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ABSTRACT

The onset of double diffusive convection in a couple stress fluids saturated horizontal porous layer in presence of
Soret effect is studied analytically using linear stability analyses. The modified Darcy equation is used to model the
momentum equation. The linear theory is based on the usual normal mode technique. The effect of the couple stress
parameter, the solute Rayleigh number, the Vadasz number, the diffusivity ratio, the Soret parameter on stationary
and oscillatory convection is shown graphically.
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INTRODUCTION

The problem of double diffusive convection in paauedia has attracted considerable interest dtinedast few
decades because of its wide range of applicatimas) the solidification of binary mixtures to theigration of
solutes in water-saturated soils. Other examplelsidie geophysical systems, electrochemistry andntigeation of
moisture through air contained in fibrous insulati&. comprehensive review of the literature contcegrdouble-
diffusive natural convection in a fluid —saturapatous medium may be found in the book by Nield Beghn [10].
Useful review articles on double-diffusive conveatiin porous media include those by Mojtabi and rGaa
Moijtabi [7, 8].

Early studies on the phenomena of double-diffugisavection in porous media are mainly concernedh \wie
problem of convective instability in a horizontalyer heated and salted from below. The problem cafbb-
diffusive convection in a fluid—saturated porougelawas investigated by many authors (see e. ginTand
Narusawa [17]), Trevisian and Bejan [18], Murragl&hen [9], Shivakumara and Venkatachalappa [1tdu8han
and Hutter [14] investigated double-diffusive coctien with the Soret effect in a porous layer usihg Darcy-
Brinkman model and derived a priori bounds. Bahletuhl. [1] carried out an analytical and numeristaldy on
double-diffusive convection in a shallow horizongarous layer under the influence of the Soretoeffelill [2]

performed linear and nonlinear stability analysisdouble-diffusive convection in a fluid saturatpdrous layer
with a concentration-based internal heat souraggudarcy’s law.

Although the problem of Rayleigh—Benard convectitas been extensively investigated for Newtoniamd$lu
relatively little attention has been devoted to thermal convection of non-Newtonian fluids. Theresponding
problem in the case of a porous medium has alsaewsived much attention until recently. With th@wing

importance of non-Newtonian fluids with suspendedrtiples in modern technology and industries, the
investigations of such fluids are desirable. Thalgtof such fluids has applications in a numbepmfcesses that
occur in industry, such as the extrusion of polyfhéds, solidification of liquid crystals, coolingf a metallic plate
in a bath, exotic lubrication, and colloidal andgension solutions. In the category of non-Newtofiizids couple-

stress fluids have distinct features, such as paifacts. The theory of polar fluids and relatedaties are models
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for fluids whose microstructure is mechanicallynsfigant. The constitute equations for couple—stritgids were
given by Stokes [13]. The theory proposed by Stakéke simplest one for microfluids, which allopslar effects
such as the presence of couple stress, body canglaon-symmetric tensors.

Sunil et al. [16] investigated the effect of sugpheth particles on double diffusive convection irbape—stress fluid
saturated porous medium. They reported that forctse of stationary convection, the stable soluselignt and
couple stress have stabilizing effects, whereastispended particles and medium permeability hagtadilizing

effects. Sidheshwar and Pranesh [12] studied aaallyt linear and nonlinear convection in a cougteess fluid
layer. Malashetty et al. [5] studied the Soret @ffen double—diffusive convection in a couple strbguid using
both linear and nonlinear analyses. Recently, Muegtyg et al. [6] investigated the local thermal remjuilibrium

effect on the onset of convection in a couple-stfasd-saturated porous layer. The problem of dexdiffusive

convection in a porous medium saturated with Neiatofiuids has been extensively studied.

However, attention has not been given to the safdjouble-diffusive convection in a porous layetusated with
Non- Newtonian fluids such as couple-stress fluidh Soret effect. The objective of this paperasstudy the
effect of Soret parameter in the presence of costpss fluid.

