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a b s t r a c t

Laminar forced convection heat transfer of water–Cu nanofluids in a microchannel was studied utilizing
the lattice Boltzmann method (LBM). The entering flow was at a lower temperature compared to the
microchannel walls. Simulations were performed for nanoparticle volume fractions of 0.00 to 0.04 and
slip coefficient from 0.005 to 0.02. The model predictions were found to be in good agreement with
earlier studies. The effects ofwall slip velocity and temperature jump of the nanofluidwere studied for the
first time by using lattice Boltzmann method. Streamlines, isotherms, longitudinal variations of Nusselt
number, slip velocity and temperature jump as well as velocity and temperature profiles for different
cross sections were presented. The results indicate that LBM can be used to simulate forced convection
for the nanofluid micro flows. Moreover, the effect of the temperature jump on the heat transfer rate is
significant. Also, the results showed that decreasing the values of slip coefficient enhances the convective
heat transfer coefficient and consequently the Nusselt number (Nu) but increases the wall slip velocity
and temperature jump values.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

During the last two decades, much attention has been paid to
make and use micro devices. The small sizes as well as high effi-
ciency of micro devices – such as microsensors, microvalves and
micropumps – are some of the advantages of using MEMS and
NEMS (Micro and Nano Electro Mechanical Systems). To guaran-
tee the performance of such devices and make them cool, many
studies have been carried out concerning flow and heat transfer in
microchannels. At micro scale level, the surface effects are getting
more importantwhich leads to change in the classic boundary con-
ditions. Thewell knowndifferences ofmicro flows from themacro-
scopic ones are the slip velocity and temperature jump on the
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solid–fluid boundaries. For the gas micro flows, the flow regimes
can be slip, transient and free molecular flow regimes; however
for liquid micro flows, mainly the slip flow regime can be ob-
served [1–9]. Therefore, in addition to classic Navier–Stokes (NS),
the particle-based methods including direct simulation of Monte
Carlo (DSMC), molecular dynamics (MD) and the lattice Boltzmann
method (LBM)may be applied [10,11]. Expensive computation cost
and complex mathematical procedure of MD and DSMC, as well
as the inability of N–S for simulation of flow in transition and
free molecular regimes, have encouraged the researchers to use
LBM [12–20].

In LBM, the fluid flow is simulated by the collision and stream-
ing of fictive particles on the lattice nodes. The collision rule is
approximated mainly by the BGK model which is the most pop-
ular model in LBM studies [21]. LBM uses the simple parallel al-
gorithms and deals appropriately with the complex boundaries,
and describes the flow parameters in micro and nano scales well.
Succi [22] and Chen et al. [23,24] have done appropriate stud-
ies to show the LBM appropriate performance. There are some
different thermal LBM models. Among them, the internal energy
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Nomenclature

B = β/h Dimensionless slip coefficient
c = (cx, cy) Microscopic velocity vector
Cp Heat capacity, J kg−1 K−1

DH = 2h Hydraulic diameter, m
df Molecular diameter of the base fluid, nm
dp Nanoparticle diameter, nm
e Internal energy density
f , g Distribution functions for density–momentum and

internal energy
f̃i, g̃i Modified discrete distribution functions
h, l Microchannel height and length, m
H, L Dimensionless height and length of the microchan-

nel
k Thermal conductivity coefficient, W m−1 K−1

Kn Knudsen number
Ls Slip length, m
lBF Mean free path of the base fluid, nm
Nu Local Nusselt number at the outlet
NuX Local Nusselt number along the microchannel wall
Pr = υnf /αnf Prandtl number
r Accommodation coefficient (in Eq. (28))
R Gas constant
Re = ρnf unfDH/µnf Reynolds number
t Time, s
T Temperature, K
Tc, Th Cold and hot temperatures, K
Ti Inlet temperature, K
Tw wall temperature, K
u = (u, v) Macroscopic flow velocity vector, m s−1

