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FIG. 2

rmoelectric cooling device comprises a liquid heat exchanger, at least two air heat exchangers, and at least two
thermoelectric modules. The liquid heat exchanger includes a liquid circulation path through which liquid coolant tlows to exchange
heat with the liquid heat exchanger. Air flows over each of the air heat exchangers to exchange heat with the respective air heat ex-

e changer. A first thermoelectric module 1s thermally coupled on a first side with a first side of the liquid heat exchanger and on a

W

thermoelectric module 1s the;

second side with a first air heat exchanger to transfer heat between the air heat exchanger and the liquid heat exchanger. A second
'mally coupled on a first side with a second side of the liquid heat exchanger and on a second side with
the second air heat exchanger to transter heat between the air heat exchanger and the liquid heat exchanger.
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THERMOELECTRIC COOLING DEVICE INCLUDING A LIQUID HEAT
EXCHANGER DISPOSED BETWEEN AIR HEAT EXCHANGERS

CROSS-REFERENCE TO RELATED APPLICATION

|0001] This application claims the priority benefit of U.S. Provisional Patent Application No.
61/724,013, entitled "Thermoelectric Cooling Device tor Aircraft Galley Equipment,” and filed
on November 8, 2012.

BACKGROUND

[0002] Embodiments disclosed herein relate to thermoelectric cooling devices, and more

specifically to compact thermoelectric cooling devices for use with aircraft galley equipment.

[0003] Thermoelectric devices (TEDs) are used to cool the contents of food and beverage
chiller compartments in aircraft galleys. The TEDs, also known as Peltier devices, are solid-

state heat pumps that utilize the Peltier effect to move heat from one side of the devices to
the other side. Multiple TEDs are sometimes used in parallel to cool the contents of the
compartments. In these applications, there is typically a higher weight and size as well as a
lower overall efficiency in heat transfer due to the use of the multiple TEDs. In addition, the
multiple TEDs typically have different temperatures on their respective cold and/or hot sides

from one another, creating an undesired temperature gradient across a single side of the

multiple TEDs in paraliel.

SUMMARY

[0004] Various embodiments of a compact thermoelectric cooling device (TECD) for aircraft
galley equipment provide higher efficiency in heat transfer with lower weight and volume
than conventional TECDs. In addition, various embodiments comprise multiple
thermoelectric devices (TEDs) in parallel to maintain more uniform performance between the
individual TEDs. Furthermore, various embodiments comprise TEDs on both sides of a

liquid heat exchanger to reduce weight and enhance performance. Various embodiments also
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comprise thermally conductive fins 1n air heat exchangers to increase thermal conductance
and minimize temperature differences on TEDs thermally coupled with the thermally

conductive fins.

[0005] According to an embodiment, a thermoelectric cooling device comprises a liquid
heat exchanger, at least two air heat exchangers, and at least two thermocelectric modules.
The liquid heat exchanger includes a liquid circulation path through which liquid coolant
flows to exchange heat with the liquid heat exchanger. Air flows over a first air heat
exchanger to exchange heat with the first air heat exchanger, and air flows over a second air
heat exchanger to exchange heat with the second air heat exchanger. A first thermocelectric
module 1s thermally coupled on a first side with a first side of the liquid heat exchanger and
on a second side with the first air heat exchanger to transfer heat between the first air heat
exchanger and the liquid heat exchanger. A second thermocelectric module 1s thermally
coupled on a first side with a second side of the liquid heat exchanger and on a second side
with the second air heat exchanger to transfer heat between the second air heat exchanger and

the liquid heat exchanger.

[0006] The first air heat exchanger may include thermally conductive fins that enhance
thermal conductance between the air which flows over the first air heat exchanger and the

first air heat exchanger.

[0007] The liquid heat exchanger may include a separator that separates the liquid
circulation path 1nto an upper circulation path and a lower circulation path. The upper
circulation path guides the liquid coolant at a given planar coordinate alongside one side of
the separator to flow 1n one direction and the lower circulation path guides the liquid coolant
at the same given planar coordinate alongside the opposite side of the separator to flow 1n a

substantially opposite direction.

[0008] The liquid heat exchanger may include an inlet through which the liquid coolant
enters the upper circulation path from outside the liquid heat exchanger and an outlet through
which the liquid coolant exits the lower circulation path to outside the liquid heat exchanger.
The separator may include a hole through which the liquid coolant passes through the

separator from the upper circulation path to the lower circulation path.
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[0009] The upper circulation path may include upper fins adjacent the separator on the one
side of the separator, and the lower circulation path may include lower fins adjacent the
separator on the opposite side of the separator, wherein the upper fins guide a path of the

upper circulation path and the lower fins guide a path of the lower circulation path.

[0010] The upper fins and the lower fins may be arranged 1n a serpentine pattern that
ouides the liquid coolant in the upper circulation path and the liquid coolant 1n the lower
circulation path to flow 1n substantially opposite directions from one another along opposite

sides of the separator.

