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A B S T R A C T

The fluid flow and heat transfer of a nanofluid is numerically examined in a two dimensional microchannel filled
by a porous media. Present nanofluid consists of the functionalized multi-walled carbon nanotubes suspended in
water which are enough stable through the base fluid. The homogenous mixture is in the thermal equilibrium
which means provide a single phase substance. The porous media is considered as a Darcy- Forchheimer model.
Moreover the slip velocity and temperature jump boundary conditions are assumed on the microchannel hori-
zontal sides which mean the influences of permeability and porosity values on theses boundary conditions are
presented for the first time at present work. To do this, the wide range of thermo physical parameters are
examined as like Da ¼ 0.1 to 0.001, Re ¼ 10,100, dimensionless slip coefficient from 0.001 to 0.1 at different mass
fraction of nanoparticles. It is observed that less Darcy number leads to more local Nusselt number and also
applying the porous medium corresponds to higher slip velocity.
1. Introduction

The cooling system is one of the important issues to which many base
industries are exposed including electric energy, micro-electrics, trans-
portation, construction, and metallurgy. Today, hear transfer encounters
two major challenges: On the one hand, cooling of equipment with high
thermal flux; and on the other hand, problem of minimizing size of
equipment. Nowadays, aerial cooling is the most prevalent cryogenic
technique but this method is not too efficient for transfer of high thermal
fluxes. Thus, engineers have tended to cooling techniques using fluids.
The coolant fluids often such as water, ethylene glycol, type of coolants
including liquid nitrogen and other cooling agents may be utilized
depending on their specific use. These fluids often possess weak property
for heat transfer and surely they will be too efficient for transfer of huge
amounts of heat. So far, scientists and researchers have carried out wide
studies about effect of suspended nanoparticles in base fluids their
findings showed improvement in heat transfer process [1–6].
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Sheikholeslami et al. [7–9] examined effect of magnetic field on nano-
fluid convection heat transfer in a semi annulus. Their finding indicate
that Nusselt number has a direct relationship whit Reynolds number
while it has reverse relationship whit the Hartmann number and Lewis
number. Sheikholeslami and Ganji [10] studied heat transfer of nano-
fluid Fe3O4-Ethylen glycol in presence of electric field. The results indi-
cated that coulomb force would increase temperature gradient.
Sheikholeslami and Ganji [11–14] studied heat transfer of nanofluid in a
porous medium in presence of magnetic field the results show Nusselt
number has a direct relationship whit Darcy number and Rayleigh
number also temperature gradient enhance with rise of Darcy number,
Rayleigh number and nanofluid mass fraction. Sheikholeslami et al.
[15–17] studied heat transfer of nanofluid in presence of magnetic field
Their finding indicate that temperature gradient enhance with rise of
Hartmann number, Eckert number while it decrease with rise of Reynolds
number results show enhance of Lorentz force causes decrease of nano-
fluid velocity and enhance of Reynolds number causes decrease of

mailto:marjan.goodarzi@tdt.edu.vn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physe.2017.11.008&domain=pdf
www.sciencedirect.com/science/journal/13869477
www.elsevier.com/locate/physe
https://doi.org/10.1016/j.physe.2017.11.008
https://doi.org/10.1016/j.physe.2017.11.008
https://doi.org/10.1016/j.physe.2017.11.008


Nomenclature

AR Microchannel aspect ratio(¼L/H)
B Dimensionless slip coefficient (¼β/h)
Da Darcy number (¼K/h2)
dp Diameter of nanoparticle (m)
F inertia coefficient
h Microchannel height (m)
H Non-dimensional microchannel height
K permeability (m2)
Pe Peclet number (¼PrRe)
q00 Heat flux, (W/m2)
Re Reynolds number (¼uch/υnf)
Pr Prandtl number (¼υnf/αnf)
Us Dimensionless slip velocity

Greek symbols
ε porosity
φ Mass fraction of nanoparticles
θs Dimensionless temperature jump

Table 1
Thermo-physical properties of FMWNT/Water at 20 �C [86].

Wt.% (FMWNT/Water) ρ (kg m�3) μ (Pa s) K (W/mk) Cp(J/kg k)

0.00 995.80 0.000980 0.59 4178
0.12 1003.00 0.000991 0.65 4178
0.25 1008.00 0.001040 0.69 4178

Table 2
Grid independence tests for Re ¼ 10 and Re ¼ 100 at φ ¼ 0.25%, B ¼ 0.001 and Da ¼ 0.1.

Grid points 500 � 25 600 � 30 700 � 35

Re ¼ 10 1.438 1.440 1.435 U(Y ¼ H/2)
Re ¼ 100 1.440 1.443 1.437 U(Y ¼ H/2)
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nanofluid velocity. Pack and Cho [18] have examined empirically be-
haviors of heat transfer in two types of fluids including with particles
with diameter smaller than one micron. In their investigation, aluminum
oxide (Al2O3) and titanium oxide (TiO2) have been used in water and the
given results indicate that Nusselt number is increased in these two types
of fluid following to rise of volumetric percent of solid particles and in-
crease in Reynolds number. Sheikholeslami and Ganji [19–26] studied
effect magnetic field on nanofluids convection heat transfer the results
show nusselt number has a direct relationship whit Reynolds number and
nanofluid mass fraction but it decreases with increase of Hartmann
number. Also it can be found that for low Rayleigh number. Li et al. [27]
explored empirically nanofluid including water and aluminum oxide.
They studied effective thermal conductivity of nanofluid at static mode.
Moreover, they used nanofluids such as aluminum oxide-water,
aluminum oxide-ethylene glycol, copper oxide-water, and copper
oxide-ethylene glycol. Their findings showed that nanofluid has intrin-
sically higher thermal conductivity than pure fluids. Similarly, with
respect to high thermal conductivity of nanofluid ethylene glycol in
which ethylene glycol serves as base fluid, it possesses higher effective
thermal conductivity. Alternately, nanofluid which includes copper oxide
possesses higher effective thermal conductivity than nanofluid that
contains aluminum oxide. Sheikholeslami et al. [28] studied heat and
mass transfer characteristic of unsteady nanofluid flow between parallel
plates in presence of magnetic field Their finding indicate that skin
friction coefficient has a direct relationship whit Hartmann number also
enhance of Hartmann number and Eckert number causes rise of Nusselt
Fig. 1. The microchannel p
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number and enhance of Squeeze number causes decrease Nusselt num-
ber. Sheikholeslami and Ganji [29] examined effect of external magnetic
source on free convection of nano fluid Fe3O4-water. The results indi-
cated that both temperature gradient and nanofluid velocity decease with
increase of Hartmann number and Nusselt number decreases with rise of
Lorentz forces while it decrease with rise of buoyancy forces. Sheikho-
leslami [30] examined influence of Lorentz forces on convection of
nanofluid Fe3O4-water. the results show that heat transfer augmentation
augments with rise of buoyancy forces and radiation parameter while it
decrease with rise of Lorentz forces. Maiga et al. [31] examined heat
transfer of nanofluid inside a tube numerically and two calm and chaotic
regimes. The result of their work indicated that rate of heat transfer in
Al2O3- ethylene glycol nanofluid was higher than in Al2O3-water. Zhu
[32] has proposed a model for effective heat transfer of nanofluid based
on the findings and Maxwell technique. Al2O3- water and nanotube was
used by him as nanofluids. The offered model showed abnormal increase
in effective thermal conductivity of oil nanofluid and nanotube as well as
nonlinear effective thermal conductivity along with amount of nanotube.
Many researchers examined effect of suspended nanoparticles in base
fluids and their impact on potential for rise of heat transfer. They studied
volumetric percent of suspended nanoparticles in base fluid as well as
kind of nanoparticles. Most of findings showed that the rise of volumetric
percent of nanoparticles in base fluid would increase potential for heat
transfer. The studies indicated type and size of nanofluids might
noticeably impact on potential for heat transfer in nanofluid [33–38].

