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Abstract

This paper analyzes the linear stability of an horizontal layer of fluid consisting of a mixture of water and salt. The layer is
hotter at the bottom and cooler at the top thus having a tendency to destabilize. To counteract this a salt concentration gradient
(denser at the bottom and lighter at the top) is sometimes present, either naturally as in the ocean or created artificially as in
solar ponds.

The relevant governing equations are the linearized continuum mechanics balance laws applied to an incompressible,
heat-conducting and salt-diffusing fluid, leading to a system of partial differential equations, from which the stability of a
given base state has to be assessed with respect to arbitrary initial perturbations.

This problem involves intensive symbolic computations that can be much facilitated by the use of a Computer Algebra
System (CAS).
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1 Introduction

The present paper considers a horizontal layer of fluid consisting of a mixture of water and salt heated at the top by solar
radiation. This situation is present naturally in the ocean or is artificially created as in solar ponds.

The temperature gradient (hotter at the bottom and cooler at the top) thus established tends to destabilize the fluid and a
salt concentration gradient (denser at the bottom and lighter at the top) is meant to counteract its effects.

A solar pond is a basin of water intended to store solar energy. A temperature profile (higher temperature at the bottom
and lower temperature at the top) is established due to solar radiation absorption and the salt concentration gradient (denser
at the bottom and lighter at the top) acting in the opposite way is artificially created to prevent convective motions that
would otherwise tend to homogenize the temperature and thus promote the return of the stored energy to the outside ambient
destroying the solar pond very purpose. Thus the knowledge of the stability/instability conditions is crucial for the correct
design and operation of these devices.

It is therefore of theoretical and practical interest to determine the circumstances for the onset of instability to occur, a
problem known in the literature as a two-component (water and salt) Rayleigh-Bénard stability problem.

For previous work connected to the present topic see (Bénard, 1900), (Rayleigh, 1916), (Pellew and Southwell, 1940),
(Reid, 1965), (Chandrasekhar, 1961a) (Stern, 1960), (Chandrasekhar, 1961b) and (Drazin and Reid, 2004) for a classical
analysis. Extensive reviews can be found in (Geitling, 1998), (Koschmieder, 1993) and (Lappa, 2010). Other more practically
oriented studies are (Dake and Harleman, 1969), (Akbarzadeh and Ahmadi, 1980), (Schechter et al., 1981a), (Sani, 1964),
(Schechter et al., 1981b), (Platten and Legros, 1983), (Turner, 1985), (Costa et al., 1981), (Mukutmoni and Yang, 1993a),
(Mukutmoni and Yang, 1993b), (Proctor, 1981), (Nield et al., 1993), (Cha et al., 1982), (Meyer et al., 1982), (Veronis, 1965),
(Giestas et al., 1996) and (Giestas et al., 1997).

The mathematical model adopted in this paper assumes the fluid to be newtonian incompressible, conducts heat according
to Fourier’s law and the salt diffusion obeys Fick’s law. An uniform gravitational field acts on the fluid body.

To account for the effect of temperature and salt concentration on the fluid density, the Boussinesq hypothesis is adopted:
the specific mass appearing in the left hand sides of the relevant equations is supposed constant and equal to some average
value whereas in the right hand sides it is assumed to vary linearly with temperature and salt concentration.

The stability study is performed by considering a certain equilibrium or base state and imposing sufficiently small per-
turbations upon it in such way that nonlinear terms present in the equations can be neglected leading to what is commonly
called a linear stability analysis.

Due to the complexity of the governing equations the algebra involved in their solution is overwhelming and the purpose
of the present paper is to show how a Computer Algebra System can be helpful in this regard.
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The plan of the paper is as follows: in section 2 the relevant governing equations are presented, section 3 develops a
perturbation analysis with respect to some base state (the steady state), in section 4 the various stability regimes of this state
are determined in terms of some nondimensional parameters, section 5 elaborates on the use of a CAS in the context of this
particular problem and finally section 6 collects some comments and conclusions.

