator 
core portion, first heat exchanger, and second stator core 
portion. Further, the first heat exchanger includes a first 
inlet and a first outlet, and also includes a plurality of first 
walls forming a plurality of first passageways configured so 
that coolant entering the first heat exchanger via the inlet 
both flows in a first direction circumferentially around at 
least a first portion of the heat exchanger from the inlet to 
the outlet, and additionally flows in an undulating manner 
both radially inwardly and radially outwardly substantially 
in between outer and inner wall surfaces of the heat exchan
ger, such that the coolant passes in proximity to and cools 
the one or more of the stator coils and the first and second 
stator core portions. 
[0010] Further, in at least one example embodiment, the 
present disclosure relates to a method of cooling an electric 
machine. The method includes providing a stator package 
including one or more stator coils, a first stator core portion, 
a second stator core portion, and a first heat exchanger, 
where each of the first stator core portion, second stator 
core portion, and first heat exchanger is arranged along a 
central axis. The first stator core portion, first heat exchan-
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ger, and second stator core portion are arranged successively 
along the central axis, with the first heat exchanger being 
positioned adjacent to and between the first and second sta
tor core portions. Also, each of the one or more stator coils is 
arranged to extend along or within each of the first stator 
core portion, first heat exchanger, and second stator core 
portion. Further, the first heat exchanger includes a first 
inlet and a first outlet, and also includes a plurality of first 
walls forming a plurality of first passageways. Additionally, 
the method also includes receiving coolant via the inlet, and 
directing the coolant to flow through the first heat exchanger 
from the inlet to the outlet by the plurality of first passage
ways due to interactions between the coolant and the plur
ality of first walls so that the coolant flows both a first direc
tion circumferentially around at least a first portion of the 
heat exchanger from the inlet to the outlet, and additionally 
flows in an undulating manner both radially inwardly and 
radially outwardly substantially in between outer and inner 
wall surfaces of the heat exchanger, such that the coolant 
passes in proximity to the one or more of the stator coils 
and at least indirectly receives heat from the one or more 
of the stator coils so as to cool the one or more stator 
coils. Further, in at least some such embodiments, the 
method also includes receiving at least some additional 
heat at least indirectly from the first and second stator core 
portions at the coolant due to direct contact between the first 
heat exchanger and each of the first and second stator core 
portions, so as to cool the first and second stator core 
portions 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a schematic front elevation view of a first 
electric machine including a first stator package in accor
dance with a first example embodiment encompassed 
herein; 
[0012] FIG. 2 is a schematic front perspective view of the 
first stator package of FIG. 1, including a first heat exchan
ger, in accordance with the first example embodiment; 
[0013] FIG. 3 is a schematic front perspective view of the 
first heat exchanger of the first stator package of FIGS. 1 and 
2, shown apart from other portions of the first stator 
package; 
[0014] FIG. 4 is a schematic front perspective, exploded 
view of base and cover portions of the first heat exchanger 
of FIG. 3; 
[0015] FIG. 5 is a schematic front perspective view of the 
heat exchanger of FIGS. 2, 3, and 4 in combination with 
several stator coils of the first stator package of FIG. 2 in 
relation to which the heat exchanger is assembled (with 
other portions of the stator package removed), so as to 
reveal in more detail how the stator coils are positioned 
within slots of the heat exchanger; 
[0016] FIG. 6 is a cutaway, cross-sectional and perspec
tive view of the first stator package of FIG. 2 and the heat 
exchanger thereof, taken along a line 6-6 of FIG. 2, which 
also schematically illustrates example coolant flow through 
the heat exchanger during operation; 
[0017] FIGS. 7, 8, 9, and 10 respectively are schematic 
front perspective views of second, third, fourth, and fifth 
stator packages, respectively, which differ from the first sta
tor package of FIG. 2, in accordance with second, third, 
fourth, and fifth example embodiments encompassed herein; 
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[0018] FIGS. 11, 12, 13, 14, and 15 respectively are addi
tional schematic front perspective views of the first, second, 
third, fourth, and fifth stator packages of FIGS. 2, 7, 8, 9, 
and 10, respectively, which further illustrate example tem
perature distributions in the stator packages during opera
tion of respective electric machines in which those stator 
packages are implemented; 
[0019] FIGS. 16, 17, and 18 respectively are schematic 
front perspective views of sixth, seventh, and eighth stator 
packages, respectively, in accordance with sixth, seventh, 
and eight example embodiments encompassed herein; and 
[0020] FIG. 19 is a cross-sectional view of the eighth sta
tor package of FIG. 18 and the heat exchanger thereof, taken 
along a line 19-19 of FIG. 18, which also schematically 
illustrates example coolant flow through the heat exchanger 
during operation. 

