Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

AR SUT R e $IZASOERE Sk p S g 2
REH BRI Emse RFL
Effect of aggregation morphology of nanoparticles on thermal conductivity of nanofluid

Zhang Zhi-Qi  Qian Sheng  Wang Rui-Jin  Zhu Ze-Fei

5|5 &, Citation: Acta Physica Sinica, 68, 054401 (2019) DOI: 10.7498/aps.68.20181740
TEZER 2 View online: https://doi.org/10.7498/aps.68.20181740
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

75 N Cu/A1203 7K TR A AN AR B SR X i 1S - Boltzmann 4L
Numerical simulation of natural convection of square enclosure filled with Cu/Al1203—-water mixed nanofluid based on lattice

Boltzmann method

YA 2015, 64(2): 24703 https://doi.org/10.7498/aps.64.024703

BT RSP S HORAYBRIK A 72 S TG EN Bt S AL AR HY
Thermal characterization of carbon nanotube fibers based on steady—state electro—Raman—thermal technique

WIFEAEA. 2015, 64(12): 126501  https://doi.org/10.7498/aps.64.126501

BT 0313 12 A SRR OK AT 23 LB 1 AR
Based on the molecular dynamics characteristic research of heat conduction of graphyne nanoribbons with vacancy defects

WIFREH. 2017, 66(13): 136801  hitps://doi.org/10.7498/aps.66.136801

FET IR % SR AR 2 Cu-H20 94 K A i i R 1 (R BLADU A 5
Simulation studies on the transport properties of Cu—=H20 nanofluids based on water continuum assumption

YIBR2EA. 2015, 64(19): 196601  https://doi.org/10.7498/aps.64.196601

FHIE H - BIE S AN R TR A Bis A B B HER R R B 52
Positron annihilation studied defects and their influence on thermal conductivity of chemically synthesized Bi2Te3 nanocrystal

P2z 2015, 64(20): 207804 https:/doi.org/10.7498/aps.64.207804

EZAP P ST Al it s It P
A model for phonon thermal conductivity of multi—constrained nanostructures

YrH2Ed. 2015, 64(14): 146501  https://doi.org/10.7498/aps.64.146501


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20181740
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.64.024703
https://doi.org/10.7498/aps.64.126501
https://doi.org/10.7498/aps.66.136801
https://doi.org/10.7498/aps.64.196601
https://doi.org/10.7498/aps.64.207804
https://doi.org/10.7498/aps.64.146501

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 5 (2019) 054401

MK FRL B R SIT AR RE SRR BRI
ked BB EE AR

(WO TR AU TR B, BUM 310018)
(2018 4 9 J 20 HU&H]; 2018 4 11 J 22 HULBMESH)

20 K A H B B0 G R SBORE AT ARG S L PR RE L A5 B 2 AT, R4 A A SR 3 9 AL A L
TR R AE . ATSE R, AR UKL A SR AR R A0 R AR S AR B R B EE LA, L 44 oK R 3R 4 ) T
AR A PR Y T R RO EE 2R, (EUR AT A 5 R OB R 2 R S A Maxwell A A0/ i BE 1Y <
A7 E o) oy B B AR A b AR SCHIE 201 8l 1 2 B Cu-Ar R EE, R Green-Kubo 24 5UiHH 534
ZH, KM Schmidt-Ott 5 Z8 3 A FEREL AT /- 4R X T S AR BSR4 50n] LUK B 12 A TR
R BCT, BARK 0B A B oA S 9 S R o T IR RS SR B e BEOC&R A, ad g A )
I A PR RURT LU A K R 2K R S AN HOR SR I 22 57, SR T AE AR UKL T A 9 R W2 Ak T B &
PR . WEFEEERAT BT ERR 9 R 0RL SR AR T 25 X S R AR B s M LB

REIF: YURIIR, RIIEDS, B4R, SRR

PACS: 44.10.+i, 05.45.Df, 65.80.-g, 31.15.xv

1 5 =

I 20 453, QK IRAARAE A & A ot RE AR R HhL
PEEEAVERE, TR T ARZ 3 1 2%, 1995 4F,
Choil"?) & IR A A I A GRS KR 3 = T
PRI SRR, JE R AEARAOR R TR 73 B 1%
BLR (—M/NF 0.01%) JLoMER . FriE 9ok i ik
BLRGUKBUR AR E BT AR AR T IR R . 38w
il A S F IR ECRITAL 9K AR B TP fE,
BT R BT B ) R AR B Maxcwell A R0 B
VRN [ B A AR T A K R FE A TP R RS A
510800 i J5 , Hamilton 1 Crosser”, Xuan
SEPL FANE O DL Prasher %817 4351 2% & T 4R
ERIE QR IIURE . 9K UKL A1 BH A2 81 L 9K BURE &b
P KT 2 DA S K Bk R SR BT T T A 3L
FRERFA. (H)E, DX SRR AR Maxwell
R A RE SR IR A5 2009, HASREIR 28 K Uk AE

