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Abstract-The flow of nanofluids through a porous medium is
considered the optimum method for convective heat transfer. In
this study, nanofluid flow in a porous pipe with Navier slip is
investigated. Two water-based nanofluids, Copper (Cu) and
alumina (ALO;), were considered. The governing equation is
presented and non-dimensionalization has been done for
momentum and energy equations, initial and boundary
conditions, skin friction, and Nusselt number. The governing
system was simplified to ordinary differential equations, which
were numerically solved and a mathematical model of nanofluid
flow was formulated. The results, with regard to variations in
various parameters such as temperature, velocity, skin friction,
and Nusselt number, are presented graphically and discussed. It
was found that the velocity during the flow decreases with the
increase of the Navier slip.
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1. INTRODUCTION

Flow of a fluid through porous media occurs in many
technical fields such as ground water flows, flow through
embankment dams, composite-structures (culverts), filtering
and waste water treatment. Authors in [1] studied the fluid flow
in a uniform porous pipe considering suction and injection.
They established that changes of velocity and vorticity were
great in the boundary layer while outside the boundary layer
their variation is low. Authors in [2] investigated the flow of
nanofluids in porous media and the influence of the flow on
heat transfer. It was discovered that porous media and
nanofluids can be used to improve heat transmission. Although
the flowing of fluids through porous media has been a subject
of great interest for centuries, however, recently, the movement
of nanofluids in porous media has caught a lot of attention
especially in cooling systems, filtering systems, heat transfer,
diffusion, and osmosis.
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In 1995, authors in [3] introduced new coolant fluids called
nanofluids which, when compared to pure liquids exhibit the
following advantages: higher specific surface area, greater
dispersion stability with predominantly Brownian particle
motion, reduced pumping power to obtain an equivalent
intensity of thermal transfer, and reduction of the clogging of
particles in relation to regular sludge. These advantages favor
the miniaturization of the system. Authors in [4-6] have
established that nanofluids possess variable particle
concentrations, including thermal conductivity and adjustable
properties to suit various applications and thus significantly
improve heat transfer rates. Recently, in the field of heat
transfer, studies of nanofluid flow in porous media have
garnered much interest as a result of their diverse range of uses
in high performance insulation, e.g. grain storage, buildings,
packed sphere beds, geothermal systems, solar collectors, and
underground spread of pollutants [1, 2, 7-11].

Skin friction is one form of drag, which happens when the
fluid appears to shear around the surface of the wall and
thereby it affects the energy expenditure. The performance of a
forward moving object or fluid flowing through given media
improves when the drag is reduced. Authors in [12] established
that roughness can cause skin friction inside the pipe or duct or
in the boundary layers of the fluid's flow. It was found that
systematic roughness can be monitored by knowing which
scales of roughness come up with high frictional drag. Most
studies have considered a no-slip boundary condition at the
solid wall. But in reality, this is not quite correct. For example,
numerical experiments have indicated that in composite
manufacturing processes and in lubrication approximation, the
degree of wall slip becomes more important at wall surfaces,
which means that micro and nano processes are used in wall
slip [13]. Navier was the first to mention this ailment in 1827
[14]. His model explains that the tangential celerity or
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boundary slip velocity (Uy) varies proportionally with the
tangential shear stress or shear rate (y) provided that the
amount of slip or proportionality coefficient is constant with
regard to the boundary flow conditions. This is called slip
length (4). Slip length is driven by several factors, such as the
surface roughness, the strength of the wall-fluid interaction,
shear rate, and fluid structure. A non-zero, defined wall slip
coefficient would better characterize the state of the wall
boundary. Authors in [15-17] established that for a wide variety
of materials (e.g. polymers and nanofluids), slip exists on solid
surfaces. Such slip is known as the Navier slip. Many studies
have been carried out on the Navier slip. Authors in [18]
discussed Newtonian fluids flowing in an unsteady through a
porous cylindrical pipe with slip conditions. They considered
flow behavior for two different cases of small suction and small
injection, and established that the magnitude of the axial
velocity component is directly proportional to the numerical
value of the slip parameter. Further, it has been observed that
for small suction the value of the axial velocity component
decreases and it increases when there is a small injection.
Authors in [19, 20] studied the impact of nanofluid thermal
radiation and convection flow due to the cylinder being
stretched inside a porous medium, as well as the presence of
slip boundary conditions and viscous dissipation. They
observed that with a rise in the Eckert number, the thermal slip,
the radiation parameters, and the Nusselt number decrease. In
addition, with a rise in the velocity, natural convection and slip
parameters are enhanced. Studies have established the
existence of a close relationship between drag and partial slip
parameters. For example, the drag values increase with the
increase in the slip parameter [8, 12, 19]. The absolute value of
the coefficient of skin friction decreases as heat
generation/absorption and thermal radiation increase. Also, the
overall stress levels are lowered by the regulated level of partial
slip. With more attention to nanomaterials, e.g. nanofluids, it is
predicted that there will be an increase in the application of
partial slip boundary conditions in the future. Therefore, the
slip at the wall surface is important as it can lead to the
improvement of the design and operation of many industrial
and engineering devices, for example devices for rheometric
measurements, material processing, and fluid transportation
[21].