DETAILED DESCRIPTION 

[0021] The present disclosure relates to a variety of elec
tric machine thermal design approaches and associated cool
ing methods for implementation in regard to electric 
machines ( such as radial flux electric machines) that allow 
for enhanced cooling of stator coils and/or stator cores of 
such electric machines by comparison with at least some 
conventional approaches and methods. In at least some 
embodiments encompassed by the present disclosure, an 
additively manufactured heat exchanger is placed between 
stator core stacks of an electric machine so as to encircle or 
surround stator coils. By directing coolant to flow within the 
heat exchanger in a circumferential direction around the sta
tor, in an undulating ( or S-shaped) manner that also includes 
radially inward and radially outward flow of the coolant, 
effective cooling of the electric machine, and particularly 
cooling of both the stator coils and stator core, are achieved 
without degradation (or without substantial degradation) in 
the slot fill factor. 
[0022] In at least some such embodiments, the heat 
exchanger may include two parts, a base and a cover, each 
of which can be additively manufactured ( or manufactured 
by way of 3D printing), and which can be assembled 
together. When assembled within the electric machine, the 
heat exchanger can be located at the middle of the stator 
package, and be sandwiched between two stator sub-stacks 
or stator core portions (e.g., groups of laminations) that 
together form the stator core. The heat exchanger, which is 
generally annular, has the same or substantially the same 
profile ( e.g., as viewed axially) as that of the stator lamina
tions of the stator core of the electric machine, in between 
which (or adjacent to which) the heat exchanger is posi
tioned. Additionally, each of the heat exchanger and the sta
tor laminations of the stator core have respective slots, 
within which are positioned respective stator coils of the 
electric machine. In some embodiments, the heat exchanger 
has a number of slots ( or teeth which at least partly define 
those slots) that is the same as the number of stator slots ( or 
teeth which at least partly define those slots). Each respec
tive stator coil extends through a respective one of the slots 
of the heat exchanger, between two respective neighboring 
teeth of the heat exchanger, such that the heat exchanger 
encircles, or substantially ( or largely) surrounds, the stator 
coils. Also, each respective stator coil also extends within 
corresponding slots of the stator core portions between 
which the heat exchanger is positioned. Also, in other embo-
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diments, the number of stator slots and the number of heat 
exchanger slots need not be the same. For example, in some 
such embodiments, the number of stator slots can be double 
the number of heat exchanger slots. Such a difference in the 
numbers of slots can be desirable for various reason (e.g., 
some of the slots may be skipped to reduce a pressure drop). 
[0023] In at least some such embodiments, the heat 
exchanger additionally includes internal passageways 
formed by internal walls of the heat exchanger, including 
routers that extend radially inwardly within at least some 
of the teeth (in between neighboring slots) of the heat 
exchanger. By virtue of the internal passageways, coolant 
pumped into the heat exchanger at one or more inlets (by 
one or more pumps) not only flows in a generally circumfer
ential direction within the heat exchanger from the one or 
more inlets to one or more outlets of the heat exchanger, but 
also flows radially inwardly and radially outwardly within 
one or more of the teeth of heat exchanger. Due to this flow 
pattern, the coolant passes alongside corresponding ones of 
the stator coils that are positioned on opposite sides of the 
respective teeth (within respective slots on opposite sides of 
the respective teeth), thus serving to cool the stator coils. 
Additionally, given this arrangement, there not only is direct 
contact between the heat exchanger and the stator coils of 
the electric machine positioned within the slots of the heat 
exchanger, but also direct contact between the heat exchan
ger and the stator laminations of the stator core portions 
between which the heat exchanger is situated, which allows 
for enhanced cooling and thermal performance of the elec
tric machine. Because there is direct contact between the 
heat exchanger and the stator coils and core, effective cool
ing of the stator coils and core can be achieved without 
degradation in the slot fill factor. 
[0024] In addition to such example embodiments, the pre
sent disclosure also encompasses numerous other embodi
ments as well. For example, the present disclosure also 
encompasses embodiments of stator packages that have 
multiple heat exchangers. Such embodiments can further 
include, for example, embodiments in which the multiple 
heat exchangers have inlets and outlets that are circumfer
entially aligned or offset from one another in terms of the 
relative positioning or configuration of different ones of the 
inlets and outlets of the different heat exchangers, and/or 
embodiments in which the coolant flows in various direc
tions in the different heat exchangers. Also, for example, 
the present disclosure encompasses embodiments in which 
there are more than one inlet and/or more than one outlet 
associated with a given heat exchanger, as well as embodi
ments having different arrangements of stator coils than sta
tor coils which are situated within slots of a stator core. The 
present disclosure is also intended to encompass any of a 
variety of embodiments in which a stator package or stator 
includes at least one heat exchanger, and/or any of a variety 
of different features of the electric machine and/or stator 
package thereof take different forms. For example, the 
materials used for the heat exchanger, manufacturing 
method of the heat exchanger, the types of coolant that are 
employed, the arrangements or orientations of the inlets and/ 
or outlets, and the number or types of pumps that are 
employed to pump coolant, can vary depending on the 
embodiment, application needs, or operational 
circumstances. 
[0025] Referring now to FIG. 1, a schematic front eleva
tion view is provided of a first electric machine 100, in 
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accordance with an example embodiment encompassed 
herein. As shown, the electric machine 100 includes a first 
stator package 102, a rotor ( or rotor assembly) 104, a motor 
control circuit 106, and a coolant pumping circuit 108. The 
rotor 104 is supported upon a rotor shaft 110. Both the rotor 
shaft 110 and the rotor 104 are concentric about, and rotate 
about a central axis 112. The stator package 102, which can 
also be referred to simply as a stator, is annular in shape and 
concentrically extends around the rotor 104 and the central 
axis 112. An annular air gap 114 extends between the rotor 
104 and the stator package 102. It should be appreciated that 
the view of the electric machine 100 is considered, for pur
poses of the present description, to be a front elevation view, 
with the viewing axis being along the central axis 112 (as 
viewed toward the page). Also, the view of the electric 
machine 100 is considered to be a schematic view insofar 
as details of the electric machine, such as wiring arrange
ments within the electric machine, are omitted to facilitate 
understanding. 
[0026] In the present example embodiment, the electric 
machine 100 can be a permanent magnet motor in which 
the rotor 104 includes permanent magnets but the stator 
package 102 includes electromagnets created by stator 
coils excitation. In other embodiments, the electric machine 
100 can take other forms, including forms in which the rotor 
104 does not have permanent magnets, such as a wound 
rotor, squirrel-cage rotor, or reluctance rotor. Operation of 
the electric machine 100 is achieved by controlling actua
tion of the electromagnets, provided by stator coils (see FIG. 
2) of the stator package 102, in accordance with control sig
nals generated by the motor control circuit 106. The motor 
control circuit 106 can take any variety of forms depending 
on the embodiment. For example, the motor control circuit 
106 can include a motor drive 116 that includes both a motor 
controller and inverter circuits, where the inverter circuits of 
the motor drive 116 are coupled to the stator package 102 by 
way of one or more wiring connections 118. In such an 
embodiment, the motor controller, which can for example 
take the form of a microprocessor, can control actuation of 
the inverters (e.g., by providing pulse with modulation sig
nals to the inverters) so that the inverters in tum apply alter
nating current (AC) signals to the stator coils of the stator 
package 102. Also, notwithstanding the embodiment shown 
in FIG. 1, the present disclosure also encompasses other 
embodiments of electric machines having other types of 
drive schemes. For example, in some such embodiments, 
the electric machine can take the form of a motor that is 
directly connected to the electric power grid (e.g., without 
the motor control circuit 106, motor drive 116, and wiring 
connections 118 shown in FIG. 1). 
[0027] As for the coolant pumping circuit 108, in the pre
sent embodiment that circuit extends between an inlet 120 
and an outlet 122 of the stator package 102. More particu
larly, the coolant pumping circuit 108 includes a first hose 
linkage 124 coupling the inlet 120 with a pump 126, a sec
ond hose linkage 128 coupling the pump 126 to a coolant 
reservoir 130, and a third hose linkage 132 linking the outlet 
122 with the reservoir 130. Given this arrangement, coolant 
exiting the outlet 122 passes to the reservoir 130, and then 
can be pumped back to the inlet 120 by way of the pump 
126. Depending upon the embodiment, the coolant can take 
the form of water, glycol ( or a combination of water and 
glycol), oil, or any of a variety of other thermallyconductive 
liquids. Although the coolant pumping circuit 108 ofFIG. 1 
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is illustrating as having a single pump, single coolant reser
voir, and only three hose linkages connecting those compo
nents to the inlet 120, outlet 122, and to one another, the 
present disclosure is also intended to encompass other 
embodiments in which the coolant pumping circuit takes 
other forms, has additional components, and/or is coupled 
to more than one inlet and/or more than one outlet. 
[0028] Turning to FIG. 2, a schematic front perspective 
view of the stator package 102 is provided to illustrate com
ponents and features of the stator package in more detail. As 
shown, the stator package 102 includes a stator core 200 that 
includes a first ( or front) stator core portion 202 and a sec
ond (or rear) stator core portion 204. Each of the first and 
second stator core portions 202 and 204 can also be ( or be 
referred to as) a respective stator sub-stack or group oflami
nations ( e.g., a group of steel sheets stacked together). Addi
tionally, the stator package 102 includes a first heat exchan
ger 206 that includes the inlet 120 and outlet 122, each of 
which extends radially outward in the present embodiment 
(although the inlet and/or outlet can extend in other direc
tions/angles depending upon the embodiment). Further in 
the present embodiment, each of the first and second por
tions 202 and 204 of the stator core 200 and the heat exchan
ger 206 is substantially annular and extends around the cen
tral axis 112. The heat exchanger 206 is sandwiched or 
positioned between the first and second portions 202 and 
204 of the stator core 200, so as to be in direct contact 
with each of (behind and in front of, or on opposite sides 
of, the heat exchanger) the first and second portions of the 
stator core. In the present embodiment the first and second 
stator core portions 202 and 204 can be considered to be 
structurally identical, although this need not be the case in 
all embodiments (for example, in another embodiment, one 
stator core portion can be longer or shorter than the others). 
[0029] Although each of the first and second stator core 
portions 202 and 204 and the heat exchanger 206 is substan
tially annular, in the present embodiment each of those 
structures is configured to accommodate a plurality of stator 
coils or windings 208, which in the present example embo
diment includes twenty-four (24) stator coils (albeit any 
number of one or more stator coils can be present depending 
upon the embodiment). To accommodate the stator coils 
208, each of the respective first and second stator core por
tions 202 and 204 has a respective outer annular portion or 
yoke 214, and likewise the heat exchanger 206 has an outer 
annular portion or yoke 216. Further, each of the first and 
second stator core portions 202 and 204 has a respective 
plurality of radially inwardly extending teeth 218 distributed 
circumferentially around those stator core portions, and 
likewise the heat exchanger 206 has a plurality of radially 
inwardly extending teeth 220 distributed circumferentially 
around that heat exchanger. Also with respect to the first 
and second stator core portions 202 and 204, respective 
neighboring pairs of the respective teeth 218 and respective 
portions of the yoke 214 (linking those respective neighbor
ing pairs of the teeth) respectively form respective slots 222. 
Likewise, respective neighboring pairs of the respective 
teeth 220 and respective portions of the yoke 216 (linking 
the respective neighboring pairs) respectively form respec
tive slots 224 of the heat exchanger 206 (see FIG. 3, as dis
cussed below). 
[0030] In the present arrangement, the respective slots 222 
of the first and second stator core portions 202 and 204 are 
fully aligned with the respective slots 224 of the heat 
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exchanger 206. Thus, each of the respective stator coils 
208 can be positioned as to extend all of the way from a 
front surface 210 of the first stator core portion 202, through 
that first portion to the heat exchanger 206, then through the 
heat exchanger 206 to the second stator core portion 204, 
and further through the second stator core portion to a rear 
surface 212 of the second stator core portion. Accordingly, 
each of the stator coils 208 extends axially the full length of 
the stator package 102, from the front surface 210 of the first 
stator core portion 202, through that stator core portion, the 
heat exchanger 206, and the second stator core portion 204, 
up to the rear surface 212 of that second stator core portion. 
However, in alternate embodiments, one or more of the sta
tor coils can extend different lengths so as to be shorter or 
longer than the full length of the stator package 102. Further, 
in at least some other embodiments, the stator coils do not 
necessarily extend exactly axially, parallel to a central axis 
such as the central axis 112. For example, in some other 
embodiments, the stator coils extend generally or substan
tially parallel to or along the central axis, or only partly par
allel to or along the central axis. Further for example, in 
some such embodiments, there may be skewing in stator 
coils. With such skewing, the stator coils can extend in man
ners that include components that extend along the central 
axis, but also components that extend in other directions, 
such as circumferentially (e.g., such that the stator coils 
can be helical) or radially. It will be appreciated further 
that, in one such example embodiment in which there is 
skewing in the circumferential direction, the respective 
slots of the first and second stator core portions ( e.g., the 
slots corresponding to the slots 222 of the stator core por
tions 202 and 204) and respective slots of the heat exchanger 
(e.g., the slots corresponding to the slots 224 ofheat exchan
ger 206) do not align due to such skewing. 
[0031] Referring next to FIG. 3, a schematic front pro
spective view is provided of the first heat exchanger 206 
independent of the first and second stator core portions 
202 and 204 of the stator core 200. FIG. 3 particularly 
shows not only the inlet 120 and outlet 122 of the heat 
exchanger 206, but also the yoke 216 and teeth 220 of the 
heat exchanger 206, as well as the slots 224 formed between 
neighboring pairs of those teeth. In the present embodiment, 
the heat exchanger 206 is formed from the combination of a 
cover ( or cover portion) 300 and a base ( or base portion) 
302. In the present embodiment, the cover 300 and base 
302 are structures that are additively manufactured ( or man
ufactured by way of 3D printing) and then assembled 
together. Alternatively, the heat exchanger can also be 
printed as a single part ( e.g., with the base and cover inte
grally formed or merged together) so as to appear as shown 
in FIG. 3, using additive manufacturing-indeed, manufac
turing the heat exchanger as a single part may be desirable 
to achieve better sealing and reduced complexity. Addition
ally, conventional subtractive manufacturing methods, such 
as computer numerical control (CNC) milling, can also be 
used in the manufacturing stage. Further, in the present 
embodiment the cover 300 and base 302 can be manufac
tured from aluminum although, in other embodiments, other 
materials can also be used. It should be appreciated that the 
performance of the heat exchanger 206 increases as the ther
mal conductivity of the used material increases. 
[0032] Further in this regard, FIG. 4 shows an exploded 
view of the heat exchanger 206 in which the cover 300 is 
separated from the base 302. As is evident from FIG. 4, in 
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the present embodiment the cover 300 is a flat disc having 
an outer annular yoke region 400 and radially inwardly 
extending tooth regions 402. In contrast, the base 302 has 
a more complicated structure. Not only does the base 302 
include the inlet 120 and the outlet 122, but also the base 
302 includes a plurality of axially-extending walls 404. The 
axially-extending walls 404, in combination with a rear wall 
406 of the base 302 (which is the structural portion of the 
heat exchanger 206 that is positioned adjacent to the second 
stator core portion 204 shown in FIG. 2) and the cover 300 
(which also serves as a wall), define a plurality ofundulating 
interior channels or passageways 408 within the heat 
exchanger 206 that extend generally circumferentially 
around the heat exchanger from the inlet 120 to the outlet 
122, as described in further detail with respect to FIG. 6 
below. 
[0033] Referring additionally to FIG. 5, a schematic front 
perspective view is provided of a combination of 500 of 
both the heat exchanger 206 and several of the stator coils 
208, to particularly illustrate the relative positioning of the 
stator coils in relation to the slots 224 of the heat exchanger 
206. As indicated by dots (ellipses) 502, only some of the 
stator coils 208 of the stator package 102 are illustrated in 
FIG. 5, so as to allow for a clearer illustration of the relative 
positioning of the stator coils 208 in relation to the heat 
exchanger 206. In particular, FIG. 5 illustrates how the sta
tor coils 208 in the present embodiment respectively extend, 
