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BATTERY THERMAL MANAGEMENT FOR
HYBRID ELECTRIC VEHICLES USING A
PHASE-CHANGE MATERIAL COLD PLATE

PRIORITY

[0001] The present Patent Application 1s a formalization of

previously filed, co-pending U.S. Provisional Patent Appli-
cation Ser. No. 61/998,590 filed on Jul. 1, 2014, by the mnven-

tors named 1n the present Application. This Patent Applica-
tion claims the benefit of the filing date of this cited
Provisional Patent Application according to the statutes and

rules governing provisional patent applications, particularly
35 U.S.C. §119(e), and 37 C.F.R. §§1.78(a)(3) and 1.78(a)

(4). The specification and drawings of the Provisional Patent
Application referenced above are specifically incorporated
herein by reference as 1f set forth in their entirety.

FIELD OF THE DISCLOSUR.

(L]

[0002] The present disclosure relates to thermal manage-
ment systems. In particular, the present disclosure relates to
management of thermal outputs or heat produced by energy
storage systems, such as batteries used on hybrid-electric
vehicles.

BACKGROUND

[0003] The need for larger energy storage systems (ESS)
has increased as the demand for longer all-electric ranges
(AER) 1n hybrid-electric vehicles (HEV) has grown with the
increase i HEV’s 1n recent years. An important design con-
cern of large ESS’s 15 the thermal management system (TMS)
for managing heat generated by the battery systems powering
such HEV’s. There are two primary cooling strategies cur-
rently utilized by industry: air cooling and liquid cooling. Air
cooling 1s advantageous because it 1s lightweight and simple.
However, during high start-stop driving and relatively low
speeds, large volumetric flow rates are required to properly
cool the ESS 1n many HEV’s. This drives the need for larger
and/or more powertul fans, which typically add mass and
consume more power. Liquid cooling 1s desirable because 1t
occupies a smaller volume; however, because liquid cooling
typically requires a metal cold plate (usually aluminum) and
a liquid coolant, such systems generally are heavier compared
to air cooling. Additionally, more pumping power 1s typically
needed for a liquid-cooled system than for a passive air-
cooled system.

[0004] A more recent alternative to utilizing air and liquid
cooling for HEV battery thermal management involves the
use of phase-change materials (PCMs). PCMs absorb and
store energy while changing phase. Generally the phase-
change material has been put 1n direct contact with the battery
cells. However, because the thermal conductivity of pure
PCMs 1s relatively low, their use has been limited 1n battery
thermal management applications for HEV’s.

SUMMARY

[0005] The present disclosure generally relates to a thermal
management system for management of thermal output or
heat from electrical power storage devices or systems. In one
embodiment, the thermal management system can have a
cold plate whose body includes a conduit and at least partially
comprises a phase-change material. The system may also
include a cooling liquid and a pump. The pump can be con-
figured and/or operated to selectively pump the cooling liquid
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through the conduit of the cold plate, for example based on a
selected interval, temperature measurement(s), or other fac-
tors.

[0006] In some embodiments, the thermal management
system of the present disclosure can be used to cool an energy
storage system, such as the batteries of a hybrnid electric
vehicle. In addition, the thermal management system can be
incorporated into or with the energy storage system, such as a
battery, while 1n other embodiments, the thermal manage-
ment system can be located external to the battery or other
energy storage device or system.

[0007] The present disclosure also includes a method of
controlling thermal management 1n an energy storage or bat-
tery system for hybrd electric vehicles. In one embodiment,
the method comprises thermally coupling a cold plate to the
battery system. The cold plate comprises a phase-change
material. The method further includes intermittently pump-
ing a cooling liquid through a conduit within the cold plate.

[0008] These and other aspects of the present invention will
become apparent to those skilled in the art after a reading of
the following description of the preferred embodiments,
when considered 1n conjunction with the drawings. It should
be understood that both the foregoing general description and
the following detailed description are explanatory only and
are not restrictive of the invention as claimed.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 illustrates an example of a phase-change
material cold plate for use 1n accordance with embodiments
of the present disclosure.

[0010] FIGS. 2A-2B are schematic 1llustrations of a ther-
mal management system according to embodiments of the
present disclosure.

