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A the o ret i cal and nu mer i cal study of the ef fect of thermodiffusion on the sta bil ity of
a gra di ent layer is pre sented. It in tends to clar ify the mech a nisms of fluid dy nam ics
and the pro cesses which oc cur in a sa lin ity gra di ent so lar pond. A math e mat i cal
mod el ling is de vel oped to de scribe the thermodiffusion con tri bu tion on the so lar
pond where ther mal, ra di a tive, and mas sive fluxes are cou pled in the dou ble dif fu -
sion. More re al is tic bound ary con di tions for tem per a ture and con cen tra tion pro -
files are used. Our re sults are com pared with those ob tained ex per i men tally by au -
thors with out ex tract ing the heat flux from the stor age zone. We have con sid ered the 
sta bil ity anal y sis of the equi lib rium so lu tion. We as sumed that the per tur ba tion of
quan ti ties such as ve loc ity, tem per a ture, and con cen tra tion are in fin i tes i mal.
Linearized equa tions sat is fy ing ap pro pri ate pre scribed bound ary con di tions are
then ob tained and ex panded into poly no mi als form. The Galerkin method along
with a sym bolic al ge bra code (Ma ple) are used to solve these equa tions. The ef fect
of the sep a ra tion co ef fi cient y is an a lyzed in the pos i tive and neg a tive case. We
have also nu mer i cally com pared the crit i cal Ray leigh num bers for the on set of con -
vec tion with those ob tained by the lin ear sta bil ity anal y sis for Le = 100, µa = 0.8,
and f = 0.5. 

Key words: salt gradient, solar pond, solar energy, salinity, thermodiffusion, soret 
effect, linear stability, numerical simulation

In tro duc tion

In re cent years, there has been in creas ing ef forts to pro mote re new able en ergy in de -
vel op ing coun tries [1, 2]. So lar pond is one such tech nol ogy, which is both ap pro pri ate and rel e -
vant in the Al ge rian con text. It is a sim ple and low cost so lar en ergy sys tem which col lects so lar
ra di a tion and stores it as ther mal en ergy in the same me dium for a long pe riod of time [3, 4]. For
this rea son, so lar ponds pres ent some ad van tages with re spect to other so lar en ergy tech nol o gies 
which could make it com pet i tive, es pe cially, for ex am ple, in those re gions where salt is avail -
able for free. Many ex per i men tal and the o ret i cal works [5-12] ba si cally con cen trate on de sign,
ap pli ca tion, and ex per i men tal ther mal mea sure ments in so lar ponds to in ves ti gate the ther mal
be hav iour of var i ous types of so lar ponds in dif fer ent di men sions [13, 14].
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Ini tially, the nu mer i cal mod els were gen er ally one-di men sional (1-D) and treated the
prob lem of tran sient heat con duc tion and mass dif fu sion [15]. Alargo [16] de vel oped a 1-D sim -
u la tion model, which sim u lates the tran sient be hav iour of the pond us ing a fi nite dif fer ence
method, for a closed cy cle in a salt gra di ent so lar pond. Husain et al. [17] stud ied the es ti ma tion
of ra di a tion flux in a so lar pond and pro posed a sim ple em pir i cal for mu la tion. 

Only in few re cent works, the 2-D and 3-D char ac ter of the so lar pond have been con -
sid ered while study ing the same prob lem [18, 19] with both the trans fer of mass and en ergy and
vari able prop er ties of the sa line so lu tion have been con sid ered [20, 21]. The re sults have shown
that, in par tic u lar, the so lar ra di a tion ab sorp tion as well as the heat losses through the pond free
sur face may have ad verse ef fects on the long-term sta bil ity of the pond. Very re cently, Suarez et
al. [22] in ves ti gated nu mer i cally the ef fect of dou ble dif fu sive con vec tion on the ther mal per for -
mance and sta bil ity of a salt gra di ent so lar pond. They showed that the tem per a ture in the bot tom 
of the so lar pond in creased from 20° to 52°, even though the in su lat ing layer is be ing eroded by
dou ble-dif fu sive con vec tion which have pro found im pacts on the over all sta bil ity of so lar pond.

