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Abstract

With the continuous development of electric vehicles in recent years, lithium-ion
battery has attracted wide attention as energy sources for electric vehicles, and its
performance and life span are restricted by the operating temperature. Therefore,
battery thermal management (BTM) technology has gradually become a research
hotspot. The battery thermal management system based on phase change material
(PCM) has good development potential because it does not need to consume extra
energy and has simple structure, but it also has the problem of low heat transfer
efficiency. In view of the above problems, following researches have been done.
Preparation and characterization of composite phase change materials with high
thermal conductivity for BTM have been completed. Heat generation characteristics of
lithium ion batteries have been measured and the dosage of composite PCM has been
estimated. A new type of battery thermal management system based on high thermal
conductivity and composite phase change materials has been designed and established.
The heat transfer enhancement and temperature control effects have been analyzed. The
main research contents and conclusions are as follows:

(1) Preparation and characterization of composite phase change materials with
paraffin and carbon materials for battery thermal management. Paraffin was used as
phase change material, and three kinds of high thermal conductivity carbon materials
(carbon nanotubes, graphene nanosheets and expanded graphite) with different
dimensions of heat transfer were chosen as the high thermal conductivity materials. The
mass ratio of carbon materials were 1%, 2%, 5%, 10% of the composite PCM, the
microscopic morphology, latent heat of phase transformation, phase transition
temperature, thermal conductivity and other thermal properties were tested to study the
effect of the type and ratio of high thermal conductivity materials on the thermophysical
properties of PCM. The results show that the addition of carbon material has little effect
on the melting point of paraffin, but the latent heat of phase transformation increases
firstly and then decreases with the increase of carbon material. The addition of three
kinds of carbon materials can increase the thermal conductivity of paraffin which
increases with the increasing of carbon mass fraction. When the mass fraction of the
carbon materials is 10%, the thermal conductivities of CNT/paraffin, GNP/paraffin and
EG/paraffin are 0.39, 2.01 and 6.39 W/(m K), respectively, which are 1.39, 7.14 and
22.67 times of the pure paraffin.



(2) Research on heat generation characteristics of different ternary lithium ion
batteries and estimation of composite phase change materials. Four types of 18650
ternary Li-ion batteries from Samsung, LG, Panasonic and Sanyo were selected to
conduct discharging temperature rise tests under different discharge rates (1C, 2C and
3C). The results show that the temperature rise and temperature difference of Sanyo
NCR18650GA lithium ion is the maximum among four batteries at all discharge rates,
and it has the largest rated capacity, so considering the temperature factors and the rated
capacity, it is selected as the battery for assembling the battery pack. The internal
resistance of the Sanyo NCR18650GA battery was tested by HPPC method. The results
show that the resistance begin to decrease gradually from 52.89 mQ when the SOC is
higher than 80%, while the internal resistance stabilizes at 42.00 mQ when the SOC is
in the range of 80% to 30% When the SOC is less than 30%, the internal resistance
curve increases rapidly, the maximum internal resistance of 66.98mQ occurs at a SOC
of 6.4%. According to the internal resistance calculation, the Sanyo battery generates
heat of about 3600 J at 2C and 20 °C. According to the battery heat generation and the
thermal properties of composite PCM, the dosage of the composite PCM for each
battery must be greater than 14.4 cm? at 2C and 20 °C.

(3) Research on heat transfer characteristic of lithium ion battery thermal
management system based on composite phase change material. Based on the
experimental results of the first two parts, two 36\VV10Ah battery packs were assembled.
One of them was equipped with an EG/paraffin composite PCM temperature control
module, and the other was assembled as a control group without temperature control
module. The heat dissipation performances of this battery thermal management system
were tested at four ambient temperatures of 0C, 10<C, 20<C, and 30 C and at discharge
rates of 1C and 2C. The experiments not only compared the temperature characteristics
of different battery packs with or without phase change temperature control modules,
but also studied the effects of three conditions of the dosage (overdose, appropriate, and
insufficient) on the temperature of the battery pack. The results show that the average
temperature of the battery increases with the increasing of the ambient temperature,
because the internal resistance of the battery decreases with the increasing of the
temperature, the temperature rise of the battery also decreases with the increasing of
the ambient temperature. The addition of materials can effectively control the average
temperature of the battery pack. After adding the temperature control module at the 1C
discharge rate, the average temperature of the battery pack decrease by 32.2%, 27.6%,



30.9% and 28.7% when the ambient temperature is 30C, 20<C, 10C, and 0<C,
respectively. The composite PCM can improve the temperature uniformity of the
battery pack. When the ambient temperature is 30°C and the discharge rate is 1C, the
maximum temperature difference is controlled to be less than 1.1°C, which is a
decrease of 88.2%. A reasonable dosage of composite PCM is the key for its application.
After the material is completely melted, its temperature control performance is
obviously degraded, and the effect of the melted material on the average temperature
of the battery pack is greater than the effect on the temperature uniformity.

This paper has 30 figures, 5 tables and 104 references.

Keywords: Heat transfer enhancement, Battery thermal management, Composite
phase change material, Battery thermal characteristics, Lithium ion battery
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1 452
1 Introduction

1.1 gl R E®BEIRERN LR (Energy Status and Development
of Electric \ehicles)

TR RS e VR A R B UIM L, Tk &y DOk NSRBI A BT El &
J& 2 UM A BEVR A K B RE AN T A R AN R AR AL AT BEVR AT AN
AIFRAERRYR, RO A s . B 7 A TR B & e A, AR e T B A
R REIR, BRHEBCS G K 5800 = RN e, Sl iR E B, ok — &R
FUPREE 1), arAe] A 28 00715 BERCHE & B A B SRR L 0 5 3612 31, AR 55 [ R
PSS — A AR AE B A L o BE BRI B o, FREE 2006 4 CL4iE T
FEE O R A E, B 2013 AR, B E R AR
4 100 A2, Bt FLHEBUR R 13, M T S E RRR B 1 s A Sl A
SRR IMRZEHRUR) R AR RO F 2RI 2 —, RARIHR R 1 E I
) R o S 0PVRZE T (%) % Je Bty SR B PR o] A BRI 1) R, A3k 2% A AE AR R
HUAE T, DAHESNAL SR AR I RIS L AL, B e s F SV AR D AR B T iR AR I B
TRALFALI, B\ N A0E T AT e B S5 PR 5T il @i 7 2 — U, R Hiae
TR SR ZECLSEIR 480 11 R G0 L sh Ak C O [E PRt 2 1 3R [e 9,

Ak, BETRECE BN EM . RARSRF O E, BRI AL SMEKAE A
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1.2 BAEIR ARG ARINIA (Development Status of Battery
Thermal Management System)
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— A A o T A A SRR R IR AL, Hh T AL A R A AR T S
AU, FERB RS TAEIN A 5 S BRI N TR, il BB R,
B R RE T B 2 X B A £ UK PR ) R AR AN RSN, 3T O L
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LG TR0, R P 7 SRS £ ST MR SRR FR (4 7 BB AR
RUCHE TR % 4. L, A BB AT LA RS, AR
R T O PRI R P 2 59

F1 20 42 90 4EARS, B HLANITAE MR, MLl 35 ) J B DA 25 T
. P AAE F ST IR 0 T AT LASE R R W R 5 AR AR
IFPRHA HI R G0,

1.2.1 ETFRAREMAEIR R G RIERE

P 28 G IR FL A AR A fi] B JE IR G B — L AR F b e B 1)
FITZ o HH BRI Zhang 55 N\B ST b 7. 1 = B 4514 10
PP FL I RVE BB, IR IXUE TR ATINNEIR i DI Ao ks fe il ok
B TR 27 1 Ma 55 A\ B0 i — 251 el SR IE L T 2 Fh L3S RS
RERFEIE . J5 A 5 R A rh R PR RCR . TR AR REME R B IR 2
1) Ye 55 AFUIET 38120 AL B T I @ T — B RLF A B R GRS
LB 2 IR 25 7 VR EAT BT 5T

1.22 BT RSHEMAEIERGIHER

A RS HFARCR B BAEA R REE T # A FoE ECASER, X F 2K
ThE O I BCACR I T RA R G0, LR BB R M2 —. 2RI T K%
ft) Panchal £ A\ 424315} 5f —Ff LiFePO4-20 Ah J5 T3k AL FEIh 57 1 P2 Hsi iy, Jf:
ARAE ARG TT 7 — R AR A B B, WIS 1 EAS R A 2R T TR R
PR, SEEEEER A OR) Coleman 25 AL T[R4 24 B 1 Fb 57 1 B
TS « A AR DR Rl it AV RS, BFF 70 17 PR ) B G T f s 2L B 1
SO, WAL T AR IR A PR IE I R A AR B E R . BRER,
TE H AL T 1 TAE S A T AR MR AT 13RI, M7EA B — Bk
P I R BRI A A M B 58 A SRR G T IR BPRAC, I AR T PoE
. BRI R 03 2 7 ) Smith 25 NUSIEEF 5 IR ST 1 DA = FhAS [R A BR A
SA BYE, JEHLE T IR . A HORSE . VB H i 2R K IR R A A
(RISZIm, 25 53 A A EITROAE L VA BOM Rt F R B R BRI T K, 8938 J AT LR
AH EU L B AR AT A I s B s BE K. b Ab, B 1A R LRI TR B Biont -1 12
b 1 T B SR M S FE R . AR B T K211 ChenlSN 5 B EE JE T K 2 11
Ariantaral 5y BN @ AVE . AR 5 XA TRV RS A TR RS T rL A
H,