[0011] FIG. 3 shows an example of a battery system 1ncor-
porating the PCM cold plate of the present disclosure.
[0012] FIG. 4 1s a graphical representation of measured
temperature at the midpoint of the PCM cold plate as a func-
tion of time during cooling cycles.

[0013] FIG. 51sa diagram of the on/off run cycle of a pump
in a thermal management system of the present disclosure for
various temperature nlet conditions.

[0014] FIG. 6 1s a contour diagram of the temperature on
the heat-flux side of the PCM cold plate at pump shut-oif
when Tinlet=15° C.

[0015] FIG. 7 1s a contour diagram of the temperature on
the heat-flux side of the PCM cold plate at pump shut-oif
when Tinlet=20° C.

[0016] FIG. 8 1s a contour diagram of the temperature on
the heat-flux side of the PCM cold plate at pump shut-oif
when Tinlet=25° C.

[0017] FIG. 9 1s a contour diagram of the temperature on
the heat-flux side of the PCM cold plate at pump shut-oif
when Tinlet=30° C.

[0018] It will be understood that the drawings accompany-
ing the present disclosure, which are included to provide a
further understanding of the present disclosure, are incorpo-
rated 1n and constitute a part of this specification, illustrate
various aspects, features, advantages and benefits of the
present disclosure and mmvention, and together with the fol-
lowing detailed description, serve to explain the principles of
the present invention. In addition, those skilled in the art wall
understand that 1n practice, various features of the drawings
discussed herein are not necessarily drawn to scale, and that
dimensions of various features and elements shown or 1llus-
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trated 1n the drawings and/or discussed i1n the following
detailed description may be expanded, reduced, or moved to
an exploded position, 1n order to more clearly illustrate the
principles and embodiments of the present invention as set
forth 1n this disclosure.

DETAILED DESCRIPTION

[0019] The current disclosure 1s directed to a thermal man-
agement system (IMS) 1 comprising a cold plate 3 that 1s
liquid cooled, and which will be formed at least partially from
a phase-change material (PCM) 7. FIG. 1 shows one example
of a cold plate 3 for use 1n a thermal management system 1.
The cold plate 3 may include a body 5 that can have an
clongated plate-like shape, although other configurations are
also possible as needed to fit a prescribed thermal manage-
ment application. The body 5 of the cold plate 3 can be made
from an open structure, e.g., a matrix 6, of graphite or other
thermally conductive material, which matrix 6 may be
impregnated with, embedded within, or provide encapsula-
tion for a phase-change material 7 such that the phase-change
material 7 may be substantially contained and/or constrained
therewithin when 1n a liquid phase. In most embodiments, the
phase-change material 7 1s a solid/liquid phase-change mate-
rial. For example, the phase-change material 7 may include a
wax material, or can include other suitable phase-change
matenals. In a preferred embodiment, the body 5 may be
formed from a graphite-matrix phase-change material. An

example of a suitable graphite-matrix phase-change material
may be PCC™ available from AllCell Technologies, LCC,

Chicago, Ill.

[0020] A cooling liquid conduit 9 1s defined through the
body 5 of the cold plate 3 so that the cold plate 3 can be
actively cooled. In one embodiment, a substantially u-shaped
copper pipe can be used to form the conduit 9. Other mater-
als, such as various metal alloys or other, similar materials
having heat conductive properties that can be generally simi-
lar to that of copper, also can be used for the cooling liquid
conduit. A cooling liquid, for example a 50-50 solution of
cthylene glycol and water may be cycled through the cold
plate 3 using the conduit 9 to provide a desired cooling or
thermal/heat reduction. Other cooling liquids can be used,
including solutions with ratios of water and ethylene glycol
that are not a 50-50 blend.

[0021] FIGS. 2A and 2B show embodiments of thermal
management systems 1 according to the present disclosure.
Each system 1 may include a cold plate 3 having a phase-
change material 7 as discussed above. Each system 1 may also
include a pump 10, a heat exchanger 15, and a substantially
closed tlow path 20 1n fluid communication with the conduit
9 of the cold plate 3. The system 1 shown 1n FIG. 2A 1llus-
trates the movement of the cooling liquid as it 1s pumped
around the flow path 20, where the cooling liquid 1s heated as
it passes through the conduit 9 and cooled as 1t passes through
the heat exchanger 15. FIG. 2B shows a second embodiment
comprising a plurality of cold plates 3 1n fluid communication
with the flow path 20, where the flow path 20 connects the
conduits 9 of each cold plate 3 in series. Such an arrangement
can be used to spread heat loads across a series of cold plates
3, with the number of cold plates 3 used being variable
depending on projected heat loads or capacity required for the
thermal management system 1.

