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Abstract

In response to the ever increasing demand for smaller and lighter high-performance cooling devices, steady laminar

liquid nanofluid flow in microchannels is simulated and analyzed. Considering two types of nanofluids, i.e., copper-

oxide nanospheres at low volume concentrations in water or ethylene glycol, the conjugated heat transfer problem

for microheat-sinks has been numerically solved. Employing new models for the effective thermal conductivity and

dynamic viscosity of nanofluids, the impact of nanoparticle concentrations in these two mixture flows on the micro-

channel pressure gradients, temperature profiles and Nusselt numbers are computed, in light of aspect ratio, viscous

dissipation, and enhanced temperature effects. Based on these results, the following can be recommended for micro-

heat-sink performance improvements: Use of large high-Prandtl number carrier fluids, nanoparticles at high volume

concentrations of about 4% with elevated thermal conductivities and dielectric constants very close to that of the carrier

fluid, microchannels with high aspect ratios, and treated channel walls to avoid nanoparticle accumulation.
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1. Introduction

In order to cope with ever increasing demands from

the electronic, automotive and aerospace industries,

cooling devices have to be small in size, light-weight

and of high performance. The level and reliability of

heat rejection efficiency largely determine the optimal

design of cooling devices. Inspired by the microchannel

heat-sink idea proposed by Tuckerman and Pease [1],

several new designs and modeling approaches of high

performance cooling devices have been proposed,
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including the fin model and the ‘‘porous medium’’

model. For example, Koh and Colony [2] introduced

the porous medium model, which Tien and Kuo [3] ex-

panded by adopting a modified Darcy�s law for the

momentum equation and volume-averaging for the en-

ergy equation. Kim et al. [4] compared analytically the

one-equation and two-equation models for heat transfer

in microchannel heat sinks. They reported that the one-

equation model is valid only when the fluid phase is in

local thermal equilibrium with the solid phase. They

investigated parameters such as the Darcy number and

conductivity ratio, which influence the validity of local

thermal equilibrium, and concluded that the one-equa-

tion model is adequate for channels with high aspect ra-

tios as well as for flows of highly conductive fluids. Zhao
ed.
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Nomenclature

A Hamaker constant [J]

c specific heat [J/kg K]

d surface distance [m]

D particle diameter [m]

f modeling function [–]

k thermal conductivity [W/m K]

n refractivity [–]

n particle number density [m�3]

Nu Nusselt number [–]

p pressure [N/m2]

Pr the Prandtl number [–]

q heat flux [W/m2]

Re Reynolds number [–]

T temperature [K]

U0 inlet velocity [m/s]

w interparticle potential [J]

x axial coordinate [m]

y surface distance [m]

y,z coordinates [m]

Greek symbols

a volume fraction [–]

b modeling parameter [–]

d boundary layer thickness [%]

j Boltzmann constant [J/K]

l dynamic viscosity [N s/m2]

q density [kg/m3]

U viscous dissipation function [s�2]

h dimensionless temperature [–]

Superscripts/subscripts

m, n exponents

c continuous phase

d discrete phase

f fluid

l liquid phase

m mass flux mean value for liquid phase

* dimensionless quantities

n normal component

p particle phase

s solid (wall) phase

w wall (y = 0)
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and Lu [5] and Kim [6] compared the fin model and por-

ous medium model. They suggested that the porous

medium model is more accurate and more suitable for

optimizing microchannels with high aspect ratios.

In order to further enhance microheat-sink perfor-

mance, the use of nanofluids is proposed. Nanofluids,

as coined by Choi [7], represent a new class of engi-

neered heat transfer fluids which contain metallic or car-

bon-based particles with an average size of about 10 nm.

Specifically, aluminum- and copper-oxide spheres as well

as carbon-nanotubes of an average diameter of 30 nm

were employed with volume concentrations of 0.001–

6%. They generated, under static conditions, elevated

thermal conductivities where knanofluid < 3kcarrier fluid [8–

10]. Thus, the use of nanofluids, for example in heat

exchangers, may result in energy and cost savings and

should facilitate the trend of device miniaturization.

