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Abstract

The stability of buoyancy driven shear flows in inclined long cavities with end wall temperature difference is investigated
for different inclinations and a wide range of Prandtl number. The results of the linear stability analysis show that the
basic unicellular motion may break down due to stationary or oscillatory instabilities. The stationary rolls are nearly
square and the mechanism of this instability is mainly hydrodynamic. The oscillatory instability is driven by buoyancy
and consists of long-wave rolls of about 10 times the width of the cavity. For Pr < 0.2 stationary modes are the most
unstable while for Pr > 0.7 oscillatory modes are preferred. At moderate Prandtl numbers (0.2 < Pr < 0.7) the most
unstable perturbation is determined by the angle of inclination. A better understanding of the instability mechanisms is
provided by an energy analysis of the marginally stable perturbations.

Results from direct numerical simulations of the full non-linear unsteady equations in closed configurations are also
presented. Both stationary and oscillatory instabilities have been obtained and their characteristic features (wave number
and frequency) are consistent with the linear theoretical predictions. © 1999 Elsevier Science Ltd. All rights reserved.

Nomenclature AT temperature difference between end walls
¢ phase velocity of critical perturbations e =2h/L aspect ratio
g gravity vector k thermal diffusivity
h  half width of the cavity A complex growth rate of perturbations
k real wave number v kinematic viscosity
L length of the cavity n dimensionless temperature gradient along z in the
N number of basis functions core region
p dimensionless pressure Y perturbation streamfunction
Pr  Prandtl number ® perturbation temperature
R Rayleigh number ¢@,0 amplitudes of the stream function and temperature
T dimensionless temperature perturbations
v velocity vector o angular frequency.
u, w velocities in the x and z direction respectively
Wmax(Z) 18 the maximum upslope velocity along x at the Subscripts
core region ¢ critical value
x, z coordinates. o Dbasic state
os oscillatory
Greek symbols st stationary.

o inclination angle
f thermal expansion coefficient

1. Introduction
Natural convection in shallow cavities driven by an
* Corresponding author. end-to-end temperature difference have received an
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increasing attention since the last decade due to its rel-
evance in several technological and fundamental areas.
Most part of the published works on this subject consider
cavities placed horizontally [1]. Convection in long
inclined cavities driven by a temperature gradient along
their longest axis is also important for a variety of
phenomena that occur in industry and in nature. For
instance, in crystal growth from vapor phase, larger
transport rates are obtained by tilting the ampoule a
certain angle with respect to gravity [2, 3]. Natural con-
vection in tilted fluid layers is also found in many geo-
physical situations where the fluid is enclosed in long
narrow slots arbitrarily inclined to gravity [4, 5]. An
interesting application is the transport and rate of spread
of passive contaminants (for instance, radioactive
material) in long tilted liquid-filled rock fractures. Woods
and Lintz [4] studied this problem and concluded that
the contribution of the base flow to the transport rate is
larger than that of diffusion. Though they did not con-
sider the secondary flow, they assess its importance in
modifying the overall mass flux. In this paper we inves-
tigate the basic and secondary flow in an inclined cavity
as indicated in the geometry of the problem shown in
Fig. 1.

Two particular limit cases of the geometry of Fig. 1
correspond to vertical cavities heated from below, o = 0°,
and horizontal cavities with lateral heating, o = 90°. For
o = 0°, the basic state is purely conductive (rest solution).
Stability analysis of the rest solution was studied by Ger-
shuni and Zhukhovitskii [6]; the critical Rayleigh number
corresponds to odd perturbations with infinite wave-
length. In the horizontal case, o = 90°, a basic circulation
arises for any small non-zero temperature gradient. This
case was first comprehensively studied in the series of
papers by Cormack et al. [7] and Imberger [8] and, since
then, it has been extensively revised (see Ref. [1]). The
linear stability analysis of the parallel flow solution for
o = 90°, was first carried out by Hart [9] and revised by
Laure and Roux [10] and Kuo and Korpela [11]. These
works considered the marginal stability of longitudinal
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Fig. 1. Geometry of the problem and structure of the basic flow.
Solid line represents the basic velocity profile and dashed line
the temperature profile.

(three-dimensional) and transversal (two-dimensional)
perturbations in low Pr fluids. Janssen and Henkes [12]
studied numerically the steady and time-dependent two-
dimensional flow in a horizontal square cavity and also
the effect of a third direction (depth) on the instabilities
[13]. They showed that for depth-to-width ratio
D/2h = 0.2, the steady flow is in good approximation
two-dimensional in the central region of the three-dimen-
sional cavity. For D/2h > 1 they observed a wave-like
stationary modulation along the depth superposed to the
two-dimensional flow. For D/2h = 0.5 this longitudinal
instability was not found and in this case, the observed
critical instability was two-dimensional.

In the inclined cavity of Fig. 1, the basic flow arises
for any temperature difference and its intensity increases
steeply with the Rayleigh number as long as the isotherms
are distorted by advection. The type of flow that arises is
similar to that described by Woods and Lintz [4] in
inclined liquid-filled rock fractures with vertical thermal
gradient. In particular, the shape of our flow coincides to
that described in Ref. [4] in their limit of vanishing ratio
between rock and liquid thermal conductivities. Adachi
and Mizushima [14] studied the stability of thermal con-
vection in a similar inclined geometry in a square two-
dimensional cavity. Bontoux et al. [3] considered the
steady flow in long inclined axially heated cylinders and
showed that for large enough Rayleigh number, the struc-
ture of the three dimensional flow is very similar to the
flow observed in vertical cylinders after the onset of con-
vection [15].

