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Abstract:

The significant research has seen with nano fluid flow and heat transfer. But still
there is a wide scope of research in mass transfer with nano fluids due to Brownian motion
of particles. A theoretical investigation has attempted in this paper to study the chemical
reaction effects during mass transfer. We have studied convective heat and mass transfer
of MHD nano fluid flow past inclined, oscillating permeable flat plate with radiation and
heat source. It is found that velocity and Diffusion increases for both kind of chemical
reactions.

Index Terms: Nano - Fluid, MHD, Inclined Plate, Radiation & R-K 6th Order.
1.Introduction:

The heat and mass transfer has gained great demand due to its applications in
many areas like, cooling of electronic devices, reactor cores, high voltage power
transformers, energy storages, petroleum industries etc. In the heat and mass transfer
all the above areas study can be done with a typical geometry, like a flat plate. The
inclined flat plate may consider for various application. If the system is like then the
oscillation of the plate shall be considered. In view of this researchers studied the
convective heat transfer with this geometry. Among those studies, M.A.A. Hamad [2]
studied the convective heat transfer with a vertical permeable, rotating flat plate and
reported that heat transfer enhances with nano particles presence. Md.Shakhaoath
Khan [3] studied the flow past a wedge moving in a nano fluid and reported that the
Brownian motion of nano particle influences the flow and heat transfer significantly.
S.P.Anjali Devi [13] also stressed the importance of next generation coolants like nano
fluids.

Ch.Ram Reddy [1] reported that the increase in Brownian motion of the particles
enhances the momentum and heat transfer. Pravin R.Harde [9] reported that the
performance of solar collector increases with increase in inclination of the solar cell and
concentration of the nano material. N.F.M.Noor [6] studied the thermos phonetic effect
on convective heat transfer over a permeable inclined plate with heat source/sink and
suction/injection. Many researchers [8, 12, and 14] studied the significance of nano
fluid in convective heat transfer by performing the experiments. Mohammad Mehdi
Keshtkar [4] et.al studied the effect of suction/injection on convective boundary layer
flow along with some more physical phenomenon. The reported that range of solution
for the injection case is smallest for cu-water nano fluid. Few researchers [5, 7, and 11]
stressed the importance of the moving flat plate geometry in convective heat transfer
with nano fluids. Recently Puneet Rana et.al [10] studied the effect of nano particle
diameter on flow and heat transfer along a vertical flat plate.
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To the best of available literature, the study of convective heat and mass transfer
through the particle size (diameter) and the inter particle spacing in live cases like
moving/oscillating plates have not noted. So we made here an attempt to study the
effects of size of nano particles and the inter particles spacing in convective heat and
mass transfer past a permeable, oscillating, inclined flat plate. We also considered the
magnetic field, radiation, heat source, suction and chemical reaction to study.

2. Mathematical Formulation:

Consider the unsteady free convection flow of a nano-fluid past inclined
permeable semi-infinite plate in the presence of an applied magnetic field with constant
heat source, radiation and suction. We consider Cartesian coordinate system (x,y, z), the
flow is in the x direction, which is taken along the plate, and z - axis is normal to the
plate. We assume that the plate has an oscillatory movement on time t and frequency n
with the velocity u(0,t),which is given u(0,t) = Up (1 + & cos(nt) ), where ¢ is a small
constant parameter (e<< 1) and Uy is the characteristic velocity. We consider that
initially (t < 0) the fluid as well as the plate is at rest. A uniform external magnetic field
By is taken to be acting along the z-axis. Also assume that the induced magnetic field is
small compared to the external magnetic field Bo. The surface temperature is assumed
to have the constant value Tw while the ambient temperature has the constant value T,
where Tw > Te. The conservation equation of current density v.J=0 gives ], = constant.
Since the plate is electrically non-conducting, this constant is zero. It is assumed that the
plate is infinite in extent and hence all physical quantities do not depend on x and y but

depend only on z andt, the Schematic Diagram of this is shown in Fig.1.
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Absence of x and y gives, % = v =0
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It is further assumed that the regular fluid and the suspended nano-particles are in
thermal equilibrium and no slip occurs between them. Under Boussinesq and boundary
layer approximations, the boundary layer equations governing the flow, temperature
and diffusion are:

The Conservation of momentum is

Go g |meVPVE(pBa)p g8 (T-T JCosy+(pB.) ¢ g (c-c JCosy
—+ (VOV)V = — a
ot Por - C B02 \4

In the direction of z, the above equation is

ou ou 1| & 2
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The Conservation of energy is

- 0
£+(voV)T=aan2T—L(T—TOO)— 1 dr
ot (p Cp)nf (p Cp)nf 0z

In the direction of z, the above equation is
2 0
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The Conservation of Diffusion is
oc - = 2
Yl (v-V)c =D ,fVoc+ k(c-cy)
In the direction of z, the above equation is
2
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The appropriate initial and boundary conditions for the problem are given by
uizt)=0T=T,,c=c, fort<0OVz
u©.t) = Uo{lﬂ“f(e! e ”t)},T(o,t) =Ty . cO) =cy
2 120 s (5)

u(eo,t) >0, T(oo,t) > T, C(0,t) > €, e<<1

Thermo-Physical properties are related as follows:

I(nf

(p Cp)nf
(p Cp)nf = (1-9) (p Cp)f + ¢ (p Cp)s
(PB) 5 == 0) (PB)s + ¢(PP)g

p = (=9)ps + 0pg, @ f =

nf
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We consider the solution of Eq. (1) as W =-Wo.....ccecurvrenee (7)

Where the constant wo represents the normal velocity at the plate and is positive for
suction (wo>0).Thus, we introduce the following dimensionless variables:

2
U T-T c-¢C
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We assume that the temperature differences within the flow are sufficiently small so
that the T * can be expressed as a linear function after using Taylor series to expand

T * about the free stream temperature T, and neglecting higher-order terms. This
result is the following approximation T* = 4T, T -3T,*
. . 0q 160, °T*T?
By using above, we obtain r—-_—1 T
yusing 0z ¥ 07 )
Using equations (5), (6), (7), (8), (9) the Equations (2),(3)&(4) can be written in the
following dimensionless form:
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Where the corresponding boundary conditions (5) can be written in the Dimensionless

form as:
U(z,t)=0,0(z,t)=0,c(z,t)=0for t <0V z

.Y = U, {1+ % (ei nt, o ”tﬂ, 0(0,1) =1, c(0,t) =1

U (,t) - 0, 0(o0,t) —> 0, c(o0,t) > 0
Here Pr is the Prandtl number, S is the suction (S>0) parameter, M is the Magnetic
parameter, Ra is the Radiation parameter and Qu is the Heat source parameter, Sc is the

Schmidt number, K is the chemical Reaction parameter, Gc is the Molecular Grashof
number, Gr is the Thermal Grashof number, which are defined as:

vi=0

2 4 T3 2
v cB,“v oo Qv v
Pr:—f,S:—O,M:O—Zf,Ra:%,QH: 2,SC:Df ,
o Yo ps U y K nf
K _ k|Vf Gec gBCf W

2 Gr
Yo 9 BTf wo

Where the velocity characteristic U,is defined as

= [9Bf (Tw —To) V¢
The local Nusselt number Nu in dimension less form:

K
Nu = - - ¢'(0
" (0)

f
The local Sherwood number Sh in dimension less form:

c'(0)

]l/ 3

Sh = -

nf
3. Solution of the Problem:

The semi-infinite plate length is limited to 6 for computations because the
Diffusion reaches boundary at 6 for variation with ‘Sc’. By trail method, we have
generalized the semi-infinite plate length as 6 for this reason. R-K 6t order with
shooting method is adopted to solve the governing equations numerically. The
convergences of the method are guaranteed by satisfaction of the boundary conditions.
The Mathematica package has been used to find the solution numerically. The standard
values throughout the computations are: ¢ =0.02,S=1,h=4,d,=40,Gc=5,Gr=5 M=
5yv=m/3,Qu=5 Ra=0.4,Sc=0.6,K=0.5.