In this paper, a mathematical model is developed and used
to study the effect of Navier slip and skin friction on nanofluid
movement in a porous pipe, which seems to be missing in the
literature.

II.  MATHEMATICAL MODEL FORMULATION

We consider an unsteady, one dimensional, laminar and
incompressible flow through a porous pipe, of Cu and Al,O; as
nanoparticles in water-based nanofluids. These nanofluids
exhibit a high level of catalytic activity consequently, they
improve heat performance, and reduce wall temperature
disparities. The two nanofluids are considered to be Newtonian
and they are flowing with uniform velocity V. The partial slip
condition on the wall of the porous pipe is assumed to hold.
According to Newton's law of cooling, the pipe surface
exchanges heat with the surrounding environment. The flow
problem diagram is expressed in Figure 1.

r% u,%:pzu u=0 v=Vv —k,,,%:h(r—ra) T=T,
S S O N
: 5
E——
R S V4
_—
—
A A A A
Fig. 1. The schematic flow of the problem.

In Figure 1, the nanofluid temperature is denoted by T,
and the velocity in the r-direction is given by u. T, represents
the ambient temperature, i is the dynamic viscosity, k, is the
nanofluid thermal conductivity, (r,8,z) are the cylindrical
polar coordinates, heat transfer coefficient is denoted by 4 and
B represents the Navier slip parameter. The equations
governing the flow are:

ou
Z=0 (1

ou ou _  ap 9%u
Prs (E-'-V;) Y +an ar? 2)

ar or o2T ou\?
(pcp)nf (E + V;) = knf m + H'nf (;) (3)

where, t is the time and p is the nanofluid pressure. The
dynamic viscosity of the nanofluid is denoted by p,r, (0C¢p)ns
is the heat capacity of the nanofluid, and p,y represents its
density. The nanofluid constants are defined as given in (4):

Pnr = (1= @)ps + @ps

_ kny knp _ (ks+2kf)—2¢(kf—ks)

a — — _ (pcp)s ( )
T pepdng "k (kst2kp)+olep—ks)

b= ey
u
Unr = ﬁl (pcp)nf = (1 - (p)(pcp)f + (p(pcp)s

where pr and p; respectively are the fluid and solid fraction's
reference densities, the thermal conductivities of the solid and
fluid volume fractions are represented by kg and ky, @, is the
thermal diffusivity of the nanofluid, ¢ is the solid volume
fraction of nanoparticles, (pc,)s is the heat capacity of the
solid and the heat capacity of base fluid is (pcp) -

The initial conditions are given in (5) and the boundary
conditions are given in (6) and (7).

u(,0)=0, T(r,0)=T,,
ou . _
Hfg(o,t); —pu(0,t),

wa, D=0, ~ky 5 T@D=hT@d~T,) (7)

where 0 <r<a (5)

T(O‘ t_) =T, (6)

TABLE 1. NANOPARTICLE AND WATER THERMOPHY SICAL
PROPERTIES
Physical properties Fluid phase (water) Cu ALO;
¢, (J/kgK) 4179 385 765
p (kg/m®) 997.1 8933 3970
Source: [22, 23]
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The following are introduced as dimensionless variables
and parameters:

T-T¢ u r tv u
= 0‘ ==, T}=_,t=_2f, ‘Ufz—f‘
Ta—To v a a Py
Va a 0 (Pcp) z
Re=—=, P =" =—£,r=(c)5,z=5 (8)
f Hf Pcp f
Ec = v2 Pr = Upcpr _ ks+2kf—2(p(kf—ks)
pf(Ta=To)’ ke 1T kgt2kptolep—ks)
. h, u
Bi==2andA=-2L
ks pa

Substituting the dimensionless quantities from (8) into (2),
(3) and (5) - (7) results into (9) - (13) which form the model
equations for this study.