Wu et al. [39] studied numerically flow passing through a micro-
channel under slip boundary conditions on the walls. The results showed
the presence of slip boundary conditions might be highly different from
each other in terms of behavior of flow in various areas with pressure.
Duan et al. [40] examined slip regime in a microchannel with
non-circular surface. They posited the given findings for prediction of
mass rate of flow and pressure distribution in slip regime. Zhang et al.
[41] studied on 2-D slip flow between two parallel planes analytically.
The normal differential equation may describe this problem that has been
derived using change in isotropic deformation. Based on this analysis,
Navier-Stocks equations are not appropriate under the current slip
hysical configuration.
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boundary conditions to describe flow in passing area. Rahman et al. [42]
studied two-dimensional, stable and slipping flow numerically under a
magnetic field. They utilized two different nanofluids in their work. Their
findings indicated that velocity of nanofluid was lesser than speed of base
fluid. Similarly, nanofluid flow includes thinner hydrodynamic boundary
layer and thicker thermal boundary layer than flow of base fluid. They
found this point by comparing two types of nanofluid that the rate of heat
transfer in copper-water nanofluid was greater than in aluminum
oxide-water nanofluid. Rise of heat transfer caused by increase in slip
coefficient is one of the other findings. Buonomo et al. [43] studied
natural displacement in a vertical microchannel in numerical form. Walls
of vertical microchannel in this work were put under uniform thermal
Fig. 2. Present work fully developed velocity profiles with thos

Fig. 3. Present work θ profiles with those of Karimi
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flux. They examined effect of various values of Knudson number and
Rayleigh number on temperature of walls, mass discharge of flow, ve-
locity profiles and Nusselt number. The results indicated that as Knudson
number was increased, it was added to temperature profiles and
discharge of flow while Nusselt number was decreased.

Yarmand et al. [44] explored numerically heat transfer in chaotic
regime in a quadrangular tube. Likewise, they examined effect of volu-
metric percent of nanoparticles on Nusselt number. In their survey they
used nanoparticles, CuO, ZnO, Al2O3, and SiO2. The findings have shown
that SiO2-water nanofluid has been studied for greatest Nusselt number
compared to other nanofluids. Similarly, it has been observed that
following to increase in Reynolds number and volumetric percent of solid
e of Karimipour and Afrand [84] for different values of B.

pour and Afrand [84] for different values of B.



Fig. 4. a. Present work fully developed velocity profiles with those of Teamah et al. [77]
for different Da, b. Present work fully developed velocity profiles with those of Radiom
et al. [61] for different Da, c. Variation of heat transfer coefficient with Re from present
work versus of experimental study [86] for different values of bulk temperature.
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nanoparticles, the Nusselt number was increased. Alkam et al. [45]
studied heat transfer of compressible displacement in developed area for
a channel filled with porous matter. They examined effect of Darcy
number, ratio of thermal conductivity coefficient, microscopic inertia
coefficient, and thickness (diameter) of porous layer on heat transfer. The
findings indicated that effect of Darcy number would be 1000 times
greater than for inertia coefficient and at the same time Nusselt number
might be increased in a porous medium. Alkam and Al-Mimr [46] used
porous blocks in inner walls to improve efficiency of concentric tubular
converters. Their findings showed this operation might increase heat
transfer in converters although presence of porous blocks would increase
pressure drop. Sheikholeslami [47] studied natural convection of a
CuO-water nanofluid in a permeable cavity is simulated using the Darcy
Fig. 5. a. U profiles of nanofluid at vertical centerline of microchannel (X ¼ L/2) at
φ ¼ 0.25, and Re ¼ 10 for different values of B, b. U profiles of nanofluid at vertical
centerline of microchannel (X ¼ L/2) at φ ¼ 0.25, Da ¼ 0.001 and Re ¼ 10 for different
values of B.
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law. The results indicated that Nusselt number decrease with rise of
Hartmann number and while it enhances with rise of Rayleigh number
and nanofluid mass fraction. Sheikholeslami [48,49] examine nanofluid
forced convection in existence of uniform Lorentz forces by means of
Lattice Boltzmann Method. Results show Lorentz force causes rise of heat
transfer also temperature gradient enhance with rise of Darcy number
and Rayleigh number. Sheikholeslami [50] examined Free convection of
magnetic nanofluid in a porous curved cavity. Results show that heat
transfer augmentation augments with rise of Hartmann number and
decrease with rise of Darcy number and Rayleigh number. Lorentz forces
make the enhance the thermal boundary layer thickness. Temperature
gradient enhances with increase of Rayleigh number Darcy number, and,
nanofluid mass fraction, while it decrease with rise of Hartmann number.
Mohammad [51] studied heat transfer in channel and tube under filled
and half-filled conditions in porous material. The results indicated that
the presence of porous material at the center of channel might increase
length of developed thermal area at level 50%. Alternately, at this mode
heat transfer is increased with logical ratio to rise of pressure drop.
Although use of porous medium causes pressure drop along channel, we
will observe noticeable rise in Nusselt number versus optimal thickness
in porous matter (6% of channel height). One of his other findings is
omission of inertia phrase for Darcy number lesser than 0.0001 from
equations. His studied conclusion shows the half-filled channel may
transfer heat more than in the filled channel.

Pavel and Mohammad [52] explored heat transfer in a channel under
boundary conditions with fixed and uniform flux on walls and metallic
porous material in lattice form that is placed at the center of channel in
numerical and empirical form. The study was conducted for both calm
and chaotic regimes with range of Reynolds numbers (40–1000) and the
effect porosity, diameter of porous material, thermal heat transfer con-
ductivity coefficient, and Reynolds number was explored on heat trans-
fer. Their findings indicated that under the condition when diameter of
porous material was near the diameter of channel i.e. the channel was
assumed as filled with porous material, rise of heat transfer would be
acceptable with respect to rising pressure drop. Nusselt number will be
about 5.2 times greater than one without porous medium. The re-
searchers explored many techniques to achieve empirical relations for
velocity gradient in a porous medium and comparing it with non-porous
medium. They generalized their studies in calm and chaotic regimes
through analysis of Darcy number and the range of their reliability and
Fig. 6. θ profiles of nanofluid at vertical centerline of microchannel (X ¼ L/2) at φ ¼ 0.25
and Re ¼ 10 for different values of B.
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also use if Brinkman- Forchheimer rules. Use of filled and half-filled
channels with porous material and application of porous barriers in
channels as well as their impacts on heat transfer and pressure drop were
some of important subjects noticed by researchers [53–60].

Radoim et al. [61] explored partially compressible flow of a fluid
inside channel that was filled by porous material with different values of
Darcy number and drew variance of axial velocity due to change in
Darcy's number at high speeds. Karimipour et al. [62] explored heat
transfer of copper-water nanofluid flow in a microchannel under
boundary conditions of slip velocity using lattice Boltzmann technique.
The findings indicated that addition of nanoparticles to base fluid would
lead to rise of Nusselt number. Karimipour et al. [63] examined heat
transfer of copper-water nanofluid flow in a cavity given gravitational
Fig. 7. a. Dimensionless temperature profiles, θ, at different cross sections of micro-
channel at φ ¼ 0.25 and Re ¼ 10 for different values of B, b. Dimensionless temperature
profiles, θ, at different cross sections of microchannel at φ ¼ 0.25 and Re ¼ 10 for different
values of B.



Fig. 8. a. θ profiles of nanofluid at vertical centerline of microchannel (X ¼ L/2) at
φ ¼ 0.25 B ¼ 0.1 and Re ¼ 10 for different values of Da, b. θ profiles of nanofluid at
vertical centerline of microchannel (X ¼ L/2) at φ ¼ 0.25 B ¼ 0.1 and Re ¼ 10 for different
values of Da.

