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Highlights:

Battery thermal management based on the PCS arndamainnel was proposed.

» The cooling plate was designed to balance the mpelffect and energy consumption.

* The management cooled battery effectively and peed better than water cooling.

* The optimal mass flow rate for different concernnag of PCS was determined.

» The dimensionless empirical formulas were obtained.

Abstract: In this paper, the thermal management based oremasge slurry (PCS) and mini

channel cooling plate for the lithium-ion pouchtbat module was proposed. The

three-dimensional thermal model was establishedt@dptimum structure of the cooling plate

with mini channel was designed with the orthogonatrix experimental method to balance the

cooling performance and energy consumption. Thelsiton results showed that the cooling

performance of PCS consisting of 20% n-octadecdomoapsules and 80% water was better

than that of pure water, glycol solution and miheia when the mass flow rate was less than 3 x



10* kg s*. For different concentrations of PCS, if the miims rate exceeded the critical value,
its cooling performance was worse than that of puater. When the cooling target for battery
maximum temperature was higher than 309 K, the &08ng with appropriatenicrocapsule
concentration had the edge over in energy consomptimpared with water cooling. At last, the
dimensionless empirical formula was obtained taljotehe effect of the PCS’s physical
parameters and flow characteristics on the heasfieaand cooling performance. The simulation

results will be useful for the design of PCS bdsattiery thermal management systems.

Keywords: Phase change slurry; Cooling plate; Battery thermahagement; Dimensionless

empirical formula

Nomenclature

t time (s) A effective thermal conductivity
T maximum temperature (K
max p ( ) (W m—lK—l)
Thi minimum temperature (K
min p (K) q heat (W)
ATax maximum temperature difference (K) o
U open-circuit voltage (V)
AT  temperature difference (K) )
V terminal voltage (V)
To ambient temperature (K)
I current (A)
T temperature (K
P ) A area (M)
0 excess temperature (K) )
d diameter (m)
6 maximum excess temperature (K
mex P ) L latent heat (J kK

6 maximum excess temperature without . i
a0 P h heat transfer coefficient (WHK™)

cooling (K) Vi volume ()

AP pressure drop (Pa)

0

m fl te (kg
P static pressure (Pa) mass flow rate (kg'}

0 bl t
Cp specific heat (J KgK™) nabla operator

elocity (m &'

p density (kg ) u velocity (m )

iz apparent viscosity (ns”)

! thermal conductivity (W tK™)



V  velocity vector out outlet

_ in inlet
f fluid volume force vector
Al aluminum

Eviscous fluid viscous force vector X X direction
C constant Y Y direction

volume fraction z Z direction
Cn mass concentration \Y; volume
y core-to-shell weight ratio m mass
e shear rate p particle
Gr Grashof number c core
Nu Nusselt number s shell
Pr Prandtl Number f carrier fluid
Re Reynolds number Acronyms
Pe Peclet number HEV  hybrid electric vehicle

© excess temperature dimensionless numbergEV electric vehicle
n number of cooling channels PCM  phase change material

w total width of cooling channels (mm) PCS phase change slurry

0 thickness of cooling channels (mm) mPCM micro-encapsulated PCM
Subscripts BTMS battery thermal management system
bat battery SOC state of charge

1. Introduction

Lithium-ion batteries made from multiple cells ceoted parallel have been targeted for use in
electric vehicles (EVs) and hybrid electric vehéc{elEVS) due to their high power capability and
energy density. The thermal safety risk of large capacity lithibattery module is improved as
battery module with more energy can be releaseidglarsingle cell failufé. The battery

thermal management system (BTMS) is used to limeitrhaximum temperaturé{) of battery



module during normal operation in order to avoierthal runaway and also to decrease the
maximum temperature differenc&T(.y) to prolong the battery Iifesp@h Many thermal
management technologies for battery packs in E\l$E)'s have been developed in the past few
decades, including air cooling, liquid cooling, paahange material (PCM) cooling and heat
pipes coolin™. Besides, some innovative cooling technologieshsis boiling based cooling

method™ and couple multiple cooling metHdldare also developed.

As moving devices, like pumps or blowers, are equired, passive thermal management based
on the PCM is more cost-effective and reli&hl@he heat generated by the battery can be
absorbed by the PCM located between the cellsttériganodules. When the temperature of the
cell reaches the PCM melting point, further hedtlvd stored in the PCM as latent heat with no
further increase in temperatiP&*. However, it is difficult to employ this methodfiefently
because of the relatively low thermal conductiyity0.5 W m™* K™), which leads to a temperature
gradient inside the PCRI*3I412%] Fyrthermore, during the phase change proces3Ghe
expands or shrinks, which may lead to leaking antherease in thermal resistance. Most
importantly, unlike with active thermal managemehn¢ BTMS based on the PCM cannot remove

the heat in the PCM instantaneously to attain tawesl and effective cooling performahte

Liquid cooling technology has become the most widesled cooling technology in industrial
applications. Compared with the PCM, liquid hashkigthermal conductivity which leads to
higher cooling performance and is more suitablddye-scale battery packs. Fith concluded
that the liquid cooling made the strongest cooéffgct under a normal environment temperature
condition and the Reynolds number influenced tifecebf the liquid cooling performance greatly.

The liquid cold plate with mini-channels, as a noetlof indirect cooling, was shown to be more



practical than direct liquid cooling though it hadlightly lower cooling performan&8t2e,

The number of mini-channels and the inlet mass fiat@ influence thé&, .« of the batter?”.
Additionally, the effect of discharge rates andrafiag temperature was investigated in the
referencB?®. A novel BTMS based on PCM and water cooling pleas also designed to cool
the pouch battery modufd. The water cooling plate was employed in coolimg mear-electrode
area with a high heat generation rate. The PCM@tsged a role in absorbing the heat generated

by other parts of the battery.