ow A 1 *w aw
— = - —— Re— (9)
ot 1-@+eps/pr  (1-@)*>(1-@+eps/pr) 07 on
20 1 826 Ec aw\2 20
%= Uhramgrenon T e -pren (ﬁ) ~ Reg, (10)

W®»,0 =0, 6n,00=0 (11)
ow __& _
0.0 = #fW(O,t), 0(0,6) =0 (12)

W(1,t) =0, %(1,0 = —mBif(1,t) (13)
where Re is the Raynolds number, 4 is the parameter for
pressure gradient, Pr denotes the Prandtl number and Ec
represents the Eckert number. The base fluid and the
thermophysical properties of the nanoparticles can be used to
derive the values of the parameters c¢; and 7.

The skin friction (Cy) and the Nusselt number (Nu) are
crucial for this type of study. They are defined as:

atw adw
=2 Nu=— (14
F 7 nev . (14)

where gq,, is the heat flux at the pipe wall and 7, is the wall
shear stress given by:
] ar
Tw = _H'nfﬁ red’ qw = _knf; rea (15)

Substituting 7,, and q,, from (15) into (14) and using the
dimensionless variables with manipulations results to:

Com_ L W
T - oy
atn=1 (16)
Nu=cla—9
an

III.  NUMERICAL PROCEDURE

The method of lines [24] is a semi-discretization finite
difference approach for numerically solving a nonlinear Initial
Boundary Value Problem (IBVP). We divide the solution
region into equal rectangles or meshes. Each mesh point
specifies the point's position in terms of ¢ and AW or An .The
horizontal axis represents spatial variables, while the vertical
axis represents time variables in this rectangular mesh grid. The

method is used to discretize (9) to (13) which results in (21)-
(24). Then, the discretization of the partial differential
equations (8) and (9) using second order central finite
differences results in ordinary differential equations (21) and
(22).

aw _ A
dat 1-@+@ps pr
1 Wip1—2Wi+W;_ Wiy1—Wi—
— ( i+1 2l i 1) _Re( i+1 i 1) (17)
(1-@)2>(1-p+eps/pf) An 247
a6 =¢ 1 (9i+1‘29i+9i—1) +
dt Pr(1—@+¢1) An?

Ec¢ (Wi+1‘Wi—1)2 — Re (9i+1‘9i—1) (18)

1-9)25(1-p+¢T) 247 24n
where W;(t) and 6,(t) are the approximations of W (#;,t) and
0 (Ui‘ t) .

With initial conditions (11) we get (23) and boundary
conditions (12) and (13) result in (24).

W;(0)=06;(0)=0, 1<i<N+1 (19
—AW, X
Wi=37% 1= 0, Wy =1, Oy = y(1—mBidy) (20)
The system of nonlinear ordinary differential equations (17)
and (18) with known initial condition (19) and boundary
conditions (20) has been solved in Matlab.

IV. RESULTS AND DISCUSSION

Water-based nanofluids of two types, Cu and Al,O;, are
considered in this study, while the Prandtl number is fixed at
6.2, and the effect of the slip parameter (1), solid volume
fraction (¢), Reynold number (Re), Biot number (Bi), and
pressure gradient (4) on the velocity profile and temperature
profile are examined. Figure 2 shows that the nanofluid
velocity profile of Al,O; is higher than that of Cu and this may
be attributed to the specific heat capacity of ALO; being higher
than that of Cu. Also, the density of Copper is higher than that
of Alumina.
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— Alumi LN
= = 'Copper-water -0 \ __________
0.01F P r T
it =
s
0.008 4
U
TR G,
A A
= 0006 [Ny
A ‘ 9=0.1, Re= 1, Ec= 0.1, A=2, Bi=5, A=2, Pr=6.2
4
0.004 ;l
W
0.002 -
0 . . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
t
Fig. 2. Copper and alumina nanofluid velocity profile.

Figure 3 depicts the effect of nanoparticle fraction in
velocity, demonstrating that as the nanoparticle fraction (¢)
increases, velocity decreases at the wall compared to the center

www.etasr.com

Muyungi et al.: The Effect of Navier Slip and Skin Friction on Nanofluid Flow in a Porous Pipe



Engineering, Technology & Applied Science Research

Vol. 12, No. 2, 2022, 8342-8348 8345

of the pipe. This may be due to the fact that the increase of
nanoparticle regulates temperature of the fluid and causes the
thermal boundary layer's viscosity to increase. Also this could
be due to the density of the nanofluid. An increase in Re leads
to a decline in velocity and this may be is caused by the
uniform flow of nanofluid as revealed in Figure 4. Figure 5
displays that velocity decreases with increase in A. This effect
may be due to the nanofluid sticking at the wall which lowers
the velocity and also due to the high viscosity of the fluid.