Fig. 9. a. Dimensionless horizontal velocity profiles, U, at microchannel vertical center-
line at different Da for φ ¼ 0.25%, Re ¼ 10 and B ¼ 0.001, b. Dimensionless horizontal
velocity profiles, U, at microchannel vertical centerline at different Da for φ ¼ 0.25%,
Re ¼ 10 and B ¼ 0.1.

M. Nojoomizadeh et al. Physica E: Low-dimensional Systems and Nanostructures 97 (2018) 226–238
force at different angles of cavity displacement by means of lattice
Boltzmann technique. Their findings indicated that by increase in angle
in respective of horizontal axis, the effect of gravitational force would be
increased further on velocity-temperature diagram. Karimipour et al.
[64] studied heat transfer in a microchannel assuming gravitational force
assuming gravitational force by lattice Boltzmann technique. Their re-
sults showed the gravitational force in slip velocity might be effective on
lower wall. Karimipour [65] explored compressible heat transfer of
silver-water, copper-water, aluminum oxide-water nanofluids in a
microchannel under boundary conditions of slip velocity and tempera-
ture jump by means of lattice Boltzmann technique. Their findings
indicated that addition of nanoparticles would increase heat transfer in
nanofluid as well as rise in rate of temperature jump at micro-
channel input.
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It is seen that there is lack of research article concerns the slip velocity
and temperature jump boundary conditions of a nanofluidin a micro-
channel filled by a porous medium which is presented for the first time at
this work (to the best knowledge of authors).

2. Problem statement

The studied problem includes a two-dimensional microchannel with
dimensions ratio (AR ¼ L/H ¼ 20) according to Fig. 1. The given nano-
fluid contains of water and FMWNT carbon nanotubes. The cold nano-
fluid enters into microchannel at porous medium filled with porosity
(0.9) at temperature Tc¼ 293 K and constant velocity uc and after cooling



Fig. 10. aSlip velocity, Us, along the microchannel wall at different values of B for
φ ¼ 0.25% and Re ¼ 10, b. Slip velocity, Us, along the microchannel wall at different
values of B for φ ¼ 0.25%, Re ¼ 10 and Da ¼ 0.001.
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of microchannel walls which are placed at temperature TH ¼ 303 K exits
from the other end. Thermophysical properties of water-carbon nano-
tubes (FMWNT/Water) are given at fixed temperature T ¼ 20 �C ac-
cording to Table 1. The sizes of nanoparticles are almost dp ¼ 30±5 nm
after dispersion.

Slip velocity and temperature jump boundary conditions have been
also assumed on walls of microchannels. Reynolds number is considered
for input nanofluid with values of Re ¼ 10 and Re ¼ 100. The rates of
change in values of slip coefficient on walls of microchannels are also
B ¼ 0.001, B ¼ 0.01, and B ¼ 0.1 respectively. Likewise, the values of
volumetric percent in carbon nanotubes are φ ¼ 0.25%, φ ¼ 0.12%,
and φ ¼ 0.0%.
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3. Numerical procedure

In this study, finite volume method has been employed for discrete-
ness of the used governing equations and for solution of the governing
and discreteness equations of the solved area in the organized system
[68,69]. SIMPLE algorithm has been utilized to solve velocity field and
pressure [66–76]. Lesser values of parameters as number 10�8 has been
considered as convergence condition in solution of the governing discrete
equations. The second-order upwind design has been utilized for
discretion of permeability phrase and displacement of the govern-
ing equations.

3.1. Governing equations

Continuity equation:

∂
∂x

�
ρnfuc

�þ ∂
∂y

�
ρnfυc

� ¼ 0 (1)

Momentum equation in X direction:

∂
∂x

�
ρnfucuc

�þ ∂
∂y

�
ρnfvcuc

� ¼ �∂p
∂x

þ ∂
∂x

�
μnf

∂uc
∂x

�
þ ∂
∂y

�
μnf

∂uc
∂y

�

� μnfuc
K

� ρnfFffiffiffiffi
K

p jucjuc (2)

Momentum equation in Y direction:

∂
∂x

�
ρnfucvc

�þ ∂
∂x

�
ρnfvcvc

� ¼ �∂p
∂y

þ ∂
∂x

�
μnf

∂vc
∂x

�
þ ∂
∂y

�
μnf

∂vc
∂y

�
� μnfvc

K

� ρnfFffiffiffiffi
K

p jucjvc
(3)

In above equations, ρnf denotes nanofluid density, uc is momentary
component of velocity along with x- De Cartesian coordinates, vc as
momentary component of velocity along with y- De Cartesian co-
ordinates, and μnf is viscosity of nanofluid, Tc temperature of cold
nanofluid, uc is momentary component of velocity along with x- De
Cartesian coordinates, and F is adjusted Forchheimer coefficient. Simi-
larly, K is permeability coefficient of porous medium.

Energy equation:

∂
∂x

�
ρnfcnfucTc

�þ ∂
∂y

�
ρnfcnfucTc

� ¼ ∂
∂x

�
ke
∂Tc

∂x

�
þ ∂
∂y

�
ke
∂Tc

∂y

�
(4)

In above equation, cnf denotes specific heat capacity of nanofluid and
Ke is effective thermal conductivity coefficient. Equations (1)–(4) should
be written dimensionless to examine the results.

∂
∂X

ðUÞ þ ∂
∂Y

ðVÞ ¼ 0 (5)

∂
∂X

ðUUÞ þ ∂
∂Y

ðVUÞ ¼ �∂P
∂X

þ ∂
∂X

�
∂U
∂X

�
þ ∂
∂Y

�
∂U
∂Y

�
� U
DaRe

� Fffiffiffiffiffiffi
Da

p jUjU (6)

∂
∂X

ðUVÞ þ ∂
∂Y

ðVVÞ ¼ �∂P
∂Y

þ ∂
∂X

�
∂V
∂X

�
þ ∂
∂Y

�
∂V
∂Y

�
� V
DaRe

� Fffiffiffiffiffiffi
Da

p jUjV (7)

∂
∂X

ðUθÞ þ ∂
∂Y

ðVθÞ ¼ 1
Pe

�
∂2θ
∂X2

�
þ 1
Pe

∂
∂Y

�
∂θ
∂Y

�
(8)

Da denotes Darcy number and Pe is Peclet number in above equation.



Fig. 11. a. Temperature jump, θs, along the microchannel wall at different values of B for
φ ¼ 0.25% and Re ¼ 10, b. Temperature jump, θs, along the microchannel wall at different
values of B for φ ¼ 0.25% and Re ¼ 10 at Da ¼ 0.001.
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Non-dimensionality of all above equations has been defined accord-
ing to properties of nanofluid and also dimensionless parameters have
been utilized in Equations (1)–(8) as follows:

X ¼ x
h
; Y ¼ y

h
; U ¼ u

uc
; V ¼ v

uc
; P ¼ p

ρnf u2c
;H ¼ h

h
¼ 1 ;L ¼ l

H

¼ 20 θ ¼ T� TC

TH � TC
; Re ¼ ρnf uch

μnf
; Pr ¼ υnf

αnf
Pe ¼ RePr;

(9)

With respect to thermal equilibrium among porous medium and
nanofluid, the effective hear transfer coefficient ke can be calculated by
the following equation [77,78].
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Ke ¼ εKf þ ð1� εÞKs (10)
3.2. Darcy's law

The flow has been already noticed and studied in porous media and
the given results have been presented as different models to describe
fluid flow inside porous medium. Thermal and hydraulic effects are
considered as two important subjects in analysis of flow in porous me-
dium. The first investigation was carried out by Darcy [79] and Darcy's
law was recorded under his title. Targui et al. [80] added constant
reciprocal proportion to Darcy's law where this constant is called
permeability and it is a criterion for fluid resistance when passing
through a porous medium. Darcy's law has been defined as follows.

dp
dx

¼ μ
k
u (11)