within the respective slots 224 (between respective neigh
boring pairs of the teeth 220) of the heat exchanger 206, 
radially outwardly from an inner rim 504 of the heat exchan
ger (radially outward from tips of the teeth 220 of the heat 
exchanger) to the yoke 216 of the heat exchanger 206. 
Further, FIG. 5 also shows how the stator coils 208 respec
tively extend axially forward and rearward of the heat 
exchanger 206 in a manner parallel or substantially parallel 
to the central axis 112. More particularly, each of the stator 
coils 208 extends forward of a front surface 506 of the cover 
300 as well as rearward of a rear surface 508, behind the 
base 302. In this manner, the stator coils 208 not only extend 
within the slots 226 of the heat exchanger 206 but also 
extend beyond the heat exchanger such that the stator coils 
208 will be positioned within the slots 222 of the first and 
second stator core portions 202 and 204 when those portions 
are present. 
[0034] Turning next to FIG. 6, a further cut away, cross
sectional and perspective view of the stator package 102 of 
FIG. 2 is provided. The cross-sectional view of the stator 
package 102 shown in FIG. 6 more particularly is one 
taken along a line 6-6 of FIG. 2, which defines a cross-sec
tional plane cutting through the heat exchanger 206 along a 
mid-plane of the base 302 (as described with respect to 
FIGS. 3, 4, and 5), in a manner perpendicular to the central 
axis 112. Given this particular cross-sectional view, FIG. 6 
particularly shows in further detail the base 302 and parti
cularly the axially-extending walls 404 and passageways 
408 formed within the base (along with the rear wall 406 
of the base). Further, FIG. 6 figuratively illustrates example 
a flow path or trajectory 600 that is followed by coolant 
flowing through the passageways 408 as directed by the 
walls 404 in combination with the rear wall 406 and cover 
300, due to interactions between the coolant and those walls. 
The flow path 600, which is represented by dashed line(s) 
with arrowheads indicating flow directions, can also be 
understood to represent the coolant flowing through the pas-
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sageways 408. Additionally, FIG. 6 also shows several of 
the stator coils 208 positioned within corresponding ones 
of the slots 224 of the heat exchanger 206, as well as the 
second stator core portion 204 positioned adjacent to and 
behind the rear wall 406 of the base 302. 
[0035] Further as illustrated in FIG. 6, the plurality of 
walls 404 include an outer rim wall 602 that circumferen
tially extends around the yoke 216, and respective inner end 
walls 604 of the respective teeth 220, which form portions 
of the inner rim 504. Additionally, the plurality of walls 404 
also include respective first and second side walls 606 and 
608 of each of the teeth 220, and respective linking walls 
610. Given the particular orientation of the view provided 
in FIG. 6, the respective first side walls 606 form the respec
tive clockwise side edges of the respective teeth 220, and the 
respective second side walls 608 form the respective coun
terclockwise side edges of the respective teeth. The respec
tive inner end walls 604 couple the respective first and sec
ond side walls 606 and 608 of the respective teeth 220 along 
the inner rim 504, and the respective linking walls 610 
respectively connect the respective first side walls 606 of 
the respective teeth 220 of the heat exchanger with the 
respective second side walls 608 of respective neighboring 
ones of the teeth. The respective linking walls 610 can be 
considered inner boundary walls of the yoke 216. In the pre
sent embodiment, the linking walls 610 are curved such that 
the respective linking walls and the respective first and sec
ond side walls 606 and 608 to which the respective linking 
walls are connected effectively form continuous curved 
walls that (together with the inner rim 504) define the cir
cumferential and radial boundaries of the slots 224 of the 
heat exchanger 206 within which the respective stator coils 
208 are positioned. 
[0036] In addition, to form the passageways 408, the heat 
exchanger 206 (and base 302 thereof) also includes a plur
ality of router walls (or simply routers) 612 and a barrier 
wall 614. Each of the routers 612 and barrier wall 614 is a 
respective generally radially inwardly extending wall that is 
circumferentially aligned with a respective midline of a 
respective one of the teeth 220 and that particularly extends 
radially inwardly from the outer rim wall 602 toward the 
respective inner end wall 604 of that respective tooth (and 
also generally extends toward the central axis 112, shown in 
FIG. 2). In the present embodiment, respective ones of the 
routers 612 are positioned so as to extend within each of the 
teeth 220 except that, with respect to a first tooth 616 ( one of 
the teeth 220) that is positioned between the inlet 120 and 
outlet 122, the barrier wall 614 is provided so as to extend 
within that tooth. Although in the present embodiment the 
routers 612 and barrier wall 614 are shown to extend gen
erally radially inwardly, it should further be appreciated that 
in other embodiments these wall structures need not extend 
exactly radially inwardly and/or need not extend in straight 
directions. For example, in some alternate embodiments, 
one or more of the routers and barrier wall can extend in 
manners that are angularly offset or skewed relative to radial 
directions, and/or take on various curvatures (which can be 
desirable in some embodiments, for example, to increase 
turbulence and increase cooling performance). 
[0037] Additionally as shown, each of the routers 612 
extends radially inwardly from the outer rim wall 602 
toward, but not all of the way to, the respective inner end 
wall 604 of the respective tooth 220 within which the 
respective router extends. Rather than extending all of the 
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way to the respective inner end walls 604, the respective 
routers 612 end prior to reaching those respective inner 
end walls so that respective gaps 618 are present between 
the respective routers and the respective inner end walls. 
Due to the gaps 618, respective first and second side chan
nels 620 and 622 that are formed between the respective 
routers 612 and the respective first and second side walls 
606 and 608 of each of the teeth 220 are coupled with one 
another proximate the respective inner end walls 604 of 
those teeth. In contrast, the barrier wall 614 does extend 
radially inwardly from the outer rim wall 602 all of the 
way inwardly to the respective inner end wall 604 of the 
first tooth 616. Consequently, no gap corresponding to the 
gaps 618 exists within the first tooth 616 but instead an inner 
most tip of that tooth constitutes a barrier region 624. Cor
respondingly, two additional side channels 626 that are 
respectively formed between the first and second side 
walls 606 and 608, respectively, of the first tooth 616 and 
the barrier wall 614 are isolated from one another. 
[0038] It will be further appreciated from FIG. 6 that the 
passageways 408 within the heat exchanger 206 not only 
include the side channels 620, 622 and the gaps 618 within 
the teeth 220 ( other than the first tooth 616), but also include 
yoke channels 628 that are spaces within the yoke 216 in 
between successive ones of the routers or between the rou
ters 612 and the barrier wall 614. The yoke channels 628 
serve to couple the respective second side channels 622 
and respective first side channels 620 of neighboring pairs 
of the teeth 220 with respect to which the respective teeth of 
the respective pair are respectively coupled by the respec
tive linking walls 610, except for either of the two neighbor
ing pairs of the teeth that include the first tooth 616. Further, 
with respect to those two neighboring pairs of the teeth 220 
that include the first tooth 616, the yoke channels 628 serve 
to couple the inlet 120 with the first side channel 620 of the 
tooth 220 immediately next to that inlet as one proceeds 
circumferentially in a direction indicated by an arrow 630 
(in this example, a counterclockwise direction), and also to 
couple the outlet 122 with the second side channel 622 of 
the tooth 220 immediately next to that outlet as one proceeds 
in a direction opposite that of the arrow 630. 
[0039] Given this arrangement of the walls 404 (in combi
nation with the cover 300 and the rear wall 406 of the base 
302) and passageways 408 established by the walls, the 
coolant pumped into the heat exchanger at the inlet 120 
will flow by way of the passageways 408 from the inlet 
120 to the outlet 122 in a manner corresponding to the 
flow path 600. More particularly, upon the coolant entering 
the inlet 120, the coolant proceeds by way of a first one of 
the yoke channels 628 circumferentially in the direction of 
the arrow 630 to the first side channel 620 of that one of the 
teeth 220 that is immediately next to that inlet (in this exam
ple, the next tooth immediately counterclockwise of the first 
tooth 616). The coolant then proceeds to flow radially 
inwardly through the respective first side channel 620, 
through the gap 618, and radially outwardly through the sec
ond side channel 622 of that one of the teeth 220. Next, the 
coolant proceeds to flow from that second side channel 622 
of that tooth 220 to the respective first side channel 620 of 
the neighboring tooth (the next successive one of the teeth in 
the direction of the arrow 630) by way of a respective one of 
the yoke channels 628. This process of the coolant flowing 
through respective ones of the teeth 220 and then proceeding 
to neighboring ones of the teeth is repeated until a final one 
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632 of the teeth 220 is reached, just prior to the first tooth 
616 (in this example immediately clockwise of the first 
tooth 616). Upon reaching the final one 632 of the teeth 
220, the coolant proceeds to flow radially inwardly through 
the respective first side channel 620, through the gap 618, 
and radially outwardly through the second side channel 622 
of that tooth and then further proceeds to flow to the outlet 
122 by way of a final one of the yoke channels 628, at which 
point the coolant exits the heat exchanger. 
[0040] In this manner, therefore, coolant entering the inlet 
120 of the heat exchanger 206 follows an undulating ( or S
shaped) route around the heat exchanger in a circumferential 
direction indicated by the arrow 630 (in this example, a 
counterclockwise direction) until the coolant exits at the 
outlet 122. Particularly due to the undulating route that is 
followed, the coolant passes closely alongside each of the 
slots 224 and the stator coils 208 positioned therewithin. 
Further, except with respect to those two of the slots 224 
that are adjacent to the first tooth 616, the coolant passes 
alongside each of the slots 224 (and stator coils 208 there
within) on three sides, namely, the sides corresponding to 
the first side walls 606, second side walls 608, and linking 
walls 610. This undulating flow path maximizes the convec
tive heat transfer coefficient between stator coils 208 and 
heat exchanger 206 because the coolant encircles the slots 
224 and stator coils. Also, due to the presence of the barrier 
wall 614, no coolant can flow directly between the inlet 120 
and outlet 122 without flowing circumferentially around the 
heat exchanger 206. Thus, with this arrangement of the 
walls 404 and passageways 408 of the heat exchanger 206, 
coolant within the heat exchanger flows generally circum
ferentially in the direction of the arrow 630 and, as it does 
so, the coolant generally flows both radially and circumfer
entially alongside the stator coils 208 positioned in the slots 
224 between neighboring ones of the teeth 220. As the cool
ant proceeds between the inlet 120 and outlet 122 is the 
manner, the coolant is heated and changed from being cold 
or cool at the inlet 120 to being hot or warm at the outlet 
122. 
[0041] Turning now to FIG. 7, FIG. 8, FIG. 9, andFIG.10, 
schematic front perspective views of second, third, fourth, 
and fifth stator packages 700, 800, 900, and 1000, respec
tively, are shown. The second, third, fourth, and fifth stator 
packages 700, 800, 900, and 1000 are further example 
embodiments of stator packages encompassed herein, and 
can additionally for example can be implemented in the 
electric machine 100 of FIG. 1 in place of the first stator 
package 102 or in other electric machines. In contrast to 
the first stator package 102 described above, each of the 
second, third, fourth, and fifth stator packages 700, 800, 
900, and 1000 includes more than one heat exchanger and 
more than two stator core portions. 
[0042] With respect to the second stator package 700 of 
FIG. 7, it can be seen that this stator package includes a 
stator core 702 that includes each of a first stator core por
tion 704, a second stator core portion 706, and a third stator 
core portion 708. Additionally, the second stator package 
700 includes a first heat exchanger 710 and a second heat 
exchanger 712, as well as stator coils 714. Each of the first 
and second heat exchangers 710 and 712 includes a respec
tive inlet 120 and a respective outlet 122. It should be appre
ciated that each of the first and second heat exchangers 710 
and 712 can be identical to one another and also identical to 
the heat exchanger 206 of the first stator package 102. Also, 
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it should be appreciated that each of the first, second, and 
third stator core portions 704, 706, and 708 can be identical 
to each other as well as identical to each of the first and 
second stator core portions 202 and 204 of the first stator 
package 102. However, in alternate embodiments, the first 
and second heat exchangers 710 and 712 can be different 
from one another and/or two or more of the first, second, 
and third stator core portions 704, 706 and 708 can be dif
ferent from one another. For example, in one such alternate 
embodiment, the second stator core portion 706 can be 
thicker in the axial direction by comparison with the first 
and third stator core portions 704 and 708 because the sec
ond stator core portion is cooled by both of the first and 
second heat exchangers 710 and 712. 
[0043] In contrast to the first stator package 102, the sec
ond stator package 700 can be considered a "double-decker" 
stator package insofar as the stator package includes both of 
the heat exchangers 710 and 712 that are respectively posi
tioned between respective pairs of the stator core portions 
704, 706, and 708. More particularly in this regard, the first 
heat exchanger 710 is positioned between the first stator 
core portion 704 and the second stator core portion 706, 
the second stator core portion 706 is positioned between 
the first heat exchanger 710 and the second heat exchanger 
712, and the second heat exchanger 712 is positioned 
between the second stator core portion 706 and the third 
stator core portion 708. As with the first and second stator 
core portions 202 and 204 and heat exchanger 206 of the 
first stator package 102, each of the first, second, and third 
stator core portions 704, 706, and 708 and first and second 
heat exchangers 710 and 712 of the second stator package 
700 is substantially annular and is arranged about a central 
axis 716. Also, each of the stator core portions 704, 706, and 
708 and heat exchangers 710 and 712 includes respective 
slots formed by respective teeth of those structures, within 
which are positioned the stator coils 714. Although the sta
tor coils 714 and corresponding slots in the second stator 
package 700 can be identical in cross-sectional shape to 
those of the first stator package 102, it will be appreciated 
that the stator coils 714 are axially longer than the stator 
coils 208 of the first stator package 102 insofar as the second 
stator package 700 includes three stator core portions (rather 
than two) and two heat exchangers (rather than one). How
ever, it should also be appreciated that the stator coils 714 
need not be axially longer than the stator coils 208 depend
ing upon the embodiment. For example, if the stator core 
portions of the first stator package 102 have different axial 
lengths than the stator core portions of the second stator 
package 700, then the stator coils 714 can be axially shorter 
than ( or have the same axial lengths as) the stator coils 208 
of the first stator package 102. 
[0044] In the second stator package 700 ofFIG. 7, each of 
the first and second heat exchangers 710 and 712 is arranged 
in the same orientation as described earlier with respect to 
the first heat exchanger 206. Given such positioning of the 
respective inlets 120 and outlets 122 of the respective heat 
exchangers 710 and 712, coolant tends to flow in a counter
clockwise direction both within the first heat exchanger as 
indicated by a first dashed arrow 718 and also within the 
second heat exchanger as indicated by a second dashed 
arrow 720 ( counterclockwise given the view that is shown 
in FIG. 7). In contrast, with respect to the third stator pack
age 800 of FIG. 8, the respective heat exchangers of that 
stator package are aligned in the opposite orientation so as 
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to result in different directions of circumferential flow for 
two different heat exchangers. 
[0045] More particularly in this regard, the third stator 
package 800 again includes the first, second, and third stator 
core portions 704, 706, and 708, and additionally includes 
two heat exchangers including the first heat exchanger 710 
and a second heat exchanger 802. The second heat exchan
ger 802 can be understood to be identical to the second heat 
exchanger 712 of FIG. 7 except insofar as it is inverted in its 
position relative to the other components of the third stator 
package 800. That is, the second heat exchanger 802 in FIG. 
8 is flipped 180° about a vertical axis perpendicular to the 
central axis 716 by comparison with the second heat exchan
ger 712 of FIG. 7. Consequently, in the third stator package 
800, the inlet 120 of the second heat exchanger 802 is cir
cumferentially aligned with the outlet 122 of the first heat 
exchanger 710, and the outlet 122 of the second heat 
exchanger 802 is circumferentially aligned with the inlet 
of the first heat exchanger 710. Given this arrangement 
(which again includes the same stator coils 714 as in FIG. 
7), the coolant flowing through the first heat exchanger 710 
again tends to circumferentially flows in the counterclock
wise manner indicated by the dashed arrow 718, but the 
coolant flowing through the second heat exchanger 802 
flows circumferentially in the opposite (clockwise) direction 
as indicated by a dashed arrow 804. 
[0046] As for FIG. 9, the fourth stator package 900 shown 
therein is identical to the third stator package 800 except 
insofar as the fourth stator packages includes, in addition 
to the first heat exchanger 710, a second heat exchanger 
902 rather than the second heat exchanger 802. In this 
embodiment, the second heat exchanger 902 is identical to 
the second heat exchanger 802 except insofar as, relative to 
the position of the first heat exchanger 710, the second heat 
