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Abstract

A nanofluid is a mixture of solid nanoparticles and a common base fluid. Nanofluids have shown great
potential in improving the heat transfer properties of liquids. However, previous studies on the char-
acteristics of nanofluids did not adequately explain the enhancement of heat transfer. This study examined
the distribution of particles in a fluid and compared the mechanism for the enhancement of heat transfer
in a nanofluid with that in a general microparticle suspension. A theoretical model was formulated with
shear-induced particle migration, viscosity-induced particle migration, particle migration by Brownian
motion, as well as the inertial migration of particles. The results of the simulation showed that there was
no significant particle migration, with no change in particle concentration in the radial direction. A uniform
particle concentration is very important in the heat transfer of a nanofluid. As the particle concentration and
effective thermal conductivity at the wall region is lower than that of the bulk fluid, due to particle migration
to the center of a microfluid, the addition of microparticles in a fluid does not affect the heat transfer prop-
erties of that fluid. However, in a nanofluid, particle migration to the center occurs quite slowly, and the
particle migration flux is very small. Therefore, the effective thermal conductivity at the wall region
increases with increasing addition of nanoparticles. This may be one reason why a nanofluid shows a good

convective heat transfer performance.
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1. Introduction

A nanofluid is consists of suspended nanoparticles and a
base fluid, and has a very high thermal conductivity com-
pared with that predicted by classical theories. However, in
previous studies, a nanofluid was considered to be a homo-
geneous liquid, and its material properties were assumed to
be constant in all positions of the system. These assump-
tions are not realistic, and might cause misunderstandings
in the heat transfer mechanism of a nanofluid. Even if
nanoparticles are in a stationary system, they can exhibit
Brownian motion on account of their small size and mass.
Therefore, an examination of the motion of nanoparticles
in a nanofluid is essential for examining nanofluids as a
heat transfer medium in heat exchanger or heat transfer
equipment. Some studies have examined the average
migration of particles to the radial direction in a tube.
However, a study on the motion of each particle in a fluid
is very difficult because it demands considerable compu-
tational resources. There is no general mechanism to
explain the thermal behavior of nanofluid, although many
possible reasons have been proposed, such as Brownian
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motion, liquid layering, ballistic conduction of phonon. It
is difficult to establish the model to predict the heat transfer
properties of nanofluids. Some previous researchers report
that Brownian motion is one important factor on the heat
transfer of nanofluids. (Koo and Kleinstreuer, 2004; Jang
and Choi, 2004; Prasher, Bhattacharya and Phelan, 2005;
Koo and Kleinstreuer, 2005). Brownian motion will have
an effect on migration of particles in fluid and thermal
transport in the fluid by collision between particles and lig-
uid molecules. Effect of Brownian motion on thermal con-
ductivity has been studied by the previously mentioned
researchers, but there are few studies on relation between
particle migration and heat transfer of nanofluids.

The migration of solid particles in flows has attracted
considerable interest by many researchers (Abbot et al.,
1991; Acrivos et al., 1992; Batchelor, 1977; Brady, 1993;
Koh and Leal, 1994; Nott and Brady, 1994). Generally, the
Brownian effect, inertial forces, and shear forces are major
factors for particle migration in a flow. However, Brownian
motion is not important in a microparticle suspension.
Therefore, previous studies on the migration of particles in
a tube have examined inertial migration in homogeneous
shear flow or migration by shear forces in non-homoge-
neous shear flow.

Segreé and Silberberg studied the migration of dilute sus-
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pensions of neutrally buoyant spheres in a tube flows and
reported that the particles migrate away from both the wall
and the center, and accumulate at a relative radial position
of approximately 0.6 (Segré¢ and Silberberg, 1962). The
phenomenon of radial migration driven by inertia was
termed the tubular pinch effect in order to indicate that the
uniform distribution of microparticles over a pipe cross-
section converges to a narrow annulus as the suspension
moves downstream. This remarkable effect has been ver-
ified by many studies (Oliver, 1962; Jeffrey and Pearson,
1965; Tachibana, 1973), which showed that the equilib-
rium position of particles was shifted towards the center
when the particles were lagging the flow, and towards the
wall when they were leading it. The equilibrium position
lies closer to the wall in the presence of increased inertia
with a large Reynolds number. Han er al. confirmed that it
was a robust phenomenon that could be observed for vol-
ume fractions up to 0.2 (Han et al., 1999).