T o E B SRR . EHMAHE R RGNS RSN A, S
HLBNTR 2 FLI AR G A BRI/ A R 2 T 1038 1) Vb A0 B R G B TT 0 52 B
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FAE . MR Ma 55 AN FBE S BIF 72 A [R] fd 8 &5 A4 56T FELth AV 3L 1) 55 e &K
B, RAT RIS T — R T AR s N i B B R S, FREAETSCR
3% 22 E i 5B ASEADLATT 58 Al T A E A TN R G T B R ZE RS o S5 SRR,
fERME—E WO, 2iasEEm E AR T RS /£ 1.5C IHMEET,

TIE N 0.20 L/min [ 08 8wl ok g e . FEth IR 22 43 7 45 i 7E 27.8°C . 0.8°C,

H AT 8.69e-6W [MZRIh%, fEHmMSBMAE N, EReAH I bR A 5 iR 2
FIT e BRI AR R, H S A B — e (B, B S AN R — D R R
I RE . BEAh, Ma S5 AUV B, @7 T I T AoE i i B i A B R G
B, SR T 28 SR ABE DL H b 7 S oS R A s o 5 ot R 5| A ) A 0
iz F BT @ A0 st R G AP I FREAT N, ol & P RaE S, &
FINRFE BRI EARSE o BRI IR R AT 7 . 45 R 2R, ol TE B RERH
1 B Rt R PAY S % 1 5 R A AR, (ELRE RS BEL L B ZE AR AT FLb () B

123 ETESHETMRINEAEE REMTER

BT 2 A AR it IE B R ST B A AR T L IR 5T A BE
FEREIE AU BT AT TS 2 —, (RS i Th R g0, Hth A e fr
ARBTG5k . AR — AR DO REPERT L, fEANAZ
AR eI R AR A Y AR N TR, R TR B Tt DR R A0 ST A AR R R
KRBT UL AANFTENIPRZE, £ 1-1 g T PR R ARk A,
FHASRP LA 5 (P P FE R T e i PR B A OB, JHC il 2 2R3 AR IR
FE AR, KT b Ve B s B ARIR L AR AOR, HEIA ST 34
REORK WA REAIRAA N W N BE AR IR (At pEsE, T
B AR AGE: ER. MK RIE0 0 B TR, —&RH T Hib
PAVE BB AR AL RE A AR AR IR R AR AE 30-50°C, 1M 65°CLA LB 0°CLA T HY
i T FEAE B R A AT B B AN i 4

R -1 AR AT T AR AE A B SR m 0T L2

Table 1-1 Comparison of advantages and disadvantages between organic phase change materials
and inorganic phase change materials 52
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Al e dong HAEE . (A TERes . AR R PR BIARAL BN . 2808
i, MRERABES . B2 tERE . AR {7 ISR & %08, AR H&RZP). Al
T b IAE BB — Sk il AL R 5 S R, B2 X R G iE
JRJB P, R IE B A SR, R AR ARt AT SR A ) R e R TR A g P A
FHAE M RHR AL, 2 H ATER X AH AR A RS TR 78 1K — i o 7 000, i i 5
AR B, X LU B ICRAT i s, HR ] S S IR o= i RS
R B RLRAR i e g e,

LR AT R S AR A T R IE B, Gl A SR e IR R
Al SRR . Kizilel EOLR KA S S SARR MR TRE R, X
FLR 72 e FEREAT AR IT, SR AN AR a] LA B A% el iR P 22 LA L it A [R] P
MR ZEIRFFAE 0.2°CRLT, TR XA P ITZE (B A TIE 3 3°C, JRiE i A
5 B4 SR ATARAS A RLEAT HVE R AT LA 2R b R R 2 0 AL K L PR AU
B SR A AR S AR J AR R A B T A, JT R T 3 ) B S R T AL B
SR o I I E FEIAE AN A LU TR R I R R R R AR A, W ST LA 1 A R
FIARAR Ve FHAR 5 2 S AN BRI ORI s IR0 1 A s/ 4 3
HEMAMEIR R . SCIRETREY, {F 1C BURMERT, KA BA
KIS T2 B SRR AR A A, st IR T+ 70 73 B AIK 14~18°C LA 9~14°C. 1
A5 AR ERCAE 4 D LI, LA ARCRE B R, Ling 2R H Fluent
BRAF 3 B 1A A TR A A R ) S A A A R A 40, ri it 28 4 ) IV B ASOR &7
S o R [F) — R o s 1R R B2 K A0 SR S AR A A R, 2 AR R A 88 10 o i 70
I, AN B AL S B 2 Kk A . IR SR 1 L Hon, B
AR T IR 2 I EAR AT 2l D, it DLAT b B3 M AN R IR A 252
B HON HIV SR R0 o Lin S5 10O1R B2 I A SR80 i 52 5 AR A RREX O %
IR B P M IR AT RV B, R AE A B TR I 3 VR R4 A 88 7 S AR AR R R
TGN AR, R 1-2 fios. BFTLERRM, AHARMRNA AT
IR IEE FEAR r R 5, Lt I B 3 SIPE B PR R o ELRE A I [R] AT T8 LA
Ham, R E — B R, 76 1C R 2C IR T, oKl Z #RYERFTE 5°C LA
o SOk, BT TR RN, ARARDRERT DLAEARAG — B 1) Py oRs L i 4]
TRAIFAERAE TARIRE T o Sa A7 HAEAS 2] 1C OB 525 P RUER 5 5cis
— . Alrashdan S5 K A7 S2/AHASRD R L AAVE ST I I B2 5 M Rk AT
BRI, Babapoor S8R fr£F4t/ A1 B A AR T B — B TR HL B
PR R FRE BRRCREAT 1 WS, 45 AR IR ZT 4E AN N n] LA 2 AR L b e K
THiR, FFIRTT E A FIFR A — 2tk . M ANE R — R B SERHIE AR R
PR AT A B AN ] 5 o B 0 8OAS R B BRI, 45 ROB R, BRET4E I AE 2mm,
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JFE 73 HUAE 0.46% M AR R AR IS T 8 %, HLt de KR S 7T LA B 45%
PAE o BREFAES R 2 B AR RL AR R A B, A BRI R T RE /7, I HL
HEEARDN, AR TN RS E, R R B Ve Re, BReT 4k
TR BRAAL B BRI N 25 1] o

E S PR

S E MR LiFePO4 Hiith

K 1-3 sl BVl B8R G i A% i Jir 3 ] 166]

Figure 1-3 Heat flow schematic of passive thermal management system [¢€]

A — S FOR IR R 5 A0 AT VR S R B A 3 2 DU T H it A
B Li PN T 9 AN R I AL AR, IR R A S RN
FHAB PR P 2 (RS = VR 450, Haiaii 1, SR TR e se i . 45
SRR, Bl J AR IR EIAS Re i 2 I BAED SR, Al I H AR R T
SRR A, (HIREE ISR r AL IR E — BT A I 2 S APRNA AV ROR I . 1t
At i 5 R HIAN R FLRR BE VR AR B 2 A AR BCRR ILEEAT FE, 45t i it R T
i PO BB A TR R 1) FLIR B2 5 FLBR 2% FESE NI 3G . Khateeb %5 7ORKE £ i 5 M ok 4R
A T SR B R R B, 2 AE E AR R IH TR AR . R
HFE A HFR IR S A S SRR YRGS O T BEAT SE, SRR A R BN
FEATIE B i A S VR R B Ry R RAUEAE L T, A AR e it 2H A B i 8OR B
U . Wang SR B 5 20 28 Ha b 2 AT FEM AVET B SIS, KRR R A E G
FRAMT RS A AR 0l RV EBCRATRLEAT X EE, MU AR XL YL Z =
AN TRIBEAT R BE W £, 45 AT s AR AR R AT DAAR 2 f] R il £ 80 R P P T 55 2R T
HITRE BT, R e m R E 2 e w7 R S, Sasrp i
FE R F I AR TP R SEDR, T SRR AT B it A A AR S B G — . 5K
B, HIGREELE 7000 W/m2 HT 12000 W/m2 B, fIn N YR A A I Rl A3 3
SR AL ) 73.6% M1 74.4%. 6223810 K24 Qu 55 N2RIG Vi ik 4 Ja 1AH A2 44
BEEGPPRHH T B AE B, TR I M = IR 4 I R GE . AR
Ik B TR 27 Javanil’™ ™1 A6 R B TR % 1) Zhang® 7> 781 22 A i Ap R 4 1 Jiang!'”
7155 N A EOR ARASARE T it AV BT T
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B TR AR MRS SRR A R IG I T 3, 16 — e R LA BVE )
1o AR G ARAS AR AR A A A R IVE SRR RIS M T i it Ve B
791, g rh Y BbR IR 3% AV S AR AR AR & T T v A BT I, A 5 073U & 1-
3 . IS A B A AR AR RN, e R SR AV A i, e e A

B, R BB R AR R e, 3 S F IR R T B e H AR
T, R B AR S5 TR I P L i R TRLE o (RIS LU AT BIRE & J5 B R G L A
ARG VE RSB AT - SRAEEOME NP AR B A B 0V 5 A A A Rl &
THMBAE R T, JFMRUNARIVE RGE. BRI R LR, SEiEh R
W7, =R A R PR e i TR ORI T o AR B PR Y B ) Y AL

>Emm

PCM

1-4  IRGINVE AR AV B R G0
Figure 1-4 oscillating heat pipe/phase change material battery thermal management system [33]

1.3 BEMAR AR KE N (The Content and Significance of the
Study)

ASCAE I IR HIRBHE LG SRR WO REIRVR 4230 1 b ER & PERESR T
REBAR——HBNE BT RN A, 46 R EMARRR . mfekitE,
B T 3h 2 A I B AR SO L AL ) A A e SR A R . BT U =05
T A2

(1) BEXA I 5 R B T SO AR AR RL T i AV BRI AN - He
T PRIE A ()8, R T =T T R A R ) vy 3 ABERAT L (RRONKE L A SR
GRS A SR ARJysR A e AR, 8 I YR S 20 Sl i 2 S A RS ]
Ji B LB RS AASRRE, SRS, 0 HARAR T A AR .
ABEEHERAT I, B 7E R S IR . BRI LB R S AR AR AT R A T
FISCM R, JFERE 25 8 T AR ECS MR R 7 T B e UM SR B A AHASH R
T I 8525
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(2) EBUZH =B, K4 M A= 4 Ff 18650 ! — ol 851 Hith,
FEAS [ETEOR A 3 N #EAT ISR T, IR R A HPPC 700 =% NCR18650GA 7Y
P VHBEAT Lt P BELDU AR, AR P BELTE B 465 SR A5 HH s it P A iR, A R FEL IR
P AE 5 E A AR TS B W SR B I R S S AR R E .

