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Abstract: The convection stability of Maxwell-Cattaneo
fluids in a vertical double-diffusive layer is investigated.
Maxwell-Cattaneo fluids mean that the response of the
heat flux with respect to the temperature gradient satisfies
a relaxation time law rather than the classical Fourier one.
The Chebyshev collocation method is used to resolve the
linearized forms of perturbation equations, leading to the
formulation of stability eigenvalue problem. By numeri-
cally solving the eigenvalue problem, the neutral stability
curves in the a—Gr plane for the different values of solute
Rayleigh number Rag are obtained. Results show that
increasing the double diffusion effect and Louis number
Le can suppress the convective instability. Furthermore,
compared with Fourier fluid, the Maxwell-Cattaneo fluids
in a vertical slot cause an oscillation on the neutral stability
curve. The appearance of Maxwell-Cattaneo effect enhances
the convection instability. Meanwhile, it is interesting to find
that the Maxwell-Cattaneo effect for convective instability
becomes stronger as the Prandtl number rises. That means
Prandtl number (Pr) also has a significant effect on convective
instability. Moreover, the occurrence of two minima on the
neutral curve can be found when Pr reaches 12.
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1 Introduction

Double-diffusive convection is a fluid flow phenomenon
that arises from the interplay of buoyancy forces resulting
from differences in diffusivity, propagation, and spatial
distribution between two distinct constituents. This con-
vection occurs when two components that contribute to
density spread at different rates. In the past few decades,
many researchers have drawn attention to the double dif-
fusion convective flow induced by the buoyancy caused by
the temperature and concentration gradients at the same
time. This kind of flow is of great significance and has been
widely used in oceanography [1,2], crystal growth [3-5],
metal manufacturing process [6,7], ventilation [8-10], and
other fields [11,12]. The first stability analysis to demon-
strate the basic mechanism of double-diffusive was per-
formed by Stern [13]. He found that a “gravitationally
stable” stratification of salinity and temperature, such as
is observed in the oceans, is unstable due to the fact that
the molecular diffusivity of heat is much greater than the
diffusivity of salt. This conclusion was expanded by Ver-
onis [14] and Baines and Gill [15] a few years later. Some of
the most recent contributions in this area include those of
Shankar et al. [16] and Wang et al. [17].

It is widely acknowledged that the dynamical behavior
exhibited by the double-diffusive fluid system is contingent
upon both the magnitude and orientation of the initial
gradients. Many scholars have focused on vertical double
diffusion instability in recent years [18-22]. Among them,
the double diffusion stability under the interaction of
horizontal temperature gradient and concentration gra-
dient has been studied extensively [23-27]. Ghorayeb and
Mojtabi [28] studied the double diffusive convection in
vertical enclosures with equal and opposing buoyancy
forces due to horizontal thermal and concentration gradi-
ents. Makayssi et al. [29] investigated the natural double-
diffusive convection for the Carreau shear-thinning fluid in
a square cavity submitted to horizontal temperature and
concentration gradients. The double-diffusive stability of
the fluid in the vertical slot is featured with the Hopf bifur-
cation, when the concentration gradient is perpendicular
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to the temperature gradient [30-34]. Zhang et al. [35] stu-
died the effect of radiative heat transfer on thermal-solutal
Marangoni convection in a shallow rectangular cavity with
mutually perpendicular temperature and concentration
gradients. Numerical simulation of thermal-solutal Maran-
goni convection in a shallow rectangular cavity with mutually
perpendicular temperature and concentration gradients was
investigated by Zhang et al. [36]. On the other hand, the Hopf
bifurcation also happens when the temperature and concen-
tration gradients are parallel in the horizontal direction.
Huang and Chen [37] carried out the stability of the double-
diffusive convection generated through the interaction of
horizontal temperature and concentration gradients in the
vertical slot.