The phase change slurry (PCS) is made up of miccagesulated PCM (mPCM) and carrier
fluid. The mPCM consists of PCM as core material palymer as shell materfdll. PCS has high
latent heat capacity and high energy density esnitbines the properties of PCM with liquid
coolant. It can store or release a large amouheaf at a relatively stable temperature and transfe
the heat during the fI0f#. However, it is more difficult to pump comparedtwpure water,
especially at low temperatures. The viscosity o8R€10 times higher than that of water when
the mass concentration of mPCM is 30% and the teatyre is 293 < While, the research of
Delgad®” indicated that when the fluid velocity is higheah 0.4 m$, the pumping power of
PCS is less than that of pure water for the sanmuatrof heat removal. Moreover, a carefully
selected concentration of mMPCM could effectiveljuee the flow rate and reduce the total
pumping powef®. Compared with water and PCM, the advantage of iR@Bergy conservation
and temperature control was further demonstrateah innder-floor electric heating system and
floor cooling systefi”*%. The heat transfer in the melting region was lyigihanced by the use
of PCS in a micro channel under constant heat’Hurlthough, the use of PCS for heat storage

or heat transfer was widely investigadtéd®, research on the use of PCS in battery coolistjlis



limited. Zhanéf“] used n-octadecane {fEl3;) and pentadecane {#l3;) as the heat transfer media
of the PCS cycle for EV battery cooling and heatimegpectively. A comparison with direct cabin
air blow and refrigerant circulation methods uslrsg Law and 2nd Law analysis showed that the

PCS cycle method had higher energy efficiency.

In conclusion, as the PCS combines the outstaratingection heat transfer effect of the liquid
cooling technology and the advantage of the ldteat in heat storage, it can play an important
role in battery cooling. In order to ensure theesigrity of the BTMS based on the PCS, the
cooling performance of the PCS in a battery modhleuld be investigated and the results will be
compared with the water cooling performance. Areddimulation results can be used as a
reference for the arrangement of experimental seteamd the engineering application. In this
paper a PCS based on water and n-octadecane nsubesiwas used in a mini channel cooling
plate to restrain the rise in battery temperataceattain a more uniform temperature field. The
study focused on the cooling performance of the PGSbattery module. The orthogonal
experiment method was used to optimize the straatasign of the mini channel cooling plate
with PCS. Furthermore, the cooling performancenefRCS was compared with that of other
liquids. The effect of mMPCM'’s melting point, contertionas well as the mass flow rate of PCS
on the cooling performance was studied. Lastlysthrilation results were dealt with
dimensionless method and an empirical formula veaiveld to describe the effect of the PCS'’s

physical parameters and flow characteristics orh#da transfer and cooling performance.

2. Mod€

2.1 Physical problem



The combination of mini-channel cooling plate aif@SRwvas used to reduce thgy and theAT,

of the battery. The cooling plates with mini chasneere set between adjacent batteries, as shown

in Fig. 1. The width and height of the cooling plafjuals to that of the pouch battery. The PCS

flowed into the mini channel inlet near the elede@rea and removed the battery heat generated.

The mini channels were straight and uniformly distied in order to decrease the pressure drop

(AP) of PCS and improve the uniformity of the temperatfield. The number, total width and

thickness of cooling channel (the size of the e@ptihannels in the X directions, as the Fig.1

shows) in the cooling plate would be validated aptimized to obtain better heat dissipation. The

physical sizes and thermal properties used inithelation are summarized in TableTk.is the

ambient temperature. X, Y and Z denote the sizeefmodule in orthogonal directions,

respectively.

Batteries

Battery module

N Cooling plate
/—

Fig. 1 The structure of battery module and cooling plate

GAMBIT was used to mesh the model and FLUENT 17 wsed as the simulation software.

The transient solver was used to simulate the wgglerformance of the battery in discharging

mode. The inlet and outlet conditions of the sirtiatawere the inlet velocity and outlet pressure.

As the maximum Reynolds number of the PCS wasthess2300, the laminar flow model was



chosen. The environment temperature, the initraperature of the batteries and the inlet
temperature of the PCS were set to 300 K. In adsimplify the cost of calculation, the

theoretical model was developed based on the follpassumptions:

(1) The mPCM was assumed evenly distributed in the PCS.

(2) The specific heat of mPCM in liquid and solid phases constant.

(3) The volume of the mPCM was constant during the @lchange process.

(4) The PCS was assumed to be incompressible.

The independent test of grid number and time st werformed to guarantee accuracy. The
mesh with 896199 grids and a time step of 0.1 £weed in the simulation. The convergence
criteria for flow and energy were set to°®10

Table 1 Specifications and parameters of the battery aoting plate

Parameters Value Parameters Value
Nominal capacity (Ah) 20 Al foil thickness (mm) Q.0
Nominal voltage (V) 3.25 Anode thickness (mm) 0.08
Size (mm) 230x%170x7 Cathode thickness (mm) 0.07
Weight (g) 545 Separator thickness (mm) 0.03
Maximum discharge current (A) 40 Thermal condutfiglong surfaces (W hK™) 12 [8]
Discharge operating temperature (K) 253-333 Theooatluctivity in thickness direction (W) 0.34[8]
Anode material LiPFep Average battery specific heat (J'kg™) 2138 8]
Cathode material LCs Wall thickness of cooling plate (mm) 0.5
Separator PE/PP/PP Aluminum thermal conductivitynfiK %) 202.4 [21]
Electrolyte LiPk Aluminum specific heat (J KgK™) 871[21]
Cu foil thickness (mm) 0.01 Aluminum density (kgm 2719 [21]

2.2 Governing equations
2.2.1. Thermal model of the battery

The energy conservation of a battery follows:



o = AT +q,, o

IObaICp,baI
Whereppa, Copat, Aba, aNACL @re the density, specific heat capacity, therroatiactivity and heat

generation of battery, respectivelyis temperature artds the time.

The heat generation of the battery was differenabse of the different size, type and
discharging rate. When the Li-ion battery operate@orking conditions, the relationship between

heat generation and electrical parameters can itternwvas foIIowingm:
du
=lU-V)-I(T— 2
G =1 U -V)-I(T OIT) )

whereU, V andl is the open circuit voltage, terminal voltage aodent of battery, respectively.

