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ABSTRACT

The thermal conductivity, k, of nanoscale colloidal suspensions (also known as nanofluid), consisting of nanoparticles suspended in a base

liquid, is much higher than the thermal conductivity of the base liquid at very small volume fractions of the nanoparticles. However, experimental

results from various groups all across the world have shown various anomalies such as a peak in the enhancement of k with respect to
nanoparticle size, an increase as well as a decrease in the ratio of k of these colloidal solutions with the  k of the base fluid with increasing
temperature, and a dependence of  k on pH and time. In this paper, the aggregation kinetics of nanoscale colloidal solutions are combined with

the physics of thermal transport to capture the effects of aggregation on k. Results show that the observed anomalies reported in experimental
work can be well described by taking aggregation kinetics into account. Finally, we show that colloidal chemistry plays a significant role in

deciding the k of colloidal nanosuspensions.

Experimental data’ have shown that nanoscale colloidal
solutions, also known as nanofluids (NFs), have much higher
thermal conductivityK) than can be predicted using classical

conduction models, such as the MaxwaBarnett (MG) % ﬁ.

modef~10 for well-dispersed particulate composites. Cur-

rently, there are two lines of thinking for explaining the
enhancement ik (1) k is enhanced by microconvection g f*

caused by the Brownian motion (BM) of the nanopartiéiés,

and (2) k is enhanced due to the aggregation of the )

nanoparticles leading to local percolation beha¥fol® Both é e -
these explanations fok are independent of one other, High-Conductivity
whereas the colloidal literature clearly indicates that BM and Aggregated Nanoparticles Percolation Path

aggregation are relatéé.!” Depending on the chemistry of _ .

the system, rapid aggregation of particles can take pIace.F'gurﬁ 1 Scherréagc 0; V‘_’e”'g!Sperfed agg;af)r?zteS- The agr?regates
: ; : ., are characterized by their radius of gyrati ggregates have

Figure 1 schemgtlcally shows aggregatl.on. The. probgblllty a higher mass than individual particles,

of aggregation increases with decreasing particle size, at

constant volume fraction, because the average interparticle, .

distance decreases, making the attractive van der Waals forc |ghly conducting particles_ touch each other in the aggregate.
more important®-17 Aggregation will decrease the BM due xisting BM microconvection models fdég however, do not

) P - .
to the increase in the mass of the aggregates, whereas it Caﬁongder aggregatio,”? and existing aggregation models

. . . or k do not consider aggregation kinetiés!®
increasek due to percolation effects in the aggregates, as . . .
P ggreg Bordi et al'® showed experimentally that the electrical

_conductivity of colloids depends on the aggregation kinetics
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dispersed att = 0 (t = time) and then will start to The Brownian velocity is given by

agglomerate to form multiple aggregates as shown in Figure

1. Aggregates'are.characterized py -th.eir radius of gyratign )= \/m )
(Rs) as shown in Figure 1. These individual aggregates will
have higher conductivity than the liquid; they can be
considered as the new “particles” with an effective radius 3 X
of R, and they will enhance theeof the NF. However, this ™ the mass, where = m, = 4/37r,°0, for a well-dispersed
enhancement will decrease as the aggregates continue tgystem, where,, is the radius of the primary particles and

agglomerate to make much bigger aggregates.-Aso, all pp is the density of the nanoparticles, ant= Me for an .
the nanoparticles will agglomerate to form one large ag- aggregated system. Aggregates are characterized by their

gregate, at which time the nanoparticles will not enhaace radius of gyrationR,, as mentioned earlier. Through the use

further. Therefore, the enhancemenkidue to aggregation of the Smoluchowski model, the averageis given by®
will be maximum for welldispersed aggregates, somewhere
between the two extremestat 0 (no aggregation) ant— R/r, = (1+ tt)" (2)
o (complete aggregation). The NF aggregation models in

the literature have so far ignored this aspectgffis the  wheret, is the aggregation time constant ache fractal
volume fraction of the primary particlegsin: the volume  dimension of the aggregates. Previous studies have indicated
fraction of the particles in the aggregates, gathe volume  thatd; ranges from 1.75 to 2.5:1721For a strong repulsive
fraction of the aggregates in the entire fluid, thgF ginga barrier,dr &~ 2.5, which signifies reaction-limited aggregation,
Note that the aggregate is described by a sphere oRsize  whereas for a weak repulsive barrégr= 1.8 which signifies
larger than the radius of a single nanoparticds shown in diffusion-limited cluster-cluster aggregation (DLCCAY %7
Figure 1. The relatiorp, = ¢inpa Shows that, for a well-  Waite et ak* conducted a thorough study of aggregation of
dispersed systengjin: = 1, as there is only one particle in  nanosized alumina suspensions and founddfrainged from
each aggregate angd, = ¢,, whereas for a completely 1.8 to 2.3. Wang et & have shown that in NF aggregation
aggregated systeg, = 1 and¢ine = ¢p. The maximumk is DLCCA, as the fractal dimensions are close to 1.8 which
due to conduction will occur between these two limits. signifies DLCCA. Thereforegr = 1.8 is assumed for these