Traditional theories, such as Maxwell [11] or Hamil-

ton and Crosser [12], cannot explain this thermal phe-

nomenon. Thus, new assessments and mathematical

models of the new apparent (or effective) thermal con-

ductivity have been proposed. For example, Xuan and

Li [13] summarized previous experimental observations

and concluded that keff � knanofluid was a function of

both the thermal conductivities of the nanomaterial

and carrier fluid, in terms of particle volume fraction,

distribution, surface area, and shape. Yu and Choi

[14,15] modified the Maxwell equation and Hamilton–
Crosser relation for keff of solid-liquid suspensions to in-

clude the effect of ordered nanolayers around the parti-

cles. They also matched the model with observed

conductivities by adjusting the nanolayer thickness and

conductivity. Jang and Choi [16] suggested an effective

thermal conductivity model considering the particles

Brownian motion. They focused on the heat transfer

between particles and carrier fluid, which is not directly

related to the heat transfer phenomena in the fixed refer-

ence frame. Furthermore, the validity of their thermal

boundary layer thickness, which they defined as 3dBF/
Pr, where Pr � Oð10Þ and dBF is the diameter of the fluid

molecule, is questionable when applying the continuum

approach together with their Nusselt number correla-

tion. Kumar et al. [17] developed a new expression for

the thermal conductivity, considering the increase of

effective heat transfer area and particle motion. How-

ever, increasing the particle surface area is merely an

indirect mechanism for heat transfer enhancement of

the whole system. To consider the impact of particle

Brownian motion, they replaced the particle-phase heat

conductivity with c � �up, which is problematic because

the thermal conductivity is a property of the particle

material. Koo and Kleinstreuer [18] developed a new,

experimentally validated thermal conductivity model

which takes the effects of particle Brownian motion

and induced surrounding fluid motion into account

(see Section 2.2).
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While the previous thermal analyses focused on

quiescent nanoparticle suspensions, Xuan and Li [19]

studied heat transfer enhancement of water-based

Cu-nanofluids in turbulent pipe flows. Wen and Ding

[20] performed experiments with water-based Al2O3

nanofluids for laminar flow in a tube of 4.6 mm inside

diameter and 6.4 mm outside tube diameter. While both

of them reported improvements in heat transfer perfor-

mances, they under-estimated the heat transfer perfor-

mance by up to 40%, ignoring the important wall

conduction effect for microchannels.

In this paper, considering nanofluid flow in a repre-

sentative microchannel, conduction-convection heat

transfer is analyzed for different base fluids, i.e., water

and ethylene glycol with 20 nm CuO-nanoparticles,

incorporating new keff and leff models as well as the

effect of viscous dissipation.
2. Theory

2.1. Basic transport equations

A typical multi-microchannel heat exchanger is de-

picted in Fig. 1, where the channel length is 1 cm with

a = 50 lm, H = 300 lm, t0 = 25 lm, and W = 100 lm.

Focusing on the representative microchannel in the cen-

ter, the coolant, i.e., liquid plus nanoparticles, flows in

the x-direction and the heat flux from the source, q00,
Fig. 1. Schematic of
causes via conduction a wall heat flux, qw, to the fluid.

Assuming steady laminar flow of a dilute uniform sus-

pension, and constant heat flux q00, the governing equa-

tions for this conjugated heat transfer problem can be

written as follows.

Continuity:

r �~u ¼ 0 ð1Þ

Momentum equation:

ð~u � rÞ~u ¼ � 1

q
rp þ leff

q
r2~u ð2Þ

Energy equation for fluid:

ð~u � rÞT ¼ keff
qcp

r2T þ leff

qcp
U ð3Þ

where

U ¼ oui
oxj

þ ouj
oxi

� �
oui
oxj

ð4Þ

Energy equation for solid:

0 ¼ r2T ð5Þ

The associated boundary conditions are

u ¼ U 0 at x ¼ 0 ð6Þ

~u ¼ 0 at the wall ð7Þ

ou
oz

¼ 0 at z ¼ 0 ð8Þ
microheat-sink.
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T f ¼ T 0 at x ¼ 0 ð9Þ

T s ¼ T 0 at x ¼ 0 ð10Þ

q00 ¼ 0 at x ¼ 0; x ¼ L; z ¼ W
2

and y ¼ H þ t0

ð11Þ

ks
oT
oy

¼ q00 at y ¼ �t0 ð12Þ

ksrT sjn ¼ keffrT f jn at wall–fluid interfaces ð13Þ
2.2. Effective thermal conductivity model

