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Abstract

The paper presents double-diffusive nanofluid convection under magnetic field using more realistic revised model in
which boundaries are assumed to have zero nanoparticle flux. The nanofluid layer includes the nano scale effects
(Brownian motion and thermophoresis) and solutal effects (Dufour and Soret). Impact of different parameters is analyzed
using normal mode technique and interpreted graphically with the help of the software Mathematica. Complex
expressions for oscillatory motions are solved using approximations to confirm their non-existence and onset of
convection is established as stationary. Binary nanofluids are found to be much less stable than regular fluids. Higher
conductivity of metallic nanofluids makes them less stable as compared to non-metallic nanofluids.
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1. Introduction

The origin of nanofluids is attributed to the revolutionary idea of suspension of nanoparticles into
heat transfer liquids to enhance the thermal conductivity (Choi, 1995). Buongiorno (2006)
developed equations for mass, momentum and heat transfer in nanofluids. Since then, a large
number of mathematical studies on convective heat transfer in nanofluids became feasible. Tzou
(2008) initiated the work on thermal instability of nanofluids using the model given by Buongiorno
(2006) and found that addition of nanoparticles make the fluid more unstable. Further, the
convection in nanofluids was investigated analytically for various boundaries by Nield and
Kuznetsov (2010). Gupta et al. (2013) carried forward their work by extending the nanofluid
convection problems under magnetic field. To study the interesting effects of thermal and solutal
diffusivities, convection in a binary nanofluid layer was first conducted by Nield and Kuznetsov
(2011). The stabilizing impact of magnetic field and rotation on double diffusive convection in
nanofluids was established by Gupta et al. (2015) and Sharma et al. (2016), respectively.

Recently, the thermal convection in nanofluids was revisited by Nield and Kuznetsov (2014a, b)
with more practical boundary conditions in which the zero nanoparticle flux was considered at the
boundaries and absence of oscillatory motions was established. Further, Agarwal (2014) and Chand
and Rana (2015) considered nanofluid convection saturating porous medium using revised model
under Coriolis and Lorentz forces, respectively. In the present work, we have examined the
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instability of a binary nanofluid layer under magnetic field. The equations for the system are made
dimensionless and small disturbances are imposed on the primary flow. Further, method of normal
modes is used to get the expression for thermal Rayleigh number. Complex calculations are
simplified using valid approximations to study the problem analytically. Effects of solute
concentration difference, temperature difference, nanoparticles volume fraction and magnetic field
parameter on thermal Rayleigh number are analyzed with stability curves for alumina (non-metal)
and copper (metal) nanoparticles with the help of software Mathematica.

2. Problem Formulation
Consider a nanofluid layer of width d which is soluted and heated from below. The conservation
equations (refer: Gupta et al., 2015) are

V.u=0, @
p[zt—u+ u.Vujzyvzu—VpJ{@Op +(1_¢){P<1_ﬂc (C-Co)- 45 (T _TO))}]Q +Z‘_;(H VIH.@)

pc{% + u,VT} =p,C, [DBVT Vo+ %VT .VT} +kV'T + pcD,.VC, 3
0
%¢+ uve= DBVZ¢+%VZT, (4)
0
%C +UVC =D,V C+D,VT. ©)

The Maxwell’s equations are:

%Jr(u.V)H —(H.V)u+nv'H, (6)

V.H =0, @)

and conditions for free boundaries are:

op D, oT

~0,T=T,D,—~+—L=—=0 C=C -

W 0, 1 Baz _I_O az 1 at Z 0, (8)
op D, oT

=0 T=T,D,—~+—L-—=0 C=C =d.

w=0, I , at z=d 9)

