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Fig. 2. Schematic of plate heater using in the experiment
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Fig. 3. Set up of thermal management system with plate heater
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Table 1. Uncertainty values for the desired parameters in the experiment
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Fig. 5. Variations of temperature battery surface at heating powers (a) 4.5 Watts and (b) 14. Watts using of air as work-

ing fluid in the active section of system
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Fig. 6. Summary of results in passive cooling system with free convection air; air-paraffin as well as air-paraffin-copper

foam with active part including air flow fluid
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Fig. 7. Comparison temperature variations of plates batteries between nano-PCM and pure PCM with air as working
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Fig. 8. The effect of Reynolds number of pure water flow in a combined system with the active part of the pure water as

working fluid and two cases in the passive part, including paraffin-metal foam and 4% nano-paraffin-metal foam in the

cooling system at (a) 4.5 Watts and (b) 14 Watts
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Table 2. Results obtained in a combined cooling system with nano-paraffin-copper foam and water as working fluid

flow in three Reynolds numbers and two different thermal powers

Re=720 Re=600 Re=420
P=14 (W) P=4.5(W) P=14(W) P=45(W) P=14 (W) P=4.5 (W)
slos O
v v v v v v
b
mho Ll oo
e Y/ ¥210 Y/ A Y¥R S5
sles @ Hae) ol
£YVY YAYY 7174 YYYY lAY4A% Y#ay ‘;Le»
<9 £5,5 Olej
VAYS - Vary - \SVE - el s
O ogd ley aw
YN0 - \Yay - V1 0A - il

£yay



YA LYYV dorao V¥ v Jlo oV ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puls

5 P e 50 bl 4 O3l 0938l 136 (LS (i
s Sl S S5 s 3550 (2075 seku (s pgd ol
6 adbee JWne g JWb i5u g0 Jold (oS 5 g TS
i o oAl O 5 los ele Sl g5 30 sl Sldgl o938l
ol i 3 Sles rizres (Cuslaid T8 az i 0)50 Jid
ozt 5 s Sl VE 5 FID 5 ol g0 b oS

i gl lsa Jele w5 eolizl cls o Lol mbs
il iy sy gl 45 ol LS (65K s Jlad
SS4SS (sl s -l 5 5 (o o il
3 Logate 5 pugmader 4250 7o peal 03g0e )3 (5L sleo
52575 (S V¥ (5 ol ) Wl i sl b 3,515 o
Jole Jlows 31 oolainl &m0 as ols las Cdlae ol il oo
g phaes Jld e i3 b Log ) pinns Jlad (i3 ) 5o
slos 5l 65k los b ogd (il (qune psd-(pdlilbgl o5 5
Q)0 il L aS Woges asins ool ey b g, 518 el
i Jlad 1 (250 50 (1811 4 p o slid a2l 350 ez
eolatily alS o 4 ol gled i ke (oS
29 W e el ele Jlw leolinul b aiges plsie 4
Sl 4 s )5S S Slae ol Dl T8 Syl Ol
b dlie o Stz il ol 4 Sldgl o Sadlol
0 L3 g o Salal 45y gk Celaitls Lalls bl o
OB padogd ley (SIS bay Sl ez o )0 ¥l
65 o Shae il el 130 5 ond 4l VYRY olie 4
o lea Jale Jlw jloslan! cdl> o .cunloas saio 8 s oole
g Oley 5l akds ¥rog el S SIS Sl g 5 S8 250
Gl Sleslital slacdle s (GBS 68)5) 65k sles il
COFIY C° iy 4y am> aoys F B Y bl Ll o alls
tslio b losgy FA C° g ¥F C° . 0+/¥ C° . 0V/A C°
Al (o> 00,0 ¥ (8llgils g Al sl Sl 9o
ST B3 i 53938 by Canlons salie Las Lials 71V
O 298 Gl Rl )l Calae  po aldl el paiilns
Sy sl iy 5 sl les alS el 55 5 oaill
Cwloals 5 5L