[0011] The hiquid circulation path may be separated into a plurality of pairs of upper

circulation paths and lower circulation paths disposed in parallel with one another.

[0012] According to another embodiment, a compartment chiller comprises a housing, a
chilled compartment disposed within the housing, and a thermoelectric cooling device. The
thermocelectric cooling device comprises a liquid heat exchanger, at least two air heat
exchangers, and at least two thermoelectric modules. The liquid heat exchanger includes a
l[iquid circulation path through which liquid coolant flows to exchange heat with the liquid
heat exchanger. Air flows over a first air heat exchanger to exchange heat with the first air
heat exchanger before chilling the chilled compartment, and air flows over a second air heat
exchanger to exchange heat with the second air heat exchanger before chilling the chilled
compartment. A first thermocelectric module 1s thermally coupled on a first side with a first
side of the liquid heat exchanger and on a second side with the first air heat exchanger to
transfer heat between the first air heat exchanger and the liquid heat exchanger. A second
thermoclectric module 1s thermally coupled on a first side with a second side of the liquid
heat exchanger and on a second side with the second air heat exchanger to transfer heat

between the second air heat exchanger and the liquid heat exchanger.

[0013] According to another embodiment, a method of chilling air using the thermocelectric
cooling device comprises circulating liquid coolant through the liquid heat exchanger to
exchange heat with the liquid heat exchanger to cool the liquid heat exchanger. The method
also comprises flowing warm first air over the first air heat exchanger to exchange heat with
the first air heat exchanger to cool the first air, and flowing warm second air over the second

air heat exchanger to exchange heat with the second air heat exchanger to cool the second air.
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The method further includes transferring heat between the first air heat exchanger and the
liquid heat exchanger to cool the first air heat exchanger, and transferring heat between the
second air heat exchanger and the liquid heat exchanger to cool the second air heat

exchanger.

[0014] The method may further comprise flowing the warm first air over thermally
conductive fins that enhance thermal conductance between the warm first air and the first air

heat exchanger.

[0015] The method may further comprise separating the liquid circulation path 1nto an
upper circulation path and a lower circulation path using a separator. The upper circulation
path may guide the liquid coolant at a given planar coordinate alongside one side of the
separator to flow 1in one direction and the lower circulation path may guide the liquid coolant
at the same given planar coordinate alongside the opposite side of the separator to flow 1n a

substantially opposite direction.

[0016] The method may further comprise the liquid coolant entering the upper circulation
path from outside the liquid heat exchanger through an inlet, the liquid coolant exiting the
lower circulation path to outside the liquid heat exchanger through an outlet, and the liquid
coolant passing through the a hole 1n the separator from the upper circulation path to the

lower circulation path.

[0017] The method may further comprise guiding the liquid coolant 1in the upper
circulation path and the liquid coolant in the lower circulation path to flow 1n substantially
opposite directions from one another along opposite sides of the separator using upper fins

and lower fins arranged 1n a serpentine pattern.

[0018] The method may further include guiding the liquid coolant 1n a plurality of pairs of

upper circulation paths and lower circulation paths disposed 1n parallel with one another.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Various embodiments are illustrated 1n the drawings and described 1n the following

discussion.
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[0020] FIG. 1 1s a perspective view of a liquid port end of a thermoelectric chiller

assembly, according to an embodiment.

[0021] FIG. 2 1s a perspective view of an opposite end of the thermoelectric chiller

assembly of FIG. 1, according to an embodiment.

[0022] FIG. 3 1s a perspective view of a side of the thermocelectric chiller assembly of FIG.

1, according to an embodiment.

[0023] FIG. 4 illustrates an aircraft galley chiller system including an embodiment of the

thermoelectric chiller assembly of FIG. 1, according to an embodiment.

[0024] FIGS. 5A and 5B are perspective views of an exterior design of the thermoelectric

chiller assembly of FIG. 1, according to an embodiment.

[0025] FIG. 6 1s a perspective view of thermoelectric modules mounted on a liquid heat

exchanger of the thermocelectric chiller assembly of FIG. 5, according to an embodiment.

[0026] FIGS. 7A and 7B are perspective views of air heat exchanger internal components

of the thermoclectric chiller assembly of FIG. 5, according to an embodiment.

[0027] FIG. 8 1s a perspective view of liquid heat exchanger internal components of the

thermoelectric chiller assembly of FIG. 5, according to an embodiment.

[0028] FIG. 9 1s a perspective view of a liquid heat exchanger braze assembly of the

thermoelectric chiller assembly of FIG. 5, according to an embodiment.

[0029] FIG. 10 1s a perspective view of top and bottom layers of the liquid heat exchanger

braze assembly of FIG. 9, according to an embodiment.

[0030] FIG. 11 1s a perspective view of a top layer heat exchanger liquad circulation of the

liquid heat exchanger braze assembly of FIG. 9, according to an embodiment.