In the above mentioned work, the heat transfer pro-
cess in the form of diffusion is described by Fourier law
[38]. It is well known that Fourier law produces a parabolic
equation for the temperature field when coupled with the
law of conservation of energy. The major drawback of heat
conduction law is that it obeys the parabolic energy equa-
tion, which projected that a disturbance wave in the tem-
perature field will move at an unlimited speed. Fourier’s
law of heat conduction is modified in a variety of ways and
circumstances to avoid this characteristic [39-41]. These
models extend the usual Fourier equation by including a
new transient term. The new transient component is multi-
plied by a time constant, also known as the thermal relaxa-
tion time, which represents the time required for the heat
flow to relax to a new steady state after a temperature gra-
dient perturbation. In general, we refer to a fluid whose
relaxation time is not negligible as a Maxwell-Cattaneo (or
non-Fourier) fluid, and a fluid whose relaxation time is neg-
ligible as a Fourier one. Maxwell-Cattaneo fluids are used in
a variety of applications, including low temperature liquids
[42], nanofluids [43], convection in nano-devices [44], and
fluids exposed to rapid heat transfer processes [45].

In the past few decades, many scholars have used ana-
Iytical and numerical methods to study Maxwell-Cattaneo
heat conduction under different conditions for solid mate-
rials [46—49]. For fluid flow and convection investigations,
Stranges et al. [50] studied the finite thermal convection of
Maxwell-Cattaneo fluids. They described the relationship
between heat flux and temperature gradient changes and
theoretically explored thermal convection in fluids with
considerable thermal relaxation time. Hughes et al. [51]
investigated the linear stability of a double-diffusive fluid
layer and demonstrated that modifying Fick’s law for either
temperature or salinity can lead to the emergence of novel
oscillation modes and significant alterations in the preferred
wavelength of oscillatory convection at its onset. Thermal
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convection in a magnetized conducting fluid with the Catta-
neo—Christov heat-flow model was studied by Bissell [52]. By
replacing the conventional parabolic Fourier law with the
Cattaneo—Christov heat-flow model, he investigated the
influence of hyperbolic heat-flow effects on thermal convec-
tion in a magnetized conducting fluid layer heated from
below. Hughes et al [53] studied the linear stability of
rotating convection, incorporating the Maxwell-
Cattaneo effect. Eltayeb [54] investigated the linear and
weakly nonlinear stabilities of a horizontal layer of fluid
obeying the Maxwell-Cattaneo relationship of heat flux
and temperature using three different forms of the time
derivative of the heat flux, motivated by a desire to better
understand the dynamics of Maxwell-Cattaneo fluids. At
various temperatures, Niknami and Khayat [55] investigated
the instability of steady natural convection between vertical
surfaces of a single-phase hysteretic Maxwell-Cattaneo
fluid. The linear stability analysis is performed for different
Prandtl, Grashof, and Cattaneo numbers. The instability
mechanism is discussed through an examination of the dis-
turbance energy equation.

However, the available literature has not paid any
attention to the stability of Maxwell-Cattaneo fluids in a
vertical double-diffusive layer in which the boundaries are
maintained at constant but differing temperatures and
solute concentrations. In this study, we employ the normal
mode method to analyze linear stability and assume that
each disturbance can be decomposed into dynamically
independent wave components. The objective of present
work is to understand further the coupling phenomenon
between non-Fourier fluids and double diffusion convec-
tion in a vertical slot.

2 Mathematical model

2.1 Governing equations

We consider a two-dimensional infinite vertical layer of a
Newtonian Maxwell-Cattaneo liquid mixture subjected to
a horizontal temperature and concentration gradients. The
physical configuration is described by a Cartesian coordi-
nate system (x*, y*) with the y* axis in the vertical direc-
tion. The fluids are bounded by two parallel plates x* = —h*/2
and x* = h*2 at which constant different temperatures
T; and TR(>T;) as well as solute concentrations S; and
Sp(>Sp), respectively as shown in Figure 1. The gravity accel-
eration vector is given by g = -ge,, where e, is the unit
vector in the y* direction. The fluid density p is assumed
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Figure 1: Schematic of the physical configuration.