With re gard to the pond sta bil ity that con sti tutes, as stated above, a ma jor fac tor in its
op er a tion and per for mance, it has been stud ied an a lyt i cally by sev eral re search ers who em -
ployed, in most cases, the well-known lin ear per tur ba tions the ory [23-26]. Re sults as ob tained
from these stud ies have pro vided mean ing ful de tails and in for ma tion re gard ing the on set of
these in sta bil i ties, the map of mar ginal sta bil ity of the pond as well as the ex is tence of sev eral
pos si ble sta ble or un sta ble states that may be en coun tered in the pond de pend ing upon the ra tio
of the ther mal Ray leigh num ber with re spect to the sa lin ity Ray leigh num ber. How ever, all these 
stud ies were lim ited to a layer of a fluid heated from be low.

The ex trac tion of the heat from the sys tem could also cause the dam age of the
non-convertive zone (NCZ) (see fig.1), and must be per formed with cau tion. Re cently, an al ter -
na tive method of heat ex trac tion from these so lar ponds has been in ves ti gated an a lyt i cally [27],
and used for in dus trial pro cess heat ing [28], space heat ing, and power gen er a tion. In all these
ap pli ca tions, heat is ex tracted from the bot tom of the so lar pond (that is, from the lower con vec -
tive zone). 

To the knowl edge of the au thors, the only work which has in tro duced the
thermodiffusion ef fect into the salt dif fu sion equa tion and thus con trib ut ing to destabilize the
sa lin ity gra di ent layer has been done by Angeli et al. [29]. How ever, their study was con fined to
a 1-D math e mat i cal model nu mer i cally solved by a fi nite dif fer ence schema rul ing out the heat
ex trac tion from the bot tom.

Nev er the less, the thermodiffusion con tin ues to be the only hy dro dy namic trans port
mech a nism that lacks a sim ple phys i cal ex pla na tion, be cause it strongly var ies with the na ture of 
the com po nents of the mix ture and with their con cen tra tion. In fact this ef fect can not eas ily be
mea sured ex per i men tally and pre dicted the o ret i cally. The aim of the pres ent pa per is there fore
to pres ent a nu mer i cal and an a lyt i cal study of the thermodiffusion con tri bu tion on the so lar pond 
us ing more re al is tic bound ary con di tions such as the heat ex trac tion char ac ter ized by the frac -
tion f and the ab sorp tion of so lar ra di a tion char ac ter ized by an ex tinc tion co ef fi cient µa.

Math e mat i cal for mu la tion

So lar ponds gen er ally con sist of three re gions: the up per con vec tive zone (UCZ), the
NCZ, and the lower con vec tive zone (LCZ), as shown in fig. 1.  The UCZ is the top most layer of
the so lar pond. It is a rel a tively thin layer which con sists al most wholly of fresh wa ter. The NCZ
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is just be low the UCZ and has an in creas ing con cen tra tion rel a tive to the UCZ. It also acts as a
trans par ent in su la tor that lets sun light reach the bot tom where it re mains en trapped, cre at ing a
store house of ther mal en ergy in the form of hot brine. The LCZ is the layer in which the salt con -
cen tra tion is the great est, and there is no con cen tra tion gra di ent in it. If the con cen tra tion gra di -
ent of the NCZ is great enough, no con vec tive mo tion will oc cur in this re gion, and the en ergy
ab sorbed in the bot tom of the pond will be stored in the LCZ.

Let us then con sider a pond in the NCZ, as sumed to be a rect an gu lar cav ity of length L
and depth d, filled with lin early strat i fied sa line so lu tion. The mod el ling of the gra di ent layer is
based on the Boussinesq-Oberbeck ap prox i ma tion of the Navier-Stokes equa tions with two
sources terms due to the ab sorp tion of the so lar ra di a tion in the en ergy equa tion and the
thermodiffusion ef fect (also known as Soret ef fect) in the spe cies equa tion. The dy nam ics of
such sys tem is writ ten in their gen eral form as:
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where 
r
V(u,w) is the ve loc ity field, P – the pres sure, µ – the dy namic vis cos ity, k – the ther mal

diffusivity, D – the Fick co ef fi cient, and DT – the thermodiffusion co ef fi cient of the denset com -
po nent. We as sume that the prod uct C(1 – C) in the ex pres sion of the mass flux den sity vec tor of
the dens est com po nent is con stant and equal to C0(1 – C0).  &q is the ra di a tive power per unit vol -
ume and C0 is the ini tial con cen tra tion of the sol ute. The equa tion of state of the sa line so lu tion is 
given by:

r = r0[1 – bT(T – Tref) – bC(C – Cref)] (2)