[0031] FIG. 12 1s another perspective view of a top layer heat exchanger liquid circulation

of the liquid heat exchanger braze assembly of FIG. 9, according to an embodiment.

[0032] FIG. 13 illustrates a comparison of heat transfer effectiveness, according to an

embodiment.

[0033] FIG. 14 1llustrates an increase 1n heat transfer by applying thermoelectric modules

to both sides of a liquid heat exchanger, according to an embodiment.
5
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[0034] FIG. 15 1s a perspective view of a straight fin of the of the air heat exchanger of the

thermoelectric chiller assembly of FIG. 5, according to an embodiment.

[0035] FIG. 16 illustrates a method of chilling air using a thermocelectric cooling device,

according to an embodiment.

DETAILED DESCRIPTION

[0036] FIG. 1 1s a perspective view of a liquid port end of a thermocelectric chiller assembly
100, according to an embodiment. FIG. 2 18 a perspective view of an opposite end of the
thermoelectric chiller assembly 100 of FIG. 1, according to an embodiment. FIG. 3 1s a
perspective view of a side of the thermoelectric chiller assembly 100 of FIG. 1, according to
an embodiment. FIG. 4 1llustrates an aircraft galley chiller system 200 including an
embodiment of the thermocelectric chiller assembly 100 of FIG. 1, according to an
embodiment. While the embodiments described herein refer to applications in an aircraft
galley, this should not be construed as limiting. For example, other embodiments may be
applied 1n other vehicles, such as ships, trains, buses, or vans. Furthermore, other

embodiments may be applied 1n non-vehicular applications such as homes and offices.

[0037] The thermocelectric chiller assembly 100 1s an embodiment of a compact
thermocelectric cooling device (TECD) which may be used for any of an aircraft galley tri-
mode chiller, beverage chiller, refrigerator, or freezer having a chilled compartment 220. The
TECD may cool the contents of the chilled compartment 220 by pumping heat from an
interior of the chilled compartment 220 through air heat exchangers 110A and 110B 1nto
liquid coolant flowing through liquid heat exchanger 130 from a liquid inlet port 140 to a
liquid outlet port 150. The air heat exchangers 110A and 110B 1nclude fins 160 through
which air flows for transferring heat from the air to the air heat exchangers 110A and 110B.
Air flow 240 from the 1nterior of the chilled compartment 220 may enter the thermoelectric
chiller assembly 100 through air inlet 120 on one end of the thermoelectric chiller assembly
100 and exit the thermocelectric chiller assembly on an opposite end of the thermocelectric
chiller assembly 100. The air inlet 120 may include an air inlet 120A on one side of the

liquid heat exchanger 130 and an air inlet 120B on an opposite side of the liquid heat
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exchanger 130. The air inlet 120A may direct air into contact with the air heat exchanger

110A, while the air inlet 120B may direct air into contact with the air heat exchanger 110B.

[0038] The thermocelectric chiller assembly 100 1s enclosed by an enclosure 170 having
fastening positions 180 corresponding to screws 185 that fasten air heat exchangers 110A and
110B onto the thermoelectric chiller assembly 100. While screws 185 are 1llustrated 1n the
described embodiments, this should not be construed as limiting. In various embodiments,
other fastening elements may be used instead of screws 185. For example, the fastening

clements may be rivets, pins, glue, welds, or other fastening elements as known 1n the art.

[0039] The thermoclectric chiller assembly 100 includes a plurality of thermoelectric
devices (TEDs) arranged 1n an array on both sides of the liquid heat exchanger 130 between
the liquid heat exchanger 130 and cach of the air heat exchangers 110A and 110B. Each of
the TEDs 1s electrically coupled to a TED power line 190. As shown, the TED power lines
190 exit the thermocelectric chiller assembly 100 on an end opposite the end having the liquid
inlet port 140 and liquid outlet port 150. This should not be construed as limiting, as in
various embodiments, the TED power lines 190 may exit the thermoelectric chiller assembly
100 from other ends or sides. The TED power lines 190 may be electrically connected with a
TECD control system 210 that powers and ¢lectrically controls the TEDs of the

thermoelectric chiller assembly 100 to cool the contents of the chilled compartment 220.