to vary linearly with temperature T* and solute concentra-
tion S* in the form

p = pll - ar(T" - Tp) + as(S™ - So)l, )]

where p, is the reference density at reference tempera-
ture Ty = (T} + T;)/2 and reference solute concentration
So =(Sg + S1)/2, ag is the volumetric thermal expansion
coefficient, and as is the solute analog of a;. The fluid is
assumed to be incompressible, with specific heat at con-
stant pressure cp, thermal conductivity k, and mass diffu-
sivity D. The fluid behavior is described by equations for
the conservation of mass, linear momentum, energy, and
concentration. In this case, with the usual Boussinesq’s
approximation, the governing equations can be expressed
as follows:

V- u* =0, )

po(ug + w*-V'w) = -V'p* - pge, + uv:iu,  (3)
pocp(Tt"i +u-vTY) = -V Qr, 4)

St’i + u*-v'S* = DV*2S*, (5)

where u* = (u*,v*) is the velocity vector, t* is the time, p* is
the pressure, u is the dynamic viscosity of the fluid, T* is
the temperature, S* is the concentration, and Q* is the heat

flux vector. For Maxwell-Cattaneo fluids, the heat flux is
assumed to be governed by [39]

Q"
* — *k 6
6t*+Q kvT. (6)

T
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Here we adopt the formulation of Christov [41], who pro-
posed the frame-invariant equation for the development of
the heat flux as follows:

8Q" 0Q"

— +uVQ - QYW + Q' W, )
" ar -0 Q

7 is the thermal relaxation time of the medium and charac-
terizes the relaxation of the heat flux to a new steady state
following a perturbation of the temperature field. The intro-
duction of a finite relaxation time changes the fundamental
nature of the parabolic heat equation of Fourier fluids, in which
heat diffuses with infinite speed, to a hyperbolic heat equation
with a solution in the form of a heat wave that propagates with
finite speed. This change in the Maxwell-Cattaneo fluid will
eventually exhibit a disturbance that is completely different
from that of the Fourier fluid. The boundary conditions at the
wall are expressed as follows:

at x*=—ﬁ, (€]

u* 0, V* 0) T* = TL; S* = SL) 2

uw=0 v=0,

h
T = Tr, §*= SR, at x* = E 9
We use the following set of scales to nondimensiona-

lize the above governing system:

X= x y= Y u-= w

h’ h’ pogar(Ty — TLM? /i’

B D"+ P8

p= pogar(Tz — Th’ (10)
L Tk S-S

poh?lu’ -1, Sk S

o

" kT - o

Using the dimensionless variables above, the gov-
erning equations reduce to the following forms:

V-u =0, (11
u; + Gru -Vu = -Vp + Vu + |0 - Rag S]e (12)
t p GrPr- )

1 1

—S; +u-VS = V2S, 13)
Gr't “ GrPrLe

1

0; + Gru -vo = -——V- Q. (14)
t u Pr Q

The governing equation of the heat flux can be obtained
from Egs. (6) and (7) as

CPrQ, + CPrGr(u -VvQ - Q -Vu) + Q = -V6. 15)
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In the above equations, the following non-dimensional
parameters are defined:

ar(Tp — T3
or = ST T p Vol T
@vsmB " " a6
a _
R%=_§L£_J_i Le = X
VK D

where k = kf(pocp) is the thermal diffusivity, v = u/p, is
the kinematic viscosity, Gr is the Grashof number, Pr is
the Prandtl number, C is the Cattaneo number, Rag is the
solute Rayleigh number, and Le is the Lewis number.
The Maxwell-Cattaneo effect in heat transfer is mainly
described by the Cattaneo number, which is defined by
the ratio of the thermal relaxation time to the thermal
diffusion time [45]. The dimensionless boundary condi-
tions are

1 1 1
= = = +— = +— =x—. 17
u=0, v=0, 0 £ S o) at x 3 an

2.2 Basic solution

The basic state is assumed that the motion is stable and
independent of the vertical coordinates. In this case, the
base solutions can be expressed as

u = (x), 0=0(x),

S=38),

v=7(x), p=px),

_ _ (18)
4 = 4,(), q, = q,(0),

where ¢q, and g, are the dimensionless heat flux compo-
nents in the x and y directions, respectively. Then, the basic

