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A numerical study on the thermal
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Abstract

Due to the advantages of less pollution emissions, high energy efficiency and
low noise, electric vehicles are becoming one of the mainstreams for future vehicles.
The improvement of performance for Lithium-ion battery packs which are the core
components of electric vehicles is the key issue for developing of electric vehicles.
Temperature has a significant impact on the performance of battery. As is shown
above, we should take effective measures to control the temperature of battery packs
to ensure the safe and effective operation of electric vehicles.

Phase change material(PCM) cooling is one of most important methods for
thermal management of battery pack. The PCM-water cooling method is proposed
because the PCM itself does not have heat dissipation potential. It is shown that the
temperature of battery with PCM-water cooling method is 54.4 degree at 5C
discharge rate, while the temperature of battery with PCM cooling is 62 degree. The
temperature controlling effect of PCM-water cooling is much better than that of PCM
cooling.

A novel cooling method coupling metal fins and air flow is proposed because of
the complexity of PCM-water cooling system and high maintenance cost. The
temperature effects are discussed at the same discharge rates. It is shown that the
coupling of metal fins and air flow is much more superior to common air cooling in
terms of controlling the maximum temperature of the battery. The temperature of
battery at the end of discharge is 47.4 degree. The mechanism of cooling
enhancement by fins is discussed. The thermal conductivity of the fins proves to be a
critical factor which determines the cooling effect.

According to the temperature effects on different areas of fins, the heat
dissipation of fins which close to the air inlet and outlet is the best. So a novel cooling
method coupling I-shaped metal fins and air flow is proposed. The results show that
the coupling of I-shaped fins and air flow is much more excellent than the coupling of
rectangular fins and air flow. The coupling of I-shaped fins and air flow can control
the temperature of battery to below 55 degree at different heat transfer area of fins
with 7C discharge rate. The weight of the battery pack will be reduced effectively by
selecting the size of fins flexibly.

Key Words: lithium-ion battery, temperature control , numerical simulation
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Fig.1-4 Temperature distribution comparison of different cooling methods for battery pack
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Fig.2-1 Schematic diagram of lithium ion battery module
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Fig.2-2 Schematic diagram of simulation unit with different cooling methods, where blue area is
the PCM region, red area is the water region;(a) the PCM cooling model;(b)the water cooling

model;(c)the PCM-water cooling model
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M o AR SRR B, N RN IE 7 FRARVE 2 5 T ARORI T T AR o I ) 3 A
R, BRI S HOLE 2-1.
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£ 2-1 BT b S

Table 2-1 Physical parameters of lithium-ion battery

FE S i b B CEEY 5L

(kg-m’) (kg K™ (W-m*K™) (Lm)
Al — 2710 902 237 20
LiMn,0O, 0.25 2370 1321 1.48 180
PP/PE/PP 0.47 1400 1551 0.35 40
el 0.30 1347 1437 1.04 120
Cu — 8930 386 398 10
AT — 7850 475 44,5 200

NS, FA Bk

1) HIBRYITES AR AL ;

2) FHLL P R A% AL AR A AR R

3) R T 0 AR S AT L T R v A S B AT U R B R AR A, AT
BIWEATL

4) AN RRBAL 2 )5 I 5 8l ml LA 2

5) TE/KIAEN LA ARSI K- /K BRI A A A o, SR S REEOR JR R
PO AIKAE ,  HX AR R AT LA 2 o

212 HEEMRHERBEREEY

TR AR AT v T 70 SRR S8R VR e ) 3 2 Do DR e A A B HAE A AR AR AR Y R A AE
BN HIARAR T o FHAR AR A PR A AR (r) L, DR AR AR AL 34 ] 7t
—FRARAME SRS ARATAR, S8R AR AT AR VR BB Uy R AR Ml SR Ay
VEET A Ry R R R DX AR R A R AR T 7
ITESEAWRIEES, BABENRE. N TIBEAM T, 720 MR AT I 4L
AW B e AR EICR I 2 IR GRS, Rk, AR R SR
HOR M ENUERA RS IESR . 4, X BATIR L X 8] (AR SR AR AL 17
BT EEANIE FH o 18] 5 DX TR VO S e SRR AR 4 DX 430 4 e A ) R A F R A A DX I
R R, H R AR I BIAER . SRR . AR E XA,
S R T S R AT IR A A% B A )2 I — R U T SR
AR AR B B RHI F s T, LA AR Cp err 58 SUAME H I EREL