Here, u=(uvw) 4. t.p,. Dy, D, i (pc),, (p€), ko Dy, H=(H,HH), T, p, 4,
Ber Bry 9, P, C, k, c,, D,C,De, n respectively, are the fluid velocity, the particle

volume fraction, the time, the particle density, the Brownian coefficient, the thermophoretic
coefficient, the fluid viscosity, the fluid heat capacity, the nanoparticles heat capacity, the thermal
conductivity of medium, the solutal diffusivity, the magnetic field , the fluid temperature, the
pressure, the fluid viscosity, the solute volumetric coefficient, the thermal volumetric coefficient,
the gravitational acceleration, the fluid density, the fluid specific heat, the fluid conductivity, the
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nanoparticle specific heat, the Dufour diffusivity, the solute concentration, the Soret diffusivity
and the electrical resistivity of the nanofluid. Let us non-dimensionalize variables as:

(x,y,2)d=(xy,2), td° =ta,, ¢4 =¢, ua, =ud, pua, =pd® HH,=H
T(Tl_To):(T_To)’ C(Cl_co):(c_co)' (10)

where a, =k/pc and (0,0, H,) is applied magnetic field. Egs. (1)-(9) become:

V.u=0, (11)

i(a—u+ u.Vuj:—Vp+V u—Rmk+R,Tk - Rn¢k+—Ck Qﬂ 8_H (12)

Pr, \ ot L, Pr, oz’

CLI '\L'B Vg VT +%VT.VT + N, V’C+V°T, (13)

%Jruvc_ E V?C + N, V7T, (14)

o 2

9% uvp-tv AVT 15

o Ve L, L L, (15)

oH Pr,

—+(uV)H = Uu+—-V'H, 16

o FUVH=(HY)ur g (16)

V.H =0, (17)

w=0,22.n, % o, c=T=1, at z=0, (18)
0z oz

w=0, 8¢ =0 , C=T=0 : at z=1,

az az
(19)

where dimensionless numbers are: Prandtl number Pr,=u/ pa,; Magnetic Prandtl number
Pr,=ul pn; fluid Lewis number L,=c,/D;; solute Lewis number L,=¢;/D;
Chandrasekhar number Q= H,’d* /4zvpn; diffusivity ratio N, =D, (T,-T,)/ Dy T, d;
density increment N, =(oC), ¢,/ pC; Rayleigh number R, =pgp.d°(T,-T,)/ ue,; solutal
Rayleigh  number Rs=pgp.d*C,-C,)/ uD; basic-density ~ Rayleigh ~ number,
Rm= pgd® / ua,; nanoparticle Rayleigh number Rn= (,op —p) ¢, 9d®/ ua,; Dufour parameter
N;e =D (C,—Cy) /e, (T, —T,);  Soret parameter N.; =D (T, -T,)/ «,; (C,-C,).

(20)
3. Method of Analysis

Initially, system is at rest and all the parameters vary in horizontal direction only. Egs. (11)-(19)
become
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9P LR, _RT+R,4-5C=0, (21)
dz L

2 2 2

T NadgdT Ny (0TF %G, 22)
dz L, dz dz L, \dz dz

d%p d’T

a7 Nz =0 *)
1 d°C d’T

— —=0. 24
L, dz2 T dz? @)
The solution of Egs. (21)-(24) satisfying boundary conditions (18) and (19) give

dqszleClz (25)
dz

Note that there is no restriction on the value of nanofluid Lewis number to find basic solution.

Previously, we had to assume the value of nanofluid Lewis number to be large for analytical results.
Thus, revised model gives more generalized basic solution.

Let us apply small disturbances (0, p H 'I:,C, gZ) on Egs. (25), we get

V. a =0, (26)
oa . Pr, oH

—| —+ 0Vl |=-Vp+VU+R Tk Rn k+—Ck ——, 27

ﬂ_w 2 N, )N, V2C 4 VT, (28)

ot oz 62

aC . 1 _,x .

E—W:EVZC + N, VT, (29)

8¢ +N W—iV2¢+ AV2T, (30)

L. L,

5_H=6_Wk Py, 1)

ot oz Pr,

V.H =0, (32)

Following the technique of normal modes (superposition of basic modes), we get an eigenvalue
equation.