exchanger 902 is circumferentially offset ( or shifted or 
rotated) by comparison with the circumferential position of 
the second heat exchanger 802 (in this example, shifted by 
two slot pitches circumferentially in the counterclockwise 
manner). More particularly, although the inlet 120 and outlet 
122 of the second heat exchanger 802 are respectively cir
cumferentially aligned with the outlet 122 and inlet 120 of 
the first heat exchanger 710 in the third stator package 800, 
the second heat exchanger 902 of the fourth stator package 
900 is instead rotated circumferentially relative to the first 
heat exchanger 710 such that the inlet 120 of the second heat 
exchanger 902 is positioned slightly counterclockwise of the 
inlet of the first heat exchanger 710, and the outlet 122 of the 
second heat exchanger 902 is positioned even farther coun
terclockwise of the inlet of the first heat exchanger. 
[0047] Notwithstanding the above description relating to 
the embodiments of FIGS. 7, 8, and 9, it should be appre
ciated that the flow directions of coolant within each heat 
exchanger in an embodiment having multiple heat exchan
gers, as well as the relative circumferential or rotational 
positions/orientations of the respective heat exchangers, 
are design parameters that can be adjusted according to the 
thermal constraints or in view of other operational consid
erations. Additionally, the number of the heat exchangers 
stacked in any given stator package can be a design para
meter that is adjusted according to the thermal constraints or 
other operational considerations. It should be appreciated 
that, although in the examples of FIGS. 7, 8, and 9, two 
heat exchangers and three stator core portions are present, 
the present disclosure is intended to encompass any of a 
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variety of embodiments in which any arbitrary numbers of 
one or more heat exchangers and/or one or more stator core 
portions are present. 
[0048] Further in this regard, with respect to FIG. 10, the 
fifth stator package 1000 is a "triple-decker" arrangement 
having three heat exchangers and four stator core portions. 
More particularly, the fifth stator package 1000 includes a 
stator core 1002 that not only includes the first, second, and 
third stator core portions 704, 706, and 708 described above 
in regard to the second, third, and fourth stator packages 
700, 800, and 900, but also includes a fourth stator core 
portion 1004. Additionally, the fifth stator package 1000 
not only includes the first heat exchanger 710 but also 
includes a second heat exchanger 1006 and a third heat 
exchanger 1008. Each of the stator core portions 704, 706, 
708, and 1004 can be identical to one another in structure 
and also identical in structure to each of the stator core por
tions 202 and 204. Also, each of the heat exchangers 710, 
1006, and 1008 can be identical in structure relative to one 
another and with respect to the heat exchangers 206 and 712 
of the first and second stator packages 102 and 700, respec
tively. Notwithstanding the above discussion, however, it 
should also be appreciated that, in other embodiments, the 
first, second, third, and fourth stator core portions and first, 
second, and third heat exchangers of the stator package 1000 
can take other forms. For example, the first, second, and 
third stator core portions can have different axial lengths 
than the first, second, and third stator core portions 704, 
706, and 708 in the stator packages 700, 800, and 900. 
[0049] It should be further appreciated from FIG. 10 that, 
in the present example embodiment, the second heat 
exchanger 1006 differs from the second heat exchanger 
712 of the second stator package 700 insofar as the second 
heat exchanger 1006 is rotated counterclockwise by 
approximately 120° relative to the first heat exchanger 
710. That is, the inlet 120 of the second heat exchanger 
1006 is positioned approximately 120° relative to the inlet 
120 of the first heat exchanger 710, and the outlet 122 of the 
second heat exchanger 1006 is rotated approximately 120° 
counterclockwise relative to the outlet 122 of the first heat 
exchanger 710. Further, the third heat exchanger 1008 also, 
although identical in structure to the first heat exchanger 710 
and second heat exchanger 1006, is further rotated another 
120° by comparison with the second heat exchanger 1006. 
As a result, the inlet 120 of the third heat exchanger 1008 is 
rotated counterclockwise approximately 240° relative to the 
inlet of the first exchanger 710 and the outlet 122 of the third 
heat exchanger 1008 is rotated counterclockwise approxi
mately 240° relative to the outlet 122 of the first heat 
exchanger 710. Finally, the fifth stator package 1000 also 
includes stator coils 1010, which in this embodiment are 
identical in number and cross-sectional shape to the stator 
coils 208 and 714 shown in regard to the stator packages 
102, 700, 800, and 900. However, the stator coils 1010 are 
longer axially than the stator coils 714 and 208 in the present 
embodiment insofar as the stator coils 1010 extend the full 
axial length of the stator package 1000 with its three heat 
exchangers and four stator core portions (albeit, in other 
embodiments, the stator coils 1010 can have axial lengths 
that are shorter than, or the same as, the axial lengths of 
the stator coils 714 or 208 depending upon the axial lengths 
of the stator core portions of the stator package). 
[0050] The thermal performance of the stator packages 
having one or more heat exchangers, and/or electric 
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machines employing such stator packages, can be assessed, 
evaluated, or predicted in any of a variety of manners, and 
the thermal performance characteristics of any given stator 
package can vary depending upon any of a variety of para
meters. For example, such thermal performance can be eval
uated by thermal simulation, as can be performed using 
computational fluid dynamics (CFD). Alternatively, to elim
inate CFD analysis dependency and obtain quicker results, 
each stator package (or electrical machine) can be modeled 
using a lumped parameter thermal network (LPTN) as an 
analytical method. 
[0051] Turning to FIGS. 11, 12, 13, 14, and 15, the sche
matic front perspective views of the first, second, third, 
fourth, and fifth stator packages 102, 700, 800, 900, and 
1000, respectively, are shown again, in a manner intended 
to illustrate example temperature distributions within those 
respective stator packages that can occur during the same 
example operation of those stator packages (e.g. operation 
in conjunction with electric machines in which those stator 
packages are implemented). The temperature distributions 
illustrated in FIGS. 11, 12, 13, 14, and 15 are based upon 
one example thermal simulation. Based upon this thermal 
simulation, the range of temperatures that are present at dif
ferent locations in the stator packages 102, 700, 800, 900, 
and 1000 is from 40° C. to 200° C. Nevertheless, it should 
be appreciated that the particular temperature range( s) in 
any given simulation can depend upon the embodiment 
being simulated, the type of simulation, and other assump
tions underlying the simulation. 
[0052] Several aspects of the temperature distributions 
experienced within the stator packages 102, 700, 800, 900, 
and 1000 shown in FIGS. 11, 12, 13, 14, and 15 are of par
ticular note. First, it should be apparent from each of FIGS. 
11, 12, 13, 14, and 15 that the coolest locations that are pre
sent in each of the embodiments are those locations along 
the respective heat exchanger or heat exchangers of the 
respective stator package that are at or closest to the respec
tive inlets 120 for coolant within those respective heat 
exchangers. Thus, in FIG. 11 with respect to the first stator 
package 102, locations (or a region) 1100 near the inlet 120 
of the heat exchanger 206 experience the coolest tempera
tures (at or around 40°). Similarly, respective locations 1200 
and locations 1202 in FIG. 2 along the first heat exchanger 
710 and second heat exchanger 712, respectively, nearby the 
respective inlets 120 for those respective heat exchangers, 
experience the coolest temperatures. 
[0053] Further, with respect to the third stator package 
800, in which the coolant flows in a counterclockwise direc
tion (assuming the particular view that is shown) within the 
first heat exchanger 710 but in a clockwise direction in the 
second heat exchanger 802, the coolest temperatures occur 
at locations 1300 within the first heat exchanger 710 at and 
immediately counterclockwise of the inlet 120 of that first 
heat exchanger, and also at locations 1302 within the second 
heat exchanger 802 at and immediately clockwise of the 
inlet 120 of that second heat exchanger 802. Additionally, 
with respect to the fourth stator package 900 of FIG. 14, the 
coolest temperatures occur at locations 1400 within the first 
heat exchanger 710 that are at and immediately nearby the 
inlet 120 of that first heat exchanger, as well as at locations 
1402 within the second heat exchanger 902 that are at and 
immediately nearby the inlet 120 of that second heat 
exchanger 902. It should be noted that, although the coolest 
temperatures within the first heat exchanger 710 do occur at 
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the locations 1400, due to the presence of the outlet 122 of 
the second heat exchanger 902 at a location counterclock
wise of the inlet 120 of the first heat exchanger 710, there is 
a temperature gradient between the locations 1400 and addi
tional locations 1404 within the first heat exchanger 710 that 
are counterclockwise of the locations 1400, such that the 
temperatures at the additional locations 1404 are higher 
than the temperatures at the locations 1400. 
[0054] Further, with respect to the fifth stator package 
1000, given that the respective inlets 120 of the first heat 
exchanger 710, second heat exchanger 1006, and third heat 
exchanger 1008 are respectively offset from one another by 
120° increments, the coolest regions of that stator package 
occur within the respective heat exchangers at respective 
locations that are also offset by 120° increments. More par
ticularly, it can be seen that the coolest region associated 
with the first heat exchanger 710 is at and immediately 
counterclockwise of the inlet 120 of that first heat exchanger 
at locations 1500, and that the coolest region associated with 
the second heat exchanger 1006 is at and counterclockwise 
of the inlet 120 of that second heat exchanger at locations 
1502. Also, although the exterior surface of the third heat 
exchanger 1008 at the location of the inlet 120 of that third 
heat exchanger is obstructed from view, it can be seen that 
the coolest temperatures in that third heat exchanger occur at 
locations 1504 along several inner end walls of respective 
teeth, along the inner rim wall of that heat exchanger ( e.g., 
corresponding to several of the inner end walls 604 of the 
respective teeth 220, along the inner rim 504, described in 
regard to FIG. 5), which are at and immediately counter
clockwise of the inlet 120 of that third heat exchanger. 
Among other things, it should be appreciated from this illus
tration that the coolant entering a given heat exchanger at 
one of the inlets not only cools that heat exchanger at the 
exterior circumference near that inlet, but also cools the 
inner portions of that heat exchanger, even at or near the 
inner tips of the teeth of that heat exchanger, near that inlet. 
[0055] Several other operational characteristics related to 
temperature distribution are also evident from FIGS. 11, 12, 
13, 14, and 15. First, it should be appreciated that, as coolant 
flows around a given one of the heat exchangers in each of 
these embodiments, the coolant temperature and the tem
perature of the heat exchanger progressively becomes war
mer as one moves from the respective inlet 120 of the 
respective heat exchanger toward the respective outlet 122 
of the respective heat exchanger. In the regard, the respec
tive inlets 120 and regions along the respective heat exchan
gers 206, 710, 712, 802, 902, 1006, and 1008 at and near 
those inlets 120 in each of these example embodiments has 
a temperature of around 40° C. (Celsius) and the tempera
ture in each embodiment increases as one proceeds around 
the respective heat exchanger from the respective inlet 120 
to respective outlet 122. Indeed, the temperature increases to 
such an extent that the respective outlets 122 associated with 
the respective heat exchangers 206, 710, 712, 802, 902, 
1006, and 1008 (as well as regions proximate those outlets) 
have temperatures of approximately 80° C. 
[0056] Also in this regard, it should be appreciated that 
there is a significant temperature gradient between the inlet 
120 and outlet 122 in each of the heat exchangers 206, 710, 
802, 902, 1006, and 1008 if one proceeds directly between 
the inlet and outlet ( e.g., in a clockwise direction with 
respect to the first heat exchanger 206) rather proceeding 
all of the way around the respective heat exchanger. These 
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temperature gradients exist because of the respective barrier 
walls (e.g., the barrier wall 614 described above) that are 
present within each of the heat exchangers 206, 710, 802, 
902, 1006, and 1008. The barrier walls prevent coolant from 
flowing directly from the respective inlets 120 to the respec
tive outlets 122 without first passing all the way around the 
respective heat exchanger, and result in turbulent flow at the 
inlet and outlets. 
[0057] Further, it should be appreciated from FIGS. 11, 
12, 13, 14, and 15 that each of the respective heat exchan
gers 206, 710, 712, 802, 902, 1006, and 1008 serves to cool 
the respective stator core portions that are immediately adja
cent on either side of the respective heat exchanger. This is 
due to the heat exchangers being in direct contact with the 
adjacent stator core portions. Given this manner of cooling 
the respective stator core portions, each of the respective 
stator core portions generally exhibits increasing tempera
tures as one moves to locations within those stator core por
tions that are farther from any respective heat exchanger. 
For example with respect to the first stator package 102, as 
one proceeds axially forward or rearward from the locations 
1100 within either the first stator core portion 202 or the 
second stator core portion 204, the temperatures generally 
increase from 40° C. at the regions 1100, to around 130° C. 
at midregions 1102, to around 160° C. at regions 1104 that 
are respectively farthest from (but circumferentially aligned 
with) the locations 1100. 
[0058] Further, given that the temperature distributions 
around the respective stator core portions are influenced by 
the temperature variations within the heat exchangers with 
which those stator core portions are in direct contact, the 
temperature variations along the heat exchangers described 
above are also evident along the front faces of the respective 
stator package 102, 700, 800, 900, and 1000. For example, 
with respect to the first stator package 102 of FIG. 11, the 
temperature along a front face 1106 of the first stator core 
portion 202 varies from a low temperature of approximately 
150° C. at locations 1108 that are circumferentially aligned 
with the locations 1100 (including with the inlet 120) of the 
first heat exchanger 206, to high temperatures of nearly 
200° C. at locations 1110 that are circumferentially aligned 
with the outlet 122, especially at radially inward locations 
proximate the inner end walls of the teeth of that stator core 
portion (as well as the stator coils between those teeth). 
[0059] In addition to the temperature distribution informa
tion illustrated in FIGS. 11, 12, 13, 14, and 15, Table 1 addi
tionally is provided herein to illustrate further details con
cerning example thermal performance of the first, second, 
third, and fourth stator packages 102, 700, 800, and 900 of 
FIGS. 11, 12, 13, and 14 ( or of electric motors cooled by 
such stator packages) according to one example thermal 
simulation. Table 1 identifies certain assumptions made for 
this example thermal simulation, regarding the axial length 
(in millimeters, mm) of each one of the respective stator 
package 102, 700, 800, and 900, the total flow rate (in Liters 
per minute, L/min.) of coolant through the heat exchanger(s) 
of the respective stator package, and the temperature
adjusted copper (Cu) loss (in kiloWatts, kW) experienced 
within the respective stator package. The copper loss for 
each design is calculated based upon the assumption that 
the current densities in the stator coils 208 or 714 within 
the respective stator packages 102, 700, 800, and 900 are 
the same. Also, it should be appreciated that, in this simula
tion, the total flow rate of coolant constitutes the total flow 
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rate through the entire stator package. Thus, with respect to 
the first stator package 102 having the heat exchanger 206, 
the assumed coolant flow rate is the flow rate passing 
through that single heat exchanger but, with respect to the 
second, third, and fourth stator packages 700, 800, and 900, 
the assumed coolant flow rate is the total flow rate passing 
through both of the two heat exchangers simultaneously. 
Thus, for the stator packages 700, 800, and 900 that each 
have two heat exchangers, the coolant flow rate actually 
that actually passes through any given heat exchanger of 
those stator packages is one-half of the coolant flow rate 
for the stator package (e.g., 0.75 Umin per heat exchanger 
even though 1.5 Umin is listed for the stator package). 
[0060] Based upon these assumptions, Table 1 lists the 
respective average temperature of the respective stator 
coils 208 or 714 within the respective stator package 102, 
700, 800, and 900, the respective maximum temperature of 
those respective stator coils (hotspot temperatures), and the 
maximum core temperature within the respective stator 
package (all in degrees Celsius). Based upon the thermal 
performance determined via this example thermal simula
tion and shown in Table 1, it is evident that more homoge
nous temperature distributions with lesser hotspot tempera
tures can be observed if the stator packages employ multiple 
heat exchangers that have flow in reverse directions ( e.g., as 
with the third and fourth heat exchangers 800 and 900) 
rather than in the same direction ( e.g., as with the second 
heat exchanger 700). Indeed, the hotspot temperature for 
the third stator package 800 is 7° C. less than for the second 
stator package 700, and more homogenized temperature dis
tribution is achieved for the third stator package by compar
ison with the second stator package. Further, it should be 
appreciated that the lowest hotspot temperature experienced 
among the stator packages 102, 700, 800, and 900 is 
achieved in the fourth stator package 900, which has a hot
spot temperature that is 4 ° C. less than the third stator pack
age 800 due to the two heat exchangers of the fourth stator 
package 900 being rotationally offset (in the circumferential 
direction) from one another (in addition to experiencing 
reversely-directed coolant flow). 