Ho and Leal reported that migration in quadratic-
bounded shear flow was caused by the inertia due to the
presence of particles, and showed that the variation in the
shear rate combined with the presence of a wall acting to
create repulsion resulted in an equilibrium position at
r=0.6R (Ho and Leal, 1974).

A phenomenological model for particle migration in
shear-induced flow proposed by Leighton and Acrivos
attributed migration to irreversible interactions (Leighton
and Acrivos, 1987). They derived an expression to
describe the diffusion of the particle flux in simple shear
flow. Phillips er al. modified the expression into a diffusion
equation to describe the evolution of particles with respect
to time (Phillips et al., 1992). This model assumed that
Brownian motion makes a negligible contribution.

Recently, Frank et al. examined particle migration in
pressure-driven flow of a Brownian suspension (Frank er
al., 2003), and reported that the migration effect becomes
more pronounced at higher flow rate and Peclet numbers.

Kim examined the migration of spherical particles in a
polymer solution under Poiseuille or torsional flows and
reported that a slight change in the rheological property of
the dispersing medium can cause radical changes in the
flow behavior and the migration of particles, particularly in
dilute suspensions (Kim, 2001). They also examined the
migration of non-colloidal, spherical particles in a New-
tonian fluid under Poiseuille flow by combining the inertial
migration and the shear-induced migration in a concen-
trated suspension, and suggested that in order to understand
the particle migration in the tube flow of a suspension,
however, both inertia and particle-particle interactions
should be properly taken into account (Kim, 2004).

Ding and Wen examined the migration of nanoparticles
in pressure-driven laminar pipe flows of dilute suspensions
numerically. In their study, Brownian motion was consid-
ered because of its importance in nanoparticles but they
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neglected the effect of inertia (Ding and Wen, 2005). How-
ever, there have been no experimental or theoretical studies
on the nanoparticle migration in Poiseuille flows because
of the difficulty in detection and the requirement of con-
siderable computational resources.

This migration of particles effects on the thermal, con-
ductive, and rheological properties of the fluid. For the heat
transfer, the solid particle has large thermal conductivity
compared to the liquid and the concentration of solid par-
ticles may enhance the thermal conductivity and heat trans-
fer coefficient. In this study, the migration of particles in
fulid was investigated using simple balance equation to
find the tendency of the particle concentration with particle
size and the relation between these particle migrations and
the heat transfer enhancement of nanofluid.

2. Theory

The two main factors in particle migration, the shear-
induced migration and flow-induced migration, coexist in all
systems. It has been suggested that shear-induced migration
is proportional to the product of the shear rate (velocity gra-
dient) and the square of the particle diameter. On the other
hand, flow-induced migration is proportional to the product
of the flow velocity and the particle diameter at high Peclet
number. However in the previous studies, only one
component was examined at any one time. When studying
shear-induced particle migration, particle dispersion due to
bulk flow has been neglected because the particle Reynolds
number is low. However, the product of the shear rate and
the particle size may not have a higher order of magnitude
than the bulk flow velocity in a nanofluid because of the
very small size of the nanoparticles. Therefore, the neglect of
the particle dispersion by bulk flow (flow-induced migra-
tion) is not valid in a nanofluid. In order to understand the
migration of nanoparticles in the tube flow, all possible
mechanisms need to be considered at the same time.

Initially, migration in non-uniform shear flow was taken
into account. Three dispersion mechanisms have been pro-
posed in non-uniform shear flows: shear-induced migra-
tion, whereby a particle moves due to a difference in the
shear rate; viscosity gradient-induced migration, whereby
the particles migrate due to a viscosity difference; and
Brownian self-diffusion, whereby the particles move as a
result of a concentration gradient. The particle migration
flux according to the described mechanisms can be written
as follows:

xoa(Po\du
5K, () GV, (1)
J, =K d(OVy+dND), )
_ kT
h=-DVO=—50 deCD, (3)
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where J,,, J. and J, are the particle fluxes by viscosity gra-
dient, by non-uniform shear rate, and by Brownian motion,
respectively. K., K, are constants, d, is the particle diam-
eter, @ is the volume fraction of the particles, and K} is the
Boltzmann constant (=1.38x 10> J/K).

A simplified approach was used for the motion of par-
ticles. Since the suspended particles are carried by the
fluid, the distribution of particles in the flow was deter-
mined instead of examining the motion of the particles. For
the particles in flow field, the total mass balance is given
by

a{%’w U ®+Y -y =0, (4)
where u, is the particle velocity and J,, is the particle dis-
persion flux, which is induced by the above three disper-
sion mechanisms.

