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Research on nanofluids for heat transfer augmentation has received a great attention from many
researchers. Recently, many numerical works have been conducted to examine their applicability in pre-
dicting heat transfer with nanofluids. In the present study, a two-dimensional (2D) lattice Boltzmann
method (LBM) was applied for numerical simulation of forced convection in a channel with extended sur-
face using three different nanofluids. The predicted were carried out for the laminar nanofluid flow at low
Reynolds number (10 6 Re 6 70), nanofluid concentration (0.00 6 u 6 0.050), different geometric param-
eter (0.2 6 A = l/H 6 0.8) and relative height of the extended surfaces (0.05 6 B = h/H 6 0.35). The results
indicated that the average Nusselt number increases when the nanofluid concentration increased from 0%
to 5%. Moreover, the effect of the nanofluid concentration on the increasing of heat transfer is more
noticeable at higher values of the Reynolds number. It is concluded that the use of extended surfaces
can enhance the rate of heat transfer for certain arrangements. We also found that the nanofluid with
CuO nanoparticles performed better enhancement on heat transfer compared Al2O3/water and TiO2/
water nanofluids.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Forced convection analysis in the geometry of a channel is
totally important issue in many technological applications like
cooling of electronic components, heat exchanger systems, high
performance boilers, chemical catalytic reactors, solar collectors,
cooling of gas turbine blades and so on [1–10]. Management of
heat transfer for its enhancement in these systems by improve-
ments in cooling methods is an obligate task from an energy saving
perspective. Increasing heat transfer performance is very impor-
tant in macro- and micro-scales of channels [11]. Using extended
surfaces in a channel is a practical method for increasing heat
transfer coefficient. Comprehensive reviews of the relevant litera-
ture on this subject are given Incropera [12], Peterson and Ortega
[13] and few more [14–16].
Detailed investigation of the effect of controlling parameters on
the cooling of heated channels with mounted objects was per-
formed by Young and Vafai [17] using the finite element method.
Various parametric changes in the basic obstacle geometry, Rey-
nolds number, solid thermal conductivity and heat input have been
considered to see their effect on the flow and heat transfer. Moti-
vated by vast applications in electronic system, Chung and Tucker
[18] simulated the forced convection heat transfer in grooved
channels. The heat transfer phenomena in a rectangular channel
with angled ribs were numerically investigated by Lu and Jiang
[19]. Their results indicated that the SST k-x model was found to
perform better than RNG k-e when compared with experimental
data. In addition, they also found that the channel with 20 ribs
and 1 mm or 2 mm apart had the best thermal/hydraulic
performance.

On other side of numerical history, the lattice Boltzmann
method (LBM), a method based on the kinetic theory, has evolved
as a robust and powerful numerical method for a wide range of
complicated fluid flow problems [20–26] viscous, single and multi-
phase fluid flows [27–30] in science and engineering that are
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Nomenclature

AR aspect ratio of the cavity, a/b (dimensionless)
A l/H, ratio between the blocks’ distance to the channel’s

height
B h/H, the extended surfaces’ height to height of channel

ratio
c lattice speed [m s�1]
cp specific heat capacity at constant pressure [J/kg K]
dp nanoparticle diameter [m]
e streaming speed for single-particle
f density distribution function
feq equilibrium density distribution function
g energy distribution function
geq equilibrium energy distribution function
H channel height [m]
h heat transfer coefficient [W m�2 K�1]
k thermal conductivity [W/(m K)]
kB Boltzmann constant [J/K]
L length of the channel [m]
Nu local Nusselt number
Pr Prandtl number, m/a
Re Reynolds number, uin2H/ m
t time [s]
T temperature [K]
Tin inlet temperature [K]
Tb bulk temperature [K]
Uin u-component at the channel inlet [m s�1]
u, v velocity components [m s�1]
u velocity vector [m s�1]
X the upstream face of the blocks
x, y Cartesian coordinates [m]
xu dimensionless upstream face of the cavity, x/L

w weight function
W dimensionless bubble width, �Wr/A

Greek symbols
a thermal diffusivity [m�2 s�1]
b thermal expansion coefficient [K�1]
m dynamic viscosity [kg m�1 s�1]
dx lattice spacing [m]
dy lattice spacing ]m]
dt time step [s]
m kinematic viscosity [m2/s]
q density of fluid [kg m�3]
sg dimensionless single relaxation time for the heat trans-