(DB I T i ah A E KRR -F &, H4%E T %A 36V10Ah
HIAE, R AR — AN E T IO S0 R AR IR, 5 —MER
SRR R ZH e IR R . A AEA RIS (0°C. 10°C. 20°C. 30°C) FIA
[T A3 (1C, 2C) R AT AHAR M L AR B P R R AR 3 AT SR IR 7, 5
B30 2% B8 T AHAR A R B ) =R Ol G & & & A2 ) X FE it 43 5 PR 52
R HE BT P50 7 S g 45 SR - 1 3 T A K A 52 5 A AR 4 3 2
HBRVE BRGS0 F &, 23 I AEAS [RI A B8R AN A [F] TE0HR £ 28 T O Lz iR
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2. MRS B A AR AR PR 7T

2 MR AR E S EEM RIS

2 Investigation on Thermal Properties of Carbon

Materials/Paraffin Phase Change Materials

2.1 8IS (Foreword)

A B R AR AR A S 2 A TR AR RERR R SR, DRI A O
AR T R A B AL 2 B8], TR g B T H R R B R AR IR 25-40°C
(84,851, PA| e A 5 SR FAH AR [X B8] 2y 33-43°C (A S AE A A A R, R B = Fr G A4
UEEA (—4E. 4k, =48 MR AEAME GRIVKE . ABmK . 2
AT SOy s A AR AR RE, T8 I Y BEIR B i 20l i & A BH B R LE D 1% 2%
5%-. 10%ME G HHACHRL, X Pl & 2 G A RO 45605730, AL
T AARTRE . SRAREHTIE, FHAE SRR Bt 2 &
FHAERARHAMIAE 1R R i LA o

2.2 EEHT#HRIEIZ (Preparation of the Composite Phase
Change Material)

2.2.1 LR JEMR

S AT A A i B B AR HORE A PR A F A AR E 41°C), B
ZBERRGNKE (CNT, multiwall carbon nanotube) H 75 B 3= FHE A BE A 7 42 77
( N4 5-10nm, 4% 10-30nm, K& 10-30um) , Fit A7 524544k F (GNP, graphene
nanoplatelet) I/ REFFHK AT LS (JEE<Snm, 24EF>99.5%, <10, Fr
MW KA EHESESHRABFRAF L KE 50 H, WKM&ZHE 200-
350ml/g).

2.2.2 BERR A=A

K 8 (EG, expanded graphite) 2 i A] 2 HK Ao S i@ i kol Ak v 4,
ARSI TR : BB T A S8 E T 60°CH 25 T4 b T4 12 /hiF; 4R
J B/ 5 T I AT S50k 350 S0 B AE A o ARG L T s A, /E 800W TR
I 120s J&, ZPRAR R IR B2 AK 24 o B AT 43 2R AK A 55

2.2.3 EAMREMRIHIE



(1y 7K A (2) WREIRE (3) £ Tt

i & 5 A AR
60°C

T

L]

(4) #EEL (5) HER

K 2-1 AR R K
Figure 2-1 Preparation flowchart of composite phase change material

=ME AR (CNT/AHE . GNP/ EGIAN) 35K FI BRI Gkt
T, B 2-1 NEEHAME SRR, BRI S BT

D FidE E A E TR AE 60°C/KIE T InFAE a8k

2) B € Jo S AT R II A il o I FH S e HEAT W)

D KIREWE T HERE P I AT, ARG YRS LA 800rpm )
PR BT B HE 2h, FERFEI AR TPOK I IR E IR LR FFLE 60°C;

4) R REYE TP 0 Heas THoBE 7 70B h, R R TR KR B IR DR 5
1E 60°C;

5) WS EYAHEER, BSRIREME A,

$& LR ko il T RE SO 1% 2% 5% 10% VYA [R5 A L 3]

IR EARARRL, BB SRR R ) 25 OB SORE i 44 2 5 038 2-1 o
R2-1 BEEMAM B )

Table 2-1 Composition ratio composite phase change material

B i 5 [ZZERERUES WA RL R () (Sl AT R B 7 $(%)
PO - 0 10.0 0
ClGL/EL 0.1 9.9 1
C2/G2/E2 0.2 9.8 2
CNT/GNP/EG
C3/G3/E3 05 95 5
C4IG4/E4 1.0 9.0 10

2.3 MR /5 5%  (Methods of The Test)
K7 ko A s4s: (FE-SEM, £[H FEI A 7], %5 NOVA NanoSEM430)
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SRR S AR N A AR R R C3. G3. E3 MM ISR AT 1380

K AL LA E A (FT-IR M EARE AR, 5 Tensor I FT-IR), X
HAE AL KL C3. G3. E3 BA K PO b 2= g5 f b AT Ml at, A il 77 2R A KBr
JEAE, MR EGE R 4000-400cm?, 4 #8%K 4cmL,

KHZRARER(DSC, 45 E i 4t A =], 515 DSC200F3, i 2 40.1<
JEERE FE %) XA A1 B A AR AR AR AR AR IR RE AR AT DK, DR
FEa [ = iR E 60°C, FHEEZ 5°C/min, SARLE 20ml/min.

KHALEFRARENAN (T2 EBTHARAR, A5 TC3000, MiE
K FE43%) X P FE S AT SR HOC, MR BN IR SRR B (22°C) . FIA &
A HLAE 20MPa JE 77 il 4 BN 30mm. JEEE N 4mm (KIINREE i SR Bk i
MR T TR BT, 7R B A o 7 58 4 78 2 A8 IR R A2, BRIt 72 an /] 2-
2 FoRe

Vbl

L

L N N S
(L) F L Q)FEN T 3N R ()t Beds

K 2-2 SHRAENURER

Figure 2-2 Test diagram of thermal conductivity

2.4 TN SR 45 ¥ FR1E (Characterization of Microstructure)

“MANFEREA R (CNT. GNP. EG) KHE HHAME (C3. G3. E3) K
WO ZE A U] 2-3 Bz N AT DL Y, B oK A B 2 AR 2 ERIR R ERES
FAFMEL C3 o BB AKE I W B4 . 88 75 2 HIUG 5035 50 23 A LE A
o A SRIGGK A BIERHE BN, 2S5 2 g T i, HERmFE A
AIREMLERIR, SEME G3 TN RZIREM, W LA B4 W5 51 b & £
SN R H e Al A R . KA SR 2NN 2 FLIG HURGE #y, BE 2 =
Y alghiig, SEME B3 W, 4R 2 HCH I ER R I TE KA S B, D
P EIBET o 0 b =R RN I, B A 55 R 2 A LA R B IR B
RS AN E &R ERLT .
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B 2-3  BRAEE S AR AR AR 4 1 e

Figure 2-3 SEM images of carbon materials and composite phase change materials

Kl 2-4 Jygif (PO FIESHIAA R C3. G3. E3 M B4tk 1A .
M AT DL HY =0 55 AR AR AR D' i i 2 o B W At LA B A o
2 AR, FEBE B 2919, 2849, 1468, 1438, 1379 Al 729cm™ i, PUFH
FORLELA AR R ARSI o 7E IR E0CA 2919 cmt Al 2849em Ab I B A2 H1“-CHo-"F
BE 4R Eh 51 2R ; 1438 cm AT 1379cmt &b AW AU 2 B “-CH3™ & RE 4125 il
PBNEIEEH; 729em ™ Ab R G F - (CH2)n=" (n>7) ‘B R ZS iR 30 B 51 A2 i
Kl C3. G3. E3 HiZkMAFMLIEY PO HIZRAHAL, UEBAE =R 2 & AHAA R
IR, A A SR G R YR B BRI ) 7T

—P0

—C3

—G3

E3
=
B
=
)

8 HPEE:
2919 + + 2849 1468 +
. 1 . i L ] . 1 . 1 A ] . 1
4000 3500 3000 2500 2000 1500 1000 500

EHem!
Bl 2-4 Al X S E AHAS AR R {8 B 2D APl i ]
Figure 2-4 FT-IR images of paraffin and composite phase change materials
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2.5 FAZS B #FRAE (Characterization of Phase Change Latent Heat)

At 5 AN 5 o B B R 22 R 2 S AR AR DSC ith 240 ] 2-5 o
M=EE R A A £ AR A AR X (8] 5 20 i A — 5, JFH
DSC £k MR B E B SRR s RHs B 0 B3 A RS, B
A AN R AN AL T8 A BE A4 ot B o B 8 Ko B

(a) CNT/Ai (b) GNP/

K2-5 i B A AHAM R DSC #2615
Figure 2-5 DSC images of paraffin and composite phase change materials

R 2-2 A 5T A A AR A Rk (14 R 2 TS R R 7 A s . AR R
WAEARTTEN, 4 PO (IAHAR IR IR FE 9 40.7°C, M 1%-10%)51 & 73 F ik
YUK A SIEAUK R BEIK A 58 TS 20 1 5 G A AR 8 A A I AR R FE 43 I AE
40.3-41.8°C. 40.9-41.7°C. 39.5-40.8°C[X [A] N AZ 4k, . &5 3R B = FiAS Rl A4 L)
INIINETF A s i /N (<1.5°C) Hi%E BRI, thoh, S46HM
AR A A R T A B B AR o 2 23 B0 3 0T ARG, X R R T = R oA RS 6 AR
TR, I E A AR AR A AR AR I B Ak T

it — 243 BT AS [R5 & 43 B0 R A A AR V8 AR sE R, K A A AR R )
HhERLAST J5T A e PR A AR B E SO EEAH, AT LGS DU A G E AR 2

AH=AH /1 (2-1)

