Hindawi

Mathematical Problems in Engineering
Volume 2018, Article ID 3094980, 12 pages
https://doi.org/10.1155/2018/3094980

Hindawi

Research Article

Exact Analytical Nanofluid Flow and Heat Transfer Involving
Asymmetric Wall Heat Fluxes with Nonlinear Velocity Slip

Jing Zhu ©), Pengfei Chu, and Jiani Sui

Department of Applied Mathematics, University of Science and Technology Beijing, 100083 Beijing, China
Correspondence should be addressed to Jing Zhu; zhujing@ustb.edu.cn

Received 4 May 2018; Revised 7 August 2018; Accepted 14 August 2018; Published 16 September 2018
Academic Editor: Vincenzo Bianco

Copyright © 2018 Jing Zhu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Nanofluid slip flow and heat transfer over the microchannel with asymmetric wall heat fluxes are investigated theoretically. The local
thermal nonequilibrium model in which there is a difference between the solid temperature and nanofluid temperature is modified
by considering the nonlinear velocity slip and temperature jump. Exact analytical solutions and homotopy series solutions for both
velocity and temperature of nanofluid and solid are first obtained. Two groups of solutions agree well with existing references and
residual errors are plotted. In addition, the effects of the physical factors on the heat transfer are graphically discussed. The results
show that the first velocity slip enhances Nusselt numbers while the second slip coeflicient has a reverse effect on them. As expected,

the nanoparticle concentration enhances heat transfer on bottom wall.

1. Introduction

A nanofluid was put forward by Choi [1] of the U.S. Argonne
National Laboratory in 1995. Due to enhancing the original
fluid thermal physical property and strengthening the energy
exchange of media, nanofluids have been applied in many
fields. For example, the nanofluids were applied to the tidal
energy technology [2] and used as the heat conduction
medium [3]. Many researchers have also performed the-
oretical studies of heat transfer with nanofluids. Ghazvini
and Shokouhmand [4] discussed nanofluid flow through a
micropipeline and analyzed the effects of volume fraction
on dispersion and thermal conductivity. Hatami [5] et al.
subsequently found the influence of the size and type of
nanoparticles upon the thermal behavior. Hooseini et al. [6]
got the relationship between Nusselt number and the volume
fraction. In addition, these authors found that increasing
concentration of nanoparticles will improve the value of the
Nusselt number.

Transfers in porous media also are significant research
topics from engineering. Some works on nanofluid flow and
heat transfer in porous media were conducted. Chamkha
[7] et al. studied viscous dissipation and magnetic field
effects on a Non-Darcy Porous Medium Saturated under

Convective Boundary Condition. The temperatures of the
solid and fluid phases are considered to be the same within the
representative elementary volume based on the local thermal
equilibrium (LTE). But LTE model has a low coefficient
of Biot and people began to think that solid phase and
nanofluids phase cannot be ignored in the porous medium.
As a result, more and more scholars considered the Local
Thermal Non-Equilibrium (LTNE) model [8, 9] to perform
theoretical and experimental studies. Haddad et al. [10]
used the LTNE Forchheimer model to simulate the forced
convection porous in microchannel. Nojoomizadehet al. [11]
numerically investigated permeability and porosity effects
on heat transfer rate of Fe304/water nanofluid flow in a
microchannel. The LTNE model also is applied in some areas
such as electronics cooling, chemical and nuclear reactors,
solar collectors, and fuel cells [12].

In addition to heat transfer analysis of nanofluids under
the local thermal nonequilibrium condition, fluids exhibiting
slip is important in technological applications such as in
the polishing of artificial heart valves and internal cavities.
Therefore, better understanding of the phenomenon of slip
is necessary. Scientists have done an impressive account of
research on nanofluids slip flow problems [13]. To mention a
few of the active topics, forced convection in a parallel-plate
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FIGURE 1: Schematic diagram of present problem.

porous microchannel based on slip flow model has been
studied by Buonomo et al. [14]; slip flow forced convection
in rectangular microduct filled with porous media has been
studied by Hooman [15]; heat transfer through microfoams
in microchannels with asymmetric wall heat flux has been
studied by H. J. Xu et al. [16]. MHD mixed convection in
a two-sided lid-driven porous cavity has been studied by
Sivasankaran et al. [17]. In these investigations, the linear
Navier’s slip condition performs well at sufficiently low shear
rate. However, the Navier’s slip condition breaks down at
higher shear rates as the slip length increases rapidly. There-
fore, the concept of nonlinear slip boundary conditions is put
forward. Thompson [18] developed a nonlinear slip model
based on Maxwell’s first-order slip model. Some researchers
reported that Thompson’s model cannot predict the flow
in high Kn number and put forward a second-order slip
conditions [19]. Comparison between calculation result and
experimental data demonstrated that the values calculated by
using second-order slip boundary conditions are closer to the
experimental value. Zhu et al. [20] investigated analytically
the effects of second-order velocity slip and nanoparticles
migration on flow of Buongiorno nanofluid.