Sl bole Jlow b (oS 5 i 50 03lligib 156 (o)

£yay

Oley S 5l g g OIS o adiogd 4 £9,5 Bl 4B VPV
Ol i S (b j0 058 s 08 MalS K0 adl VVOA
Calaztdly ol38] e pgd yoadll b o1 5l colos o po oS
Iy S 556,85 jo oo Giulidl cuds g 00,5 iz 09> o1, &)l >
Al FY e dg0) K50 adb YYYA 5l ey Colys jo 000 oo oS
ey 50 gk 4250 O ol slos 4 6 5L ((Gadbogd £9,5 5]
Sl cud @ 56,8 Il sles VF g P s0lan ) sleoas o
Cwloduus y (wguades a5 0+ /7 5 OV (gleod 4 aSB FYYY 4 YYD
VY g fee TV 5l sdon; sae iol58l L oS 0ed co caaline 1A
ool 3l 5 5L ol sles 0 ZEF 5 LY palS s
26 4 8l (adogd 908 Galg; sde (Rl L (izeen
ode ;o 4l YAYS a4 FY- julan; oae o asli VPVY 5l 4 ool
Cewlazdl b8l VY- salen ) sae o a il VAYY o £e e alan,
s (61 Dlg VE ) g5 0 a5 Wdges Lastiie Jol> gl
Sy 00 5 3l (slad S mgn sl sae il ez STyl
S 39hon (b (lplh wdloel a2 LB Glaiz sge 0
3 G GRS (pe p58 5 allE 3Ll 4 IS g anaslal
aasbazlly o 5k sles J S

ool s VE G Ols sl s oA US4 gl
D50 e 0 s M6 il el alls )l 4 S5
(3l 936 g guo 8 loolainl b g TV jugiyjoae jo .caulons
5 Cawlodus ) wgaadis a0 FA Ll sloo a5 a sl FA- - 51
(loy S e 3l o VYo g P00 salen ) slasae o yismen
oial38l 55l aS cesloanw ;) wgands 4z 0 FF 5 FF ol sles 4
Lawslio o adls pl bl @ ax g b .ol Jasein julei ;) oue
Loo ials el bl )l 4 Sl3gl og38l o alls ndll cdl>
G (56 a5 Casloads S 5 ;0 ZAYID o Z\Y NN e
a3 oo Las |y oolital 990 (oS 5 e 2 (3l

SIS o ()l it et Sl e S50 cex
sz 53 el b 65 K i (sl s bl 5

Cawloaosls ¥

S5 ez -0
Loy 0ol Srre (oS 5 plns S bl g (gt (ol jo



FYE B FTVA doxio VFe v Jlo o 0yled OF 093 €38 prol CSilSin (i &yt

Zhang, Investigation on the promotion of temperature
uniformity for the designed battery pack with liquid flow
in cooling process, Applied Thermal Engineering, 116
662-655 (2017).

[5] R. Zhao, J. Gu, J. Liu, An experimental study of heat pipe
thermal management system with wet cooling method for
lithium ion batteries, Journal of power sources, (2015) 273
1097-1089.

[6] B. Coleman, J. Ostanek, J. Heinzel, Reducing cell-to-cell
spacing for large-format lithium ion battery modules with
aluminum or PCM heat sinks under failure conditions,
Applied energy, 26-14 (2016) 180.

[7] D.-w. Yoo, Y.K. Joshi, Energy efficient thermal management
of electronic components using solid-liquid phase change
materials, IEEE Transactions on Device and Materials
Reliability, 649-641 (2004) (4)4.

[8] B. Zalba, J.M. Marin, L.E Cabeza, H. Mehling, Review
on thermal energy storage with phase change: materials,
heat transfer analysis and applications, Applied thermal
engineering, 283-251 (2003) (3)23.

[9] P. Arndt, J. Dunn, R. Willix, Organic compounds as
candidate phase change materials in thermal energy
storage, Thermochimica acta, 68-55 (1984) 79.

