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Abstract:

The Reynolds number in nanofluids studies depends on the inlet velocity and the
kinematic viscosity of nanofluid. The nanofluid kinematic viscosity increases with an
increasing in nanoparticles volume fraction while the inlet velocity should be increased to
keep the Reynolds number constant. Therefore, it is not clear that either increasing the
nanoparticles volume fraction or increasing the inlet velocity has major role on heat transfer
enhancement in nanofluids flow studies which are done at constant Reynolds numbers. In this
study, forced convectiomAl,Os-water nanofluid flows in two-dimensional rectangular
microchannels have been investigated to study heat transfer enhancement due to addition of

the nanoparticles to the base fluid especially in microchannels at low Reynolds number. Three



different cases are examined to evaluate proportion impact of increasing nanoparticles volume
fraction (@ and the inlet velocity (§) on heat transfer enhancement. Two-dimensional
Navier-Stokes and energy equations accompany with the slip velocity and the jump
temperature boundary conditions expressions have been discretized using the Finite Volume
Method EVM). The Brownian motions of nanoparticles have been considered to determine
the thermal conductivity of nanofluids. The calculated results show good agreement with the
previous numerical and analytical data. It is found that at a given Reynolds number, the major
enhancement in the Nusselt number is not due to increasing the nanoparticle concentrations
but it is due to the increasing the inlet velocity to reach a conRmntonstant Reynolds
number studies of nanofluids are not sufficient approach to evaluate the heat transfer and the

skin friction factor due to the nanofluids usage.

Keywords. Nanofluid, Microfluidic, Heat transfer, Slip flow, Rarefaction, Microchannel.

Nomenclature

C,  specific heat (kJ Kgk™)

d diameter of nanopatrticle or water molecular
Dn hydraulic diameter (m)
f Fanning friction coefficient,5 T,

h heat transfer coefficient (Wi™)
k thermal conductivity (WrhK™)
Kg Boltzmann constant (=1.38075E(/k)

Kn Knudsen numbery(Dy,)



L length of microchannel (m)

Nux local Nusselt number,:(hkah )

nf

q heat flux at the wall
p pressure (Pa)
P non-dimensional pressure

Po  Poiseuille number,{ Re= 7.0y 1 )
(2/'1 nf Uj

Peyw  Peclet number (=RePry)

Pr Prandtl number—-(M)
nf

Rens Reynolds numbep(pmu—i”Dh)
H

T temperature

u velocity (m9)

U non-dimensional velocity

W width of microchannel (m)
X,y coordinates
X, Y non-dimensional coordinates

X' reciprocal Graetz number (x{(BPe))

Greek letters

a thermal diffusivity € L)
PC,

£ variable, defined in Eq. (19)

C
v specific heat ratie(c—”)

A



0 non-dimensional temperatu i _;r"‘ )
wall in
A mean free path (m)
n variable, defined in Eq. (14)
Y7 dynamic viscosity (N s
p  density (kg M)
oT thermal accommodation coefficient
Oy momentum accommodation coefficient
Tw shear stress at the wak, 4/, ou )
a wall
v kinematic viscosityf= znilpns )
@ nanoparticles volume fraction
d independent variable
Subscripts
b balk
en entrance length
f base fluid
fd fully developed
(] array indices
in inlet condition
N closed to the wall
nf nanofluid
S solid nanopatrticles
wall  at the wall