fer computation
sm dimensionless single relaxation time for the flow com-

putation
u solid volume fraction

Subscripts
c cold
f fluid
H hot
i move direction of single-particle
in inlet
nf nanofluid
p particle
out outlet
w wall
0 dimensional quantity
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problematic for conventional methods. Alamyane and Mohamad
[15] considered LBM to investigate the forced convection regime
in a channel with extended surfaces. Their focus was to test the
effect of Reynolds number (Re) and extended surfaces’ height and
spacing. The authors concluded that the closer the objects the bet-
ter the heat transfer and as the height of the objects increase, the
temperature in spacing increases. Pirouz et al. [31] solved the con-
jugate heat transfer in a rectangular channel. They reported that
reducing the distance between obstacles makes the flow deviate
and accelerate in the vicinity of faces and causes an increase in
the rate of convective heat transfer from the obstacles. Biswas
et al. [6] studied the two-dimensional numerical simulations using
the LBM to understand the effect of cross-buoyancy on the mixed
convective flow and heat transfer in a ribbed channel. They con-
cluded that heat transfer follows two mechanisms. First, heat
transfer occurs due to thermal boundary layer interruption at the
leading edge of rib and, second, enhanced heat transfer occurs
beyond a critical Re due to the vortex shedding and mixing
mechanisms.

On the other hand, improving the thermal conductivity of con-
ventional fluids such as water, mineral oil and ethylene glycol has
been the focus of research by many investigators. One of the inno-
vative ways is by suspension of solid nanoparticles (1–100 nm
diameter) in a base fluid, known as nanofluid [32–35]. The nano-
fluid is stable [36–39] and compared with suspended particles of
millimeter-or-micrometer dimensions, which have numerous
drawbacks like sedimentation, erosion, fouling and increased pres-
sure drop of the flow channel, the nanofluids show much better
stability and with acceptable pressure drop [40,41]. Also, nanoflu-
ids are expected to transfer heat at a higher rate than ordinary flu-
ids [42–46]. Izadi and Partners [47–51] have performed
comprehensive researches related to forced and mixed convection
of nanofluids. For example, a numerical code has been developed
to consider laminar forced convection of a nanofluid consisting of
Al2O3 and water numerically [47]. The results showed the depen-
dency of the friction coefficient on the nanoparticle concentration
has a meaningful relationship with the magnitude of heating
energy to the momentum energy. Anwar Beg et al. [52] studied a
computational fluid dynamics simulation of laminar convection
of Al2O3–water bio-nanofluids in a circular tube with constant wall
temperature conditions. Their simulations showed that heat trans-
fer coefficient distinctly increases with increasing nanofluid parti-
cle concentration. Rashidi et al. [53] investigated the laminar
forced convection flow and heat transfer of Cu-water nanofluid
for a wavy channel for a single phase and three different two-
phase models predictions and they compared their results with
each other. Garoosi et al. [54] studied natural convection heat
transfer of nanofluid in a two-dimensional square cavity contain-
ing several pairs of heater and coolers, numerically.

There are also many studies concerning nanofluid simulation in
channels using LBM [55–57]. Yang and Lai [56] performed LBM
investigations on nanofluid heat transfer in a microchannel. They
concluded that heat transfer performance increases with increas-
ing Reynolds number and nanofluid concentration. Sidik et al.
[57] studied the thermal efficiency by using LBM. Their research
considered fin and nanofluid for heat transfer enhancement. They
concluded that the heat transfer efficiency strongly depends of
the Reynolds number and the conduction coefficient of the fins.



Fig. 1. Schematic illustration of the considered problem.

Table 1
Thermo-physical properties of the base fluid and the nanoparticles [51].

Property Fluid phase (water) CuO (nanoparticles) Al2O3 (nanoparticles) TiO2 (nanoparticles)

Cp (J/kg K) 4179 383 765 686.2
q (kg/m3) 997.1 8954 3970 4250
K (W/m K) 0.613 400 40 8.9538
b � 105 (K_1) 21 1.67 0.85 0.9
m � 104 (kg/ms) 8.55 –

Fig. 2. D2Q9 lattice.
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Based on our literature review, the study on forced heat transfer
of nanofluids in a channel with rectangular blocks connects to its
both upper and bottom walls for optimization of heat transfer per-
formance is scarce. Therefore, the main goal of this work is to
examine forced convection heat transfer in laminar regime using
different type of nanofluids (CuO, Al2O3 and TiO2) in a channel with
extended using LBM. The main parameters controlling the fluid
flow and heat transfer parameters inside the channel, such as Rey-
nolds number, solid volume fraction, distance and heights of the
blocks are investigated due to their importance for the heat trans-
fer enhancement.
2. The study case

The forced convection heat transfer of the nanofluid in a two
dimensional channel with blocks attached to up and bottom walls
is numerically studied using lattice Botlzmann method. Details of
configuration of considered work are shown in Fig. 1.