[10] S. Shi, Y. Xie, M. Li, Y. Yuan, J. Yu, H. Wu, B. Liu, N. Liu,
Non-steady experimental investigation on an integrated
thermal management system for power battery with phase
change materials, Energy Conversion and Management,
96-84 (2017) 138.

[11] A. Elgafy, K. Lafdi, Effect of carbon nanofiber additives
on thermal behavior of phase change materials, Carbon,
3074-3067 (2005) (15)43.

[12] E Bahiraei, A. Fartaj, G.-A. Nazri, Experimental and
numerical investigation on the performance of carbon-
based nanoenhanced phase change materials for thermal
management applications, Energy Conversion and
Management, 128-115 (2017) 153.

[13] D.D.W. Rufuss, L. Suganthi, S. Iniyan, P. Davies, Effects
of nanoparticle-enhanced phase change material (NPCM)
on solar still productivity, Journal of Cleaner Production,

29-9 (2018) 192.

b gglf N, alas o..\...m.)uL...: Jol> C"L"’ 9 0 r:l:u‘ o
Sl g Jole Sl by s 55 5 4 03 5 (3 5aieill
odgame jo @l Ol Jele Jhw b, j0gn, sae il LSG6
Vs ¥I0 Sl Sldlys 5o g YV B FYe Sl ol (o) 3550
O3l 5l eslaul cdl> g0 ya y0 s wisls lis gl .l Oy
25 (5 5l Jaly oo Vgl iz, sae Gl L alls 310
9 ¥V - jalsi, 00e 99 5L Aty slos BB LIL g Wil oo
tpastion Loy SO o g VY gF e v jalal joac o bauwglin 0 fe -
oolaiwl ey 65l slos (LS Sl jo aS Wiz 12 05 o0 yieS
oA 8Ll Gl 5l S ugaadis az 0 Fologas 8l Lol 5l
u‘3 V¥ 9 /0 ‘Si)‘)? u‘y B OJATWJJ C.al...u MLM (RN
eslodgy (o5 Syl slaglys jo salsn, Gl ok 36 Kle
3k 5k Gl Ol ST a5 woged patine ol mls Cule)s
32 ool 5 oslisal sl o5 Jale Jlw o 5053, 50 5
2509503 Sy 1) 5L sles Wlgi oo (S n (oS S

.Q)L) FLe] °"\"“"u>’>‘)‘b u,o.:‘ 839450

Gﬂo).xé 9 2SS

Vgl oBiolo;l prime lginn 5l dlie Barwy
Gz oy r:l.?dl 404 ‘S;L.S oSy wdigee Jud g Q‘)‘Qj oKisls
00l g% 3l e AS co 10,08 5 SiT Woged SLLE S
‘59"‘"’6" 71....) EE -t u.»‘ )'| Coles> 6‘)‘. QL‘L[S oKl ‘_;)).:‘

&y

[1] X.T.Liu,Z.H. Chen, C.B.Zhang, ]. Wu, A novel temperature-
compensated model for power Li-ion batteries with dual-
particle-filter state of charge estimation, Appl. Energy 123
(2014) 272-263.

[2] L. Lu, X. Han, J. Li, J. Hua, M. Ouyang, A review on the
key issues for lithium-ion battery management in electric
vehicles, Journal of power sources, 288-272 (2013) 226.

[3] T. Wang, K. Tseng, J. Zhao, Development of efficient
air-cooling strategies for lithium-ion battery module
based on empirical heat source model, Applied Thermal
Engineering, 529-521 (2015) 90.

[4] T. Zhang, Q. Gao, G. Wang, Y. Gu, Y. Wang, W. Bao, D.

£yag



YA LYYV dorao V¥ v Jlo oV ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puls

(13-1 (2020.