On the experimental front, various anomalies have beencalculations, however the model is valid for ady The
reported. These anomalies include: (1) A maximum in the NuMber of particles in a single aggregalt.q is given by
enhancement ok with respect to (wrt) the diameter of
nanoparticled.(2) The effect of agindg.(3) An increase irk Ny, = (Fealrp)df =(1+1t) 3
by adding acitiand a decrease kwith increasing pH.(4)

An increase irk wrt sonication timé.(5) An effect of surface
treatment ork.” (6) An increase in thé enhancement for
carbon nanotube (CNT) based N¥wrt temperature. The
increase in thek enhancement wrt temperature has been
associated with an increase in the BM of the nanoparficlés, m, = my(1 + t;) )
however for CNTs it seems unlikely that there will be any

significant BM. Various groups have also shown through The aggregation time constant is giverfby

imaging that nanoparticles are well dispersed as well as

severely agglomerated, depending on particle type and t,= (Jwrp3w)/(k8-|-¢p) (5)
surface treatmerit.”:13-15

) Modeling the Eﬁects Of Aggregation and Brownia.n.- whereu is the viscosity of the liquid andlV the stability
induced Convection.In this paper, we develop a unified ratio. This equation shows thag decreases rapidly for

mode! which combings the mic.roconvective effect§ due to decreasing particle radiug which means rapid aggregation
BM with the change in conduction due to aggregation. For -4, take place for smaller particles. Note that onlytfor-

simplicity, we have ignored the effects of thermal boundary  is the system stable and well dispersed. The stability ratio
resistance between the particles and the fluid. Quantitative\y = 1 in the absence of a repulsive force and hydrodynamic
comparison is made with the experimental data collected by jnteractions between the nanoparticles, and in the presence
us on nanofluids made from different sizes of nanoparticles. of g repulsive forcew > 1. Derjaguin-Landau-Verwey—

For some of the other anomalies, however, qualitative Qverbeck (DLVO) theory is used to model the repulsiVe)(
comparisons are presented because most of the relevanind attractive () potential energies between the nanopar-

parameters have not been reported in the literature. This papeficlesi®17to calculateV. Va between two spheres is modeled
resolves some of the conflicts that exist in the experimental ysing®

literature and also provides guidance to experimentalists for

future studies. Particles are assumed to be spherical and o(/ — —AB[2r ZIh(h + 4r ) + 2 PI(h + er)z i

uniform size. The subscripts a and p denote variables related * P P P

to the aggregates and primary nanoparticles, respectively. In(h(h + 4r)/(h + 2r )] (6)

whereks is the Boltzmann constant, the temperature, and

Therefore, the total mass of the particles in a single aggregate
is given by
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where A is the Hamaker constant arfdthe interparticle 10 L T

distance Vi is modeled usint~7 el ]

10" F pH=5.0

1010 L 4

Vg = 27€ 6o W exp(-Ah) @) 100 | T=55°C .

108 .

107 + .

wheree; is the relative dielectric constant of the liquig, - 18: [ ]

the dielectric constant of free spad¥,the ¢ potential, and L sl 6. =0.005 -

A the Debye parameter (inverse of the Debye length). Note & 102 - P ]

that eq 7 is valid forAr, < 5, which means that it is valid 181 i pH=9.1 ]

for a larger Debye length or smalles. This equation will 100 T=250C , |

be valid for nanofluids in the absence of electrolytes such 18; i Pz 1

as salt becaus& is small for watet? and becausg, is very 10° - i 1

small for nanoparticles. However, various expressions for 18‘5‘ [ /// ]

Vg for different and general values okr, are readily 10% LT . L
available in the colloidal literature. For wat&rA can be 1 10 100
written as rp (nm) (radius of primary particles)

A =5.023x 1011(I)0'5/(erT)0'5 8) Figure 2. Dependence of aggregation time constag) 6n

nanoparticle size, pH, and temperature. Note thattipetential
for alumina at pH= 9.1 is zero (the isoelectric point). Therefore,

wherel is the concentration of ions in water which can be % is very small at pH= 9.1.