According to the literature and to the best knowledge
of the authors, very limited investigation was given to the
heat transfer with second-order slip velocity and temperature
jump under the LTNE model. Given these, the current
work aims to investigate theoretically a two-dimensional
laminar flow and heat transfer of nanofluids through the
microchannel with nonlinear velocity slip and temperature
jump. Besides, the effects of nanofluids particles are discussed
for nanofluids of porous media. Explicit analytical solutions
and the semianalytical solution of the homotopy analysis are
obtained.

2. Mathematical Modeling

Consider the slip flow and heat transfer in the porous
microchannel with asymmetric boundary heat fluxes, as
shown schematically in Figure 1. Distance between the two
parallel-plates is H. Asymmetric constant heat flux g, and
q, are imposed on the microchannel. For mathematically
describing this problem, the following assumptions are
invoked in the formulation of the model: The nanofluids flow
in the porous medium are incompressible and corresponding
homogeneous then the flow and heat transfer are fully
developed. Heat generations due to viscous resistance are
considered. Flow is subjected to a constant applied magnetic

TaBLE 1: Thermophysical properties of water with Cu, Feso,
nanoparticles.

Physical properties Water Cu Fe,o,
p (kg/m3) 9971 8954 5200
k (Wm-1K-1) 0.613 400 6

¢ (J/kg K) 4179 383 670

o (Qm)™ 0.05 1.75%10-8 4%10-5

field in the direction of y-axis. The velocity slip and temper-
ature jump are considered in the porous-solid boundary. In
addition, the temperature of the solid and fluid phases can be
different under the local thermal nonequilibrium model. The
LTNE models are extended to nanofluids. Thermophysical
properties such as porosity, specific heat, and concentration
of nanoparticles and base fluid are constant. The ther-
mophysical properties are given in Table 1. Consequently,
the governing equations can be expressed in the following
manner:

HUnf o’u dpnf HUnf PnfCI 2 2
T kTR ot
i 2
sew_hsfasf (Ts_Tnf)+ss =0 2)
0°T, oT,

knfe a > + hsfasf (T T, f) + Snf = pnanfHE (3)
Combined with second-order slip model, boundary con-
ditions are

2 - g, ou 2-0 28 u
= A— v _’
Lo o, Oy i oy, oy*
T Twl’
2-0 2 A aTn
Tnf = Twl +Hr r ¥ Do / (4)

or y+1Pr oy

2-0p 2y A o',

i or y+1Pr 9y

y=0
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TABLE 2: Representative values based on different concentration rates.
¢ R, R, R, R, R, R, R, R,
Cu Feso,
0% 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.5% 1.0653 1.07656 1.19950 1.00002 1.06534 1.05975 1.10538 1.00053
5% 1.1368 1.15714 1.39900 1.00004 1.13682 1.11616 1.21076 1.00111
2-0,, 0u 2Hp,su
u=-n, VA_ Re = Pnf m’
g, ay Upf
2-0, ,0u
—HV—V)LZ—Z, 0= kse (T_Twl)
oy dy - H i
9
T = Ty \/T
Se = D—,
2—0p 2y ATy “
Tnf = Tw2 —Hr D (5)
or y+1Pr oy g- 4
J 9
2-0p 2y A*O Tnf_
fir or y+1Pr 0y?’ Czlﬁ
kSL’ ’
aT, aTnf
ksea_ys + knfe? = _ SSH
o g
y =
. . . . San
where 7, and #, are corrective coefficients of velocity slip w,; = ,
and thermal slip at the wall surface. o, and o are, respec- Cnf92
tively, tangential momentum accommodation coefficient and )
thermal accommodation coeflicient. Their value ranges are, Bi— hya H
respectively, about 0.6~1.0 and 0.0109~0.990[21]. b= ke,
In the fully developed area and constant boundary heat )

fluxes, (3) results in

0T, 16 .T. 0°T,
k”fe_ayzf + hsfasf (TS - Tnf) + ? skeoo _ayzf + Snf
(6)
_ (@ +q)u
Hu,,