[22] M. Mashayekhi, E. Houshfar, M. Ashjaee, Development
of hybrid cooling method with PCM and AI203 nanofluid
in aluminium minichannels using heat source model of
Li-ion batteries, Applied thermal engineering, doi: https://
doi.org/10.1016/j.applthermaleng.2020.115543

[23] A. Hussain, I.H. Abidi, C.Y. Tso, K.C. Chan, Z. Luo, C.Y.
Chao, Thermal management of lithium ion batteries using
graphene coated nickel foam saturated with phase change
materials, International journal of thermal sciences, 124
35-23 (2018).

[24] M. Mehrabi-Kermani, E. Houshfar, M. Ashjaee, A novel
hybrid thermal management for Li-ion batteries using
phase change materials embedded in copper foams
combined with forced-air convection, International
Journal of Thermal Sciences, 61-47 (2019) 141.

[25] Y.S. Ranjbaran, S.J. Haghparast, M. Shojaeefard, G.
Molaeimanesh, Numerical evaluation of a thermal
management system consisting PCM and porous metal
foam for Li-ion batteries, Journal of Thermal Analysis and
Calorimetry, (23-1 (2019.

[26] J. Zhang, X. Li, F. He, J. He, Z. Zhong, G. Zhang,
Experimental investigation on thermal management of
electric vehicle battery module with paraffin/expanded
graphite composite phase change material, International
Journal of Photoenergy, 2017) 2017).

[27] Z. Ling, F. Wang, X. Fang, X. Gao, Z. Zhang, A hybrid
thermal management system for lithium ion batteries
combining phase change materials with forced-air cooling,
Applied energy, 409-403 (2015) 148.

[28] Y. Zhao, B. Zou, C. Li, Y. Ding, Active cooling based
battery thermal management using composite phase

change materials, Energy Procedia, 4940-4933 (2019) 158.

[14] Z. Wang, X. Li, G. Zhang, Y. Lv, C. Wang, F. He, C. Yang,
C. Yang, Thermal management investigation for lithium-
ion battery module with different phase change materials,
RSC advances, 42918-42909 (2017) (68)7.

[15] R. Mahamud, C. Park, Reciprocating air flow for Li-ion
battery thermal management to improve temperature
uniformity, Journal of Power Sources, (2011) (13)196
5696-5685.

[16] H. Park, A design of air flow configuration for cooling
lithium ion battery in hybrid electric vehicles, Journal of
power sources, 36-30 (2013) 239.

[17] T.-H. Tran, S. Harmand, B. Sahut, Experimental
investigation on heat pipe cooling for Hybrid Electric
Vehicle and Electric Vehicle lithium-ion battery, Journal
of power sources, 272-262 (2014) 265.

[18] G. Fang, Y. Huang, W. Yuan, Y. Yang, Y. Tang, W. Ju, E.
Chu, Z. Zhao, Thermal management for a tube-shell Li-
ion battery pack using water evaporation coupled with
forced air cooling, RSC advances, 9961-9951 (2019) (18)9.

[19] C. Lian, Y. Wang, Q. Li, H. Li, X. He, Numerical
investigation on the performance of microencapsulated
phase change material suspension applied to liquid cold
plates, Numerical Heat Transfer, Part A: Applications,
358-342 (2019) (5)75.

[20] J. Liang, Y. Gan, Y. Li, Investigation on the thermal
performance of a battery thermal management system
using heat pipe under different ambient temperatures,
Energy Conversion and Management, 9-1 (2018) 155.

[21] M. Kiani, M. Ansari, A.A. Arshadi, E. Houshfar, M.
Ashjaee, Hybrid thermal management of lithium-
ion batteries using nanofluid, metal foam, and phase
change material: an integrated numerical-experimental

approach, Journal of Thermal Analysis and Calorimetry,

DOI: 10.22060/mej.2021.18825.6897

M. Malekipour, M. Sabzpooshani, E. Houshfar, Investigation on the effect of addition of
nano-titanium oxide particles to phase change material in a hybrid system for battery
cooling under constant heat flux, Amirkabir J. Mech Eng., 53(7) (2021) 4379-4396.

2 gyl dlio (n) 4 4igS

£ydo






	Blank Page - FA.pdf
	_GoBack