related to the pH in the absence of salts such as Nadl, by

= 10PH for pH < 7 andl = 107@4PH for pH > 7. W is 2 also shows that, decreases with increasing temperature
positive and increases with decreasing pH below the iso- because with increasing temperature BM increases, leading
electric point (point of zero charge whel = 0) and is to a higher probability for particles to aggregate.

negative and decreases with increasing pH above the In previous paper$? we showed the enhancementkn
isoelectric point3~25 Experimentally measured of alumina due to microconvection is related to a Brownian Reynolds
for different pH has been us®dor these computations. Since number given byRe = 2urp/u where p; is the density of

Vg depends onP?, on either side of the isoelectric poivik the liquid and is the radius of the particles. For an aggregate,
is positive. At the isoelectric point, sin¢e = 0, there isno  the effective radiusieq for the definition ofReis given by

repulsive barrier and rapid aggregation takes ptacehe defining an equivalent sphere of the same volume as the
isoelectric pH for alumin® is 9.1.W is given by® volume of the nanoparticles in the aggregate. Therefore, it

can be shown thate/r, = (1 + t/t;)>3% For completely
o dispersed nanoparticles, = r,. The effectivek due to
— 2 p
W= 2r, f," B(h) exp{ (Ve + Va)/ksTH(h + 2r)” ch (9) convective enhancement is given®8y
where B(h) is the factor that takes the hydrodynamic Kk = (14 A x REPrO3%) (11)
interaction into account. We have applied the widely used

expression foB(h)'72226hy Honing et af’ _ .
wherePr is the Prandtl numbelk; the conductivity of the

base liquid, andA and m are constants determined from
(10) experiment$:® For metal oxide nanoparticles (&) and
Cu0),A was found to be 4 10* andm = 2.5+ 15%. For
an aggregateReis calculated using the Brownian speed,
of the aggregate based on the mass of the aggregateand
For modeling the contribution due to conduction for the
aggregated system, we have used the approach of Wang et
al.® The conductivity of the aggregates is based on the
Bruggeman model, as it takes into account the percolation
effects due to direct contact between the particles. Therefore,
the conductivity of an aggregat&,) is given by

_ 6(hr)* + 13(Va) + 2
 6(ry)? + 4(ha)

B(h)

Equation 9 shows thaV is a strong function ofr, and
decreases rapidly with decreasing SubstitutingW in the
expression foty, it can be seen thdg is a strong function
of rp; it decreases with decreasing andt, is also a function
of W, pH, andA.

Figure 2 shows, for different radii of alumina nanopar-
ticles and indicates that, decreases significantly with
decreasing nanoparticle size. The reason for this behavior is
because, at the same volume fraction, smaller particles are (1 = did(k = k) + 2k) + Binlk, — k) + 2k) =0
closer together than larger particles, which leads to a higher (12)
attraction due to van der Waals forces. Figure 2 also shows
t, for pH = 5.0 and pH= 9.1 (the isoelectric point for  wheregiy (the volume fraction of particles in the aggregate)
alumina). At pH= 9.1, t, is very small becaus® = 0 for is given by?® ¢ine = (R/rp)% 2 = (1 + t/tp) @ 3% with the
alumina at this pH, making the repulsive energy zero. Figure condition that the maximum value af,, = 1 and the
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—— Aggregated nanoparticles
(Eq. 12 and 13)
- Well dispersed
nanoparticles
using M-G model

Completely dispersed -
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Increasing level of aggregation -
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¢,, (volume fraction of primary particle in the aggregate)

Figure 3. Effect of aggregation on the conductive contribution to
k. Due to aggregation, percolation in the aggregates can lead to
enhancement ik. This figure also shows that for a well-dispersed
system the model reduces to theHd@ model3*

minimum value ofpi,: = ¢, as discussed before. Orikgs
known from eq 12, the overall conductive contribution is
given by the M-G mode$* where the volume fraction of

—— Cond. + Conv. Model (aggregation, T = 70 °C)

Cond. + Conv. Model (aggregation, T = 85 °C)

— — Cond. + Conv. Model (Well dispersed, T = 70 °C)

— - Cond. + Conv. Model (Well dispersed, T = 85 °C)
®  Experimental data (T = 70 °C)

O Experimental data (T = 85 °C)

LI I B S I S B S B B Y L O B |

pH =5.0
9, = 0.005

t=1day

k/k, = 1.015, only conductive

component for well
dispersed using M-G

ik,

TN T T T T N T N O A B

10 15 20

5 25

r (nm) (radius of primary particle)
Figure 4. Thermal conductivity as a function of nanoparticle radius.