Notation

A cartesian coordinate system is employed throughout with position given by x = (z,y, z) and time is denoted by ¢. The
symbols V, V- and A = V -V stand for the gradient, the divergence and the laplacian respectively.

The layer of fluid has depth H in the vertical direction z and is supposed to extend to infinity in both horizontal directions
z and y. For simplicity it is assumed that the problem is bidimensional, the coordinate y playing no role. Moreover the
variations along x are supposed periodic with wavelength A > 0. Thus the problem domain amounts to an open rectangle
Q C R? with boundary 9Q = T'; UT2 UT'3 UT (see Figure 1).
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Figure 1: Geometry and notation

Additionally, we employ the following notations: € is the temperature, o the salt concentration and u the velocity, p the
pressure, b is the specific buoyancy force. The following material properties are assumed: K is the heat diffusivity, K, the
salt diffusivity, v the kinematic viscosity, all supposed constant and p = p(8, o) is the specific mass. The gravity acceleration
is denoted by g = (0, —g).

2 The governing equations

The governing equations are the standard conservation laws for continuum media. The water-salt solution is assumed to
behave as a newtonian fluid conducting heat according to Fourier’s law and the salt diffusion is governed by Fick’s law.

Also the Boussinesq hypothesis is adopted: the specific mass appearing in the left hand sides of the relevant equations is
supposed constant and equal to some average value po whereas in the right hand sides it is assumed to vary with temperature
and salt according to some relation p = p(0, o).

We present the relevant equations whose derivations are well known and can be looked for at any fluid dynamics textbook,
see (Gurtin et al., 2010) for instance.

The balance of energy yields the equation:

0+ (u-V)0 =Ky A0 (1)

The salt diffusion yields the equation:
oo+ (u-V)o=K, A0 ?2)

The linear momentum equation delivers the Navier-Stokes system:

ou+(u-V)iu=vAu-Vp+b 3)
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with the buoyancy force given by the Boussinesq approximation
b= (1—a(8 — o) + Blo —o0))g

where o > 0 and 5 > 0 are expansion coefficients for temperature and salinity and 6y an o are some reference values.
The balance of mass is expressed by the usual incompressibility condition

V-ou=0 )

As can be seen, our mathematical model consists of a system of coupled partial differential equations, (1) and (2),
comprising two time dependent advection-diffusion equations and the time dependent Navier-Stokes equation (3) plus the
incompressibility condition (4). This amounts to a Rayleigh-Bénard problem with two components (temperature and salt
concentration).

3 Perturbation analysis
Given an equilibrium state that we denote by (,, 1, p), the stability problem consists in determining if some arbitrary

perturbations (6’, ', u’, p’) will grow or decay, leading respectively to instability or stability of the given equilibrium state.
‘We therefore write each variable as the sum of the respective equilibrium state value plus its perturbation, that is,

0=0+0
o=0+o0
u=1a+u 5)
p=p+p
b=b+b'

The equilibrium state we consider is the steady state defined by

0:0 = 0, 00 = 0, o = , u=0 (6)

and imposing all the variations to be confined to the z direction.
Therefore, from (1), (2) and (3), we have that

K,AG = (7

with the buoyancy force b and its perturbation b’ given by

b=(1-a@ -0+ B —00)g (8a)
b’ = (—ab' + po’)g (8b)

The solutions of equations (7) are easy to obtain, resulting in

O=0s—0N0Z, AO=0;—0,

H

! ©
6203—A0ﬁ, Ao =03 — 04

The equation for p also offers no difficulty but having no particular interest in the sequel we omit its solution.
Introducing relations (5) in equations (1), (2) and (3) we get the following partial differential equations for the perturba-
tions
00 + (V)i + (0 -V =Ko A0
0o’ + (0 -V)g+ (W' -V)o' = K, Ao’
o' + (0 -V)u' = -Vp +vAu + b
V-u' =0

(10)

As we are concerned with linear stability we drop the nonlinear terms in (10), thus getting the following system of linear
partial differential equations