[0040] When the TECD 1is used to cool an interior of an aircraft galley tri-mode chiller,
beverage chiller, refrigerator, or freezer having the chilled compartment 220, heat from the
contents of the chilled compartment 220 such as food and beverages, as well as other heat
from the environment outside of the enclosure 170, are transferred from the air heat
exchangers 110A and 110B to liquid coolant flowing through the liquid heat exchanger 130
by the TEDs disposed 1n an array on both sides of the liquid heat exchanger 130. The TEDs
also transfer heat generated by operation of the TEDs to the liquid coolant flowing through
the liquid heat exchanger 130. A recirculation fan 230 may be installed on an end or sides of
the thermocelectric chiller assembly 100 to circulate air flow 240 as return air from the chilled
compartment 220 to the thermocelectric chiller assembly 100 to chill the air flow 240 and then
back to the chilled compartment 220 via a chill air path as chilled air flow 240. The air flow
240 may flow through ducts 260 between the chilled compartment 220 and the thermocelectric

chiller assembly 100. While the recirculation fan 230 1s shown 1n the return air path in FIG.
7
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4, this should not be construed as limiting, as the recirculation fan 230 could alternatively or
additionally be 1nstalled 1n the chill air path. The recirculation fan 230 may also be
controlled by the TECD control system 210. In addition, sensors including temperature
sensors, liquid coolant flow sensors, and/or airflow sensors may be placed 1n the chilled
compartment 220, the thermoelectric chiller assembly 100, or in the path of air flow 240 for
the TECD control system 210 to control the temperature and airflow of the aircraft galley

chiller system 200.

[0041] The thermoelectric chiller assembly 100 may be coupled with an aircraft’s central
liquid cooling system (LCS) 250. The liquid coolant flowing through the liquid heat
exchanger 130 may be chilled by a central liquid coolant chiller in the aircraft and circulated
throughout the aircraft by a central liquid coolant re-circulator. The liquid coolant flowing

through the liquid heat exchanger 130 may include a solution such as glycol and water

(PGW), GALDEN® fluid, or other heat transfer fluids as known in the art.

[0042] A TED includes a solid-state Peltier device that uses the Peltier effect to transfer
heat from one side of the TED (1.¢., the cold side) to another side of the TED ( 1.¢., the hot
side). An example of a TED 1s an exemplary device as described by TELLUREX

(www tellurex.com/technology/design-manual.php, accessed June 7, 2011). Passing a
current through a TED causes heat to transfer from one side to the other, typically producing
a temperature differential of around 40 degrees C. The TED can thus be used to transfer heat

from a heat exchanger such as the air heat exchangers 110A and 110B on the cold side to a

heat sink such as the liquid heat exchanger 130 on the hot side of the TED.

[0043] A Peltier device operates by a difference in the Fermai level between two conductors
that are placed 1n electrical contact with one another. Electrons flow out of the conductor 1n
which the electrons are less bound 1nto the conductor in which the electrons are more bound.
The Fermai level represents the demarcation 1in energy within the conduction band of a
conductor such as a metal, between the energy levels occupied by electrons and those that are
unoccupied. When two conductors with different Fermi levels make contact, electrons flow
from the conductor with the higher Fermi level until the change 1n electrostatic potential
brings the two Fermi levels to the same value. This electrostatic potential 1s known as the
contact potential. Electrical current passing across the junction between the two conductors

results 1n either a forward or a reverse bias, resulting 1n a temperature gradient. If the
8
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temperature of the hotter junction (known as the heat sink) 1s kept low by removing the
ogenerated heat, the temperature of the colder junction (known as the cold plate) can be cooled

by tens of degrees.

[0044] Because the thermoelectric chiller assembly 100 has an air heat exchanger 110A on
one side of the liquid heat exchanger 130 and another air heat exchanger 110B on the
opposite side of the liquid heat exchanger 130, with TEDs disposed 1n an array in between
both air heat exchangers 110A and 110B and the liquid heat exchanger 130, the
thermoelectric chiller assembly 100 transfers heat more efficiently with lower weight and
volume than conventional thermoelectric device-based chillers having a heat exchanger on
just one side of a single TED or array of TEDs where a heat exchanger only thermally

couples with the TEDs on one side.

[0045] FIGS. 5A and 5B are perspective views of an exterior design of the thermoelectric
chiller assembly 100, according to an embodiment. FIGS. 5A and 5B 1llustrate the liquid
heat exchanger 130 sandwiched between the air heat exchanger 110A and the air heat

exchanger 110B.

[0046] FIG. 6 1s a perspective view of thermoelectric modules 610 mounted on the liquid
heat exchanger 130 of the thermoelectric chiller assembly 100 of FIG. 5, according to an
embodiment. As illustrated in FIG. 6, an array of nine thermoelectric modules 610 are
disposed on each side of the liquid heat exchanger 130 and sandwiched between the liquid
heat exchanger 130 and the air heat exchangers 110A and 110B. The thermoelectric modules
610 include the TEDs electrically coupled to the TED power lines 190. While nine
thermoelectric modules 610 are 1llustrated in FIG. 6, this should not be construed as limiting.
In various embodiments, more or fewer thermoelectric modules 610 may be disposed on each

side of the liquid heat exchanger 130.

[0047] FIGS. 7A and 7B are perspective views of air heat exchanger internal components
of the thermocelectric chiller assembly 100 of FIG. 5, according to an embodiment. The
components of cach of the air heat exchangers 110A and 110B include the enclosure 170
having holes at fastening positions 180, fins 160 that enhance heat transfer between air
flowing through the air heat exchanger 110A and 110B, and an air heat exchanger base 710
to which the fins 160 and the enclosure 170 are attached. The air heat exchanger base 710
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has holes at the fastening positions 180 for screws 185 to fasten the air heat exchanger base
710 to the liquid heat exchanger 130 with the thermocelectric modules 610 sandwiched

therebetween.