As alluded to in Section 1, the presence of nanoparti-

cles at volume fractions 1 6 ad 6 4% alter the mixture

properties, i.e., kliquid ! keffective and lliquid ! leffective.
While lliquid does not differ measurably from leff for

Pr > 1, major heat transfer improvements center around

keff for which a new model has been proposed. Specifi-

cally, the keff-model for nanofluids considers the impact

of particle Brownianmotion and that of the particle inter-

action potential [18]. The new model is composed of two

parts, the conventional static part as well as a dynamic

part which originates from the particle Brownianmotion.

keff ¼ kstatic þ kBrownian ð14Þ

where, for example, according to Maxwell [11]

kstatic
kc

¼ 1þ
3 kd

kc
� 1

� �
ad

kd
kc
þ 2

� �
� kd

kc
� 1

� �
ad

ð15Þ

Here, ad is the particle volume fraction, kc is the thermal

conductivity of the carrier fluid, and kd is that of the

particles.

The kBrownian term was developed using kinetic the-

ory together with Stokes� flow approximation to esti-

mate the size of the affected fluid-parcel moving with

each particle.

kBrownian ¼ 5� 104badqlcl

ffiffiffiffiffiffiffiffiffi
jT
qdD

s
f ðT ; ad; etc:Þ ð16Þ

The two modeling functions b and f were introduced to

consider the hydrodynamic interaction among the

Brownian motion induced (moving) fluid parcels, and

the particle interaction due to the particle interaction po-

tential to encapsulate the strong temperature depen-

dence, respectively. Specifically, the function f depends

on properties of the intervening fluid, and hence particle

interactions. Traditionally, the interparticle potential,

w(d), can be used to take that into consideration, i.e.,

wðdÞ ¼ �AR
6d

ð17Þ
where A is the Hamaker constant, R is the particle ra-

dius, and d is the surface distance. The Hamaker con-

stant A for two identical phases 1 interacting across

medium 3 can be expressed as [21]:

A � 3

4
jT

�1 � �3
�1 þ �3

� �2

ð18Þ

where � is the electric dipole constant. Based on experi-

mental evidence, for water-based CuO-nanofluids, b and

f were estimated as [18]:

b ¼ 0:0137ð100adÞ�0:8229
for ad < 1% ð19aÞ

b ¼ 0:0011ð100adÞ�0:7272 ad > 1% ð19bÞ

and

f ðT ; adÞ ¼ ð�6:04ad þ 0:4705ÞT þ ð1722:3ad � 134:63Þ
1 < ad < 4% 300 < T < 325 K ð20Þ

It should be noted that the function f is a linear equation

because of the Taylor series truncation; but, that func-

tional dependence can be confirmed with Eqs. (17) and

(18) as well. It is observed that b is quite independent

of the particle type for low concentration cases (say,

ad < 1%), while it exhibits a strong particle material

dependence for relatively high concentration cases

(say, ad > 1%).

Employing the same concept for the derivation of the

effective viscosity due to Brownian motion, it can be sta-

ted that:

leff ¼ lstatic þ lBrownian ð21Þ

where

lBrownian ¼
kBrownian

kl
� ll

Prl
ð22Þ

Thus, the effect of Brownian motion on the effective fluid

viscosity is less significant than that on the effective ther-

mal conductivity, since Prl > 1 for liquids. At room tem-

perature, the Prandtl number is about 5, 100, and 5000

for water, ethylene glycol, and engine oil, respectively,

while for T � 350 K, the values are 2.3, 34.6, and 546.

Krieger [22] stated that the common structural fea-

ture unifying rheologically interesting class of fluids is

the presence of constituents, either colloidal particles

or macromolecules, whose dimensions are large com-

pared with molecules of the suspending medium, while

still small enough to exhibit significant rotatory and

translatory Brownian movement. The structure of the

fluid resembles a gas of large molecules, with the void

space replaced by a Newtonian continuum. The newly

developed effective thermal conductivity and dynamic

viscosity models well comply with his statement by

applying the kinetic theory for the gas-like behavior

and considering the induced liquid motion considering

the Newtonian continuum replacing the void space.
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3. Results and discussion

The thermal nanofluid flow results, focus on four as-

pects: hydrodynamics, temperature gradients, Nusselt

numbers, and wall effects. It should be noted that the re-

sults for ethylene glycol based nanofluids do not contain

the impact of the function f due to the lack of experi-

mental data. Therefore, comparisons between ethylene

glycol- and water-based nanofluids are performed by

setting f = 1 (Table 1).