00"+ (1 - V)i =Ko A0 (11a)
oo’ +(u'-V)g =K, Ao’ (11b)
ou' =-Vp' +vAu +b (11c)
V-u =0 (11d)



By expressing the velocity u’ as
W=V x (12)

the incompressibility equation (11d) becomes automatically satisfied. The potential vector 2/, for the present two dimen-
sional case, assumes the form

d)’ = (03 —1/}'(37,2,15),0) (13)

for some stream function 1". The velocity is thus given by
u;: = 6z¢/7 u{y = 07 u/z = - x¢/ (14)

The pressure p’ can be eliminated from equation (11c) by applying the V x operator to both its members, yielding after
using relation (8b) and some simplifications, the expression

AW =vA% —aVe xg+ BV xg (15)

This is a fourth order (in space) partial differential equation that has to be complemented by some appropriate boundary
conditions to be specified below.

In order to proceed it is useful to nondimensionalize equations (11a), (11b) and (15). Omitting the details (see (Giestas
et al., 1996)) and keeping the same symbols for the nondimensional variables to avoid notational proliferation, we get

90 4+ (1 - V)0 =AY (16a)
0o’ +(u'-V)g=1A0 (16b)
o Ay = PrA*y — PrRyVO x g — PrR,Vo' xe, (16¢)
where 5 5
_ agH®Af _ pgH"Ac _ v _ K5
RQ_ Z/KG ) RU_ I/K9 ) PT_K@7 T_KQ (17)

are nondimensional numbers, respectively, the temperature Rayleigh number, the salinity Rayleigh number, the Prandtl num-
ber and the diffusivities ratio and e, = (0, 0, 1) is the unit basis vector of the z axis.

Boundary conditions

We need to supply the system of partial differential equations (16a), (16b) and (16¢) with appropriate boundary conditions.
Take into account the steady state fields, the following conditions for #’ and o’ are adopted:

0,00 =0 on T (18a)
9,0’ =0 on Ty (18b)
¢ =0 on T3 (18¢)
o'=0 on Iy (18d)

The physical meaning of these relations should be clear: (18a) and (18b) impose the fluxes to be zero on the lateral boundaries
I'1,'2 while (18c) and (18d) impose the perturbations to vanish on the bottom and top boundaries 'z, I'4.

Additionally, we require that no fluid leaves the domain §2, that is, 92 is a streamline, and the velocity on boundaries
I's and I'4 be zero (the so called rigid-rigid condition). Taking relations (14) into account this in turn implies the following
additional conditions

' =0 on 00 (19a)
9.0 =0 on Tj (19b)
9.9 =0 on Iy (19¢)

4 Stability analysis

Now we want to investigate which perturbation modes lead to instability. Considering the boundary conditions and the
periodicity in the z direction we stipulate the following mode

0" = ag exp(st)go(z, 2), oo(z,z) = cos (2mx/A)sin (wz/H) (20a)
' = ao exp(st) o (z,2), ¢o(x,2) = cos (2mx/A) sin (nz/H) (20b)
' = ay exp(st)py(z, 2), by (x,z) = sin (2rz/A) sin® (wz/H) (20c)

where ag, as,a, € R are the amplitudes and s € C is the growth rate parameter determining the stability of this mode.
Figure 2 depicts the kind of flow perturbation we are concerned about.

The functions above satisfy the prescribed boundary conditions but not the partial differential equations (16a), (16b) and
(16c). Therefore we attempt to obtain an approximate solution by the Galerkin method: we take the residual of each equation
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Figure 2: Perturbation flow (depicted for the unit square)

and orthogonalize it with respect to the respective base function. Exemplifying with the equation for temperature (16a), we
have the residual

ro = ag exp(st)(spo — A o) + ay exp(st)(V X ¢pyp) -0

which we then orthogonalize

A gl
(ro, do) = / / roge dr dz =0 (21)
0 0

where now A = A/H.
We proceed similarly for the salinity o’ and stream function 1)’
After carrying out the required algebra, the following algebraic system is obtained for the amplitudes