TABLE 1 

Total Temp.-
Axial flow adjusted Cu Average coil 

Design length rate loss temp. 

Js1 Stator Package 102 108 mm 1.5 Li 4.8 kW 155° C. 
2nd Stator Package 700 114 mm mm 4.2 kW 108° C. 
Jrd Stator Package 800 4.2 kW 108° C. 
4th Stator Package 900 4.2 kW 109° C. 

[0061] Although not shown in Table 1, additional thermal 
simulation has also indicated that, by comparison with a 
conventional stator package (or motor) utilizing a housing 
jacket for cooling, the fourth stator package 900 can achieve 
significantly enhanced cooling performance. In particular, 
such additional thermal simulation has shown that, with a 
14% increase in the axial length of the stator package/ 
motor (that is, with the fourth stator package 900 having 
an axial length 14% greater than that of the conventional 
housing jacket design), the hotspot temperature on the stator 
coils and stator core can be decreased by approximately 
100° C. compared to the housing jacket cooling case. Addi
tionally, even the first stator package 102 can achieve sig-
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nificantly improved performance relative to the conven
tional housing jacket design. Indeed, according to the 
aforementioned thermal simulation (assuming anisotropic 
conductivities for the stator core and stator coils), a motor 
employing the first stator package 102 can achieve a hotspot 
temperature that is 32° C. less than the hotspot temperature 
of the aforementioned conventional housing jacket design. 
Thus, thermal simulation has demonstrated that the electri
cal loading of an electric machine can be increased signifi
cantly, by comparison with electric machines employing 
conventional housing jacket designs for cooling, by utilizing 
stator packages with heat exchanger(s) encompassed by the 
present disclosure ( e.g., additively manufactured heat 
exchanger(s)). 
[0062] In addition, thermal simulations have also demon
strated several other operational characteristics of stator 
packages such as the first, second, third, and fourth stator 
packages 102, 700, 800, and 900. In particular, additional 
thermal simulation has indicated that hotspot temperatures 
and average coil temperatures experienced within a given 
stator package will increase with current density. Also, addi
tional thermal simulation has indicated how hotspot tem
peratures can vary with coolant flow rate. At least one exam
ple thermal simulation has demonstrated that stator 
packages with two heat exchangers (such as the second, 
third, and fourth stator packages 700, 800, and 900) can 
achieve approximately 60° C. reductions in hotspot tem
peratures by comparison with stator packages having only 
a single heat exchanger (such as the stator package 102), 
even when the same flow rate is used for the stator packages 
overall (such that the flow rate within each heat exchanger 
of the stator packages having two heat exchangers is half 
that of the flow rate within the heat exchanger of the stator 
package with one heat exchanger). The example thermal 
simulation further demonstrated that a stator package having 
three heat exchangers ( such as the fifth stator package 1000) 
can achieve even lower hotspots than stator packages having 
two heat exchangers for the same given flow rate, but there 
is relatively less improvement in thermal performance. The 
flow rate of each heat exchanger decreases as the number of 