A AR AR B HASE AR, AdA . AR TRsieE . ToE ik
SR AR SO B S B B 1 F i A PVE B R G A H A . A AR
A% eI IR G, DA i AT [ e 48 s AR D — A X T

ATETE R AE AR AEAE PR X 8. FEARAZ XY Q=0 +Qs, HiAP Q) IR
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X B, O, FRBHIK . 5 8 K e sl L o
Cpa5p = V- (V) 22 Qi (2-2)
Cps e =V-(AVT)  7E QuHH (2-3)
SE Corn Cos 4 MFRBARRIEARAT AR A o 5 BT AR FVELAR 1 544
Y.
FERVASRE R PTAIDCSPS, ARTRRUTF

Cpetr 3 = V- (AVT) QW (2-4)
:/H\:EP Cp,ef‘f %%%&i%&?‘é’, /‘TE)ZZIH—F
dH
Coeff = 37 (2-5)

Fod H kS .
FEVFZ HARM R IR R R, AR IR AR AR — BN AR IR XA Y
T ARSFIRANAL, A UER N AR SRR

T-Ts ’
Cp,1 , (T>T)

Horpr L R AT R, Cop R AR IX B AU E, T RSB AL IR, T)
R EHBAG IR o

HIZC(2-6)FIFE T=Ts M T=T\ I}, Cper AFEFTERARLL, XAHBRERAE b 2 AR
L B () B AR oy s R TR e, A T g SR TSR 22 B, purlis P E BCR
Heaviside b1 I00t S5 R AVE AT 0T A0 2, AR R R ikt

ST R B AR AT X O 20 2 HO AR R RHE L A bR
¥, Jrfiin RPA

Cp,s (T<Ty)
L
Cp,eff = pf T (Ts <T < Tl) (2-6)

0o, T < (T,, — AT)
B(T):{% , (T —AT) < T < (T, + AT) 2-7)
1, T > (T,, + AT)

Hort T RN R EIE 5, AT R Rk 205 B X A
H(2-7) AT 1 B(T)WARFERT BRAR A, IR 2245 TR AT kiR 22 . AR F Heaviside
BRSO B(T)IEAT ORI b8, 7R T -
B(T) = flc2hs((T — T,,,), AT) (2-8)
Horr flc2hs(T) 2 i 425 w35 Heaviside &%k, 1%y Comsol Multiphsics
B E R
FAAE TR S R e P T T LU R b,
Cpeff = Cps + (Cpy — Cps) - B(T) +L-6(T) (2-9)
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Hr 8 (T)FRRiEW & %L R BUALE [Tw-AT, TntAT]IX 8] BAN ) S A5 T %
HAEREA € SO BRI S5 T Lo A A IZeR K H AR A A B AR R X
[BIEA A . 8 (TYRIRIEAX LT

2AT VT-AT?
0o, T > (T,, + AT)

FHAS I RL R AE A AR 2 J5 FL R PR G I R B o R A Ak, AR A R I
MGRREOHATEIE, AT
p(T) = ps + (o1 — ps) - B(T) (2-11)
MT) = A + (4, — ) - B(T) (2-12)
Hort ps o1 20 BNFRIR AR A FRAE B L s Aen A 20 3R AH AR A4 AL ] AH
MBI SR

2131 FIERIB R EH

0 T < (T, — AT)
_ ) T=Tp+AT e~ TT-Tm)? )
6(T) = , (Ty —AT) <T < (T,, +AT)  (2-10)

2.1.31 Bt BIARIBEE T T2
R BOE AR o AR R E G LU R PR 20 1) Rt Y BE ™ AR AR HL

2) F AR5 R RIS o 25 LA Qo 871 FiLIh BT AR AR B 72 A R, U A KOA P
Qo = - [1(E = Eocy) = IT 22| (2-13)

Hor | R Oty 1<0, 78K 1500 ; E RIRHIBHEIE; Eoo R HIL T

PR Vo AR HEIMAT . HFE(2-13)i v LU W BRI Ak RIL, WiF:
Qo = 5| 12R; — IT 22| (2-14)

Forp Ry 2o st B AT BEL . P VA e A3 A RO R TR AR A L, Ak

JS S8 T DA B A S r e ) B AR G AT DA TR A

(2-15)
AR 18650 YA B HE b B 2 B 1500mAh,  HLt B Y FHA
66mEY, I FE by BRAZR P 50 L 35 28 TS FRL R TR B BT AR B R AT R 1 9 R W3R 2-2.
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% 2-2 18650 MH BT IR MG AL TR A B R R R R R