The total particle flux is the sum of the convective flux
and the dispersion flux, i.e.

‘]p = upq)+JD . (5)
Therefore, the total mass balance can be written as

oD

SV L0 (6)

In the steady-state, it can be simplified as

V.J,=0. (7)

The above equation and the concentration distribution of
particles in tube flow can be solved if the particle velocity
is known. If the flow is in a steady-state and is fully devel-
oped, the mass balance of the particle phase over the con-
trol volume is as follows:

dJ,
Jyrr =0, (8)

Integration of above equation, and utilization of the sym-
metrical boundary condition of J=0 at »=0 yields:

Jy = It I, T Ty =0 )
or
dd AP kT d
2_1_’_£+ _Y+ B
Ini— [K%D K‘dfz’q) qu) Yar 37r,ud dr} (10’)

where Jy, is the particle flux by inertial migration.
The flux due to inertial migration can be written as:

J = DPuyy, . (11)

The inertial migration velocity up; was given by Ho and
Leal as follows:

pvad, Re,V,d.
np 2 12
6nuod2G() pr G(s), (12)

where V,, is the maximum velocity at the center, and s is

U=

Korea-Australia Rheology Journal

Il

& r+dr 4
A r r
Vi P+dP P 2
)

-— | FER
dz

Fig. 1. Geometry of the system for two dimensional Poiseuille
flow.

dimensionless coordinate given in Fig. 1. The value of
function G(s) was reported by Ho and Leal. The particle
Reynolds number is defined as follows:
pVud
Re, =—22L, 13
O (13)
Equation (12) can be changed into the cylindrical coor-
dinates.
Re v, dlz,
up, s g
I\/I 6;[ dz ( )
The total mass balance by insertion of equation (11) and
(14) can be expressed as equation (10).

Re ZVmafchG ©

24 7R’

Re, V.d, )
L G 14
24 7R’ ©. (14

[K o’ E'ILZ’-£‘+1< a’zCDZ—Y+KLd,2,® 40, KT dq)} .
Yar 37r,ud dr
(15)

In equation (15), the shear rate () and gradient of the
particle volume fraction have been replaced by the cor-
responding one-dimensional forms. In order to solve the
above equation, the shear rate and viscosity must be
changed into the forms related to the particle volume frac-
tion.

A steady-state laminar flow of a nanofluid through a hor-
izontal tube was considered. It was assumed that the flow
was one-dimensional, and pressure gradient in the radial
direction was negligible. The momentum balance of the
nanofluid over the control volume is as follows:

ldry) _ _dP
r dr dz’ (16)

where P is the pressure, and 7 is the shear stress. The
integration of equation (16) gives the following equation
with the boundary condition of 7=0 at »=0.

) ™

Because a nanofluid is generally a dilute suspension of
nanoparticles, it was assumed to be a Newtonian fluid of
which the shear stress was linearly dependent on the shear
rate.
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T= f,uj/. (18)
A combination of the above two equation yields:
dP\ _ du
Zy(dz)r dr’ (19)

where u is the axial velocity of the nanofluid.
The viscosity of the nanofluid is needed to solve this
equation and is given as follows:

m=1+ad, (20)

where g, is the relative viscosity of a fluid, and a is the

Einstein constant. For a dilute suspension, the value of a is

2.5. However, this value is higher in a nanofluid.
Equation (15) can be simplified by some mathematical

operations. Dividing equation (15) by , results in:

Re,®
— DL
24, 0

[KJO'Rdy KRO'dy KRDOyd kT R d®]_
V. ,udr V. dr V. dr 3 ﬂ'ﬂd V,,, dr (21)

The following dimensionless terms will be used.

u=-+ (22)
Hpr )
~ - 2upr _JR
Y=l apianR v, (23)
r=" 24
=y 9
—dP/
_ 3ad)(~dP/d2)R as)

22,7

where Pe is the Peclet number which indicates physically
the ratio of particle migration due to convection to that due
to Brownian motion.