(A —sM)a=0, a=|as (22)

where matrix M (the mass matrix) is diagonal and invertible.
In order for this system to have nontrivial solutions, i.e., a # 0, s has to be an eigenvalue of the generalized eigenvalue
problem (22). Equivalently, s must be an eigenvalue of the matrix

—c 0 —e
S=M'A= 0 —71¢ —e (23)
—fPy fP, —d

where

PQZPTRQEO, Pg':PTRGZO

2 2
4
c:c()\)z%j)>0
4m® (A*4+22° +3)
d=d(\) = N OZ13) >0 (24)
e:e()\)E;—i>O
16
F=IN=350a19 >0

The eigenvalues s;, ¢ = 1,2, 3 of S are the zeros of the characteristic polynomial
p(s) = det(sI — S) = s* + azs® + a1s + ao (25)
its coefficients being given by

ap = —ecfTPy + ecf Py + cdr
a1 = —efPy+efPs +c(c+d)T+dc (26)
az=d+c(t+1)>0



4000

3500

3000+

2500+

2000

Figure 3: The group g in the right hand side of (30) as a function of A

Asymptotic stability

In order to have asymptotic stability the eigenvalues s; of S must lie in the complex left half-plane, that is, Re(s;) < 0
for i = 1,2, 3, or, in other words, for the characteristic polynomial p(s) to be stable. For this to happen, the Routh-Hurwitz
criterion (see (Gradshteyn and Ryzhik, 1980) or (Bernstein, 2005)) must be obeyed

ap >0, a1 >0, az>0 (27a)
aiaz —ag > 0 (27b)

Since in this problem the last relation in (27a) is automatically satisfied we are left with the three conditions

ap >0, a1 >0 (28a)
aiaz —ag >0 (28b)

which lead to the following simultaneous inequalities

py<tip 4 (292)
T ef
py<p,y cletdr (29b)
ef ef
et +d A2 cle+d)r od
P, P, acerer = 2
< +ef+ o +6f (29¢)

Given that 0 < 7 < 1 and all the terms in the right hand sides are positive, these three conditions combine to give

ct+d cd
P P, +—, VA 30
o < c+ (i o + (sz ) ( )
The group ngd’i increases with A thus having a minimum at A = 0 which evaluates to (1 + 7)/2. The group g depends on

A in such a way that it possesses a minimum which can be found to occur at
AR A =203 31
and evaluates to 1824.7 as shown in Figure 3. In this case, linear asymptotic stability is guaranteed if
Py < 0.5(1 4 7)P, +1824.7 (32)

The values 2.03 in (31) and 1824.7 in (32) compare well with those reported in (Chandrasekhar, 1961b) (2.016 and 1708
respectively for P, = 0).

Oscillatory regime

A question that has some interest is the possibility of a purely oscillatory regime, that is, the existence of two purely
imaginary eigenvalues sy = iw, s3 = —iw withw > 0 together with a negative eigenvalue s; < 0. In that case, introducing
these facts in the characteristic polynomial (25) yields

p(s) = (s —sl)(s —iw)(s+iw) =0 (33)

=3 - 8182 + w?s — 51w2 (34)
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Then, we must have

s1=—a2<0 (35a)
w=a1 >0 (35b)
ap = —s1w> (35¢)

Relation (35a) is automatically verified and (35¢) is equivalent to ap = a1a2, a constraint on the characteristic polynomial
coefficients that, for given values of Py and P, yields the values of A > 0 (if any) for which an oscillatory regime can exist.
Therefore, we are left with

a1 >0 (36a)
ap = ajas >0 (36b)
From these two relations we obtain

Te+d 2 5 cle+d) cd

Py=—P, + — —-— —
0 crd +efT + of T+ef (37a)

2
P, > M T (37b)
ef 1—7

The right hand side of relation (37b) possesses a minimum that occurs at A = A =~ 2.23. For this value, the above relations
become

7_2

Py > 2725.5 (38a)

1
Py = (0.322 + 0.6787) P, + 878.272 + 2725.57 + 1847.3 (38b)

which determine the region where a oscillatory regime takes place.