0.01

0.008
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solutions can be obtained from Egs. (11)-(15), combined
with Eq. (17) as follows:
1[ Rag

- B, 1
6 GrPr 24

Ras ]X
GrPr)’ (19a)

=0, v

— _ 1 Ras
q,=-1, q,= - CPrGrjl - —~

2- 19b
1 GrPr](le 1). (19b)

If we set Rag = 0, the base solution of Eq. (19a) can be
reduced to the results obtained by Niknami and Khayat
[55]. To accomplish meaningful and thoughtful theoretical
research, we carry out the stability analysis with wide
ranges of Pr and C for the Maxwell-Cattaneo fluid. A
wide range of values for the Prandtl number Pr is chosen
from 0.7 to 15, and the Cattaneo number C is chosen from
107 to 1072 in this study [18,51]. Interestingly, Eq. (19b)
shows that the heat flux in the y direction is proportional
to the Cattaneo number, indicating that Maxwell-Cattaneo
effects play a significant role in basic solutions. Clearly, for
a Fourier fluid (C = 0), g, becomes zero. The appearance of
non-Fourier effect term in the basic solution will change
the stability of the basic flow.

Figure 2(a) illustrates the base velocity in the y-direction
with different Rag when Gr = 1000, Le = 1, and Pr = 1.
It demonstrates that the base flow is reduced with the
increase in the double diffusion effect Ras. Also, for the pre-
scribed Rag, a single closed cell of fluid is structured by
descending along the cold wall and rising along the hot
wall. In Figure 2(b), the heat flux in the y-direction is shown
for variational values of Cattaneo number C, as Gr = 1000, Pr
=1, Le =1, and Rag = 50. As the Cattaneo number increases,

C=0.001
C=0.003

C=0.005
= = =C=0.01

05 04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5

06 . . A A . . . A A
05 04 03 -02 -01 0 0.1 0.2 0.3 0.4 0.5

Figure 2: (a) The base flow velocity in the y-direction with different Ras, when Gr = 1000, Pr = 1, and Le = 1. (b) The heat flux in the y-direction with

different C, when Gr = 1000, Pr = 1, Le = 1, and Ras = 50.
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the magnitude for the heat flux in the y-direction increases
when the double diffusion effect is taken into account.

3 Linear stability analysis

We now superimpose the small-amplitude disturbances on
the basic state and study the stability of the system. By
rewriting the constitutive equation for heat flux in terms
of the scalar variable F = V-Q, the problem can be made
simpler. Taking the divergence of Eq. (15), and using the
identity V-(a-Vb) = Va:Vb + a-V(Vb), we can obtain the fol-
lowing constitutive equation for F:

CPrFE, + CPrGru -VF + F = -V20. (20)
Thus, Eq. (14) can be rewritten as
1

0; + Gru -V0 = -—F. 21
Pr

Using infinitesimal disturbances on the fully devel-
oped laminar base flow, the solution of the problem can
be written in the form

u=u+u,
0=0+0,

V=V +V,
F=F+F,

p=p+p,

_ (22)
§=8+§,

where the prime indicates that the quantities are infinite-
simal perturbations. Substituting the above expressions
of (22) into Egs. (11)-(13), (20), and (21), and considering
the first order disturbances, the following equations are
obtained:

ou ov’
+ =0, 23
ox oy 23)
ou’ ou’ ap’ ou o
N R A L
ot ay ox ox oy
ov’ v , _ov’ op’ |0’ 0%’
ot Tt Vay] T Ty e T oy
Y Y Y (25)
Ras
+0 - S,
GrPr
L’ do 90’
P + PrGr|—u' + v =-F' 26
I r r[dxu v ay] , (26)
OoF’ oF’ %9’ 8%’
CP + CPrGrv =-F - - , 27
r; rGrv 3y o 3y 27
1 08’ 08 98 1 %8’ 9%8’
— Uu—+7v = 2 —| @8)
Gr ot ox dy  GrPrLe( ox ay
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The corresponding disturbed boundary conditions are