Conduction-based MG model for well-dispersed particles gives
k/kk = 1.015 for all particle sizes. Reduction knafter the peak

the aggregates is used. Therefore, the overall conductivetakes place because of aggregation, leading to substantial reduction

contribution is given b$#

Ky = ([ka + 2K] + 20k, — KD/([ky + 2k] — @[k, — ki)
(13)

¢a is calculated by the condition thét, = ¢inga For the
well-dispersed casehiny = 1 and¢a = ¢p, and eqs 12 and
13 show thatk reduces to the MG model for a wel
dispersed system.

Results and DiscussionFigure 3 shows the conduction-
based thermal conductivity fag, = 0.05 as a function of
¢int based on egs 12 and 13. Figure 3 also shows the thermal
conductivity for a well-dispersed system by applying the
M—G model (eq 12), and clearly indicates that enhancement

in the convective component.

conduction contribution includes aggregation, are presented
in Figure 4. The overall conductivity enhancement based on
our earlier work?is given by: enhancement due to convec-
tion X enhancement due to conductidinitially increases
with decreasingp, reaches a peak, and then decreases due
to aggregation effects. This behavior wrt particle size was
also experimentally observed by Xie et'alor alumina
nanoparticles in ethylene glycol (EG). Figure 4 also shows
the combined convective and conductikefor a well-
Hispersed system and demonstrates that the proposed model
reduces to the well-dispersed behavior for no aggregation.
For comparisonk/k for a well-dispersed system considering

due to conduction can increase due to aggregation asonly conductive effects and ignoring convective effects is

compared with a well-dispersed system, depending on the
value of¢iy as discussed earlier. The limiting value in Figure
3 (¢int = ¢p) is slightly higher than that from the MG model
because of the percolation effects in the agglomerate.

also calculated using the MG mode?. k/k based on a purely
conductive modetwithout considering aggregatiefis in-
dependent of the size of the nanopatrticles.

We performed a controlled experimental investigation to

Therefore, aggregation can enhance the conduction contribu-observe the impact of decreasing particle sizé&.oklumina

tion only if the aggregates are well dispersed, not when one
large aggregate is formed. For various conditionsdipr=
0.05 (different pHt, T, rp), we have found that the maximum

nanoparticles were purchased from Nanotechnologies Inc.
and suspended in the base fluid (water) using an ultrasoni-
cator. The temperature oscillation technique and the corre-

in the conductive component (i.e., the enhancement due tosponding experimental setup, described in detail in ref 29,

~
~

aggregation) ok occurs atgiy ~ 0.35 andga ~ ¢,/0.35.
This means thakt due to conduction increases 5 < ¢in
< 0.35 and decreases for 0.35¢i: < 1. At ¢int = 1, the
nanoparticles are completely dispersed, angl.at ¢p, they
are completely aggregated.

The combined effects of convection and conduction using

the method from our earlier papé¥s,where now the

1532

were applied to measure the thermal conductivity of nanof-
luids. We performed separate experiments to measure the
thermal conductivity of aluminawater nanofluids with
particle radii of 7.5, 10, 13.5, and 20 nm, all of them wjth

= 0.5%. Figure 4 shows the comparison between the
experimental data and the aggregation model with 2.125.

The pH of the solution was 5 to prevent rapid aggregation.

Nano Lett, Vol. 6, No. 7, 2006



e  Experimental data®®
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Figure 5. Effect of pH on thermal conductivity. Both the Brownian
Reynolds number and thermal conductivity follow the same trend.
At pH = 8 and 10, the potential is very small leading to a
significant reduction in the repulsive force which results in
substantial aggregation.