1. Introduction

With the development of science and technology, people begin to realize that with the
size decreasing the system will own many advantages that do not appear in conventional size,
including compact size, disposability, and increased functionality [1]. Microchannels,
however, are the basic structures in these systems. Based on the Knudsen number (Kn), the
flow in microchannels have been classified into four flow regimes: continuum flow regime
(Kn <0.001), slip flow regime (0.001 < Kx0.1), transition flow regime (0.1 < Ka 10) and
free molecular flow regime (Kn>10). The flow in most application of these systems, such as
Micro Gyroscope, Accelerometer, Flow Sensors, Micro Nozzles, Micro Valves, is in slip flow
regime, which is characterized by slip flow at wall. Traditionally, the no-slip condition at wall
is enforced in the momentum equations and an analogous no-temperature-jump condition is
applied in the energy equation. Strictly speaking, no-slip/no-jump boundary conditions are
valid only if the fluid flow adjacent to the surface is in thermodynamic equilibrium. This
requires an infinitely high frequency of collisions between the fluid and the solid surface
[1,2]. In practice, the no-slip/no-jump condition leads to fairly accurate predictions as long as
Kn < 0.001. Beyond that, flow in devices shows significant slip since characteristic length is
on the order of the mean free path of the fluid or gas molecules. It means that the collision
frequency is simply not high enough to ensure equilibrium and a certain degree of tangential
velocity slip and temperature jump must be appeared. Slip velocity at the wall is the most
important feature in micro/nano scale that differs from conventional internal flow. Therefore,
the slip flow characteristics are very important for designing and optimizing the micro/nano
systems. On the other hand, the optimization of microchannels design is affected significantly
by their reliability and thermal performance. It is found that the temperature jump effects are
very important and should be included in the modeling of the slip flow heat transfer problems,
and neglecting these effects leads to a significant overestimate of heat transfer coefficient [3,

4].



In most of the previous research, low thermal conductivity base fluids such as air or
water have been employed to study the fluid flow in microchannel. The heat transfer of fluids
flow is limited base on thermal properties of fluids. However, demanding for increasing the
heat transfer in microchannel needs to improve thermal properties of base fluids. One of the
presented solutions for this problem is adding solid nanoparticles with high thermal
conductivity such a#l,03, Cu or CuO to the base fluid which are called nanofluids. During
the past two decades, scientists and researchers have been attempting to develop nanofluids,
which can offer better heating and cooling performance for variety of thermal systems
compared to traditional heat transfer fluids. It is found by numerous numerical and
experimental studies that the nanofluids have high thermal conductivities and abilities to
increase the heat transfer [5, 6, 7, 8]. The major attempts have been done to investigate the
effective thermal conductivity of nanofluids and the effective dynamic viscosity for predicting
the thermal conductivity and dynamic viscosity of nanofluids [9]. The most of papers have
reported an enhancement in the heat transfer due to increasing the nanoparticle concentration
which are done at constant Reynolds number. But some researchers have reported an
uncertainty in heat transfer enhancement of nanofluids flow [10, 11]. Akbarinia [10] have
investigated heat transfer in the nanofluids flow with constant mass flow rate and reported a
reducing in heat transfer with increasing nanoparticles volume fraction.

Recently, the nanofluids utilization in microchannel has been received a great interest
amongst researchers. Koo and Kleinstreuer[12], Jang and Choi[13] and Chein and Huang [14]
have studied experimentally improving thermal performance of the nanofluids flow in
microchannel with different nanofluid such &uO-water or Al,Os-water. The thermal
performance of microchannels using nanofluids base on different models for effective thermal
conductivity also has been investigated numerically by [15-20]. They have evaluated the
impacts of parameters such as microchannel geometry, Reynolds number and nanoparticles

volume fraction on the thermal performance of nanofluid flow in microchannels. They have
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reported higher heat transfer performance of nanofluids flow compare to the base fluids in
microchannels at constant Reynolds number. However, all of them have used the non-slip
flow regimes in their numerical research works.

To the best knowledge of the authors, the major of previous numerical and experimental
studies on nanofluids flow and heat transfer have been done with constant Reynolds number.
The Reynolds number in nanofluids studies depend on the inlet velocity and the kinematic
viscosity of nanofluid. The nanofluid kinematic viscosity increases with an increasing in
nanoparticles volume fraction while the inlet velocity should be increased to keep the
Reynolds number constant. Therefore, it is not clear that either increasing the nanopatrticles
volume fraction or increasing the inlet velocity has major role on heat transfer enhancement in
nanofluids studies which are done at constant Reynolds numbers.