Equation (21) can be changed into a more simple form as
follows:

ReCD

—G(s)

K.1dy K
L Koldy K1d0 1 1Ldw)
,udr pydr K L dr K Ped? d

and the dimensionless shear rate and viscosity can be given
by:

; 27

u=1+ad. (28)

The boundary condition of the above problem can be
written as follows:
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Table 1. Values of G(r)

r G(r) r G(r)
0.10 ~5.1939 0.60 3.6336
0.20 —~3.8870 0.70 8.1197
0.30 ~8.0237 0.80 7.6708
0.40 ~10.6215 0.90 37.7181
0.50 —5.6609 1.00 207.4000

Jj) 2r®dr = (29)

where @, is the initial particle concentration.

The solution to equation (26) gives the particle concen-
tration profile in the radial direction. The effect of Brown-
ian motion is unimportant for particles with a size greater
than a few microns, and the last term in equation (26) can
be neglected:

Re,®

~p

247 0O

KD ld,u K, ld;—/ K, ldcb} (30)
g udr y;/dr K D dr

This equation is the same as that obtained by Kim for
micro-sized particles (Kim, 2004). If the effect of flow-
induced migration is neglected, Equation 30 can be sim-
plified to the following form:

Ldu Koldy K.1d®_ 31)
pudr K,,j/dr K, ® gy
This is the same as the equation derived by Phillips e al.

for a micro-sized particle suspension in shear-induced flow

(Phillips et al., 1992). The function G(s) was calculated

using the data reported by Ho and Leal, which is listed in

Table 1. The particle concentration was calculated numer-

ically as a function of the initial concentration, particle size

d,, K,, K., viscosity x# and constant a.

3. Results and Discussion

There are many factors that affect the change in the dis-
tribution of particles. Numerical analysis has some prob-
lems because there is little information that can be used to
solve these equations for nanofluids (30). For example, the
constant K, and K, was not estimated in the experiment. In
addition, the Peclet number (Pe) and particle Reynolds
number (Re,) are dependent on the system parameter. The
viscosity constant a is related to the particle-particle inter-
action in the liquid, which must be estimated in this exper-
iment. Therefore, the precise distribution of particles
cannot be calculated by numerical analysis. For this reason,
only the qualitative results for the nanofluid that flows in
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a horizontal circular tube were proposed.

Only one boundary condition was used because equation
(31) is first order. The boundary condition for concentra-
tion is given in equation (29).

Equation (30) contains the factors related to Brownian
motion (Pe) and inertial motion (Re,G(r ))., Equation 30 was
simplified for a microfluid before the solving it for a nanof-
luid. The Brownian motion was either neglected or 1_ 0
was used. Pe

Re,G() . Keu

do 247 K@ Kur (32)
dr Q(,]&,l),]&l
K, K,®

In a microfluid, the values K. and K, are approximately
0.4 and 0.6, respectively (Chen et al., 2004). Hence, the
denominator term always has a negative sign. The sign of
the equation is dependent on the sign of the numerator. The
first term of the numerator, G( ) has a negative sign in the
range of r=0 to r=0.6, but has a positive sign in the range
of r=0.6 to r=1. If the second term of the numerator is too
large to offset the negative value of the first term in the
range of r=0 to r=0.6, the numerator will have a positive

. D . L .
sign, and — will always have a negative sign. This means

that the partricles will migrate towards the center. If the par-
ticle concentration is small, then the first term of the
numerator has a large value and the numerator may have a
negative value in the range of r=0 to r=0.6. In that region,
the slope of the particle concentration is >0, and the par-
ticle concentration increases with increasing radius. This
means that the particles move to the wall side, which has
been reported by Kim (Kim, 2004).
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Fig. 2. Influence of the Peclet number on the concentration dis-
tribution.
(©,=0.05, Re,=0.01, a=2.5, K.=0.4, K,=0.6).
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Fig. 2 shows the effect of the Peclet number, which was
defined in equation (25), on the particle concentration dis-
tribution for a mean particle volume fraction of 0.05. As
shown in Fig. 2, a uniform distribution of particles was
observed at Peclet numbers <5. On the other hand, a non-
uniform distribution of particles was observed at a Peclet
number of 20. The non-uniformity observed with high
Peclet numbers is mainly due to the stronger contributions
of shear-induced and viscosity-induced migration of par-
ticles. Brownian motion is important at Peclet numbers
<10. The net effect of Brownian motion is a redistribution
of suspended particles from higher concentration regions to
lower concentration regions. The effect of the Peclet num-
ber is associated with a particle size under given flow con-
dition due to the third power dependence in equation (25).
The distribution of particles in the transverse plane be-
comes more uniform with decreasing particle size. This
particle size dependency is similar to previous reports. If
the particles are very small, the migration of particles to the
center line due to the shear-induced migration proceeds
very slowly, and the particle concentration distribution
becomes uniform in all transverse planes. Under the lam-
inar flow condition, simple calculation by equation (25)
shows that values of Peclet number of 100 and 0.1 are
equivalent to a particle size of 100~ 1000 nm and 10~100
nm, respectively.