* R A RBRESA (S 11572107) WEBhRGIE.
+ fEVEE . E-mail: wangrj@hdu.edu.cn
©2019 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.68.20181740

WA PR RS A A A HO k. H ETRY SEER A
PN e B D YL e O GG S N o e
A, SRR AR 1R AR AR SR A AL TR OO LR
Wi ANTEAE . Lin S50 WF58 T BRIE WORL AR AT0R 44
PSRN SNy 2R N UE TR EA P ST NS S AT
BRIZATORL B 9K A . 202 1R 55 0 1% ZnO-7K 4
KA, BFFE T GoK BURE & PR AR 2 1Y) %% B 43
0, R T AR Z 3 S AR AR T3 R B BILEE
HJ2 Xue S50 (K258 JE 48 K UL FE] B 0 40 K )2 5t
PALIEBATRE R, AN IR P IEH, AR Z 2
23RS # . Keblinsk 2511 X} — R 31| 5256 45 5
MIZEE S HTRM, 0 WS 3l 90K 2 R 40 510
AR B DK T 2 O ], iR A )2
YR JIURLI) R AR

FESZ IR HR AR 25 57 WL 3] 40 K S [17) 3R 4R 112131
R SR AR X TR IR B ey T 2 A
11425 Sedighi Al Mohebbil™ 1 134373l 124 HF
FEAF I, TE—E P GUR BRI LT, GRIURL Y) R

http://wulixb.iphy.ac.cn

054401-1


http://doi.org/10.7498/aps.68.20181740
mailto:wangrj@hdu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 5 (2019) 054401

LU K AR S A R L. Hong Al Kim(*)
(A BIF 5 10,2 BH 40 DK JSORE A 358 J R 2R 5 1T AR R
IR E. B AT R S FesO4 9K KL
M REARTES MG WA E T T I BRI IR AR, %07
] - ) R R B SER 0 A0 L A R AR
TR SRR 2. RN, —SeifsR T/ER
W, i FREIEESL ST, PR FHREFA—E
e $2 = g0 oK AR 1 5 3R 2007 Thaseem Fl
Christopher"™ %7~ , FEARFRELET, 5% &
TP ECT AR TR IR BT LIS I 51% 3%
W 32%. N TIRE R REEXT A L TR R EN
MR, BF9E & CLaegdtay | — S R EGR BB, N
Xuan 5¢19 B LA Maxwell 47 2001 B35 1B B Al
ST T ORI AR A T AR B
Feng %5 201 N7 1 — > 75 L8 4 2K UKL 5 4 1B A
AL WFE R 78U, RERZ, 38T
ZEGR, Wang 252U #E Hamilton!" #5814 L At
I, HREWRERCER MR T A T 4
Z BB AL . Evans 45 P2 ¥ Bruggeman f5 7Y Fll
Maxwell-Garnett Bl g 3Eht ) #57 T—4% &
YRR RS R, JF SRR HEERUAS
F| 7 HAIE; Prasher 5525 6 AL B URL /3 U7E B 42
FTESC I P2, 43 301 2% P S A 52 ) )5 24T &
hn, A58 T RERIPEEAR R dE ROk e 2
B AR BB, e f5 SAIUSE R LT
HE R T IC A d = 1.8 —FPIFNL; Xiao W5
2 AL DL TR BLE Rt i T A ST IR BN
STTEAR Y IR & E AT R A8 ER o, # A
SR Maxwell-Garnett BERIFS 2 A 3% &
T EEEEER B Brownian iz 85 | XL, H
HHRE G 75 | RS A R A% BRI R ST 43 AR B 5 40 T2 4 55
. Bz, HETC 2T 1055 FEEOR R 4 1 3 34
ZBER KSRV Maxwell A 5090 5 FE A Al
P R RN RT3 L 4K 2 R Bz sh 35 ) 5%
i), A P AR AR T SR A1) 53 A 500 Tk
B 2 AT, A e RS o AN 3
AR 43T L 0 ) TE A

RAETAA RN, 535 v IR — A RERE 22
1'% % R 4E (reaction limited aggregation, RLA)
TS —FBERE AR HER R (diffusion limited
aggregation, DLA). Gaganpreet *7 AL £ 43
Br T AR IR AR IR, G55 R MBEREIEN T
YA IBURL IR AR AR ML AEBURAIR . BRI