In this paper, a uniform battery heat generaticsetdan an electro-thermal coupled model for the
pouch battery in the previous work was U&dro verify the battery heat generation model, the
experiment and simulation results of temperatuck\entagewere compared, respectively. In the
experiment, the 20Ah LiFePO4/C pouch battery wasluk the thermostat, the battery was
charged with 1/3 C constant current then 3.65 \&taoit voltage. Here, the discharge rate C is
equal to discharge current divided by the nomiaglacity. After resting for 1 hour, the battery
was discharged with constant-current (CC) to 2.8hé discharge rate was 0.5C, 1.0C,15C
and 2 C, respectively. There were 6 T-type thermplas distributed on the battery surface to
monitor the battery temperature. An image of theeeinental set-up and a comparison of the

experimental and simulation values follows:



——0.5C simulation -
20c Fl = ——1.0C simulation 34
°' ?° | ——15C simulation
124 2.0C simulation 3.2
3 4e m 0.5C experiment
15¢ = 1.0C experiment 3.04
; ° P = 1.5C experiment
—~ 9 = 2.0C experiment 2.8
< ’; ——0.5C simulation
QD < 264 ——1.0C simulation
64 1.0C ) . —1.5C simulation
- 2.0C simulation
- 2.4 m 0.5C experiment
3 T 0.5C = 1.0C experiment
L} 2.2 m 1.5C experiment
. m 2.0C experiment
R L
0 T T T T T T T 1 2.0 T T T 1
0 2000 4000 6000 8000 0 2000 4000 6000 8000
t(s) t(s)
(b) (©

Fig. 2 (a) An image of the experimental set-up, (b) mean teatpee of 6 points on the battery surface, (c)agst
versus discharging time

In the module, the heat removed by the PgpSs, is calculated as:

Opcs = Cp,PCSp PCSuPCSAn (Tout _Tin) 3)

wherec, pcs, Upcs andppcs are the specific heat, velocity and density ofRI@S, respectively. The
gualitative temperature is the mean value of thet temperaturd;, and the outlet temperature

Tou- Ain i the inlet area of the mini channel.

The energy conservation equation, the momentumeceation equation and the continuity

equation of the PCS in the mini channel are givefollows:

pcp%wcpu IOT +00{-A0T) =q 4)
a—v+(\7D])\7 :_EDP'F? +£E\Ii500us (5)
ot P P
%)
ﬁ+|j [Gpu) =0 (6)

ot



where V, f, Fusas represent the velocity vector, volume force veatwd viscous force

vector, respectively. Ang is the static pressure.

The surface heat transfer conditions is not takmaccount since the liquid cooling has a

much stronger effect on heat transfer than theralatonvection and radiant heat transfer.
2.2.2 Governing equation of the physical propemiesiPCM and PCS

Mass concentration of the mPCM in the PCS is aroitapt parameter. As the mass concentration
increases, both the heat capacity and the viscokthe slurry increase while the thermal
conductivity decreases. All these will influence terformance of heat transfer. The volume
fraction,C,, depends on the density and mass concentr@fioAnd it can be described as Eq. (7):
c, =C, Lres
Pr (7)
where the subscripfsandPCS mean particle and PCS, respectively, @pdndCy, indicate the

volume fraction and mass concentration, respegtivel

According to the law of conservation of mass, thagity of mMPCM can be calculated by the

densities of core/shell materials and the ratioasé to the shell:

_(1+y)o.p,
Pt YO 8)

p

where the subscriptsandsindicate core and shell, respectively, gns the core to shell weight
ratio. During the phase change process, the desfsityre material will change by 10 - 15%. As
the core material concentration in the bulk slisrpw, the change in slurry density is no more

than 3%. So the density of slurry can be treateal @mstatt’. Thus, the density of PCS can be



calculated as in Eqg. (9):

p _ pppf
PCS
Cmpf + (1_ C:m )pp (9)
where the subscriptrefers to the carrier fluid.
The specific heat of mMPCM and PCS can be calcukedlation (10-11):
_ (¥, G ) P
P.p +
Cp,PCS = Cmcp,p + (1_ Cm )Cp,f (11)

The specific heat of the liquid and solid phase imapssumed as constant as the
concentration of MPCM is IJ#.
The thermal conductivity of the mPCM can be calmday the composite sphere approach:

1 1 .d,—-d,
+
Ad, Ad. Ad.d,

PP cZe (12)
3
{&] :L

dp ps + ypc (13)
whered, andd, refer to the particle and core diameters, resyegti
The thermal conductivity of the PCS is calculatednerelation (14)

Ao A ()
pcs — 7't
2)lf+/1p—Cv()lp—)lf) (14)

Because of the interaction between fluid and mP@&l actual thermal conductivity become

higher when the PCS flows. The effective thermaldttivity can be written as folloWi8:



A ’
Zes =14 BC,Pel
PCS (15)

where )I;'CS is the effective thermal conductivity of the PCS.

Pe, is the particle Peclet number defineff%s

2
Pep:e‘;
a
f (16)
whereeis the shear rate; is the thermal diffusivity of carrier fluid, angles ofB andn
depend on the particle Peclet number:
B=3.0 n=15 Pe, <0.67
B=1.8 n=0.18 0.6€£Pe, < 2¢
B=3.0 n=1/11 Pe, > 250
(17)

The viscosity of PCS has important implicationstos pressure drogP) and power
consumption when it is used to transport energghkli viscosity leads to high&P, which means
higher power consumption. As the temperature @lihhe mass concentration rises, the viscosity
of the PCS increases. The apparent viscosity dltirey can be calculated as in Eq. (18)

Hpcs _ 2\-25

£==0C NG "
whereN is a parameter which is related to the size, shagdity and type of the mPCM and can

be obtained experimentally. For a particle diamefe.3um, theN is 1.16*.

As the optimum temperature range of the battery2@as- 313 K, it was appropriate that the
phase change temperature of the mPCM used in tterypthermal management was in the range

of 303 - 308 K. The mPCM used in the simulation weepared by the ultrasonic-assisted mini



emulsion in-situ polymerizatié‘ﬁ]. The shell and the core of the mPCM were polystysre
n-octadecane, respectively. The mPCM was unifodigiributed in the water to prepare the PCS

used in the simulation. The properties of the nigteused in the PCS are shown in Table 2.