where bT and bC are the co ef fi cients of vol u met ric ex pan sion for tem per a ture and con cen tra tion, 
re spec tively. T is the di men sional tem per a ture and C – the masse frac tion of the dens est com po -
nent of the mix ture. Cref and Tref are taken as the ref er ence state, i. e, Cref = (C1 + C2)/2 with C1
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Fig ure 1. Sche matic di a gram of so lar pond with typ i cal tem per a ture and sa lin ity pro files



and C2 be ing the con cen tra tions of the two hor i zon tal walls, and Tref = [T(z = 0) + T(z = d)]/2. It
may be use ful to note that the two tem per a tures T(z = 0) and T(z = d) are not a pri ori known; their 
val ues will be given by the steady-state pro file of the tem per a ture T(z) in which we sub sti tute Z = 
= 0 and Z = d. The two lat eral walls are sup posed rigid, adi a batic, and per fectly in su lated. The
two hor i zon tal walls are free im ply ing that the ver ti cal com po nent of the ve loc ity and its de riv a -
tive with re spect to the z vari able are equal to zero. In the up per wall, the con vec tive heat flux is
pro duced by the zone of pro tec tion and on the lower wall a heat flux co mes from the stor age
zone. All these con di tions are given by the fol low ing equa tions:
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where hd is the con vec tive heat trans fer co ef fi cient and l is the ther mal con duc tiv ity of the wa -
ter.

Study of the ba sic state

The steady-state so lu tions can be ob tained by equat ing ve loc ity and all time de riv a -
tives to zero in the set of eqs. (1).

Thus, we ob tain: r r
Ñ = - - -

Ñ = - =

P T T C C

T
q

C kP

r b b

l
l r

0 [ ( ) ( )]
&

T ref c ref

2

gK

with

D C D C C TÑ = - - Ñ

ì

í
ïï

î
ï
ï

2
0

21T ( )

(4)

The steady-state so lu tion for the tem per a ture pro file is de ter mined by as sum ing that
the ab sorp tion of the so lar ra di a tion can be mod eled by an ex ten sion co ef fi cient µe that takes into 
ac count the trans par ency of the fluid (Lam bert law). It can be ex pressed by the rate of en ergy
gen er a tion per unit vol ume in the layer:

&( ) ( ) exp[ ( )]q d q d d Z= - -m me e (5)

The steady-state equa tion for the con cen tra tion is ob tained by re solv ing the spe cies
equa tion in the set of eq. (4):
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To eval u ate the in te gra tion con stants A and B, we in tro duce the bound ary con di tions
C(Z = 0) = C1 and C(Z = d) = C2. Equa tion (6) for the steady-state so lu tion C(Z) can be fi nally
writ ten as:
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At  Z = d, &q(Z) = q(d) is the heat flux due to so lar ra di a tion at the up per bound ary of the
gra di ent zone. Thus, the steady-state heat dif fu sion in the set of eqs. (4) with heat gen er a tion be -
comes:
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where A is the con stant of in te gra tion. At each bound ary of the gra di ent zone, the heat flux by
con duc tion has to be equal to the heat trans ferred by con vec tion leading to:
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In or der to guar an tee a global en ergy bal ance, the heat flux from the stor age zone is set
equal to the dif fer ence be tween the to tal heat ab sorbed in the stor age zone and the to tal heat ex -
tracted per unit area in the same zone, i. e.:

q = qabs – qext (10)

The to tal heat ab sorbed in the stor age zone can be ex pressed as:
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The ex tracted heat flux (qext) can be rep re sented as a frac tion f of the to tal heat flux
(qabs) ab sorbed in the LCZ:

q = qabs – qext = (1 – f)qabs = (1 – f)q(d)exp(–med) (12)

q(d)exp(–med)[1 – (1 – f)] – q(d) = –hd[T(d) – T4]

where

q(d)[1 –fexp(–med)] = hd[T(d) – T4] (13)

Solv ing eqs. (8), (11), (12), and (13), we ob tain the fol low ing tem per a ture pro file:
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The case with out heat ex trac tion from the pond (f = 0) rep re sents the worst sit u a tion for 
the on set of in sta bil i ties. In this case (f = 0), eq. (14) be comes:
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Sub sti tut ing Z = 0 and Z = d in eq. (14), we can eas ily de ter mine the ref er ence tem per a -
ture as:
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en abling us to de ter mine:
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As is ev i dent from the for mer equa tions, the tem per a ture and con cen tra tion fields are
func tions of the ver ti cal di rec tion Z, µe, f, q(d), T4, hd, ST, C1, C2, and C0.  