Although the effect of inclined boundaries on the flow
stability has been treated in a variety of geometries (see
Ref. [6] for a classical review), as far as we know, there
are no published works considering the stability of the
base flow in long inclined cavities with axial temperature
gradient. Among the studies which considered inclined
walls, the natural convection between differentially
heated inclined plates [16], is an interesting example of
how the inclination determines the interplay between con-
vective and hydrodynamical instability mechanism.

This paper considers the stability of thermally driven
shear flows in axially heated inclined long cavities. The
breakdown of the unicellular flow may be due to station-
ary or oscillatory instabilities depending mostly on the
Prandtl number and also on the inclination angle. In
Section 2, we obtain and discuss the basic flow solution
in closed cavities. The stability analysis of the basic flow
to perturbations periodic in the axial direction is con-
sidered in Section 3. In Section 4 the energy balance for
the marginally stable solutions is presented. The results
are reported in Section 5, and discussed in Section 6
where the stability boundaries in the parameter space
(Pr,o) are also presented. Numerical solutions of the
nonlinear flow in Section 7, assess the stability results and
provide information on the flow at supercritical Rayleigh
number. Some concluding remarks are given in Section
8.
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2. Governing equations and basic flow

Let us consider the flow in the two dimensional cavity
of Fig. 1. The cavity is filled with an incompressible fluid
and inclined o degrees with respect to gravity. Owing to
the existence of a temperature difference between the end
walls a convective motion is established. The equations
governing the motion are the Navier-Stokes and heat
transport equations with the Boussinesq approximation.
By using, /*/v, h, v/ h, AT h/L as scales for time, length,
velocity and temperature respectively, the dimensionless
equations are:

V-v=0,
Ov/ot+ (v V)V = —Vp+Av—RPr'Te,. (1)
OT/o1+(v-V)T = Pr—'AT, ?)

where e, = sin ol —cos ok, is the gravity versor. The Ray-
leigh number and Prandtl number are defined respectively
as R = gBATh*/vicL and Pr = v/k.

The non-slip condition is used at all rigid boundaries,
and the temperature in the walls x = +1 satisfies the
homogenous heat-conduction equation:

v = 0 at all boundaries 3)
8T—O atx = +1 4
ox wr== @

As discussed in previous works Refs. [6 and 7] in the limit
of vanishing ¢, a simple exact parallel-flow solution exists
in the core region, away from square turning region near
the end walls. At the core, the velocity, v, = ui+wk
satisfies u, = 0, w, = w,(x) and the temperature field is,
T,(x,z) = —nz+b+0,(x).

Substituting these solutions into equations (1) and (2),
and eliminating p by cross differentiation, the following
system of ordinary differential equations for w,(x) and
0,(x) is obtained:

w? (x) 4+ Pr~—'Rcosad,(x) = nPr~'Rsina, (5)
nw,(x)+Pr=10.(x) = 0. (6)
with

w,(£1) =0,(£1) =0. (7

Hereafter the primes denote differentiation with respect
to x.
The solution of equations (5)—(7) is

rtane /sin r sinh rx —sinh r sin rx
tano /sin r sinh rx +sinh r sin rx
00()() - _WT< d(r) — 7 )7 (9)
where d(r) is
d(r) = sinhrcosr+coshrsinr, (10)

and

r=mRcosa)'. (11)

For fixed o and Pr the amplitude of the basic flow is
controlled by the group parameter R cos o. The parallel
flow solution describes a natural counterflow heat
exchanger. The cooler current occupies the region x > 0
and it is heated as it moves downwards in the z—axis. In
the interval 0 < 7* < R*, (R* = 31.284), an increase of r
raises the amplitude of the basic core flow solutions and
both w, and 0, become infinity as r* — R*. For r* above
R* there is an inversion of the basic solutions and a new
node appears. This fact occurs at each root of d(r) whose
values, r~(m—1/4)n, n=1,2,...coincide with the
fourth root of the critical Rayleigh number for the insta-
bility of even modes in the case of o = 0° [6].