Hrf, AHONE SRR AL o B A S AT VA, AH o Y HIIE 2-5
T2 A ARARDRL it 2 45 AR L AH AR 7 A CRRA ot e 2 A AR AR AR AR AR TE A
1), nNE SN B AIS KR8 AH A LEAEAT I AR AR T AN A Hp R A2
HAE O F LR 22 35

AH-AHpq (2-2)
6= x100°
AHp, %

HIE& 2-2 ATLLE 1, CNT/AE R SAHAH B GNP IS R & AHACA BHN OfE
FIEA L, HEKRERHE WA 2.45%. 2.79%, RIAS[E & 7 B iR g oK & 5L

13



T2 VA9

S K RN ] B 3 DR B el /N A i R A ARV A 5 EGLA e R G A AR A
BHOE AN IE B KMEE S| 6.17%, BIEAE R &0 SUEK A S0 E A48
PRV E ) K T Al i .
K 2-2 A RHARRL A AR 0 A Tt P AAH AR v P
Table 2-2 Phase change peak temperature and latent heat of phase change of composite phase
change materials

FHAR WA i 3 ARAR A AH 0
FEG SRS
°C gt gt 1%
PO 40.7 196.62
C1 41.8 197.58 199.57 1.50
c2 40.4 193.37 197.32 0.35
C3 40.6 182.30 191.89 -2.41
C4 40.3 172.62 191.80 -2.45
Gl 411 197.16 199.16 1.29
G2 40.9 195.44 199.43 1.43
G3 41.2 181.57 191.13 -2.79
G4 41.7 172.13 191.26 -2.73
E1l 40.6 199.94 201.96 271
E2 40.8 198.33 202.38 2.93
E3 40.1 194.69 204.94 4.23
E4 39.5 187.88 208.75 6.17

K 2-6 FELILSY Y T =Rl AS R R S A AR KL OfE BE AR RIBR A1 e} o 2 70 2 A2
ks, W LU A G AR O1E BERR 9N KRS B S50 9K o B 70 A i 1
INE N EE&S, MR AR AT S5 R BN 2 ETH&H . A A G th
FIEACIS 73 TR S5 BE RS RS, Dy 1 8GN 731 18 55 Be A0 B 20 TS Bt 401 1)
TEF 77, WA 8 53 15 B s INBRAL L2 RV 503 18I F 0 BER A o 1 22 RV
TEFI 7, DAL/ Bl bRl (0 R N #8218 o B0 A7 Jo A ety (AR AR IRAH, (A
ATEBEAL R EE R TR . MORHRAEFR IR, A [F S A M BAH T AR
WA P IXO]: XE T SBIEAUR R SR, AR i & BUh T
290N A 27 A5 HH 5 A S A ) PR AR AR 9 A AR AR DT, R AR R B AL
AU AR ARV B SR - BT e T R, RIARSEOR, R SR 4K
FrETMARER T 2 S AN BRI 73588 BRED BT 1% ER A&
ARPRH AL IR, TR A BEE WA R IR K, MR E S S
AR A2, HMIARSENG, RS AR AR, iR 7 A
T HABIGAAK R Z I8 87353588, DA i 5t & 0 B000) B AR AE AR AR T e fk
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GBS, IS EEE S BRSNS S8 a0K Fr e, BR9IK
BRI EAN BAES BRSNS, RIS A0 A AT I I8N ICRAE
BN EDEC NS KA W EGIAEE S AR, A5G 5
AT R ARASVE SRR, = Fhgob bl b A KA S8 A RS M 2 fL =4k 454,
I8 5 Jo e 5 T AR A R BB S AL I A S K L BREANKE TR I BI R BLR
DR LA e 5 I Ay 8 10 2 T AR i 2 i 2 i B o B ) B Iy K, i R A AR AR
RV TR SR> T IEE T 0, Btk EGIA I B &AM BHIAH 6 BEE
kA 28 o B B G N3G K o AEAS S8 IR AT R - A L Y, S e PR
PR ELIZ AR A 8850 T A8 [F) 25 AR AR A el o AR Jod A U R AR AR AEAH B
S R

w— paraffin
6 o CNT/paraffin
GNP/paraffin
EG/paraffin
4
g,
@© .
L ]
0 [ ] ] []
2k
. .
1 1 1 1 1
0 2 B 6 8 10

Mass fraction (%)
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Figure 2-6 The variation trend of 8 with carbon material mass fraction in different composite
phase change materials

2.6 SR B FRAE (Characterization of Thermal Conductivity)
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Figure 2-7 Schematics of the microstructures of different carbon materials for the promotion of
paraffin thermal conductivity
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1.390 %, =Mttt A AR BN T R s 2RO K A s A
SEMRAR S BRGOK T, RIS SR 5 B 2-7 AR = Fibd k) 2 |) 32 22 5 4048
(RIS A 45 AT, R RZAK A 88 IR HL = 4 41 2 2R G5 M A FL U 25 1A = AN
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Figure 2-8 Thermal conductivities of composite phase change materials
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318650 B = e E FHR M AFFEMR

3 Investigation on Thermal Performances of 18650

Ternary Lithium lon Batteries

3.1 B S (Foreword)

AR R R VR shaR 4k, 2h 77 E i iR
i) T EERE SRR BB e R L RE B K TR AN AE HUE
H B AR XTI EE TS Y/ N T H AT E ) 2 B T Al B shiR 4 B v 107, $%
RROIER AR5, B AT W R 7 i R R A A IR (LiCoO2) . R
(LiNiO2). #hMRH# (LiMn2Os). BEBRERHE (LiFePOs). HERRERM (Li2FeSiOs)
A= JeppRkEe, b = e Rt R K b & IR T e, BATta R
TN T R AT LY, 18650 AU B & — A SR A B, B
Z BT 1990 415 S0 B L AL DR P, RILAR L 7 T b R R T . A
BRI AR AN, SLE RO B R0 T 1 iR — . 18650 A4
BT AU E A RE AL 25 B2 O T3 o e A, T ELAE 2008 AE A
T 18650 FU4H 251 b B FH T AL ) Tesla Roadster 4h iz m R 5, 5l
& T BRI ZEAT o H oy AR — D 7 %), Rk, AR B ik 18650 Y =
JCHL S B AT P2 BRI A, IR I AR SEEG b A 2 A . H T,
TR = ok 18650 AR ESFHidth, HEhiil Al RIA ST L HHEARM
R, FICARER 77 H =B Re. I =3P F 18650 A = nHE B 1
W TR B, PO Rh B AR B 43 R RS 20 1C. 2C Fi 3C T REAT IR
HIRHI, e AR Dl SR FL b 4 A ) It TR A8, SR B ARG AR X e it gt
A7 IR PR IR S F T B P ke s LK, AR AR SE R, 258 b
A EZEU LA EESE, G R ATAE B 1) —7F NCR18650GA A!H,
i, KA HPPC VEREAT A REINR, FERR S st oy BEH SR Bt = i B S AR
F b = A 5 A A S R A 1 A B P T it AR B AR

3.2 18650 B! = B B F MBI FEIRF 53 #7 (Temperature Rise
Analysis of 18650 Ternary Lithium lon Batteries During
Discharge Process)

AT T SE5G 28 M B S bt R4 (CT-3004-15V20A, RINHTED -
B KEZR S (Agilent 34970A, FEFEEM), K MAHEME (TT-K-30-SLE, &
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20.1°C, 5[ Omega) LA SEEG ] 4 Fh ik Bt CRLMIRURS Qs 3-1 P, Haith

SR E] 3-1 o).
R3-1 VYRR AR R Y BRI 2 5

Table 3-1 Specific specifications of four single batteries

Rated . Discharge
. Nominal Max.
Manufacturer Model capacity temperature .
voltage (V) Weight (g)
(mAh) (°C)
Samsung INR18650-30Q 3000 3.6 -20~75 48
LG INR18650-HG2 3000 3.6 -20~75 48
Panasonic NCR18650-BD 3200 3.6 -20~60 50
Sanyo NCR18650-GA 3300 3.6 -20~60 48
Samsung LG Panasonic Sanyo

B 3-1 DU e fh i (g S0

Figure 3-1 Appearance of four single cells

AREH N AR HEBELER (K&, =8, MTM=) K
18650 MY = Ju 4l & B AE A FTRAE 2R (1C, 2C. 3C) #EAT Hu4 ™= FAlit .
g = S B AE 2 ol AT B SR F s ) T AR R T A R T R [ A 2 T A T
T, /A [R]HCH A 8T A LV 2 iR B AR A T 2R 1] 3-2 Fros o BT R R T F,
T M 2350 m] 73 o =853, AETCRATAR MY B R IR B BRI | IR R A R
TR s AETIC AL rh U P e P 4R 8 BT R R BT AR /N s T R S
I B R IR A S 2 R ORI R R N . 276 3 IR EI W A, YRR
BB AR TR ORI M A R R, =B Re. M=
FCHLAE 1C T L &5 SR R 2R T 2 B 70 i) 2 39.2°C 1 41.2°C . 45.4°C 1 44.2°C,
7 2C JRUHL &5 BRI DR ) 1) 2 48.2°C . 51.4°C. 60.1°C A1 61.1°C, 7F 3C 45
F RIRLE 23 )L 59.4°C . 64.2°C. 76.0°CAHI 78.7°C; FEMUEARWIRE S5 T K
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FLVRIR THE AL, 3 R L A AR 2 A T A B I, = B =R R
IRTHESBARLL, AR ECHT AR BOR AR RIR TR BE X AU, =S = FE R HB I
RN E R T IRG SN AR RESRN, =FFHIbeE 2C. 3C R TR
SR, TE 1C AR T BT @R A T o SR8 =Pl i 5 2R IR
AU, AR AT ORNR A B DL, BEE AR AT, DUR it )
BRI B RBMRUON =3 A REM=A.
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Figure 3-2 The average temperature change curve of single cell surface at different discharge
rates: (a) 1C, (b) 2C, (c) 3C
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Figure 3-3 The maximum temperature difference curve of single cell surface at different discharge
rates: (a) 1C, (b) 2C, (c) 3C