3.1. Nanofluid flows

Setting f � 1 for both test fluids, so that any addi-

tional temperature influence is ignored, Fig. 2 summa-

rizes the impact of nanofluids with different particle
Table 1

Experimental data; d: particle diameter, a: volume fraction

Author(s) Material Liquid d (nm)

Lee et al. [23] Al2O3/CuO Water,

ethylene glycol

38.4/23.6

Masuda et al. [31] Al2O3 Water 13

Pak and Cho [29] Al2O3, TiO2 Water 13/27

Xuan and Li [13] Cu Water 100

Eastman et al. [9] Cu, Al2O3,

CuO

Water,

ethylene glycol

<10

Choi [8] Nanotubes a-Olefin oil �25 · 50 · 103

Xie et al. [24] Al2O3 Ethylene glycol,

water, pump oil

12–302

Das et al. [30] Al2O3/CuO Water 38.4/28.6

Patel et al. [10] Au-citrate/

Ag-citrate

Water, toluene 15/70

Xie et al. [25] Nanotubes Distilled water,

ethylene glycol,

decene

15 · 30 · 103
concentrations on the effective thermal conductivity,

k̂eff jx¼8 mm
¼ keff=kl, and the necessary pressure gradient,

p̂ ¼ ðpin � pexitÞ=ðpin;ad¼0 � pexit;ad¼0Þ, to maintain the

mixture flow rate.

Although the changes in p̂ are slightly higher for

ethylene glycol-based nanofluids, the thermal conductiv-

ity increases significantly due to the higher Prandtl num-

ber. This was confirmed by Lee et al. [23], Xie et al.

[24,25] who reported that ethylene glycol-based nano-

fluids showed a larger increase in thermal conduc-

tivity than water-based ones. Indeed, by comparing

kBrownian/kstatic � qlcl/kl, which is the ratio of dynamic

part and static part of the effective thermal conductivity

(see Eq. (16)), Koo and Kleinstreuer [18] showed

that this is a result of Brownian motion of the

nanoparticles.
a (%) Findings

1–5 Al2O3 good agreement with H–C model/

CuO: showed higher conductivity than

H–C model predicts. Ethylene glycol-

based nanofluids showed higher value.

Al2O3 suspensions showed higher value

4.3 Showed higher conductivity than H–C

model predicts. Considered non-spherical

particles

1–4.5 Both suspensions showed higher effective

thermal conductivity than conventional

theory predicts. Al2O3 suspension showed

higher effective thermal conductivity.

Effective viscosity increased maximum 200%

0.3–2 The suspension showed higher effective

thermal conductivity than Maxwell

relation predicts

0.3 Anomalously increased effective thermal

conductivity (40%)

0–1 Anomalously increased effective thermal

conductivity (160%)

0–5 All suspensions showed higher value

than H–C model predicts. keff,DW < keff,EG <

keff,DE. They observed that pH value

and specific surface area of nanoparticles

affected the effective thermal conductivity

1–4 Both suspensions showed higher value

than Maxwell relation predicts. Al2O3

suspension showed higher value. They

observed temperature dependence of the

effective thermal conductivity

0.00013–0.011 Both suspensions showed higher value

than Maxwell relation predicts. Both

suspensions showed measurable increase

even with very small concentrations.

They observed temperature dependence

0.1–1.0 All suspensions showed higher value

than H–C model predicts. keff,DW <

keff,EG < keff,DE
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Due to the lack of published experimental data to

estimate the function f for different carrier fluids, its

influence could only be analyzed for water-based CuO-

nanofluids (c.f. Eq. (20)). Fig. 3 shows the effect of f

on the driving force and the effective thermal conductiv-

ity. Clearly, the improvement in heat transfer perfor-

mance outweighs the inherent cost of higher p̂-values.
Future work will consider the impact of f on enhanced

heat transfer performance of ethylene glycol-based

nanofluids as well.

3.2. Temperature profiles

In this section, the effects of nanofluids and viscous

dissipation on temperature profiles are discussed in

terms of non-dimensional temperatures.
Solid phase:

hs ¼
T s � T w

�qwH
ð1��Þks

ð23Þ

Fluid phase:

hf ¼
T f � T w

�qwH
ð1��Þks

ð24Þ

where all variables are locally averaged. Tw is the heat-

capacity-averaged temperature at y = 0.