The divergence of the basic profiles at certain values
of r has been reported in other configurations which
considered infinitely long cavities (¢ = 0) [4], [6]. We have
found that in closed cavities (even in the limit ¢ — 0),
r* < R* for any R thus, the basic flow does not diverge.
This is illustrated in Fig. 2 where numerical (see section
7) and theoretical calculations of the local Rayleigh num-
ber at the core nR are plotted vs R. The theoretical cal-
culation of # (in terms of R, « and ¢) has been done by
using the integral method proposed by Bejan and Tien
[17]. Atlow R, the axial temperature gradient is constant
along the cavity (n ~ 1) and the flow is mainly driven by
the cross-stream buoyancy, proportional to R sin «. This
situation corresponds to a core driven regime [7, 8]. As
R increases, the cross-stream temperature gradient cre-
ated by the counterflow advection becomes larger and
acts as another source of motion [related to the term
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Fig. 2. The local Rayleigh at the core (nR) vs external Rayleigh
number (R) for several inclinations and aspect ratios. Solid lines
correspond to the theoretical solution and circles are results
from the numerical solution in the closed geometry (see section
7) using Pr = 0.7 (white circles) and Pr = 6.7 (black circles).
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Rcosal), in equation (5)]. This coupling of the velocity
and temperature x-gradient induces a steep increase of
the mean flow intensity as R approaches R*/cosa and
leads to a boundary layer regime in which the tem-
perature drop concentrates near the end regions (1 < 1).
As R further increases, nR tends asymptotically to
R*/coso (see Fig. 2). This fact indicates that in inclined
cavities (as long as the flow is unicellular), the local Ray-
leigh number at the core will not exceed a limit value,
R*/coso.

3. Linear stability analysis

In this section we investigate the stability of the basic
flow to infinitesimal perturbations periodic in the axial
direction (z) and developed in the core of the cavity.

In the stability analysis of the core flow, it is preferable
to use the local temperature z-gradient at the core, yAT/L,
in the temperature scaling. Hereafter (except in section
7, where we present numerical results in the closed
geometry) the scale of temperature is (AT/L)h. By using
this scale, 07,/0z = —1; R corresponds to the local Ray-
leigh number at the core of the cavity and the basic
velocity and temperature fields are those given in equa-
tions (8) and (9), with n = 1.

In order to study the stability of the basic flow we
proceed in the usual form. The flow variables are written
as the sum of the mean flow quantity and a small per-
turbation. The stream function of the perturbation flow
satisfies

v v
u= W=
We ascribe to the stream function and temperature per-
turbations, ®, a dependence on z, ¢ of the form

{¥,0} = {p(x),0(x)} exp(At+ikz)

Substitution of ¥ and O into the curl of equations (1)
and (2) and neglecting products of perturbation quan-

tities leads to the following system of differential equa-
tions for the amplitudes, ¢ and 0:

0z’

e = A @ —ik(w,Ap—w,p)
—RPr~'(iksinaf+cosal) (12)

20 = Pr="AO0—ik(0,p+w,0) — ¢’ (13)
with the boundary conditions
p(£1) = (£1) =0(£1) =0 (14)
where
A= d—z —k?

dx?

Equations (12)—(14) have nontrivial solutions only for
certain values of 1 (eigenvalues). The boundary-value
problem is not self-adjoint so the eigenvalues A are in

general complex, 4 = A.+iA,. The real part 4, is the rate
of damping or amplification of the perturbations and the
imaginary part 4; is the frequency of the oscillations. The
results of the stability problem are presented in section
5. The physical interpretation of these results (in section
6) will be performed by considering the energy balance
of the perturbations, introduced in the next section.

4. Energy analysis

Physical understanding of the instability mechanisms
may be gained by considering the energy balances of
equations (12) and (13). By multiplying equation (12) by
the complex conjugate of ¢, ¢*; multiplying equation
(13) by 6*; integrating from x = —1 to x = 1 and taking
the real part of the resulting equations, the following
relationships are obtained:

ME, =D, +M+B +B., (15)
ME, =D, +T.+T., (16)
where

E,, = [al* +w]*>

D, = =@ >+ W >+ (|a]* + bvl*) )

M= —w,iaw*)

B, = — R Pr~ ' sinal@if*)
B. = R Pr='cos ain0*)

E, =<|01>>

D, = —Pr |0 +K*|01*)
T, = —<0,a0*)

T. = (0%,

Brackets stand for the real part of the average in the x
direction, i.c., (/) = Re(f", f(x) dx), and
a(x) = ik (),

W(x) = —¢'(x),
are the amplitudes of the cross-stream and axial per-
turbation velocities.

In equation (15), 4.E,, represents the rate of change of
perturbation kinetic energy; D,, the rate of kinetic energy
dissipation by viscous forces and M the rate of kinetic
energy transfer from the mean flow to the disturbance
by momentum advection (energy related to the Reynold
stress). The rate at which work is done by buoyancy
along x and z axis are respectively, B, and B.. Equation
(16) represents the balance for the temperature variance
(11). A, E, is the net rate of change of this quantity, D, its
rate of dissipation by thermal diffusion and T,, 7. are
respectively the advective production of temperature
variance due to disturbance motions along x and z direc-
tions.

Note that in equation (15) negative terms, as diffusion



R. Delgado-Buscalioni, E. Crespo del Arco | Int. J. Heat Mass Transfer 42 (1999) 2811-2822 2815

(D,,, D, < 0) involve a loss of disturbance energy and are
thus related to stabilizing effects while, positive terms
are related to destabilizing mechanisms. It is possible to
anticipate the sign of some kinetic energy terms by physi-
cal reasoning. As the fluid is being heated from below,
the axial projection of buoyancy tends to amplify any
disturbance motion along z—axis so, B.> 0. On the
other hand, for any o > 0°, the mean temperature field
has a stable stratification along x (the colder fluid is
placed below) so, B, < 0. Finally, note in Fig. 1 that the
basic velocity profile has an inflection point at x = 0. Due
to the occurrence of this inflection point, shear instability
modes with M > 0 are also expected to appear.