(U, V ) = (u/ui, v/ui) Dimensionless flow velocity in x–y
direction

ui Inlet flow velocity, m s−1

Us Slip velocity
x, y Cartesian coordinates, m
(X, Y ) = (x/h, y/h) Dimensionless coordinates
Zi Discrete heat dissipation

Greek symbols

α Thermal diffusivity m2 s−1

β Slip coefficient
ϕ Nanoparticles’ volume fraction
µ Dynamic viscosity, Pa s
θ = T/Ti Dimensionless temperature
θs Temperature jump
ρ Density, kg m−3

τf , τg Relaxation times for momentum and internal en-
ergy

ζ Temperature jump distance
Ω Collision operator

Super- and sub-scripts

e Equilibrium
f Base fluid (pure water)
i Inlet flow, Lattice directions
nf Nanofluid
out Outlet flow
s Solid nanoparticles
w Wall
α x–y geometry components
distribution function presented by He et al. [25] is the most sta-
ble method and is able to consider the viscous heat dissipation
and pressure work [26–28]. The new lattice Boltzmann methods
such as Multi Relaxation Time lattice Boltzmann (MRT-LBM) show
the researchers’ interest to increase LBM performance at differ-
ent conditions [29–33]. Regarding this, for instance, mixed convec-
tion heat transfer of air in a microchannel studied by Karimipour
et al. [34].

On the other hand, using nanofluids is an innovative way to
increase heat transfer which has attracted the researchers’ inter-
ests who are working onmicro flow due to their exciting potential.
Nanofluids are a mixture of liquid and dispersed solid nanopar-
ticles. The higher thermal conductivity of nanoparticles leads to
the increase of nanofluid heat transfer. Nanofluid’s characteris-
tics are different from the traditional solid–liquid mixtures in milli
or micro-meter particle’s size. There are many studies concerning
nanofluid in cavities and tubes which involve its positive effects on
theNusselt number [35–40]. For instance, Karimipour et al. [41] in-
vestigated the effect of Cu/water nanofluid onmixed convection in
a cavity with sinusoidal top lid.

Nanofluid also has shown appropriate performance in macro
scales [42,43]. Some researchers have reported the flow and
heat transfer of the nanofluid in microchannels [44–47]. For in-
stance, Raisi et al. [48] simulated the Cu–water nanofluid in a
microchannel for both slip and no-slip conditions, ignoring the
temperature jump effects and applying the classic Navier–Stokes
equations. All in all, theoretical results of fluid flow in slip flow
regimes or even simulation of nanofluid flow using LBM (in sin-
gle phase or multi-phase mixture model) have been presented by
several researchers [49–54]. However, there are few studies con-
cerning nanofluid simulation in microchannels using LBM [55,56].
However, all of them have ignored the slip velocity and tempera-
ture jump effects. In addition, in most of the previous works, us-
ing classic Navier–Stokes equations, the temperature jump has not
been considered in the simulations.

The presented literature survey suggests that nanofluids are an
effective coolant which requires more investigations. In particular,
the convection heat transfer of nanofluids in microchannel in the
slip flow regime as well as the effect of temperature jump is still
not entirely understood. In the present study, laminar forced con-
vection heat transfer of dilutewater–Cunanofluids in amicrochan-
nel is analyzed. The flow regime’s simulation results wereweighed
against model validation results found in the literature. Particu-
lar attention was paid to the effects of temperature jump and slip
velocity in laminar forced convection of water/Cu nanofluids with
different solid volume fractions in the slip flow regime using the
lattice Boltzmann method.

2. Problem statement

Forced convection heat transfer of the nanofluid in a two di-
mensional microchannel as shown in Fig. 1 is studied numerically,
using double population LBM–BGK. In this method, hydrodynamic
and thermal parameters of fluid flow are estimated using the den-
sity–momentum distribution function, f , and the internal energy
density distribution function, g, respectively.