Steady-state regime

Another particular case is the steady state regime defined by Re(s1) < 0, Re(s2) < 0 and one zero eigenvalue, s3 = 0.
From (25) one obtains
ap = 0, ay > 0, az >0 (39)

Since a2 > 0 automatically, these relations imply that

Py = lP(7 + od (40a)
T ef
2
P, < T~ clet+d) (40b)
1—7 ef

The right hand side of relation (40b) possesses a minimum that occurs at A = A, = 2.23. For this value, the above relations
become

1
Py==-P,+1847.3 (41a)
T

2
T

(41b)

P, <2725.5 I

These relations determine the region where a steady-state regime takes place.

5 The role of CAS

We expand here on the advantages on the use of a CAS to perform some of the computations outlined above.

Firstly the basis functions need to be setup, the required derivatives computed and the boundary conditions they have to
obey must be checked in order to proceed.

The determination of the stability matrix S coefficients introduced in expression (23) requires the systematic evaluation
of integrals typified by equation (21). This amounts to compute many two-dimensional integrals over a rectangle

/0A /01 f(z,2) dz dz (42)

where f depends on the basis functions and their derivatives leading eventually to rather complicated expressions. Further-
more the resulting integral values need to be properly simplified in order to enhance their readability and provide insight.



The next task is to compute the stability matrix S characteristic polynomial (25) whose roots are the eigenvalues that
decide the type of stability/instability to be expected. This envolves the Routh-Hurwitz criteria and a discussion whether
these eigenvalues have negative real parts leading to asymptotic stability or not.

The stability conditions thus obtained depend on some parameters, namely the wavelength A, see for instance relation
(37b), and we wish to know what its most critical values are. This amounts to find the minimum of certain functions (Figure
3 shows a typical example) a task that albeit not intrinsically difficult results in extensive algebraic manipulations.

An important benefit accruing in using a CAS is that once the program is developed there is room for further experimen-
tation with minimal investment, for instance trying other basis functions and boundary conditions to assess their soundness
and influence on the final results.

6 Conclusions

The problem described is challenging from the algebraic point of view thus presenting many opportunities for the use of a
CAS system. We list here the tasks where we actually employed such a CAS (Maple):

e derivation of the steady state solutions (9) that is easy in this case but could become more complicated if additional
factors, e.g. heat sources, were taken into account;

e computation of the matrices M, A, expression (22), and the stability matrix S introduced in expression (23), requiring
the evaluation of many symbolic integrals;

e obtention of the characteristic polynomial (25) and the respective roots (eigenvalues);
e several easy but very tedious minimization problems with respect to the wavelength .

In addition, once the CAS program is in place, variants to the problem treated, for instance, change of basis functions or
boundary conditions, can be easily tried and evaluated.

In any case, having recourse to a CAS should not be understood as a brute force method and some ingenuity from the part
of the user seems to be indispensable to obtain meaningful results.

Acknowledgments

The work reported in this paper was supported by LNEG and IDMEC/IST.

References

Akbarzadeh, A. and Ahmadi, G. (1980). Computer simulation of the performance of a solar pond in the southern part of Iran.
Solar Energy, 24.

Bernstein, D. S. (2005). Matrix Mathematics: Theory, Facts, and Formulas with Application to Linear Systems Theory.
Princeton University Press.

Bénard, H. (1900). Les Tourbillons cellulaires dans une nappe liquide. Revue générale des Sciences pures et appliques,
11:1261-71.

Cha, Y. S., Sha, W. T., and Schertz, W. (1982). Modeling of the surface convective layer of salt gradient solar ponds. J. Solar
Energy Engineering, 104:293-298.

Chandrasekhar, S. (1961a). Hydrodynamic and hydromagnetic stability. Clarendon Press.
Chandrasekhar, S. (1961b). Hydrodynamic and Hydromagnetic Stability. Dover.

