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1. Introduction

The study of free convection flows between two parallel plates has attracted much attention due
to the various applications in engineering areas including the purification of crude oil, pumps
accelerators, petroleum industry and power generators. In particular, researchers have investigated
free convection flows with different parameter and boundary conditions such as
magnetohydrodynamic (MHD), porous medium, radiation, chemical reaction, constant wall
temperature and heat flux, viscous dissipation and oscillating problem. Singh et al., [1] investigated
free convection flow between two vertical parallel plates and the results shows that it is in good
agreement with the steady state problem solutions. Marneni [2] investigated the effects of thermal
radiation on the unsteady Couette flow between two parallel plates with constant heat flux at one
boundary and solved the problem using Laplace transform. Meanwhile, Rajput and Sahu [3]
considered constant temperature and variable mass diffusion in their investigation and determine
that the velocity and skin friction of the fluid decreased the value of Prandtl number, Schmidt number
and Magnetic parameter. Vidhya and Kesavan [4] investigated laminar convection through porous
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medium between two vertical parallel plates with heat source. Umavathi and Shekar [5] studied the
combined effect of variable viscosity and thermal conductivity on free convection flow of a viscous
fluid in a vertical channel using DTM. The study of oscillatory flow through a channel is important in
science and engineering applications such as in MHD generators, blood flow and in petroleum
engineering [6]. Some researchers considered oscillation in their research in vertical plates but not
many considered oscillating in parallel plates [7-9]. The studies show that analysis in oscillating flow
in channel are only a few. Chen et al., [10] studied heat transfer characteristics of oscillating flow
regenerator filled with circular tubes or parallel plates. The results show that the mean temperature
gradient gives greatest contribution to the heat transfer performance of oscillating flow. Umavathi
et al., [11] investigated unsteady oscillatory flow and heat transfer in a horizontal composite porous
medium channel. Meanwhile, MHD oscillatory free convection flow past parallel plates with periodic
temperature and concentration was investigated by Sharma and Dutt [12]. Das et al., [13]
investigated oscillatory MHD convective flow in a vertical channel filled with porous medium with
Hall and thermal radiation effects. Falade et al., [6] studied MHD oscillatory flow through a porous
channel saturated with porous medium. It was found that skin friction increases on both channel
plates as injection increases on the heated plate.

A nanofluid is a fluid containing nanometre-sized particles that are called nanoparticles. These
fluids are engineered colloidal suspensions of nanoparticles in a base fluid. The nanoparticles used in
nanofluids are typically made of oxides, carbides, metals, or carbon nanotubes. According to Choi et
al., [14], fluid is enhanced when a small number of nanoparticles is added in the fluid. Due to the
enhanced heat transfer characteristics, it becomes important in science and engineering and some
of the applications in science and engineering include cooling technologies such as cooling microchips
in automotive, nuclear reactors as well as in biomedicine [15]. Narahari et al., [16] investigated the
exact solutions of the free convection flow of nanofluids between two vertical parallel plates with
radiation effects. Hajizadeh et al., [17] discussed free convection flow of nanofluids between vertical
plates with damped thermal flux boundary condition. Shekolaleslami and Ganji [18] and
Shekolaleslami et al., [19] studied heat transfer of Cu-water nanofluid flow between parallel plates
and extended the study and investigated the numerical simulation of unsteady nanofluid flow and
heat transfer between parallel plates with presence of a time-dependent magnetic field. Dogonchi
et al., [20] studied flow and heat transfer of MHD nanofluid between parallel plates with thermal
radiation effect.

Motivated by the above investigations, since there are only a few researches on oscillations
between two parallel plates, we would like to consider investigating oscillating nanofluid. The present
work deals with oscillatory free convection of nanofluid flow between two parallel plates with mass
diffusion. Water-Cu nanofluid was considered in this study. This problem will be solved using Laplace
transform method and the solutions are presented in graphs.

