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Transient features of natural convection in nanofluid
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Abstract — This paper reports the experimental study of natural convection heat transfer with Ai,0,-water
nanofluid. Experimental apparatus was a cylindrical enclosure with adjustable fluid layer thickness, and the aspect
ratio was varied between 10.9 and 30.4. Heat transfer coefficients seemed to have reached a steady value within
30 minutes as the case with pure water. But, decrease in heat transfer coefficient continued for over 1~2
hours for inclination angle of 0°, and oscillation in heat transfer was observed for certain inclination angles
and aspect ratios for over 10 hours. Oscillation shape and period depended on the aspect ratio and inclination
angle. For example, the oscillation period for 0" was more than twice that for 60°. The maximum Nusselt number
occurred at the inclination angle of 30°, and the minimum occurred at 60" for Rayleigh number less than 1.E5.
However the present results were obtained with aggregated nanofluid and would be devoid of generalities.
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Fig. 1. Schematic diagram of experimental apparatus.



e A Aol shE B4y 3

o] B2 Rossby® 9} H|2:3lL} Rossby ™= -84
A A O AR FAE = JEE ¥ dAEYS
$243}51aL Rossby ™ 2] Hpo] = o]¥iole] Qg glo)
ot =2 AREE AE dolEE ¢4 A (H = A
Akst AFH= Rossby™9} Hollands et al.*Y2] Zxje} 2
YR HE HolFqlok

Rayleigh <=0 L Q3 Ww AGAE, dWAe=
o290 A& ARESHAITE

p=01=¢)pptopy 3)

k
- 4
T T e o)y @
ﬂ:(l_ﬁb)ﬁ/f"(ﬁﬁ\' (5)

B AHo]| AM8E Al Oy/water L34 Sigma-Aldrich
Co.ollA T3k, pHE 6, 20 nm AL, 0, YA A|
Au] &2 1.31%0]t}. Zhang et al. *’= Sigma-Aldrich
Co.olA U3 ALO, W=RfAIE ARSI TE59
TEM(transmission electron microscope) AFRIOA AL, 0,
Q1] 2717} 20mm HER) AL 4 ek W AT
5ol TEMS AMgslel el 78 24ei
Zhang et al.*"o] Q1gal A} Zo] AxpAu]AH o]
° heg e ARA7 Fol EtnE et §
A Qo] Aol AgiEe] A 55 At} ofuick 2
ToflA= Flo]A BAF 'li(laser light intensity scattering
technique)©] #]-%-%]+= Brookhaven Instruments Co.2]
90Plus/BI_MAS Option particle sizerg AM-3}o] Al,0,
PR A71E ST A7} Fat AE0] 250nm FE=]
t}. 124 Light scattering oAM= dxE2] B2
AL} FUTE e 7= o AFol AktEl=T
e SHE A=Y B FHo| FE wer
2 AAET ¥ 324 S42 5 ok AddR{ e
A3t Wen} Ding'”¢] Aoz 34nm 7,0, Y25
ARE-8FAAINE Light scattering R ollA S4E A=
o] HFAE-L 170nmo] .21, Putra et al.'Vo] Ho=
Al,0, AAE2] B A 20] 131nm Ytk Wen} Ding'?,
Putra et alV9] ¢ W whmE AxF0|HO] AL
2= GAY Bt A ERls717F oHok

of

o rE

3. Mgz

o] ol ALgEL} 2 ApolA T Ay
AF & o Aastelch Qs AR Fig 19] 4
222 sjgste] LAt 28 Aljold Alg

=212

o &

=
2 AIFol|A] Hujr|go] 1.31%, 2.72%¢]
_ J=9 ; % Q;LX]’%-O’] éﬂ(%-ﬂ)

