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Abstract : In this study, the thermal performance of Battery Thermal Management System (BTMS) equipped with a
Pulsating Heat Pipe (PHP) cooling plate under fast charging was quantitatively evaluated. A 1D model was developed using
MATLAB & Simulink to simulate the maximum temperature and the temperature difference within the battery module during
fast charging. The thermal behavior of the PHP module was compared with that of an Aluminum plate module. Furthermore,
the influence of rule-based current control strategy, triggered by the maximum module temperature and the maximum
temperature difference within the center cell, on both the thermal response and the charging time was also compared. The
results confirm that under temperature-based current control conditions, the charging time of PHP equipped battery modules
can be significantly reduced by optimizing the coolant temperature.

Key words : Battery thermal management system(¥ E] 2] & #2] A| 2~ "), Pulsating heat pipe(}-& 3] E}©] 3), Fast

charging(G+ % % %), Equivalent circuit model(-s 7}3] & &2, Effective thermal conductivity(F+3 € A =%)

Nomenclature T : temperature, °C
A : area, m? 4 time, s
C, : specific heat, J/kg-°C V : velocity, m/s or voltage, V
D : hydraulic diameter m p : density, kg/m’
h : convective heat transfer coefficient, W/m?-°C “ : dynamic viscosity, kg/m-s
1 : current, A .
k : thermal conductivity, W/m-°C Subscripts
L : length, m Al : aluminum
m : mass, kg BTMS : battery thermal management system
Nu : Nusselt number, - [¢ : condenser
Pr : Prandtl number, - (0AY : control volume
(0] : heat transfer rate, W DAQ : data acquisition
R : thermal resistance, °C/W dis : dissipation
Re : Reynolds number, - e : evaporator
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eff : effective
FR  :filling ratio
irr : irreversible

OCV :open circuit voltage
rev : reversible

TC : thermocouple

WF  :working fluid
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Fig. 5 Photograph of the battery module
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Table 1 Properties of battery tab

(+)tab (-) tab, Busbar
Density [kg/m’] 2702 8933
Specific heat [J/kg'K] 903 385
Thermal conductivity [W/m-K] 238 398

Table 2 Properties of thermal pad, end plate, and cooling plate

End plate,
Thermal pad Cooling plate
Density [kg/m?] 1000 2730
Specific heat [J/kgK] 1200 893
Thermal conductivity
[W/mK] 0.0291 160
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Table 3 Comparison of voltage error in 1IRC ECM under
HPPC test at different temperatures

Temperature 40°C 25°C 0°C -15°C
MAPE 0308% | 0316% | 0.119% | 0.128%
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Chaging mode 15 o2 e
Ambient temperature 25°C
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Fig. 10 Locations of TC on the module

Fig. 11 Experimental setup for charging test of single sided
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at the bottom in the actual configuration)
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Table 5 Comparison of temperature error in module BTMS
model during 2 C-rate charge test

Location Top Middle Bottom

surface section surface

MAPE 5.74 % 415% 4.08 %

Temperature errorat |- 1) o 0.78°C | 0.88°C
maximum temperature

Table 6 Comparison of temperature error in module BTMS
model during 1.5C-rate charge test

Location Top Middle Bottom

surface section surface

MAPE 3.30 % 2.46 % 2.65 %

Temperature errorat | = 5100 | ggr0c | 071 °C
maximum temperature

3.3PHP QY R LS A% S A AlY

PHPS] g el & Fig 14 &4ko] 5 ¥l PHP2| WY
B AAE dolHE of &8 stk miE e 2
A gz A ="E aefste] pHPY] AA S
t}. Fig. 159} o], Adiabatic %3 & $1°] 51
FH- dguo dA AAsin. s
FORITAOR O TCE 7233
i Al < Hﬂ = aLe{ske] TC
3

12 o g
o o2
o]

jil of nlﬁ

olo

Lo

4 dF 2
o

M o
$
2

ol
il
32
kv

) KeN

=

okl it
ol
o
N
o,
2

19
o oa
R
_O|L
2
o
ﬁ
oo =
e

2 18
I Ho
5 i H
&1

2h s
e o

lOrE“QL
5
S

H‘l

- o o?i

3 A7 7bsst e s 4w
HP ol F-28k3ltt Fig. 163+ o], DC
Power supply(KUAIQU, SPS-C3010S)E- ©]-8-3}4 Film 3]
Hell de& &wakalal, AL & FZ(EIOTECH,

RW3-3025)2 o] §-8fo] oFnlis W7t BE2o] W42

oL o2 o\ T flo

No1g

o ox 12
.