Dimensionless for mu la tion of equa tions

The dimensionless for mu la tion is ob tained by us ing the fol low ing ref er ence vari ables:
d for the depth, d2/k for the time, k/d for the ve loc ity, r0(k

2/d2) for the pres sure, lDT/d for the
heat flux, l/d for the co ef fi cient of con vec tive heat trans fer, (C – Cref)/DC for the con cen tra tion,
and (T – Tref)/DT for the tem per a ture, where DC = C1 – C2 and DT = T(z = 0) – T(z = d). Thus, the
adimensional equa tions of con ser va tion for mass, mo men tum, en ergy, and chem i cal spe cies
which take into ac count the ab sorp tion of so lar ra di a tion char ac ter ised by an ex tinc tion co ef fi -
cient µa, the heat flux ex tracted from the stor age zone char ac ter ised by the frac tion f, and the
thermodiffusion ef fect char ac ter ised by the co ef fi cient of sep a ra tion y, are given by:
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The con sid ered prob lem in volves there fore seven dimensionless pa ram e ters: ther mal
Ray leigh num ber Rat = gbTDTd3/kn, solutal Ray leigh num ber RaS = gbcDCd3/kn, the co ef fi cient 
of sep a ra tion  y = –(bC/bT)(DT/D)C0(1 – C0), the Prandtl num ber Pr = n/k, the Lewis num ber  Le
= k/D, the ex tinc tion co ef fi cient ma = med, and the frac tion of ex tracted heat flux f.  The as so ci -
ated dimensionless bound ary con di tions read as:
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The cor re spond ing dimensionless tem per a ture and con cen tra tion fields for the steady-
-state so lu tion are:
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In the fol low ing, the dimensionless quan ti ties will be no starry in or der to sim plify the
no ta tion.

3.  Lin ear sta bil ity anal y sis

We in tro duce into the sys tem of eqs. (17) and (18) the per turbed fields:
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where ¶T0/¶Z and ¶C0/¶Z are func tions of the vari able Z. Tak ing the ro ta tional of the
Navier-Stokes equa tion and keep ing only the sta tion ary tran si tion, eqs. (22) can be re writ ten as:
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with the fol low ing as so ci ated bound ary con di tions:
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A cell of in fi nite ex ten sion in the x-di rec tion is con sid ered. The ve loc ity, tem per a ture
and con cen tra tion per tur ba tions are de vel oped in nor mal modes as:

(w,q,c) = (w(Z), q(Z), c(Z))exp(ikX – st) (25)

where  w(Z), q(Z), and c(Z) are func tions which de pend on only the vari able Z, k is the wave
num ber along x, and s the tem po ral ex pan sion rate of the per tur ba tion which is gen er ally com -
plex, i. e, s = sr + iw and i2 = –1 (the neu tral sta bil ity curve cor re sponds to sr = 0). The per tur ba -
tions are then ex panded us ing poly no mial se ries as:
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Sub sti tut ing ex pan sions (26) in (23), we ob tain a new set of equa tions which sat isfy the
whole re quired bound ary con di tions and which we solve us ing the well-known Galerkin
method.

Re sults and dis cus sion

To test the va lid ity of the used lin ear sta bil ity anal y sis pro ce dure, we study in a first
time, the case of a pure fluid (y = 0) and our re sults are de picted in fig. 2. This case al lows us to

make a com par i son with the re sults al ready ob -
tained by Chandrasekhar [30].

 As is ev i dent from fig. 2, the mar ginal sta -
bil ity lead ing to an ini ti a tion of the os cil la tory
mo tion (on set of nat u ral con vec tion) is around
Rat =1706.98 and k = 2.6 (the min i mum of the
curve). This re sult agrees very well with the one 
cal cu lated by Chandrasekhar [30] and which is
equal to 1707.76 for im per me able and infinites
walls, im ply ing that the ex pan sion poly no mi als
which we pro pose are ap pro pri ate.