AEEe WF 21°Co4 &4
= Z¥olth Zhang et al.?Yo] 97 AL 10°, 30°,
50°Cof| Aqt =AE|glom @ Fig. 204 Zhang et al.*¥
9] g|o]E|+= interpolation2 ARE-S}o] -G-&=3F 21°Cof|A]
o] Fa dHdgolth Lee et al 0] f8 AHLEL
1 2EoA Z7E Ao =gt gAEo] Qlrk Figure 20
Al FajulEo] 1.31%, 2.72%1 7% & Ao & 4
AdgHl= & d7A=9] Aol Hste 0.8%-1.3%
AE A vepdth 2y £ AdEE Fajulg 1%
2 =232 150nme] Chon et al.?2] 97 JAALE
HEh moug & A0 WA} Hy A5 150nm
w2 4 goka AEnh AFAES Ao
ofstel hefiAlo) $5 BHERE L] Yt} 57}
SHHE Fig. 204 YE =9 HlolEyt vlaskel
1, Lmrh AR ok AR e 236l itk &
2 hegirbe] 27), $4wt we] Qs pHPY mat
WiefAo] 8 GAEsol 932 g 59 =1
O] ARANSS vk A2 gA] gom, Jog=
W49 AdEe] diste] & o AAZJ ddde] 3
K3l AbrEh o2feh e iAo fa =g
gt ZARES A AR AP ET} o] 2431 Hlgo] T
ke 2o = oF 4= 9l Gandhi®Ve UhefA
o f8 GHEge gt Aot EA-e| hste] A
a5k

30°-60°2] £ of|A] =43} Prasher et al.®) &=L}
thegAle] AT Bol Aol B dolEg Hu o
= ool diste] the 7l A Aaslel S

12 present study O
Das (38.4nm) —H—
L Chon (47nm) — <& —
(150 nm) &
= Zhang (20nm) A
w= 1.1 — Lee (384nm) p
& 5

® (%)

Fig. 2. Comparation of thermal conductivity ratio of Al,0,

nanofluid.

Journal of Energy Engineering, Vol. 18, No. 1 (2009)



of et Aeket A & 4 ik et} Pakit
Cho® Aol A= 20°CHTo| A YFuL} LhefA2]
Aol &l vlsl & o 7HEA frashe, 1449 v
EZE 20°Ce] H|gFo] 72°Coll A= 14% F = Fskqich
Pak} Cho®"9] 41,0, V=gA= 13nmo]n:1 279 %
a3}5}7] flI5te] pHE 322 [A|5o Fajrlgo]
1.34%, 257} 20°CQ] A%, AL 1.65x10 % Passo
= %7 2499k Pakit Cho™t= $98 Q159
BHEAES 2510 QAT B Ae|A a0l
1.31%21 79 20°Coj|A] capillary tube viscometer2 =
Aot HAL 1.29107° Passo] AT} Putra et al.2] 2
ol A= 20°Cofl A YA} Bt A5e] 131nm, Faju]&
o] 1%2Q1 7% AL O, YefA9] g 1.16><107° Pae
s o]glth & Are] HAdo] Putra et al.'Vo] Anprct
Tha EATE WiefA Y] g2 Fajulgol diste] $7F
StHE T Aiks 22 Fujulgola ZA slojur] o
Loiu Hol Aok a8y A4 it AR dAES
of Hlsto] Bzel] Se) L, Rajulgo] thelel o A

AR Aglo] B sl

Figure 3. §A1%2] ZAAKE7} 0°, 60°9) A 9] o
ko] 358714 A% NusseltpE HojF1 9o, &
=9 AAdiF AR} vsHA 302 oyell f-5ol A
O] A dEoll =gt Aol Hiltk Z1eut Fig. 39
6=0°, Ra=1439402] Nusselt <= 1|3+ Fig. 42] 3 H
A AIHAR=13.8)2 35875 13 ZHolt} 10A]7F
=4% Fig. 49) 2318 2w, AAaeo] Edeh]ols
7191 6402t o1 Aol Ag & 4 o0, Fig 33 2
o] AIBE J0HHET SHe A% AgAT] 2 237}
A 4= qltk ES) Fig. 40f|4+= Z7]9f Nusselt =7} 1~
2AIRIOIE Zhasel A B 4 glid] oleiat Ak &
28 AHgalo] ARt o olubx] eItk Figure 4]
A AR=19, 21.7, 25.3Q1 Ao

S =g=1
Nusselt ~2] HE3
A& & 4 Q) Figure 404 AR=19¢]

A2} ol

6
O 6=60°, Ra=317150
- A 0=0° Ra=143940
5 O 6=60°, Ra=155560
B/E‘\B— = = E**E\E]
2 -
LWA
4
o —o—o—6—5—6—
3 1 ] 1 | 1 |
0 10 20 30
time(min)

Fig. 3. Nusselt number variation with time.