{1, of é
!

ae rlo T

< ¢

Fig. 14 Photograph of 5 turn PHP and internal channel

SHstith A% Gl A SHE PHPY 2%
DAQ(NI PXIe-4353) 3l AFEHE A5
7} Kim*- PHPO] &5 257 S7F8hH &
2] Volumetric fractlonO] 57]-0}71] < g3t
227 S7keld S5 oA FEE <
He g 3 7}0}71] Q_LPHP«] A A go] vrol]
.8 %T 5ol whe} PHPO| &
EE 10 °C, 20 °C, 40 °C= /}__,qu 3la1, 3]
7‘%3}"4 Fig. 173} 7o) 87 efjol| A 7
@ 225 54353t PHPY| &
of §HF FAo) HHd L EE VTR
ig. 180l FER Atk A A &5 o] &3 ALt
Fig. 199 JERN Y th PHP A Holl A 8 &
AT} o5 =R A, =45 o 45
9] Uncertainty = 10.73 %= AlAFE 1 Th McClintock©] A
o+3} Single-sample A1 & 21 ] &= A WS 3Ha13}o] A
AFEFQA LA Table 700 5 | PHPS] 4] 4 HE, Table 8

o] Al ol A}-8-gF 1) & 9] Uncertainty & VFEFU QAT

£ >,
rr

Ay
1r

A oo of p - fo

o 38
UN S —Q‘
ﬂllo ¢
[0 fo att v 12 5

z
I
. o
rl!Xl
kil
X

=
o
g

lt

;]o
Hy
4m do

olo o

12 of 1T
M N

ot 4 ofl

o|\
i)
-11:

X
St

o & ro
'Tj

e
rlr

rlr oL 19 pR
s Hi

Wi
Ay

Side Inner Front

JRsudpuo)

ydolg surjoo)
wgd

120mm

gy

aojerodeay

@
s
T
=
@»
=
2
=
P
=
b1
]
o
=

3mm —»! e

S0mm o: Thermocouple

Fig. 15 Specification and the TC location in the PHP

— Coolant
——— Electric wire

Climate

Chamber

——— Data acquisition line

"l

=
Bath

Circulator

DC Power
Supply

Fig. 16 Schematic of experimental setup for PHP test

Transactions of the Korean Society of Automotive Engineers, Vol. 34, No. 42026 399



Hojun Kim - Junwoo Kim - Jeong-Heon Shin - Jeongwon Cho - Jonggu Lee - Gungoo Lee - SungJin Park

70 T T

T T T —
—— Evaporator Section Temperature

—C. Section Temperature

1LoW 3.0W 5.0W | 8.0W 10.0W 13.0W : 15.0W 17.0W:20.0W;

]
=

60

n
S
T

f__F_“

Temperature [°C]
s
T

w
S
T

—
=
N -

- T

[JU——

10 L L L L L
0 2000 4000 6000 8000 10000

Time [s]

Fig. 17 Temperature profile of the evaporator section of 5 turn
PHP at the condenser temperature of 10 °C

N N R Sy B Sy Ey e e s s s s
—4—Condenser Temp 10°C
5 Condenser Temp 20°C |
——Condenser Temp 40°C

2

8]

g+

@

2

=3

z

S L

x

=

£2p

S

=

= L
1= -
b v v b

0 10 20

QW]

Fig. 18 Variations of effective thermal resistance of 5 turn PHP
at various heat input (condenser temp 10 °C, 20 °C,
40 °C)

g B 50

40
> 30
5 20
> 10
Heat Load Q [W] 0 o0
Condenser Temperature [°C]

Fig. 19 Effective thermal conductivity map of 5 turn PHP

400 BH=ASASEHE =22 A34H H4Z, 2026

Table 7 Specification of 5 turn PHP

Specifications Values

Channel material Aluminum alloy

Volume [mm*mm*mm] 120*50%*3
Channel width [mm] 14/33
Channel thickness [mm] 1
Working fluid R12337ZD

Table 8 Uncertainty in measured quantities

Quantity Range Uncertainty
Temperature 0~1250 °C +l.1°C

Voltage 0~30V +0.01V

Current 0~10A +0.001 A
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Fig. 25 MSCC charge current and voltage profile

Table 9 Base condition for MSCC fast-charging simulation

Parameter Value
Charging mode MSCC method
Ambient temperature 25°C
Coolant temperature 25°C
Coolant flow rate 25LPM
Initial SOC 20 %
Charging time 1295.8 s
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Table 10 Comparison of temperature results within cell no.7

of PHP and Aluminum modules at maximum tempe-

rature
Aluminum module PHP module
Maximum temperature 48.46 °C 46.44 °C
Minimum temperature 40.14 °C 39.96 °C
Max1m1.1m temperature 8.32 °C 6.48 °C
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Table 11 Simulation conditions for fast charging with current

control
Parameter Value
Charging mode MSCC method + Rule based control
Ambient temperature 25°C
Coolant temperature 25°C
Coolant flow rate 25LPM
Initial SOC 20%
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Fig. 41 Profiles of applied current, maximum temperature,

temperature difference within central cell, and
terminal voltage of the PHP module under current
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(limiting maximum temperature and central cell
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Table 12 Effect of coolant temperatures on charging time
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temperature | charging time module charging time
charging time
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30°C 1237.6 s 14643 s 154 %
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42 Profiles of applied current, maximum temperature,
temperature difference within central cell, and
terminal voltage of the PHP module under current
control constraints at coolant temperature 20 °C
(limiting maximum temperature and central cell
temperature difference)
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Fig. 43 Profiles of applied current, maximum temperature,

temperature difference within central cell, and
terminal voltage of the PHP module under current
control constraints at coolant temperature 30 °C
(limiting maximum temperature and central cell
temperature difference)
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