2. Mathematical For mulation

Fig. a: Physical configuration

We consider a horizontal porous layer saturateti witouple-stress fluid confined between two pelratifinite
stress-free boundariea=0,d , heated and salted from below. The temperature camitentration difference

between the bounding planes @kdd and AS respectively. A Cartesian coordinate system islugéth the z-axis
vertically upward in the gravitational field as shoin above Fig.a. We assume that the Oberbackdtoesq
approximation is valid and that the flow in the mas medium is governed by the modified Darcy's |ale
governing equations for the study of double- diffasconvection in a couple stress-fluid saturatedzZontal porous
layer are (Hill [1], Malashetty et al [6] )

0gq=20 )
aq . 1 1

&L_Ch_qm]qj:—Dp+pg——(ﬂ-ﬂcﬂz)q, @

elot ¢ k

poL+ (@O = K0T, <

ot
g%—fﬂq.D)S=KSDZS+DﬁZT' @
p=pofl= B (T -T)) + Bs(S -S,)l ©)

where g = (U,V,W) is the velocity; T is the temperatureS is the solute concentratior) is the pressure is
the density; T,, § and p, are the reference temperature, concentration andity respectively;g is the
acceleration due to gravity/ is the fluid viscosity,/; is the couple- stress viscositf is the permeability of the

porous medium;@r and ,83 are the thermal and solute expansion coefficiergpectively,£ is the porosityA;
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and kg are the effective thermal diffusivity and solutiffusivity respectively. Here,D, quantifies the

L . (PO m (1-&)Kg + Ky
contribution to the mass flux due to temperatureadgmt. y= KT =

e
(Pcp) g (Pcp)

(PC)m = (L= &)(pe)g + £(pCp )¢ - Here, K is the thermal conductivityc:p is the specific heat of the fluid, at constant

pressure;C is the specific heat of the solid; and the sulpssfi, Sand m denote fluid, solid and porous medium
values respectively.

Basic state
The basic state of the fluid is quiescent andvsigiby

4, =(0,0,0), p=p,(2).p=p,(2). T=T,(2), S=S,(2). (6)

The temperatur§ (z), solute concentratiof (z), pressureR,(z) and density0,(2) satisfy the following

equations:

dp, _ d’T, _ . d’S
- pbg ’ 2 - 01 2

dz dz dz

=0,p, =P [1=B; T, —To )*+Bs & — )1 @)

Perturbed state
Let the basic state be perturbed by an infinitespeaurbation so that

a=0,+q . P=p,(D+p, p=p,(+p", T=T(+T', S=§,(29+S", @®)

where primes indicate that the quantities are itg#f&imal perturbations.

Substituting eq. (8) into egs. (1) - (5) and udiagic state egs. (7) and (8) and below transfoomsti

* * X Z * * * *

(x.7 )=(a,aj t=ti(y? /k,), ¢ =ik, T =TIAT,S =S/AS, ©)

to render the resulting equations dimensionless$ using the stream functiofy defined by
: oy oy

u )W = T v < )

(u,w)=( 37 ox )
we obtain (after dropping the asterisks for simpjf)c

2

ii.g.l_cgz 52¢_iM+RaTa_T_Rasa_S:0, (10)

Wa ot Va 0(x,2) 0x X
a—T+al//_a(l//’T)_|:|2T:O, (11)
ot ox  d(x,2)

R
£0S 0y O0W.S) _ _og_g iDZT:O, (12)
y ot dx  9(x,z) Rag
where
evd? _ B-gATdk _
Vadsaz numberVa = , thermal Rayleigh numberRa, =—————, solute Rayleigh number
Kk VK,
ASdk K
Rag = '[))Sg— couple-stress parameter = 'u°2 , and diffusivity ratioT = — .
VK d K;
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o(f,g) _of ag of ag
0(x,z) 0x 0z 0z 0x
restrict the number of parameters, we setand )/ equal to unity. Eqgs. (10) - (12) are solved faess-free,
isothermal, vanishing couple-stress boundary cardif namely

The symbol is the Jacobian. The asterisks have been drogpeginfiplicity. Further, to

2
(//:aaTIé/:T:S:O at z=0,1. (13)

The stress-free boundary conditions are chosem&ihematical simplicity, without qualitatively imgant physical
effects being lost. The use of stress-free boundanditions is useful mathematical simplificationtlis not
physically sound. The correct boundary conditioresragid-rigid boundary conditions, but then thelgem is not
tractable analytically.