Maximum coil Maximum core 
temp temp 

193° C 189° C 
137° C 132° C 
130° C 128° C 
126° C 122° C 

heat exchangers increases, and the effective heat transfer 
coefficient decreases. 
[0063] Notwithstanding these example thermal perfor
mance characteristics, it should further be appreciated that 
the performance of stator packages having two heat exchan
gers may be preferable to that of stator packages having 
three heat exchangers, or vice-versa, for other reasons. 
Indeed, it will be appreciated that, although different embo
diments of stator packages encompassed herein can have 
different thermal performance characteristics such as hot
spot temperatures, in practical implementations there will 
often be additional considerations influencing whether any 
given embodiment is preferable in addition to these particu-
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lar thermal performance characteristics. Among other 
things, because each electric machine has unique thermal 
characteristics, different configurations of stator packages 
and associated heat exchanger(s) can provide the optimum 
(or optimal) thermal performance for different electric 
machines. For example, the axial length of a machine can 
be a significant parameter in determining the number of heat 
exchangers for optimum thermal performance. As the axial 
length of the machine increases, more heat exchangers can 
be utilized for optimum cooling. Similarly, the stator copper 
and core losses can be significant parameters affecting the 
optimum coolant flow rate. 
[0064] Referring now to FIGS. 16 and 17, it will be appre
ciated from the above description that each of the first, sec
ond, third, fourth, and fifth stator packages 102, 700, 800, 
900, and 1000 employs one or more heat exchangers in 
which the respective inlet 120 and respective outlet 122 of 
the respective heat exchanger are located nearly 360° apart 
from one another, such that coolant entering the respective 
inlet 120 of the respective heat exchanger must necessarily 
flow circumferentially nearly 360° around that heat exchan
ger in order to exit at the respective outlet 122 of that heat 
exchanger. Nevertheless, the present disclosure also 
includes other embodiments in which the respective inlet 
and outlet of a given heat exchanger need not be positioned 
in this manner. For example, with respect to FIG. 16, a sche
matic front perspective view of a sixth stator package 1600 
is provided that, in addition to including the first and second 
stator core portions 202 and 204 forming the stator core 200 
and the stator coils 208, also includes a heat exchanger 
1602. In contrast to the heat exchanger 206, the heat exchan
ger 1602 includes an inlet 1604 and an outlet 1606 in which 
the outlet is positioned substantially 90° circumferentially 
rotated counterclockwise from the inlet 1604. Thus, in this 
embodiment, coolant entering the inlet 1604 need only pro
ceed circumferentially 90° around the heat exchanger (pro
ceeding counterclockwise) in order to exit from the outlet 
1606. Alternatively, coolant can instead ( or additionally) 
enter the inlet 1604 and proceed 270° in a clockwise manner 
to exit the outlet 1606. 
[0065] Referring additionally to FIG. 17, a schematic front 
perspective view is provided of a seventh stator package 
1700 that not only includes the first and second portions 
202 and 204 of the stator core 200 and the stator coils 208, 
but also includes a heat exchanger 1702. In this example 
embodiment, the heat exchanger 1702 includes each of a 
plurality of inlets and a plurality of outlets arranged circum
ferentially around the heat exchanger. More particularly, the 
heat exchanger 1702 includes first, second, third, fourth, 
fifth, and sixth ports 1704, 1706, 1708, 1710, 1712, and 
1714 and, depending upon the implementation, the different 
respective ports 1704, 1706, 1708, 1710, 1712, and 1714 
(and possibly additional ports arranged on the other side of 
the stator package, not shown) can alternate in terms of 
being inlets and outlets. For example, with respect to the 
ports that are shown, the ports 1704, 1708, and 1712 can 
be inlets and the ports 1706, 1710, and 1714 can be outlets 
( or vice-versa). In at least some such embodiments, coolant 
entering each respective one of the inlets will proceed cir
cumferentially ( either clockwise or counterclockwise) 
between the inlet at which it entered and a respective neigh
boring outlet. For example, the heat exchanger 1702 can be 
configured (e.g., with walls and passageways as described 
for example in regard to FIG. 6 above) so that coolant enter-
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ing the first port 1704, third port 1708, and fifth port 1712, 
respectively, as respective inlets, will then proceed to flow 
through the heat exchanger 1702 and exit the second port 
1706, fourth port 1710, and sixth port 1714, respectively, 
as respective outlets. 
[0066] The embodiments shown in FIG. 16 and FIG. 17 
are merely intended as examples. For example, FIGS. 16 
and 17 are generally intended to be representative of any 
arrangements in which a heat exchanger has one or more 
respective inlets and one or more respective outlets that 
are respectively separated by finite angle(s) other than 
360° or substantially 360°. Thus, embodiments in which a 
heat exchanger has a respective inlet and respective outlet 
that are separated by other angles other than 90 or 
270 degrees, for example by way of 120 or 240 degrees, or 
by way of 15 or 20 degree increments, are also intended to 
be encompassed herein. Indeed, depending upon the embo
diment, any arbitrary number of inlets or outlets can be 
formed in relation to a given heat exchanger, with any arbi
trary circumferential spacing. Further, in some embodi
ments stator packages can include heat exchangers that are 
formed as heat exchanger assemblies of several modular 
heat exchangers that each extend only a fraction of the full 
circumference of the stator package. For example, in one 
such example, a heat exchanger can be formed as an assem
bly of two heat exchanger modules that each have an inlet 
and an outlet and that each extend 180 degrees, or as an 
assembly of three heat exchanger modules that each have 
an inlet and an outlet and that each extend 120 degrees. 
Also, in some embodiments, it is possible for coolant to 
flow bi-directionally. For example, supposing that the port 
1708 is an inlet and each of the ports 1706 and 1710 is an 
outlet, it is possible for the internal walls and passageways 
formed within the heat exchanger 1702 to be configured so 
that the coolant, upon entering the port 1708, would be 
directed to flow to each of the ports 1706 and 1710 at 
which the coolant can exit the heat exchanger. 
[0067] Additionally, although each of the first, second, 
third, fourth, fifth, sixth, and seventh stator packages 102, 
700, 800, 900, 1000, 1600, and 1700 is a respective stator 
package having one or more heat exchangers (and respec
tive stator core portions) that include respective teeth form
ing respective slots in which respective stator coils are posi
tioned, the present disclosure is also intended to encompass 
embodiments in which teeth and slots are not present. In this 
regard, FIG. 19 shows a schematic front perspective view of 
an eighth stator package 1800 that includes a stator core 
1802 having a first stator core portion 1804 and a second 
stator core portion 1806, as well as a heat exchanger 1808. 
In this embodiment, each of the stator core portions 1804 
and 1806 as well as the heat exchanger 1808 is annular in 
shape, without any teeth that might form slots, such that the 
eighth stator package 1800 constitutes a slotless or toothless 
stator package (which can be part of a slotless or toothless 
electric machine). The stator core portions 1804 and 1806 
and heat exchanger 1808 also extend in an annular manner 
around a central axis 1818, albeit the heat exchanger 1808 
again includes an inlet 1810 and an outlet 1812. Further, in 
this embodiment, the stator coils 1814 of the stator package 
1800 also are merely annular, extend around the central axis 
1818, and particularly are arranged along a cylindrical sur
face 1816 formed along the interior of each of the first core 
portion 1804, second core portion 1806, and heat exchanger 
1808. 
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[0068] Referring additionally to FIG. 19, a cross-sectional 
view taken along a line 19-19 of FIG. 18 illustrates the heat 
exchanger 1808 in more detail and particularly shows inter
nal passageways (or channels) 1900 that are present within 
the heat exchanger so as to direct fluid flow within the heat 
exchanger. Although not necessarily the case, the heat 
exchanger 1808 can again be formed from a base portion 
and a cover portion, and if so, the cross-section taken at 
line 19-19 can be along a mid-plane of the base portion 
(where the mid-plane is perpendicular to the central axis 
1818) such that, in FIG. 19, only a portion 1902 of the 
base portion of the heat exchanger 1808 is shown. 
[0069] As illustrated in FIG. 19, the heat exchanger 1808 
and particularly the base portion 1902 thereof again includes 
internal walls that form passageways so as to direct coolant 
entering the inlet 1810 to flow in a particular manner 
through the heat exchanger to the outlet 1812. The walls 
particularly include an outer rim wall 1904, an inner rim 
wall 1906, a plurality of routers 1908, and a barrier wall 
1910. In contrast to the earlier embodiments of the stator 
packages 102, 700, 800, 900, 1000, 1600, and 1700 that 
each have teeth and corresponding slots for the stator coils, 
the stator package 1800 lacks any teeth or slots. Correspond
ingly, the heat exchanger 1808 has a somewhat different 
arrangement of the routers 1908 and barrier wall 1910 by 
comparison with the routers and barrier walls described in 
those other embodiments above. 
[0070] More particularly, as can be seen from FIG. 19, the 
routers 1908 of the heat exchanger 1808 include both 
inwardly-directed routers 1912 and outwardly-directed rou
ters 1914. The inwardly-directed routes 1912 respectively 
extend from the outer rim wall 1904 radially inwardly 
toward the central axis 1818 and toward the inner rim wall 
1906, but not all of the way up to the inner rim wall, such 
that there are gaps 1916 between the respective inwardly
directed routers 1912 and the inner rim wall 1906. Further, 
the outwardly-directed routers 1914 respectively extend 
radially outwardly, away from the inner rim wall 1906 
(and away from the central axis 1818) toward, but not all 
of the way up to, the outer rim wall 1904, such that gaps 
1918 are present between the ends of those outwardly-direc
ted routers and the outer rim wall 1904. As for the barrier 
wall 1910, this wall is positioned so as to extend fully 
between outer rim wall 1904 and the inner rim wall 1906 
at a circumferential location positioned immediately 
between the inlet 1810 and the outlet 1812. 
[0071] It can be seen that the inwardly-directed and out
wardly-directed routers 1912 and 1914 are alternatingly 
positioned as one circumferentially proceeds around the 
heat exchanger 1808 from the barrier wall 1910. Thus, 
respective ones of the outwardly-directed routers 1914 
immediately neighbor the barrier wall 1910 on either side 
of that barrier wall, as one proceeds circumferentially in 
either direction away from that barrier wall (it should be 
noted that, although in the present example embodiment 
the barrier wall 1910 is positioned in between two of the 
outwardly-directed routers 1914, in alternate embodiments 
the barrier wall can instead be positioned between two of the 
inwardly-directed routers 1912). Subsequently, as one pro
ceeds further circumferentially away from the barrier wall 
1910 in either direction around the heat exchanger 1808, 
there are alternating ones of the inwardly-directed routers 
1912 and outwardly-directed routers 1914. By virtue of 
this arrangement of the routers 1912 and 1914, a plurality 
of undulating or S-shaped passageways 1920 are formed 
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within the heat exchanger 1808. Given the undulating pas
sageways 1920 and the barrier wall 1910 positioned 
between the inlet 1810 and outlet 1812, in the present embo
diment coolant entering the inlet 1810 is directed to proceed 
along a flow path 1922, which is represented by dashed 
line(s) with arrowheads indicating flow directions (and 
which can also be understood to represent coolant flowing 
through the passageways 1920). More particularly as 
shown, coolant following the flow path 1922 established 
by the passageways 1920, as formed by the various walls 
of the heat exchanger 1808, proceeds generally in a circum
ferential direction (in this example, counterclockwise about 
the central axis 1818), and additionally proceeds to follow 
both radially inwardly-directed and radially outwardly
directed paths particularly as determined by the routers 
1908. 
[0072] In view of the above description, it should be 
appreciated that the present disclosure encompasses numer
ous different embodiments and arrangements of heat 
exchangers for electric machines and electric machines hav
ing heat exchangers, and associated cooling methods. Not
withstanding the above description, the present disclosure is 
intended to encompass numerous additional embodiments 
including those disclosed herein as well as a variety of alter
nate embodiments. For example, in at least some additional 
embodiments encompassed herein, one or more heat pipes 
and one or more cooling jackets (which can require cut outs 
in the stator laminations) can be implemented in combina
tion with one or more of the heat exchangers described 
herein. Additionally for example, even though several 
embodiments of stator packages described herein involve 
arrangements in which a given heat exchanger is positioned 
axially between two stator core portions, the present disclo
sure also encompasses embodiments in which a given heat 
exchanger is positioned axially alongside only a single sta
tor core portion. Further for example in this regard, the pre
sent disclosure additionally encompasses modified versions 
of the first stator package 102 in which an additional heat 
exchanger is positioned axially at an end of the stator pack
age, in front of (along the central axis 112) and in direct 
contact with the front surface 210 of the first stator core 
portion 202, or axially behind and in direct contact with 
the rear surface 212 of the second stator core portion 204. 
[0073] Also for example, the present disclosure is 
intended to encompass embodiments having numerous dif
ferent pumping arrangements in terms of the number of 
pumps, the manner in which one or more pumps are coupled 
to one or more heat exchangers, and the manner in which 
coolant is pumped into (so as to flow within) the heat 
exchangers of the stator packages. For example, in regard 
to at least some stator package embodiments in which 
there are two or more heat exchangers (e.g., as shown 
above in regard to FIGS. 7, 8, 9, and 10), the heat exchan
gers can be coupled in parallel with one another or in series 
with one another (or a hybrid of parallel-connected and ser
ies-connected heat exchangers), relative to the pumping cir -
cuit, and coolant can be pumped by a single pump to all of 
those two or more heat exchangers simultaneously. Alterna
tively, in at least some other embodiments of stator package 
embodiments in which there are two or more heat exchan
gers, there can be multiple discrete pumps that are dedicated 
to (and coupled to) the different heat exchangers or groups 
of heat exchangers (which again can be parallel-coupled or 
series-coupled, or a hybrid of both). In some such embodi-
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ments, different flow rates of coolant through the different 
heat exchangers can occur as governed by the different 
respective pumps, and such different respective pumps 
(and thus cooling operation by the respective heat exchan
gers) can be controlled or actuated independently of one 
another. 
[0074] One or more of the embodiments encompassed 
herein can be advantageous in any of a variety of respects. 
For example, in at least some embodiments encompassed 
herein, the stator packages can achieve one or both of direct 
cooling of stator coils (slots and windings) and also direct 
cooling of a stator core ( or one or more stator core portions 
or sub-stacks or groups of laminations) and, indeed, in at 
least some such embodiments, direct cooling of both the 
stator coils and stator core simultaneously is achieved. 
Such direct cooling, and particularly direct cooling of the 
stator core, can be advantageous for electric machines uti
lized in many applications, and particularly in high-speed 
applications in which core losses can increase significantly. 
Also for example, in at least some embodiments encom
passed herein, electric machines having stator packages uti
lizing heat exchanger(s) as presented herein can achieve 
superior current densities and power densities ( e.g., in 
terms of kilowatts per liter, kW /1, and/or kilowatts per kilo
gram, kW/kg). Because the heat exchanger(s) can be posi
tioned between stator sub-stacks in some such embodiments 
of electric machines, such electric machines having stator 
packages with heat exchanger(s) arranged in this manner 
can achieve superior current densities and power densities 
with no degradation ( or substantially no degradation) in slot 
fill factor. 
[0075] Additionally for example, it should be appreciated 
that the embodiments of stator packages, heat exchangers, 
and electric machines employing such stator packages and 
heat exchangers encompass numerous different embodi
ments and arrangements that can be modified or adjusted 
to suit different operational conditions and applications. 
For example, by adjusting the number of heat exchangers 
( e.g., increasing the number of heat exchangers stacked in 
the stator package) and/or circumferential position of heat 
exchangers employed in a stator package or electric 
machine, one can achieve changes in the effectiveness of 
the cooling and/or achieve other changes to performance 
characteristics. Each of these characteristics can be selected 
or optimized to suit any target machine, application, or 
operational environment. At least some embodiments 
encompassed herein are particularly suitable for the cooling 
of electric machines with long axial lengths, insofar as these 
embodiments facilitate evacuation of heat from the middle 
of the stator package. By positioning one or more heat 
exchangers between the stator core portions (or sub-stacks) 
of the machine at various axial positions, effective cooling 
of long-axial length electric machines is achieved, which 
enables more homogenized temperature distribution with 
less hotspot temperature compared to the other conventional 
cooling methods (e.g., by eliminating or ameliorating hot
spots within the middle of the stator package). 
[0076] Indeed, the techniques and associated methods of 
operation encompassed herein entail significant design flex
ibility to achieve desired thermal requirements or other per
formance characteristics that are suited for different 
machines, applications, or environments, or suited for wide 
power range applications with different sizes. By compari
son with conventional techniques, the techniques encom
passed herein can significantly improve the thermal perfor-
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mance of the electric machines, for any of a variety of 
different machine types, and particularly for high power 
density applications such as electric vehicles (in which cop
per losses and stator core losses can be a significant thermal 
management concern). Unlike conventional embodiments 
having water jackets, which are unable to achieve direct 
coil cooling, at least some embodiments encompassed 
herein provide direct cooling of critical components in a 
stator assembly (at least some embodiments of heat exchan
gers/cooling techniques encompassed herein can also be 
used in combination with other methods such as water jack
ets). By lowering the maximum temperature experienced by 
electric machines such as electric motors, at least some 
embodiments encompassed herein can lead to more efficient 
machines or larger machines. 
[0077] The present disclosure additionally encompasses 
embodiments of systems, applications, and methods that 
employ embodiments of electric machines, stator packages, 
heat exchangers, and methods of operation described above 
or otherwise encompassed herein. For example, at least 
some embodiments of stator packages having cooling struc
tures such as described above can provide effective thermal 
management for any of a variety of different radial flux elec
tric motors, generators, or other electric machines, including 
permanent magnet machines, internal permanent magnet 
(IPM) machines, surface permanent magnet (SPM) 
machines, synchronous machines, induction machines, and 
other electric machines using laminated radial stators, 
including traction motors and generators and long stack 
length electric machines. Such electric machines with such 
stator packages and associated cooling structures can be 
appropriate for implementation in electric vehicles (EVs) 
and hybrid vehicles, off-road vehicles, large megawatt 
machines used in power generation, HVAC (heating, venti
lation, and air conditioning) or compressor systems, marine 
propulsion systems, high power density industrial drives, 
aerospace applications such as electric aircraft propulsion 
motors and generators, and any other electric machine appli
cations. Electric machines with stator packages and asso
ciated cooling structures in which the stator packages are 
toothless also can be appropriate for applications such as 
automotive steering wheels. 
[0078] It is specifically intended that the present invention 
not be limited to the embodiments and illustrations con
tained herein, and that the claims should be understood to 
include modified forms of those embodiments including 
portions of the embodiments and combinations of elements 
of different embodiments as come within the scope of the 
following claims. 