Where dp
dx denotes pressure gradient, uc is average velocity, μ as dynamic

viscosity of fluid, and K is permeability of porous medium. Darcy's law is
applicable only when value of Reynolds number for flow is low and
viscosity and compressive forces prevail. In fact, this equation is only
restricted to low-speed flow and saturated media with low-porosity. The
porosity is one of the parameters in porous medium that is defined
as follows:

ε ¼ Empty volume inside porous medium
Total volume of porous medium

(12)

ε ¼
�
0< ε<1 porous medium
1 Fluid

(13)

Following to increase of Reynolds number, inertia phrase will impact
on momentum equation and Darcy's equation will be biased. Under all
studied conditions, axial pressure drop includes two phrases in which
when is linear velocity function (viscous) and the other is quadratic
equation of velocity (inertia). The second phrase is Forchheimer adjust-
ment to Darcy's law.

dp
dx

¼ μ
k
uþ CFρu2ffiffiffiffi

K
p (14)

In above equation, F denotes coefficient of inertia and ρ is
fluid density.
3.3. Hydrodynamic boundary conditions

The no-slip condition of is the simplest boundary conditions at
macroscopic scale that denotes a fluid adjacent to solid surface possesses
the same velocity of surface. Recently, researchers have shown that no-
slip boundary condition may not be appropriate to flow in channels at
micro scale since compared at micro scale; the flow of a fluid may differ
from flow at macro scale. In fact, there is regional wall in slip regimes at
neighborhood in which fluid molecules are fluctuated. Therefore, Navier-
Stocks equation will be applicable only by consideration of slip boundary
condition. To solve slip velocity, Ls,uwall, and ufluid will be defined
respectively as slip length, wall velocity, and fluid velocity [81]:

Δuwall ¼ ufluidðy→wallÞ � uwall ¼ Ls
∂ufluidðyÞ

∂y

����
wall

(15)

As a result, nanofluid slip velocity (Ls) is computed on mobile wall as
follows [82]:

us ¼ ±β
∂u
∂y

����
y¼0;h

(16)

In above equation, parameter β is called slip coefficient and



Fig. 12. a. NuX along the microchannel wall at different values of B for φ ¼ 0.25% and
Re ¼ 10, b. NuX along the microchannel wall at different values of Da for φ ¼ 0.25% and
Re ¼ 10 at B ¼ 0.1, c. NuX along the microchannel wall at different values of Da for
φ ¼ 0.25% and Re ¼ 100 at B ¼ 0.1.
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dimension form of Equation (16) is defined as follows:

Us ¼ ±B
∂U
∂Y

����
y¼0;1

(17)

where, B ¼ β
h is called the dimensionless slip coefficient.

3.4. Thermal boundary conditions

The presence of slip conditions near the walls may cause different
temperature in fluid adjacent to walls compared to wall temperature.
Given temperature of walls of microchannels has been assumed as fixed
in this study; this effect will be visible more. The effect of temperature
jump can be modeled in this study similar to Equation (15). Temperature
jump is defined along with wall of microchannel as follows [83].

ΔTwall ¼ Tfluidðy→wallÞ � Twall ¼ ξ
∂TfluidðyÞ

∂T

����
wall

(18)

θ� θwall ¼ ±
B
Pr

∂θ
∂Y

����
y¼0;1

(19)

Given that cool fluid has entered into microchannel at constant
temperature and also condition of fixed temperature also satisfies for
warm wall in microchannel θwall ¼ 0; therefore, Equation (19) will be
shown for value of temperature jump as follows.

θs ¼ abcðθ� θwallÞ (20)

Other dimensionless boundary conditions are also shown as fol-
lows [84]:

U ¼ 1; V ¼ 0 and θ ¼ 0 for X ¼ 0 and 0 � Y � 1

V ¼ 0 and
∂U
∂X

¼ ∂θ
∂X

¼ 0 for X ¼ 20 and 0 � Y � 1 (21)

V ¼ 0; Us ¼ B
∂U
∂Y

; θs ¼ B
Pr

∂θ
∂Y

����
y¼0;1

and for Y ¼ 0 and 0 � X � 20

V ¼ 0; Us ¼ B
∂U
∂Y

; θs ¼ B
Pr

∂θ
∂Y

����
y¼0;1

and for Y ¼ 1 and 0 � X � 20

Nusselt number:

ðNuxÞlower wall ¼ �Ke

Kf

�
∂θ
∂Y

�
Y¼0

(22)

ðNuxÞupper wall ¼
Ke

Kf

�
∂θ
∂Y

�
Y¼1

(23)

λ is the convection heat transfer coefficient [85]:

λ ¼ q"

Ts � Tc
(24)

4. Results

4.1. Grid independency

Table 2 shows values of number to nanofluid velocity among micro-
channel for three meshing models in different meshes (500 � 25,
600 � 30, and 700 � 35) and for Re ¼ 10 at φ ¼ 0.12% and B ¼ 0.001. It
is seen there is small difference between meshes in the given results.
Consequently, mesh (600 � 30) has been selected to continue
calculations.



Fig. 13. a. Isotherms at φ ¼ 0.25%, B ¼ 0.1 non porous and different values of Da for Re ¼ 10, b. Isotherms at φ ¼ 0.25%, B ¼ 0.1 non porous and different values of Da for Re ¼ 100.
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To validate the conducted operation, velocity profiles of copper-water
nanofluid are shown inside a microchannel at φ ¼ 0.4% and Re ¼ 10
based on findings from Karimipour and Afrand [78] in Fig. 2. Similarly,
Fig. 3 indicates temperature profile in vertical axis at the middle of
microchannel under conditions of φ¼ 0.4% and Re¼ 10. Karimipour and
Afrand have studied numerically on compressible displacement of calm
flow of nanofluid in a microchannel. Likewise, profiles of air velocity
inside a channel have been compared at different Darcy values with the
findings of Mohammad [53] in Fig. 4a. Mohammad has studied numer-
ically compressible displacement of calm air flow through a half-filled
channel with porous material. More validation is presented versus
those of Ref. [61] concerned numerical calculation of air flow through an
open channel linked to a porous media for Da ¼ 0.01 and Da ¼ 0.0001in
Fig. 4b. The achievements are similar in a suitable way.

Heat transfer coefficient of convection in a horizontal tube filled by
water/FMWCNT nanofluid at φ ¼ 0.12% was compared with those of
Amrollahi et al. [86] in Fig. 4c. Amrollahi et al. experimentally measured
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convective heat transfer coefficient of 0.12 wt% nanofluids to that of base
fluid in entrance region of laminar and turbulent flow as a function of
Reynolds number in different temperatures. Reynolds number was cho-
sen in the wide range of 1592 � Re � 4778.

4.2. Analysis of effect of slip coefficient and Darcy number

Fig. 5a indicates impact of various values of slip coefficient along with
vertical axis at the middle of microchannel at φ ¼ 0.25% and Re ¼ 10 in
the absence of porous medium. Due to presence of slip boundary con-
ditions on walls, nanofluid possesses velocity on the walls and rate of
velocity of walls is added by increase in slip coefficient.

In Fig. 5b similar to Fig. 5a, velocity profile has been shown along
with vertical axis at the middle of microchannel at φ ¼ 0.25%;
Da ¼ 0.001, and Re ¼ 10. Due to slip boundary conditions on walls,
nanofluid possesses certain velocity on the walls in which by addition to
slip coefficient, value of slip velocity is also increased on the walls. Here



Fig. 14. NuX along the microchannel wall at different values of ϕ for B ¼ 0.1, Re ¼ 100
and Da ¼ 0.001.
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due to presence of porous medium, velocity profile will not become
parabolic form and also rate of slip velocity will be increased near
the wall.