The channel aspect ratio is fixed at L/H = 25. Ten blocks are
placed on inner side of top and bottom wall. The height and width
of blocks are denoted with h and w, respectively. The ratio of dis-
tance between two consecutive blocks to the channel’s height (A =
l/H) is varied from 0.2 to 0.8. Also the extended surfaces’ height to
height of channel ratio (B = h/H) is varied from 0.05 to 0.35. The
upstream blocks are located at distance x/L = 0.16 from the channel
inlet. The Reynolds number varies from 10 to 70. The nanofluid
enters to the channel with uniform velocity, u0, and uniform tem-
perature, T0. The nanofluid as working fluid is cooler than the chan-
nel walls and blocks. The nanofluid and related flow are considered
to be Newtonian, incompressible, and laminar. The nanofluids con-
sist of solid spherical particles of 100 nm diameter. The buoyancy
effects are negligible, as its effect is not so significant in compar-
ison with the inertia force of flow. Table 1 shows the thermo-
physical properties of the base fluid and the nano-particles.

3. Numerical simulation

3.1. Nanofluid thermophysical properties

Nanofluid has different behavior from pure liquid due to inter-
particle potentials and other forces on the nanoparticles. Therefore,
for numerical simulation of the nanofluid, some new equations
should be considered for the properties. The thermophysical prop-
erties of the fluid are the functions of concentration and tempera-
ture. According to the classical formula for a solid–liquid mixture,
the density of nanofluids qnf can be estimated by [58–61]:

qnf ¼ ð1� /Þqf þ /qp ð1Þ
where subscripts f, nf and p stand for base fluid, nanofluid and solid,
respectively. Using the heat capacity of nanofluid [62], the nano-
fluid thermal diffusivity can be obtained by:

ðqcpÞnf ¼ ð1� /ÞðqcpÞf þ /ðqcpÞp ð2Þ

anf ¼ knf
ðqcpÞnf

ð3Þ

The effective dynamic viscosity is expressed by using the Brink-
man model [63]:

lnf ¼ lf =ð1� /Þ2:5 ð4Þ
The thermal conductivity of the nanofluid can be approximated

by the Patel et al.’s model [64] which is

knf � kf
kf

¼ kp
kf

1þ c
updp

af

� �
df

dp

/p

1� /p
ð5Þ

where c is a constant and equal to 25,000 for a wide range of exper-
imental data [64]. up is the Brownian velocity for nanoparticles and
can be determined as:

up ¼ 2kBh

plld
2
p

ð6Þ

In which kB is the Boltzmann constant and h is the temperature
in Kelvin. The following equation can be used to compute the
nanofluid Prandtl number:

Prnf ¼
ðlcpÞnf
knf

ð7Þ



Fig. 3. (a) Comparison of local Nusselt number calculated at the lower wall of the plane channel with those obtained by Shah and London [83], (b) Comparison of present
numerical results with the analytical exact solution.

Fig. 4. Comparison of (a) velocity and (b) temperature profiles at different cross sections between the present study and Tang et al. [86].

Fig. 5. Variation of average Nusselt number versus Reynolds number.
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3.2. Lattice Boltzmann method

The starting point for lattice Boltzmann simulation is the evolu-
tion equation for a set of density distribution functions fi which is
discrete in both space and time [65]

f iðxþ eidt; t þ dtÞ � f iðx;tÞ ¼ � 1
sm

½f iðx;tÞ � f eqi ðx;tÞ� ð8Þ
where e is the particle’s velocity, sm is the relaxation time for the
collision, fieq is an equilibrium distribution function and i = 0,
1,. . .8 for two-dimensional nine-velocity (D2Q9) model (Fig. 2).
Noted that the right hand side of Eq. (8) is the collision term where
the Bhatnagar–Gross–Krook (BGK) approximation has been applied
[66].