What is claimed is: 
1. A stator package foran electric machine, the stator pack

age compnsmg: 
a plurality of stator coils; 
a first stator core portion arranged along a central axis and 

having a first stator core yoke and a plurality of first stator 
core teeth respectively extending radially inwardly from 
the first stator core yoke to respective inner ends of the 
respective first stator core teeth, wherein respective 
neighboring pairs of the first stator core teeth together 
with the first stator core yoke substantially define respec
tive first stator core slots; and 

a first heat exchanger arranged along the central axis and 
having a first inlet and a first outlet, a first heat exchanger 
yoke, and a plurality of first heat exchanger teeth 
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extending radially inwardly from the first heat exchanger 
yoke to respective inner ends of the respective first heat 
exchanger teeth, whereinrespective neighboring pairs of 
the first heat exchanger teeth together with the first heat 
exchanger yoke substantially define respective first heat 
exchanger slots, 

wherein the first heat exchanger is positioned adjacent to 
the first stator core portion, wherein the respective first 
stator core slots are aligned with the respective first heat 
exchanger slots, and wherein each of the stator coils 
extends through each of a respective one of the first stator 
core slots and a respective one of the first heat exchanger 
slots, and 

wherein the first heat exchanger includes a plurality of first 
walls forming at least in part a plurality of first passage
ways configured so that coolant entering the first heat 
exchanger via the inlet both flows in a first direction cir
cumferentially around at least a first portion of the heat 
exchanger from the inlet to the outlet, and also flows inan 
undulating manner both radially inwardly and radially 
outwardly substantially in between the first heat exchan
ger yoke and the respective inner ends of one or more of 
the first heat exchanger teeth, such that the coolant passes 
in proximity to and cools one or more of the stator coils 
and also cools the first stator core portion. 

2. The stator package of claim 1, wherein the first heat 
exchanger is either additively manufactured or manufactured 
by way of computer numerical control (CNC) milling. 

3. The stator package of claim 2, wherein the first heat 
exchanger includes a cover portion and a base portion that 
are assembled together or manufactured as a single merged 
piece, and wherein the first inlet and first outlet are formed 
as parts of the base portion, and extend substantially radially 
outwardly away from the central axis. 

4. The stator package of claim 1, wherein the plurality of 
walls includes respective first and second side walls and the 
respective inner ends of each of the first heat exchanger teeth, 
the respective first and second side walls extending between 
the first heat exchanger yoke and the respective inner end of 
the respective first heat exchanger tooth, and 

wherein the plurality of walls also includes a plurality of 
routers respectively positioned at least partly within the 
respective first heat exchanger teeth of the one or more of 
the first heat exchanger teeth, wherein each of the routers 
extends generally or substantially radially inwardly from 
an outer rim wall of the first heat exchanger yoke toward 
but not fully up to the respective inner end of the respec
tive first heat exchanger tooth of the one or more of the 
first heat exchanger teeth, and wherein each of the routers 
also extends radially inwardly between the respective 
first and second side walls of the respective first heat 
exchanger tooth within which the respective router is 
positioned. 