The objective of the present paper is to study the proportion impact of nanoparticle
volume fraction ¢ and the inlet velocity(,) on heat transfer of nanofluids flow at constant
Reynolds numbers especially in microchannels with low Reynolds numbers and answer to
this question “ Does the nanofluid increase heat transfer?”. To aim to this purpose, laminar
forced convection slip and non-si,Os-water nanofluid flow in a rectangular microchannel
have been investigate@mploying the slip velocity and the jump temperature boundary
conditions at the fluid-wall interface. Three different cases are examined to evaluate
proportion impact of increasing nanoparticles volume fract@ra(d the inlet velocity ()
on heat transfer enhancement. Simultaneous effects of the inlet velocity and the nanoparticles
volume fraction on heat transfer augmentation are studied. The axial velocity, Poiseuille
number, temperature and Nusselt number profiles are presented and discussed. Although the
study is done in a microchannel with slip flow regimes, but results are also presented for the

case no-slip flow (Kn=0) which could cover for the macro scale.



2. Analysis

2.1 Governing equations

The schematic of the channel and coordinate system are shown in Fig. 1. The flow is
considered along the x-axis and the channel length is chosen 20 time width in order to achieve
hydrodynamically developed flow at the outlet.

The Al,Os-water nanofluid flow and the heat transfer in rectangular microchannels have been
considered. The nanofluid flow is laminar, steady state and incompressible with constant
properties while dissipation, pressure work and body forces are neglected. The used properties
of base fluid (water) and solid nanoparticl&&Q3) are presented in Table 1. The rarefaction
effects set the slip velocity and the jump temperature at the fluid—wall interface. Therefore,
the steady state governing equations describing the fluid flow and the heat transfer in the
microchannel in the Cartesian coordinate and in the tensors form are as follows:

Continuity equation:

6uj

Momentum equations:

0 wuyen (20 00
Pr axj (u, Uj) = Hy axj ((axj )} ox (2)

Fluid energy equation:

0 0 (0T
C)y —(uT)=k, —| — 3
(0Cy)s 5, (uT) k"fax(axj 3)
Wherei=1, 2 andui=(uy, Uy) are velocity vectors.

The continuity, momentum and fluid energy equations are non-dimensionalized using

following dimensionless parameters:



Xi:i,ui:i,P: p2 andg=_1—Tn_ (4)
Dh U, Pt Ui Twall _Tin
WhereD, = 2W.

Therefore, the non-dimensionalized governing equation becomes as follow:

Continuity equation:

X (5)
Momentum equations:

9 1 0%, 0P
—(U,U))= ) -
ax,.(' ) Renf(ax,?) ox, (©)

Fluid energy equation:

9 1 0%
—y.g)=
axi( ) Pe, 09X, (7)

_ P Uy Dy,

C
Where Pe, = Re,; Pr,, Re, = - Hui (Cp)

and Pr, =———— are the Peclet number, the

nf nf

Reynolds number and the Prandtl number, respectively.

2.2 Nanofluid properties

The physical properties of nanofluid containing watk3; can be calculated as follow:
Density:

P =(1-¢)o; +4p, (8)
Heat capacitance:

(0C,), =@-glpc,), +docC,), 9)

The presented expression for dynamic viscosity by Maiga et al. [21] which was determined

based on available experimental results for wAtgdsis given as:

Hy = (237 + 73p+1) 11, (10)



The thermal conductivity of watekl,O3 nanofluid has been determined from Chon et al. [22]

correlation which considers the Brownian motion and mean diameter of the nanoparticles as

follow:
03690 07476
knf _ 07460 df ks 09955 12321
= 1+ 647 70| —L Zs Pr **Re, (11)
K, d, K,

Where P¥ and Re in Eq.(11) are defined as:

7
Pr. = 12
f P A (12)
_ Pk T
Re
"3t A, (13)

Where A; is mean free path of water molecular £0.17nm), k is Boltzmann constant

(ks=1.3807x1G3 j/k) andz has been calculated by the following equation:

B
n=A00C , A=2.414x1F, B=247.8, C=140 (14)

2.3 Slip velocity and jump temperature

The second order non-dimensionalized velocity slip condition is expressed as [23]:

_ _ 2
U =[ 29 «nY] .3 (y-9Kn’Re 9| (15)
o, aY |WaJI 2y Ec 0X |WaJI

2

Here Ec is Eckert numbeE( = CU ). The second term can be negligibleé% >>% at

oAT

the wall and also due to fact that it is second order in the Knudsen number. Similar arguments

can be applied to the jump temperature boundary condition, and the resulting from Taylor
series leads in dimensionless form [23]:

— 2 2
o-g =[ 20| 2\ L] [o8] |, Knifo%] |, (16
o, \y+1)Pr Y |, 2 {aY?|

Values of the thermal and momentum accommodation coefficiepter ) are near unity for
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most engineering applications and they are taken as unity in the present study.
After simplifying, the non-dimensional forms of the slip flow velocity and jump temperature

boundary conditions are given by:

ou
Uy U = Kna_Ywa” (17)
Knoé
6,-6._, =——
N wall ,8 GY wall (18)
Where
B= Pr(—y +1J
2y ), (19)

Hwau:l and LJ,au:O

2.4 Boundary conditions

These set of nonlinear elliptical governing equations have been solved subject to following
boundary conditions:

» At the channel inlet: the nanofluid velocity and the temperature profiles are assumed
uniform and constant (X=0, 0<0.5: U=1, &0).

» At the fluid-solid interface: The velocity in y direction is zero while the slip velocity and
the jump temperature of the nanofluid flow adjacent to the wall is proportional to normal
velocity and the temperature gradients at the fluid—wall interface (Equations (17) and (18)). A
constant temperaturé,{=1) at the wall is also applied.

» At the channel outlet: the diffusion flux in the direction normal to the exit is assumed to be
zero for the velocity and the temperature while a zero pressure is assigned at the flow exit.

(X=10, 0v<0.5: 2 =99 _y )
X oX
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3. Numerical methods and validations

The sets of coupled non-linear differential equations were discretized using the Finite Volume
Method EVM). The power law scheme was used for the convective and diffusive terms while
the SMPLER procedure was introduced to couple the velocity-pressure as described by
Patankar [24]. The slip velocity and the jump temperature boundary conditions expressions
are discretized and employed in the discretization equations.

A structured non uniform grid distribution has been used for the computational domain. It is
finer near the microchannel entrance and near the wall where the velocity and the temperature
gradients are high. Channel lengths are set to a value greater than the estimated entrance
lengths to ensure that fully developed conditions are achieved at the exit. Several different
grid distributions have been tested to ensure that the calculated results are grid independent.
As it is shown in Fig.2 increasing the quantity of nodes more than 60 nodes in y direction and
160 nodes in x direction do not change the velocity significantly. Therefore, the selected grid

for the present calculations consisted of 160x60 nodes in the x and y directions respectively.

ch+l _ ch

CD n+l

The solution is assumed converged w <10° is satisfied for all independent

variables.
After solving the governing equations for velocity, pressure and temperature other useful
guantities such as Nusselt number and Poiseuille number can be determined.

The local Poiseuille numbeiRg,) can be obtained by:

ou

0 20

f Rg, =2 Yhal (20)
u

After using dimensionless parameters, it becomes as follow:

ouU
f Re, =2—

%%y ‘Wa] (21)
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By submitting the termaﬂ from EqQ.(17) into Eq.(21), the local Poiseuille number for the
wall

slip flow regimes can be expressed as:

f Re, =%uN (22)

The local Nusselt number (lWucan be obtained by:

Nu, =P (23)
k
Where:
B q . 0T
h=-————— and q =—-k— (24)
(Twall _Tb) Y|

After normalizing and combination of Eq.(23) and EqQ.(24), the local Nusselt number for the

case of uniform wall temperature can be calculated from:

[
Nu, = oY |, (25)
8, = B,
Where the bulk temperature can be calculated from:

[ 6(x.¥) U(X,Y) dvax
W7D,
jo U (X,Y) dYdX

g,(X) = (26)

By substituting the termg—i‘ from Eq. (18) into Eq. (25), the local Nusselt number for
wall

the slip flow regimes can be expressed as:

B (g_
NU =M 27)
* Bb_gwall

In order to demonstrate the validity and also precision of the model assumptions and the
numerical analysis, fully developed values of the Poiseuille numbers are compared with

available numerical and analytical solutions R&=100 for different Kn. The calculated
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Poiseuille numbers in Fig.3 show a good agreement with numerical results by M.Renksizbulut

et al. [25] and analytical values, which vary wkKin according tdof Re,, = ( 24 The

1+12Kn)’
local Nusselt numbers are presented in Fig.4 and are compared also with the results by Yu and

Ameel [26] forKn=0.04,5=10 and infinity aspect ratio. As seen from this figure a significant

agreement between the calculated and numerical results are observed.