AN TR HE A 2 T B AR R B R 22 A8 A T 2R an ] 3-3 Bl o T FRIB IR B K
TR RIS R T 1) BRI E A, BB R R O N, =B R4
Fa TR = DU R AR 1C T FEL 25 BRSPS T e K iR 22 40 il & 1.38°C L 1.80°C
1.86°CH11.85°C, ££ 2C Jif FEL45 AR IR il 2 4379l /& 2.81°C . 3.27°C.3.51°C 1 5.10°C,
£ 3C LG5 RIS R 43 T & 4.49°C . 4.82°C | 4.82°CH1 8.77°C. 44 3R W]
LB, MUBEA% N 1C K, 7ERCHEIEIFERIAT 2900s. Bl SOC KT 20%F, =
T FELI R 2 B R, SR 4 FRI IR 22 /) R R R A T AN R 4 LB IR 2
REFE, SRR EZ RN HBORAEEY 2C 8 3C B, = HIBRR
ZAEREAN RIS RS R, Re IR ZETE SOC KT 80%M &/, —/EH
M rE SOC /NT- 80%HIT AHXT eIy BbAl, =R Bl i 2 26356 3k 5, 1C i
FNEBORIZY, TS RN i 22 1 /N i B DK o 52 A 95 U T 2 T3 A 52 o
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3.18650 2 = JrA B 1 HL P SRR R A

CRa =M IR IINASE B, FTOUE Bl SR R 03R4 DO b L KR
ZHRBVMRKA = AT F&. =&,

5 R s IR AN ], Byt 2E P i B i R B, R TR A R R SR
BEATHIGE, DRI g it — A ASA0) B b A FCSIE VB AE () AR BRES, 4 DO M 5 A i it
3 ) FH ORI 56 4 B 2 I T 1R 4T 2 A5 R 0O A o S e v i 20 Y 00 S0/ DO 7o B
P IR 2R B oKIRZE 4 7 Wi 3-4. 3-5 s, — B K& AR A
—VEDUSR AR 1C TR A RN A SR T T 35U B 43 i) 2 45.1°C . 46.9°C L 51.5°CHI
51.3°C, 7E 2C JiUH &5 BB RS 40 )72 60.2°C . 62.7°C . 72.8°CH1 75.4°C, 7£ 3C
L FEL 235 SR IR PR BE 43 ) & 75.5°C . 79.5°C . 94.7°C A1 98.9°C . fE =R LR T,
TR &G BRI P T R0 = PR E VR R I T S R R &, = VEIR S 2R R
HZEAGL AT IR i Z TR 5 SR e 5 K] 3-1 thoR B8 DR A I
WG R, =B Fe N =EE DRk i iR B AR 1C BUERE R T
BIMEHN T 5.9°C. 5.7°C. 6.1°CHl1 7.1°C, 7£ 2C JHHLMEFE RNy 12.0°C,
11.3°C. 12.7°CH114.3°C, £ 3C JHHAEZR T nlMgn 1 16.1°C. 15.3°C. 18.7°C
H120.2°Co XFEEA AT RTEN, =3 HLI AN AE B AR PG B PS40 R ey, T HL
FEAL7E ORI JE iR T A s K . AT DLAH bE B ARG AR A T B SR A i, B O
TR 7 T FEL I ) R TR U PR A P S B, LT R S B A R A S T B
Hhm

—— Samsang —— Samsang —— Samsang
—LG —LG 90F—LG

S0 Panasonic 0 Panasonic Panasonic
Sanyo 80 Sanyo

Sanyo

Temperature (<C)

. . . . . . .
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 0 200 400 600 800 1000 1200
Time (s) Time (s) Time (s)

() (b (c)
K34 PRIRSEIE P ASFE AR i 2R AR R () 1C. (b) 2C. (c) 3C
Figure 3-4 Average temperature variation curve of different single cells in the condition of
insulation: (a) 1C, (b) 2C, (c) 3C

W 3-5 iR, FAREMAEE =2, 54, M A= BT 1C
P, 245 DRI ) 328 T e KT 2220 79 & 0.94°C . 0.84°C . 0.73°C Al 1.14°C, #£ 2C Jlt &5
RIS AR EE 23 ) 2 1.82°C . 1.82°C . 0.87°C A1 2.42°C, 1 3C JiUHL 45 R I FR)IRLE 2
A& 1.78°C. 2.13°C. 1.08°CAl1 3.63°C. 5K 3-2 A7 Rl A At 25 FAH
b, =B, R4 W F A=K I R SOKIRZE7E 1C OB R T 2 5lEb 7
0.44°C. 0.96°C. 1.13°C#H1 0.71°C, 7£ 2C JHHLMEZ T 40 7l 17 0.99°C. 1.45°C,
2.64°CH1 2.68°C, 7E 3C JHHLfE 3 T 4 HilE/> T 2.71°C. 2.69°C. 3.74°CH1 5.14°C.
XPECA AT AT, = It B AR TE ARG A B ) rE R T B KR E A, (T
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11 51 S R L BBl JF B @ REE B RRAIR T i ith S5 3R 5 2 (B [ e AR, 23 1
—E SRR, AR EEALAE B AR I P A i, PRI AR P I T KR 22
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Figure 3-5 Maximum temperature difference curve of different single cells in the condition
of insulation: (a) 1C, (b) 2C, (c) 3C

256 DA BT bE A Bt 2 ) AE 1 SR RT IR A 58 R RE A R TR A 788 P RSO P
Jth 2 P8 0 H DAL 2 S v mT R, Ak T Rt L ) A F I 2 R L I 2 P S 4
14 5 %5 T T O B R B2 B 5o, X R 2R — 7 117 2 5 | 1 B Rt 2 i i 1Y
BN, 53— T 2 B AR A R R B IR 22, A T PR A A R T i F i
FOHR SN 256 AN RIS RS 238 A IR SR AT T DO ot LB PR 7 TR PR 1R AT 4047
AT DAPS = R A BT At = b et LA SR T L e R TR 2 R AR A
DRI b B o R AT A . Rk, =3 R AT 25 59 3300mAh, 5 T Ath = Fl
I, e R K ) A v R A7 A (R B 2 B o5 T R 2B 00N, A8 L SR w58 By
o Kk, 226 0L Eseitsr ik $ = NCR18650GA % — Juill & 1 b fE N5
SIS FH A FE I A T A A

3.3 =¥ NCR18650GA B e jth /= # &t H (Dosage Estimation of
the Sanyo NCR18650GA Battery)

bt X A R R SR ISR R, AT R A R A KR R T e R OR
W, EIA M RN R RRA VR W 26 F N, E2 it R E E 2 1)
RFAE, AT B SR T BTM RG0SR U2 IE B A IR AR 0 2 TAE

PR R ) 7 A PR o MOAN T AR o AL . Forr, AR )
FEL £ 78 TR TR P PN ) AL S S R SRR, BV FL I R S Rt AN RT3
Pl BB DU = BB ALk FRL P BT R AR R AR RRTORS  SEE FSAF F DC HEL BEL
AR BT £ HAR T A9 BORIE B0 51 RS A AR A s B = A R AR AL s L e
FEICR I AR A HLAR 0 A LSRR S 45 — R 1 S 51 RS AR 1 s R A4, A
AT, LR v 17 T A AT M A AR AN P B A oy R R, At eT
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A RS o TAEAS AL o0 IR = 8k, SCDARRAL AR HE RO 3209, R e )
SRS 2% o F LG AT T, AR E AR T ST L R AR A P BELRTIRR 4 P BH
AT, TR B T H I PN BE 2 AR B A 17 IR AS  (State of charge, SOC)
FRISZIE, PN FELBE 5 258 5 119 T s i AR 96), 1T 726 s pL el R ER it g P BEL S B
SOC M= 4k if e A48, [Al e AR 4 V2 & Bk vh Th Z6 K AE V% Chybrid pulse power
characterization, HPPC) JjJ:st =¥ B yth 7E 0 HE i 2 1) 3 45 P LR A 73R 7.
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Figure 3-6 Curves of voltage and current of Sanyo NCR18650GA used HPPC measurement.
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Figure 3-7 The internal resistance of Sanyo NCR18650GA during a discharging process.
K] 3-6 2 8 L 5 2C PRI B 20°C 2% A1 T TEOr I 52 o 1 R S R R HE 2K

ik 3-6 OB R, AERHEFE (R) BIBLTF A5
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Fik b A B PR I o AR b St B A B T rb N BR A B 3-7 B, ATLAE HHE
BHAN SOC Z Al [ o5 R AE Lk M. 24 SOC &1 80% i, WFHA 52.89mQ %
TR 24 SOC M 80% 3 30% it ka1 /K, WIHARESE 42.00mQ 475 T
24 SOC iK1 30 % I Py BH il Ze il by BHARIRIG I, =4 SOC v 6.4% I, D
HBHIA E 66.98mQ. — ¥ NCR18650GA 74 5 1 e jth Py BH H £ [5 SOC 424k &
[ER PRI B«“U” T, HAK SOC &84 i v it P FHLZE K T %1 SOC #4311 P BH

Zx FRR, TE1S 2 B Al P BEURH BRARE P BELZEL Fsd P L vt 3 245 PN BB fS AT
PUEE AT (3-2) A RE.