Table 2 Properties of material used in the F&S

Item n-octadecane Polystyrene  Water
p (kg m?) 814 1050 998.2
¢, (I kg' K™ 1900 1300 4182
2 (WmtK? 0.21 0.08 0.6
v (kg m*sh) - - 0.001003

Lecw (3 kgh) 244000 - -

3 Results and discussion

3.1 Cooling plate design based on orthogonal exyeri
3.1.1 Orthogonal design

The orthogonal experiment integrated with simulaiavas used with the intention of obtaining
the optimum structure of cooling plate, balancing batteryT ., temperature uniformity antlP
for thermal management based on the PCS. The P&biushe simulations of the cooling plate
design consisted of 80% mass fraction water and 2@&s fraction n-octadecane microcapsules.
The design factors including number the of coolthgnnels, total width of the cooling channels
and thickness of the cooling channels can be valiland optimized for heat dissipation. In order
to prolong the lifetime of the lithium ion batteand improve the available SOC of the battery
system, the battery.x andAT.. Need to be controlled and thus their upper limigse set to
313 K and 5 K, respectively. Meanwhile, lowd? of coolant with same mass flow rate resulted in

lower energy consumption.



A factorial design was considered with all possifaletor level combinations. More efficient
designs were received using orthogonal arrays wiily a fraction of all possible factor level
combinations. Orthogonal arrays were usually dehbtethe number of performed experiments

and the number of levels per factor and the nurabgactors.

The cooling plate with channels made of aluminuns sat between two adjacent pouch
batteries and its length and width were equal & t¢if the battery. In the upfront simulation and
experiment of the pouch battery, it was found thatmaximum temperature of the area near the
electrode tabs was higher than that farther froemdlectrode tabs as the heat generation was
non-uniform during the 2C discharging process. €quoently, the inlet of the channels was set at
the upper end of the cooling plate which is neatesthe electrode area for better cooling
performance. In order to decrease &g the channels were designed to be straight. Canne
were uniformly distributed to decrease the tempeeatiifference in the horizontal direction. The

structure of the battery module and cooling plageshown in Fig. 1.

The L16 (4) orthogonal array matrix with four levels and thfactors was employed to assign
the considered factors, including the number ofingachannelsr, factor A), total width of
cooling channels, factor B), thickness of cooling channelsfactor C) and levels, as shown in
Table 3. The difference of mass flow rate in eambling channel was neglectethe mass flow
rate of the slurry (the total mass flow rate ofistin one cooling plate) was 1 x 1&g s* and the

volume fraction of the phase change capsule islimey was 20%.

Table 3 Levels and factors of the cooling plate design

Factor
Level
n(A) wB)/mm 6(C)/ mm
| 6 60 2

I 9 75 2.5



1] 12 90 3
\% 15 105 3.5

Sixteen trials were carried out according to thé [4) matrix to complete the optimization
process. Each row of the orthogonal array repredemtase with a specific combination of factor
levels to be tested. In order to avoid any subjeatir personal bias, the case order was
randomized. The matrix included three factors aaahdactor covered four levels as shown in
Table 3. After the orthogonal experiments and sgbset data analysis, the optimal structural
design of the cooling plate was determined. Fin#ily experiment was repeated under the
optimal structure to verify the data. The sixtegpegiments were carried out and the results are

shown in Table 4.

Table 4 Values 0fTyy, AT @andAP with L16(4) matrix (discharge rate: 2C)

Simulation number Factor Result
NO. A B C Tw/K AT./K AP/Pa
1 6 60 2 310.249 5423 1.251
2 6 75 25 310.039 5.420 0.518
3 6 90 3 309.850 5471 0.2523
4 6 105 3.5 309.650 5.490 0.138
5 9 60 25 310235 5311 0.738
6 9 75 2 310.056 5.473 1.034
7 9 90 3.5 309.659 5.528 0.178
8 9 105 3 309.797 5.434 0.225
9 12 60 3 310.155 5.306 0.515
10 12 75 3.5 309.922 5.361 0.259
11 12 90 2 309.866 5.595 0.872
12 12 105 2.5 309.737 5.701 0.394
13 16 60 3.5 310.039 5.351 0.421
14 16 75 3  309.937 5.441 0.4122
15 16 90 2.5 309.815 5.530 0.504
16 16 105 2 309.689 5.629 0.757




In this section, the orthogonal experiment integptawith simulations was used in obtaining the
effect of 3 factors on the battery cooling perfonc@and the pressure drop of PCS in heat transfer

process.
3.1.2 Screening of the optimal structure

In Table 4, the 4 levels of Factor A appear intdgt NO.1 ~ NO.4, NO.5 ~ NO.8, NO.9 ~
NO.12, NO.13 ~ NO.16, respectively. The valud g in the 16 tests were numbered\as- Ny,
respectivelyk; is used to evaluate the effect of each level eTth. AndR is used to evaluate

the effect of each factor on tlig,. They can be described as Eq. (19) and Eq. (20):

k =(N,+N,+N;+N)/4
k,=(Ns+Ng+N,+Ny/4

Ky =(Ng+ N, +N,,+N,)/4

Ky =(Nyg+ Ny + N+ N, ) /4 (19)

R:maxaﬁ vkz ’ks k4)_ min((l kz ks k4: (20)

A largerR means a greater influence from the factor. Fla@dR for each factor at different

levels are shown in Table 5 and the valuk édr Ty, ATmax @aNdAP are shown in Fig. 3.

Table 5 Range analysis data of simulation

Trax/ K ATmax | K AP/ Pa

A B C A B C A B C
k1 309.947 310.170 309.965 5.451 5.348 5.530 0.540310.0.979
ko 309.937 309.989 309.956 5.436 5.424 5.490 0.544560.9.538
ks 309.920 309.797 309.935 5.491 5531 5.413 0.510520.4.351
K4 309.870 309.718 309.818 5.488 5.563 5.432 0.524790.3.249
R 0.077 0.452 0.147 0.055 0.215 0.117 0.034 0.352300.7

Parameter.