u’[+l
"2

We assume that the perturbation variables take the
form

=0. (29

1 1 1
= N+—| = N+—| = N4+ —
0, V[_zl 0, 9[_2] 0, S[_Z

{u/’ V/s p,) 9’: SI: F,} = {U; V) H) @) ¢! f}(x)e5t+iayy (30)

where s dictates the time evolution of the disturbance and
a is the real wave number. Substituting Eq. (30) in Egs.
(23)-(28), we get

dUu
— +iaV =0, 31
ia
g d2U
iav =—— + — - g2 32)
(s + iavGr)U +—— - a’lU,

. dv . daxv
(s + iavGr)V + Gr&U = —ijall + Fro a’lv+ e

33
 Ray . (33)
PrGr "’
do .
sPr@ + PrGr EU +iave| = -f, (34)
. _ _ de 35)
(SCPr + iaCPrGrv + 1)f = v + a0,

1 oS 1 d’p
@+ U+ javd = — _@a| 6
St A nUAR UL e aqb] (36)

Since the problem is two-dimensional, the stream
function formulation ¢ (x, y, f) = ¥(x)e*"'? is introduced
such that the continuity equation is satisfied

¥

7
o @7

U=ia?, V=

By substituting Eq. (37) in Eqs. (31)—(36), and elimi-

nating II(x) and f{x), we obtain the ordinary differential
eigenvalue problem

diy dy
e Qa? + s+ iaGrv)@ - [a4 + a’s + ia3Grv
(38)
dx? dx GrPr dx’

dz—@ = iaPrGrAd—e_lI’ + (SPrA + iaPrGrAv + a*)e, 39)
dx? dx ’

2 = iaGrPrLed—glI’ + (PrLes + iaGrPrLev

dx? dx (40)

+a’)®,
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Figure 3: The neutral curve in the a-Gr plane with the different values of C. (a) Pr = 1 and Ras = 0. (b) Le =1, Pr = 1, and Ras = 200.
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Figure 4: The neutral curve in the a-Gr plane for diverse values of Ras when Le =1 and Pr = 1. (a) C = 0.008, (b) C = 0.01, (c) C=0.015, and (d) € = 0.02.
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where A = sCPr + iaCPrGrv + 1. The relevant boundary
conditions are

oV
yY=—-= d=0, at x-= 41
ox

-+
N | =

4 Result and discussion

Linear stability analysis and numerical simulation of
Maxwell-Cattaneo fluids with double diffusion convec-
tive in a vertical slab is carried out. We use the Chebyshev
collocation method to resolve the linearized forms of pertur-
bation equations. The Chebyshev polynomial of nth order is
given by

Unstable

8000

7500

7000

1.5 2 25 3 3.5 4

Unstable

8000

7500

7000
1.5

a
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—_— 7

&(x) = cos(ncosx),  x; = coslﬁ], j=0,1.., N, (42)

where x; are the Chebyshev collocation points and N is any
positive integer. The Chebyshev polynomials are used to

approximate the field variables

N
T(x) = ) B&M),
n=0
N
0(x) = ) 0,5X), (43)
n=0
N
D(x) = Z Dpén(X).
n=0
b
11000
10500
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15 2 25 3 3.5 4
a
d
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10500
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9500
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7000 . .
1 2 25 3 3.5 4
a

Figure 5: The neutral curve in the a-Gr plane with diverse values of Ras when Le =1 and Pr = 1.5. (a) € = 0.008, (b) C = 0.01, (c) € = 0.015, and

(d) C=0.02.
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Figure 7: The neutral curve in the a-Gr plane for diverse values of Le when Ras = 50 and Pr =1. (a) C = 0.008, (b) C=0.01, (c) C=0.015, and (d) C = 0.02.
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Figure 8: The neutral curve in the a-Ras plane for different values of C when Le =1 and Pr = 1. (a) Gr = 8500 and (b) Gr = 9000.