Fig. 6 shows effect of slip coefficient on temperature profiles along
with vertical axis in the middle of microchannel at φ ¼ 0.25% and
Re ¼ 10 in the absence of porous medium. Due to presence of slip
boundary conditions on the walls, nanofluid possesses velocity on the
walls and such slip may prevent from exchange of total heat of nanofluid
with microchannel walls. Thus, it is observed as slip coefficient is added,
the rate of temperature difference is increased in microchannel walls.

Fig. 7a shows dimensionless temperature profile along with vertical
axes in different cross-sections of microchannel at φ ¼ 0.25%, B ¼ 0.1,
and Re ¼ 10 and in the absence of porous medium. As it observed,
following to rise in X-value, nanofluid temperature rate is added along
microchannel and nanofluid temperature approaches to temperature of
walls. Nanofluid temperature at section (X ¼ 0.8 L) has further
approached to temperature of walls than in section (X¼ 0.2 L). Similarly,
temperature jump is more effective at input of microchannel and it is
decreased with rising X-value.

Fig. 7b indicates dimensionless temperature profile along with ver-
tical axis in different sections of microchannel at φ ¼ 0.25%, B ¼ 0.001,
and Re¼ 10 and in the absence of porous medium. One can observe effect
of slip coefficient on dimensionless temperature profile by comparing of
Fig. 7a with Fig. 7b. As it seen, rise of slip coefficient causes increase in
temperature jump and this increase rate is at maximum level in micro-
channel input at section (X ¼ 0.2 L). The effect of slip coefficient on
temperature jump is decreased as rate of fluid advancement is increased
in microchannel.

Fig. 8a shows dimensionless temperature profile along with vertical
axis in the middle of microchannel at φ ¼ 0.25% and Re ¼ 10 and for
different Darcy's values. Due to presence of porous medium and higher
thermal equilibrium among nanofluid and microchannel walls caused by
reduced permeability effect, and subsequently decreased velocity of
fluid, temperature profiles are more uniform than Da ¼ 0.1. The presence
of porous medium has caused lessening temperature jump. Through
comparison among Fig. 8a and b the rate of temperature jump is revealed
further near the microchannel walls following to rise of slip coefficient.

In Fig. 9a, effect of various Darcy's values are shown on velocity
profile along with vertical axis in the middle of microchannel at
φ ¼ 0.25%, B ¼ 0.001, and Re ¼ 10. Microchannel exists from parabolic
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form following to decrease in Darcy's number for velocity along with
vertical axis at the middle of microchannel and the maximum value of
nanofluid velocity is reduced on vertical axis.

The impact of slip coefficient is visible on dimensionless velocity
profile in comparison of Fig. 9a with Fig. 9b. The slip velocity is added
near the walls by increase in slip coefficient and with respect to mass-
energy conservation principle velocity is increased along with horizon-
tal axis. Likewise, presence of porous medium will increase slip velocity
near the walls.

Fig. 10a indicates the effect of slip coefficient along microchannel at
φ ¼ 0.25% and Re ¼ 10 and in the absence of porous medium. With
respect to the diagram, it is seen the slip velocity is at maximum level
near the wall at microchannel input and it is reduced very slightly from
input wall of microchannel by rise of X and then it approaches to a fixed
level. We may conclude from comparison of Fig. 10b with Fig. 10a that
the presence of porous medium with low permeability or in other words
reduction in Darcy number causes difference between values of slip ve-
locity for various slip coefficients as well as reduced input length to slip
velocity to achieve constant value.

Fig. 11a and b indicate diagram of temperature jump along with
microchannel wall. The temperature jump is at maximum level in
microchannel input and then it is reduced with gradient proportional to
slip coefficient and finally it approaches to a fixed value. As slip coeffi-
cient is added, the rate of temperature jump is also increased. As it seen,
the value of temperature jump is greater for slip coefficient B ¼ 0.1 than
B ¼ 0.001. Darcy's effect has been shown on temperature jump value in
Fig. 11b. Following to decrease in permeability gradient of diagram is
increased further and value of temperature jump is reduced more quickly
along with microchannel compared to in a state without porous medium.

4.3. Effect of Reynolds, Darcy, and volumetric percent of carbon nanotubes

As we know, analysis of local Nusselt values along with microchannel
wall is one of the methods to examine heat transfer mechanism. The rate
of local Nusselt number is at maximum level in microchannel input
because of the maximum difference in temperature among nanofluid and
microchannel walls and it is reduced along with microchannel by rise of
X and it approaches to a fixed level. Fig. 12a and b indicate local Nusselt
diagram for various slip coefficients and Darcy number. As it identified in
Fig. 12a, rise of slip coefficient in the absence of porous medium has
caused increase in value of local Nusselt number and in Fig. 12b, local
Nusselt number will be increased by reducing Darcy number.

Fig. 12b and c indicate local Nusselt number is reduced more quickly
at lower Reynolds numbers and this is because of lower velocity of flow
and therefore nanofluid may have longer time to exchange heat transfer
with microchannel walls and its temperature approaches more rapidly to
temperature in microchannel walls. By comparing Fig. 12a and b it is
seen that presence of porous medium and reduction of Darcy number will
increase local Nusselt number. Fig. 13a and Fig. 13b shows nanofluid
temperature contours for different Reynolds values along with micro-
channel. Rise of Reynolds number causes nanofluid to have lesser op-
portunity for heat exchange with microchannel walls. Thus, nanofluid
will achieve thermal development later. On the other hand, by comparing
Fig. 13a with Fig. 13b, we find out that the effect of porous media and
Darcy number on the rate of heat.

In Fig. 14, effect of volumetric percent has been shown in carbon
nanotubes added to base fluid. 12% increase in carbon nanotubes will
have not too effect on rise of local Nusselt value but rise of carbon
nanotubes up to 0.25% will noticeably increase local Nusselt value.

5. Conclusion

The subjects of heat transfer, compressible displacement of nanofluid
composed of water and carbon nanotube particles (FMWNT) in a 2-D
microchannel were numerically examined. Microchannel walls are
placed at fixed temperature and higher than nanofluid input
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temperature. Likewise, the slip velocity and temperature jump boundary
conditions have been designated along with the walls. Microchannel has
been filled totally by a porous medium.

The studies indicated that local Nusselt number was more quickly
reduced at lower Reynolds numbers and this may be due to low velocity
of flow and therefore nanofluid may have more time for exchange of heat
transfer with microchannel walls and its temperature would approach
more rapidly to temperature of microchannel walls. Nanofluid velocity is
increased as Reynolds number is added and therefore the shorter time is
needed for heat transfer among nanofluid and walls and it causes in-
crease in local Nusselt number. Similarly, reduced permeability will lead
to rise of local Nusselt number. Also slip coefficient is assumed as one of
efficient parameters in rise of local Nusselt number. In this survey, rise of
slip coefficient will cause increase in local Nusselt number. Thus, the rate
of increase will be further in local Nusselt number for higher Reynolds
numbers and in lower Darcy numbers with greater slip coefficient. Local
Nusselt number is increased by addition at level 0.25 in volumetric
percent of nanoparticles. Thus, under the same conditions, Darcy number
will causes increase in local Nusselt number. The phenomenon of tem-
perature jump is visible at microchannel input and near the walls.
Temperature jump is increased due to rise of slip coefficient and in
contrast it is decreased by reducing Darcy number.

References

[1] A.S. Shamshirband, A. Malvandi, A. Karimipour, M. Goodarzi, M. Afrand,
D. Petkovi�c, M. Dahari, N. Mahmoodian, Performance investigation of micro- and
nano-sized particle erosion in a 90� elbow using an ANFIS model, Powder Technol.
284 (2015) 336–343.

[2] S. Saedodin, A. Asadi, A. Karimipour, Thermal conductivity and viscosity of Mg
(OH) 2-ethylene glycol nanofluids, J. Therm. Anal. Calorim. 120 (2015)
1145–1149.

[3] M. Afrand, Experimental study on thermal conductivity of ethylene glycol
containing hybrid nano-additives and development of a new correlation, Appl.
Therm. Eng. 110 (2017) 1111–1119.