3. Linear stability analysis
In this section, we discuss the linear stabilitalgsis. To make this study, we neglect the Jacabiaregs. (10) -
(12) and assume the solutions to be periodic waf/&se form

W Y, sin(nrmrx)
T |=€”| g, coshmx)|sin@z) 6= 1,2,3,..., (14)
S @ cosfrmx)

where 0 is the growth rate, which is in general a comptpiantity (0 =0, +i0i), and A is horizontal
wavenumber. Substituting eq. (14) in the linearizexbion of egs. (10) - (12), we obtain

(\;La"'”Jdnzl/jo = -nma(Ra; 6, - Rasy,), (15)
(0 +32)8, = -nmay ,, (16)
(0 +10%)g, = —nnawo—Sr%JfHO, )

S

wherep =1+ Caﬁ, Jr? = nznz(a 2+1) . The parametef] is representative of the couple stress viscosity o

the fluid. In the case of Newtonian fluid, we hgve 1.

For non trivial solution ofY/, &,and ¢ we require

(+ 8N+ +M+Ragn’rr'a (0 + )
n°rra*(o+19°+9))

Ra, = (18)
As usual, we assume that the most unstable modespands to n =1 (fundamental mode) and restricaoalysis

to this case (see e.g. Chandrasekhar [15] ). Aaugisd we set 0° = 77°(a? +1) and/7 =1+ Cd? in our further
analysis.

Stationary state
If O is real, then marginal stability occurs wi@ 0. Then eq. (18) gives the stationary Rayleigh neimb

RaTSt at the margin of stability, in the form

o _ nro* Rag 19
Rar nzaz(r+8r)+(r+8r)' o)
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The minimum value of the Rayleigh numbEta?t occurs at the critical wavenumbe = @, where @, satisfies

the equation
2Cm*(@?)’+(A+Cm?)a?- (1+Cm?)= 0. (20)

It is important to note that the critical wavenumig, depends on the couple-stress paranfétem the case of
single component systefRag =0, eq. (19) gives
nrot _ @+Cco’)ro*

Ra® = = : (21)
Tomat(r+Sr) ma’(r+Sr)
In the presence of couple stresses, eq. (21) fneegalue of the Rayleigh number
R {ma+a®)yri+Ccm*@+a?)j}
a =
T a?(r+Sr) : (22)

The critical wavenumbeqy,, is to be obtained from eq. (20). For a single-congmt couple stress fluid system

when Soret parameter is absent &.= 0, the eq. (22) gives

. {mra+a)yi+cnr@+ral)l}
Ra® =
T.c acz . (23)

These are exactly the values given by SidheshwaPannesh [2].

Further, in the absence of couple stresses, iten = 0, the eq. (23) gives

T (a? +1)°
Ray, = 210 T @4)

aC

which is the classical Horton and Rogers [3] angwv@od [4] result with critical values given bg. =1 and

RaTSt = 471° for Newtonian fluid through a Darcy porous layeated from below.

Oscillatory state
It is well known that the oscillatory motions aresgible only if some additional constraints likéatmn, salinity

gradient and magnetic field are present. For tivdla®ry mode, substituting?, =0 and g; = iw (wis real) in

eg. (18) and rearrange the terms, we obtain areegjun for oscillatory Rayleigh numbRB.?SC at the margin of
stability in the form

{(1+ r){d“/]z\/a + (/7 @a+7)+ (Z\j 56} +Ram’a’(1o? +/7Va)}
Ra'?Sc = (25)
{7220'2[52 1-9s) +/7Va]}
and the non-dimensional frequenaf in the form
WP = 10°n + m’a*0’[Ra, — Ra, (1 + Sr)] (26)

5 +\fa(1+r)]

The critical Rayleigh number for oscillatory stegeeomputed from eq. (25) for different valuestod parameter and
the result discussed in section 4.
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RESULTSAND DISCUSSION

The onset of double-diffusive convection in a pardéayer saturated with a couple-stress fluid in phesence of
Soret effect is analyzed using a linear theory. Tihear theory is based on the usual normal modbnigue.
Expressions for the stationary and oscillatory nsofter different values of parameters such as cospless

parameter, diffusivity ratio, solute Rayleigh numb&ag, Vadasz numbeVa and Soret paramete® are
computed and the results are depicted in the figlir.

Fig.1 shows the neutral stability curves for diéfer values of the couple-stress paraméferfor fixed values of
Va=1.0,r = 0.5Rag = 150.(. We observe from this figure that the minimum eabf the Rayleigh number for

both stationary and oscillatory modes increaseh wit increase in the value of the couple-stresanpeteC ,
indicating that the effect of the couple-stressapaater is to stabilize the system.