OLX|S=t A18¢ 1= 2009

o

o

9

ST A 10A17P4 =] A Nusselt 4:9] BIEEA

O] Eoltx AAY Ho] AP vHEstglem, Figure
5= 6=0°, AR=16.9%]1 A5 Z1ZF 11 A7k 15417 &

° &

279 Asfolch. % wiA Aol 72| 22 He
9] Nusselt <= H5o] SAHENCH 1047+ z701]E HE
A 4 Sleh AUASTE A F B
e 3Ato] 2-REJold] L F 1542k9) Aol
MS{iE]- Wen¥} Ding'*"e nE ox= 24.
o Zsielon], AEe) AAEst 0°) 15
Ao M Aol =EshA] X3k A&
& 4= Slt}. Figure 30]4 60°9] &= A= 302 o]l
A e ol mdsl A Zo] Ho|uk, Fig. 6(AR= 10.99}
13.8)9] AE 3587HA9F 1= Ao, AR A 3H=
of EIS7|7MA = TAIZE o] 48 8= As & 5 9

ol
H
o]

_04

AR=13.8

Ra=143940

Ra=55910

0 200 400 600
2.5
P Ra=11940
AR=30.4
15 1 I | I
0 200 400 600
time (min)
Fig. 4. Nusselt number variation for 6 = 0°.
4
b, 0 =0°, Ra=84700, AR=16.9
2 P 2nd run for 15 hrs.
3
1st run for 11 hrs. —>
2 1 1 | 1 1 | I 1
0 300 600 900
time(min)

Fig. 5. Nusselt number variation for Ra=84700.



e A Aol shE B4y 5

t}. Figure 79)+= Figure 52} 694 AR=16.99] Au}e}
22 Z3u]o)A] 6=30°9} 150°¢] 397} o] HlmE
t}. 30°9} 150°91 7ol Nusselt 4=2] HE d4to] ¢l
21 60°9] Nusselt 5= HE F7]= 0°°] Blsto] B ZA|
Urehdth AR=10.9¢1 Fig. 8ollA% 0=30°21 #Lof=
AR=16.9¢] H|5}] 27| Hold/ e ZAA vepp|gt
Nusselt 5=2] ¥ @AR2 Qlct. 6=90°2} 120°9] 9=
2 AT FHuRLolAE Nusselt =98] M5 /o]
dojubA] 3tk 0=0°9] Fig. 40j4 AR=13.8¢] A=
e Adol| vlsf =742 9= Nusselt 529] of 242 ¥

o Ra=85380 (AR=16.9)

2 0l S

Ra=41140(AR=21.7)

1 1 | 1 | 1

0 200 400 600
time(min)

Fig. 6. Nusselt number variation for 6 = 60°.

0 200 400 600

Ra=96300, 6 = 150°

2 1 | 1 | 1
0 200 400 600

time (min)

Fig. 7. Nusselt number variation for various angles for
AR=16.9.

T d4o] Aot Fig. 89 6=0°, AR=10.9 A3} =
=214 Q1 Nusselt 28] HE@go] tha A% A% &
5= otk 2 AFoAE WefAE AASKL & =5 F
J5fo] 0°9} 60°0ll 4 BIEEA] dojuiz o3 F]
ol thste] @S wEslgoLt udAso) vE A
£ 2 4 9tk Okada®} Suzuki®’o] Aol 3
wt%, 6.51um 2] 7, 347t oo GHGA R HE
FAro] A3 AlRFE oM, 3 wit%, 4.75um Q] 73, 24]
7t Ao dHGAR] §ES7]7F wol dojRm 54]
2t ol wiE Aol 7o) 98] AlekAlch. Okadao}
Suzuki®”= 12em 0] A7l o] HiFEo] FA
w3z QAkEol g wet w5 AATE ARl=
A8 il QHEAG S U e B9
o] o] Al o) ShFEI 1 o] thRgol 4

