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Abstract. We consider the onset of convection in an inclined anisotropic porous layer
heated from below. To date the principle axes of the permeability and diffusivity ten-
sors have been assumed to be aligned with the coordinate directions. Therefore particular
emphasis is laid upon how the basic flow and criteria for the onset of convection are
altered by the presence of oblique principle axes. When these axes are not aligned with
the coordinate directions and when the ratios of the principle permeabilities or diffusivities
are not too large or too small, we find that there is always a smooth transition in the
orientation of the most dangerous mode of instability as the inclination increases from
the horizontal. In more extreme cases there may be sudden changes in the orientation,
Darcy–Rayleigh number and wavenumber.

Key words: free convection, porous layer, inclined layer, anisotropy, oblique axes,
instability.

Nomenclature
a, b, c functions of ξ1, ξ2 and γ .
d, e, f functions of η1, η2 and γ .
D diffusivity tensor.
F,G,F2,G2 small perturbations.
g gravity vector.
h height of layer.
i ′, j ′, k′ unit vectors in the directions of the principle axes.
k wavenumber.
K permeability tensor.
p pressure.
p0 pressure at z=0.
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P pressure perturbation.
R Darcy–Rayleigh number.
t time.
T temperature.
T0 mean temperature.
u, v,w fluid seepage velocities in the x-, y- and z-directions.
u fluid seepage velocity vector.
U,V,W velocity perturbations in the x-, y- and z-directions.
x Cartesian coordinate up the inclined layer.
y horizontal Cartesian coordinate across the layer.
z Cartesian coordinate normal to the layer.

Greek symbols
α layer inclination.
β coefficient of cubical expansion.
γ orientation of the K1 principle axis.
�T temperature drop across the layer.
η1, η2 diffusivity ratios.
� temperature perturbation.
λ complex exponential growth rate.
µ viscosity.
ξ1, ξ2 permeability ratios.
ρ0 reference density.
σ heat capacity ratio.
φ orientation of roll.
χ direction of the basic flow.

Superscripts and subscripts
′ differentiation with respect to z.
i Imaginary part.
r real part.
s steady basic flow.
1,2,3 x, y and z components of the permeability and

diffusivity tensors, respectively.

1. Introduction

Convective flow in inclined porous layers heated from below is of interest
in many applications. This general problem was first investigated experimen-
tally and theoretically about 30 years ago by several authors including Bories
and Monferran (1972), Bories et al. (1972), Bories and Combarnous (1973)
and Weber (1974). Recently Rees and Bassom (2000) presented a detailed
study of the two-dimensional Darcy–Bénard convection in a porous layer
at arbitrary inclinations α from the horizontal. A full numerical solution of
the linearised disturbance equations was given and detailed graphical results
presented. A careful study showed that 31.49◦ is the maximum inclination
angle at which transverse modes can become unstable.

To date, only a few papers deal with the combined effect of anisotropy
and layer inclination. The first work to investigate this generic problem



THE ONSET OF CONVECTION 141

was undertaken by Trew and McKibbin (1994), who considered the onset
of convection in a porous layer consisting of two sublayers with different
properties. Storesletten and Tveitereid (1999) examined the onset of Darcy–
Bénard convection with respect to three-dimensional disturbances in an
inclined layer with anisotropic permeability. It turned out that anisotropy
in the permeability (but with transverse isotropy) had an essential influence
on the identity of the most unstable mode. Depending on the anistropy
ratio and tilt angle convection rolls were formed either with axes parallel
to the basic flow or with axes perpendicular to it.

There are three further papers which analyse the effect of anisotropy on
convection in inclined porous layers: Postelnicu and Rees (2001), Rees and
Postelnicu (2001) and Rees and Storesletten (2002). The first is an analyti-
cal study which examines the effect of anisotropy in both permeability and
diffusivity when the layer is inclined at a small angle from the horizontal. The
second is a detailed and extensive numerical study of the effects of anisot-
ropy on layers at arbitrary inclinations. In these papers the authors allowed
all three principle permeabilities and diffusivities to have arbitrary values.
Both the critical Darcy–Rayleigh number and wavenumber are calculated as
α is increased, as well as the angle which the most unstable roll makes with
the direction of the basic flow. In this more general scenario there is not
always an abrupt transition between the longitudinal and transverse rolls as
α increases, but there is sometimes a smooth transition between these lim-
iting states. Rees and Storesletten (2002) consider the combined effect of
suction and transverse anisotropy on the instability of the uniform thickness
boundary layer which is formed on an inclined heated surface in a porous
medium.

In all the above-quoted studies the principle axes are such that one is
perpendicular to the bounding surfaces, while one of the remaining two is
aligned in the direction of the flow. In the present paper we consider the more
general case where the latter restriction is not maintained. Thus we assume
that neither of the two principle axes which are parallel to the bounding
surfaces is in the direction that the flow takes when the layer is isotropic.

2. Formulation and Governing Equations

We consider the onset of convection in an inclined porous layer of infinite
lateral extent. The layer is saturated by a homogeneous fluid and bounded
above and below by two impermeable and perfectly heat-conducting plates
held at the constant temperatures, T0 − (1/2)�T and T0 + (1/2)�T , where
�T >0. The thickness of the layer is h, the tilt angle α, and the x-, y- and
z-axes are placed as shown in Figure 1. The y-axis is horizontal, and the
z-axis is perpendicular to the bounding surfaces.
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Figure 1. Definition sketch of the inclined layer showing the inclination angle, α,
and the orientation of γ , the direction of the K1 principle axis, relative to the
x-direction. (a) side view; (b) plan view.