The velocity and temperature profiles at the inlet are considered
as ui and Ti. The wall temperature is set to Tw = 2Ti. As the length
of the microchannel is long enough and fully developed hydrody-
namic and thermal conditions are obtained rapidly, therefore, Re
is small. Regarding this, in the present study the Reynolds number
is set to Re = 0.01.

The nanofluid simulated in this work is a dispersion of nanopar-
ticles of copper (Cu) in purewater (as the base liquid). It is assumed
that the considered fluid is a Newtonian, incompressible fluid, in
laminar flow regime. Nanoparticles are spherical with diameter as
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Fig. 1. The schematic diagram of the microchannel.
dp = 10 nm. Water and nanoparticles mixture is in the homoge-
neous mode and the radiation effect is negligible.

The effects of different values of nanoparticle volume fraction
(ϕ = 0, ϕ = 0.02 and ϕ = 0.04) are investigated for forced con-
vection of nanofluid in a microchannel. Moreover, the slip velocity
and temperature jump and their effects are studied for different
values of slip coefficient as B = 0.005, B = 0.01 and B = 0.02.

3. Formulation

3.1. Nanofluid

Nanofluid is a homogeneous mixture of the liquid and sus-
pended nanoparticles. Its effective density can be obtained by:
ρnf = ϕρs + (1 − ϕ)ρf (1)
where ϕ is the nanoparticle volume fraction and the subscripts f , s
andnf refer to base fluid, solid nanoparticles andnanofluid, respec-
tively.

Using the heat capacity of nanofluid, the nanofluid thermal
diffusivity can be obtained by [57]:
ρCp


nf = (1 − ϕ)


ρCp


f + ϕ


ρCp


s (2)

αnf = knf /(ρCp)nf . (3)
The effective dynamic viscosity is expressed by using the Brinkman
model [58]:

µnf = µf /(1 − ϕ)2.5. (4)
Eq. (5), which was presented by Chon et al. [59], is considered to
determine the nanofluid thermal conductivity:

knf
kf

= 1 + 64.7 × ϕ0.7460

df
dp

0.3690 
ks
kf

0.7476

×


µ

ρf αf

0.9955 
ρf BcT

3πµ2lBF

1.2321

(5)

in which

µ = A × 10
B

T−C , C = 140 (K),

B = 247.8 (K), A = 2.414 × 10−5 (Pa s).
(6)

Eq. (5) is able to take into account the nanoparticles diameter
and their Brownian motion. Bc shows the Boltzmann constant
(1.3807 × 10−23 J/K) and lBF represents the base fluid mean free
path.

3.2. Lattice Boltzmann method

The hydrodynamic and thermal Boltzmann equations are writ-
ten as follows [60]:

∂ fi
∂t

+ ciα
∂ fi
∂xα

= Ω(f ) = −
1
τf

(fi − f ei ) (7)

∂gi
∂t

+ ciα
∂gi
∂xα

= Ω(gi) − fiZi = 0.5 |c − u|
2 Ω(fi) − fiZi

= −
gi − ge

i

τg
− fiZi (8)
Fig. 2. D2Q9 lattice.

where u = (u, v) and Ω are the macroscopic velocity vector and
collision operator, respectively. f and g are distribution functions
for density–momentumand internal energy. f e and ge are the equi-
librium distribution functions and ci indicates the microscopic ve-
locity scale. The hydrodynamic and thermal relaxation times are
shown as τf and τg ; meanwhile the subscript i indicates the lat-
tice velocity directions and α expresses the x = (x, y) geometry
components.

The D2Q9 lattice model (Fig. 2) is applied to present study [61].
According to this model, microscopic discretized velocities can be
written as follows [62]:

ci =


cos

i − 1
2

π, sin
i − 1
2

π


, i = 1, 2, 3, 4

ci =
√
2


cos


(i − 5)

2
π +

π

4


, sin


(i − 5)

2
π +

π

4


,

i = 5, 6, 7, 8
c0 = (0, 0) .