Costa, L. D., Knobloch, E., and Weiss, N. O. (1981). Oscillations in double-diffusive convection. Journ. Fluid Mech.,
109(257):25-43.

Dake, J. M. K. and Harleman, D. R. F. (1969). Thermal stratification in lakes: analytical and laboratory studies. Water
Resources Res., 5.

Drazin, P. G. and Reid, W. H. (2004). Hydrodynamic Stability. Cambridge University Press, 2nd edition.
Geitling, A. V. (1998). Rayleigh-Bénard Convection: Structures and Dynamics. World Scientific.

Giestas, M., Joyce, A., and Pina, H. (1996). The influence of radiation absorption on solar ponds stability. J. Heat Mass
Transfer, 39,18:3873-3885.

Giestas, M., Joyce, A., and Pina, H. (1997). The influence of non-constant diffusivities on solar ponds stability. J. Heat Mass
Transfer, 40, 18:4379-4391.

Gradshteyn, I. S. and Ryzhik, I. M. (1980). Table of Integrals, Series and Products. Academic Press.

Gurtin, M. E., Fried, E., and Anand, L. (2010). The Mechanics and Thermodynamics of Continua. Cambridge University
Press.

Koschmieder, E. L. (1993). Bénard Cells and Taylor Vortices. Cambridge University Press.



CSEI2012 - Conferéncia Nacional sobre Computac¢do Simbdlica no Ensino e na Investigacdo
Lisboa, 2-3 de Abril de 2012

Lappa, M. (2010). Thermal Convection: Patterns, Evolution and Stability. Wiley.

Meyer, K. A., Grimmer, D. P., and Jones, G. F. (1982). An experimental and theoretical study of salt-gradient pond interface
behaviour. Progress in Solar Energy.

Mukutmoni, D. and Yang, K. T. (1993a). Rayleigh-Bénard convection in a small aspect ratio enclosure: Part I-bifurcation to
oscillatory convection. Journ. Heat Transfer, 115:360-366.

Mukutmoni, D. and Yang, K. T. (1993b). Rayleigh-Bénard convection in a small aspect ratio enclosure: Part II-bifurcation
to chaos. Journ. Heat Transfer, 115:367-376.

Nield, D. A., Manole, D. M., and Lage, J. L. (1993). Convection induced by inclined thermal and solute gradients in a shallow
horizontal layer of a porous medium. Journ. Fluid Mech., 257:559-574.

Pellew, A. and Southwell, R. V. (1940). On maintained convective motion in a fluid heated from below. Proc. Roy. Soc.,
(176):312-343.

Platten, J. K. and Legros, J. C. (1983). Convection in Liquids. Springer-Verlag, Berlin.
Proctor, M. R. E. (1981). Steady subcritical thermohaline convection. Journ. Fluid Mech., 105:507-21.

Rayleigh, L. (1916). On convection currents in a horizontal layer of fluid when the higher temperature is on the underside.
Phi. Mag., 32:529-546.

Reid, W. H. (1965). The stability of paralell flows: Basic Developments in Fluid Dynamics, volume 1. M. Holt. Academic
Press, New York.

Sani, R. L. (1964). On the Non Existence of Subcritical Instability in Fluid Layer Heated from Below. Journ. Fluid Mech.,
20:353.

Schechter, R. S., Velarde, M. G., and Platten, J. K. (1981a). The two-component Bénard problem. Ad. in Chem. Phys., XXVI.
Schechter, R. S., Velarde, M. G., and Platten, J. K. (1981b). The two-component Bénard problem. Wiley.

Stern, M. E. (1960). The salt fountain and thermohaline convection. Tellus, 12:172-75.

Turner, J. S. (1985). Multicomponent convection. Ann. Rev. Fluid Mech., 17:11-14.

Veronis, G. (1965). On finite amplitude instability in thermohaline convection. Journ. Marine Res., 23:1-17.