The Eqs. (38)—(40) can be discretized and lead to a
generalized eigenvalue problem of the form

A()X + SA1X + SZA2X = 0, (44)

where s and X are the complex eigenvalue and eigenfunc-
tion, respectively, and Ao, A;, and A, are square complex
matrices of rank 2N + 2. The eigenvalues are computed
numerically by using the MATLAB routine polyeig.

We choose the parameter values given by Niknami
and Khayat [55] to validate the numerical code. The neutral
curve in the a-Gr plane is presented in Figure 3(a) when
Rag = 0, with the value of C varying between 0 and 0.01. It
shows an excellent agreement between the current result
and the result of Niknami and Khayat [55]. Neutral stability
curves in the a—Gr plane with the different values of C,

when Le = 1, Pr = 1, and Rag = 200, are depicted in Figure
3(b). This figure illustrates the unstable domain decreases
with the increase in the value of Rag compared with the
results in Figure 3(a). Therefore, the increasing value of Rag
has a stabilizing effect. In addition, the stable region
becomes oscillation when the relaxation time is increasing
if the double diffusion effect is taken into account.
Figures 4 and 5, respectively, show images of neutral
stability curves in the a—Gr plane for different Rag values,
where Pr =1and Pr =15 are used to study the impact of the
double diffusion effect when Cattaneo number C = 0.008,
0.01, 0.015, and 0.02, respectively. From Figure 4, the
unstable regions shrink as the Ras increases, indicating
that the double diffusion effect compresses convective
instability. In Figure 4a, there is also a little amount of jitter

1100 v T 1100
! B i
1000 r ' 1000 !
; ! c=0 h
900 f f ! =0.005 90 Stable \
1 =
¥ c=0.01
a0l Stable ; ; o 800 !
i
700 ,' ' ~ 700 1
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I
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2007 200 v 7 Unstable |s c=001
1 4 1l |— = —c=0.02
100 100 N :
0 0 L " /] L
1.5 4 1.5 2 25 3 35

a

Figure 9: The neutral curve in the a-Ras plane for different values of C when Le =1 and Pr = 1.1. (a) Gr = 8500 and (b) Gr = 9000.
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in the neutral stability curve caused by the non-zero
Cattaneo number C. Comparing Figure 4a—d, it can be seen
that the jitter of the neutral stability curve increases with the
Cattaneo number C for a prescribed Ras. This result is con-
sistent with the one given by Niknami and Khayat [55]. In
addition, by comparing Figures 4 and 5, it can be seen that the
oscillation of the neutral stability curve increases as Pr
increases. However, the inhibitory effect of double diffusion
on instability remains unchanged. Moreover, Figure 5 demon-
strates that the instability regions significantly increase with
the increase in the values of Cattaneo number C when Pr =
1.5. This implies that the Maxwell-Cattaneo effect for the
convective instability is enhanced as the Prandtl number
increases.

Figure 6 shows the images of neutral stability curves in
the a—Gr plane for different Pr values, where Le = 1 and
Rag = 50 are used to study the impact of the Prandtl
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number when Cattaneo number C = 0.001 and 0.0015,
respectively. For Pr = 1, Figure 4, the neutral curve is an
open single branch curve. As Pr increases to 12, Figure 6,
the neutral curve is composed of two branches, the oscil-
lating convective branch and the stationary branch. In this
case, the neutral curve changed from the travelling-wave
mode to the stationary mode with the increase in the wave
number. This result is consistent with prior findings by
other researchers [18,37]. On the other hand, the unstable
stability curve appears to contain two minimums, indi-
cating that the mode of instability has regions expanding
as the Pr increases, indicating that the Prandtl number
enhances the convective instability.