(9)

The heat dissipation term and equilibrium distribution functions
are expressed as follows:

Zi = (ciα − uα)


δuα

δt
+ ciα

∂uα

∂xα


(10)

f ei = ωiρ


1 + 3(ci · u) +

9(ci · u)2

2
−

3u2

2


,

i = 0, 1, . . . , 8
ω0 = 4/9, ω1,2,3,4 = 1/9, ω5,6,7,8 = 1/36

(11)

ge
0 = −

2
3
ρeu2

ge
1,2,3,4 =

1
9
ρe


1.5+1.5(c1,2,3,4 · u)+4.5(c1,2,3,4 · u)2−1.5u2

ge
5,6,7,8 =

1
36

ρe

3 + 6(c5,6,7,8 · u) + 4.5(c5,6,7,8 · u)2 − 1.5u2 .

(12)

The discretized forms of Eqs. (7) and (8) are written as:

fi(x + ci∆t, t + ∆t) − fi(x, t)

= −
∆t
2τf


fi(x + ci∆t, t + ∆t) − f ei (x + ci∆t, t + ∆t)
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−
∆t
2τf


fi(x, t) − f ei (x, t)


(13)

gi(x + ci∆t, t + ∆t) − gi(x, t)

= −
∆t
2τg


gi(x + ci∆t, t + ∆t) − ge

i (x + ci∆t, t + ∆t)


−
∆t
2

fi(x + ci∆t, t + ∆t)Zi(x + ci∆t, t + ∆t)

−
∆t
2τg


gi(x, t) − ge

i (x, t)

−

∆t
2

fi(x, t)Zi(x, t). (14)

Eqs. (13) and (14) are in implicit forms. To solve this difficulty, the
new distribution functions f̃i and g̃i are introduced:

f̃i = fi +
∆t
2τf

(fi − f ei ) (15)

g̃i = gi +
∆t
2τg

(gi − ge
i ) +

∆t
2

fiZi. (16)

Using Eqs. (13)–(16) the collision and propagation steps in LBM are
simulated as follows:
f̃i(x + ci∆t, t + ∆t) − f̃i(x, t)

= −
∆t

τf + 0.5∆t


f̃i(x, t) − f ei (x, t)


(17)

g̃i(x + ci∆t, t + ∆t) − g̃i(x, t)

= −
∆t

τg + 0.5∆t


g̃i(x, t) − ge

i (x, t)

−

τg∆t
τg + 0.5∆t

fiZi. (18)

The hydrodynamic and thermal variables can be determined
by [63]:

ρ =


i

f̃i

ρu =


i

ci f̃i

ρe = ρRT =


i

g̃i −
∆t
2


i

fiZi.

(19)

3.3. Inlet and outlet boundary conditions

Non-equilibrium bounce back model, normal to the boundary,
is used for inlet and outlet hydrodynamic boundary conditions
[64]. In this model, distribution functions are reflected in suitable
ways to satisfy the equilibrium conditions and improve accuracy
[65]. Eqs. (20) and (21) are used for inlet and outlet hydrodynamic
boundary conditions using non-equilibrium bounce back model,
respectively:

f̃1 = f̃3 +
2
3
ρiui

f̃5 = f̃7 +
1
2
(f̃4 − f̃2) +

1
6
ρiui

f̃8 = f̃6 −
1
2
(f̃4 − f̃2) +

1
6
ρiui

(20)

f̃3 = f̃1 −
2
3
ρoutuout

f̃7 = f̃5 −
1
2
(f̃4 − f̃2) −

1
6
ρoutuout −

1
2
ρoutvout

f̃6 = f̃8 +
1
2
(f̃4 − f̃2) −

1
6
ρoutuout +

1
2
ρoutvout .