The results in Fig. 3(a) show that fhgy decreased as the Factor A, B, C increased. The

increasing Factor A, B, C lead to lower velocitycoblant. As a result, the heat transfer process

between battery and PCS is prolonged and moressaihoved by the coolant. As the factor with



a largerR has a bigger influence on the relevant evaluatidex®”, the effect of factors on the
batteryT .« are listed as follows: factor Bv] > factor C §) > factor A ). This is reflected in Fig.
3(a).The combination of = 15 (T = 309.870 K)w = 105mm T = 309.718 K) and = 3.5
mm (Trax = 309.818 K) gave the lowest valuekpffor each factor. As a result, the optimum
structure is AB4C,. As Fig. 3(b) shows, th&,, increased as the Factor B increased. But the
effect of the3 Factors on the batta¥. is small and it indicates that it is the non-umfcheat
generation playing a vital role in the battaff... n =9 ands = 3 mm gave the lowest value kgf
for Factor A and Factor C. When the evaluation Xni8& T, the optimum structure is;8,Cs.
Fig. 3(c) shows that theP decreased with the increasing Factor B and @slilts from the
velocity of coolant decreases with ihereasing Factor B and C. Similarly, the optimumcure

should be AB4C, to decrease the energy consumption.
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As discussed before, the optimization programg gy, 4T and4P were AB4Cs4, A2B1C3

and AB,C,, respectively. These tree programs were also abediwith Fluent and the results are

shown in Table 5. As shown in Fig. 3, it is obvidhat the influence of the number of cooling

channels on th&,., 4Trax and4P was small. As the total width of the cooling chalnncreased,

the Trax Showed opposite trend in comparisonf ¢, andAP. The Ty, 4Tmax andAP decreased

with increasing channel thickness. Thus it was issfide to minimize th@ .y, 4T and4P in



the same program, as shown in Table 6. It was sapet find the program which could keep a
balance in the values ®fux, 4Tmax and4P. In Table 4, th& ., and4P of program AB4C4(No.4

in Table 4) was smallest and th€,,was 0.18 K higher than that of the smallest valitaioed
amongst the programs. As the variation!®f. was smaller thai.x and4P, among the 16

programs in Table 4 the;B4C4could be the optimization program in keeping badaoicT .y,

AT max and4P.
Table 6 Single experiment index optimization program
Evaluation  Optimization  Significance of Result
index program each factor Toax | K ATimax | K AP/ Pa
Trrex A4B4Cy B>C>A 309.571 5.510 0.169
AT rax AzB.Cs B>C>A 311.205 5.152 0.306
AP A3B4Cy C>B>A 309.597 5.503 0.121

The difference between No.4 B4C,) and AB4C4 was the number of the cooling channels. As
the channel number has only a slight influencehencboling performance, the temperature field
and energy consumption of the two were similaB A&, was better than 84C,4. Similarly, the
A;B4C,was better than 84C4. Compared with AB4C,, theAT . of A,B,C; was 0.338 K lower
but theTox of A,B,C; was 1.56 K higher. This is because the increadiagnel width heavily
influenced the\ T, As a result, considering the balancd gf,, 4T.x and4P and practical use,
the A\B4C,was selected as the optimal structure. Thus theaplevel for each factor was
determined as follows: 6 cooling channels, 105 wial tvidth of cooling channels with a
thickness of 3.5 mm. Fig. 4 shows the temperaiete €loud image of the battery center section

with cooling and without cooling after 2C dischagi
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Fig. 4 Temperature field cloud image of battery centetiseavithout cooling (a) and with PCS cooling (bdeaf
2C discharging
In this section, the optimum structure of the aoglplate with 6 mini channels, whose total
width was 105 mm and thickness was 3.5 mm was rddaivith orthogonal experiment and

simulations. And this cooling plate can balance lib&ery cooling performance and the energy

consumption of PCS.

3.2 The comparison of PCS with other liquids inlcwpperformance

In order to compare the cooling performance ofRES with other liquids, the cooling plate
with the PCS (80 % mass fraction water and 20 ¥srfrastion n-octadecane microcapsule), pure
water, glycol solution (50% mass fraction water &08 mass fraction glycol) and mineral oil
were utilized to cool the 2C discharging batteegpectively. The material properties of the
different liquid coolants are shown in Table 7. Thg, andA T plots of the battery with

different coolants versus the mass flow rate aosvshin Fig. 5.

Table 7 Material properties of different liquid cooldfht?”!

PCS Glycol solution

Item Water Mineral ol
(20 microcapsule / 80 water) (50 water / 50 glycol)

p (kg m?) 960 998.2 1069 924.1
¢ (J kg' K™ - 4182 3323 1900



A (W mtK? 0.4342 0.6 0.3892 0.13

v (kg mtsh 0.001935 0.001003 0.002758 0.005175
316 8-
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Fig. 5 Trax plot (a) andA T, plot (b) of battery cooled by different liquid daat versus mass flow rate

The Trax plot of battery shows that after 2 C dischargimg bhatteryl .« decreased with
increasing mass flow rate of coolant. Thgx plot of battery cooled by pure water, glycol smint
and mineral oil shows a similar trend. Comparedh\glicol solution and mineral oil with the
same mass flow rate, pure water performed bestan dissipation. Profiting from high the heat
transfer in the pure water was faster coupled wisimaller temperature rise resulting from the
high c,. As a result, during the heat convection, thergeld average temperature difference
between the battery and pure water improved thedissipation. In comparison, the smalind
¢, of the mineral oil led to a high temperature riSe.the other hand, with the increasing mass
flow rate, theT plot of the battery cooled by the PCS showed faerint trend. When the mass
flow rate is less than 1xTtkg s*, after 2 C discharging, tHi. of the battery decreases with an
increase in the mass flow rate. However, furthergase in the mass flow rate results in a decline
in this trend. Interestingly, when the mass flotenaas higher than 3.5x1kg s*, the T of the
battery cooled by the PCS was higher than thai@btttery cooled by pure water. In the heat
convection process, the temperature of the PCSwrasstently lower than the phase change

temperature of the core in the microcapsule, whemtass flow rate exceeded 3.5%4@ s™. In



this temperature range, thgand/ of the PCS was lower than that of pure water. Blaghower
parameters led to a small average temperatureetffe and poor cooling performance. When the
mass flow rate was 1xT(kg s*, the difference between tfig,, of the battery cooled by PCS and
that by pure water was maximized. In this caseathentage of the PCS on the cooling
performance was the most significant. A similaraasion was also obtained by Rao in his
research on flow characteristics of microencapsdlghase change material suspensions flowing
through rectangular mini channéfs Therefore, when using a PCS as coolant, the aptimss

flow rate of the PCS of different concentrationsiuddd be determined to achieve the optimal

cooling effect.