Fig ure 3 pres ents the tem per a ture and con -
cen tra tion pro files in the steady-state case, with
f = 0 (with out ex tract ing the heat from the
pond). These pro files are in good agree ment
with those found ex per i men tally [31-33].
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Fig ure 2. Ray leigh num ber vs. wave num ber for
µa = 0.2, Le = 94.3, and y = 0 (pure fluid case)



The thermodiffusion in the so lar pond

To the best of our knowl edge, there are few data about thermodiffusion in so lar ponds.
Rothmeyer [34] cal cu lated salt fluxes for the Uni ver sity of New Mex ico so lar pond and found
that the flux due to Soret ef fect roses to al most 30% in the sum mer when the tem per a ture gra di -
ents are strong. How ever, his es ti ma tion co mes from a rough anal y sis of var i ous terms of the dif -
fu sion equa tions, with out any so lu tion of dif fer en tial equa tions. Angeli et al. [29] in tro duced the 
thermodiffusion ef fect into the salt dif fu sion and solved nu mer i cally a 1-D math e mat i cal model. 
The later has been dimensioned as the one op er at ing at El Paso (Texas). Their re sults showed
that the thermodiffusion can reach an an nual av er aged per cent age of the to tal flux close to 10%,
with picks of about 15% in the sum mer at the bot tom of the NCZ. In this work and to get better
in sight onto the prob lem, we use the study of the lin ear sta bil ity re ported above to de scribe the
thermodiffusion con tri bu tion to the salt dif fu sion within a gra di ent layer. First, we vary the co ef -
fi cient of sep a ra tion y ac cord ing to the crit i cal Ray leigh num ber cor re spond ing to the mar ginal
state con di tions for the sta bil ity of the gra di ent zone in the in fi nite ex ten sion so lar ponds.

Pos i tive sep a ra tion co ef fi cient 
case (y > 0)

In view of the re sults re ported in tab. 1,
the con vec tion oc curs lat ter than in the pure
fluid case (y = 0). The wave num bers de -
crease with in creas ing y, in con trast to the
Ray leigh-Benard prob lem, where the crit i -
cal Ray leigh num ber as so ci ated with the
first bi fur ca tion de creases. This means that
the num ber of cells con tained in the gra di -
ent layer of the so lar pond de creases, in di -
cat ing there fore that the sys tem is more sta -
ble when y is in creased (fig. 4).
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Figure 3. Steady-state temperature profile (left) and concentration profile (right) in the case of f = 0

Fig ure 4. Crit i cal Ray leigh num ber vs. sep a ra tion
fac tor (y  > 0), µa = 0.2, Le = 100, and f = 0.5



             Ta ble 1. Crit i cal val ues of the ther mal Ray leigh num ber and the wave num ber for
             dif fer ent pos i tive val ues of y, with ma = 0.2, Le =100, and f = 0.5

y 0 0.0005 0.005 0.01 0.03 0.04 0.05

Rat 1706.72 1707.8 1717.97 1729.35 1776.26 1800.5 1825.4

k 2.545 2.543 2.54 2.534 2.51 2.49 2.486

y 0.1 0.2 0.3 0.4 0.5 0.6 0.8

Rat 1959.76 2286.9 2718.9 3293.2 5217.66 6695.3 16161

k 2.424 2.294 2.154 1.199 1.4 1.43 1.189

Neg a tive sep a ra tion co ef fi cient case (y < 0)

In tab. 2, when chang ing the y val ues, the evo lu tion of the crit i cal Ray leigh num ber
with the wave num bers, is op po site to the case stud ied (y > 0). How ever, the con vec tion is ad -
vanced with de creas ing y < 0 to com pare to the pure fluid, this may ex plain the sys tem in sta bil -
ity for neg a tive val ues of  y and the waves num ber in creases pro duc ing thermosolutal cells for -
ma tion in the gra di ent layer, fig. 5.

                  Ta ble 2. Crit i cal val ues of the ther mal Ray leigh num ber and the wave num ber for 
                  dif fer ent neg a tive val ues of y, with µa = 0.2, Le = 100, and f = 0.5