The following nondimensional parameters are intro-
duced to normalize the governing equations and boundary
conditions:

U=,
um
y=2,
H
K dpnf
B Up Uy, dx ’
2p 12
_ OnfBOH
pnf )
K
Da = —;

We consider the heat transfer by using the thermophysical
properties of nanofluids. Thermal conductivity, dynamic
viscosity, density, and magnetic conductivity of nanofluid can
be, respectively, correlated with the following formulas:

Rk=lﬁ=1+ 3¢ (k,/kp—1)
ky (ko/kp+2) = ¢ (k/kp—1)
Aunf 1
R =—=—"
u [’tf (1 _¢)2.5 (8)
R :Ulf:l+ 3¢>(05/0f—1)
/ Oy (as/af+2)—¢(as/af— 1)
P"f ¢Ps
R =" —1-¢+15,
P opy o Py

By employing (8) and considering three different con-
centrations for nanoparticles, such as ¢ = 0%,2.5%, 5%,
the obtained values for Ry, R,, R, and Ry are tabulated in
Table 2.



The dimensionless form of the governing equations and
boundary conditions can be written as

U 5. RyeCIRe , 1 , R
— -5, U - ——U"— —s,"P——eNU =0
vz " " R,avbDa R, ° R, ©)
T, pi(6.-6,) +w. =0 (10)
aYz ( ) -
0%0,
R,C = zf + Bi (6 an)+wnf Q+85U (11)
oU o*U
Y=0:U=B,—+A,—;
Pvay *Avay
Os = 0; (12)
0, aZGHf
O = Prgy tAr 50
oU o’'U
Y=1 By — Ao,
Py ~Avar
00, 00,
it YS! =1;
v "%, (13
80 azenf
and with the mass conservation equation:
1
J udy =1 (14)
0
where
2-0
= Y Kn,
B, =mn, 5 Kn
__2-o0r 2y Kn
Pr =1 or y+1Pr’
(15)
Knf,
2
Kn
—2/3 L= Ay
3. Model Solution

For the LTNE model, heat transfer in microchannel with
the first-order slip boundary was considered by Xu [16]. The
present paper extends the results of previous authors and
investigates nanofluid flow and heat transfer with the second-
order slip velocity and temperature jump. The situation
became complex. In addition, little attention has been given
to use the homotopy analysis method to obtain the solution
of the LTNE model in all the above-mentioned studies. We
obtained explicit analytical solutions and the semianalytical
solution of the homotopy analysis in this paper.
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3.1. Analytic Solutions. When the inertial constant CI in (9)-
(11) is omitted, dimensionless velocity and the temperature of
solid and nanofluids with explicit expressions can be obtained
as

1 Ry
U=—P( C,cosh| 1|==eN +s2Y | +C,
R R
u u
R R,s.?
- sinh ( \j—fsN + sz) - 2“—£>
R, R, s + RpeN

0 — 1 P11+
° RC+1 | RpeN +R,s2

(Cs cosh (AY) + Cg

-R
- sinh (AY)) - “
(RseN +R,s,%) [ A> -

Ry
-cosh| 1|=—eN +s2Y | +C,
R,
Ry
-sinh | 1[=—eN +5.2Y?
R
U
R,s 2
o (2
2(RseN +R,s.?) A

1
Y —F>—C3Y—C4}+w

1

an = RkC -w

S

(1+&) P(Cscosh (AY) + Cg sinh (AY))
(ReC +1) (RseN +R,s.%)

(ReC + 1) ((RpeN +R,s,°) JA* = R,) + R, .
((RjeN +R,s.2) /A2~ R,) ( '

-cosh(\j—eN+s )+C2
- sinh —sN+s Y2 )] - (MYZ
RC+1

i Y_2<(ws+wnf)
e 2( RfsN+Rs 2(RyeN +R,s.2) "t 2

)it
gee)

VBi(C + 1)/(C + 1).