[0048] FIG. 8 1s a perspective view of liquid heat exchanger internal components of the
thermoclectric chiller assembly 100 of FIG. 5, according to an embodiment. The liquid heat
exchanger internal components include liquid heat exchanger enclosures 810A and 810B that
fasten to the air heat exchangers 110A and 110B, respectively, using screws 185. Between
the liquid heat exchanger enclosures 810A and 810B 1s disposed two layers of fins 820 and a
separator 830 disposed between the two layers of fins 820. The separator 830 has holes 840
disposed at the ends of the sets of fins 820 to facilitate liquid flowing from an output of the
fins 820 on one side of the separator 830 to an input of the corresponding fins 820 on the
other side of the separator 830. The separator 830 thus separates the liquid circulation path 1n
the liquid heat exchanger 130 1into an upper circulation path on the side of the liquid heat
exchanger enclosure 810A and a lower circulation path on the side of the liquid heat
exchanger enclosure 810B. The upper fins 820 on the upper side of the separator 830 guide a
path of the upper circulation path, and the lower fins 820 on the lower side of the separator
830 guide a path of the lower circulation path. This 1s discussed further in relation to the

subsequent figures.

[0049]  FIG. 9 1s a perspective view of a liquid heat exchanger braze assembly 900 of the
thermoclectric chiller assembly of FIG. 5, according to an embodiment. The liquid heat
exchanger braze assembly 900 comprises the two liquid heat exchanger enclosures 810A and
810B with the separator 830 disposed therebetween. The two liquid heat exchanger
enclosures 810A and 810B and separator 830 have corresponding air flow balance ports 910
that facilitate air flow through the liquid heat exchanger braze assembly 900 between the
outsides of the two liquid heat exchanger enclosures 810A and 810B facing the air heat

ecxchanger 110A and the air heat exchanger 110B, respectively.

[0050] FIG. 10 1s a perspective view of top and bottom layers of the liquid heat exchanger
braze assembly 900 of FIG. 9, according to an embodiment. FIG. 10 1s similar to FIG. §, but
illustrates how the liquid coolant flows between the two layers of the fins 820 on either side

of the separator 830. The labeling of the top and bottom layers of the liquid heat exchanger

braze assembly 900 should not be construed as limiting, because which layers of the liquid
10
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heat exchanger braze assembly 900 are considered top and bottom layers 1s arbitrary, and
may be different in other embodiments. For convenience of description herein, the top layer

1s considered to be on the side of the liquid heat exchanger enclosure 810A.

[0051] Coolant may 1nitially flow into the liquid heat exchanger 130, through three sets of
the top layer of fins 820, then through the three sets of holes 840 1n the separator 830 into the
bottom layer of three sets of fins 820, and out of the liquid heat exchanger 130 after flowing
through the bottom layer of fins 820. While three sets of fins 820 are shown, this should not
be construed as limiting, as any number of sets of fins 820 may be provided in various
embodiments. For example, 1n various other embodiments, there may be one, two, four, five,
S1X, seven, eight, nine, ten, or other number of sets of fins 820. Thus, there may be any
number of pairs of upper circulation paths and lower circulation paths guided by the sets of

fins 820 disposed in parallel with one another.

[0052] FIG. 11 1s a perspective view of a top layer heat exchanger liquid circulation of the
liquid heat exchanger braze assembly 900 of FIG. 9, according to an embodiment. FIG. 12 1s
another perspective view of a top layer heat exchanger liquid circulation of the liquid heat
exchanger braze assembly 900 of FIG. 9, according to an embodiment. FIG. 12 1s similar to
FIG. 11, except that FIG. 12 does not illustrate the separator 830. FIG. 10 further elaborates
on the liquid circulation of the liquid coolant in the liquid heat exchanger braze assembly
900. The liquid coolant first flows through the liquid inlet port 140. Then, the liquid coolant
flows 1n parallel into each set of the three sets of fins 820 1n the top layer of the liquid heat
exchanger 130. The horseshoe shaped sets of fins 820 form a serpentine pattern through
which the liquid coolant flows. After flowing through each of the horseshoe shaped sets of
fins 820, the liquid coolant flows through a respective set of holes 840 1n the separator 830
into the respective horseshoe shaped sets of fins 820 on the bottom layer of the liquid heat
exchanger 130. After flowing in parallel through the horseshoe shaped sets of fins 820 on the
bottom layer of the liquid heat exchanger 130, the liquid coolant from all horseshoe shaped
sets of fins 820 combines and exits the liquid heat exchanger 130 through the liquid outlet
port 150. Thus, the liquid coolant flows 1n a serpentine path.