2. Mathematical Formulation

Consider an unsteady free convection nanofluid flow between two parallel plates with mass
diffusion. An oscillating plate at y = 0 was also considered in this study. The x’-axis was considered
along one of the vertical plates and the y’-axis was taken as normal to the plates. Figure 1 shows the
flow configuration of the flow and the governing equations under the normal Boussinesq’
approximation as follows.
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Fig. 1. Flow configuration of the problem
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subject to initial and boundary conditions

t<0:u' =0,T'=Tp, C"=Cy, for0<y' <h
t>0: u =Uycoswtand Uysinwt, T' =T,,C"' =C,, aty' =0 (4)
u =0T =T, C'=C, aty'=h

Here u' is the velocity of the fluid, g is the acceleration due to gravity, (pﬁT)nf is the volumetric
coefficient of thermal expansion of nanofluid, while (pBc)ys is the volumetric coefficient of
concentration expansion, t’ is time, h is the distance between two plates, T' is the temperature of
the fluid, T}, is the temperature of the plate at y' = h, C' is the concentration of the fluid while Cy,
is the concentration of the plate at y' = h, p,f is the density of the fluid, (Cp)nfis specific heat at

constant pressure, Dy is mass diffusion coefficient, v, ¢ is the kinematic viscosity of nanofluid, kr
is the thermal conductivity of nanofluid and C,, concentration of the fluid at y' = 0. For the
nanofluids expressions for i, ¢, pnr , (pCp)nf ,(pBr)ns and (pBc)nys are given by Pal et al., [21]

— _ ¥

Hng (1-)25
Pnf = 1- d))pf + Pps
(pCp)nf =1~ ¢)(p6p)f + ¢(pcp)s (3)

(PBr)ny = (A = P)(pPr)s + ¢(pBr)s
(PBny = A= d)(PBc) s + d(PBc)s

120



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 2 (2020) 118-131

where ¢ is the nanoparticle volume fraction, py is the density of the base fluids, p; is the density of
solid particle, C,, is the specific heat at constant pressure. Table 1 shows the thermal conductivity of
the nanofluid is given by Pal et al., [21] and Feng and Johnson [22]

K _ kp(ks+2ks)-2¢(kr—ks)
T (kst2ky) +(kp—ks)

(6)

(1-¢)
D,r =——7=—D
TR S
2
Table 1
Thermal conductivity of nanofluid
Water Kerosene Cu Ag
kg 997.1 780 8933 10500
m3
( ] ) 4179 2090 385 235
CD
kgK
(K) 0.613 0.149 401 429
p mK
B(K'l) 0.00021 0.00099 0.0000167 0.0000189

Cu-water nanofluids are considered in this research because they have high thermal conductivity,
make good compatibility with basic liquid and the cost is not too high. The dimensionless variables
are introduced

y’ t'v u'u
y:U—, t:UZf'u_vo’
. ’ ! (7)
_T'-Ty _ _C'=¢y,
¢ ~rony BT P ¢ ¢
Eqg. (1)-(4) by using Eq. (5)-(7) will be reduced to following dimensionless equations
ou 0%u
E =aq a_yz + azGT'Q + agGmC (8)
py0 _ 20 )
T 5 = 52
¢ _ as9°C
at  Sc 9y?2 (10)

and the initial and boundary conditions are
t<0:u=0,60=0C=0 for0<y<1

t>0: u=coswt and sinwt, 8 =1, C=1aty=0 (12)
u=0,06=0, C=0aty=1
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where Sc = =L is the Shmidt number, Gr = 9Y% (BT)f(ZTW i)
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gUO(ﬁC)f(CW )| is mass Grashof number, Pr = e il
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parameter. Eq. (8)-(10) with boundary condition Eq. (11) would be solved by using Laplace transform.

is the thermal Grashof number, Gm =

is Prandtl number and wt is the oscillating

3. Solutions of the Problem

The solutions of velocity profile, temperature profile and concentration profile after solving the
Eq. (6), Eq. (7) and Eq. (8) with the initial and boundary conditions Eq. (9) by using Laplace transform
method are obtained as