[4] M. Goodarzi, A.S. Kherbeet, M. Afrand, E. Sadeghinezhad, M. Mehrali, P. Zahedi,
S. Wongwises, M. Dahari, Investigation of heat transfer performance and friction
factor of a counter-flow double-pipe heat exchanger using nitrogen-doped,
graphene-based nanofluids, Int. Commun. Heat Mass Transf. 76 (2016) 16–23.

[5] D. Toghraie, M. Mokhtari, M. Afrand, Molecular dynamic simulation of copper and
platinum nanoparticles Poiseuille flow in a nanochannels, Phys. E Low-dimensional
Syst. Nanostruct. 84 (2016) 152–161.

[6] E. Dardan, M. Afrand, A.M. Isfahani, Effect of suspending hybrid nano-additives on
rheological behavior of engine oil and pumping power, Appl. Therm. Eng. 109
(2016) 524–534.

[7] M. Sheikholeslami, M.M. Rashidi, D.D. Ganji, Numerical investigation of magnetic
nanofluid forced convective heat transfer in existence of variable magnetic field
using two phase model Particles, J. Mol. Liq. 212 (2015) 117–126.

[8] M. Sheikholeslami, M.M. Rashidi, D.D. Ganji, Effect of non-uniform magnetic field
on forced convection heat transfer of Fe3O4- water nanofluid, Comput. Methods
Appl. Mech. Eng. 294 (2015) 299–312.

[9] M. Sheikholeslami, D.D. Ganji, M.M. Rashidi, Ferrofluid flow and heat transfer in a
semi annulus enclosure in the presence of magnetic source considering thermal
radiation, J. Taiwan Inst. Chem. Eng. 47 (2015) 6–17.

[10] M. Sheikholeslami, D.D. Ganji, Impact of electric field on nanofluid forced
convection heat transfer with considering variable properties, J. Mol. Liq. 229
(2017) 566–573.

[11] M. Sheikholeslami, D.D. Ganji, Numerical analysis of nanofluid transportation in
porous media under the influence of external magnetic source, J. Mol. Liq. 233
(2017) 499–504.

[12] M. Sheikholeslami, D.D. Ganji, Numerical approach for magnetic nanofluid flow in
a porous cavity using CuO nanoparticles, Mater. Des. 120 (2017) 382–393.

[13] M. Sheikholeslami, Z. Ziabakhsh, D.D. Ganji, Transport of Magnetohydrodynamic
nanofluid in a porous media, Colloids Surf. A Physicochem. Eng. Asp. 520 (2017)
201–212.

[14] M. Sheikholeslami, D.D. Ganji, Transportation of MHD nanofluid free convection in
a porous semi annulus using numerical approach, Chem. Phys. Lett. 669 (2017)
202–210.

[15] M. Sheikholeslami, M. Nimafar, D.D. Ganji, Nanofluid heat transfer between two
pipes considering Brownian motion using AGM, Alex. Eng. J. 56 (2017) 277–283.

[16] M. Sheikholeslami, M.T. Mustafa, D.D. Ganji, Effect of Lorentz forces on forced-
convection nanofluid flow over a stretched surface, Particuology 26 (2016)
108–113.

[17] M. Sheikholeslami, S. Soleimani, D.D. Ganji, Effect of electric field on hydrothermal
behavior of nanofluid in a complex geometry, J. Mol. Liq. 213 (2016) 153–161.

[18] B.C. Pak, Y.I. Cho, Hydrodynamic and heat transfer of dispersed fluid with
submicron metallic oxide Particles, Exp, Heat. Transf. 11 (1998) 151–170.
237
[19] M. Sheikholeslami, D.D. Ganji, Three dimensional heat and mass transfer in a
rotating system using nanofluid, Powder Technol. 253 (2014) 789–796.

[20] M. Sheikholeslami, D.D. Ganji, Heat transfer of Cu-water nanofluid flow between
parallel plates, Powder Technol. 235 (2013) 873–879.

[21] M. Sheikholeslami, D.D. Ganji, Numerical investigation of nanofluid transportation
in a curved cavity in existence of magnetic source, Chem. Phys. Lett. 667 (2017)
307–316.

[22] M. Sheikholeslami, D.D. Ganji, Numerical Nanofluid hydrothermal behavior in
existence of Lorentz forces considering Joule heating effect, J. Mol. Liq. 224 (2016)
526–537.

[23] M. Sheikholeslami, D.D. Ganji, Influence of magnetic field on CuO-H2O nanofluid
flow considering Marangoni boundary layer, Hydrog. Energy 42 (2017)
2748–2755.

[24] M. Sheikholeslami, D.D. Ganji, Nanofluid flow and heat transfer between parallel
plates considering Brownian motion using DTM, Comput. Methods Appl. Mech.
Eng. 283 (2015) 651–663.

[25] M. Sheikholeslami, D.D. Ganji, Nanofluid Entropy generation of nanofluid in
presence of magnetic field using Lattice Boltzmann method, Phys. A 417 (2015)
273–286.

[26] M. Sheikholeslami, D.D. Ganji, Ferrohydrodynamic and magnetohydrodynamic
effects on ferrofluid flow and convective heat transfer, Energy 75 (2014) 400–410.

[27] S. Lee, S.U.S. Choi, S. Li, J.A. Eastman, Measuring thermal conductivity of fluid
containing oxide nanoparticles, Int. J. ASME 121 (1999) 280–288.

[28] M. Sheikholeslami, D.D. Ganji, M.M. Rashidi, Magnetic field effect on unsteady
nanofluid flow and heat transfer using Buongiorno model, J. Magn. Magn. Mater.
416 (2016) 164–173.

[29] M. Sheikholeslami, D.D. Ganji, Free convection of Fe3o4-water nanofluid under the
influence of an external magnetic source, J. Mol. Liq. 229 (2017) 530–540.

[30] M. Sheikholeslami, Magnetic field influence on nanofluid thermal radiation in a
cavity with tilted elliptic inner cylinder, J. Mol. Liq. 229 (2017) 137–147.

[31] S.E. Maiga, C.T. Nguyen, N. Galanis, G. Roy, Heat transfer behaviors of nanofluids
in a uniformly heated tube, Superlattices Microstruct. 35 (2004) 543–557.

[32] Q.Z. Xue, Model for effective thermal conductivity of nanofluids, Phys. Lett. A 307
(2003) 313–317.

[33] B.X. Wang, L.P. Zhou, X.F. Peng, A fractal model predicting the effective thermal
conductivity of liquid with suspension of nanoparticles, Int. J. Heat Mass Transf. 46
(2003) 2665–2672.

[34] Y. Xuan, W. Roetzel, Conception for heat transfer correlation of Nanofluids, Int. J.
Heat. Mass Transf. 43 (2000) 3701–3707.

[35] C.K. Mangrulkar, V.M. Kriplani, Nanofluid heat transfer-a review, Int. J. Eng.
Technol. 3 (2013) 136–142.

[36] K. Anoop, R. Sadr, J. Yu, S. Kang, S. Jeon, D. Banerjee, Experimental study of forced
convective heat transfer of nanofluids in a microchannel, Int. Commun. Heat Mass
Transf. 39 (2012) 1325–1330.

[37] M.A. Ahmed, N.H. Shuaib, M.Z. Yusoff, Numerical investigations on the heat
transfer enhancement in a wavy channel using Nanofluid, Int. J. Heat Mass Transf.
55 (2012) 5891–5898.

[38] W. Yu, S.U.S. Choi, The role of interfacial layers in the enhanced thermal
conductivity of nanofluids: a renovated Maxwell model, J. Nanoparticle Res. 5
(2003) 167–171.

[39] Y.H. Wu, B. Wiwatanapataphee, M. Hu, Pressure-driven transient flows of
Newtonian fluids through microtubes with slip boundary, Phys. A Stat. Mech. Appl.
387 (2008) 5979–5990.