[0053] The hiquid circulation path 1llustrated provides significant performance advantages
over a conventional serpentine flow path 1n series. In a conventional serpentine flow path in

series, coolant temperature rises in the direction toward the liquid outlet port. The
11
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thermoclectric modules’ electrical resistance changes with temperature progressively in
conventional systems, and this results in each thermoelectric module having a different
performance compared to the other thermoelectric modules. In contrast, the parallel liquid
circulation 1n the illustrated embodiments provides a counter-flow arrangement that increases
heat transfer between the top and bottom layers of fins 820 and causes the coolant
temperature to be more uniform between the liquid inlet port 140 and liquad outlet port 150.
The counter-flow arrangement 1s characterized by the liquid coolant flowing 1n a substantially
opposite direction in the layer of fins 820 on the upper side of the separator 830 than in the
adjacent layer of fins 820 on the lower side of the separator 830. In other words, the upper
circulation path guides the liquid coolant to flow 1in one direction alongside the upper side of
the separator 830 at a given planar coordinate and the lower circulation path guides the liquid
coolant to flow 1n a substantially opposite direction alongside the lower side of the separator
830 at the same given planar coordinate. This counter-flow arrangement minimizes liquid
heat exchanger 130 surface temperature gradients across the thermoelectric modules 610.
Thus, the performance of all thermoelectric modules 610 may be closer to one another than 1n

conventional systems.

[0054] FIG. 13 illustrates a comparison of heat transfer effectiveness for a countertlow
heat exchanger compared to a parallel-flow heat exchanger, according to an embodiment. A
counterflow exchanger 1s one 1n which the flow of fluid on one side of a heat transfer surface
1S 1n a substantially opposite direction from that on the other side of the heat transfer surface.
In contrast, a parallel-flow exchanger 1s one 1n which the flow of fluid on one side of a heat
transfer surface 1s in the same direction as that on the other side of the heat transfer surface.
The graph on the left 1llustrates that the heat transfer effectiveness for a counterflow
exchanger as a function of a number of transfer units (Nty=AU/Cpin) and capacity rate ratio
in a counterflow heat exchanger has an effectiveness of about 90% at 5 transfer units with
Cnin/Cmax=0.75. In contrast, the graph on the right illustrates that the heat transfer
cttectiveness for a parallel-flow exchanger as a function of a number of transfer units
(NTu=AU/Cuin) and capacity rate ratio in a parallel flow heat exchanger has an effectiveness
of about 57% at 5 transfer units with C,,;,/Cax=0.75. The design of the embodiments 1n
which liquid coolant flow through the fins 820 on one side of the separator 830 1n the liquid

heat exchanger 130 1s 1n a substantially opposite direction of liquid coolant flow through the

12
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fins 820 on the opposite side of the separator 830 1s therefore more efficient at transferring
heat across the separator 830 than a design 1n which the flows are 1n parallel with one another
by about 33%. As a result, the embodiments are more efficient 1n minimizing a temperature
gradient across the entire surface of the sides of the liquid heat exchanger 130 to which the

thermoclectric modules 610 are attached.

[0055] FIG. 14 illustrates an increase 1n heat transfer by applying thermoelectric modules
610 to both sides of a liquid heat exchanger 130, according to an embodiment. The table
illustrates laminar-tflow heat transfer and friction solutions for fully developed velocity and
temperature profiles. In a conventional system where a thermoelectric module 1s only applied
on a single side of a liquid heat exchanger, a value of N may only about 5.385. In contrast,
when a thermoelectric module 610 1s applied on both sides of a liquid heat exchanger 130, as
in the embodiments described herein, a value of N may be about 8.235. Thus, heat transfer 18
increased by about 53% by having thermoclectric modules 610 applied on both sides of a
liquid heat exchanger 130 as in the embodiments described herein compared to conventional

thermoelectric heat transfer systems.

[0056]  FIG. 15 illustrates a straight fin 160 of the air heat exchangers 110A and 110B of
the thermoelectric chiller assembly of FIGS. 5A and 5B, according to an embodiment. The
straight fin design enhances thermal conductance between the air flowing through the fins
160 and the air heat exchangers 110A and 110B. The increased thermal conductance
minimizes a temperature difference across the thermocelectric modules’ surfaces facing the

straight fins 160 and increases efficiency of the thermocelectric cooling device.

[0057] FIG. 16 illustrates a method 1600 of chilling air using a thermoelectric cooling
device, according to an embodiment. The thermocelectric cooling device may include a liquad
heat exchanger that has a liquid circulation path through which liquid coolant flows. The
thermocelectric cooling device may also include two air heat exchangers, one on either side of
the liquid heat exchanger, with a thermoclectric module thermally coupling each air heat
exchanger with the liquid heat exchanger. The thermoelectric chiller assembly 100 1s an

embodiment of the thermoelectric cooling device.