The analysis of the energy contribution of the terms in
equations (15) and (16) is simplified by scaling the energy
terms with the magnitude of momentum diffusion, |D,,|
and temperature diffusion |D,|, respectively. For neutral
perturbations, 4, = 0, this leads to,

1=m+b,+b.. 17)
l=t+¢t, (18)
where m = M/|D,,|, b;= Bj/|D,,| and t;= T;/|D,|, with
i={x,z}.

5. Results

We have solved the characteristic boundary-value
problem of equations (12)—(14) by using a Tau—Cheby-
shev method. The characteristic system of differential
equations is reduced to a complex matrix generalized
eigenvalue problem, i.e. (A—AB)¢ = 0. The calculations
of eigenvalues and eigenvectors were performed using the
subroutine EIGZC of the standard IMSL library. The
same number of Chebyshev polynomials, N, were used
in the stream function and temperature expansions.

The stability of the basic flow in vertical, « = 0° and
horizontal & = 90° cavities has been used to validate our
results. The calculated values of the critical Rayleigh
number and wave number for the onset of convection in
vertical cavities, R* = 31.28 and k, = 0, coincide with the
analytical result of Gershuni and Zhukhovitskii [6]. Both
are independent of Pr as a consequence of the thermal
origin of the instability. Our results for the onset of
multicellular flow in horizontal cavities have been com-
pared with those corresponding to the transversal shear
instability reported in Refs. [9-11]. We obtain the results
of Refs. [10 and 11] (e.g. for Pr=0.05, R, = 77197,
k.= 1346, while in Refs. [10 and 11], R. = 771.95,
k.= 1.345). As Laure and Roux pointed out, Hart’s [9]
results (R, = 630, k, = 2.25 for Pr = 0.05) are less accu-
rate because of hardware limitations.

We present results of the stability of the basic flow in
inclined cavities in the range of 0° < o < 90° for Pr < 0.1
and for a slightly limited range, 0° < o < 84°, for
0.1 < Pr<10. A typical marginal curve presents two

local minima which correspond to different instability
branches. In Fig. 3, the values of marginal Rayleigh num-
ber are shown vs k, for Pr = 0.7, o = 10°.

Two different branches are observed: an oscillatory
branch which presents a local minima at low values of
the wave number and corresponds to rolls of approxi-
mately ten times the width of the cavity and a stationary
branch with a critical wavelength of nearly two times the
width of the cavity. The local minima of the marginal
Rayleigh number vs k for the oscillatory and stationary
instabilities are respectively denoted by R, and R and
the corresponding wave number k., and k.. In the case
of the oscillatory instability and in the whole range of «
and Pr considered, the critical parameters and eig-
enfunctions calculated with N = 15 differed in less than
1/10* with those obtained with larger values of N. For
the stationary instability the number of trial functions N
needed to ensure the required accuracy increases with o
and Pr. For the largest values of Pr and o considered,
N = 24 were required to obtain deviations less than 1/10°.
For Pr > 0.2, o > 84° and k > 1.0 the numerical method
does not converge very well and we do not present results
for this range. Hart [9] reported the same problem for
Pr> 0.1 and o = 90° in his numerical method (simple
Galerkin in the primitive variable formalism). Laure and
Roux [10] and Kuo and Korpela [11] used a Tau—Cheby-
shev method on the primitive variables formalism but
they do not present results of the transversal instability
for Pr > 0.15 either. Spurious eigenvalues (with no physi-
cal meaning) were found. As Brenier et al. [19] pointed
out, spurious eigenvalues are likely to be found when
using the Tau—Chebyshev method on the stream function
and temperature formalism. For N > 12, these spurious
eigenvalues were easily avoided because they were in all
cases at least 10>-10° times greater than the proper ones.

32.0 , :

31.5

31.0 HRial>Q b

30.5 : '
0.0 1.0 2.0

k

Fig. 3. Neutral stability curve for Pr = 0.7 and o = 10°.
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Table 1
Critical Rayleigh number, wave number and phase velocity, ¢ = 4;/k, for the oscillatory instability
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Pr=0.3 Pr=0.7 Pr=26.7

o RC.O: kC.US c RC,US k(.',US c RC‘OS kC‘OS c

1 31.116 0.183 14.164 31.14 0.213 8.338 31.221 0.138 2.158
10 30.478 0.249 18.524 30.599 0.339 10.341 31.299 0.189 3.190
30 32.988 0.227 27.089 33.092 0.345 14.053 35.213 0.103 6.064
50 42.941 0.175 40.347 42.796 0.303 19.542 47.316 0.061 11.347
70 78.498 0.089 75.167 77.279 0.171 34.347 88.811 0.032 24921
84 321.83 0.010 457.71 246.44 0.083 102.46 291.65 0.005 99.330

The stability analysis predicts that the oscillatory insta-
bility is critical for Pr < 0.2, and the stationary instability
for Pr > 0.7. For intermediate values of the Prandtl num-
ber the inclination angle o determines the type of sec-
ondary flow.