It should be noted that the migration of particles to the
center line may affect the heat transfer efficiency of the
fluid due to the low particle concentration in the wall side.
In previous studies on microfluids, the heat transfer effi-
ciency of that fluid did not change despite the addition of
solid particles with a high thermal conductivity. This phe-
nomenon may be caused by the migration of particles
toward the center line. Hence, the heat transfer resistance
between two pipes does not change significantly, and the
heat transfer efficiency does not increase. In a nanofluid,
the movement of particles toward the center by shear-
induced migration is small and the movement of particles
by Brownian motion is very large, the heat transfer resis-
tance between two pipes in heat exchanger decreases by
the addition of nanoparticles because of the relatively high
concentration of particles in the wall side compared to the
microfluid.

Fig. 3 shows the influence of the mean particle con-
centration for K, =0.4, K,=0.6, Re,=0.01, a=2.5 and
Pe=2. As discussed in the previous section, in a very nar-
row particle size, the mean particle concentration will
change the sign of the differential equation. Therefore, the
solution of the differential equation may diverge to a phys-
ically impossible point. Accordingly, the simulation was
performed in a restricted manner.

As the fraction of nanoparticles used in a nanofluid is
generally very small, the maximum fraction was chosen as
the value of 0.05. It can be seen that the average particle

November 2007 Vol. 19, No. 3 103



Hyun Uk Kang, Wun-gwi Kim and Sung Hyun Kim

0.10
=000
—— — =001
o4 e =002
——————— =005

= 0054

]

=

(] e ———— e e e

e

| —

L gpa

@

L

=

@

o oozd- - e
0.0 -
-0.0z T T T T

oo 02 04 08 03 10

Dimensionless Radius

Fig. 3. Influence of the mean particle concentration on the con-
centration distribution.
(Pe=2, Re,=0.01, a=2.5, K.=0.4, K,=0.6).

concentration has no significant effect on the particle con-
centration distribution. The results shown in Fig. 3 suggest
there is a relatively small mean particle concentration in a
nanofluid due to the relatively homogeneous concentration
distribution. This tendency was predicted from equation
(30). The reason is associated with 1/d” in the last term of
the denominator of equation (30). The last term of the
denominator increases with decreasing averaggparticle

concentration. The absolute value of the slope e beco
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(a) effect of the value of K, and K p

Fig. 4. Influence of the constants K. and K, on the concentration dis-
tribution. (Pe=5, Re,=0.01, a=2.5, K/K,=0.67, ®=0.05).
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(b) effect of the ratio of K, to Kﬂ

Fig. 4. Influence of the constants K. and K, on the concentration
distribution. (Pe=5, Re,=0.01, a=2.5, K,=0.6, ©®=0.05).

mes small, and the particle concentration becomes uniform.

The phenomenological constants K. and K, will be esti-
mated by the experimental study. However, the physical
dependence of the particle distribution on the constants K,
and K, in a nanofluid was not investigated because mea-
suring K. and K, is difficult for a nanofluid due to the small
particle size. Therefore, parametric analysis was carried
out, and the results are shown in Fig. 4 for ¢=0.05,
Re,=0.01, Pe=5 and a=2.5.

There was a non-uniform particle concentration at both

the magnitude of K. and K, (Fig. 4(a)) and a ratio of %

(Fig. 4(b)). At a small K. and K,, the particles are dis-
tributed uniformly, which indicate that Brownian motion is
dominant. As both two constants increase, the shear-
induced migration toward the center line also increases.
Hence, the particle concentration distribution will be non-
uniform. This phenomenon can also be seen in Fig. 4(b).
The shear-induced migration increases with increasing K.
to K, ratio. Although there was a non-uniform concen-
tration distribution of particles, the degree of non-unifor-
mity in the nanofluid was smaller than that in a microfluid
due to the Brownian motion.