(18)

where A =
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From the mass conservation equation (14), the expression R¢ 5 R )
of the dimensionless pressure can be obtained as B= R—eN tSe ~1 + cosh R—sN +Se
w Z
2 R
s ! (B + Q) ( ( i 2)
= + | -1+A,| —eN+s
2 (19) v E
s~ +eN /SEZ +eN \ Al R,
R R
. +cosh | y|-LeN + s+ A, LN+ s
This can also be expressed: R, "
1/2 1/2 Rf 2
. K dp,; (APJH)K"? papthK +cosh| 4/ 2=eN +s,
= = M
HnfUm dx Pnf“fn Hnf (20)
Ry Ry
= fx - Regs +B,\|=¢eN +s.2sinh | [=¢eN +s,2
K Regs R, R,
. . R R

where the parameters fy and Rey are, respectively, micro- Q-= SN+ Vsinh [ A|—LeN + $2

scopic friction factor and Reynolds number. There the con- R, R,

stant parameters A, B, and Q are, respectively, as follows:
R

: (sinh ( \j—fsN + sz>

Ry

Ry 3 Ry
A =BA, | \|=—eN+s2 | +2B,1|—eN +s.2 -_—
R R R, R;
“ “ +A, 2 eN +s° | sinh 2 eN +s2

“ u
R R
-cosh<\/—fsN+ssz>+<—feN+s€2)<1 R;
R, R, +4|=—eN + 28,
R,
R R z S -
f 2 2 °F 2
+ﬁ§<—sN+s£)—Av<—sN+s£) ) Ry 5 R 5
R, R, + R—ysN + s*f3, cosh R_MSN +s
_ (21
- cosh \/—SN +s,2
R, According to the boundary condition (12), we can get
552
@ (Ry/R,)eN +s2
(22)
BA(R/R,) €N +s2 cosh( (R/R,)eN + sgz) +(4,((Ry/R,)eN +52) +1) sinh(\/(Rf/RM) eN + 582) +B(R/R, ) eN +5.2
- cosh( (R;/R,)eN + 582) # (1= B ((Rp/R,)eN +52) + A2 ((Ry/R, ) eN +5.2)) sinh( (R;/R,)eN + 582)
2
SS
. (Ry/R,)eN +s2
(23)

cosh ((R;/R,)eN +5.2) + B,,\/(Rf/RM) eN + 5,2 sinh(\/(Rf/RM) eN + 582) +A,((Rs/R,)eN +5.7) cosh( (Rs/R,)eN + sez) +A, -1

. ~2B,\(R;/R, ) eN +5.2 cosh (\/(Rf/RM) eN + ssz) +(-1=B((Rp/R,) N +52) + A2 ((Ry/R,)eN +5.2) ) sinh ( (Ry/R,)eN + ssz)

Surely, we can get other constant parameters C;, C, Cs;, and ~ 'The constant parameters are too long to display in the article.
C, by the boundary condition (13). Due to the complex con-  In addition, Nusselt numbers for porous media approach are
ditions, we need to solve them with Mathematics software. calculated



Nu, = -2
' 0,4RC

5 (24)

Ny =-— =
“ (6w2 - enfb) RkC

where the bulk mean fluid temperature 6,4, is obtained with

1
0, = L Ue) ;Y. (25)

3.2. Homotopy Solution [22]. From the boundary conditions
((12)-(14)), the initial solution of the equation can be obtained
in the following form:

2By +4Ay + 1
U, =a <2AV+Y2—ﬁV—VY4>,

4B, +12A, +1
a, is a real number;
O, =(4Pfr+2C+8Ar+1)Y (26)
+(2C - 2B + 4A L) Y

2
efOZZAT+Y;

According to the characteristics of the model, the auxil-
iary linear operators

Ly [¢(Y:q)] =¢",
L [p(Y;q)] = ¢, (27)

Ly, [v (Yig)] ="

q € [0, 1], D, @, y are real functions.

According to the basic idea of the homotopy analysis
method, the zero-order deformation equations are con-
structed as follows:

(1-q) Ly [®(Y:q) - Uy (V)] = ghyNy [@ (Y3q)]  (28)
(1-q)Lg, [¢(Y;q) — 6, (Y)]

= qhy Ny, [¢ (Y:q), v (V3q)]
(1-9) Lo, [w(Y3q) = 0 (V)]

= ghg No [©(Y;9).9(Y;q), v (Y:q)]

(29)

(30)

where
d*® (Y3 q) Ry
NU = T - 582 + R—HSN q)(Y,q)
RpsCIRe

1
- ®’(Y;q) - —s.°P
2R \Da (Yiq) R,
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Dimensionless velocity U

0.0 0.2 0.4 0.6 0.8 1.0

—=— velocity,H.J. Xu et[25]

—=— present solution A, =0

FIGURE 2: The results of the velocity compared to H. J. Xu. [16].