The dependence of R. . with « is depicted in Table 1.
For any Prandtl number, R, ., grows with the inclination
angle roughly like ~R*/cosa. R has this same tend-
ency for Pr > 0.3 (see Fig. 4a) but for lower Pr it deviates
from this trend and decreases with « for Pr < 0.05. The
dependence of the critical Rayleigh number with Pr is
shown in Fig. 5. In the case of the oscillatory instability
the effect of Pr depends on the inclination angle: for
o < 30° R, increase with Pr, while for o > 30° there is
first, a slight decrease of R, from 0.3 < Pr < 0.7 and
then it rises for larger Pr.

The values of the critical wave number for the station-
ary instability are shown in Fig. 4b. For Pr < 0.05, k.
is almost independent of the inclination angle (e.g. for

100 ¢

FETTY B SR TTTT B AT

— — )
0 30 60 90 001 0.1 1.0 10
o Pr

Fig. 4. (a) Critical Rayleigh number (R, ) and, (b) critical wave
number (k) for the stationary instability.

R cosa

24 Llod y I -

1.0 10.0

Pr

Fig. 5. Axial projection of the critical Rayleigh number vs Pr
for several angles. Solid lines correspond to oscillatory and
dashed lines to stationary instability.

0.1

Pr <0.05, k. ~ 1.34, within 2% of variation with );
for larger Prandtl number and « < 85°, k., increase with
Pr and decrease for larger inclinations. The dependence
of k.., with & and Pr is shown in Fig. 6a. The maximum
values of k.. are found at moderate angles (e.g.
keos = 0.35, for « = 20° and Pr = 0.7). k.., falls sharply
to zero as o — 0. Concerning the dependence with Pr, the
trend of k., with Pr reaches a maximum at Pr =1 as
Fig. 6b shows.

6. Discussion

6.1. Stationary shear instability

In this section we discuss the behaviour of per-
turbations with 4, = 0. Their energy balance, shown in
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o Pr

Fig. 6. (a) Critical wave number of oscillatory instability (k. )
vs o« and, (b) vs the Prandtl number.

Fig. 7a, reveals that these are shear disturbances in the
sense that they obtain most of their kinetic energy from
the mean velocity field.

As a consequence of the mechanical origin of the insta-
bility, R, decreases with Pr and for Pr < 0.05 R_ varies
roughly like Pr (see Fig. 5). The corresponding rolls, k.
are approximately square but have a sizeable dependence
on Pr and o which is a consequence of the contribution
of the thermal field. This contribution is essentially regu-
lated by the Prandtl number as the energy balance in Fig.
7a shows.

(a) ()
1.0 /,—’\\ 4k
---- a=20

05 | b, f m _—— a0l

bX
\ ! t
\\ ’l X
\\ /l
0.5 ’ 8
0.0 ——— -
0.01 0.1 1 0.1 1 10
Pr Pr

Fig. 7. The energy and temperature variance balances (terms in
equations 17 and 18) for (a) stationary and (b) oscillatory critical
disturbances.

For Pr < 0.05 the kinetic energy released by buoyancy
is almost negligible (for instance, b, = —0.022,
b.=0.014, m = 1.015, for Pr=0.01). In this range of
Pr, k., 1s almost independent of the inclination
(ke ~ 1.34) and the shape of the secondary flow is
mainly determined by hydrodynamic effects; i.e., the
momentum advection and the momentum diffusion. Fig.
8a shows contours of the perturbation stream function
and isotherms for a fluid with Pr = 0.05. The energy
transfer is primarily from the shear at the center of the
layer at x = 0, where w, maximum.

For Pr above 0.05 another destabilizing mechanism
related to the thermal field becomes increasingly im-
portant. First, there is a significant rise in the percentage
of kinetic energy released by the buoyancy force along z
direction (for instance, for o = 40°, it grows from 8.5%
at Pr=10.3 to 40.4% at Pr = 10). Also, for Pr above
0.05, the isotherms of the perturbations tend to be con-
centrated where the cross-stream advection (u0)) is
maximum (note that in the balance of temperature vari-
ance, ¢, > 0.91 for Pr > 0.2; see Fig. 7a). These two facts
indicate that the destabilizing contribution of buoyancy
is, in this case, a consequence of the interplay of the
velocity and temperature fields. Consider an up-drift with
u < 0 generated by shear interaction near x = 0. As long
as 0, < 0, this perturbation carries colder fluid from posi-
tive x to the warmer region in x < 0. If the cavity were
horizontally placed (« = 90°), buoyancy would only tend
to damp the perturbation owing to the stable mean tem-
perature field. But, in inclined cavities, the upslope buoy-
ancy force can promote motion with w < 0 if Rcos a0’ is
large enough. Same reasoning applies where u > 0 and
w > 0. This mechanism favours larger critical wave num-

SS S

(a)

X

Fig. 8. Contours of stream-function and temperature of critical
stationary perturbations for (a) Pr=0.05 and « =30 and
(b) Pr=10.0 and o = 70.
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ber especially at small inclinations (note the increase of
ke for Pr>0.05 and « < 70° in Fig. 4b). If this mech-
anism is not present (as in the case « = 90°) the effect of
the thermal field for Pr > 0.05 is to elongate the shear
rolls owing to the rise of thermal stability along x direc-
tion. Isotherms and streamlines of a stationary critical
perturbation for Pr = 10 in an inclined cavity are shown
in Fig. 8b.