4. Results and Discussions:

The effect of various parameters viz. solid volume fraction (¢), thickness of
liquid like layer around the solid particle (h), diameter of the solid particle (dy),
magnetic parameter (M), inclination angle of the plate (y), heat source parameter (Qnu),
Radiation parameter (Ra), Schmidt number (Sc), suction parameter (S) and chemical
reaction parameter (K) on velocity (U), temperature (6) and diffusion (c) are exhibited
in graphs from Figures 1 to 32. The other parameters were assumed constant. The
Prandtl Number (Pr) kept constant as 7 (for water), € = 0.02 and nt = /2.
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The velocity is found maximum near the base of the plate for all parameters and it is
found that it drastically decreases as we move along the plate (Fig.1 - Fig. 12). The
significance of the nano fluid has clearly observed from Fig. 1. It is evident that the
dissolved Cu nano-particles increase the momentum along the plate. The momentum
further enhances with the increase in the solid portion of the nano-fluid because the
flow enhances for 0% to 5% solid portion in the fluid. The increase in inter particle
spacing (h) opposes the momentum and it is found from Fig. 2 that the increase in
spacing from 2nm to 10nm reduces the momentum. The momentum increases with size
of the particle (Fig. 3). This may be due to the slip along the surface of the particle.
Unlike micro particles the nano-particles are dynamic in nature and this nature increase
with diameter of the particle (from 20nm to 100nm). The effect of magnetic field
reduces the momentum of the nano-fluid (Fig. 4). The magnetization of the Cu nano-
particle further opposes the motion of the fluid because the absence of the magnetic
field rapidly enhancing the motion of the fluid. The momentum boundary layer is
reducing with the increase in the inclination angle (Fig. 5). The nano-fluid flow is more
when the plate is tending to be horizontal. The heat source opposes the nano-fluid flow
(Fig.6). This is due to various factors like evaporation of liquid, increase in size of nano-
particle and Brownian motion of particles etc. The radiation decreases the fluid flow
(Fig. 7) but it is found that the variation is low for small variations in Ra. The fluid flow
reduces with decrease in the diffusivity (Fig. 8). The destructive chemical reaction (K>0)
enhances the momentum and the generative chemical reaction (K<0) reduces the
momentum when compared with no chemical reaction (Fig. 9). The increase in suction
reduces the momentum (Fig. 10) as the plate is permeable. The increase in molecular
Grashof number (Gc) reduces the momentum (Fig.11), whereas the thermal Grashof
number (Gr) enhances the momentum (Fig.12).

The temperature profiles (Figs. 13-22) shows that variation of temperature is
more with inter particle spacing of nano-particles (h), diameter of the particle (dp), heat
source(Qu), Radiation(Ra) and suction(S). The temperature is high near the base of the
plate and decreases rapidly as we move along the plate. Temperature enhances with the
dispersion of Cu particles (Fig. 13). It is observed that the temperature is more for 0%
to 5% of particle dispersion in nano-fluid. The inter particle spacing reduces the
temperature (Fig. 14). The spacing of 2nm to 10nm are studied, but transfer of
temperature distribution is lowered. The variation of temperature for various Cu nano-
particle sizes (dp = 20nm - 100nm) is depicted in Fig. 15. The temperature enhances
with size of the particle, which is basic advantage of nano-fluid. The temperature
decreases with magnetic field (M) from Fig.16.The variation of temperature for various
inclinations (y) of the plate has shown in Fig. 17. Like momentum the temperature
reduces with enhancement in inclination angle. The temperature decreases with
increase in the heat source (Qu) from Fig. 18. The variation of temperature is more for
radiation (Ra) is around 0.1 but the variation is less when the radiation is above 0.4
(Fig.19). The temperature decreases with increase in radiation. From Fig. 20 the
temperature enhances with diffusivity (Sc) due to Brownian motion of the particles.
From Fig. 21 the temperature reduces with increase in chemical reaction (K). The
chemical reaction changes the size of the molecule and reduces the dissipation of the
temperature. The temperature is more for no suction, and decreases with increase in
suction parameter (S) from Fig.22.