Bopser, HAMBEREMA KRS, (B 5 8yUIt
1k. Kang 252 Fl Duan 529 pfF 58 20, 4L
TEBNH AR EONFE RS R, BRI 5
R FEOE KRR SR BORNE R REEE, R4
TLARAE, TR AR H S, AR, IR
By, FEERSY N, JEABUR G2 TH . Lin
SEBUIESE T AlyOy AR URLAE T it A HI T SR AE AN
W A SR, 153 T S RE S AR IR
RN P .Sue v

VeI DAE 3 KOS UL P STTR N (i At
AR, BH THHAEREER, HiEG THREIVNR
gt Bl VA 23730 1 AR TE A A AL
TREAT I AR GAR T AR B W i B 1Y) 7R
SR THEGUK AR R R B T
A ST B 1 AU AR A Sy 1 B A
B PSS 3 1 AU T Green-Kubo 24
X, PSS T3 1 B T S R B
SC. A, AN [R50 22 1] 18 3 R BIOHE LA 2 RN TA
Cu-Ar KGRI R R A 2508, Kang 552651 F)
JH Lennard-Jones (L-J) #4#iiR 7 @55 Z AU AH
HAEH, FRHHRAJR T (embedded atom method,
EAM) $fiid 1785+ Z [ AH EAEH. Lee 4552 Xf
YK AR T BOR REE AR RER S TR R
BOEAT T 571 3 I 2R AL, 45 SR 3R B 4 oK Uk
REMNMATRBULIEREMWIFOL TS T 35%.
B EBIIGE T Cu-Ar YOKTLARR A5 3] 7218
5.

ZE L AT, ELEEIR IR AR A I R B L HAth SR 4
RERBZ, HRELESX FRRE7 HE
SENR. SR, 3250 1R IR T AT A0 K BkE 2R S 28 %)
SRR BN FE I E ST, AR W T R R B AY
SR FH ERASFR 0 FN B 285758 40167 58 T ) T A 1 B
A SCER R Cu-Ar PEK AR, 530 1 A B0
Tk, E AN I AEEOS AR AR I R B 52
i, 48718 S SN K ORI S 9 K AR AL AR B N
TELH.

2 THEEA

553CHR [14, 34] —HFF, ASCEH Cu-Ar 40K
RA T FIAREL, ERH T3 12 T Bt ot
AFREILE T YOK R AR B AR %,
RAE Cu-Ar PUK AR AU % RS A H

054401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 5 (2019) 054401

UK N ZER I I 5 255 S R AT A5 B, R
ANT R RSO R A L0 Bk, HS
TSR ARFE WG 3T Bl s R T AR
T HERIT AR o R S a2 SR A ) —
BERA I ik, B

dziﬂi
m; de2 = ZFij’ (1)
J

A m R R TR B, o 5 U T L
BR, Fi ARWEAR A R T X R T
WPERT. 23T dieam, R (1) SO RORL Y A
P B E AT TR, A S LAYy B T LU ST
BEE YRS NG E

2.1 BEREHNERF

TERBLHLHR L B Ar A 0 360, Cu 99K R A
IO 37 5 254, LA H RO 3.165 ABY. S T
I, % Cu ZIKBR P TA Cu R FEA
AH [R) A8 3 8 R0 hn o B B2, Ar-Ar 22 [8] 5% ] L-J 4

PR
oo =tz | (%)= ()] <m0 @

fﬁ EF' Eij j@% @*{%E, Oij %Wﬁ%ﬁ*ﬁ*ﬁﬁ{lﬁ%%j
O AR RS » A R 5 55 5 SR 2 [ fr) B
By oo NEWRERR, ro KT 2.504;.
X Cu ¥ Z [ A EAE R, 7] LLSR S 0
K UWER) EAM #pg B0, 0 i0A g, K
Cu J&FZ [ EAM #FIH] L-J #ip 45 580 2270
JU, fHH] L-J $Amsh 1550 0 B s /DS, R A L-
J# Ar Ji 75 Cu JEFZ R EHAT LA Berthlot
TRA RGP
EAr-Cu = VEArAr - €Cu-Cu) 5
{UAr-Cu = (0Ar-aAr + Ocucu) /2 )
WA, = AR Z M AEFOCR i 1 FTR,
FIT A Ok AW R e — B N 10 A, HARES
TR 1.

2.2 SHRHMITE

5T 115 AR5 30 1 20T L
THEGKR AR SR REL, AR SR80 )
=, JRHA: 1) 747 sh 1, Al DU ERIR
BT GOR AR TR, TR+
g 12 WEBZ MR R RS 2R,

50
40 A
30 A
20
101
0-

- Ar-Ar
Cu-Cu
Ar-Cu

r/A

L AN ) Js - [l 8 A0 T A 3
Fig. 1. Potential functions between various particles

interaction.

w1 OHRESH

Table 1.  Parameters of potential functions.