[0022] FIG. 3 shows an example of a battery 22 on which
the thermal management system 1 1s externally mounted for
heat dissipation.
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[0023] In some embodiments, each cold plate 3 can be
provided with a sensor 25, such as a temperature sensor (see
FIG. 1) or stmilar monitoring device. The sensor 25 may be
centered on the body 3 of the cold plate 3 to determine a
midpoint temperature of the body 5. The sensor 25 includes,
or communicates with, electronics configured to vary the
operating characteristics of the pump 10. The pump 10 further
may be configured to be turned on and off 1n response to
communications from the sensor, or, 1n other embodiments,
can be operated/engaged at predetermined time intervals or 1n
response to other measured parameters, with the sensor fur-
ther providing an override control aspect to engage or disen-
gage the pump as needed to provide a consistent cooling as
energy usage increases or decreases. In other embodiments,
the pump 10 may have a variable tlow rate.

[0024] Inoneexample, the pump 10 (1.€., the active cooling
component of the system 1 when used with the cooling liquid)
can be maintained in an oif or idle state at temperatures or
conditions below a predetermined threshold, and the pump 10
1s activated or turned on at temperatures or conditions above
a predetermined threshold. For example, the phase-change
material 7 will begin to melt at approximately a known melt-
ing temperature for a given material. Heat 1s being stored by
the phase-change material as it melts. During this melting
stage, the temperature of the material can stay substantially
the same. Once the phase-change material 1s completely
melted (1.e., thermally saturated) the temperature of the PCM
will begin to rise. The reverse 1s true as the phase-change
material cools. The temperature remains substantially steady
as the material solidifies and begins to fall again once the
phase-change material has substantially fully solidified.
Therefore, 1n one example, the pump 10 may be activated
when the sensor 25 determines that the phase-change material
1s thermally saturated, and the pump 10 may be turned off
when the sensor 25 determines that the phase-change material
1s substantially fully solidified.

[0025] As aresult, by utilizing the PCM heat storage capa-
bilities with controlled liquid cooling of the cold plate, upon
thermal saturation or other monitored set-point, such as based
on monitored temperatures thereof, less pump run time 1s
required. The pump supplying the cooling liquid can be oper-
ated mtermittently, rather than continuously, as with a tradi-
tional metal (aluminum) cold plate. Liquid cooling the cold
plate allows a design without requiring the TMS to necessar-
1ly be designed for a substantial maximum projected thermal
capacity (1.e., potentially being designed with too much
capacity) as required for TMS’ using PCMs exclusively.

[0026] Thedisclosed thermal management system 1 further
can be provided with a reduced profile and/or weight through
the use of phase-change materials having a lower density
compared with traditional cold plate materials like alumi-
num. Therefore, with a similar size cold plate, a thermal
management system with a PCM cold plate may weigh less.
For example, the density of PCC™ by AllCell 1s approxi-
mately 24 less than aluminum, but does not require additional
materal to provide similar results.

[0027] Additionally, because phase-change materials store
heat, the heat spikes seen in batteries during drive cycles of
hybrid electric vehicles can be absorbed and effectively {il-
tered. This allows the liquid cooling components to be sized
for the average heat rejection rate of the energy storage sys-
tem rather than for maximum instantaneous heat flux peaks,
which may occur frequently during a drive cycle, and enables
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the thermal management system 1 to rely more heavily upon
passive cooling from the cold plate itsell.

[0028] Also, unlike traditional active cooling systems that
generally require continuous pumping of the cooling fluid,
the disclosed thermal management system 1 can use only
intermittent pumping to save energy costs. The liquid cooling
pump requirements are reduced in both intensity and duration
because of the phase-change material’s ability to absorb heat.
This heat storage increases the time over which a thermal
management system may remove heat and allows the pump
and conduits to be sized for the average heat rejection rate
rather than for the peaks.