(21)

The unknown inlet and outlet thermal distribution functions
are estimated using the known inlet temperature profile and
non-equilibrium bounce back model as follow [26,27]:

g̃5 =

6ρe + 3dt

i
fiZi − 6(g̃0 + g̃2 + g̃3 + g̃4 + g̃6 + g̃7)

2 + 3ui + 3u2
i

× [3.0 + 6ui + 3.0u2
i ]

1
36

g̃1 =

6ρe + 3dt

i
fiZi − 6(g̃0 + g̃2 + g̃3 + g̃4 + g̃6 + g̃7)

2 + 3ui + 3u2
i

× [1.5 + 1.5ui + 3.0u2
i ]
1
9

g̃8 =

6ρe + 3dt

i
fiZi − 6(g̃0 + g̃2 + g̃3 + g̃4 + g̃6 + g̃7)

2 + 3ui + 3u2
i

× [3.0 + 6ui + 3.0u2
i ]

1
36

(22)

g̃6 =

6(g̃1 + g̃5 + g̃8) − 3dt

i
cixZifi − 6ρeuout

2 − 3uout + 3u2
out

× [3.0 − 6.0uout + 6.0vout + 3.0u2
out + 3.0v2

out

− 9.0uoutvout ]
1
36

g̃3 =

6(g̃1 + g̃5 + g̃8) − 3dt

i
cixZifi − 6ρeuout

2 − 3uout + 3u2
out

× [1.5 − 1.5uout + 3.0u2
out − 1.50v2

out ]
1
9

g̃7 =

6(g̃1 + g̃5 + g̃8) − 3dt

i
cixZifi − 6ρeuout

2 − 3uout + 3u2
out

× [3.0 − 6.0uout − 6.0vout + 3.0u2
out + 3.0v2

out

+ 9.0uoutvout ]
1
36

.

(23)

3.4. Microchannel walls boundary conditions

In the previous works where the no-slip regimes were consid-
ered, the boundary conditions have been considered as:

uw = uliquid

w

Tw = Tliquid

w

(24)

where uw and uliquid indicate the velocity of the wall and the ve-
locity of the liquid on the wall, respectively. Similar definitions can
be considered for temperature field. More studies showed the ne-
cessity of new slip boundary conditions for replacingwith old ones
to obtain more accuracy [66]. Thompson and Troian [67] provided
molecular dynamics (MD) simulations to show the slip flow on
the walls which was recalled the linear Navier boundary condition
as:

∆uw = ufluid(y → wall) − uw = Ls
∂ufluid(y)

∂y


w

(25)

where Ls is the constant slip length. At high shear rates, the Navier
condition fails and boundary condition will be nonlinear even
though the liquid being still Newtonian. In the contrast, at low
shear rates, the slip length has desired consistency with the Navier
model. This phenomenon is just like the Knudsen number (Kn) rule
for linear slip condition of Navier–Stokes equations in dilute gases
(∆Uw = Kn∂U/∂Y ). Ngoma and Erchiqui [68]considered β for the
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Fig. 3. Comparison of normalized fully developed velocity profiles and slip velocity
along the microchannel walls with those of Hooman and Ejlali [50].

Fig. 4. Validation of dimensionless temperature profiles and temperature jump
along themicrochannel walls with the results of Kavehpour et al. [1] (lines: present
work, symbols: Kavehpour et al. [1]).

slip length coefficient and defined the slip velocity for the liquid
inside the microchannel on the stationary walls as follows:

us = ±β
∂u
∂y


y=0,h

(26)

where us shows the liquid slip velocity on the wall. The non-
dimensional form of Eq. (26) is written as:

Us = ±B
∂U
∂Y


Y=0,1

. (27)

To determine the slip velocity utilizing Eq. (27) in LBM, the specu-
lar reflective bounce back model (combination of bounce back and
specular boundary condition) is applied in this work. For example
for the bottom wall, the unknown distribution functions are esti-
mated by Eq. (28):

f̃2 = f̃4

f̃5,6 = r f̃7,8 + (1 − r)f̃8,7.
(28)
Fig. 5. Validation of present code with those of Santra et al. [36] for a nanofluid
inside the channel (lines: present work, symbols: Santra et al. [36]).