Finally, note that as Pr — oo, the mean shear and the
temperature stratification needed to put a very viscous
fluid into multicellular flow becomes larger and larger,
0, R, coso tends asymptotically to R* (see Fig. 5).

6.2. Oscillatory thermal instability

The energy balance for the oscillatory disturbances
displayed in Fig. 7b, reveals that long-wave oscillatory
disturbances are mainly driven by the buoyancy force
along z direction.

In vertical cavities, the onset of thermal convection
takes place at R = R* and the critical mode has a van-
ishing wave number. In the inclined cavity, the values of
the critical Rayleigh number, R, are close to R*/cos
for any Pr as a consequence of the thermal origin of the
instability but, on the other hand, secondary flow in the
x direction is favoured by two different ways. First, rolls
with k£ > 0 take energy out from the mean velocity field
(see the energy balance in Fig. 7b). Second, owing to the
existence of a mean temperature gradient, particles with
cross-stream motions move to new thermal surroundings
and experience a buoyancy force in z direction by a mech-
anism similar to that explained for the shear instability.

The deviations of the critical wave number and Ray-
leigh number with respect to the corresponding values
for the pure conductive state at « = 0° (k. = 0, R, = R¥)
may be understood in terms of these two facts. As Pr —
oo or as o — 0°, the contribution of the mean flow (m)
vanishes and the critical modes tend to gain all their
energy from the upslope buoyancy so, k.., — 0 and R,
coso — R*. On the other hand, both k. and ¢, present
a maximum at Pr =1 (see Figs. 6b and 7b) indicating
that the rolls size reduction is also favoured by the coup-
ling of the cross-stream motions and the upslope buoy-
ancy force.

Concerning the dependence on the inclination, for o
slightly above zero the damping effect of the cross-stream
buoyancy is negligible, and the sharp increase of k. ,, with
o (see Fig. 6a) indicates the efficiency of the mean flow
advection in generating finite rolls. For instance, for
Pr=0.7 and o = 1° the size of the thermal rolls are
reduced to 8.6 times the width of the cavity. The value of
k.o iIncreases with o until o &~ 20° and decreases for larger
inclination owing to the rise in stabilizing cross-stream
buoyancy.

The oscillatory disturbance is a standing wave com-
posed of the superposition of a couple of travelling modes

carried away by the mean flow with equal and opposite
sign phase velocities + /,/k. Figure 9 shows contours of
the stream function and isotherms of the superposition
of the critical travelling waves for Pr = 0.7 and o = 30°.
The critical phase velocity ¢ = 4,/k, increases with the
inclination angle (see Table 1) according to larger values
of the mean flow velocity. For « — 0° the mean flow
vanishes and the associated frequency (4,) tends to zero.
Another characteristic of this oscillatory instability is that
the ratio between ¢ and the maximum mean flow velocity,
W, max 18 independent of the inclination (it varies in less
than 1% with o) and only depends on the diffusion
properties of the fluid, i.e. on Pr. The phase velocity is
lower than w, ., and for large Pr, the ratio ¢/w, ., tends
to unity (e.g. 0.77, 0.91 respectively for Pr = 0.7 and
Pr=10).

6.3. Crossover of instabilities

The type of instability that breaks down the unicellular
motion is determined by the lowest values of both R,
and R_,. For infinite cavities, it depends on the Prandtl
number and on the inclination angle. The stability bound-
ary in the o — Pr space is shown in Fig. 10. For Prandtl
number below to 0.2 stationary shear modes are critical
at all angles of inclination while for Pr higher than

z
| Pt
| B =—="2>
/e
Fig. 9. Contours of stream function and temperature of critical
oscillatory perturbations for Pr = 0.7 and o = 30.
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Fig. 10. Stability regions in the Pr—a space.
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approximately 0.7, oscillatory thermal modes are critical.
In the range 0.2 < Pr < 0.7, there is an exchange of insta-
bility mechanisms at certain angle, «*. This angle rises
steeply near Pr = 0.5 revealing a well defined value of the
Prandtl number for the onset of stationary or oscillatory
disturbances.

7. Numerical solution of the flow in closed geometries

A Chebyshev-collocation pseudospectral method has
been used to solve the unsteady two-dimensional Navier—
Stokes and heat equations in vorticity-stream function
variables for the closed geometry of Fig. 1. The spatial
approximation in both directions is based on the expan-
sion of the flow variables in truncated series of Chebyshev
polynomials. The time discretization is obtained through
an Adam-Bashforth, second order Backward Euler
scheme [20]. This is a semi-implicit finite difference
scheme; i.e., the diffusive terms are treated implicitly
while the non-linear terms are treated explicitly. For each
cycle, the equation for the temperature at the next time
step consists in a Helmholtz-type equation which is solved
by means of a double diagonalization procedure for the
algebraic system coming from the Chebyshev collocation
method [20]. The corresponding equations for the stream
function and vorticity consist of a Stokes-type problem
which is solved by using the Influence Matrix technique
[20]. This technique avoids the inconvenience of having
two boundary conditions for the stream function and
none for the vorticity and leads to the solution of several
Helmholtz equations with  Dirichlet boundary
conditions.