[0058] At block 1610, liquid coolant circulates through the liquid heat exchanger. As the

liquid coolant circulates, the liquid coolant exchanges heat with the liquid heat exchanger to

13
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cool the liquid heat exchanger. The liquid coolant may be pumped through a liquid coolant
circulation system, such as onboard on aircraft, and through the liquid heat exchanger when
coupled with the liquid coolant circulation system. The liquid coolant may be chilled by the
liquid coolant circulation system, for example by a vapor cycle system incorporated with the
liquid coolant circulation system, and thereby cool the liquid heat exchanger by absorbing
heat from the liquid heat exchanger. The liquid coolant may be cooler than the liquid heat

exchanger.

[0059] At block 1620, warm air flows over a first of the two air heat exchangers on either
side of the liquid heat exchanger. The warm air may come from an interior of a chilled
compartment, for example the chilled compartment 220. The warm air may be warmer than
the air heat exchanger, yet cooler than an ambient temperature surrounding a compartment
chiller that incorporates the thermocelectric cooling device. The air heat exchanger may cool
the warm air that flows over the air heat exchanger. In an embodiment, the warm air may
flow over thermally conductive fins that enhance thermal conductance between the warm air
and the heat exchanger. Fins 160 may be embodiments of the thermally conductive fins. The
cooled air may then return to the interior of the chilled compartment, and thereby cool the

interior of the chilled compartment.

[0060] At block 1630, warm air flows over a second of the two air heat exchangers on
cither side of the liquid heat exchanger. The construction and operation of the second of the
two air heat exchangers may be similar to that of the first air heat exchanger. Therefore, the

process of block 1630 may be substantially similar to that of block 1620.

[0061] At block 1640, heat 1s transferred between the first air heat exchanger and the liquid
heat exchanger to cool the first air heat exchanger. The heat may be transferred using a
thermoclectric device (TED) which operates according to the Peltier effect. The
thermocelectric modules 610 may be embodiments of the TEDs which transfer heat between
the first air heat exchanger and the liquid heat exchanger. The TEDs may cool the first air
heat exchanger by transferring heat from the first air heat exchanger to the liquid heat

exchanger. The liquid heat exchanger 1s then cooled by transferring heat to the liquid coolant

as discussed at block 1610.
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[0062] At block 1650, heat is transferred between the second air heat exchanger and the
liquid heat exchanger to cool the second air heat exchanger. Because the construction and
~operation of the second air heat exchanger may be substantially similar to that of the first air

heat exchanger, the process of block 1650 may be substantially similar to that of block 1640.

[0063] For the purposes of promoting an understanding of the principles of the invention,
reference has been made to the embodiments illustrated in the drawings, and specific language
has been used to describe these embodiments. However, no limitation of the scope of the
invention is intended by this specific language, and the invention should be construed to
encompass all embodiments that would normally occur to one of ordinary skill in the art. The
terminology used herein i1s for the purpose of describing the particular embodiments and is not
intended to be limiting of exemplary embodiments of the invention. In the description of the
embodiments, certain detailed explanations of related art are omitted when it is deemed that they

may unnecessarily obscure the essence of the invention.

[0064] The use of any and all examples, or exemplary language (e.g., "such as") provided
herein, 1s intended merely to better illuminate the invention and does not pose a limitation
on the scope of the invention unless otherwise claimed. Numerous modifications and
adaptations will be readily apparent to those of ordinary skill in this art without departing
from the scope of the invention as defined by the following claims. Therefore, the scope of
the invention 1s defined not by the detailed description of the invention but by the following
claims, and all differences within the scope will be construed as being included in the

invention.

|0065] No 1item or component 1s €ssential to the practice of the invention unless the element is
specifically described as "essential” or "critical”. It will also be recognized that the terms
"comprises," "comprising,” "includes," "including," "has," and "having," as used herein, are
specifically intended to be read as open-ended terms of art. The use of the terms "a" and "an"

and "the" and similar referents in the context of describing the invention
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(especially 1n the context of the following claims) are to be construed to cover both the
singular and the plural, unless the context clearly indicates otherwise. In addition, 1t should
be understood that although the terms “first,” “second,” etc. may be used herein to describe
various clements, these elements should not be limited by these terms, which are only used to
distinguish one ¢lement from another. Furthermore, recitation of ranges of values herein are
merely intended to serve as a shorthand method of referring individually to each separate
value falling within the range, unless otherwise indicated herein, and each separate value 1s

incorporated 1nto the specification as 1f 1t were individually recited herein.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE PROPERTY
OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A thermoelectric cooling device comprising:

a liquid heat exchanger including a liquid circulation path through which liquid
coolant flows to exchange heat with the liquid heat exchanger and a separator that separates
the liquid circulation path into an upper circulation path and a lower circulation path, the
upper circulation path guiding the liquid coolant at a given planar coordinate alongside one
side of the separator to flow in one direction and the lower circulation path guiding the liquid
coolant at the same given planar coordinate alongside the opposite side of the separator to