Ny = 2D i (v3) -y (v3)
N, = (80) LD i g (v30) -y (v39)

—(1+8) @ (Y;q) + Rowyy
(31)

To get the mth-order deformation equations, the zero-
order deformations ((28)-(30)) are first differentiated m-
times (m=12, 3...) with respect to q at q=0 and then the
resulting expression is divided by m! so that the m-order
deformation equations are shown as follows:

LU [Um (Y) - XmUm—l (Y)] = hURZ (?m—1>
LGS [esm (Y) - Xmesm—l (Y)]
— —
= hesRii (esm—l’ enfm71> (32)

Lenf [enfm Y) - Xme”fm—l (Y)]

—

0, (2 —
= h@,,mef (Um—l’ esm—l’ 6nfm—l)

where

0, m<1
Xm = (33)

1, m>1.

4. Results and Discussion

We extended the results of H. J. Xu [16] with the first-
order slip boundary and investigated nanofluid flow and heat
transfer with the second-order slip velocity and temperature
jump. Hence, we compared the analytical results for A, =
0, Ap=0,&=1with H.J. Xuetal. [16], as shown in Figure 2.
It is worth mentioning that the solution we get is in very good
agreement with the result of the paper written by H. J. Xu [16].

The convergence of the HAM solutions depends on the
convergence-control parameters h. Figures 3(a) and 3(b) are
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—=— Homotopy solution
—=— Analysis solution

FIGURE 4: The comparison of two solutions.

error

0.001

m

5 10 15 20

FIGURE 5: The residual errors of the velocity.

plotted by fixing other parameters to calculate the range
of admissible values for the auxiliary parameter h. We find
the stable interval of h is about [-0.9, -0.6]. Figure 4 is the
comparison of the analytical and homotopy solution. We
can see that the solution of the homotopy analysis method
coincides with the analytical solution which is obtained. In
addition, Figure 5 shows that the error of the model reaches

107" ~ 107® when the order of the HAM approximation is
more than 6-order through BVPh2.0 procedure package with

CI =0,
s, =3,
ff; = 0011,
C =0.085,
Bi = 0.076, (34)
& =5,
B, = 0.0193,
By = 0.0235,
a, =0.3.

The effects of slip velocity and temperature jump on
velocity and temperature of the solid and nanofluids are
showed in Figure 6. In Figure 6(a), the value of first slip
velocity coefficient is higher and the velocity distribution is
more uniform. It is clear that the first slip velocity coefficient
increases; the wall slippage effect is enhanced. This is because
the increase in first slip velocity coefficient can be due to
increase in the mean free path of the molecules, which in
turn decreases the retarding effect at the wall. Figure 6(b)
shows the velocity profile at different second slip velocity
coefficient. From those curves, the second slip velocity
coefficient number increases, the velocity profile shifts up to
show increase on the top wall while A, are opposite effects on
velocity of bottom wall. With the temperature jump increases,
the temperature of the nanofluids also rises in Figure 6(c).
Figure 6(c) also shows that the increase in A, makes the
temperature higher but less symmetrical due to the enhanced
local convective heat transfer.

Figures 7(a) and 7(b) show the temperature distribu-
tions of the nanofluid phase for varying values of different
nanoparticles and nanoparticles volumetric concentration.
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(c) Effect of the second-order temperature jump on 6,,¢

FIGURE 6

As a general trend, these figures show that the addition of
nanoparticles and variation of their concentration have influ-
ences on the temperature of the nanofluid phase. According
to temperature plotted in Figure 7(a), it is observed that by
increasing the nanoparticle concentration the dimensionless
temperature of the nanofluid decreases and gratitude of
nanofluid temperature increases. This is in keeping with
the physical expectations, as increasing the nanoparticles
concentration results in enhancing the thermal conductivity
of the nanofluid, which in turn reduces the dimensionless
flow temperature. In addition, the gradient of the nanofluids
temperature rises gradually while the solid temperature
decreases from Table 3 and Figure 7(b). Effects of slip velocity
and volume fractions on Nusselt number are presented
through Figures 7(c) and 7(d), respectively. Figure 7(c) con-
firms that, by increasing volume fractions, Nusselt number on
bottom wall will be increased. A reverse treatment by increas-
ing the nanoparticles volume fraction is observed through
Figure 7(d). Because the Brownian movement carries the heat
from the top wall and distributes it to the surroundings, it
has the main influence on thermal conductivity of nanofluid.
In addition, we find that, by increasing first slip velocity
coeflicient, Nusselt number on both walls will be increased

TaBLE 3: The effect of the volume fraction on the temperature.