JiF €/102% eV o /nm
Ar-Ar 1.0437 0.3405
Cu-Cu 41.0156 0.2338
Ar-Cu 6.5429 0.2871
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Fig. 2. Normalized heat current autocorrelation function.
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Fig. 3. Thermal conductivity of Ar at 85 K.
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Fig. 4. Model of Cu nanoparticle.
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Fig. 5. Cu-Ar nanofluid model.
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Fig. 6. Nanolayer at minimizational system energy.
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Fig. 7. Initial distribution (a) and at 2000th time-step (b) of

Ar-atoms around Cu-nanoparticle.
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Fig. 8. Aggregation of nanoparticles: (a) Compact aggreg-
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Fig. 9. Pair correlation function of fluid Ar (a) and nanofluid Cu/Ar (b).
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Fig. 10. Pair correlation function of nanofluid with two nanoparticles: (a) Dispersed nanoparticle; (b) loose aggregation; (c) compact

aggregation.

FOYICHERL. R T, ASCGE S 36
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HRAE AR R B0 TR e, LA AR R AR 4
MITEOLT , BEE A EA R B 9T 3
ALY T4 2 ik 3 .

W 2 AT LR 1, T 4EBE 1—2 2 0],
XG5 REFTIEERAFF (REBH 1.4--2.738
Fil), JHE T2 B Ji PR AR SRR 25 v 8 4 oK R 25

A (2 6 ), MisEgml A e LT 9K
ORI REFE—L. 1IN 2 AT LUE H, A

B, SR BOER, H LR B RE AR E
K/, 1% -5 B & R RBFFE R AR — 27, A1,
Iy TR LERGE N, X R ) IR B, (H A T4k
WKL KN AR TR), A — S8 oh, Xtk 2 5
¢ 3 4% IRFRMBCT BZE SR, AT LR B R e %
h1.60 1Y 6 AR TR ECH 0.278 W/ (m-K),

2 34 FYOKEUR T R R B TR

Table 2. Thermal conductivity for various aggregation morphologies with 3—4 particles.
R EL 2% 3% 4%
ki kL H 3 4 3 4 3 4
wis G0 §QR B P THP oo FOLN
DY 1.07 172 136 155 170 1.06 175 1.48 169 190 1.06 1.72 1.34 159 201
V%j;ﬁ%) 0.168 0.172 0.194 0.189 0.171 0.235 0.216 0.241 0.221 0.217 0.268 0.253 0.254 0.246 0.242
3 6k A% ARFU BT FI R B I 4R
Table 3. Thermal conductivity for various aggregation morphologies with 6 particles.
HATA e % 2N ¢ @ ¢
TEYERL 1.31 1.33 1.39 1.45 1.60 1.67 1.98
SHAL/W-m LK D 0.321 0.335 0.315 0.294 0.278 0.271 0.252
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Fig. 11. Thermal conductivity at various fractal dimensions
(3-p solid line, 4-p dash line).
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Abstract

The great interest of many researchers has been aroused in recent two decades due to the great heat
transfer enhancement of nanofluid as a heat transfer medium. The reason why the nanofluid can enhance heat
transfer is that a number of nanoparticles are suspended in the carry fluid. Most of researchers believe that the
microconvection induced by Brownian motion of nanoparticle, the nanolayer around the nanoparticle, the
aggregation of nanoparticles and near-field radiation are the underlying mechanisms for heat transfer
enhancement by nanofluid. However, contradictories and inconsistencies among experimental results, theoretical
results and numerical results are existent commonly because the mechanism of heat transportation by
nanoparticles remains unclear so far. Quite a few researches have proven that the aggregation of nanoparticles is
one of the important mechanisms for elevating the effective thermal conductivity (ETC) of nanofluid. However,
the aggregation morphology (AM) of nanoparticles evaluated by fractal dimension (FD) will greatly influence
the thermal conductivity of nanofluid. Unfortunately, all of the existing ETC models are based on the effective
medium theory under the assumption of “static state” and “homo-dispersion”. In the present work, equilibrium
molecular dynamics (EMD) simulations are carried out to calculate the thermal conductivity of Cu-Ar nanofluid
via Green-Kubo formula. In existing researches, fractal dimensions of the aggregations with various
morphologies are obtained by Schmidt-Ott equation. Comparisons between the ETC and FD of the nanofluid
with same volume fraction show that lower FD can possess greater ETC. It is the first time that the
quantitative relationship between ETC and FD has been analyzed. In addition, the difference between loose and
compact aggregation can be read out of the pair correlation function near nanoparticles. And the solvent atoms
in nanolayer are mobilized and dynamically balanced. The results obtained in the present research are

conducible to understanding the influence of AM of nanoparticles on the ETC of nanofluid.

Keywords: nanofluid, aggregation morphology, fractal dimension, effective thermal conductivity
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