Fig. 6. Horizontal dimensionless velocity profiles, U = u/ui , along the micro-
channel at B = 0.005 for ϕ = 0 and ϕ = 0.04.

The accommodation coefficient value, r , is chosen appropriately for
more accuracy [69,70].

In analogy with the slip phenomenon, the temperature jump
can be simulated on the microchannel walls by an equation as
follows [71]:

∆Tw = Tfluid(y → wall) − Tw = ζ
∂Tfluid(y)

∂y


w

(29)
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Fig. 7. Dimensionless temperature profiles, θ = T/Ti , along the microchannel at
B = 0.005 for ϕ = 0 and ϕ = 0.04.

Fig. 8. NuX along the microchannel wall at B = 0.005 for ϕ = 0, ϕ = 0.02 and
ϕ = 0.04.

where ζ is called the temperature jump distance. For dimension-
less temperature at the wall, it can be obtained from Eq. (29):

θ − θw =
B
Pr

∂θ

∂Y


Y=0,1

. (30)

Using the diffuse scattering boundary condition (DSBC), the tem-
perature jump for the bottom wall is written as below in LBM,
Fig. 9. θs along the microchannel wall at B = 0.005 for ϕ = 0, ϕ = 0.02 and
ϕ = 0.04.

Fig. 10. U along the microchannel at B = 0.01 and B = 0.02 for ϕ = 0.04.

based on the internal energy distribution function [62]:

g̃2,5,6 =
3

ρwe
ge
2,5,6(ρw,uw, ew)(g̃4 + g̃7 + g̃8). (31)

The top wall temperature jump is also calculated similarly.
In the previousworkswhere temperature jumpof nanofluid has

not been taken into account, the Nusselt number was usually de-
fined as the functions of cold and hot temperatures as Nu = knf /kf
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Fig. 11. θ along the microchannel at B = 0.01 and B = 0.02 for ϕ = 0.04.

(∂θ/∂Y )w with θ = (T − Tc)/(Th − Tc). However at present work,
the effect of temperature jump (even a small value) results the
temperature gradient between the wall and adjacent fluid layer.
It means that Nu and the bulk temperature may be determined by
considering Eq. (32). At this state, Nu approaches asymptotically to
a constant value along the microchannel walls which is called the
Table 1
Grid independency for Re = 1, Pr = 0.7, ϕ = 0 and B = 0.015.

700 × 35 800 × 40 900×45

Nu 7.18 7.23 7.25
Cf Re 21.04 21.10 21.13

outlet Nusselt number (Nu) at the outlet domain of amicrochannel.

Nu = (knf /kf )
DH (∂T/∂y)w
Tw − Tbulk

. (32)

4. Grid independency and validation

A FORTRAN LBM computer code is applied to study the flow
and heat transfer of a nanofluid in a microchannel. Having studied
grid independency for the code, as shown in Table 1, a lattice with
800 × 40 nodes is found appropriate for next computations.

For validation, first, ability of closed form solutions reported for
slip velocity (Eqs. (27) and (28)) and temperature jump (Eqs. (30)
and (31)) are examined in Figs. 3 and 4.

Fig. 3 shows the comparison of normalized fully developed
velocity profiles and slip velocity on the walls with those of
Hooman and Ejlali [50] for Kn = 0.0 and Kn = 0.1. Moreover
the validation for dimensionless temperature profiles, θ = T/Ti,
and temperature jump value along the microchannel walls in
comparison with the results of Kavehpour et al. [1] are shown in
Fig. 4 for Re = 0.01, Tw = 10, Tinlet = 1, Pr = 0.7 and Knin = 0.01
and appropriate agreements are observed in both Figs. 3 and 4.