The variation of diffusion for various parameters is shown in Figs 23 - 32. The
variation of diffusion is found more for solid volume fraction (®) diameter of the nano-
particle (dp), Radiation (Ra) and chemical reaction (K) on the other hand variation is
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less for inclination of the plate (y), inter particle spacing (h), Magnetic Field (M), Heat
source (Qu), schmidt (Sc) and suction (S). From Fig. 23 the diffusion increases with
increase in solid volume fraction (®) due to Brownian motion. From Fig. 24 the increase
in inter particle spacing (h) decreases the diffusion stressing the importance of the
nano-particles. From Fig. 25 the increase in size (dp) of the particle increases the
diffusion due to increase in momentum. From Fig. 26 the increase in magnetic field (M)
decreases the diffusion. It happens due to the magnetization of the particles which leads
to inertia. Fig. 27 shows that diffusivity is more for horizontal plate than vertical plate.
Fig. 28 shows that the reduction of diffusivity with increase in heat source (Qu). From
Fig. 29 Radiation enhances the diffusivity. The diffusion decreases with increase in Sc
and diffusion is very less when Sc is around 1.3 (Fig. 30). Diffusion is less for generative
chemical reaction and more for destructive chemical reaction (K) and moderate for no
reaction (Fig. 31). Diffusion is more for no suction, less for suction, as S is more than or
equal to 1 (Fig. 32).
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d, =20, | d, =60, [ d =100, | d, =60, | d, =60, | d, =60, | d, =60,

¢ | Qu=5 |Q,=5 Q=5 |Q,=10|Q,=15 Q,=5 |Q,=5
S=05 | S=05 | S=05 | S=05 | S=05 | S=0.2 | S=08
0 | 1.63756 | 1.63756 | 1.63756 | 2.00503 | 2.31888 | 1.34674 | 1.96656
0.05 | 1.99986 | 1.99986 | 1.99984 | 2.45632 | 2.84571 | 1.65636 | 2.38769
0.1 | 2.33370 | 233414 | 233417 | 2.87548 | 3.33668 | 1.94552 | 2.77173

Table 1: Nusselt Number
Table-1 depicts the rate of heat transfer for various parameters ¢, dp, Qu and S.

Each column of the table signifies the importance of metal particles for heat transfer.
Altogether 4-5% of heat transfer enhancement is noticed for every 1% enhancement of
the cu particles in water. The heat transfer rate is more significant about average size of
the particle (60 nm), for large size (>60 nm) the heat transfer rate slightly increases.
The natural increase in heat transfer is observed for enhancement of heat source. The
suction enhances the heat transfer rate due to the quick movement of the cu particles.

Sc = 0.3, Sc = 0.6, Sc =0.3, Sc =0.3,

K S=05 S=05 S=0.2 S=0.8
-0.5 0.531874 0.803074 0.482721 0.584537
0 0.389905 0.603457 0.340053 0.443849
0.5 0.222247 0.367911 0.171449 0.27792

Table 2: Sherwood Number

Table-2 depicts the Sherwood number (Mass Transfer
coefficient) for variation of K, Sc and S. The rate of mass transfer is significantly high for
generative (K<0) chemical reaction on the other hand the rate of mass transfer is
significantly low for destructive (K>0) chemical reaction when both the cases are
compared with no chemical reaction. Naturally the rate of mass transfer is more for
more diffusivity (Sc) for all kinds of chemical reactions. The increase in suction (S)
shows a gradual enhancement of the diffusivity during all kinds of chemical reaction.
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