Table2-2 The relationship of discharge rate. discharge time and heat power for 18650 form battery

B BT A R B TR R R N ] LR VRN AT 7LD
7C 540s 4.0<10°W-m™
6C 600s 3.2x10° W-m*®
5C 675s 2.6x10° W-m*®

X 1)l A

PCy 5= 5 e 5 + 5 Ay T+ 5 My 5D +Qy  (2116)
Sooft p FORHIBI T RE, Cy 2R TG, QMM 5L LA (2-15).
T ot 4 A EE BV 6 A O LR B I T A, R 0. 7ML
B, RRATILT &AL B0 LU A LTI, TR AT

2 piCpiVi
pCp = Z—Ifi (2-17)

Hrbpiv Vi v Coi IR N B AR L . AR LAV

H(2-16)F Axps Aybs Az 7P AR HMMAE Xy z T ERISRERE, t 3R
NI TE], Ty R IR AR L o (HARER A, AR RIS FR AR (A R I HR
BRR AR, R R IR &8, DL B S IR B AL & [ ek, RS
IR N AL o W RZR/ N

— _ XL )
Aeb = Avb = S (2-18)
YLiA
Ap =51 (2-19)

2.1.3.2 FREM R RS AR AIEHI 5 12
FHAERT LA BRI AL AR S, HLRE R SFIE RE I T

OTpcm _ 0Tpcm 0Tpcm 0TpcMm
pPrcMCppem ot = Apcm o + Apcm + Apcm py (2-20)

Ferlt prom=p(T), 577 L R(2-11) Cppom=Cpetrs 177 L (2-9) s Apem=A(T),
PHITE IR (Q2-12). Fr s HASHDR P 2 507 2-30,
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R 23 Tl AR EIK S AR

Table 2-3  Parameters of paraffin wax and air and water

Yy EE HiE
Cos(@kg™K™) 1770
L@Ikg™) 195000
ps(kg-m?) 822
Vel pi(kg:m™) 910
A(W-mtK™h 0.21
aW-mtKY 0.29
AT(C) 2
Tu(C) 42
pa(kg:m™) 1.185
=5, Aa(W-mtK™ 0.026
Cpa(d'kg™ K™ 1005
pw(kgm?) 996.95
K A(W-mtK™h 0.61
Cow(Ikg K™ 4178.5

A HIK AR REEAR R il Bl S AP 51, e s R T

0Ty
prp,w? =V -(AWVTy) + prp,wquTw (2-21)

A pws Copwn Aw D HIRINCHUKBVE B LEIE . SRR EL Ty Rond Ak
il
2 A KB AR A B o S E T AR RESAE TR T
Vu,, = 0 (2-22)
VA K R T8 R i 5 RS AN AT R 45 Navier-Stokes Eiiish 778, 0T
Pw S = PG — VPa + 72y, (2-23)
Hordr gy Pa s B s L AR 5
KV HIRGE R ey, v J7K 55 R L TR B TR) 7e J i B 1) 22 e 2 AN Sl
AN EAFARAL T, GEREHITRI T
aT, aT,

a aTa aTa
pan,a E = Aa ox + Aa E + /13 E (2-24)

Hort pan Cpas Aa 3 RN ARIE L L RS, SARE, TR ANEE.
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2133 MIRFH R FFMH
1 HIaG At

L OB TT A AT, BB Bl ARARATRE K AR A S RIS IR IR
#;, N 25C,

Ty = Tyem = Ty = Ta = 25°C (2-25)
RAKHIWIIRE N EE, TR
u,, = constant (2-26)
2)i LI Tk
FELIH 5 A AR DR R Al TR |, IRNAZ S eSS TR i A RE
AVTy = ApecmVTrem (2-27)
FEL L 5 R S e b, VRN S A e S TR i ST O e
MVTy = A,VT, (2-28)
A HK SHZM R R b, WX RE R A TR I S ) RE &
AV Tw = ApemVTrem (2-29)

ERANHMA RS, Bl bR & g, BTk bR SR
oz, Bk ERAREEET, PTLUA:
Ab VTb =0 (2-30)
R 55 R AR AR DL R v 5 s AR Ak T S TR PR ARG, ¥ UK S AHAR AR
Sy PR 00 A 5 -