O=PRt (3-2)

Hodr Q BN FE H FE B I R BE (B, FEEHO, | R0 AL,
t SR RPE A 3-2, =VEHIME RS ZE N 2C FRERIE A 20°CH )
KAEZ)N 3600,

3.4 BiAEIERE SHT MR £ {4 5E (Dosage Estimation of
Composite Phase Change Material Used in Battery Thermal
Management)

F T FIth A B 1) 52 S AR AR A B R B A P AR R AP A Ve RE, — R N A

B S AR B R RIS T A A, R N B R B AR AR T A DA
FRTR & TSR 2 B8, RnT BRI A4 R BT 5 s 2E A (R o AR B 3 okt
=R AN A ERAL R S G AR AP (0 AT, BT RITE R )5 2 40 HA A [F)
i), B A SRR SR E AR A K, TR AR A s e
FERMBE . BN S A AN A5 & B KA S8 S G AR AR T i, B A K
SRR AL BB, A AR R 5 AR R BOR TG KA S AR T AR TR
MIZIKAT R 5 WRT, FHARAPRL SRR ORI AR W B Bl R IA B A X
fiir, RUEEAEA 5 wtl KA S I A S5 AW AR Rl SEI0 R A
i BRI AR E A PR A A A2 CHAR (B IR FE 41°C), Fr AP IRk A S5 5 &
& HRABFRARA CHLE 50 H, BAKAE % 200-350ml/g). KA (EG,
expanded graphite) & A B2 AK A S5l L I AL A4S . SR Z R H i E X
(DSC, #[E TA A", 25 DSC25, MEHEEL0.01°C, IEFEE0.1%) XA

AN A AR AR AR AR IR X 1] AR VE A T IR . SR Rk S R R 0
WA (P F IR THERAR, A5 TC3000, WIEHR;E8%) Xf i #E T
SHEEONRK . R E A PLIE 20MPa [E 77 il £ B 428 30mm. JE A 4mm (1)
DRBE & o R 77458 BRI 75 20 B 46 Swit. Yol ik A S8 1 & S A AR AR,
K 3-2 JyP A A MR B ARSI S 4, B 3-8 NE G R
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DSC fhiZkPd.
* 32 AR E A RIS

Table 3-2 Properties parameters of paraffin and the composite phase change material

Properties Paraffin Composite PCM
Thermal conductivity 0.245 W (m K)! 0.907 W (m K)!
Density 800 kg m3 800 kg m3
Specific heat capacity 2300 J (kg K)*! 2200 J (kg K)*
Latent heat 200.66 J g* 191.37J¢g?
Melting peak temperature 37.8°C 37.0°C
\olume expansion ratio after
. 15% 15%
melting
Phase change range 28~40 °C 28~39 °C

3
, Peak temperature: 37.00

N
T

Enthalpy: 191.37 J/g

Heat Flow (W/g)
-

il

10 20 30 40 50 60

Temperature (<C)
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Figure 3-8 DSC curve of composite phase change material
FETRCRIE RE T, 25 R8I 50 Sy BRI 5 Bk DA R I e b5 0 22 1) 4 S
R AAAE, BRI 5 2T A AR /N T r it 2 AR AR AR A 31
WA . TR, 2 E AR S A A, JF FLRB R s R i R A
e B I P Sl B A AR AR, BRI E B R SR R A
AR T E AT LU R 8 A 5

lehml+z mlelAT (3'3)

0,=0, (3-4)

Hrb Qu 2 RS EBRAE, h 2R EMAMEHIHARRAE, m 2R EH
AR PR, mi e B AT AR R R, AR S AR AR AR E 1 A 4
& Co 2Vt INE, AT ZRYIBURETEE, Q ZHibA K&, ~A3-3
AT WU ER P T3 39 2 s P A B 2R 8 R A AR T TR B R R i RTH R R A A
R EHEACE R R, SR B B AR A R SRR, Rt AR & 1 A
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NFEE S ARG 5, At 7 a0 I Bk

(L) BRI 9 20°C , WIS T 46 21 45 o H it 28 13 B A 20°C T 22 40°C;

(2) FEJRHLEE I Fr 526 M2 KL 58 2

(3) FEt ) Y BHAE 20~40°CTE N e 1H

THE SRR, YR EN 2C. REGIRE N 20°CHT, SAPRIE LR FE 7
RIS FE IR L ORRFAE 40°CLL R, BANHIMAFE 10g (12.5cm®) HAFHAL
ko B REBEN G TG MR IARFAR L, RS I BT R IR 52 S A AR R
BEUWHAKT 11.8g (14.4cm®).

3.5 KE /& (Summary)

ARBEHIIEDH =2 K& MTIA=FER 4 Fl 18650 B = o5 7
Jth, FEASRDRCH A R AT OB IR, S5 R EIR, TEIR R T SR it AT
RimALIE, =¥ NCR18650GA ALHH & i /£ Fir A i FL A 22 T iR T L iR
ZWE R, HIEEA 4 Bt b o R AUE 25 &, RIiEd% =7 NCR18650GA
AT G SRS

HWk, KM HPPC iE%t =7 NCR18650GA %! = JrA4l B 1 Fitb kAT F it Py L
Mk, R E7R, % SOC =T 80% W), FHFHM 52.89mQ iF#W T %; 4 SOC A
80% £ 30% I} A FH AR € 7E 42.00mQ BT ; 17724 SOC fIK T~ 30 % I Py PR JH 3 K,
P BE % KAE 66.98mQ HILLE SOC N 6.4%I5F, HAEMR P BEAE TH 575 i = Ve e
HAE RS KA 2C MERIRE N 20°CHT I R A E LA 36000, FE45 & Hth =4
B 55 SHEMERYIESEOS PR ST R, 25 1R, AR IRIE 4
MAE R A AR E KT 40°C, EAAHASM B FH &4 20K T 11.89(14.4cm*) .
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4 2T E SHREMHOEENBEBAEE RS L AR
LR

4 Investigation on the Heat Transfer Enhancement of
Passive Battery Thermal Management System Based

on Composite Phase Change Material

4.1 8IS (Foreword)

LT E A I EREOR, Wind i . A%, #ahNvE s
AR, WEARRRA AN HI SSRGS s W, PR UG
TP A8 6 R B s PV R, AR XIS H AR IR, AR
FRIA AR T = M BCARCE, T LI f 5 B it 2GR 58 47 (IR B 28 S0 4
D] 3T 4 SRR T o B AL 3 i P90 R R PE S R B =R AR Bt
HAEE TR I E I KRG SL T &, HEH 5 w55/ A 2 &4
AR AT RHEAE AH AR 5 iR AR P o i AL S B 1R &, A& A =3¢ NCR18650GA
R = o B T F L2 AN 36VL0A HEh AL, oA — M B IR AR A LS Ak 46
B, H—ASRB A RITRAH . 2 HI7E 0°C. 10°C. 20°C. 30°C YU Fh 45 17 AN
1C. 2C PR A5 2R 612 FL I AV B R Gt IR B IR SR AT SE 3R R 7L . A
TSI L T A T AR AR SR IR AR R AN [ L ZELR B R, T ELBE AT T AR A
FHER=MEN GE&E. EE. AR Xt EE 2.

4.2 Mk 2% K MR 75 5% (Test System and Test Method)

Kl 4-1 seie R, FEAH Bl 2 4t (CT-3004-15V20A F CT-4001-
60V100A, FIIFTED EREEREF (HFB-225S, FE+2°C. #2.5%RH, #;
PN 370 B R4 2 48 (Agilent 34970A, S8 [E A5 K AU HH 48 (TT-K-30-SLE,
FEEE40.1°C, ZE[H Omega) DA R S2ue Y H i .

SEYG F H s 2H 43 S5 £E PR BT E S 0°C 10°C . 20°C AT 30°CTE L N BEAT AN %
# (1C. 2C) FRELvf, BRI PIRMT: (D F b H B TR E 50 5
Hh, PREEIR FE I T 42 20°C, SR AR IAE H 78 FLIZ (constant current constant voltage
CC-CV) FHijth 4178 % SOC N 100%, fH 32 HEft 5.0A. fHE HLJE 42.0V. #uk
HLE 0.6A; (2) W EIRIEEMAEE EMREE (0°C. 10°C. 20°CH!1 30°C),
P r A E IR TECE 3 /NI A N R FE S PR A R (3D FEAH R £ 5
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(1C. 2C) FHHMTIEFBHESLL, BTN 9.9A. 19.8A, FIH AR
SR A H 2 P 253 0 AE O AR R R, (4 R RS RS, TR E R
TEIRFEILE 2 20°CHEE 3 /M. FEAREMNA S5 N EE _LIRFrE PR 5 4 il

———————— e mm mm g e e e Em e e o Em e o= Em e

L Data logger [l Temperature and humidity chamber |
——————— — . - - o e e e e e e e e )

v Quew @m O
© Gné Quo Qm
" @8 Que ‘Qac

N -.k {

4-1 S R G0E K BT L e
Figure 4-1 Diagram of the experimental system and battery packs.
4.3 #ENN MR EIE R L51% 1T (Structure Design of the
Passive Battery Thermal Management System)
ARSI ILA PR It ZH, 538 B 30 ANERER N BEAH T () =7 NCR18650GA %!
BB R AT 4%, SR 3 3F 10 Hf ST 3, Fp AR R v s e,
L 2H 5 70 8 FRAS 2 TR R R B0 42, IR F I v 04 o2 A1 e i F it 2L gk AT 2%
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PN EEMBZH P R SF . sy [a] B . &7 A A, ANFEZ A TE T — A il
N7 WSS ME RS (Pack2), Y —4H %A EINMTEAA ) JEAE N Se s
STHEZH (Packl).