The discrete velocity is expressed as [67]

ei ¼
ð0;0Þ ði ¼ 0Þ
ðcos½ði� 1Þp=2�; sin½ði� 1Þp=2�Þ � c ði ¼ 1; . . . ;4Þffiffiffi
2

p
ðcos½ði� 5Þp=2þ p=4�; sin½ði� 5Þp=2þ p=4�Þ � c ði ¼ 5; . . . ;8Þ

8><
>:

ð9Þ
where c = dx/dt, for the present case as uniform mesh has been cho-
sen with dt = 1, dx = 1; hence c = 1 in the simulation. The equilib-
rium distribution function, fieq, is chosen such that the continuum
macroscopic equations approximated by evolution equation cor-
rectly describe the hydrodynamics of the fluid. For D2Q9 model, fieq

is defined as

f eqi ¼ wiq 1þ 3
ei � u
c2

þ 9
2
ðei � uÞ2

c4
� 3
2
u2

c2

" #
ð10Þ

where wi has the values of w0 = 4/9, wi = 1/9 for i = 1 to 4 and wi =
1/36 for i = 5 to 8. The relaxation time for the flow field, sm can be
define as

sm ¼ 0:5þ m
dt
c2s

ð11Þ



Fig. 6. Normalized velocity for different number of grids at x/L = 0.3, / = 0.03, Re =
40, A = 1.0 and B = 0.3 for five blocks mounted in up and down wall.

Table 2
Effect of the mesh size on average Nusselt number for / = 0.03, A = 1.0 and B = 0.3 for
five blocks mounted in up and down wall.

Re Number of
nodes

Average Nusselt
number

Percentage of error
Nunew�Nuoldj j

Nunew
� 100

10 51 � 1251 10.1718
101 � 2501 9.9450 2.2805
201 � 5001 9.9394 0.0563

40 51 � 1251 11.3467
101 � 2501 11.9077 4.7112
201 � 5001 11.9034 0.0361

70 51 � 1251 12.1865
101 � 2501 12.2843 0.7961
201 � 5001 12.2811 0.0260

The bold values represent the lattices number yielded the required accuracy of
results and relevant relative variation of average Nusselt.
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where m is kinematic viscosity and cs ¼ cffiffi
3

p is the speed of sound. m
will be calculated by Reynolds number as

m ¼ u0 � 2H
Re

ð12Þ

In the LBM, the fluid macroscopic quantities such as q and flow
momentum, qu, are calculated by using the distribution function fi,
and given by
Fig. 7. Variations of the streamlines in the channel versus
q ¼
X8
i¼0

f i ð13Þ

qu ¼
X8
0

f iei ð14Þ

Prediction of thermal field requires a new type of distribution
function to represent the evolution of internal energy [68–72]. A
thermal distribution function gi is used to solve the energy equa-
tion for evaluating the value of temperature field. A similar
approach is also suggested by Mohamad [73]. The discretized the
simplified doubled population thermal lattice BGKmodel proposed
by Yan and Zu [74] is given as

giðxþ eidt; t þ dtÞ � giðx; tÞ ¼ � 1
sg

½giðx; tÞ � geq
i ðx; tÞ� ð15Þ

The above expression is similar to the discretized LBM equation
used to solve momentum in Eq. (8). Here, sg is a single relaxation
collision frequency for temperature distribution function and can
be defined as

sg ¼ 3aþ 0:5 ð16Þ

where a can calculated by the value of a fixed parameter Pr = m/a.
The expression for gieq is given as [75]

geq
i ¼ wiT 1þ 3

ei � u
c2

h i
ð17Þ

where the value of the macroscopic fluid temperature can be eval-
uated from [76]

T ¼
X8
i¼0

gi . . . ði ¼ 0;1; . . . ;8Þ ð18Þ

The Chapman-Enskog expansion can be used in the lattice
Boltzmann method (LBM) to derive following macroscopic mass,
momentum and energy equations. Details derivation can be found
in Refs. [77,78].

The governing equations of continuity, momentum and energy
are expressed as follow:

Continuity equation

r � ðqnfunf Þ ¼ 0 ð19Þ
Momentum equation

r � ðqnfunfunf Þ ¼ �rP þr � ðlnfrunf Þ þ qnfg ð20Þ
Energy equation

r � ðqnf Cp;nf Tnfunf Þ ¼ r � ðknfrTnf Þ ð21Þ
/ at R = 10, A = 0.2 and B = 0.05, (a) / = 0.0, (b) 0.05.