[40] Z. Duan, Y.S. Muzychka, Slip flow in non-circular microchannels, Micro fluid
Nanofluid 3 (2007) 473–484.

[41] T. Zhang, L. Jia, Z. Wang, Validation of Navier–Stokes equations for slip flow
analysis within transition region, Int. J. Heat Mass Transf. 51 (2008) 6323–6327.

[42] M.M. Rahman, M.A. Al-Lawatia, I.A. Eltayeb, N. Al-Salti, Hydromagnetic slip flow
of water based nanofluids past a wedge with convective surface in the presence of
heat generation(or) absorption, Int. J. Therm. Sci. 57 (2012) 172–182.

[43] B. Buonomo, O. Manca, Transient natural convection in a vertical microchannel
heated at uniform heat flux, Int. J. Therm. Sci. 56 (2012) 35–47.

[44] H. Yarmand, S. Gharehkhani, S.N. Kazi, E. Sadeghinezhad, M.R. Safaei, Numerical
investigation of heat transfer enhancement in a rectangular heated pipe for
turbulent nanofluid, Sci. World J. 2014 (2014), 369593, 9 pages.

[45] M. Alkam, M. Al-Nimr, M. Hamdan, Enhancing heat transfer in parallel-plate
channels by using porous inserts, Int. J. Heat Mass Transf. 44 (5) (2001) 931–938.

[46] M. Alkam, M. Al-Nimr, Improving the performance of double-pipe heat exchangers
by using porous substrates, Int. J. Heat Mass Transf. 42 (19) (1999) 3609–3618.

[47] M. Sheikholeslami, Nanofluid CuO-water nanofluid free convection in a porous
cavity considering Darcy law, Eur. Phys. J. Plus 7 (2017) 2011–2017.

[48] M. Sheikholeslami, Magnetohydrodynamic nanofluid forced convection in a porous
lid driven cubic cavity using Lattice Boltzmann method, J. Mol. Liq. 231 (2017)
555–565.

[49] M. Sheikholeslami, Influence of magnetic field on nanofluid free convection in an
open porous cavity by means of Lattice Boltzmann method, J. Mol. Liq. 234 (2017)
364–374.

[50] M. Sheikholeslami, Numerical simulation of magnetic nanofluid natural convection
in porous media, Phys. Lett. A 381 (2017) 494–503.

[51] A. Mohamad, Heat transfer enhancements in heat exchangers fitted with porous
media Part I: constant wall temperature, Int. J. Therm. Sci. 42 (2003) 385–395.

[52] B.I. Pavel, A.A. Mohamad, An experimental and numerical study on heat transfer
enhancement for gas heat exchangers fitted with porous media, Int. J. Heat Mass
Transf. 47 (2004) 4939–4952.

http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref1
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref2
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref2
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref2
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref2
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref3
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref3
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref3
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref3
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref4
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref4
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref4
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref4
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref4
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref5
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref5
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref5
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref5
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref6
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref6
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref6
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref6
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref7
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref7
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref7
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref7
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref8
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref8
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref8
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref8
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref9
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref9
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref9
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref9
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref10
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref10
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref10
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref10
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref11
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref11
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref11
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref11
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref12
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref12
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref12
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref13
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref13
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref13
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref13
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref14
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref14
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref14
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref14
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref15
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref15
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref15
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref16
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref16
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref16
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref16
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref17
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref17
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref17
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref18
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref18
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref18
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref19
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref19
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref19
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref20
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref20
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref20
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref21
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref21
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref21
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref21
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref22
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref22
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref22
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref22
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref23
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref23
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref23
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref23
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref23
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref24
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref24
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref24
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref24
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref25
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref25
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref25
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref25
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref26
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref26
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref26
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref27
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref27
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref27
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref28
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref28
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref28
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref28
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref29
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref29
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref29
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref29
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref30
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref30
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref30
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref31
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref31
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref31
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref32
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref32
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref32
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref33
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref33
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref33
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref33
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref34
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref34
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref34
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref35
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref35
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref35
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref36
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref36
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref36
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref36
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref37
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref37
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref37
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref37
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref38
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref38
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref38
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref38
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref39
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref39
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref39
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref39
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref40
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref40
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref40
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref41
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref41
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref41
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref41
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref42
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref42
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref42
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref42
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref43
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref43
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref43
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref44
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref44
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref44
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref45
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref45
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref45
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref46
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref46
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref46
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref47
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref47
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref47
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref48
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref48
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref48
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref48
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref49
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref49
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref49
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref49
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref50
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref50
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref50
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref51
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref51
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref51
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref52
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref52
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref52
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref52


M. Nojoomizadeh et al. Physica E: Low-dimensional Systems and Nanostructures 97 (2018) 226–238
[53] Z.F. Huang, A. Nakayama, K. Yang, C. Yang, W. Liu, Enhancing heat transfer in the
core flow by using porous medium insert in a tube, Int. J. Heat Mass Transf. 53
(2010) 1164–1174.

[54] R. Nebbali, K. Bouhadef, Non-Newtonian fluid flow in plane channels: heat transfer
enhancement using porous blocks, Int. J. Therm. Sci. 50 (2011) 1948–1995.

[55] P.X. Jiang, X.C. Lu, Numerical simulation and theoretical analysis of thermal
boundary characteristics of convection heat transfer in porous media, Int. J. Heat
Fluid Flow 28 (2007) 1144–1156.

[56] N. Targui, H. Kahalerras, Analysis of fluid flow and heat transfer in a double pipe
heat exchanger with porous structures, Energy Convers. Manag. 49 (2008)
3217–3229.

[57] G.S. Beavers, D.D. Joseph, Boundary conditions at naturally permeable wall,
J. Fluid Mech. 36 (1967) 711–714.

[58] J.Y. Jang, J.L. Chen, Forced convection in a parallel plate channel partially filled
with a high porosity medium, Internat.Commun. Heat Mass Trans. 19 (1992)
263–273.

[59] S. Chikh, A. Boumedien, K. Bouhadef, G. Lauriat, Analytical solution of non-Darcian
forced convection in an annular duct partially filled with a porous medium, Int. J.
Heat. Mass Trans. 38 (1995) 1543–1551.

[60] P.X. Jiang, Z.P. Ren, Numerical investigation of forced convection heat transfer in
porous media using a thermal non-equilibrium model, Int. J. Heat Fluid Flow 22 (1)
(2001) 102–110.

[61] M. Radiom, M. Khakbaz, M.J. Kermani, Numerical and analytical calculation of air
flow through an open channel linked to a porous media, in: 15th Annual Conference
of the CFD Society of Canada, May, 2007, pp. 27–31.

[62] A. Karimipour, A. HosseinNezhad, A. D'Orazio, M. HemmatEsfe, M. Safaei,
E. Shirani, Simulation of copper–water nanofluid in a microchannel in slip flow
regime using the lattice Boltzmann method, Eur. J. Mech. - B Fluids Part A 49
(2015) 89–99.

[63] A. Karimipour, M.H. Esfe, M.R. Safaei, D.T. Semiromi, S. Jafari, S.N. Kazi, Mixed
convection of copper–water nanofluid in a shallow inclined lid driven cavity using
the lattice Boltzmann method, Phys. A Stat. Mech. Appl. 402 (2014) 150–168.