[0029] Stll further, the disclosed system does not require
inserting a phase-change material into the interstitial spaces
between individual battery cells. Instead, the thermal conduc-
tivity of the phase-change material can be increased by the
combination with a heat conductive matrix, such as graphite,
so that the phase-change material can be sufficiently efficient
to operate external to the battery cells.

EXAMPLE

[0030] A graphite matrnix-PCM cold plate consistent with
FIG. 1 was evaluated. The dimensions of the PCM cold plate
with liquid cooling and cooling liquid conduit thereof, as used
in the tests, are given 1n Table 1 below. For example, in the
present embodiment, the outside diameter of the copper pipe
1s given as “Do”” and the thickness of the copper pipe 15 0.035
in. (0.089 cm). It will be understood that other size/thickness
pipes, and other conduit materials also can be used. The
dimensions of the cold plate are not limited to the example
given. The material for the cold plate according to this

example was PCC™ from AllCell Technologies.

TABL.

L1l

1

Dimensions of the cold plate assembly.

H 13.750 in. (34.925 cm)
W 6.500 (16.510)

d 0.625 (1.588)
Do 0.375 (0.952)
Hp 12.000 (30.480)

X 1.750 (4.445)
RB 1.000 (2.540)

[0031] The matenal properties of the solids, PCM, copper,
and aluminum, are summarized 1n Table 2 below. The tem-
perature range of melting for the PCM 1s between 34.5 and
39.5° C. The enthalpy based on mass as a function of tem-
perature that was used in the simulation 1s shown 1n Table 3
below.

TABLE 2

Material properties of the PCM and the aluminum.

PCM Copper Aluminum
Density p. kg/m’ 925 8940 2702
Specific Heat Capacity ¢, I'kg - K 1800 386 903
Thermal Conductivity k, W/m - K 25 398 237
Melting Point, ° C. 34.5 — —
Melting Range, ° C. 5 — —

Latent Heat of Fusion hg, J'kg 174000 — —
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TABL.

L1l

3

Enthalpy versus temperature of the PCM.

Temperature (° C.) Enthalpy (J/kg)
1 0
34.5 60300
39.5 183000
300 468900

[0032] The liqud cooling system 1s actively controlled by
sensing the midpoint temperature of the PCM cold plate and
then engaging the fluid flow at a specified set-point tempera-
ture. FIG. 1 shows an example placement of a temperature
sensor 25 along the cold plate 3. The set-point used 1n the
current stmulation 1s 39.5° C. When the temperature set-point
1s achieved, the liquid cooling system (all velocities mnitially
at zero) 1s turned on and the following velocity boundary
condition 1s applied at the inlet of the pipe:

U, ..=0.6 m/s (1)

inlet
[0033] Furthermore, the inlet temperature (““Tinlet”) of the
liquid 1s parametrically varied.

15° C.<T;

inlet
[0034] When the midpoint temperature of the PCM reaches
34.5° C., which 1s the beginning of the phase-change, the
liquid cooling system 1s turned oif by reapplying a zero veloc-
ity at the inlet of the pipe.

[0035] The standard outlet boundary condition of a zero
axial velocity gradient and zero gage pressure are applied at
the outlet of the pipe.

[0036] In order to determine the thermal load of the Li-1on
battery, an ESS (battery) plant model was developed and
simulated using a two drive-cycle blend of the Federal Test
Procedure 75 (FTP75) and Highway Fuel Economy Test
(HWFET), with a multiplier of two on the battery current. The
clectrical current data 1s calculated for a vehicle that 1s run-
ning in charge-depleting (CD) mode. This 1s an operational
mode where all tractive power 1s drawn from the ESS and 1s
considered the worst-case scenario.

[0037] Because the heat generated by the chemical reac-
tions side of the battery 1s negligible, only the heat gener-
ated by the internal resistance 1s considered. From the elec-
trical current determined by the drive cycle, the heat flux 1s:

<30° C. (2)

g" =R (3)
Ac

[0038] In this equation, I 1s the electrical current, R 1s the
internal resistance, and Ac 1s the area of the cooling surfaces.
Only three of the battery’s six sides reject heat; therefore, Ac
1s the surface area of three sides of the battery. For prootf-oi-
concept and preliminary results, the root-mean square (RMS)
value of the heat flux calculated from the drive cycle 1s
applied as the thermal load.