y 0 –0.0005 –0.01 –0.04 –0.1 –0.2

Rat 1706.7 1705.6 1684.6 1641.9 1506.7 1345.5

k 2.545 2.546 2.557 2.581 2.66 2.767

y –0.3 –0.4 –0.5 –0.6 –0.7 –0.8

Rat 1213.4 1103.4 1010.7 931.72 863.6 804.39

k 2.86 2.96 3.048 3.129 3.2 3.27

De ter mi na tion of the crit i cal val ues

In this part, we de ter mine nu mer i cally the crit i -
cal value of the ther mal Ray leigh num ber for the
rel a tive  val ues  of  a  so lar pond, namely, µa = 0.8,
f = 0.5, Le = 100 and for two dif fer ent val ues of y.
In or der to de tect the on set of the con vec tive
move ment, the man ner con sists in vary ing the
Ray leigh num ber around the value given by the
sta bil ity of the lin ear anal y sis and to ob serve the
tem po ral evo lu tion of the dif fer ent fields. Af ter
that, we can re fine the range of this crit i cal value
lead ing to a more fine de ter mi na tion of this crit i cal 
value of the Ray leigh num ber (see fig.6). A 2-D
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Fig ure 5. Crit i cal Ray leigh num ber vs. the
sep a ra tion fac tor (y < 0), with µa = 0.2, 
Le = 100, and f = 0.5 



Femlab [35] model is per formed, us ing the built-in ther mal and con cen tra tion cal cu la tions,
which uses a fi nite el e ment method for high Lewis num ber. The sys tem of eqs. (17) is then in te -
grated nu mer i cally tak ing into ac count the ap pro pri ate bound ary con di tions (18). The fol low ing
pa ram e ters µa = 0.8, f = 0.5, y = –0.7, y = 0.5, and A = L/H = 10 (large enough to sim u late the
con vec tive mo tions in an in fi nite length
along the x-di rec tion) have been cho sen. In
fig. 6, we pres ent for the case y = –0.7, the
stream lines, iso therms and isoconcentrations 
be fore and af ter the tran si tion to wards a con -
vec tion.

On tab. 3, we show an ac cept able agree -
ment be tween the re sults ob tained by the nu -
mer i cal sim u la tion and those ob tained by the 
lin ear sta bil ity anal y sis.

Con clu sions

The dou ble dif fu sive prob lem has been ex ten sively stud ied by dif fer ent au thors in the
con text of so lar ponds. Lin ear pro files of salt and tem per a ture were gen er ally as sumed and sta -
bil ity cri te ria for this sit u a tion has been de ter mined con sid er ing a layer of fluid heated from
below. 

Nev er the less, due to the so lar ra di a tion ab sorp tion in the gra di ent zone of a so lar pond,
the ini tial pro file and the bound ary con di tions for tem per a ture in the up per and the lower of the
gra di ent zone are not a pri ori known such as the con cen tra tion; their val ues de pend on oth ers
con di tions such as the depth Z of the pond, the heat ex tracted from bel low and the
thermodiffusion con tri bu tion act ing in the salt dif fu sion equa tion which can not be ne glected.

In the pres ent pa per, we have con sid ered the thermosolutal gra di ent layer of a so lar
pond with more re al is tic bound ary con di tions for tem per a ture and con cen tra tion pro files. The
anal y sis of this prob lem is per formed by solv ing the Boussinesq ap prox i ma tion of Navier
Stokes equa tions with two sources-terms due to the ab sorp tion of the so lar ra di a tion in the en -
ergy equa tion and the thermodiffusion effect in the species equation.

The sta bil ity of these equa tions is ana lysed and the mar ginal states for the on set of con -
vec tion are ob tained us ing a Galerkin method based on a weak for mu la tion of the gov ern ing
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Fig ure 6. Pro jec tion of stream lines, isoconcentration and iso therms for Le = 100, µa = 0.8, 
f = 0.5, and y = –0.7

Ta ble 3. Crit i cal val ues of ther mal Ray leigh num ber 
and the wave num ber for two dif fer ent val ues of y,
with µa = 0.2, Le = 100, and f = 0.5

Lin ear sta bil ity Nu mer i cal re sults

Rat Rat

y = 0.5 319 290

y = –0.7 259.57 250



equa tions for per tur ba tions. The re sults are in good agree ment with the pre vi ous re sults ob tained 
by au thors for y = 0, in the case of a fluid heated from be low. Also, upon study ing the ef fect of
the co ef fi cient of sep a ra tion y for pos i tive and neg a tive case, we showed that the con vec tion oc -
curs late when in creas ing y in the pos i tive case and the wave num ber de creases. How ever, the
con vec tion is ad vanced with de creas ing y < 0 in com par i son to the pure fluid case. A brief com -
par i son was also per formed in or der to de ter mine the crit i cal value of the Ray leigh num ber and
to vi su al ize the tem po ral evo lu tion of the dif fer ent fields, namely, ve loc ity, tem per a ture, and
con cen tra tion. The re sults were shown to be in a sat is fac tory agree ment with those ob tained
from the lin ear anal y sis.
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