(a)

(b)

(c)

Fig. 8. Variations of the isotherms in the channel at Re = 10 for A = 0.2 and B = 0.05, (a) / = 0.0, (b) 0.05, (c) comparisons of dimensionless isotherm contours for the pure fluid
(/ = 0.0) and nanofluid (/ = 0.05).

Fig. 9. Variations of the streamlines throughout the channel for A = 0.2 and B = 0.20, (a) Re = 10, / = 0 (b) Re = 10, / = 0.05 (c) Re = 70, / = 0 and (d) Re = 70, / = 0.05.
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4. Numerical strategy and boundary conditions

Generally, two important steps in lattice Boltzmann method are
i.e. streaming and collision. From the streaming process, the distri-
bution functions out of the domain are known. Regarding the
boundary conditions of the flow field, the solid walls are assumed
to be no slip, and thus the bounce-back scheme is applied [79–81].
The Zou–He model [80] was used at the inlet of the computational
domain in the LBM. An extrapolation scheme, as proposed by Mei
et al. [82], is used to simulate the outlet flow condition in LBM. The
constant temperature was considered for thermal boundary condi-
tion of two inner walls and mounted blocks. The inlet flow velocity
and temperature of nanofluid set to be uniform. Here, the method
introduced by Mohamad [75] was employed to treat the constant



Fig. 10. Variations of the isotherms throughout the channel for A = 0.2 and B = 0.20 (a) Re = 10, / = 0 (b) Re = 10, / = 0.05 (c) Re = 70, / = 0 and (d) Re = 70, / = 0.05.

Fig. 11. Variations of the streamlines in the channel versus B for Re = 70, A = 0.8 and / = 0.05, (a) B = 0.05, (b) B = 0.20, (c) B = 0.35.

R. Mohebbi et al. / International Journal of Heat and Mass Transfer 117 (2018) 1291–1303 1297
temperature boundary conditions. In the present study also, the
viscous dissipation, radiation, gravitational force, and Brownian
effects were not considered.
5. Code validation and accuracy of the numerical simulation

A homemade FORTRAN program was developed for numerical
simulation. During each simulation, the memory space usage was
101 MB and the CPU usage was 13% of Intel(R) core(TM) i7 CPU
Q720@1.60 GHz. To check the convergence of the sequential itera-
tive solution, the relative differences of u, v, and T at each node
between two successive iterations are less than a prescribed value
of 10�6. The numerical method in the present research completely
validated. The first verification is for a channel with parallel plates,
all the walls are heated with a constant temperature and the water
is used as fluid working. The local Nusselt number is defined as:

Nu ¼ �
2H: @T

@y jy¼0

Tw � Tb
ð22Þ

where Tb given by,

Tb ¼
R H
0 u � TdyR H
0 u dy

ð23Þ

The local Nusselt number at the lower wall of the channel ver-
sus non-dimensional longitudinal coordinate (2�/H)/(Re � Pr) is
shown in Fig. 3a. It is seen that the results of the present study



Fig. 12. Variations of the isotherms in the channel versus B for Re = 70, A = 0.8 and / = 0.05, (a) B = 0.05, (b) B = 0.20, (c) B = 0.35.

Fig. 13. (a) Normalized velocity profiles, (b) dimensionless temperature profile along the centerline of channel at Re = 70, A = 0.8 and / = 0.05.
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are in good agreement with previous data [83]. In addition, Fig. 3b
is presented a comparison between the numerical solution and the
analytical one.

The analytical solution for the incompressible fully developed
flow between two parallel plates can be define as [84,85]:

u
uin

¼ 3
2

4y
H

� 2y
H

� �2
 !

ð24Þ

The comparison shows, the LBM results are highly accurate and
are in good agreement with theoretical parabola.

The second comparison is concerned with comparison between
the present model and the numerical results of Tang et al. [86] for a
channel with uniform inlet velocity at Re = 10. The profiles of the
normalized velocity, u/uin and the normalized temperature,
(T � Tw)/(Tb � Tw), at three cross sections are shown in
Fig. 4a and b. The comparisons show a good concurrence between
the results.