Figures 6-9 illustrate the temperature profiles of the
nanofluids in the pipe and the impact of various factors on the
fluid flow system. The temperature profile decreases as the ¢
increases as shown in Figure 6, maybe due to the increase of
the density of the nanofluid. Figure 7 illustrates the temperature
decrease due to the increase of Re. When it reaches the wall of
the pipe the temperature starts to rise due to the slippery walls.
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Fig. 7. Effect of increasing Re on temperature profile.
Fig. 4. Effect of increasing Re on velocity profiles.
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Fig. 5. Effect of increasing 4 on velocity profiles. Fig. 8. Effect of increasing 4 on temperature profile.
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In Figure 8, as the pressure gradient (A) increases,
temperature also increases since the viscosity is reduced. In
Figure 9, the increase in Bi is associated with a reduction in
temperature. This could be attributed to the convective cooling
at the walls which means that there is heat loss through the
wall. As demonstrated in Figure 10, copper-water nanofluid
skin friction is higher than alumina-water nanofluid skin
friction. This difference may be caused by the specific heat
capacity of alumina which is lower than that of copper. Also
alumina-water has a lower velocity gradient near the channel
walls than Cu-water, hence this is to be expected.

x107

copper- water

In Figure 11, the decrease of skin friction with the increase
of Re may be due to the slip parameter. This result is
inconsistent with the results obtained in [5-7]. In Figure 12, we
see that pressure gradient is inversely proportional to skin
friction because the kinetic energy of the fluid is used to
overcome the friction of the surface during the flow. This result
is consistent with the results obtained in [5]. In Figure 13, by
means of an increase in Re, the Nusselt number also increases,
since during the flow, there is more heat which is produced due
to the increase of speed. The viscosity is also reduced.
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Fig. 9. Effect of increasing Bi on temperature profile. 16
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Fig. 10.  Effect of increasing ¢ on the skin friction of Cu and ALO; s
nanofluids.
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Fig. 11.  Effect of increasing Re on skin friction. Fig. 14.  Effect of increasing A on Nusselt number.
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In Figure 14, we observe that the Nusselt number increases
with the increase of pressure gradient since there is more force
exerted which cause reduction in viscosity during nanofluid
flow. In Figure 15, the Nusselt number also increases when the
Biot number increases, maybe due to the reduction in viscosity
since the fluid has a higher thermal conductivity. The decrease
of Nusselt number with increase in slip parameter because of
the convective cooling at the wall is presented in Figure 16.
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Fig. 15.  Effect of increasing Bi on Nusselt number.
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Fig. 16.  Effect of increasing A on Nusselt number

V. CONCLUSION

The effect of Navier slip and skin friction of nanofluid flow
in a porous pipe have been investigated in this study. The
simplified system of ordinary differential equations is
numerically solved with the line method. The following is a list
of the findings of the current study:

e The velocity and temperature is enhanced by the Reynolds
number. Navier slip parameter causes a decrease of velocity
and a rise in Biot number coincided with a drop in
temperature.

e The temperature and velocity of copper-water nanofluid
rises faster than that of alumina-water nanofluid.

e Skin friction is retarded by increasing the Reynolds
number, so we need to increase the volume of nanoparticles

in the base fluid to overcome the increased skin friction. An

increase of Reynolds number or Biot number causes the
heat transfer at the wall to increase and the opposite for slip
parameter. Therefore, near the wall, Navier slip reduces
friction of the porous pipes, such that the more heat is
transferred from the system by non-linear radiation. In a
linear thermal distribution, the energy transfer coefficient is

higher than in a non-linear thermal distribution.

NOMENCLATURE

Pus Nanofluid density (kg.m™3)
u Dynamic viscosity (kg/m.s)

i Kinematic viscosity (m*/s)

kg Nanofluid thermal conductivity (W/m.K)
@ Concentration of nanoparticles

Cp Specific heat capacity (J/kg.K)

B Navier slip parameter

T Nanofluid temperature (K)
T, Ambient temperature (K)
Bi Local Biot number

Pr Prandtl number

Ec Eckert number

A Dimensionless pressure gradient
Cr Skin friction coefficient
Nu Nusselt number

P Pressure
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