TheAT, . plots of the battery cooled by the different lidjgibolants showed similar trends.

As the mass flow rate increased, the batdy,, decreased rapidly to a stable value. When the
liquid coolant remained stationary, th&, . of battery cooled by the pure water and glycol
solution was lower than that of the battery coddgdhe PCS. This is because theas the key
factor during the heat conduction process. Whetidoé coolant flowed, tha T, of the battery
cooled by the PCS decreased rapidly. When the fimgsate exceeded 1xTtkg s?, the
difference of battery T,k cooled by PCS, pure water and glycol solution weas than 0.2 K. The
AT ex Of the battery cooled by mineral oil declined sipwat a constant rate. It remained at 5.5 K
when the mass flow rate was higher than Zx4@s’. There was no significant advantage tfoe
PCS cooling in decreasing the batt&fly... The non-uniformity of the battery heat generation
and lowly Were the key factors resulting in the non-unifdynaif the temperature field.

In the channels, theP was related to the mass flow rate and viscositymRhe Fig. 6, it is

observed that th&P variation of the different liquid coolants hasreehr relationship with the



mass flow rate. When the mass flow rate was Ti0s®, theAP of the PCS was less than that of
pure water flowing at 2x1tkg s*. Furthermore, the cooling performance of the P@S better
than that of pure water, as shown in Fig. 5. Is t@se, compared with the pure water, the PCS

had a better cooling performance and lower enesggumption.
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Fig. 6 AP of different liquid coolant in the channels versoass flow rate
In this section, battery cooling performance of BeS, pure water, glycol solution and mineral
oil were compared. The effect of these 4 coolamtdbatteryAT, . was approximate when the
mass flow rate exceeded 2%1@&g s'. Compared with other coolants, the PCS showed the
superiority in restraining the battefy.. And theAP of the PCS in the mini channel cooling plate

is higher than that of pure water but lower thaat tf glycol solution and mineral oil.

3.3 Effects of mMPCM's phase change temperature

The phase change temperature of PCMs used in tteg\btinermal management influenced the
battery temperature field. In order to investighie effect of phase change temperature of
microcapsule in the PCS on the cooling performatimeemelting point of the core material in the
microcapsulevas changed in the simulation. The simulation tesaflithe battery temperature are

shown in Fig. 7.



As the melting point of the core material in theracapsule increased, the batt€gyy after 2
C discharging increased continuously. Neverthetbes\ T« Of battery changed slightiwhen
the temperature of the mPCM during the heat core@rocess was lower than the melting point,
thec, of the PCS was small and the temperature risirigG8$ was significant. It led to a decrease
in the average temperature difference of battedyR(DS. As a result, the heat dissipation of the
PCS declined. If the temperature of the mPCM exegdide melting point, the phase change
process of the PCM was activated and it start@bsorb heat. In the discharging processTihe
andTy, of the battery increased synchronously and\fhigy of the battery was almost unchanged.
However, it would be inappropriate to lower the tingl point too much. If the environment
temperature exceeded the melting point of the andethe PCS could not be cooled by another
cold source, the microcapsule might melt befordicgdhe module. As a result, the PCS will lose
the ability to absorb more heat in the form of phase change enthalpy of the microcapsnle.
other words, if the temperature of the PCS coulddmded lower than the melting point, the lower
phase change temperature of the core in the migsoées contributes to restraining the battery
ATrax. Therefore, in battery thermal management basdRiGf, the selection of the microcapsule
melting point should depend on the operating emvivent and the conditions of the cooling

system to involve the latent hE3lt
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Fig. 7 Battery T, andA T, cooled by PCS versus melting point of mPCM
In this section, the effect of mMPCM'’s melting poimt battery cooling was investigated. The
results show that battefy rises with the increasing melting point but thedr AT is

almost unchanged.

3.4 Effects of PCS’s mass flow rate and conceiotnati

The PCS’s mass flow rate and concentration ar@rpertant factors that influence the cooling
performance of battery thermal management basdileoRCS. In order to find the combined
effect of these two key factors on the cooling periance, the temperature field of the battery
cooled by different concentrations at different sfigw ratewas simulated. The results are shown

in Fig. 8.

As shown in Fig. 8(a), th&xx curve of the battery cooled by a PCS with a lowoemtration
was close to that of the battery cooled by pureswyaue to theimilar A andc,. Raising the PCS'’s
concentration made a contribution to the increasingjvalent, of the PCS within the phase
change temperature range of the mPCM . Fig. 8{yshheAT. . of the battery cooled by
different concentrations of the PCS versus the riassrate. As the mass flow rate of the PCS
increased, thaT.. of the battery decreased rapidly then increadghtbt and remained stable.
When the mass flow rate was 0.5%1@ s*, theA T, of the battery cooled by different
concentrations of the PCS and pure water was the sad at the minimum value. The difference
of ATax Was no more than 0.3 K. The valueAdt.x was always higher than 5K, even though

both the concentration and the mass flow rate & PCreased.