Figure 7 illustrate the images of neutral stability curves
in the a-Gr plane for different Le values, where Ras = 50 and
Pr =1 are used to study the impact of the Lewis number effect
when the Cattaneo number C = 0.008, 0.01, 0.015, and 0.02,

Pr =1, and Ras = 100. (a) € = 0.005, (b) € = 0.008, (c) C = 0.01, and (d) € = 0.02.
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respectively. The Lewis number is the ratio of thermal and
mass diffusivity. Therefore, Le increases with the increase in
thermal diffusivity or decrease in mass diffusivity. From
Figure 7, we observe that the unstable regions will gradually
decrease with the increase in Le. The physical interpretation
is that the Lewis number decreases the rate of heat and mass
transfer, and as a result, the system becomes stable. This
means that the Lewis number effect compresses convective
instability. This result reported by Jakhar and Kumar [56] are
reproduced with very good agreement. On the other hand,
comparing Figure 7a—d, it is found that with the increase in C,
the influence of Le on convective instability becomes smaller
and smaller. It is demonstrated that the Maxwell-Cattaneo
effect, compared with the Le effect, plays a dominant role in
the instability of the system.

The distribution of the neutral stability curve in the a-
Rag plane when the Cattaneo number C = 0, 0.005, 0.01, and
0.02, respectively, is depicted in Figures 8 and 9. The shrinking
of the unstable regime is demonstrated in Figure 8a as the
double diffusion effect intensifies. Moreover, under constant
values of all other parameters, the flow will exhibit stability
once Rag reaches a maximum. This finding provides further
support for the stabilizing effects of double diffusion. When
the Gr number drops from 9000 to 8500, comparing Figure 8a
and b, it can be found that the unstable zone is greatly dimin-
ished and the inhibitory effect of the double diffusion effect
becomes more evident as the Gr number lowers. Both of the
aforementioned figures demonstrate that as relaxation time
increases, there is also an increase in the oscillation of the
parameter’s marginal stability value. Comparing Figures 8
and 9, it can be found that the instability regions increase
with the value of Pr.

Figure 10 gives the streamline pattern for different
values of C with critical values of Gr when a = 1.5, Le =1,
Pr = 1, and Rag = 100. With C taking large values, the
streamlines are seen more toward the boundary with
higher temperature. That means the velocity of distur-
bance flowing in heat side is bigger than that in the
cool side.

5 Conclusion

In this study, the convection stability problem of Maxwell-
Cattaneo fluids in a vertical double-diffusive layer is investi-
gated. The perturbation equations can be obtained by
combining the incompressible Navier—Stokes equations
of Maxwell-Cattaneo fluid with the boundary conditions.
Furthermore, the Chebyshev collocation method is utilized to
resolve the linearized forms of perturbation equations, resulting

Double diffusion convection of Maxwell-Cattaneo fluids in a vertical slot
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in the formulation of the stability eigenvalue problem. The
results are summarized as follows:

¢ The instability is inhibited by both the double diffusion
effect and the Lewis number.

The neutral stability curve of Maxwell-Cattaneo fluid is
found to oscillate, which differs from the Fourier fluid.
Furthermore, the oscillation increases further with an
increase in the Cattaneo number C.

The Maxwell-Cattaneo effect has a greater impact on
convective instability as the Prandtl number increases.
* The presence of the Maxwell-Cattaneo effect weakens
the instability caused by the Lewis number in the system.
The neutral curve of Maxwell-Cattaneo fluid exhibits
oscillating convective branches and stationary branches,
with two minima at a smaller Pr number (Pr = 12) com-
pared to the Fourier fluid.
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Appendix

A Validity of Squire’s theorem

In the case of three-dimensional problems, the basic solu-
tions can be expressed as

=0 V——l[l—&]xewl[l— Ras ]x
’ 6 GrPr 24 GrPr/”’
w=0 0=x, §-=x,
(AD
7. =-1, q,= iCPrGr[l - &](12)(2 -1
U BTy GrPr ’
q,="0

Using infinitesimal disturbances on the fully devel-
oped laminar base flow, the solution of the problem can
be written in the form

u=ua+u, v=v+v, w=w+w,
p=p+p, 9=§+0’, (A2)
F=F+F, §=§8+¢§.