From equation (30) the inertial migration term, Re,G(r)
is in the numerator. The particle Reynolds number is the
only parameter that effects the inertial migration in equa-
tion (32). This inertial migration is important in studies of
particle migration in a microfluid. The influence of inertial
migration decreases with decreasing particle size. In a
nanofluid, the effect of inertial migration was neglected, as
shown in Fig. 5. In Fig. 5, the fluid of Re,=1 shows a max-
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Fig. 5. Influence of Re, on the concentration distribution.
(Pe=5, ®=0.05, a=2.5, K.=0.4, K,=0.6).
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fraction.
(Pe=20, Re,=1, a=2.5, K/K,=0.67 for microfluid,
Pe=2, Re,=0.01, a=2.5, K/K,=0.67 for nanofluid).

imum concentration at » =0.6, and the concentration near
the wall decreases to 0.02. This result was observed in the
microfluid of which the particle size was generally larger
than sub-micron size. On the other hand, the fluid of Re,
=0.001 shows a very uniform distribution, and the particle
concentration near the wall was larger than that of the fluid
of Re,=1. As discussed in the previous section, this high
concentration near the wall side can lead to a decrease in
heat transfer resistance of the system due to the high ther-
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mal conductivity of the solid nanoparticles. Therefore, the
heat transfer efficiency can increase.

Particle migration causes a change in the particle con-
centration in the transverse plane, as shown in Fig. 6. These
results were calculated under the condition of Pe =20,
Re,=1, a=2.5, K/K.=0.67 for microfluid, and Pe =2,
Re,=1, a=2.5, K/K.=0.67 for nanofluid. This is because
the nanoparticles do not move toward the center line, and
the relative particle fraction is almost 1. However, signif-
icant migration occurs with microparticles, and the particle
fraction at the wall is much smaller than the average particle
fraction. This particle distribution of nanofluid causes some
changes of material properties such as thermal, rheological,
electrical properties. In this study, the thermal property of
nanofluid was calculated. Some re- searchers have
reported that the heat transfer coefficients of nanofluid are
higher than those of pure fluids, but the reasons are not
explained clearly (Xuand and Li, 2003; Wen and Ding,
2004; Yang et al., 2005). One possible mechanism of those
enhancements of heat transfer may be the migration of
nanoparticles to the wall side of tube by Brownian motion
as mentioned above. Fig. 7 shows the calculated results of
the relative heat transfer coefficient based on particle migra-
tion using the results shown in Fig. 6. The physical prop-
erties of fluid were calculated by equation (33), (34), (35)
and (36). The enhancement of heat transfer coefficient of
nanofluid calculated using Sieder-Tate equation (37) is
much larger than that of microfluid (Sieder and Tate, 1936).

u= ppp(1+2.50), (33)
p= pp(1+D)+pyp®, (34)
C, = C,pp—t2el=D) LD (35)

Ppr(a—D@)+ pyp® I)NPPBF(Q D)+ pyp®°

15

—— Manoduid
——— hfcmiuid

Relative heat transfer coefficient (h /hy)

0.9 T T T T
0.0 om 0.0z o003 oo4 oog

tean particle fraction &,

Fig. 7. Increase in the relative heat transfer coefficient as a func-
tion of mean particle fraction based on particle migration.
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k\'P+2kBF*2cD(kBF*kNP)) , (36)

keyr= kBF( knp+2kppt @ (kgr—kyp)
y 2

173 0.14 173
h= 1.86Z(Reprlz)) (”—BF) N 1.86(D—4u) (C k2"
Hoy L (37)
In the above equations, C,, k, D, L and 4 are specific heat,
thermal conductivity, tube diameter, tube length, and heat
transfer coefficient, respectively. Then, the effective thermal
conductivity of a nanofluid increases with increasing particle
volume fraction and it will be calculated using the particle
fraction in the wall side. As shown in Fig. 7, the relative heat
transfer coefficient of nanofluid may increase as 40% with
nanoparticles of 5%. On the other hand, that of microfluid
increases only about 5%. Although, this result was calcu-
lated with some assumptions and without the consideration
for the kinds of nanofluids and the physical meanings of
some variables, it showed the difference of heat transfer abil-
ity of nanofluid compared to that of microfluid clearly.
The particle migration may lead to a non-homogeneous
thermal conductivity due to the non-homogeneous distri-
bution of the particle concentration. In general, micropar-
ticles at the wall region tend to move toward the center
direction, and the concentration at that region is much
smaller than the average particle concentration. This
decreasing particle concentration at the wall side can reduce
the effect of the addition of solid particles in a fluid, and the
thermal conductivity on the thermal resistance region
between the bulk fluid and the wall of a pipe does not
change sufficiently to enhance the heat transfer of a fluid.
Therefore, the heat transfer coefficient will not change much
despite the addition of solid particles with very high thermal
conductivity. On the other hand, nanoparticles in a fluid do
not move toward the center line, and the particle concen-
tration is uniform in the transverse plane by Brownian
motion, then the thermal conductivity on the particle
depleted layer increases with the addition of solid nano-
particles. Consequently, the heat transfer coefficient might
also increase with the addition of nanoparticles. Brownian
motion itself can enhance energy transfer as shown in some
previous studies. In those studies, Brownian motion effect
on thermal conductivity of nanofluid was found to be more
significant when compared to other possible reasons, such as
liquid layering, phonon diffusion, formation of fractal struc-
ture, and so on. Therefore, the heat transfer efficiency of a
nanofluid in a heat exchanger may increase by both thermal
conductivity increasing of fluid and small thermal resistance
in the wall region due to Brownian motion of nanoparticles.