The T, curves for concentrations over 15% seemed derfsks thie curves for concentration



lower than 10% were scattered, meaning that thares@ment of the cooling performance by
raising the concentration was limited. Thgy of the battery cooled by different concentratiohs
PCS declined with increasing mass flow rate amsldbclining trend diminished gradually. The
higher the concentration, the more obvious theigedah the trend. The reason being that the
increasingc, led to a lower temperature of the PCS and a laagerage temperature difference
during the heat transfer process. When the massrélte was low, th&»« of the battery was
strongly affected. When the mass flow rate wastless 0.25 x 10kg s?, the PCS temperature
was higher than the melting point of mMPCM. The owpperformance was improved with the
increasing equivaler, caused by higher concentration. As the mass faa@vincreased, the
difference ofTu Of the battery cooled by different concentratioh®CS expanded gradually.
When the flow rate was 1 x T8g s?, the difference was greatest. At that stage, kzes@ change
latent heat of mMPCM played a dominant role. Asrtiass flow rate increased from 1 x*kg s*

to 2 x 10*kg s?, the difference in cooling performance decreasaduglly. As the mass flow rate
increased to a specific value, the cooling perferteaof the PCS was equal to that of pure water.
The value was different with the PCS’s concentratibthe mass flow rate exceeded the value,
the PCS's cooling performance was worse than thatie water. The reason was that the
temperature of the PCS was always lower than thénggoint of the mPCM during the heat
transfer process but thieandc, of the PCS was lower than that of pure water. Wtherflow rate
was higher than 4 x kg s*, the cooling performance decreased with increaBD§

concentration as theandc, decreased. At that stage, thandc, played dominant role.

The Fig. 8(c) shows the difference betwagg of the battery cooled by the PCS and pure

water versus the mass flow rate. The cooling perémce of different concentrations of PCS with



different mass flow rates was compared with thaiwk water. In each curve of different
concentrations of the PCS, there were two poiraswiere worthy of attention. One point
indicated that the difference betweEpy of the battery cooled by the PCS and pure watsr wa
largest. The corresponding mass flow rate of thiatpvas identified as the optimal value. And
the other point, whose corresponding mass flowwa identified as the critical value, donated
the equall . Of the battery cooled by the PCS and pure watéeiWthe mass flow rate was
higher than the critical value, the PCS’s cooliegfprmance was worse than that of pure water.
By interpolation on Fig.8(c) the optimal value ahd critical value of the mass flow rate for
different concentrations of the PCS were determiAsdshown in Fig. 8(d), both the optimal
value and the critical value of the mass flow d#ereased with the rising concentration. This
results from the increasirgy of the PCS in the phase change temperature rauged by the
increasing concentration. For different concerdratiof the PCS used in the battery thermal
managementp maximize the cooling performance, the correspangdoint of PCS’s mass flow
rate should be close to the black line (the optwadle) in Fig. 8(d). To avoid worsening the

cooling performance, the corresponding point shbeldbwer than the red line (the critical value)

in Fig. 8(d).
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Fig. 8 Thax plot (a) AT plot (b) of battery cooled by different concentyatPCS versus mass flow rate;
difference betweeil,, of battery cooled by PCS and pure water versus ftmgsate (c); the optimal value and
the critical value of mass flow rate for differamincentration PCS (d)

To investigate the energy consumption variatioR@5 cooling battery module, tA® of

different concentrations of the PCS and pure wiat#re cooling channels with increasing mass

flow ratewere simulated. The simulation results are showfign9(a).

It showed that thaP of the PCS and pure water in the cooling chanmeleased linearly with

the rising mass flow rate, resulting from the giindicooling channels and the low mass flow rate.

Keeping the mass flow rate unchanged ARef the PCS increased with concentration, as the

viscosity was improved. The higher the concentratibe larger the increasing rateAd?. When

considering the mass flow rate of liquid coolawming, the PCS coolingeemingly had no

advantage in energy consumption, compared with ywater.

Nevertheless, cooling performance should be coresid® survey whether the PCS cooling had

the edge over the pure water in energy consumpfitre mass flow rate of the different

concentrations of PCS and pure water were comparel&r the conditions that the batt@py, be

restrained to the same temperature after 2C digicigar Fig. 8(a) was magnified and some

auxiliary lines added to draw Fig. 9(b). Firstlyetinterpolation method was used to get the mass

flow rate andAP under the circumstance of the batt@gy, being restrained to 310 K. The results



are shown in Fig. 9(c). And it showed that with therease in concentration the mass flow rate

decreased and tlaP decreased then increased. When the concentrdtibie #CS was 15% the

energy consumption was lowest. Additionally, ki@ of the different concentrations of the PCS

was always higher than that of pure water. It reagedhat the PCS cooling had advantage in

energy consumption over pure water, as the codéingget for batteryl.x was 310 K. Then the

cooling target was set to 311 K, 309 K and 308.5régpectively. TheAP of the different

concentrations of the PCS and pure water was detednusing the previous method. The results

are displayed in Fig. 9(d). As shown, when the iogolarget was 310 K and 311 K, the of the

PCS was lower than that of pure water. The PCSrgpbhd the advantage in energy consumption.

When the cooling target was 309 K, thieé of PCS, with a concentration less than 12%, wagto

than that of pure water. When the cooling target 8@8.5 K, the energy consumption of the PCS

cooling was higher than that of pure water. Thesoageing that the phase change enthalpy in the

mPCM was not completely utilized as the PCS’s cotiedion increased. However, as the cooling

performance was improved slightly, the viscositgergignificantly. Yet as discussed before, the

PCS cooling had the advantage in energy consumpbampared with water cooling, when the

cooling target for the batterf.x was higher than 309 K and the concentration ofRB& was

appropriate.
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Fig.9 AP plot (a), T plot (b) of different concentration PCS versus nfksg rate;AP and mass flow rate of
different concentration PCS under the circumstarfitkeobatteryT ., being restrained to 310 K (AP of
different concentration PCS with different cooligget for battery . (d)
In this section, the effect of PCS’s mass flow &aid concentration battery cooling was
investigated. When the mass flow rate exceededritieal value, the cooling performance of the
PCS was worse than that of pure water. When thiingotarget for the batter¥ma.x was higher

than 309 K, at an appropriate concentration, th8 BPa@ling had the advantage in energy

consumption compared with water cooling.