Finally, the third test of the code validity was chosen for ther-
mal efficiency of fins collocated on the bottom wall of a horizontal
channel. The lower wall of the channel is at constant temperature
and cooled by mixed convection in laminar flow regime [57]. In
this case, the average Nusselt number for various Reynolds num-
ber, / = 0 and 0.05 are applied. As shown in Fig. 5, a very good
agreement is observed for different values of the Reynolds number
and nanoparticles volume fraction. To demonstrate the indepen-
dent of results from the grid size and finally choosing a suitable
grid for the computational domain, the solution has been done
for three difference meshes as 51 � 1251, 101 � 2501 and 201 �
5001 in y and x-directions, respectively. There is no noticeable



Fig. 14. Local Nusselt number in different volume fraction of nanofluid for Re = 10, A = 0.2, (a) B = 0.05, (b) B = 0.20, (c) B = 0.35.
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difference between the results as presented in Fig. 6. In addition,
the effect of the grid size on the average Nusselt number, calculated
for bottom wall, at different Reynolds number is given in Table 2.
The results showed difference is less than 1% between the studied
grid size of 101 � 2501 and 201 � 5001. Combination of 101 �
2501 lattices number yielded the required accuracy and therefore
it was chosen as the final independent lattice numbers in this work
by considering the computational cost and numerical accuracy.

6. Results and discussion

This study presents the flow and temperature fields for different
values of the Reynolds number, i.e. Re = 10, 40 and 70, wide range
of solid volume fraction. i.e. u = 0.00, 0.01, 0.03 and 0.05, different
the geometric parameter, i.e. A = 0.2, 0.5 and 0.8 and also different
relative height of the extended surfaces, i.e. B = 0.05, 0.20 and 0.35.

6.1. Case of A = 0.2

6.1.1. Blocks with relative height B = 0.05
Figs. 7 and 8 show the streamlines and isotherms contours for

different volume fraction of solid phase at R = 10, A = 0.2 and
B = 0.05. For comparison in isotherms, both the results of base fluid
(solid lines) and the nanofluid (/ = 0.05) are presented by enlarging
in Fig. 8c.

According to Fig. 7, the nanofluid flow affected by the extended
surfaces in up and down wall of channel. In this case, there is not
any circulation zone behind the block. Because the height of
extended surfaces is lesser than blocks’ distance, so the low pres-
sure zones are very small in channel. In addition, presence of
extended surfaces slightly disturbs the isotherms (see Fig. 8). It is
found that, the thermal boundary layer thickness is bigger for /
= 0.05 (see Fig. 8c). This phenomenon was explained by Heidary
and Kermani [87]. In addition, the length of developing region is
shorter for nanofluid contrasted with pure fluid because of higher
thermal diffusion through nanofluid.
6.1.2. Blocks with relative height B = 0.20
The effect of nanoparticle volume fraction and Reynolds num-

ber on the streamlines and isotherms of channel flow for A = 0.2
and B = 0.20 are shown in Figs. 9 and 10. Fig. 9 shows the formation
of the vortexes behind the extended surfaces by increasing B,
which are not created at B = 0.05 (see Fig. 7). Formation of the vor-
texes arises from low-pressure region between two successive



Fig. 15. The averaged Nusselt number for different solid volume fraction of
nanofluid and various Reynolds numbers for A = 0.2, (a) B = 0.05, (b) B = 0.20, (c) B =
0.35.

Fig. 16. The averaged Nusselt number for different solid volume fraction of
nanofluid, different nanofluids and various blocks’ distance for B = 0.35 and Re = 10,
(a) CuO, (b) Al2O3, (c) TiO2.

Table 3
Effect of different nanofluids on percentage increase of the average Nusselt number to
corresponding the pure water at different A for ɸ = 0.05 and Re = 10.

A CuO Al2O3 TiO2

0.2 41.90% 33.42% 29.57%
0.5 45.55% 35.42% 32.73%
0.8 87.62% 70.10% 64.94
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attached blocks. Higher value of Reynolds number leads to forma-
tion of bigger and stronger vorticities which occupying the whole
space between the blocks. These vortexes connected with hot sur-
face of blocks could contribute at the cooling of channel wall.

There is not any meaningful effect on the streamlines by chang-
ing the solid volume fractions of nanofluid. The effect of increasing
in Reynolds number on the isotherms is presented in Fig. 10. As
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clearly observed, thermal developing length increases and
approach close to blocks by growth of Re. Also, the gradient of tem-
perature in upper and lower wall of channel has more significant
by increasing Re. For higher value of Re, isotherms completely
develop through the region between the blocks. It is clear from this
figure the temperature of nanofluid is higher than the pure water
in every axial point of the channel, this is due to the higher thermal
conductivity of the nanofluid which intensify the thermal diffusiv-
ity. Similar tests were performed in the case of B = 0.35, but the
results are not presented here for reason of brevity.