3.2.1. Effects of base fluid and viscous dissipation

Figs. 4 and 5 compare the dimensionless temperature

variations across the microchannel, 0 6 y 6 H, for eth-

ylene glycol- and water-based nanofluids. The tempera-

ture difference between the solid and liquid phases is

greater for ethylene glycol due to its lower thermal con-

ductivity. The solid-phase temperature profiles are not

affected by viscous dissipation. That effect is more
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pronounced for ethylene glycol(EG)-based nanofluids

due to its higher dynamic viscosity and lower heat

capacity compared to water-based ones. For EG-based

nanofluids, the fluid temperature profiles without the

viscous dissipation term are always higher, which poten-

tially incorrectly leads to higher Nusselt numbers.

Reducing the channel width by half (now a = 25 lm),

the resulting influence on the temperature profile of the

EG-nanofluid is given in Fig. 6. The inlet velocity was

kept at 2.2 m/s, because the total mass flow rate in the

system is the same due to the increase of the number

of channels.

3.2.2. Comparison of cooling performance between pure

fluid and nanofluid

In order to assess the impact of the channel inlet

velocity on solid- and fluid-phase temperature profiles

of pure ethylene glycol and EG-based nanofluids (Fig.

7(a)), the pressure drop requirement was kept the same

for the cases U0 = 2.2 m/s and U0 = 2.5 m/s as well as

ad = 0% and 4%. While the impact of DU0 = 0.3 m/s is
negligible, the influence of the presence of CuO-particles

is significant.

3.2.3. Impact of the f-function

Turning again to water-based nanofluids, the influ-

ence of the augmenting temperature-function f (see Eq.

(20)) can be evaluated. As shown in Fig. 7(b), the f-func-

tion improves heat transfer performance. However, the

temperature difference is less for the cases considering

the f-function compared to those without it, because

the slope of the f-function decreases with particle con-

centration for the given carrier fluid of the mixture.

3.3. The Nusselt number

3.3.1. Base fluid effect

Nusselt number comparisons for the two nanofluids

are shown in Fig. 8. The Nusselt numbers ðNu ¼ hDh

keff
Þ

were calculated at stations x = 0.0006, 0.005, and

0.008 m. The heat transfer coefficient h was calculated as

h ¼ �qw
T w � Tm

ð25Þ

where �qw ¼ q00 W
2�ðHþaÞ and q00 is the heat flux from the bot-

tom plate, T w is the averaged wall temperature, and Tm

is the mass-flux-averaged fluid temperature. The effect of

axial conduction heat transfer along the wall was found

to be negligible for the given configuration. The Nusselt

numbers for EG-based nanofluids are always higher

than for the water-based ones. This is due to the fact

that EG-based nanofluids are experiencing stronger

thermal flow development effects.

For a given location, the Nusselt number decreases

with the volume fraction ad, where the effect is more pro-

found for EG-based nanofluids. This is attributed

mainly to both different increase rates of the effective
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thermal conductivity keff and the heat transfer coefficient

h, and the heat generation due to viscous dissipation.

The effective thermal conductivity and dynamic viscosity

increase is proportional to the particle concentration ad.
The heat transfer coefficient h is roughly proportional to

Rem ÆPrn, where m and n are 1/3 for laminar flows, so it is

proportional to a�1=3
d . Therefore, the Nusselt number

decreases proportional to Pr1=3

a4=3
d

. The Nusselt number of

ethylene glycol-based nanofluids decreases more with

particle concentration ad due to the higher Prandtl

numbers.

3.3.2. Viscous dissipation effect

As indicated in Fig. 8, the Nusselt numbers are high-

er by 2.2% for the base configuration (a = 50 lm).

Although this is not a significant increase, it implies that

the viscous dissipation effect affects the thermal perfor-

mance of ethylene glycol-based nanofluids, which is

not the case for water-based ones. It is observed that

the Nusselt number is 12.93 with viscous dissipation

and 13.93 without it for flow in channels of half width

(see Fig. 4). The difference is 7.7% which is about 3.5

times that for the base case. Clearly, the viscous dissipa-

tion effect becomes more important for flows in very

narrow channels. Thus, the heat transfer performance

cannot be endlessly improved by simply adopting nar-

row channels. The increase in Nusselt number is due

to the higher aspect ratios.