The experimental data shown in Figure 4 were collected

—e— Cond.+Conv. (1, = 20nm)
-0 Cond.+Conv. (r, = 25nm)

1.5 —— Cond. (r, = 20nm)

ma TTTTTTTTT
R Cond. (r, = 25 nm) ]
14 B
13 4
.I_ L N
= L N
12 B
111 B
- ¢0,=0.05 (M-G well dispersed) -
i t=1 day ]
1_0\|\|\|\|\I||||I\|\|\l\l\l\l\l\llllll\l\
20 26 30 35 40 45 50 55 60

Temperature (°C)

Figure 6. Effect of temperature on conductivitigk) for relatively
large particlesrp = 20, 25 nm). Results show that, depending on
the size of the nanoparticles, the conductive contributiok ¢an

approximately 24 h from the time of preparation of the also increase with temperature which is not possible for well-

nanofluid samples. The data were taken at high temperature
to increase the effect of Brownian convection. Data for some
of the other temperatures are not included for brevity. Figure

ispersed particlesfq = 1.15 for well-dispersed particles according

0 the M—G model for all temperatures). The trend and the
magnitude of the results are consistent with the data from Das et
al3

4 shows that the proposed model is in reasonable agreement

with the experimental data, and both the experimental data
and the model show a peak kwrt to the size of the
nanoparticles.

Another point to notice from Figure 4 is that the maxima
in k shift to larger particle size with increasing temperature.

This is because the increase in temperature leads to an

increase in aggregation, sindédecreases due to the increase

in the thermal energy, making it easier for the particles to
overcome the repulsive barrier leading to aggregation at
larger particle sizes.

Lee et aF° recently measure and ¥ for CuO/water-
based NF for different pH at very low volume fraction
(= 0.3%). Lee et a¥ reported that the nanoparticles were
already aggregated before they were mixed in water. The
size of the pristine aggregated nanoparticles was not known
in their study. Therefore, we have compared their experi-
mental data with the aggregation model only qualitatively.
Due to the very small volume fraction, the conduction
component is very small. Figure 5 shows the comparison
between the measureldk; and the Brownian Reynolds
number Re= 2ureqoi/u. Figure 5 indicates that botttk and
Refollow the same trend. Around pH 8, W is very small,
leading to significant aggregation. To calculiewe have
used thew calculated by Lee et at®, however at pH= 11
they underestimate/ because of their data fitting. Thus,
for pH = 11, we recalculated\V.

Figures 6 and 7 show the effect©bn thek enhancement.
Figure 6 shows thdtk increases with increasing temperature
depending om,, which is in line with experimental data from
two groups (Das et dland Chon et al), however Masuda

Nano Lett., Vol. 6, No. 7, 2006
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Figure 7. Effect of temperature on conductivitigk) for relatively
small particlesi, = 10, 16 nm). Results show that, depending on
the size of the nanoparticles, the relative conductivity can decrease
with temperature which is not possible for well-dispersed particles.
The trend and the magnitude of the results are consistent with the
data by Masuda et dINote that individually neither the conduction
nor the convection model for well-dispersed particles will ever show
any decrease ik/k with increasing temperature. The probability
of aggregation increases with increasing temperature due to the
reduction in the aggregation time constgn(Figure 2).

et al! reported adecreasen k/k; wrt T. Likewise, Figure 7
shows that, for, = 16 nm,k/k decreasesvith increasing
T. This is because dt= 25°C, ¢it = 0.35 [k is maximum
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at this¢inr as mentioned earlier), &= 35 °C, ¢int = 0.12, transport to explain the thermal conductivity of nanofluids.
and atT = 45 °C and 55°C, ¢ = 0.05. This shows that  Through this work, we have demonstrated that, apart from

the system is completely aggregatediat 45 and 55°C, the physical properties such as thermal conductivity of the
optimally aggregated for conduction®t= 25 °C, and more liquid, viscosity of the liquid, thermal conductivity of the
than optimally aggregated fdr = 35 °C. Forr, = 10 nm, nanoparticles, and density of the nanopatrticles, the effective

there is no change ik’k due to significant aggregation and thermal conductivity of the colloidal nanosuspensions in a
no enhancement due to convection. Therefore, the conductivdiquid depends on chemical parameters such as the Hamaker
and conductivet- convective curves overlay each other. constant, th& potential, pH, and ion concentration. We have
Wen and Ding observed thak/k increased withT for also shown that the conductive component of the thermal
CNT-based NF. For CNT, BM will be negligible. Typical conductivity ratio can also increase with temperature depend-
conduction-based models without considering aggregationing on the chemistry of the solution. This behavior is not
will give k/k independent of, however Figure 6 shows that feasible without including the effects of chemistry and
depending on the particle size the conductive effect (here aggregation.
for rp, = 20 nm) onk/k can also increase with temperature.
This can again be explained based on the valug;pfat Acknowledgment. The authqrs gratefully a_cknowledge
different temperatures. Although the conductive model has the support of the National Science Foundation, through a

been developed for spherical particles, the same physics carPOALl award (Award No. CTS-0353543) and the direct
be applied for CNT-based NF. support provided by the Intel Corporation.
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