According with the results of the linear stability analy-
sis, the calculations have been carried out for several sets
of the parameters (Pr,a,¢) selected to study the onset,
evolution and interaction of the stationary oscillatory
secondary flow.

In each case, the Rayleigh number was gradually
increased to approximately 30% above the critical value.
The initial condition was the converged solution for the
immediately lower R and the computing time was about
r* ~ 10 x (2h)*/v. In the unicellular regime the dimen-
sional time step was typically Ar* ~ 0.1 x (2h)*/v, near
the onset of multicellular motion it had to be decreased
to Ar* ~ 10730 x (2/h)?/v. Some details of the spatial accu-
racy are given in Table 2, where flow variables as the
maximum absolute value of the stream function
(J¥|max), the maximum velocity along z and x direction
(Wmax, Umax) and the angular frequency of oscillations
(w) are shown for two different multicellular flow solu-
tions. By using a typical mesh of 33 x 81 collocation
points in the unicellular regime, the flow variables were
obtained with accuracies of about 0.1%. For R above the
onset of multicellular motion, the number of collocation
points was increased to ensure accuracies of about 1%.

To study the oscillatory long-wave thermal rolls, cal-
culations with Pr = 0.7, « = {20, 50}, ¢ = 1/50 were car-
ried out for increasing R. In both cases the onset of
oscillatory multicellular flow occurred abruptly at a cer-
tain Rayleigh number. The transition was found at
40 < R <45 and 70 < R < 75 respectively for o = 20
and o = 50, whereas the predicted values of the critical
Rayleigh number expressed in terms of the overall tem-
perature gradient are R_./n = 44.6 and R.,/n = 72.5.
The wave numbers obtained from the numerical solutions
of the flow at the onset of the instability (k = 0.35 and
k = 0.30 respectively for o = 20 and & = 50) are also very
close (less than 0.3% of deviation) to those predicted by
the stability analysis. In the studied range of R (R < 90,
R < 60 respectively for o = 50, 20) the flow has an oscil-
latory behaviour. The numerically calculated angular fre-
quencies, near the onset of the instability (5.46 for o = 20
and 7.23 for o = 50) are about 20% greater than the
linear stability predictions (respectively 4.25, 6.04). In the
studied range of R, the fundamental frequency increases
almost linearly with R, according to the growth of the
mean flow advection. As an example, for o = 50, the
angular frequency varies from 7.23 at R = 75 to 8.46 at
R =90.

Calculations with Pr = 0.7, o = {20, 50} and a smaller
¢ = 1/10 cavity were performed to investigate the con-
finement effect. For this set of parameters the critical
oscillatory rolls can not develop as their wave number
(keos =~ 0.34) is smaller than the wave number cutoff
imposed by the cavity (2me = 0.628). Instead, for both
o =20 and o =50 a gradual transition to stationary
multicellular flow was observed. This fact is illustrated
in Fig. 11 where the flow parameter ow,,, =
Max((1/Wpay) (OWnay/02)) is plotted vs R. Note that in the
case of ¢ = 1/50, 0w« = 0 for R < R./n so the flow at
the core is purely parallel below the critical Rayleigh
number, but for ¢ = 1/10, a weak secondary flow exists
in the core for R < R./n. The origin of this secondary
flow resides on the recirculation eddies developed near
the turning regions at the end of the cavity and convected
towards the core [18]. For Rayleigh number above the
critical one the stationary rolls becomes more and more
intense at the core. These results indicate that the fluid
undergoes an imperfect bifurcation to multicellular flow
induced by the effect of the closing walls. In differentially
heated cavities, this type of transition to stationary
multicellular flow was first reported by Hart [18] for
o =90, Pr=0.1 and ¢ = 1/7. In horizontal cavities it
has been shown [22] that this transition occurs only if
Pr < 0.12. Our results show that in inclined cavities the
imperfect bifurcation takes place at larger Prandtl
number, Pr ~ 1. The explanation of this fact is that, for
o < 90° the recirculation eddies are also amplified by the
buoyancy force along z direction acting upon the large
cross-stream temperature gradient near the turning
regions. The wavelength and wave number obtained for
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Table 2
Dependence of several flow parameters on the grid mesh. In all cases o = 20
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W,

max

u

max

0.298605 x 10° 0.137307 x 10° 0
0.301083 x 10° 0.138935 x 10° 0
0.300837 x 10° 0.139363 x 10° 0
0.124496 x 10* 0.562135 x 10° 5.53
0.119442 x 10* 0.580461 x 10° 5.45
0.119272 x 10* 0.581943 x 10° 5.45

€ R NxM ['W sl
0.10 130 31x71 0.181792 x 10?
0.10 130 33 %81 0.182015 x 102
0.10 130 33x91 0.181750 x 10?
0.02 45 31x111 0.159426 x 10?
0.02 45 31x121 0.153550 x 102
0.02 45 35x% 131 0.153766 x 10?
—— =50, £=0.02
o—o =20, £=0.1
02 1 o— 0:=50, &=0.1
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R

Fig. 11. dw,. vs the external Rayleigh number (R). Dashed
lines indicate the values of the corresponding critical Rayleigh
number predicted by the linear stability analysis, scaled with the
external temperature gradient, R /1.