[0039] Where the cold plate meets the battery, an RMS-heat
flux 1s applied

g'=511 W/m? (4)

[0040] Around all other sides of the simulated cold plate,
adiabatic boundary conditions are imposed.
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[0041] Themitial temperature of the simulated cold plate 1s
set to 30° C.

Results
[0042] In numerical simulation testing to examine the

elfectiveness of the proposed PCM cold plate design structure
and fluid mixture 1n absorbing heat, and the requirements for
activating liquid cooling, heat transfer loads were calculated
and extracted from simulations of combined test drive cycles
using the Federal Test Procedure (F'1TP) and the Highway Fuel
Economy Test ( HWFET). For the preliminary study, the inlet
temperature of the cooling liquid was parametrically varied
between 15 and 30° C. The observed results were compared
with a standard aluminum cold plate with an inlet temperature

of 30° C.

[0043] Two consecutive melting/solidification cycles were
simulated and 1t 1s expected that the behavior of the system
will become periodic. A graph of the midpoint temperature
taken at the mid-plane of the cold plate, versus time for
various 1nlet conditions 1s plotted in FIG. 4. In addition, the
aluminum cold plate control, with a T, , =30° C., 1s also
plotted 1n the figure for comparison purposes. As can be seen
in FIG. 4, the temperature versus time 1s equal for all PCM
cases up until the mitial melting of the PCM 1s complete at
39.5° C. The graph shows that it takes about one hour for the
tested PCM to become thermally saturated. At thus point, the

pump was turned on to remove the heat stored 1n the PCM.

[0044] For the four inlet temperatures (15, 20, 25, and 30°
C.), the temperature of the PCM promptly decreases when the
pump 1s activated. As expected, the lowest inlet temperature
removes heat from the PCM {fastest. In fact, the temperature
overshoots about 4° C. below the PCM melt-point of 34.5° C.
even though the pump turns off at 34.5° C. For a coolant inlet
temperature of 30° C., the midpoint temperature overshoots
34.5° C. by about 0.2° C. Therefore, 1n some embodiments, 1t
may be desirable to turn off the pump 10 prior to complete

solidification of the PCM.

[0045] The timing of the pump cycling on and off 1s shown
in F1G. 5. In FIG. 5, the pump turns on for all inlet temperature
cases when the midpoint temperature reaches 39.5° C., which
takes approximately one hour. For T, , =15, 20, 25, and 30°
C. the pump running time 1s 8.6, 11.5, 17.6 and 43.8 minutes,
respectively to return the midpoint temperature to 34.5° C.
The time 1t takes for the PCM to melt again after the pump has

shut off1s 57.5,56.5,55.2, and 55.1 minutes for T, , =15, 20,
25, and 30° C., respectively. As can be seen here, because the
difference between the re-melt times for all of the different
pump inlet temperatures 1s less than one minute, there does
not appear to be an appreciable advantage to cooling the PCM

past 1ts solidification temperature of 34.5° C.

[0046] FIGS. 6-9 show the simulated temperature distribu-
tion along the surface of the cold plate 3 where the heat flux 1s

applied when the pump shuts off. FIGS. 6-9 show the cases
where T, , =15, 20, 25, and 30° C. respectively.

inlet
[0047] To conclude, this disclosure presents a novel cold
plate design for cooling HEV battery modules (such as shown
in FIG. 3). The designed liquid-cooled PCM cold plate 1s
lighter than traditional cold plates, has reduced continuous
pumping requirements, and does not require mserting PCM
into the interstitial spaces between individual battery cells.
The composite cold plate with PCM material 1s approxi-
mately 14 the weight of a standard cold plate without a cor-
responding loss in thermal capacity. The PCM selected has
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thermal conductivity sufficient to remove heat from a single
side of the battery module which 1s another convenient design
feature.

[0048] The disclosed system provides effective thermal
management with intermittent pump operation. The hiquid
cooling pump requirements are reduced in both intensity and
duration because of the PCM’s ability to absorb heat. This
heat storage increases the time over which a thermal manage-
ment system may remove heat, and allows the coolant pump
to be sized for the average heat rejection rate rather than for
the peaks.