4. Conclusion

This study examined the particle concentration distribution
using a numerical simulation of particle migration. A theo-
retical model was formulated with shear-induced particle
migration, viscosity-induced particle migration, particle migra-
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tion by Brownian motion, as well as the inertial migration of
particles. Particle migration due to shear-induced migration can
result in significant non-uniformity in particle concentration
over the cross-section, particularly for large particles. In the
case of a mnanofluid, Brownian motion of nanoparticles
decreases the non-uniformity, and the inertial migration does
not cause a significant change in the concentration distribution.

A uniform particle concentration is very important for the
heat transfer of a nanofluid. The convective heat transfer
coefficient is related to the thermal conductivity of a fluid in
the thermal resistance region. As the particle concentration
and the effective thermal conductivity at the wall region
becomes lower than that of the bulk fluid due to particle
migration to the center in a microparticle suspension, the
addition of microparticles in a fluid does not affect the heat
transfer properties of the fluid. However, in a nanofluid, par-
ticle migration to the center occurs quite slowly, and the
effective thermal conductivity at the wall region increases.
This may be one reason why a nanofluid has good con-
vective heat transfer properties. Therefore, the heat transfer
of nanofluids may be enhanced by increase of thermal con-
ductivity and decrease of thermal resistance in the wallside
region due to Brownian motion of nanoparticles.
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Notations

a  =viscosity constant [-]
C, =Specific heat [J/kg]

D =Diameter of tube [m] T
D, =Brownian diffusion coefficient= —2—
d, =particle diameter [m] Ty
h  =heat transfer coefficient [W/m* K]
=particle flux by Brownian motion [m’/m’ s]

J. =particle flux by non-uniform shear rate [m’/m’ s]
Jp =particle dispersion flux= J,+J.+J, [m*/m’ s]
Jys =particle flux by inertial migration [m*/m’ s]

[m?/s]

=~

J, =total particle flux [m’/m’ s]
J, =particle flux by viscosity gradient [m*/m?* s]

k  =thermal conductivity [W/m K]

ks =Boltzmann constant [1.38x 10> J/K]
K. =phenomenological constant [-]

K, =phenomenological constant [-]

L =length of tube [m]

P =pressure [Pa]

3
_dP/,
Pe =Peclet number= 37, (dP/dz)R

2k,T -]

r  =radial position [m]
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r  =dimensionless radial position [-]

R  =pipe radius [m] v d

Re, =particle Reynolds number = 2-2% [-]

t =time [s] #

T =temperature [K]

u  =axial velocity of fluid [m/s]

u  =dimensionless axial velocity of fluid [-]
up, =inertial migration velocity [m/s]

u, =particle velocity [m/s]

V,, =maximum velocity at the center [m/s]

Greek symbol
7 =shear rate [1/s]
7 =dimensionless shear rate [-]
® =volume fraction of particles in fluid [-]
M =viscosity [Pa s]
u  =dimensionless viscosity=-4- [-]

BF
Mpr =Vviscosity of base fluid [Pa s]
4. =relative viscosity=u [-]
p  =density [Kg/m’]

T  =shear stress [Pa]
Subscript
b  =property by Brownian motion

B =Boltzmann

BF =base fluid

¢ =property by shear rate gradient
D =dispersion

eff =effective

f  =base fluid

IM =inertial migration

m =maximum

p  =particle
r  =relative
w  =wall

M1 =property by viscosity gradient
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