3.3.3. Influence of the f-function

The non-dimensional fluid temperature is higher for

the cases considering the influence of the function f as

shown in Fig. 7(b), which implies that the actual temper-

ature dependence of nanofluids improves heat transfer

performance. However, the Nusselt number decreases

slightly when considering the f-function (Fig. 9). This

is due to the fact that the effective thermal conductivity
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increases at a higher rate than the heat transfer coeffi-

cient does (Dh � DRe1/3 � D$xp
1/3, see Fig. 3).

3.4. Particle–particle and particle–wall interactions

As discussed by Koo and Kleinstreuer [18], the parti-

cle interaction plays an important role in high concentra-

tion suspensions. Without the help of either electrostatic

stabilization or steric stabilization, particles will floccu-

late or coagulate when they are brought together via

Brownian motion. For example, most metal oxides have

a surface layer of the metal hydroxide which is ampho-

teric in nature and can become either positively or nega-

tively charged, depending on the pH to generate the

electrical double layer [26]. Particles will flocculate when

the energy of the electrostatic barrier is not greater than

the particle kinetic energy, such that the particle can over-

come the energy barrier [27]. In reality, the speed of par-

ticles shows a Maxwellian distribution [28], and there

always exists a fraction of particles which have enough ki-

netic energy to overcome the energy barrier resulting in

flocculation. That possible increase in average particle

size might diminish the benefits of nanofluids.

Interactions between wall and particle could be even

more problematic. In a quiescent environment, such as

in an experimental apparatus to measure the effective

thermal conductivity of nanofluids, the wall effect might

be not so significant if the size of the vessel is large.

However, the particle–liquid–wall interactions become

important for flows in microchannels where the surface

area of the wall is relatively large. Assuming a much

smaller impact region of the double-layer than that of

particle attraction, and no flocculation, the equilibrium

nanoparticle distribution was derived considering the

particle–liquid–wall attraction (¼ AD
12y2 [21]) and the ther-

mal Brownian forces (= jT$ lnn [27]) as

nðyÞ ¼ C exp � A
12jT

D
y

� �
ð26Þ

where y is the distance from the wall. The nanoparticle

distribution depends on the particle size D, and the

Hamaker constant A (see Eq. (18)) which is a function

of the material properties of the particle, wall, and car-

rier fluid. Fig. 10 shows the effect of particle–liquid–wall

interactions on the nanoparticle distribution near the

wall for different nanofluids, where n0 is the centerline

number density. When particles and the wall attract

each other, i.e., A > 0, the concentration near the wall

increases as it approaches the wall. In contrast, it de-

creases when particles and the wall repulse each other,

i.e., A < 0. The concentration can change near the wall

up to 18% due to the interaction. If the wall material

is such that there exists a strong attractive force between

particle and wall surface, particles would deposit on the

wall forming a layer. In turn, particles would deposit on
the mono-layer due to the strong attraction between the

particle layer and approaching particles.

The newly developed thermal conductivity and dy-

namic viscosity model indicates ways to avoid this prob-

lem. The strength of the attraction is proportional to the

Hamaker constant (see Eq. (18)). Therefore, the prob-

lem could be resolved by selecting appropriate particle-

fluid and particle-solid pairs to minimize the Hamaker

constant.
4. Conclusions

It has been shown that the addition of nanoparticles,

e.g., CuO-particles of mean diameter D = 20 nm at low

volume fractions 1 6 ad 6 4%, to high-Prandtl number

liquids significantly increases the heat transfer perfor-

mance of microheat-sinks. As a result of the present

analysis for a representative microchannel, the following

recommendations are made to maximize the merits of

adding nanoparticles.

• A base fluid of high-Prandtl number, e.g., ethylene

glycol and oils, should be used.

• Nanoparticles of high thermal conductivity are

advantageous.

• A channel with high aspect ratio is desirable.

In order to minimize particle–particle and particle–

wall interaction problems, it is suggested to:

• Select particles with a dielectric constant which is

very close to that of the base fluid;

• Select a wall material such that particle–wall attrac-

tion is minimized;

• Treat the wall and particles to increase the energy

barrier among them.
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