4. Analytical Results and Discussions
4.1 Non-Oscillatory Convection
Let growth rate s = 0for stationary convection in eigenvalue equation, this gives R, as
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1 2°+2n°
RA = (1_ LSNTC){( azﬂ Q —Rn NALeJ(l_ NCT NTC Ls)_ RS(l— NCT )}_ Rn NA' (33)

where Z=1"+&. Clearly, magnetic field stabilizes the system significantly and the occurrence
of nanoparticles hastens the onset of convection. In the absence of Soret parameter, solute Rayleigh
number destabilizes the system. Also, note that existence of nanoparticles does not influence the
value of critical wave number.

4.2 Oscillatory Convection
For oscillatory convection; s =1iw. Complex expressions are obtained from eigenvalue equation

which are analyzed by substituting L, =1, Pr,L, > and N.;,N;. —>0, we get all the values
of @’ as negative. Thus absence of oscillatory motions is established.

5. Numerical Results and Discussions

The influence of solute concentration difference, temperature difference and nanoparticle volume
fraction don’t affect the stability of the layer directly as they enter in the system via different
non-dimensional numbers and hence couldn’t be studied analytically. Keeping in mind the
importance of the influence of parameters on instability of the layer, numerical computations are
accomplished for metal (copper) and non-metal (alumina) using the software Mathematica. Figures
1-5 show the stability curves for values of nanofluid parameters as: copper Rn=0.1, N, =0.5;

alumina; Rn=0.03, N, =5. Let us fix other parameters as: L, =2; N;.=0.0L Ng =2
Rs=50; Q=100; for water based nanofluid: L, =5000.

Figure 1 shows the destabilizing influence of temperature difference on the boundaries (appears in
the parameters N,,N¢;,N;. ) and alumina nanoparticles are observed to have more impact on

instability of the system than copper because of its lower thermal conductivity. The stabilizing
influence of solute concentration difference on the boundaries of the layer (appears in the

parameters RS,Ng;,N;.) is analyzed in Figure 2. It is worth mentioning that the stabilizing
influence is same for different physical properties of nanoparticles.
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Figure 1. Impact of temperature difference
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Figure 2. Impact of solute concentration difference
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Figure 3. Impact of nanoparticle volume fraction
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Figure 5. Impact of solute Rayleigh number

Figure 3 establishes the strong destabilizing influence of nanoparticles (enters through the
parameters Rn,N,) on the stability which is more pronounced for alumina than copper. The

magnetic field parameter delays the onset of convection for metallic and non-metallic nanofluids as
observed in Figure 4. The impact of solute Rayleigh number is also found to be stabilizing for

metallic and non-metallic nanoparticles as shown in Figure 5.

Here, it is worthwhile to mention that in all the Figures. (1)-(5), alumina (non-metal) nanoparticles
destabilize the system more than copper (metal). The reason lies in the fact that higher conductivity
of metals leads to higher values of corresponding non-dimensional number (diffusivity ratio) which
decreases the value of Rayleigh number significantly, making metals less stable than non-metals in

water based nanofluids.
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6. Conclusions

The thermosolutal instability of a nanofluid layer under magnetic field is examined using
conservations equations for the system. The model used to analyze the problem is revised under
more realistic boundary conditions of zero nanoparticle flux. Non-existence of oscillatory motions
is established leading to stationary mode of instability in the layer. Addition of nanoparticles
increases the instability of the system significantly. Alumina nanoparticles quicken the convection
at the higher rate as compared to copper. The temperature difference, solute concentration
difference and nanoparticle volume fraction destabilize the system while magnetic field parameter
delays the onset of convection in the layer. Solute Rayleigh number stabilizes the system while its
influence is found to be destabilizing in the absence of solutal effects.
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