[0049] The foregoing description generally illustrates and
describes various embodiments of the present ivention. It
will, however, be understood by those skilled 1n the art that
various changes and modifications can be made to the above-
discussed construction of the present mvention without
departing from the spirit and scope of the mvention as dis-
closed herein, and that it 1s intended that all matter contained
in the above description or shown in the accompanying draw-
ings shall be iterpreted as being illustrative, and not to be
taken 1n a limiting sense. Furthermore, the scope of the
present disclosure shall be construed to cover various modi-
fications, combinations, additions, alterations, etc., above and
to the above-described embodiments, which shall be consid-
ered to be within the scope of the present invention. Accord-
ingly, various features and characteristics of the present
invention as discussed herein may be selectively interchanged
and applied to other illustrated and non-1llustrated embodi-
ments of the invention, and numerous variations, modifica-
tions, and additions further can be made thereto without
departing from the spirit and scope of the present invention as
set forth 1n the appended claims.

1. A thermal management system for an energy storage

device, comprising;:

a cold plate having a body with a conduit defined therein,
wherein the body comprises a phase-change material
changeable from a substantially solid form to a substan-
tially liquid form upon absorbing heat generated by the
energy storage device;

a cooling liquid; and

a pump,

wherein the pump selectively pumps the cooling liquid
through the conduit of the cold plate for a duration
suificient to cool the phase-change material from its
substantially liquid form to its substantially solid form
for dissipation of heat absorbed thereby.

2. The thermal management system according to claim 1,
wherein the body further comprises a graphite matrix.

3. The thermal management system according to claim 1,
wherein the phase-change material comprises a wax material.

4. The thermal management system according to claim 1,
wherein the cooling liquid comprises a solution of ethylene
glycol and water.

5. The thermal management system according to claim 4,
wherein the cooling liquid further comprises a 50/50 mixture
of ethylene glycol and water.

6. The thermal management system according to claim 1,
wherein the conduit comprises a copper pipe.

7. The thermal management system according to claim 1,
turther comprising a temperature sensor configured to engage
the pump for pumping the cooling tluid through the cooling
plate upon detection of a temperature indicative of the phase-
change material becoming substantially thermally saturated.
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8. The thermal management system according to claim 7,
wherein pumping of the cooling liqud 1s substantially dis-
continued when the temperature sensor detects a solidifica-
tion temperature of the phase-change material.

9. The thermal management system according to claim 7,
wherein the temperature sensor 1s substantially centered with
respect to the cold plate.

10. The thermal management system according to claim 1,
turther comprising a heat exchanger to cool the cooling liquid
outside of the cold plate.

11. The thermal management system according to claim 1,
turther comprising a plurality of cold plates serially coupled
in fluid communication.

12. An energy storage system having a thermal manage-
ment system according to claim 1.

13. The energy storage system according to claim 12, com-
prising batteries for hybrid electric vehicles, and wherein the
thermal management system 1s external to the batteries.

14. A method of controlling thermal management 1n a
battery system for hybnid electric vehicles, comprising:

thermally coupling a cold plate to the battery system, the
cold plate comprising a phase-change material;

absorbing heat generated by the battery system, where-
upon the phase-change material changes from a solid to
a liquad;

pumping a cooling liquid through the cold plate when the
phase-change material becomes substantially saturated;
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dissipating heat from the phase-change material to the
cooling liquid as the phase-change material changes
from the liquid to the solid.

15. The method of claim 14, where the phase-change mate-
rial comprises a wax material and the cold plate further com-
prises a graphite material.

16. The method of claim 14, wherein the cooling liquid
comprises a solution of ethylene glycol and water.

17. The method of claim 14, further comprising monitoring
temperature the phase-change material, and upon detection of
a setpoint temperature indicative of the phase-change mate-
rial becoming substantially thermally saturated, initiating
pumping of the cooling fluid through the cold plate.

18. The method of claim 17, further comprising substan-
tially stopping pumping of the cooling fluid through the cool-
ing plate upon detecting a temperature of the phase-change
maternal indicative of the phase-change material becoming
substantially fully solidified.

19. A thermal management system, comprising:

passive cooling means; and

active cooling means.

20. The thermal management system of claim 19, wherein:

the passive cooling means comprises a cold plate compris-

ing a graphite matrix impregnated with wax; and

the active cooling means comprises intermittent pumping

of a 50/50 solution of ethylene glycol and water through
the cold plate.
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