3 ZoR PHELE dHIALe WHE 71004
GAGA ST S0l A2 ME F4E AY off o
$30) L5/ YAHoR S| wEoln o|Fet
F5(double diffusive convection)o] 2J3}o] o J-A]
Zo] A== Aoz Aslr) Okada2t Suzuki® o]
1ol A= Tl Zoke o7 2R AlRFRtollA
GHGAL] ¥ ddo] o we Albplow, & 4

5

i

rr

6
L AR=10.9, Ra=286860, 0=0°
55 -%%A%
3
=5
45 1 | 1 | I
0 200 400 600
55
s Ra=307750, 6 =30°
45 L il L s
50 200 400 600
Ra=317150, 0 = 60 °
4 | | |
50 200 400 600
i Ra=302240, 6 = 90 °
4 1 | 1 | |
0 200 400 600

Ra=367360,0 = 150 °

0 200 400 600
time (min)

Fig. 8. Nusselt number variation for various angles for
AR=10.9.

Journal of Energy Engineering, Vol. 18, No. 1 (2009)



L

Holl A= Fig. 4ol fAIS© AR=30.4)0]|:=

A=) W o HE@dT FASY F
7L TAZE S B 9 ARoA= 2257
< A&S7] Aol Yl te] 225 1E2A {451
fI5to] screw shafts AMESIe] AlRdE(hE of=] W1 EaL
ol e=fA7E & 4olA siglty. 1jus dFo] A
2 tjoflis WefA 259} 527t L2 AdEolA AlE
7Y 112, A2 EYo|Eof 2= Zo|7} ZlsfiXint. A}
A7) A58 F22 FALEY Aol Yofut
=, ¥4 2719 WAt 23 FA1S9] 84
off gt sVl Hof At 7] thermophoresis
ol HH&Ert deo] o F g v 5= 9l
ok AAEZE 0091 2 AL 3t 2AofA = e yAtel
P A E0] 110nm 0]3}2] 7L, thermophoresis®] FaF
ol f AN A& ZeolE WiFor WELujz}
9] S 7 fAIZe] B "k U=k
oA Fol 110nm o]/l 79, HH9] Yo o AR
119 A8 Zejole Yape] et wej= gl g
ZHA gek et A B4 eAel mapt 271
A5 ghons gt gERee] ot Wl o
I sickal Al& Flo)k ®3F thermophoresis =71 9
ulF 4= 9lE JEo] =it AR I
Alzre]l 4E 4= qirk 6em =o] ARG AFF
ol 115um Bt A5 Fe7&8 4525 24
517] SJall el 7188 AR&3EE Chen et al.®V9] A3
ol M= MBSl A osf P FUA 1
A wzoll oFHH ZFdel o3t thF cello] F/JE|7]o
A7} gl &= FAIAF vlal AlTto] wol Ael=
Zlo] WAL AP e fAIS dRE AE
Q%ol| 212} T cello] G400 Okada®} Suzuki®”
o] A} o] FUR}F FAISY i cello] o
ol R S|t 47 AE Foll= YR BE A
H FUR fAIZel AAl =l wF o] Wel Ho]

e
=
o)}
=

I

=

F

2 oot
o

g

L

L

6
| 0
__O__
4 —a— 300
—v— 60°
s [ +
=
2 L
. AlL,O3 (¢ =1.31 %)
1 1 L Lol L1
1E+003 1E+004 1E+005

Ra

Fig. 9. Comparation of Nusselt number for Al,O; nanofluid.

OLX|S=t A18¢ 1= 2009

ol
o

o

TE|ch B Agoalis 7tdE Hol $Jo] 9l 150°
o] Aoojw 1047k St o]t AA AR TEE|
okokoi}, HAo| et e AL v o Pk
Helet A2 A 4 9l Aoz welth duy 2
Ag o] U gAls SxE Alglo|ug Ante] oJubye
Zolxlo] gtk