Uc<y,q)=z;°=0[ﬁ—:e‘“f_l_ﬁ_;e"’Jazl+ S R ) T
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_ _q [Fea _p [ca
C(y,q) = Xn=o lée s - ﬁe “ (15)
Eq. (18)-(20) were transformed using inverse Laplace and the solution in term (y, t) are as follows

uc(y,t)=Z$§’=o[ﬁs<f1(%,t)—f1(Z ))m(%,t) (=) +f(5=0t) -
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where,

a=2n+y, b=2n+2-y

1
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fa(z,t) = Erfc (ZL\/E)

Here, z is a dummy variable where 1, f2, {3, f4 are functions of dummy variable and Erfc(z) =
%fon e~t“ 9t is the complementary error function. Here, the subscripts c and s in the above equations

refer to cosine and sine oscillations of the plate. On the other hand, the expression of Sherwood
number, Nusselt number and skin friction for nanofluid flow is given as

aoc
Sh =Dy §|y_0 (20)
knr 06
Ny = -2 21
u o o, o (21)
S 1 u (22)

(1_¢)2'5 5 y=0

123



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 2 (2020) 118-131

4. Results and Discussions

In this section, the graph of velocity, temperature and concentration profiles of nanofluid was
plotted from the obtained exact solutions with different embedded parameters. Skin friction, Nusselt
number and Sherwood number was also plotted from the obtained exact solutions using expression
in Eq. (20) and Eq. (21). The graph was plotted using MATHEMATICA software. The result presented
is from cosine oscillations solutions.

Figure 2 shows the concentration profiles graph with different Schmidt (Sc) number. Since Sc
relates with relative thickness of the mass transfer boundary layer, increasing the Sc number will
decrease the concentration. Figure 3 and Figure 4 show the temperature profile against Prandtl (Pr)
number and nanoparticle volume fraction (¢). It shows that increasing Pr parameter will decreased
the temperature of the nanofluid flow. Physically, the high number of Pr caused the thermal
conductivity of fluid to decrease and the viscosity of the nanofluid increased resulting the
temperature to decrease. While for ¢, increasing the nanoparticle volume fraction will cause the
temperature to increase. It is proven that by adding a small number of nanoparticles on the fluid, will
caused the thermal conductivity of the fluid to increased.
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Fig. 2. Concentration profile with different Sc with ¢=0.06, t=0.1
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Fig. 3. Temperature profile with different Pr with ¢=0.06, t=0.1
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Fig. 4. Temperature profile with different ¢ with Pr=7, t=0.1

Figure 5 to Figure 10 show the effects of different parameters Sc, Pr, Gr, Gm and ¢ on the velocity
profile. From Figure 5, it was observed that increasing the Sc will decrease the velocity. It was found
that Sc was relates to the relative thickness of the mass transfer boundary layer. If the Sc number is
increases, the thickness of boundary layer would increase and will cause the velocity to decrease.
While Figure 6 shows the velocity profile with different Pr. Increasing Pr will cause the viscosity to
increase and will make the velocity to decrease. Figure 7 and Figure 8 show the velocity profiles with
different Grashof number (Gr) and mass Grashof number (Gm). It is observed that velocity increasing
with increasing the value of Gr. Similar to Grashof number, when Gm increased, the velocity was
found to increase. Physically, this is possible because as the Gr and Gm number increases, the
buoyancy force near the plate causing arise in velocity is observed. Figure 9 shows the velocity profile
for different oscillation parameter. The graph shows that increasing the oscillation parameter will
cause the velocity to decrease. Figure 10 shows velocity profile with different nanoparticles volume
fraction. Increasing the nanoparticles volume fraction will decrease the velocity. A higher volume
fraction of nanoparticles increases the nanofluid viscosity, which causes the fluid velocity to slow
down.