3.5 Dimensionless empirical formula

In this section, the averadeof different concentrations of PCS versus masw flate was
calculated to further indicate the effect of theS&physical parameters and the flow on the heat

dissipating process. The results are shown in €ig.1

With increasingh, the cooling performance was enhanced andTthg of battery module
declined. As a result, the variationtoin Fig.10 and variation oF . in Fig. 8(a) were correlated.
In the cooling pate with PCS or pure water, thicreased with the increasing mass flow rate.
Compared with that of pure water as the coolar,dhrve ofh in the PCS cooling showed a

different variation trend. Thé& in water cooling increased with a relative constae with



increasing mass flow rate, resulting from the undealc,. When the mass flow rate was high, the
rising trend ofh in the different concentration PCS cooling dedirgradually. The higher the
concentration of mMPCM was, the more obvious thétian trend would be. What's more, as the
mass flow rate exceeded a certain value htbéthe PCS cooling was less that of the pure water
cooling. The higher the concentration of mPCM, ltheer the value. It indicated that there was a
limit in the contribution of mass flow rate and centration tah in PCS cooling. Waﬁﬁ’] made
similar conclusions in their work. It showed thiie gainof the cooling system reduces strongly

after a certain threshold of liquid flow rate.
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Fig. 10 The averagé of different concentration PCS versus mass flow rate

In order to intuitively describe the simulationublts of battery thermal management based on
PCS, the heat transfer effect of the cooling pleds dealt with a dimensionless method and Fig.
10 was converted to Fig. 11. TRerepresents the physical characteristics of the Rit5
different concentrations of mMPCM. As the mPCM canicion was 0 %, 5 %, 10 %, 15 %, 20 %,
25 % and 30 %, the value Bf changed from 7 to 29.2. TiRe represents the flow characteristics
of the PCS in the cooling plate. The valudRefincreased with the increasing mass flow rate of
PCS. As the velocity of the PCS in the cooling cteinvas small, th®e was less than 10. Tinu

represents the performance in the convective hedfer process. The relationNid, Re andPr



can be expressed‘ds

Nu = CRe"Pr" (21)

By taking the logarithm oflu, Re andPr, a new form of the equation was obtained:

INnNu= C+minRe+nlinPr (22)
With multiple linear regression, the date in Figchh be expressed with the empirical formula in
dimensionless form, as Eq. (22) shows. It was ts@dedict the effect of the PCS’s physical

parameters and flow characteristics on the heasfiea performance.

Nu= 0.182&Re>2%%pr 053 (23)

where the®? of the empirical formula was 0.9249.
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Fig. 11 The dimensionless number abdlut-Re-Pr
In Fig. 11, the exponentiation BE andPr in thedimensionless empirical formula was
higher than 0. It indicates that both the mass flate and concentration of the PCS contributed to
the increasing convective heat transfer. As showfig. 11, in the region made up of 80 points,
for a constant value d&te, theNu increased with the increasiRy. It indicates that the increasing

h results from increasing PCS’s concentration. KeghePr unchanged, thBlu increased with

the increasindre. When thePr was higher than 10, there was an inflection pioithe curve. As



thePr increased, the correspondiRg of the inflection points decreased. To the lefthaf
inflection point,Nu increased witliRe in a high rising rate. To the right side of thdection point,
the rising rate decreased. The occurrence of iidle@oints indicates that the effect of mass flow

rate on the cooling performance was weakened.

Similarly, the dimensionless empirical formula ¢@used describing tledfect of the PCS’s
physical parameters and flow characteristic orréiseraining ofT . in the cooling process. As
the maximum excess temperatufg.§) was used to describe the difference ofThg andT,, the
excess temperature dimensional num®ean be used to show the cooling performance, &sin

(24):

O= gmax - Tmax_TO (24)
T T,

max 0 max0

where theT .o Was the maximum temperature of battery withoutiogafter the 2 C discharge
process. The better the cooling performance wasstieller the was, as th® decreased with

decreasing ux.

Fig. 8(a) was converted to Fig. 12 and the empifaranula with dimensionless form was

obtained, as Eq. (25) shows.

©= 0.705&Re"*"Pr 08 (25)

where the®? of the empirical formula was 0.9336.
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Fig. 12 The dimensionless number abéuRe-Pr
In this section, the effect of PCS’s physical pagters and flow characteristics on thand
TmaxWere expressed with correlations relevant toRsandPr. The correlations can be used
forecasting the simulation results which were radtwalated in this paper, such as different
concentration and mass flow rate. And the corm@tatican offer the reference for the arrangement

of experimental scheme and the engineering apjalitat

4 Conclusions

This paper presented work on battery thermal managebased on the phase change slurry
and mini channel cooling plate. The optimum streetnf the cooling plate was designed with the
orthogonal matrix experimental method. The coolegformance of the PCS and that of other
liquid coolants was compared. The effect of the MRCphase change temperature, the PCS’s
mass flow rate and concentration on the coolingoperance and energy consumption was
investigated. Lastly, a dimensionless empiricairfola was obtained to predict the effect of the
PCS’s physical parameters and flow characteristicthe heat transfer and cooling performance.

The main results include:

(1) The optimum structure of the cooling plate with tinchannels, whose total width was 105

mm and thickness was 3.5 mm, could balance theingpglerformance with energy



consumption.

(2) The cooling performance of the PCS consisting &b 20octadecane microcapsules and 80%
water was better than that of pure water, glychitsm and mineral oil, when the mass flow
rate was less than 3 x 1&g s'. As the phase change temperature of microcapsules
increased from 300.5 K to 305.5 K, thigs of battery cooled by PCS increased and the

ATnex Changed slightly.

(3) When the mass flow rate exceeded the critical yah® cooling performance of the PCS
was worse than that of pure water. When the codlinget for the batter¥., was higher
than 309 K, at an appropriate concentration, th& B@oling had the advantage in energy

consumption compared with water cooling.

(4) Both an increase in mass flow rate and concentratidhe PCS led to a higher convective
heat transfer coefficient. The effect of physicatgmeters and flow characteristics of the
PCS on theh and Ty Were expressed with flowing formulalu = 0.182Re’#%Ppr0->344

and® = 0.705Re"*"3Pr28% respectively.
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