6.2. Case of A = 0.8

The effect of changing the height of extended surfaces on
streamlines and isotherms are also investigated at fixed A = 0.8,
/ = 0.05 and Re = 70. The results are shown in Figs. 11 and 12. It
is clear from the figure that for B = 0.05 there is not any vortex in
channel. At higher B (Fig. 11b and c), larger recirculating eddies
are formed and cover more area behind the obstacles. The biggest
is created in the last obstacles for B = 0.35. This vortex located
behind of last block could cause noticeable pressure loss inside
of channel.

Uniformity of the temperature distribution through the channel
diminishes by increment of B because of the more resistance in
fluid flow subjected to greater extended surfaces. It is shown that
by increasing B, the bigger vortices make a hotter zone in down-
stream of obstacle series.

Fig. 13 delineates the variations of normalized velocity and
dimensionless temperature profile along the centerline of channel
for Re = 70, A = 0.8 and / = 0.05. According to this figure, the larger
B produces the highest velocity and temperature, which leads to
increase the heat transfer coefficient at bigger height of extended
surfaces.

Enhancement of axial velocity could remove further amount of
thermal energy and improve thermal efficiency of channel flow. It
should be mentioned that the similar profile for other cases are not
shown here for brevity.

The variation of local Nusselt number along the channel for dif-
ferent solid volume fractions of nanofluid and various height of
obstacles is shown in Fig. 14 at Re = 10. According to the figure,
the local Nu number decreases along the channel, but in the region
near the blocks increases because of the high temperature gradient
and immediately decrease in the space between the obstacles
where vortices are formed. In all cases, it is obvious that the Nu
number increases by increasing the / and as a result of increased
thermal conductivity of nanofluid.

Fig. 15 shows the effects of the nanoparticle volume fraction on
the average Nusselt number of the channel flow at different Re. The
outcomes show that the average Nu number increases by / at a
given Re and B, which it represents the average Nusselt number
of nanofluid is higher than that of pure fluid. In addition, at a fixed
/ and B, the average Nusselt number increases with increment of
Re. Also, It is distinct that the average Nusselt number has a direct
relationship with B.

The effect of changing in the space between obstacles (A) is also
investigated and shown in Fig. 16a. By increasing the distance
between the obstacles and hence expanding the recirculation
formed behind each obstacle (see Figs. 9d and 11b), the average
Nusselt number decreases. These vortices prevent from formation
of direct connection between main axial flow and hot wall so that
reduces Nu number.

Fig. 16a–c compares various nanofluids consisting of CuO, Al2O3

and TiO2 nanoparticles, respectively. It can be seen that behavior of
various nanofluid has similar trends, which the CuO-nanofluid con-
tains the maximum effect on increasing the heat transfer. The min-
imum effect belongs to nanofluid with TiO2 nanoparticles. In
Table 3, Effect of using different nanofluids on increasing the aver-
age Nusselt number compared with pure water at different A are
presented. By utilizing the nanofluid instead of the pure water,
the heat transfer increases. Also, nanofluid contained CuO
nanoparticles has better performance compared the other ones.
7. Conclusion

A LBM has been carried out in this study to investigate the
forced convection flow of the nanofluids in a channel with
extended surfaces attached to its both walls on the effect of chang-
ing different parameters such as solid volume fraction, Re, obsta-
cles’ height, and spacing between them. The highlights of the
present study are summarized as follows:

� Higher value of Reynolds number leads to formation of bigger
and stronger vortexes which occupying the whole space
between the blocks. These vortexes connected with hot surface
of blocks could contribute at the cooling of channel wall.

� Thermal developing length increases and approach close to
blocks by increasing Re.

� Temperature of nanofluid is higher than the pure water in every
axial point of the channel flow.

� The rate of heat transfer is decrease by increasing the spacing
between the extended surfaces.

� Enhancement of axial velocity arised from increasing in B could
remove further amount of thermal energy and improve thermal
efficiency of channel flow.

� The predicted average Nusselt number increases with increase
in height of the obstacles

� Comparison with other nanofluids indicates that CuO-nanofluid
contrasted to other type performs a better enhancement heat
transfer.
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