Tb,surface = TPCM,surface (2'31)
Tb,surface = Ta,surface (2'32)
TPCM,surface = lw,surface (2'33)

AHAR BTG 5 BT 2 R el T e AR AL, R R ERE R R L E N
x, FHEWTF:

VT, =0 (2-34)
AHKN AL, A EI7K B FE 9 [ e 1A -
Ty inlet = constant (2-35)
3)id B Tk A
R AKBE O N IE B AT, TR
Uy inlet = constant (2-36)

R AKH FONBCA 5, BT s E 2 S br i KU -
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Pw = Po = 101.325KPa (2-37)
214 BEHERE

ABAEEMI R KHBE S TR AR A A JF KB COMSOL
MUTILPHYSICS 15 E 8, N R ZE AR A& s (heat transfer module) F1ii
iR s (fluid flow module). EEBAURKII TR, S5G W16 5% A DL AR i 5t
A TP FEA % X e B T R AT AR SR A

EOG, MBI IAE SR A R T AR R T R R A O
MEEATROE, FrRBE K 2-1, % 2-2, £ 2-3.

TESRAAF AR H B 17 R, 30 75 BB — o4 Bh R B, X S8 pR B L R
(2-8). (2-9)~ (2-10). (2-11). (2-12). FERfEiEFE 75X LA B R4, AR
AL A TR] R A RE MR g e ELHERA PR AT

Hxk, KA BRICIT X B P IR o A AT SR 5. A IR JTE
(FEM, Finete Element Method)tLFR A R 5 y0i2 2 B & vHEATLIR R fE i s & e
ESR A — MU SR AR 7% H 20 4D 50 FEATF UGB W15 B BN ], BIfE
2N T AR, . TRESAURET. AR T 759 SR 2 AR 43 TS A
BUREE « %7 A B R AR A S BURH IR ARSI o0, £
FATC N I F3— S5 R VR A A RSB SR i 23 7 R Hh 1 DR AR R
5 R A PR P e B B I £ 1 D R 2L, T T D 3 2 R
AR PR A . SR A BRI AR R 18] AT 23 A AR BE . SRAE . J5 Ab 3K =43
o WA AE KRR T

TRALFR IR

1)Re SR AN RESBUR AR P 5 $ots

2)ET N — AN B B BT L R I Oy AR A SR A A, B XA BN
FRIRAA AT A 4] [X 5 3 T o 5 4 | O o DA R i R4

)W A I B F u A & B AL A, AN T AL g AR

AR BT v 78 IR S5 A 1 5 25 A5 g B4 1) B ek P 4 ) 7 R EA T
TCHTIEAREE KA

S)RARLENE (BRARZNE) BRIy TR, 453077 s Koo B IEUE.

J& AL IR

THHE ARG, KEHEE FEETEGEREK, WNEG R ERECRER
AHME R b, T35 H v DX P R Al R 23 A PEIB  t IX ot A e T P i
FE 3 A BB i R T B2 AT R B i i s 40 An BR 2%

20



BE AHAMRNA H) K S T &

Xt FELU DX ISR AT SRAAEIS SR AR 25 SR A s » X AR AR ARLRIA HI 7K DL B A5 i
AR AR, R RS A SR AR o RS SRAR AR I, 75 B4 58 S AR 20 I 8] DL B AR
b AHAEMRNA FR AR AR WLIEI2-3, KD, AR KL K AV SRR

AR LK 2-4.,

BAYIVESH R E
S ST A B R B

A 4

EBCRIT AR, $2 B0 IR TR] R L i S A A

HI e R R AT RS, JEXd % I g g 4 [
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oA
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L
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Fig.2-3 Schematic block diagram of the simulation of battery cooling with PCM
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CNE7/R
e EEHIRE

A 4

LA R fiE Navier-Stokes

WAVIVESH W
WA, S5 B RR 5

JZ UL Bl T3 R A
EIRE
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oA

TSR R
HrIEAUE

y

FEBLE BN T2 K Ha . A
AERPRE S v HK I e R 5 R itk
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B HH e K 3
pagiil
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Fig.2-4 Schematic block diagram of the simulation of water cooling or PCM-water cooling
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2.2 IEILER
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BRI IR 25°C, AN TG R R AR AR AT RHE A 9 5
I B AR THE B, B 2C A1 6C BANBCE AR, 4RI 2-5. H B Rl RIS LA
N 2C I, H AR IR Y 42°C, TGy 5C I, F it R iR KR
BT 62.7°Co RTSHRATRBOR, I AR S, HIR R, AR
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A 62694
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Fig.2-5 Temperature distribution of battery at different discharge rates
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Fig.2-5 The average temperature of battery with PCM cooling at different discharge time with