5. The stator package of claim 4, wherein each of the passa
geways is formed, within each of the first exchanger teeth of 
the one or more of the first exchanger teeth, at least partly by 
respective ones of the routers, first and second side walls, and 
inner end, such that the respective passageway extends 
radially inwardly from a respective first region within the 
first heat exchanger yoke, between the respective router and 
the respective first side wall of the respective heat exchanger 
tooth within which the respective router is at least partly posi
tioned, then extends through a respective gap between the 
respective router and the respective inner end of the respective 
heat exchanger tooth within which the respective router is at 
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least partly positioned, and then extends radially outwardly to 
a respective second region within the first heat exchanger 
yoke, between the respective router and the respective second 
side wall of the respective heat exchanger tooth within which 
the respective router is at least partly positioned. 

6. The stator package of claim 5, wherein the plurality of 
walls of the heat exchanger are configured so that the respec
tive first region of a first one of the plurality of passageways is 
connected to the inlet, so that the respective second region of a 
second one of the plurality of passageways is connected to the 
outlet, and so that the second region of the first one of the 
plurality of passageways is connected to the first region of 
the second one of the plurality of passageways, either directly 
or indirectly by one or more other ones of the plurality of pas
sageways, and 

wherein the plurality of walls of the heat exchanger further 
include a barrier wall that extends generally or substan
tially radially inwardly from the outerrim wall of the first 
heat exchanger yoke to the respective inner end of a 
further one of the first heat ex changer teeth that is in addi
tion to the one or more of the first exchanger teeth, 
wherein the barrier wall is positioned circumferentially 
between the inlet and outlet, and wherein the barrier wall 
serves to prevent any of the coolant from flowing directly 
from the inlet to the outlet without flowing through the 
plurality of passageways. 

7. The stator package of claim 1, further comprising a sec
ond stator core portion having a second stator core yoke and a 
plurality of second stator core teeth respectively extending 
radially inwardly from the second stator core yoke to respec
tive inner ends of the respective second stator core teeth, 
wherein respective neighboring pairs of the second stator 
core teeth together with the second stator core yoke substan
tially define respective second stator core slots; 

wherein the second stator core portion is arranged along the 
central axis, wherein the first heat exchanger is also posi
tioned adjacent to the second stator core portion so that 
the first heat exchanger is positioned between the first 
and second stator core portions, and 

wherein each respective one of the stator coils extends 
through each of a respective one of the second stator 
core slots in addition to extending through the respective 
ones of the first heat exchanger slots and the first stator 
core slots. 

8. The stator package of claim 7, further comprising a sec
ond heat exchanger having a second inlet and a second outlet, 
a second heat exchanger yoke, and a plurality of second heat 
exchanger teeth extending radially inwardly from the second 
heat exchanger yoke to respective inner ends of the respective 
second heat exchanger teeth, wherein respective neighboring 
pairs of the second heat exchanger teeth together with the sec
ond heat exchanger yoke substantially define respective sec
ond heat exchanger slots, 

wherein the second heat exchanger is positioned adjacent to 
the second stator core portion such that the second stator 
core portion is positioned between each of the first and 
second heat exchangers. 

9. The stator package of claim 8, wherein either: 
a) the first inlet is circumferentially aligned with the second 

inlet, the first outlet is circumferentially aligned with the 
second outlet, and the second heat exchanger includes a 
plurality of second walls forming a plurality of second 
passageways configured so that coolant entering the sec
ond heat exchanger via the second inlet flows in the first 
direction circumferentially around at least a second 
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portion of the second heat exchanger from the second 
inlet to the second outlet; or 

b) the first inlet is circumferentially aligned with the second 
outlet, the first outlet is circumferentially aligned with 
the second inlet, and the second heat exchanger includes 
a plurality of second walls forming a plurality of second 
passageways configured so that coolant entering the sec
ond heat exchanger via the second inlet flows in a second 
direction circumferentially around at least a second por
tion of the second heat exchanger from the second inlet to 
the second outlet, the second direction being opposite or 
substantially opposite the first direction. 

10. The stator package of claim 8, wherein the first outlet is 
circumferentially offset from the first inlet in the first direction 
by a first amount, wherein the second inlet is circumferentially 
offset from the first inlet in a second direction opposite to the 
first direction by either the first amount or a second amount, 
and wherein the second outlet is circumferentially offset from 
the second inlet in either the first direction or the second direc
tion by either the first amount, the second amount, or a third 
amount, and wherein the second heat exchanger includes a 
plurality of second walls forming a plurality of second passa
geways configured so that coolant entering the second heat 
exchanger via the second inlet flows either in the first direction 
or the second direction circumferentially around at least a sec
ond portion of the second heat exchanger from the second 
inlet to the second outlet. 

11. The stator package of claim 10, wherein either: 
a) the second outlet is circumferentially offset from the sec

ond inlet in the second direction by the first amount, and 
the plurality of second walls forming the plurality of sec
ond passageways are configured so that the coolant enter
ing the second heat exchanger flows in the second direc
tion circumferentially around at least the second portion 
of the second heat exchanger; or 

b) the second outlet is circumferentially offset from the sec
ond inlet in the first direction by the first amount, and the 
plurality of second walls forming the plurality of second 
passageways are configured so that the coolant entering 
the second heat exchanger flows in the first direction cir
cumferentially around at least the second portion of the 
second heat exchanger. 

12. The stator package of claim 10, wherein either: 
a) the second heat exchanger is positioned at an axial end of 

the stator package; or 
b) the stator package additionally includes a third stator 

core portion having a third stator core yoke and a plural
ity of third stator core teeth, wherein the third stator core 
portion is arranged along the central axis, and wherein 
the second heat exchanger is also positioned adjacent to 
the third stator core portion so that the second heat 
exchanger is positioned between the second and third 
stator core portions. 

13. The stator package of claim 12, wherein (b) is true, and 
further comprising a third heat exchanger and a fourth stator 
core portion, wherein the third heat exchanger is positioned 
between the fourth stator core portion and either the first stator 
core portion or the third stator core portion. 

14. The stator package of claim 1, wherein either: 
a) the first outlet is circumferentially offset from the first 

inlet in either the first direction or a second direction by 
a first amount, wherein the first amount is one of substan
tially 360degrees, substantially90 degrees, substantially 
120 degrees, substantially 180 degrees, substantially 
240 degrees, and substantially 270 degrees; or 
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b) the first heat exchanger includes, in addition to the first 
inlet and the first outlet, an additional inlet and an addi
tional outlet, wherein the first outlet is circumferentially 
offset from the first inlet in the first direction by a first 
amount, wherein the additional inlet is circumferentially 
offset from the first outlet in the first direction by either 
the first amount or a second amount, and wherein the 
additional outlet is circumferentially offset from the 
additional inlet in the first direction by either the first 
amount, the second amount, or a third amount. 

15. An electric machine system comprising the stator pack
age of claim 1 and additionally a rotor, and configured to oper
ate either as a motor or a generator. 

16. An electric machine comprising: 
a rotor; and 
a stator package including one or more stator coils, a first 

stator core portion, a second stator core portion, and a 
first heat exchanger, wherein the first stator core portion, 
second stator core portion, and first heat exchanger are 
arranged successively along a central axis, with the first 
heat exchanger being positioned adjacent to and between 
the first and second stator core portions, 

wherein each of the one or more stator coils is arranged to 
extend along or within each of the first stator core portion, 
first heat exchanger, and second stator core portion, and 

wherein the first heat exchanger includes a first inlet and a 
first outlet, and also includes a plurality of first walls 
forming a plurality of first passageways configured so 
that coolant entering the first heat exchanger via the 
inlet both flows in a first direction circumferentially 
around at least a first portion of the heat exchanger from 
the inlet to the outlet, and additionally flows in an undu
lating manner both radially inwardly and radially out
wardly substantially in between outer and inner wall sur
faces of the heat exchanger, such that the coolant passes 
in proximity to and cools the one or more of the stator 
coils and the first and second stator core portions. 

17. The electric machine of claim 16, wherein either: 
a) the first heat exchanger includes a first heat exchanger 

yoke and a plurality of first heat exchanger teeth extend
ing radially inwardly from the first heat exchanger yoke 
to respective inner ends of the respective first heat 
exchanger teeth, 

the inner wall surfaces include the inner ends and also rou
ter walls extending within the heat exchanger teeth, 

respective neighboring pairs of the first heat exchanger 
teeth together with the first heat exchanger yoke substan
tially define respective first heat exchanger slots within 
which are respectively positioned the respective stator 
coils, and 

the plurality of first walls forming the plurality of first pas
sageways are configured so that the coolant flows in the 
undulating manner both radially inwardly and radially 
outwardly substantially within one or more of the first 
heat exchanger teeth; or 

b) the plurality of first walls of the first heat exchanger 
includes an outer rim wall, an inner rim wall, and a plur
ality of routers within the first heat exchanger that are 
distributed circumferentially around the first heat 
exchanger between an inlet and an outlet of the first 
heat exchanger, 

the plurality of routers include first routers that extend 
radially inwardly from the outer rim wall toward, but 
not up to, the inner rim wall, and second routers that 
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extend radially outwardly from the inner rim wall 
toward, but not up to, the outer rim wall, 

the first routers and second routers are altematingly distrib
uted circumferentially around the first heat exchanger, 
and 

the first and second routers are configured so that the cool
ant flows in the undulating manner both radially inwardly 
and radially outwardly substantially as the coolant flows 
between successive neighboring pairs of the first and sec
ond routers. 

18. A system employing the electric machine of claim 16, 
wherein the system includes one of a traction motor or gen

erator in a hybrid or electric vehicle, an electric aircraft 
propulsion motor or generator, a marine propulsion 
device, or a compressor motor, and 

wherein the electric machine additionally includes a cool
ant circuit having a pump coupled at least indirectly to the 
inlet, and a control circuit including a controller and at 
least one inverter coupled at least indirectly to the one or 
more stator coils. 

19. A method of cooling an electric machine comprising: 
providing a stator package including 

one or more stator coils, a first stator core portion, a sec
ond stator core portion, and a first heat exchanger, 
wherein each of the first stator core portion, second 
stator core portion, and first heat exchanger is arranged 
along a central axis, 

wherein the first stator core portion, first heat exchanger, 
and second stator core portion are arranged succes
sively along the central axis, with the first heat 
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exchanger being positioned adjacent to and between 
the first and second stator core portions, 

wherein each of the one or more stator coils is arranged to 
extend along or within each of the first stator core por -
tion, first heat exchanger, and second stator core por
tion, and 

wherein thefirstheatexchangerincludes afirstinletanda 
first outlet, and also includes a plurality of first walls 
forming a plurality of first passageways; 

receiving coolant via the inlet; and 
directing the coolant to flow through the first heat exchan

ger from the inlet to the outlet by the plurality of first 
passageways due to interactions between the coolant 
and the plurality of first walls so that the coolant flows 
both a first direction circumferentially around at least a 
first portion of the heat exchanger from the inlet to the 
outlet, and additionally flows in an undulating manner 
both radially inwardly and radially outwardly substan
tially in between outer and inner wall surfaces of the 
heat exchanger, such that the coolant passes in proximity 
to the one or more of the stator coils and at least indirectly 
receives heat from the one or more of the stator coils so as 
to cool the one or more stator coils. 

20. The method of claim 19, further comprising receiving at 
least some additional heat at least indirectly from the first and 
second stator core portions at the coolant due to direct contact 
between the first heat exchanger and each of the first and sec
ond stator core portions, so as to cool the first and second stator 
core portions. 
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