Aluminum cap
Composite PCM

Aluminum box

Battery

Acrylic box

o Thermocouple

(b)

Bl 4-2 b4 Pack2 Wit El: () ZiWEL (b) M EmER
Figure 4-2 The design diagram of the battery pack 2: (a) the structure chart, (b) the arrangement of
thermocouples.

HIJBZH Pack2 1 N A5 H AN B 4-2 Frais e 2 B B A I 3 A R B A R
s R AR RTINS AR AR AR, e B8R
ARBAAAE IR 5 T, AR T RESE AR AR BT IR T, 75 2[RI ORALE
AR IRAREA KRR, HIIGIEECE 5 wt %k A7 5 19 2 &AM B T4
AR IR AR BRIAE o SR T 2 A AHASRORE R A2 A 28 (0 BRI ATS A BAR P 1]
— & BRI BAT 2 FLAS RN A A A S (B R ARTE IS R A R A A A i 1
R R, A SRR SR e L, AR R T B & O R A%
Sl R SR 5 A R AR BEE AL AU SN T H B e BT
DAL IE G ] B AR B2 A5 R 20 J2 T X 28 G B A R KD i fe A5 A e v A o — B A
Wk 4-2 () Fror, o EEAR A S8 N BT SR i i L, R RS AR AR RN
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NGB ST T Y < i R 4 DA ] R P2 AR e AR S it 2 e L, R = R HE S
HoE A B DA AL I3 J2 B A I AR A B AR A Xt L il 4 A i SR RS2

DAE SR 25 1 RER 5 AR AR RS AL AR AT BEE & DL AR A R i =Ry
O, WEE BRI IR Y 20°C. R MG A0y 2C 00 T P IE AR v s
HEM SRR b P R B SR B &, REAMAEERE Y 20 CI AR 1S
B, SMBHRE AT 20CIH B EA L, B EREIT 20CHA R R
B, iR R AR PR R S B DUt AT i, RARS L 3.4
TSR RO HAE Oy 1 IR S A AR R A T AR IR F 2L BT AR,
EJE TR MU E G, O 7R A Remh b AL B i, B8R R T in
RSBV A 20 L% L, ARSI e R e AR ARl . shAh, fRrem
TN AT 28] 8] 5 e AT 0 A% FRSCR AR T

AR SG R A AR F i LA TR R D, A AR BT Sl 4-2 (b By
N, 30 HRANEAR ARG A IR A, TR R AR R 1. 2, 3. 4
R RS HATE RN TS A MM R B Pack2, JyMilARAZF R}
£ L AVE B R IR EEAR AL, T3k = AR AR AR s i AL 1 AR R AR T 52
ERANE SRR, Prffif Sy i e & Eia— 2, HACP A E MR
T B GAE R R AT, LT AL 2. 3. 4 M.

4.4 WX EBAEIBR ARG ERBUHZR (Investigation on the
Heat Transfer Enhancement of the Passive Battery Thermal
Management System)

4.4.1 BZHEF 7 (Analysis of Temperature Rise in Battery Packs)

PR EE b 2T 2035 B AT AN TR IR B UL B TSR 256 R B I R A AR AL i P 4-
3N, PR FEIM AL 1)~ S50 R 3 B o TS FO AR R AT T AN B A o P A SRR AR
RAERHEE MM BB it Packl, FEIBALA P HE K/ i Lk i
M BRI /N e, Packl PP TELEE i 25 (1 R 2638 5 PR om0 K AV /N R, 7%
AT N BHBE SOC AR A0 AN .« AH [7] i it 2H 1 ~F- 22935 5 /2 AH [F] SOC i
IABE R B I T = i v, B SRR 2R I R DR O, AR EE T it ZH Pack2, Packl
[FF YR FEEBE % SOC s/ N KA R,

] 4-3Ca) 2PN Hth 2 7E 1C i H A5 261 0 O R PR~ 20 B it 2 0 LU IS
LI ZH Packl £ 755 FL45 AN -1~ 3500 BEAE PR G IR B2 Dy 0°C. 10°C. 20°C. 30°C'F
IR N 38.1°C. 43.0°C. 48.5°C. 54.8°C, HijhZH Pack2 7EHH N IR iR FE T UL 45
TR ()PS50 9 5 43 3l 27.2°C 30.3°C. 35.1°C. 37.1°C. fEMIFAARERE T, #©
MZH Packl [1)~F3 BEAE 1C e B A #2 — B = T Hith 4 Pack2 P34
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A L G AR A RS IR B R I a1 1 R A2 IR P I A LT R
AR AR K B it 2H, I AN AH S PR IR A () et 2H Pack2 ()P 3503
TEPRSEIR B 0°C 10°C 20°C 30°CHIIE &L T 40 I F#AK T 10.9°C. 12.7°C. 13.4°C,
17.7°C, BI4y 5/ T 28.7%. 29.5%. 27.6%. 32.2%. A] WLfE 1C JHBEERT,
BEE PR BT L I3 0, & A A ARk das S A Rt e th 2 118 et s 52 A VR4 oo 3
& KA Firide 2 G A MPRE ) 32 BEARAR X [R] 4 32°CE] 39°C, HLIB4 Pack2 fE¥F
BRI EESN 0°CHI 10°CT B $e ey il B2t 5 A TA B I X T], B IX AP EA 5338 B2 1 AH AR
AL 32 BE DI RL T AR IS F B BT = AR I AR s PRSI 9 20°C AT 30°CHY,  HLith
#H Pack2 (1) 8% = ¥R LA IR BIM R £ ZAR AR X TH], i AR RO SR
RIEEEIRAER, Pack2 fE 20°CHEIR AL T WIFFRIRIREE /N T 30°CA2 KA kAR
AR EAE KN 37.0°C, 32.4°CH1] 38.9°C X [) R+ ey B Ay 4k [ BE BT Wi (1 A AR 7
W v, RUAHAR AR WSO [F) A B T R FE TR /N Ak, ISR FE N 30°C,
75 1C JHUBE A T Hith 20 Pack2 70l B I R &5 A 1) i i i B 37.1°C, /NFHH
AEE IR FE 39.0°C, R AARARMENE A e ARl RIS S B H &2 7 2
Hit &1,

80
—— 30<CPackl — — 30<CPack2 ——30<CPackl - - - - 30<CPack2
50 |-——20<CPackl = = 20TPack2 70 || ——20CPackl - - - - 20TPack2
10<CPackl 10<CPack2 B 10<CPackl 10<CTPack2
0<TPackl 0<CPack2. 0<CPackl 0<CPack2
—~ 40} . 60
v | Lo~ $
s | - eI s S0f
2 30fF-"° 2
< s a0} .. .-
o ) e R A
< R S Pt
5 af E sop 2
= [
20
10
10
0 1 1 1 1 1 0 1 1 1 1 1
0 600 1200 1800 2400 3000 3600 0 300 600 900 1200 1500 1800
Time (s) Time (s)
(a) (b

K 4-3  ASFEFERE T ik RE AR E: (@) 1C, (b) 2C
Figure 4-3 Average temperature curves of battery packs at different ambient temperature at 1C (a),
2C (b).

] 4-3Ch) 2 PN B 27 2C JRCHL A% 26 0 He I A 1R ST 25038 2 it 4 ot L 1
FEAHFEIREIRE R, B iZl Packl (T IIRFEAE 2C BN BOR I Y — B T it
H Pack2 [{1-F-353 35 5 . Packl 7E /i FL &5 A 1T~ 3503 5 7E PR B3 5 S 0°C. 10°Cs
20°C. 30°C N 4354 66.1°C. 70.0°C. 75.1°C. 79.9°C, 4 Pack2 7EAH N R 15
TS T SRR 5 PRI T 2509 B 43 ) N 37.6°C 38.1°C. 42.8°C. 52.9°C. X} EHLfTH
MRAE S 45 AR BT 39.7°CRI 41, FEIREZIRZ 20°CHI 30°CR, I AAHAS & iR 5
R P L LA T FRL 8 TR )P AR L AR AR X ], BVAR AR R4 LR I P Rk R
BEREE N HEALE . NXTEE 2C HA A% 28T FHAR AR E B AN B 2H 1R I T 1%

31



https://www.reguanli.com

(B =S ATS'S

B, HX 1200s f-F-3430 BEEAT LU AT . MR BRIRE A 0°C. 10°C. 20°C. 30°C
i, Hb L Packl FIST- 2403 FE 3 il & 49.1°C. 53.0°C. 57.6°C. 64.6°C, Pack2 ff]
SF-2J3R B2 43 ) 2 33.8°C. 35.0°C. 36.8°C. 38.2°C, AHARHF Iz IR AT (1) in A\ f Hy,
AT 18I 3 PR T 15.3°C. 18.0°C. 20.8°C. 26.4°C, B[l 31.2%. 34.0%.
36.1%- 40.9%, JECEEAE A 2C B HL I 2E P 24030 B Ay e dR I P2 I o A B8 0L 1
mmEoR, BRI MEEE Y 1C WHAHE, o] Wit ZHAEAS [F) PRI RS T () R R
CS) BN RE S F

FEREGIRE N 0°C. 10°C. 20°C. 30°CHT, HH b AR AN ARAZ 45 TR A He 1) B it
4, 2C TR I FR A AN I N A A 45 il AR H B v 2H 1R 2R 2 40 A BRI T 28.5°C
31.9°C. 32.3°C. 27.0°C, W WAEAHALHMELEER 0°CHI 10°CHEHL R, TR
B 5K 4-3 () HRGERMHE. TMERSREE A 20°CH 30°CH, HE/ P ATH
th2H Pack2 7F 1560s A1 1260s i ~F- 3435 FE £ 28 48 i A AR A4 R AH AR 45 51 FE 38.9°C,
RS2 S PR 5 255 B 2 ] R 3K O A R 1) 3 5005 9 2R R B AR K, R
FHAEMRL LT A A, AHAZ AR AT FH SRR Wi Fi vl Pl 7 A AR PR T AV RO B )~
B2 FTA M B E A, 2 R B AKEE B AVE R A E N R R AR T 72
SE o W EE L ZE R FE it 26 v DUR B, IS T A A X AT il 42 (0 26 B S5 /N T4 LR
R AR AR X TR] J5 R 2R, RIA R} 58 A4k 5 F e T+ I8 Z2 R T PR a6 A A6 AT
TX R DRI Dy B AR I 9 B T P LI 2 ) 77 R o E A R S TS, RLERT A L A
J& A RHE A T RIS BEIR, & REURESE S AR S IAEE )N T
2 o 3B X AS [R5 R B R A e 2H Pack? FOTR EE AR AL i 2R 30047 LA T L, 24
PAREFH B 70 T, R I ) R TR U P8 T DA A AR X RS L P, ER AR AR AR
SgEamNE, wESRIEA .