In addition, Niu et al. [62] considered a microchannel where
its hot wall was cooled with an internal air flow at Re = 0.01.
To have more validation with a micro flow, Table 2 shows the
comparison of present results with those of Niu et al. [62] at Kn =

0.015, 0.02, 0.03, 0.04, 0.046.
The last selected case for validation is the forced convection of

cold Cu–water nanofluid in a macro channel with hot walls which
was studied by Santra et al. [36]. The averaged Nusselt number
(Num) against those of Santra et al. [36] is shown in Fig. 5 and good
agreement is observed.

5. Results and discussions

The forced convection heat transfer of Cu–water nanofluid
in a long microchannel is investigated by using LBM (Fig. 1).
Fig. 12. Streamlines (top) and isotherms (bottom) of the nanofluid at B = 0.005 (line) and B = 0.02 (dash) for ϕ = 0.04.
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Table 2
The validation of outlet Nu and Cf Re at Re = 0.01 for air flow in microchannel.

Kn = 0.015 Kn = 0.02 Kn = 0.03 Kn = 0.04 Kn = 0.046

Nu [present work] 7.23 7.20 7.09 6.78 6.63
Nu [62] 7.42 7.31 7.15 6.80 6.60
Cf Re [present work] 21.10 20.81 19.48 18.63 18.01
Cf Re[62] 21.49 21.15 19.75 18.85 18.20
Table 3
Thermophysical properties of Cu (copper) as the nanoparticles andwater as the base
fluid.

cp (J/kg K) ρ (kg/m3) K (W/mK) µ (Pa s)

Pure water 4179 997.1 0.6 8.91×10−4

Cu 383 8954 400 –

Thermophysical properties of Cu as the nanoparticles and water
as the base fluid are presented in Table 3.

Reynolds number, Re = ρnf unfDH/µnf and Prandtl number,
Pr = υnf /αnf are calculated for the nanofluid mixture at ϕ = 0%
(pure water), ϕ = 0.02 = 2% and ϕ = 0.04 = 4% using Eqs.
(1)–(6).

5.1. Effects of nanoparticle concentration

Fig. 6 shows the horizontal dimensionless velocity profiles,U =

u/ui, along the microchannel wall at B = 0.005 for ϕ = 0 and
ϕ = 0.04. The fully developed condition is observed at x = 0.08 L
and x = 0.16 L after a short entrance length (x = 0.02 L and
x = 0.04 L).Moreover, it can be seen that the nanoparticles volume
fraction do not have significant effects onU . The slip coefficient (B)
leads to generate the slip velocity at Y = 0 and Y = 1which iswell
obvious in Fig. 6. However, it has the maximum value at entrance
and then decreases along the microchannel. In contrary of usual
flows in channels (at macro scales), themaximum value ofU is less
than 1.5 in fully developed region due to slip velocity on the walls.

Fig. 7 shows the dimensionless temperature profiles, θ = T/Ti,
along the microchannel at B = 0.005 and for ϕ = 0 and ϕ = 0.04.
The nanofluid temperature increases along the microchannel so
that at x = 0.16 L, its temperature approaches almost to that of
the wall. Moreover, the significant temperature jump is observed
at inlet which decreases moderately along the walls to the outlet.
However, there is very small value of temperature jump in fully
developed region.

The effects of ϕ on NuX and temperature jump (θs) along the
microchannel wall are shown in Figs. 8 and 9 at B = 0.005 for
ϕ = 0, ϕ = 0.02 and ϕ = 0.04, respectively. NuX and θs have
largest value at entrance and then start to decrease asymptotically
alongwalls and approach constant values. Moreover, they increase
withϕ. However, this phenomenon ismore significant forNu. Fig. 9
portraits significant values of temperature jump especially around
the entrance region, which has the most temperature gradient
near the wall. Thus, more accurate results can be obtained near
the walls, if the temperature jump and its effects are taken into
account. However, in previous works the temperature jump had
been ignored [44,45,48].

5.2. Effects of B (dimensionless slip coefficient)

Figs. 10 and 11 show U and θ along the microchannel at B =

0.01 and B = 0.02 for ϕ = 0.04, respectively. It can be observed
that larger B corresponds to larger slip velocity as well as temper-
ature jump on the walls, especially at the entrance region.