& 9419 2492 Yang#} Yang®™ o] AIHAR=7.5)7

A= BAREZE 300U wjof] T cell =7} 0°f ]3] A
o Hko g Zn1 YR cellQ] HFS ZAA HIFlen oF
BolAl= 32k -5l AT thF cell&2 40°73
LO] FAAtEolA Bt JHE AR dHgES BAE
of W2 o]t thiFwgt cell Fefo] BT WAE 7t
A, Abz A§EREe] Yangdh Yang®o] Aufol A=
SH W TYut A2 Aol SHCREY §5 B
gol AgtEle] dHdgol FFE wol vxe= AR
LERt) ElSherbiny et al.®x} Chang and Mills®V 2]
Aol A= Rayleigh 7} 1.0x10° Rk 2k 7, 7|9]
o= AvloA H Nusselt = FAEZ} 15°U o
AY =4 SR 0°<6<90°°|4] Nusselt 9]
AL 60°9F 75° Atolof] Yoyttt Figure 9+= 0°<0
=90°9] AHAlollA 2 A tHefAl Bt Nusselt
22 HoZa 9)on Rayleigh 27} 1.0x10° B} e
7Aeoll= A7 30°Y wol] Nusselt =71 Y =7
YelLb 60°9] A=A Nusselt =7 A9 WA o
epdh g8 4§42 A9 ElSherbiny et al.®”z}
Chang and Mills®"2] Ax}e} Zro] LjigHo] How
15°] ZAREOIA] Nusselt 57} A12) & 4= Slefar A
ZFEeh a”elle & 29 it o) vlalER] gtA]
9t 90°8] Aok EFRIY UeA] Nusselt 7} <=
=9 el dokem, 3009 A=Al A Rayleigh
9} Ra>1.0x10°9] oL A oJstirs <= Bo] Auje}
719] 27 ZAE ATk 0°2] HARE A= Ra~9x10%0]
Al U=9-A| Nusselt 7} 17% 7R = wrow, 60°2] 7
AbEo A Ae] mE odelolld 8~11%4% W Lhef
Ut} 7)o dEE egA A Nusselt 42 &
9] Fkaet ot Lheeltol AL 4 =)
of QJxje] Yo 2717} ofix HE $A1E 4 glom Tl
FAEC o 52 Nusselt 5 A& Zlo] 7Ms3slokal A
gk



e g A Apedtize) FE 54 7

ojgom, 21°ColA F44E thE ATAEY Axte] v
sto] 0.8%-1.3% A= A Yelyith §A59 EARE
7} 0°9] AL 169 <AR<253 of|A= F7]Z 2l Nusselt
o] WEAA] 2108 104170014 A5 H 31, 60°]
Z-ollM= AR=10.9712] GHGA 2] HeddS &
S ek Aol ek QT AL 15K o4
o8 ol AEsF AR S AL S Qe Aoz HOl
E]- B3+ Nusselt == Rayleigh 427} 1.0x10° X} 2k

2. 30°9) ZApzollA] 71 7 Ltk 60°e] ke
OIW 7P @A el o fA19 AR Zo] Nusselt

= 1509 AAEA 7P =5 4= Jlo), & A9
LH':TrXﬂE 718 Ansat Zo] S8 AHol=w A
Fa7E Qe 743 A ahrh e he
A2 SHEATE A=Y &= FA AddiR dabEct

o RO AUTRS 4L 5 9IS Ao stk

}_

2 A7 AEIHHdENE A= L= S
oh Uzt 7] SHERE Agshal S Eas
=X UCLA. EE 37 2813} EM.V.Hoek <=7}
Anna Jawor, 9AEE =4S Y5t A AN} =&

FA1 U.CLA. 7|A%y &8+ Y.S.Ju 149} Ming-
Tsung HungolAl ZAF=-TE B35 AE3t 247} 2k
i AFHHE Algs) 41 UCLA. 71AYS &3t
I+ AFMills oA 22 FAE =Rt

_{01

7|14y
AR : F3H]
Ay o GR5AY EEd
Ap @ AT 9HE
Gt e onere] Ams A%
G+ BREA A%
D AF
koo dd=g
kg WedAdl 8 ddeg
H : {45 54
Nu : Nusselt 4~
q =R
Ra : Rayleigh &= pBATH? /o
T, : Ae A LEAol
Ty @ A& REAY A0
T, : §A%e LExol

a2|A 22Xt
a o dEMthe
B EHAS
p I HE
poo ARAS
0 FASE A=
SHXL
¢ o
£ 9
Foo8A
Mo AR5
Nt
W EEA
HES

1. Keblinski, P., Phillpot, S.R., Choi, S.U.S., Eastman,
J.A.: “Mechanics of heat flow in suspensions of
nano-sized particles (nanofluids)”, Int. J. Heat Mass
Transfer, vol. 45, 855-863, (2002).