Sc=0.3
B Sc=0.7
Sc=1.5
Sc=1.9

Velocity (u)

Fig. 5. Velocity profile with different Sc with Pr=7, w=§,
Gr=0.02, Gm=0.02 ¢=0.06, t=0.1
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Fig. 6. Velocity profile with different Pr with Sc=0.5, w=§,
Gr=0.02, Gm=0.02 ¢=0.06, t=0.1
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Fig. 7. Velocity profile with different Gr with Pr=7, Sc=0.5, w=§,
Gm=0.02, ¢$=0.06, t=0.1
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Fig. 8. Velocity profile with different Gm with Pr=7, Sc=0.5,
w=7, Gr=0.02, $=0.06, t=0.1
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Fig. 9. Velocity profile with different w with Pr=7, Sc=0.5,
Gm=0.02, Gr=0.02, ¢=0.06, t=0.1

— ¢=0.01
¢=0.02
¢=0.03

— ¢=0.04

Velocity (u)

0.0 0.2 0.4 08 0.8 1.0

Fig. 10. Velocity profile with different ¢ with Pr=7, Sc=0.5,
Gm=2, Gr=2, w=§ ,1=0.1

Figure 11 and Figure 12 show skin friction graph for different Pr and ¢. It is depicted from the
graph that increasing the Pr parameter will cause the skin friction to decrease but for ¢, skin friction
increases with increasing ¢. The Nusselt number graph was plotted with different Pr and ¢ in Figure
13 and Figure 14. At a boundary in a fluid, the Nusselt number is the ratio of convective to conductive
heat transfer. The conduction and convection heat flows are parallel to each other and to the surface
normal of the boundary surface, and are all perpendicular to the mean fluid flow. By increasing both
Pr and ¢ will cause the Nusselt number to increase. Figure 15 and Figure 16 show the graph of
Sherwood number against time with different Sc number and ¢. Sherwood number represents the
ratio between mass transfer by convection and mass transfer by diffusion. The graph shows that
increasing the Sc number and ¢ will increase the Sherwood number. It is worth mentioning that all
presented graphs show that the solutions satisfy the boundary conditions of the problem.
Furthermore, the obtained solutions of concentration, temperature and velocity for cosine and sine
fully satisfies the Eq. (8)-(10). This verification shows the correctness of the obtained solutions.
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Fig. 11. Skin friction with different Pr with ¢ =0.06, Sc=0.6,
Gm=2, Gr=2, w=§
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Fig. 12. Skin friction with different ¢ with Pr=0.2, Sc=0.6, Gm=2,
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Fig. 13. Nusselt number with different Pr with ¢=0.6

128



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 2 (2020) 118-131

o B

— ¢=0.1
Frn i ¢=0.2

=03
— ¢=0.4

Nusselt number

— Se=0.2
20F 1 Sc=0.4
sk Sc=0.6
— Sc=0.8

Sherwood number

0.0 0.2 0.4 06 0.8 1.0
t

— ¢=0.2
@=0.4
¢=0.6

— ¢=0.8

Sherwood number

L L L s L
00 02 04 08 08 1.0

Fig. 16. Sherwood number with different ¢ with Sc=0.5
4. Conclusions

Free convection nanofluid flow between oscillating vertical parallel plates with mass diffusion
was studied. The nanofluid considered were Cu-water. By using appropriate transformation, the
equations were reduced to ordinary differential equations. Dimensionless governing equations were
then solved using the Laplace transform method. Effects of various parameters on velocity,
temperature and concentration profiles as well as Nusselt number, skin friction and Sherwood
number were graphically studied in this paper. From this study, it was found that nanoparticles
volume fraction (¢) plays a significant role in this research. Since ¢ will cause thermal conductivity
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of fluid to increase, the temperature, skin friction, Nusselt number and Sherwood number would
increase when ¢ increases but will decrease in velocity profile. However, increasing the oscillation
parameter will cause the velocity to decrease. Interestingly, the obtained solutions of velocity,
temperature and concentration fully satisfied the dimensionless equations. The flow characteristics
observed in this paper were found to be similar with Narahari et al., [16] which investigated exact
solutions of free convection flow of nanofluids between two vertical parallel plates with radiation
effect. Also, it is interesting to mention that exact solutions of velocity of Eq. (16), Eq. (17),
temperature in Eqg. (18) and concentration in Eq. (19) fully satisfied the non-dimensional Eq. (8) to
Eq. (10). These ensure that all the obtained solutions are correct.
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