4. Resultsand discussion

Numerical simulations have been done for three different cases to evaluate the impact of the
Al,O3 nanoparticle volume fraction and the inlet velocity on heat transfer enhancement in the
non-slip and slip nanofluid flow regimes. The first case (I) is done with a constant Reynolds
number where the inlet velocity increases with increaging order to keefre constant. The
second case (ll) is done for the pure flug=0) where only the inlet velocity increases
according to the used inlet velocity in the first case (I) for diffegerithe third case (lll) is

done with a constant inlet velocity;{s0.0502 m/s according to the used inlet velocity for

¢=0 in the first case (1)) where only the nanoparticles volume fraction increases without
keeping Reconstant.

Hence the major fluid flows in the microchannels are laminar flow with low Reynolds
numbers, for this study low Reynolds numbersR&?15) are chosen. The non-slip and slip

flow simulations for these three cases have been also presented. The nanoparticles volume
fraction varies from 0 to 5%, because most published paper have also done in this range. The
used values for the inlet velocity and other calculated values oft{go=0 and ¢ =5%) for

the first case (I), the second case (ll) and the third case (lll) are presented in Table 2, Table 3

and Table 4, respectively.
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4.1. Velocity field

The velocity profiles for different nanoparticles volume fractigr) &t Re=10 andkn=0.01

are shown in Fig. 5. The non-dimensional momentum equation (Eq.(6)) is only depend on the
Reynolds number. Therefore, at a giRathe solid volume fraction does not have any effect

on the non-dimensional velocity which is illustrated in Fig. 5a and 5b. However at aRgiven

the inlet velocity should be increased with increasing the solid volume fraction taRkeep
constant. Consequently, the velocity in any cross section increase which is presented in Fig.5¢
and 5d. As it is shown in Table 2, the kinematic viscosiy (uni/pns ) Of nanofluid increases

with increasing the nanoparticle volume fraction in a giRentherefore the inlet velocity
should be increased. In the previous works which are done with constant Reynolds numbers,
it is not clear that the reported effects of nanofluid on heat transfer and friction factor are due

to either the adding the solid nanoparticles to the base fluid or increasing the inlet velocity.

4.2. Skin friction factor

The local Poiseuille number at differentKn and Res presented in Fig.6 for the first cage (

and second casdlj. The nanoparticle volume fraction does not hawe effect on the non-
dimensional velocity at a givelRe (see Fig.5a and 5b). Consequently, it does not have any
effect on the Poiseuille number in the micro or ma&to=Q) scale for the first casé) (as
depicted in Fig.6a and 6b, respectively. The Fig. 6¢c and 6d show that for the secorid) case (
because of small variation in the Reynolds numbersdiites not change significantly when

the nanoparticles volume fraction increases.

4.3. Temperaturefiled
The non-dimensional temperature and non-dimensional bulk temperature for three cases are

presented in Fig. 7. Increasing for the first case (I) decreases the temperature and bulk

15



temperature at any cross section at a giRenls the reduction due to either increasing the
nanoparticles volume fraction or increasing the inlet velocity?

Figures of second case (ll) show that increasing inlet velocity also reduces the temperature
and the bulk temperature at any cross section like the first case (I). But increasing the
nanoparticles volume fraction without increasing the inlet velocity does not have any

significant effect on the temperature which is illustrated in Fig. 7 third row (third case (lll)).

4.4. Nusselt number

Variations of the local Nusselt number in three cases are shown in Fig.8. As it is reported by
previous researcher, increasing the nanoparticles volume fraction increases the local Nusselt
number in the non-slip and slip flow regimes for the first case (I) at a givéfoRéhe second

case (Il), increasing the inlet velocity also increases the local Nusselt number as well as

increasingg for the first case (1).