2. Fan, X., Chen, H., Ding, Y., Plucinski, P.K., Lapkin,
A.A.: “Potential of ‘nanofluids’ to further intensify mic-
roreactors”, Green Chemistry, vol. 10, 670-677, (2008).

3. You, S.M. and Kim, J.H., Kim, K.H.: “Effect of na-
noparticles on critical heat flux of water in pool boiling
heat transfer”, Applied Physics Letters, vol. 83, 3374
-3376, (2003).

4. Eastman, J.A., Choi, S.U.S., Li, S., Yu, W., Thomson,
L.J.: “Anomalously increased effective thermal conduc-
tivities of ethylene glycol-based nanofluids containing
copper nanoparticles”, Applied Physics Letters, vol. 78,
no. 6, 718-720, (2001).

5. Choi, S.U.S., Zhang, Z.G., Yu, Wu, Lockwood, Grulke,
E.A.: “Anomalous thermal conductivity enhancement in
nanotube suspensions”, Applied Physics Letters, vol.
79, no. 14, 2252-2254, (2001).

6. Bahrami, M., Yovanovich, M.M., Culham, J.R.: “Assess-
ment of relevant physical phenomena controlling ther-
mal performance of nanofluids”, J. Thermophysics Heat
Transfer, vol. 21, no. 4, 673-679, (2007).

7. Li, CH., Peterson, G.P.: “Mixing effect on the enhance-
ment of the effective thermal conductivity of nano-
particle suspensions(nanofluids)”, Int. J. Heat Mass
Transfer, vol. 50, 4668-4677, (2007).

8. Prasher, R., Bhattacharya, P., Phelan, P.E.: “Brownian-
motion-based convective-conductive model for the effective
thermal conductivity of nanofluids”, J. Heat Transfer,
vol. 128, 588-595, (2006).

9. Prasher, R.: “Thermal transport due to phonons in ran-

Journal of Energy Engineering, Vol. 18, No. 1 (2009)



20.

21.

22.

23.

24.

. Wen, D., Ding, Y.

dom nano-particulate medea in the multiple and de-
pendent (correlated) elastic scattering regime”, J. Heat
Transfer, vol. 128, 627-637, (2006).

. Evans, W., Fish, J., Keblinski, P.: “Role of Brownian

motion hydrodynamics on nanofluid thermal conduc-
tivity”, Applied Physics Letters, vol. 88, 093116, (2006).

. Hong, K.S., Hong, T.K., Yang, H.S.: “Thermal con-

ductivity of Fe nanofluids depending on the cluster size
of nanoparticles”, Applied Physics Letters, vol. 88,
031901, (2006).

. Jang, S.P., Choi, S.U.S.: “Effects of various parameters

on nanofluid thermal conductivity, J. Heat Transfer”,
vol. 129, 617-623, (2007).

. Keblinski, P., Eastman, J.A., Cahill, D.G., “Nanofluids

for thermal transport”, Materialstoday, June, 36-44, (2005).

. Vadasz, J.J., Govender, S., Vadasz, P.: “Heat transfer

enhancement in nano-fluids suspensions: possible me-
chanisms and explanations”, Int. J. Heat Mass Transfer,
vol. 48, 2673-2683, (2005).

. Putra, N., Roetzel, W., Das, S.K.: “Natural convection

of nano-fluids, Heat Mass Transfer”, vol. 39, 775-784,
(2003).

“Formulation of nanofluids for
natural convective heat transfer applications”, Int. J.
Heat Fluid Flow, vol. 26, 855-864, (2005).

. Wen, D., Ding, Y.: “Natural convective heat transfer

of suspensions of Titanium Dioxide nanoparticles
(nanofluids)”, IEEE Transactions on Nanotechnology,
vol. 5, no. 3, 220-227, (2006).

. Nnanna, A.G.A.: “Experimental model of temperature

-driven nanofluid”, J. Heat Transfer, vol. 129, 697-704,
(2007).