20 30

Ambient Temperature (<C)

Bl 4-4  ASTE PRSI E T A ZH Packl P-4 4 K L
Figure 4-4 The average temperature increment of Packl after discharging compared with the
ambient temperature (c)
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] 4-4 & it 2 Pack f)-T~ B3 S8 76 A TS FEL A 2R T TRCH I R I PR T B
&, TRV X T AR A R AR ) st 2R, RO AR A IR T HE
BE A R IR IN M AE R, XA OO R 0G0, A RS, Hit ™ g
WAL T B8 A PSR AR 1 T /N 5 3K R DA B v et ) PAY LB 2 L ) T
Fe TR/ s SR T LE AR [R5 25N A By o AT DURERE ] 4-3 rh s il 2R R
IR R A o

B FC AL Pack2 R A AN A RHE TICH 25 R i P ek [ o e e r il
W RGINESATABR, EHEGRAE 20°C. JBUEfE% 1C BT, X Pack2 #H4T
LA B TR - Ze ] 4-5 o — DNMEAH =0 i, E X
MAHEAT 1C FH, 2AJEHHE 30 70, fJEKH CC-CV iAXS iyt 4Lt 4T 7e Al .
A I REAE IR IR R R A AT LU ORI BER AR 2 » MR DA, 2 —IRTA
PR B TR R BE AR 2R BT 35°C s i B (R RO VR & 27°C; A
AR AR 7 A=A B, R TE TG BUR B AR IR B, A RHR
JEALTHAARIX 6], AHAM BT 1CIRISCK E AR, BRI R NEIRT REH
H AR, IR ERFEERRAR, R It IR BTG, 23
I I AR AR RN AL 46 S, ORI TCIRAREAR /N, IR S b ™
MEAPT, ARG TRRE, =i s Bl 0.5C B
N 36V R, BEE HIIIZE DN, IR R ), PR i 4R TR
HFFAK. BEAh, AL Pack2 £ = MG S A T 2R AR (L S AEL, R
LT AV B AR G RE W R MR T 00 % A T IE SR AT R T
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Figure 4-5 The average temperature curve of Pack2 during three cycles.
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4.4.2 BB EISIME S (Analysis of Temperature Uniformity in
Battery Packs)

9T F L ZE R 35 ST PR HEAT o A B, 5] N LI ZE P R R R] B KR
MR bR, HatE AT
ATpack:]—'max'Tmin (4_ l)

(4-2)

A AT pack A2 FELULZH A B4 FELIU ) (1) B KSR TR 225 Tmax AT Timin 203152 FiL it
20 PR B R B /N AR FL IR TR S, o & FRVAH IR EARHE 2, Ti AR
TWARTHR L, To st 2 A A S i i P 250 R TR o SR ATpack 9 EEAL
It a] DA H H i 2 rh bR B AR L (e s AR IZESE, X o IHE
FO AT PAAS H A SR e B AR A SIRE L, R P i m] DA LB e 3t o) Hi
AR I Ve AT R

18

Ll 30<C Packl —— 30<C Packl
[——20<CPackl N —— 20T Packl
10T Packl 15 10T PaACKL A
10 f 0T PACKL —— 0T Packl
g)‘ - - 30T Pack2 g)‘ ----- 30<C Pack2
< gl - wcPcke S o T fFocigocpracke S
% 10T Pack2 g 10T Pack2
B - 0T Pack2 B ol O0TPacke o
@ 6F S T T 7]
(=8 (=8
5 5
- o4 S S ST e = 6
D B sl S T e e
0 P o A e \ .
0 600 1200 1800 2400 3000 3600 0 300 600 900 1200 1500 1800
Time (s) Time (s)
(a) (b

K46 AFPEGRE T R R ZZRMHE: (@) 1C. (b) 2C
Figure 4-6 The maximum temperature difference of battery packs at different ambient temperature
at 1C (a), 2C (b).

] 4-6 & 7EAN [F) PR IR0 FE T PR 4 g DR 22 T A (] 0 H 5 28 T30 Tt AR 1 A8 4k
BARE. Wl () fis, ERSEIERE N 20°CH 30°CH, HjhZH Packl ) K
ZEAEREN A IS FE R N SR SRIR S 0°C Al 10°CHY, f K Z 7E 3000s 2
R IN, SRJE FREEREE LR . B 4-7 ABOREF N 1C I E i Packl
HMER AR E IR T LR, P DR S KR ZE7E 3000s J5 FREM AR 1%,
TER T FEFF AR, BT AR, Bt 2 Py 3 b P 3R FEE L AR FL b vy o LK,
b BRI FR AT, B KR ZE IR 0, TR 0 R LA R AR P L
R, IR ZE RN S o st BT HE P B E I SR R P B, A 2 e A
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W2 MIE. fJ5, 1£ 3000s 5K #EZFHCN 7 NS B HRR 2, X
BRTEE] 4-6 () 1 3000s fE4r4k 1) T B . EMELIRSE 30°C. 20°C. 10°CHI 0°C
i, H A Packl [ KR Z 454 8.9°C. 9.5°C. 10.8°CH1 12.5°C. Pack?2 [f)#x
KIRZEAEIRIEIRE N 30°C. 20°C. 10°CH1 0°CH 4354 1.1°C. 1.8°C. 3.2°CHI
4.3°C. 5 Packl fHLt, Pack2 [ Kild 7 fEM IR E 30°C. 20°C. 10°CH! 0°CIf
I3 BIFRAR 88.2%, 81.2%, 70.6%A165.9% .

W 4-6 (b) A, MR A 2C FREEIRE A 30°C. 20°C. 10°CHl 0°C
i 2 Packl Y f K IR 254 7N 14.6°C. 15.9°C. 16.2°CHl 17.9°C. B & HA
PEEHE N AT PAE R PRI %2, Pack2 M KR ZE/NT Packl. JRAET, —
J7 A A MRS S BA S 2 AT R, IF H i b AR ) g ay bl
PIBAE B EEMEL, 55— 07 2 G A BHE AL I R o IR B T e B,
BRI T st SARAR M R PR AL % . 7E 30°C. 20°C. 10°CAT 0°CHIAERIRE T,
Pack2 [ KIRZE/3H4 3.9°C. 4.7°C. 2.8°CHl 3.9°C. fEHE GHIA R 78 414
2 Fif, MR E 30°CHI 20°CH (1) fx Kl 22 °] LA il #8 1.3°C (1300s) 11 1.6°C
(1600s) AR . (H2&YFEHEME NI G, BT RSEEHEME
TN T B S SR IG 2, B DU R 22 IR IE T 5 .
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Figure 4-7 Temperature comparison between inside (cell 2) and outside (cell 1) of Packl at 1C.

AR RKIRZE ATpac FHEL, FRUEZE o BEMS 58 42 S W A it 4 IR T 2415
Pho Kl 4-8 2 rI A IR EARE RS, S 1 ALt A IR BE AT ) A R . 0T
[F]— Bt AL, o £EAH [A) B 2 T B AR B B T e o B 00, AEAH R PR B R 2 T
B AR A R R sE hnm3E K . Mzl Packl IR RRHEZEE KT Pack2, iiH]
Pack2 1 HLIL ¥R BE T4 5. 18] 4-8 (b) LB R RIATE 1200s J5 . 7E
1400s J5 T JREAET S AHAM BHE 1200s 2| 1400s 2 [A]J\ Pack2 10 [X.
RN X I UGB IEA, FEAE 1400s G iEb e 4. Fthd Pack2 (I3RS FrifE
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Figure 4-8 The standard deviation of surface temperature at different ambient temperature at 1C
(@), 2C (b).

Kl 4-9 R IBIIR N 30°CH, 8 2C TR 2 R RO 45 RN Bl 2H b A
b 0 2 TSP 35000 B P, LA I (@) S oA B AR AR s IS H I e 2 Pack, 1 (b)
& & A AR IR A ) Pack2. P A AR g — AN ) s (IR A R — A B A F v R
FER/IN, FEBIALE S HARKR [ B AR Byt 7 FE A ) SR B —— XS B T P
HH R 2 PN S R A S I AT AR s, HBEE I R 2 O
A H Y 2 TR R R R, P A VB ZEL ) e v T P R R AE RO, IR Y
HIE AL E . IR AT H, Bt Pack2 AN TR /T Packl,
1M H Pack2 H i B4 s 2 [A] (PR Z2 B /)y, B Pack2 AH Lt Packl B A B 47 I &
P50 o Ui B 52 A AR AR AR IR AR SR IR DN AN AT AR PR it 25 (9 P 38 B
ﬁﬁﬂ%@ﬁﬂ%m%%ﬁ%%%ﬁﬁw@ﬁo

(@ (b
Kl 4-9  2C TR E5 RN a4 A VB AR R EEATAR IS . (a) Packl. (b) Pack2
Figure 4-9 The surface temperature of each battery in Packl (a) and Pack2 (b) after the
discharging process at 2C
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