With considering the third case (lll) in Fig.7, Fig.8 and Table3 it is obvious that adding solid
volume nanoparticles to the base fluid increases the thermal conductivity and Prandtl number
while the Reynolds number reduces. As a result, the Peclet number does not change
significantly when the solid nanoparticles volume fraction increases. Consequently, increasing
¢ without increasing the inlet velocity does not have any significant effect on the local
Nusselt number at the third case (lll). This behavior also have been observed by Santra et al.
[27] at low Reynolds number (Re<100) in which the Copper (with very high thermal
conductivity K=386) nanoparticles volume fraction does not have any notable effect on the

average Nusselt number (Fig.7 in [27]) in isothermally heated parallel plates.
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5. Conclusions

The Reynolds number in nanofluids studies depends on the inlet velocity and kinematic
viscosity of nanofluid. The nanofluid kinematic viscosity increases with an increasing in
nanoparticles volume fraction while the inlet velocity should be increased to keep the
Reynolds number constant. Therefore, it is not clear that either increasing the nanoparticles
volume fraction or increasing the inlet velocity has major role on heat transfer enhancement in
nanofluids studies which are done at constant Reynolds numbers.

Forced convection Al,Os-water nanofluid flows in two-dimensional rectangular
microchannels have been investigated to study heat transfer enhancement due to application
of the nanoparticles to the base fluid. Three different cases are examined to evaluate the
proportion impact of increasing the nanoparticles volume fracgprarfd the inlet velocity
(uin) on heat transfer enhancement. Two-dimensional Navier-Stokes and energy equations
accompany with the slip velocity and the jump temperature boundary conditions expressions
have been discretized using the finite volume technique. The Brownian motions of
nanoparticles have been considered to determine the thermal conductivity of nanofluids. The
following conclusions are obtained:

* Results clearly show that at a given Reynolds numBeY, the non-dimensional
velocity is not affected by the volume fraction of nanoparticles but the inlet
velocity should be increased to keepdeastant.

» The nanoparticles concentration has not any notable effect on the Poiseuille number
(fRe) at anyRe.

» At a given Reynolds number, the temperature decreasing is not due to increasing
the nanoparticles concentration, but it is due to increasing the inlet velocity.

* Itis shown that at a givelRe, the major enhancement in the Nusselt number is not
due to increasing the nanoparticle concentrations but it is due to the increasing the

inlet velocity to reach a constaRe. Increasing the nanoparticle concentration does
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not change the Peclet number significantly, therefore it does not have any
significant effect on the heat transfer at a constant inlet velocity.

* Increasing the nanoparticles volume fraction increases density and dynamics
viscosity which could increases pumping power. On the other hand, increasing inlet
velocity increases pumping power at a giVm It has been shown that the same
heat transfer enhancement could be reached only with the same increasing in inlet
velocity without employing nanofluids.

» Constant Reynolds number studies of nanofluids are not sufficient to evaluate the
heat transfer and the skin friction factor due to the nanofluids usage.

Further numerical and experimental investigations are needed to develop an appropriate
method such as constant pumping powers for investigation heat transfer due to the nanofluids
application where could clearly answer to this question “Is nanofluids application useful and

economic?”
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Table 1.

Thermophysical Properties of nanoparticles and base fluid at 27°C

Properties Water Nanoparticle(Al,0s)
Density p(kg/m°) 998.2 3890
Hest capacitance C, (J/kg.K) 4240 880
Thermal conductivity k (W/mK) 0.608 35
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Table 2.

Calculated values for the first case (1) a a constant Reynolds number.

Re ¢ Uin lunf/pnf Cp knf Pr Pe
10 0 0.0502 1.0048e-006 4242 0.608 7 70
10 5% 0.0734 1.4679e-006 4203 0.687 10.3 103
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Table 3.
Calculated values for the second case (I1) at ¢=0 and the corresponding inlet velocity

valuesin thefirst case (1).

Uin ¢ Re Pr Pe
0.0502 0 10 7 70
0.0734 0 14.6 7 102.2
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Table 4.

Calculated values for the third case (111) at a constant inlet velocity and different @

0 0.0502 1.0048e-006 4242 0.608 10 7 70
5% 0.0502 1.4679e-006 4203 0.687 6.9 10.3 711
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