) s M Re C 6,/ (1) 05’ (1)
0.1 3 0 10 008  13.0378  12.8918
0.025 (2.5%) 13.0425  12.8914
0.05 (5%) 13.0471  12.8910

while Nusselt number will be decreased with increasing
second slip velocity coefficient.

Figures 8(a) and 8(b) show the temperature profiles of
solid and fluid phases for different ratios & with s 10,
eCIRe/2vDa = 0.011, C = 0.085, Bi = 0.076, 3, = 0.0193,
Br =0.0235,a, = 0.3, A, = 0.0193, and A, = 0.0235. When
& becomes larger, the temperature of the nanofluids and solid
temperature shifts up due to the faster heat dissipation.

Figure 9 show the development of the nondimensional
temperature profiles of the fluid and solid for different mag-
netic field. As the magnetic felid is stronger, the temperature
is larger. At the same time, we can notice that the temperature
gets faster on the bottom wall.

Figure 10 shows the temperature for the various Biot
numbers. Biot number is the ratio of solid phase conduction
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FIGURE 8

resistance over the actual heat exchanged between the fluid
and solid phases. According comparisons between solid
temperature profiles, the figure shows that the increase in
Biot number means to decrease the conduction resistance,
so the solid temperature increases and heat transfer can be
enhanced by increasing effective Biot number. However, Biot
number has opposite effect on nanofluids temperature.

From Figure 11 it can be seen that velocity profile becomes
uniform with an increase in shape factor when the boundary
conditions are the second-order slip of the velocity. From the
H.J. Xu [16], we come to know the figure about s, of which the
boundary condition is the first-order slip of the velocity and
find the trend is too similar. When the shape factor is smaller,
the maximal value of the velocity profile is higher.
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Figure 12 presents the effect of shape factor on the value
for dot product of permeability friction factor and perme-
ability Reynolds number for different Knudsen number. We
discuss the small shape factor from 0 to 1. When Knudsen
number is small, the value of dimensionless pressure drop
first increases and then decreases with the increase in shape
factor. Dimensionless pressure drop is sharply decreased for
small Knudsen number.

5. Conclusions

Flow and heat transfer for Cu-water and Fe;o,-water
nanofluid are considered with the composite system includ-
ing internal heat source, the magnetic field, and the heat flux
boundary. Analytical solutions and semianalytical solutions
by homotopy analysis are obtained. The present analytical
solution agrees well with those previously reported in the
literature and HAM solution. The effects of the physical
factors on the heat transfer are graphically discussed. The
results also show that the first velocity slip enhances Nusselt
numbers while the second slip coefficient has a reverse effect
on them. Increasing thermal jump coefficient causes the

0 01 02 03 04 05 06 07 08 09 1

Y

FIGURE 11: The effect s, on the velocity.

temperature of the nanofluids to rise. Moreover, with the
value of the Biot number increasing, the temperature cuts
down. The heat transfer enhancement increases with increase
of the nanoparticle concentration while it decreases with
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FIGURE 12: Effect of shape factor on f - Rey.

increase of Hartmann number. As expected, the nanoparticle
concentration enhances heat transfer on bottom wall. Dimen-
sionless pressure drop is sharply decreased for small Knudsen

number.

Nomenclature

CI: Inertial constant

hg:  Convective heat transfer coefficient
. Viscosity

p:  Pressure

o:  Magnetic conductivity

Bi:  Biot number

c:  Specific heat capacity

T:  Temperature

¢:  Volume fraction of the solid particles in

the nanofluid

y: Horizontal and vertical positions

U,V: Dimensionless X, Y velocities

ag:  Specific surface area

K:  Permeability

k:  Thermal conductivity

q:  Heat flux

By:  Magnetic field intensity

Re:  Reynolds number

S: Energy source per unit volume

Da: Darcy number

u,v:  Velocity components, respectively, at x, y
directions

X,Y: Dimensionless horizontal and vertical
positions.

Greek Symbols

Br» Ap: Thermal slip coefficient

B,»A,: Velocity slip coefficient

& Porosity

0: Dimensionless temperature
& HF (heat flux) ratio

p: Density

Kn: Knudsen number

Pr: Prandtl number.

Subscripts

1: Bottom plate
2: Upper plate

1
d: Dispersion
e: Effective/equivalent
nf: Nanofluids
m: Mean
s: Solid
w: Wall
f. Basic fluid.
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