different discharge rates
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o TR0y 2C I, AHASAA R AR il 5 th A2 BB 2 T80 F A ] A 388 o v e 484
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eV B AR XA SIS Lo, MBI B AR AT 6 AR
S AHAR R R T e AHACAR AR AR E X [A) D 40~44°C, HiREART 1L
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Fig.2-7 The average temperature of PCM at different discharge time with different discharge rates
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Fig.2-8 The average temperature of battery at different discharge time with 5C discharge rate
and 35°C
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HY 2.2.1 FRIH, AEARME R BORTE DL, RS R AL B ey po
LA AR P o BRAEAE iR IR ST T SRR AR A R 207 th BE A PRI ) i 5 42 1)
FE A BRIRR LV TR A o TOAE = (TR IR O R, SR ARAR AR AR A AR
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Fig.2-9 The average temperature of battery with water cooling at different discharge time with 5C

discharge rate(the radius of water pipe is 3 mm; the velocity of water is 0.1 m-s™)
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Fig.2-10 The average temperature of battery with PCM-water cooling at different discharge time

with 5C discharge rate(the radius of water pipe is 3 mm:; the velocity of water is 0.1 m-s™)
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Fig.2-11 The average temperature of battery with different cooling methods at different discharge

time with 5C discharge rate(the radius of water pipe is 3 mm; the velocity of water is 0.1 m-s™)
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Fig.2-12 The average temperature of battery with PCM-water cooling at different velocity of

water with 5C discharge rate(the radius of water pipe is 1 mm)
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Fig.2-13 The temperature of battery with PCM/water cooling at different radius of water pipe with

5C discharge rate(the velocity of water is 0.1 m-s™)
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Fig.3-1 Schematic of (a) the fin-air cooled battery pack and (b) the selected simulation domain
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Fig.3-2 Block diagram of the calculation process of the model
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Fig.3-3Temperature distribution of air cooled battery and the fin-air cooled at the end of discharge

(discharge rate is 7C;the thickness of fin is 0.2mm)
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Fig.3-4 Temperature distribution of air cooled battery at different velocities of air(discharge rate is

7C;the thickness of fin is 0.2mm)

39



o AR

BEAk, - S A HNELE b i R R & . R 3-1 A T
FEL U DAAS [ 3% 25 T80 58 B L A e RIR BE 8 o R R m] R, BE R TR A R 1
fer, Hb AR e Ty, AECR AR -2 [ A 5 i R L 1
T B /N T R AL G AR AN TR IR . RItl, A2 2 i bt AT s
BORKII . Wi N R G 3 AR, SR - S F A AT R B
A RO PR B I A I8 4T 2 4

2 3-1 AN[RITAC AR 2 TR 2 LI L ) e IR BE G JE B2 0.2mm)

Table 3-1 The maximum temperature after discharge of battery with different discharge rates
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Fig.3-5 The sectional views of the air flow fields in(a) the air cooling system (b) the fin-air

cooling system (discharge rate is 7C;the thickness of fin is 0.2 mm)
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Fig.3-6 The sectional views of the air temperature fields in(a) the air cooling system (b) the fin-air

cooling system (discharge rate is 7C;the thickness of fin is 0.2 mm)
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Fig.3-7 The impact of the fin’s thermal conductivity of each direction on the heat dissipation
using the fin-air cooling method (the discharge rate is 7C; the thickness of fin is 0.2 mm)
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Fig.3-8 The impact of the fin’s thermal conductivity of each direction on the temperature of fins
using the fin-air cooling method (the discharge rate is7C; the thickness of fin is 0.2 millimeter)
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discharge rate is 7C; the thickness of fin is 0.2 mm)
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Table 3-2 The maximum temperature and temperature difference of battery at different

cooling methods(the discharge rate is 7C; the thickness of fin is 0.2 mm)
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Table 3-3 The maximum temperature of battery at discharge end with different material of fins(the

discharge rate is7C; the thickness of fin is 0.2 mm)

SHAK(W-mKY Trmax(C)
] 400 42.3
= 160 47.4
7S 76.2 50.1
By 35.3 51.8
ARl 0.18 55.4
To — 55.1
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