Substituting the above expressions of (A2) into Egs.
(11)-(13), (20), and (21), and considering the first order dis-
turbances, the following equations are obtained:

ou’ . ov’ . ow’ 0 (A3)
ox 9y oz ’

7 Vi ’ 2917 2917 2917
6u+Grvau__6p+au 6u+au’(A4)
ot dy ox ox*  ay* oz?
ov” Gr| gu’ + \76‘}1
ot dx )y

2 2 2 (AS)
__9p av+6v+av ‘o - Rag .
ay ox*  oy?  09z% GrPr
’ ’ ’ 291y 211)7 291)”
aw+Grvaw=_ap o“w aw+6W’(A6)
ot ay 0z ox*  ay*  9z?
00’ do 00’
Pr— + PrGr|—u’ + v—» | = -F/, (A7
I r r[dxu v 5 ] )
oF’ oF’ 0%’ 9%’ 9%’
CPr + CPrGrv =-F'-— - —5 - , (A8
ot ay ox* oay* oz? (48)
1 9§’ 08 a8 1 %8’ 9%8’
———t U+ V=
Gr ot ox dy  GrPrLe| ox*  9y?
(A9)
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We assume that the perturbation variables take
the form

{u/’ v/’ WI, p/’ 0/’ S,, F/}
= {U) Vy W) H) @, (p, f}(X)eSt+i(ay+bz);

(A10)

where a and b are the real wave numbers in the y and z-direc-
tions, respectively, and s dictates the time evolution of the
disturbance. Inserting Eq. (A10) in Egs. (A3)-(A9), we get

aUu
ot iaV + ibW = 0, (A1D)
. dn  dU
(s + iavGr)U = ot aE a*+ bHu, (A12)
i
(s + lavGr)V + GrEVU
(A13)
i+ Y @ e- N
dx? GrPr ’
- ew
(s + iavGr)W = —ibIl + o (@ + bHw, (Al4)
do .
sPré@ + PrGrj EU + iave| = -f, (A15)

dZ
(sCPr + iaCPrGrv + 1)f = ’KGZ + (a® + b0, (Al6)

1 oS 1 |d%®
S—®+ —U+iavd = —
Gr ox GrPrLe| dx?
(A17)
- (a* + b*)?|.
Using the extended Squire’s transformation
. a . a
d=\/a2+b2, U=EU, V=¥(QV+bW),
~ a_ -~ _a . ~
v=—-v, II=—<II, §=s, Gr=0Gr,
a a
. a . a ~ ~ a_
0=—6, ¢=—-0¢, (C=C 0=_0, (A18)
a a a
Rag = %Ras, Pr=Pr, §$=5, Te=Le,
- a
f=%f
Then, Eqgs. (A11)-(A17) become
au "
— +iav =0, (A19)
dx
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 + iasenl = - din + & 20 (A20) The corresponding boundary conditions are
dx  dx? ’ S 1
. . U=V=0=0=0, at x=z+—. (A25)
i o = AV o s AV 2
(§ +iavGr)V + GraU = —iall + o av .
_ (A21) Egs. (A19)—(A24) have the same mathematical struc-
+6- ~Rf‘f & ture as Eqs. (A11)—-(A17) with w = b = 0 (i.e., two-dimensional
PrGr equations). When b # 0, Rag = a/dRas < Rag. Therefore, the
. _ _{ad. - ; solute Rayleigh number at which modal instability occurs for
§Pr + PrGrl U +iav6| = -f, (A22)  two-dimensional infinitesimal disturbances is lower than that
for three-dimensional infinitesimal disturbances. Hence, it
e~ o . é .. suffices to investigate the modal instability of double-diffusive
(SCP r+ @aCPrGrv + 1)f = T + a6, (A23) convection in a vertical fluid layer using two-dimensional
1 08 . 26 disturbances.
§~—¢~) + —ﬁ + ldﬁé S ===|7 - dziﬁ . (A24)
Gr ox GrPrLe[ dx? ]



	1 Introduction
	2 Mathematical model
	2.1 Governing equations
	2.2 Basic solution

	3 Linear stability analysis
	4 Result and discussion
	5 Conclusion
	References
	Appendix
	mk:H2_10



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