The effect of diffusivity ratio 7 on the neutral stability curves for fixed valuesf o
Va=1.0,C = 1.0,Rag = 150.(is shown in fig. 2. We find that the minimum valoRayleigh number for the
stationary mode decreases with an increase indhe\of diffusivity ratior . On the other hand, the oscillatory

Rayleigh number increases with an increase in #@igevof diffusivity ratio7 . Thus, the diffusivity ratio has a
contrasting effect on the stability of the systenboth stationary and oscillatory modes.

Fig. 3 displays the effect of the solute Rayleigimber Rag on the neutral stability curves for both stationan

oscillatory modes for fixed values &fa=1.0,C = 1.07 = 0.% This figure indicates that the minimum Rayleigh

number for both stationary and oscillatory modeséases with an increase in the value of the sdRatgdeigh
number, implying that the effect of solute Raylefgimber is to stabilize the system.

The effect of Vadasz numbérfa on neutral stability curves for both stationaryd asscillatory modes for fixed
values of Rag =150.0,C = 1.0,7 = 0.!is shown in fig. 4. We observe from this figurattthe minimum value
of the Rayleigh number for both stationary and legory modes increases with an increase in theevalf the
Vadasz numbéra, indicating that the effect of the Vadasz numisepistabilize the system.

Fig. 5 shows the neutral stability curves for diéiet values of Soret paramet& (both positive and negative) for
fixed values ofVa=1.0, C = 1.0, Rag = 150.0, r = 0.t We find that as the Soret paramet& increases
positively, the Rayleigh number decreases. Howetereffect of increasing negative Soret paramister increase
the Rayleigh number for both stationary and odoitha modes. This is due to the fact that for negatboret

parameter, the heavier component migrates towdreshotter region. Thus, counteracting the densitdignt
caused by temperature.

Fig.7 depicts the variation of the critical Rayleigumber Ra; . with couple stress paramet& for different
values of Soret paramet& and for fixed values of = 0.5, Va = 1.0, Rag =150.0. We find that an increase

of Soret parametés , decreases the critical Rayleigh number for th&igtary mode and increases for oscillatory
mode. On the other hand, the critical Rayleigh neinfbr both stationary and oscillatory modes insesawith an
increase of couple stress parameter indicatingetfiatt of couple stress parameter is to stabilheesystem.

The variation of the Rayleigh number for both staéiry and oscillatory modes with the solute Raylgigmber for
different values of the couple-stress paramélerand fixed values ofVa=1.0,7 = 0.5 is shown in fig. 7. We
observe that the critical Rayleigh number for b&ttitionary and oscillatory modes increases witheiage of couple
stress paramet€r . The critical Rayleigh number for the stationang ascillatory modes increases with an increase
in the value of the solute Rayleigh number, indigathat the solute Rayleigh number stabilizessystem. Further,
we find that the onset of convection is through stationary mode for small and medium values of sbleite
Rayleigh number. However, when the solute Rayleiginber is increased beyond a certain critical vahagt
depends on the other parameters, convection &tstia through the oscillatory mode. We also fihdttfor large
solute Rayleigh number, the influence of the cowgbtess parameter is insignificant.

Fig.8 depicts the variation of the critical Raykeigumber for stationary and oscillatory modes withute Rayleigh
number for different values of diffusivity ratic . We find that the critical Rayleigh number desesawith an
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increase in diffusivity ratior for the stationary mode. On the other hand , titecal Rayleigh number increases
with an increase in the value of diffusivity rati up to a certain value oRag and then the trend reverses,

indicating that the diffusivity ratio has a duafezt on the oscillatory mode when the Vadasz nunaloer couple-
stress parameter are fixed.

CONCLUSION

The onset of double diffusive convection in a perotedium saturated with couple stress fluid inghesence of
Soret effect is investigated using the linear thieor

1. The diffusivity ratio 7 destabilizes the system for stationary mode wsiigbilizes the system for oscillatory
mode.

2. The solute Rayleigh numbdRag stabilizes the system for both stationary andliaseiry modes.

3. The effect of Vadasz numbéva is to destabilize the system in oscillatory moddyoand its effect is
insignificant in stationary mode.

4. The positive Soret paramet& destabilizes the system and negative Soret paearfet stabilizes the system
in both stationary and oscillatory convection.
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