flow in a substantially opposite direction;

a tirst air heat exchanger configured to exchange heat with air that flows over the first

air heat exchanger;

a second air heat exchanger configured to exchange heat with air that flows over the

second air heat exchanger;

a first thermoelectric module thermally coupled on a first side with a first side of the
liquid heat exchanger and on a second side with the first air heat exchanger to transfer heat

between the first air heat exchanger and the liquid heat exchanger; and

a second thermoelectric module thermally coupled on a first side with a second side of
the liquid heat exchanger and on a second side with the second air heat exchanger to transfer

heat between the second air heat exchanger and the liquid heat exchanger;

wherein the separator of the liquid heat exchanger is oriented along a plane paraliel to
the first side of the liquid heat exchanger and parallel to the second side of the liquid heat

exchanger.

2. The thermoelectric cooling device of claim 1, the first air heat exchanger including
thermally conductive fins that enhance thermal conductance between the first air heat

exchanger and the air that flows over the first air heat exchanger.
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3. The thermoelectric cooling device of either of claims 1 or 2, the liquid heat exchanger
including an inlet through which the liquid coolant enters the upper circulation path from
outside the liquid heat exchanger and an outlet through which the liquid coolant exits the
lower circulation path to outside the liquid heat exchanger, and the separator including a hole
through which the liquid coolant passes through the separator from the upper circulation path

to the lower circulation path.

4, The thermoelectric cooling device of any one of claims 1 to 3, the upper circulation
path including upper fins adjacent the separator on the one side of the separator, and the
lower circulation path including lower fins adjacent the separator on the opposite side of the
separator, the upper fins guiding a path of the upper circulation path and the lower fins

guiding a path of the lower circulation path.

J. The thermoelectric cooling device of claim 4, the upper fins and the lower tins
arranged in a serpentine pattern that guides the liquid coolant in the upper circulation path
and the liquid coolant in the lower circulation path to flow in substantially opposite directions

from one another along opposite sides of the separator.

6. The thermoelectric cooling device of any one of claims 1 to 5, the liquid circulation

path being separated into a plurality of pairs of upper circulation paths and lower circulation

paths disposed in parallel with one another.

7. The thermoelectric cooling device of any one of claims 1 to 6, further comprising:
a housing; and

a chilled compartment disposed within the housing, the chilled compartment in tluid
communication with the first air heat exchanger and the second air heat exchanger to recetve

the air chilled by the first air heat exchanger and the second air heat exchanger.

18
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8. A method of chilling air using a thermoelectric cooling device comprising a liquid
heat exchanger including a liquid circulation path through which liquid coolant flows, a first
air heat exchanger, a second air heat exchanger, a first thermoelectric module thermally
coupled on a first side with a first side of the liquid heat exchanger and on a second side with
the first air heat exchanger, and a second thermoelectric module thermally coupled on a first

side with a second side of the liquid heat exchanger and on a second side with the second air

heat exchanger, the method comprising:

separating the liquid circulation path into an upper circulation path and a lower
circulation path using a separator oriented along a plane parallel to the first side of the liquid
heat exchanger and parallel to the second side of the liquid heat exchanger, the upper
circulation path guiding the liquid coolant at a given planar coordinate alongside one side of
the separator to flow in one direction and the lower circulation path guiding the liquid coolant
at the same given planar coordinate alongside the opposite side of the separator to flow in a

substantially opposite direction;

circulating the liquid coolant through the liquid heat exchanger to exchange heat with

the liquid heat exchanger to cool the liquid heat exchanger;

flowing warm first air over the first air heat exchanger to exchange heat with the first

air heat exchanger to cool the first air;

flowing warm second air over the second air heat exchanger to exchange heat with the

second air heat exchanger to cool the second air;

transferring heat between the first air heat exchanger and the liquid heat exchanger to

cool the first air heat exchanger; and

transferring heat between the second air heat exchanger and the liquid heat exchanger

to cool the second air heat exchanger.

9. The method of claim 8, further comprising flowing the warm first air over thermally
conductive ﬁns that enhance thermal conductance between the warm first air and the first air

heat exchanger.

19



CA 02887962 2016-06-15

10.  The method of either of claims 8 or 9, turther comprising:

the liquid coolant entering the upper circulation path from outside the liquid heat

exchanger through an inlet;

the liquid coolant exiting the lower circulation path to outside the liquid heat

exchanger through an outlet; and

the liquid coolant passing through a hole in the separator from the upper circulation

path to the lower circulation path.

11.  The method of claim 10, further comprising guiding the liquid coolant in the upper
circulation path and the liquid coolant in the lower circulation path to flow in substantially
opposite directions from one another along opposite sides of the separator using upper fins

and lower fins arranged 1n a serpentine pattern.

12.  The method of claim 11, further comprising guiding the liquid coolant in a plurality of
pairs of upper circulation paths and lower circulation paths disposed in parallel with one

another.
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