The streamlines and isotherms of nanofluid inside the mi-
crochannel are shown in Fig. 12 at B = 0.005 (line) and B = 0.02
Fig. 13. The variations of NuX along the microchannel wall at B = 0.005, B = 0.01
and B = 0.02 for ϕ = 0, ϕ = 0.02 and ϕ = 0.04.

(dash) for ϕ = 0.04. Nanofluid enters the microchannel from the
left and after cooling the walls, it leaves from the right side. So,
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Fig. 14. Us along the microchannel wall at B = 0.005, B = 0.01 and B = 0.02 for
ϕ = 0 and ϕ = 0.04.

there will be symmetric and horizontal streamlines along the mi-
crochannel.

Fig. 13 demonstrates the variations ofNuX along themicrochan-
nel walls at B = 0.005, B = 0.01 and B = 0.02 for ϕ = 0, ϕ =

0.02 and ϕ = 0.04. It can be seen that Nu increases with ϕ; but de-
creases with B. Temperature gradient between the nanofluid par-
ticles on the wall and their neighbor ones adjacent to the wall,
decreases at larger B; as a result Nu would have the less amount
at recent case.

The variations of Us and θs along the microchannel’s walls at
B = 0.005, B = 0.01 and B = 0.02 for ϕ = 0.0 and ϕ = 0.04
are represented in Figs. 14 and 15, respectively. It can be observed
that at the inlet, the slip velocity and temperature jump start from
their maximum values and decrease asymptotically along the wall
and approach constant values. The variation of ϕ does not have
significant effect on these parameters. However, increasing B leads
to increase in both Us and θs.

Nu at the outlet – with different values of ϕ and B – is presented
in Fig. 16, which indicates the importance of using nanofluid to
increase the heat transfer rate. Using 2% of Cu nanoparticles leads
to increase almost 30% of outlet Nu at B = 0.005. This increase
would be almost 45% for using 4% of Cu ones.

6. Conclusion

An in-house, FORTAN code based on a double population
LBM–BGKmethod was utilized to simulate laminar forced convec-
tion heat transfer of Cu–water nanofluid in a microchannel. The
Fig. 15. θs along the microchannel wall at B = 0.005, B = 0.01 and B = 0.02 for
ϕ = 0 and ϕ = 0.04.

Fig. 16. Nanofluid outlet Nu with different values of ϕ and B.

effects of different volume fractions of copper nanoparticles and
slip coefficient were investigated on the slip velocity, temperature
jump and Nusselt number for Re = 0.01. Nanofluid slip velocity
and temperature jump were simulated by the lattice Boltzmann
method, for the first time at present study.

According to the simulation results, the fully developed con-
dition was observed after the short entrance length, equals X =

0.08 L. Nanofluid temperature increased along the microchannel
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so that at x = 0.16 L, its temperature approached the walls one.
It was particularly noted that NuX , θs and Us have largest values at
the entrance and then they decrease asymptotically along thewalls
and approach constant values.

The simulation results confirmed that ϕ did not have significant
effects on U; however higher ϕ corresponds to larger Nu. Using 2%
of Cu nanoparticles led to increase almost 30% of outlet Nu showing
the appropriate performance of nanofluid in a microchannel.

Moreover, it was noted that larger value of B corresponds to
smaller value of Nu and larger values of Us and θs. Significant
value of temperature jumpwas seen along the microchannel walls
especially at the entrance region which has the most temperature
gradient between the walls and nanofluid. Therefore, to obtain
more accurate results, θs and its effects should be considered, in
contrary to the previous works where it had been ignored.

As a result, to increase Nu in micro liquid flows, it is recom-
mended to use nanofluid with ϕ = 4% and at low values of slip
coefficient as like B = 0.005. However, the effect of ϕ is more pro-
nounced compared to B.
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