¢ = 1/10, together with the critical values predicted by
the stability analysis are shown in Table 3. Results for
several values of R are given to take into account the
gradual transition to multicellular motion. For R ~ R/,

Table 3
Comparison between numerical and critical wave numbers for
Pr=0.7and ¢ = 0.1; 4 is the wavelength

Numerical
Theoretical
R o A k ke
120 20 4.340.2 1.464+0.06 1.52
130 20 4.240.3 1.540.1 ’
170 50 4.140.2 1.54+0.1 1.47
180 50 3.940.2 1.6+0.1 "
190 50 3.7+0.2 1.7+0.1 .

the predicted critical wave number agree in less than 5%
but, for increasing R, the stationary rolls become shorter
as the recirculation zones near the end regions spread
towards the center part of the cavity and reduce the
region were the stationary instability develops.

At Pr=0.05, o = 10 and ¢ = 1/30 the unicellular flow
is expected to become multicellular via a transition to
stationary shear rolls. According to the linear stability
predictions, the flow breaks down at R, = 24.75 with
k.o = 1.34. In the numerical calculations, a set of 11
stationary shear rolls with wave number k = 1.31 are
observed along the cavity at 25 < R< 26. The intensity
of the stationary rolls increases with the Rayleigh number
until R = 30. At this value of R, the stationary pattern
evolves to an oscillatory solution with an angular fre-
quency of w = 5.28. This frequency may be compared
with that obtained by Pulicani et al. [21] who found a
transition to oscillatory multicellular flow in a cavity with
e=1/4, « =90 and Pr=0.015 at a (larger) Grashof
number (Gr = R/Pr =2062) and an angular frequency
o = 23.5. The second transition to oscillatory flow in low
Prandtl fluids is a consequence of mean flow advection
[21]. Both frequencies scaled with a time unit charac-
teristic of the mean flow advection, Gr~'4*/v, have, in
fact, the same order of magnitude (w = 1.1 x 1072 and
0.9 x 10~ respectively for Ref. [21] and our case).

For Pr = 0.3 and « = 12 the critical Rayleigh number
for stationary and oscillatory transversal instabilities
coincides, R, = 30.6. Calculations with this set of par-
ameters and ¢ = 1/60 were carried out to investigate a
transition to a multicellular regime with two types of
interacting instabilities. The onset of multicellular motion
was found at 35 < R < 38 and the corresponding mean
local Rayleigh at the core was 30.4 < nR < 31.8 which is
very close to the linear stability prediction. The spatial
structure of the flow consisted in fact in the superposition
of the two expected types of rolls. A finer mesh of 35 x 181
collocation points had to be used to correctly solve the
flow details. The power spectrum of the stream function
along z direction presents two peaks with wave number
k =0.22 and k = 1.51 which are in good agreement with
the predicted critical wave number for oscillatory and
stationary instabilities, k = 0.24 and k = 1.53 respect-
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ively. The shear rolls are convected along the cavity,
travelling inside the long oscillatory rolls. The flow is
oscillatory at R =38. Its fundamental (angular)
frequency, 5.17, is close to the frequency of the thermal
oscillatory instability, 4.82, obtained in the linear stability
analysis.

8. Concluding remarks

The effect of inclined boundaries on the basic and
secondary flow in axially heated long finite cavities is
the main subject of this paper. The coupling between
hydrodynamic and convective mechanisms of instability
causes particular properties of the instabilities which arise
in the flow. Also, in this simple configuration the insta-
bilities and their interaction can be easily studied by
choosing appropriate values of the aspect ratio and incli-
nation angle.

Concerning the basic unicellular flow, we have found
that the value of local Rayleigh number at the core region
of the cavity is limited by an upper boundary, R*/cos a.

We have considered the stability of the base flow to
transversal perturbations. The results should be valid for
cavities with small depth-to-width aspect ratio, where
the three dimensional secondary flow is expected to be
negligible (see Henkes [13] in the case of horizontal cavi-
ties) and two-dimensional perturbations are expected to
be critical. A subsequent study will consider longitudinal
(three-dimensional) instabilities in a closed geometry.

In two-dimensional inclined cavities, the breakdown
of the unicellular flow may be due to shear stationary or
thermal oscillatory rolls. The stationary rolls are nearly
square and appear for Prandtl below 0.2 while long-wave
oscillatory cells of approximately ten times the width of
the cavity, appear first for Pr > 0.7. For 0.2 < Pr < 0.7
the critical instability depends on the inclination being
oscillatory for low enough tilts. The energy balance of
critical perturbations shows that, though stationary and
oscillatory perturbations are mainly driven by the mean
shear and the upslope buoyancy, for moderate (~1)
Prandtl number and non-horizontal tilts the onset of the
secondary motion is due to the interplay of both the
velocity and thermal fields.

The numerical solution of the flow in the closed
geometry has furnished information about the effect of
the aspect ratio on the onset of secondary flow. We have
found imperfect bifurcations to stationary multicellular
flow in an inclined ¢ = 1/10 cavity, occurring for Prandtl
number at least one order of magnitude greater than in
the horizontal configuration. Otherwise, in longer cavi-
ties, the oscillatory and stationary rolls developed sud-
denly at Rayleigh number and with wave number quite
close to those predicted by the stability analysis.
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