. Chang, B.H., Mills, A.F.: Hernandez, E.: “Natural con-

vection of microparticle suspension in thin enclosures”,
Int. J. Heat Mass Transfer, vol. 51, 1332-1341, (2008).
Okada, M., Suzuki, K.: “Natural convection of water
-fine particle suspension in a rectangular cell”, Int. J.
Heat Mass Transfer, vol. 40, 3201-3208, (1997).
Chang, B.H., Mills, A.F.:
transfer in cylindrical enclosures”, The 6th ASME-
JSME Thermal Engineering Joint Conference TED-
AJ03-526, March 16-21, Hawaii, USA., (2003).
Rossby, H.T.: “A study of Bernard convection with and
without rotation”, J. Fluid Mechanics, vol. 36, 309-336,
(1969).

Hollands, K.G.T., Raithby, G.D., and Konicek, L.:
“Correlation equations for free convection heat transfer
in horizontal layers of air and water”, Int. J. Heat Mass
Transfer, vol. 18, 879-884, (1975).

Zhang, X., Gu, H., Fujii, M.: “Effective thermal con-
ductivity and thermal diffusivity of nanofluids containing

“Natural convection heat

OLX|S=t A18¢ 1= 2009

o

o

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

spherical and cylindrical nanoparticles”, Experimental
Thermal Fluid Science, vol. 31, 593-599, (2007).
Das, S.K., Putra, N., Thiesen, Peter, Roetzel, W.: “Ther-
mal dependence of thermal conductivity enhancement
for nanofluids”, J. Heat Transfer, vol. 125, 567-574,
(2003).

Chon, C.H. and Kihm, Kenneth D.: “Empirical co-
rrelation finding the role of temperature and particle
size for nanofluid(Al,0;) thermal conductivity enhance-
ment”, Applied Physics Letters, vol. 87, 153107, (2005).
Lee, S., Choi, S.U.S., Li, S., Eastman, J.A.: “Measuring
thermal conductivity of fluids containing Oxide Nano-
particles”, J. Heat Transfer, vol. 121, 280-289, (1999).
Xie, H., Wang, J., Xi, T., Liu, Y., Ai, F., Wu, Q.:
“Thermal conductivity enhancement of suspensions con-
taining nanosized alumina particles”, J. Applied Physics,
vol. 91, no.7, 4568-4572, (2002).

Lee, D., Kim, J.W., Kim, B.G.: “A new parameter to
control heat transport in nanofluids: surface charge state
of the particle in suspension”, J. Physical Chemistry B,
vol. 110, no. 9, 4323-4328, (2006).

Prasher, R, Phelan, P.E., Bhattacharya, P.: “Effect of
aggregation kinetics on the thermal conductivity of
nanoscale colloidal solutions (nanofluid)”, Nano Letters,
vol. 6, no. 7, 1529-1534, (2006).

Putnam, S., Cahill, D.G., Braun, P.V., Ge, Z., Shimmin,
R.G.: “Thermal conductivity of nanoparticle suspen-
sions”, J. Applied Physics, vol. 99, 084308, (2006).
Gandhi, K.S.: “Thermal properties of nanofluids: con-
troversy in the making?”, Current Science, vol. 92, no.
6, 717-718, (2007).

Prasher, R., Song, D., Wang, J., Phelan, P.: “Measure-
ments of nanofluid viscosity and its implications for
thermal applications”, Applied Physics Letters, vol. 89,
133108, (2006).

Pak, B.C., Cho, Y.I.: “Hydrodynamic and heat transfer
study of dispersed fluids with submicron metallic oxide
particles”, Experimental Heat Transfer, vol. 11, 151-
170, (1998).

Chen, B., Mikani, F., Nishikawa, N.: “Experimental
studies on transient features of natural convection in
particles suspensions”, Int. J. Heat Mass Transfer, vol.
48, 2933-2942, (2005).

Yang, H.Q., Yang, K.T.: “Laminar natural convection
flow transitions in tilted three-dimensional longitudinal
rectangular enclosures”, Int. J. Heat Mass Transfer, vol.
30, no.8, 1637-1644, (1987).

ElSherbiny, S.M., Raithby, G.D., Hollands, K.G.T.:
“Heat transfer by natural convection across vertical and
inclined air layers”, J. Heat Transfer, vol. 104, 96-102,
(1982).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