[64] A. Karimipour, A. HosseinNezad, A.D. Orazio, E. Shirani, Investigation of the
gravity effects on the mixed convection heat transfer in a microchannel using lattice
Boltzmann method, Int. J. Therm. Sci. 54 (2012) 142–152.

[65] A. Karimipour, New correlation for Nusselt number of nanofluid with Ag/Al2O3/Cu
nanoparticles in a micro channel considering slip velocity and temperature jump by
using lattice Boltzmann method, Int. J. Therm. Sci. 91 (2015) 146–156.

[66] A. Karimipour, M. Afrand, M. Akbari, M.R. Safaei, Simulation of fluid flow and heat
transfer in the inclined enclosure, Int. J. Mech. Aerosp. Eng. 6 (2012) 86–91.

[67] M. Afrand, S. Farahat, A.H. Nezhad, G.A. Sheikhzadeh, F. Sarhaddi, S. Wongwises,
Multi-objective optimization of natural convection in a cylindrical annulus mold
under magnetic field using particle swarm algorithm, Int. Commun. Heat Mass
Transf. 60 (2015) 13–20.

[68] M. Goodarzi, M.R. Safaei, A. Karimipour, K. Hooman, M. Dahari, S.N. Kazi,
E. Sadeghinezhad, Comparison of the finite volume and lattice Boltzmann methods
for solving natural convection heat transfer problems inside cavities and enclosures,
Abstr. Appl. Anal. 2014 (2014), 762184, 15 pages, https://doi.org/10.1155/2014/
762184.
238
[69] M.R. Safaei, B. Rahmanian, M. Goodarzi, Numerical study of laminar mixed
convection heat transfer of power-law non-newtonian fluids in square enclosures by
finite volume method, Int. J. Phys. Sci. 33 (2011) 7456–7470.

[70] M. Goodarzi, M.R. Safaei, Hakan F. Oztop, E. Sadeghinezhad, M. Dahari, S.N. Kazi,
Numerical study of entropy generation due to coupled laminar and turbulent mixed
convection heat transfer and thermal radiation in a square enclosure filled with a
semitransparent medium, Sci. World J. (2014) (2014), 761745, 8 pages.

[71] M. Afrand, S. Farahat, A.H. Nezhad, G.A. Sheikhzadeh, F. Sarhaddi, Numerical
simulation of electrically conducting fluid flow and free convective heat transfer in
an annulus on applying a magnetic field, Heat Transf. Res. 45 (2014) 749–766.

[72] M. Mahmoodi, M. Hemmat Esfe, M. Akbari, A. Karimipour, M. Afrand, Magneto-
natural convection in square cavities with a source-sink pair on different walls, Int.
J. Appl. Electromagn. Mech. 47 (2015) 21–32.

[73] M. Afrand, S. Farahat, A.H. Nezhad, G.A. Sheikhzadeh, F. Sarhaddi, 3-D numerical
investigation of natural convection in a tilted cylindrical annulus containing molten
potassium and controlling it using various magnetic fields, Int. J. Appl.
Electromagn. Mech. 46 (2014) 809–821.

[74] M. Afrand, S. Rostami, M. Akbari, S. Wongwises, M.H. Esfe, A. Karimipour, Effect of
induced electric field on magneto-natural convection in a vertical cylindrical
annulus filled with liquid potassium, Int. J. Heat Mass Transf. 90 (2015) 418–426.

[75] M. Afrand, D. Toghraie, A. Karimipour, S. Wongwises, A numerical study of natural
convection in a vertical annulus filled with gallium in the presence of magnetic
field, J. Magn. Magn. Mater. 430 (2017) 22–28.

[76] M. Afrand, Using a magnetic field to reduce natural convection in a vertical
cylindrical annulus, Int. J. Therm. Sci. 118 (2017) 12–23.

[77] M.A. Teamah, W.M. El-Maghlany, M.M.K. Dawood, Numerical simulation of
laminar forced convection in horizontal pipe partially or completely filled with
porous material, Int. J. Therm. Sci. 50 (2011) 1512–1522.

[78] D.A. Nield, A. Bejan, Convection in Porous Media, second ed., Springer, 1999.
[79] K. Vafai, Handbook of Porous Media, Crc Press, 2005.
[80] N. Targui, H. Kahalerras, Analysis of fluid flow and heat transfer in a double pipe

heat exchanger with porous structures, Energy Convers. Manag. 49 (11) (2008)
3217–3229.

[81] P.A. Thompson, S.M. Troian, A general boundary condition for liquid flow at solid
surfaces, Phys. Rev. 63 (1997) 766–769.

[82] G.D. Ngoma, F. Erchiqui, Heat flux and slip effects on liquid flow in a micro-
channel, Int. J. Therm. Sci. 46 (11) (2007) 1076–1083.

[83] A. Akbarinia, M. Abdolzadeh, R. Laur, Critical investigation of heat transfer
enhancement using nanofluids in microchannels with slip and non-slip flow
regimes, Appl. Therm. Eng. 31 (2011) 556–565.

[84] A. Karimipour, M. Afrand, Magnetic field effects on the slip velocity and
temperature jump of nanofluid forced convection in a microchannel, Proc. Inst.
Mech. Eng. Part C J. Mech. Eng. Sci. 230 (2016) 1921–1936.

[85] S.M. Aminossadati, A. Raisi, B. Ghasemi, Effects of magnetic field on nanofluid
forced convection in a partially heated microchannel, Int. J. Non-Linear Mech. 46
(2011) 1373–1382.

[86] A. Amrollahi, A.M. Rashidi, R. Lotfi, M. Emami Meibodi, Convection heat transfer of
functionalized MWNT in aqueous fluids in laminar and turbulent flow at the
entrance region, Internatl. Commun. Heat Mass Transf. 37 (2010) 717–723.

http://refhub.elsevier.com/S1386-9477(17)30976-1/sref53
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref53
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref53
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref53
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref54
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref54
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref54
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref55
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref55
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref55
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref55
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref56
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref56
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref56
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref56
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref57
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref57
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref57
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref58
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref58
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref58
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref58
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref59
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref59
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref59
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref59
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref60
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref60
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref60
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref60
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref61
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref61
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref61
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref61
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref62
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref63
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref63
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref63
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref63
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref63
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref64
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref64
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref64
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref64
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref65
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref66
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref66
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref66
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref67
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref67
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref67
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref67
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref67
https://doi.org/10.1155/2014/762184
https://doi.org/10.1155/2014/762184
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref69
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref69
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref69
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref69
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref70
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref70
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref70
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref70
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref71
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref71
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref71
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref71
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref72
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref72
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref72
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref72
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref73
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref73
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref73
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref73
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref73
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref74
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref74
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref74
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref74
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref75
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref75
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref75
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref75
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref76
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref76
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref76
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref77
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref77
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref77
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref77
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref78
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref79
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref80
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref80
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref80
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref80
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref81
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref81
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref81
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref82
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref82
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref82
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref83
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref83
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref83
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref83
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref84
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref84
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref84
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref84
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref85
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref85
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref85
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref85
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref86
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref86
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref86
http://refhub.elsevier.com/S1386-9477(17)30976-1/sref86

	Investigation of permeability effect on slip velocity and temperature jump boundary conditions for FMWNT/Water nanofluid fl ...
	1. Introduction
	2. Problem statement
	3. Numerical procedure
	3.1. Governing equations
	3.2. Darcy's law
	3.3. Hydrodynamic boundary conditions
	3.4. Thermal boundary conditions

	4. Results
	4.1. Grid independency
	4.2. Analysis of effect of slip coefficient and Darcy number
	4.3. Effect of Reynolds, Darcy, and volumetric percent of carbon nanotubes

	5. Conclusion
	References