We assume that the Boussinesq approximation holds, and that no other
extension to Darcy’s law is present except for anisotropy in the permeabil-
ity and diffusivity. Therefore the flow and heat transfer are governed by the
equations

∇.u=0, (1)

µu + K.(∇p +ρ0β(T −T0)g)=0, (2)

σ
∂T

∂t
+u.∇T =∇.(D.∇T ), (3)

where the pressure p includes the hydrostatic pressure, and where the per-
meability and diffusivity tensors are given by

K =K1i
′i ′ +K2j

′j ′ +K3k
′k′, D =D1i

′i ′ +D2j
′j ′ +D3k

′k′. (4)

Here the unit vectors, i ′, j ′ and k′, which represent the directions of the
principle axes, are given by

i ′ = (cos γ, sin γ,0), j ′ = (−sin γ, cos γ,0), k′ = (0,0,1). (5)

It follows that k′ coincides with the z-axis, while i ′ and j ′ make an angle
γ with the x- and y-axes, respectively. Terms in (1)–(3) have their familiar
meanings in the porous medium context and these are given in the Nomen-
clature.

We introduce the parameters,

ξ1 = K1

K3
, ξ2 = K2

K3
, η1 = D1

D3
, η2 = D2

D3
, (6)

a = ξ1 cos2 γ + ξ2 sin2
γ, b= (ξ1 − ξ2) cos γ sin γ, c= ξ1 sin2

γ + ξ2 cos2 γ, (7)

d =η1 cos2 γ +η2 sin2
γ, e=(η1 −η2) cosγ sin γ, f =η1 sin2

γ +η2 cos2 γ,(8)
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and the dimensionless variables,

(x∗, y∗, z∗)= 1
h

(x, y, z), u∗ = h

D3
u, t∗ = D3

σh2
t, (9)

p∗ = K3

D3µ
p, T ∗ = T −T0

�T
. (10)

The governing Equations (1)–(3) become

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
=0, (11)

u=−a
∂p

∂x
−b

∂p

∂y
+aRT sin α, (12)

v =−b
∂p

∂x
− c

∂p

∂y
+bRT sin α, (13)

w =−∂p

∂z
+RT cosα, (14)

∂T

∂t
+u.∇T =d

∂2T

∂x2
+2e

∂2T

∂x ∂y
+f

∂2T

∂y2
+ ∂2T

∂z2
, (15)

where the asterisk superscript has been omitted for clarity of presentation.
The dimensionless parameter R is the Darcy–Rayleigh number given by,

R = ρ0gβK3�T h

µD3
, (16)

which is based on the permeability and diffusivity in the z-direction. Imper-
meable and heat-conducting boundaries lead to the conditions,

w =0, T = 1
2 on z=− 1

2 , and w =0, T =− 1
2 on z= 1

2 . (17)

There exists a unique steady basic flow, u= (us, vs,0), T =Ts(z) and p=
ps(z) where the net mass flux through cross-sections x = constant and y =
constant are zero. This basic steady state is given by

us =−aRz sin α, vs =−bRz sin α, (18)

Ts =−z, ps =− 1
2Rz2 cos α +p0, (19)

where p0 is the pressure at z=0.

3. Stability Analysis

The linear stability of the steady basic flow may be investigated by setting

u= (us, vs,0)+ (U,V,W), p =ps +P, T =Ts +�, (20)
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where U,V,W,P and � are small perturbations of the three velocity com-
ponents, pressure and temperature, respectively. When substituting (20) into
Equations (11)–(15) and eliminating U, V and W, the linearised disturbance
equations become,

a
∂2P

∂x2
+2b

∂2P

∂x ∂y
+ c

∂2P

∂y2
+ ∂2P

∂z2

=R

[(
a
∂�

∂x
+b

∂�

∂y

)
sin α + ∂�

∂z
cos α

]
, (21)

∂�

∂t
=d

∂2�

∂x2
+2e

∂2�

∂x ∂y
+f

∂2�

∂y2
+ ∂2�

∂z2
+

+Rz sin α

(
a
∂�

∂x
+b

∂�

∂y

)
+R� cos α − ∂P

∂z
(22)

subject to

∂P

∂z
=�=0 on z=± 1

2 . (23)

We Fourier-decompose the disturbances in the x- and y-directions which
reduces the perturbation equations to ordinary differential eigenvalue form.
We therefore substitute

P =F(z)eik(−x sin φ+y cos φ)+λt , �=G(z)eik(−x sin φ+y cos φ)+λt (24)

into Equations (21) and (22) to obtain

F ′′ −k2(a sin2
φ−b sin 2 φ+c cos2 φ)F

=R
[
(cos α)G′+ ik sin α(−a sin φ +b cos φ)G

]
, (25)

G′′+
[
R cos α−k2(d sin2

φ−e sin 2φ+f cos2 φ)
]
G

=F ′+Rik sin α(a sin φ−b cos φ)zG+λG, (26)

subject to the boundary conditions,

F ′ =G=0 at z=± 1
2 . (27)

Here, k sin φ and k cos φ are wavenumbers, and φ represents the orienta-
tion of the axis of the vortex disturbance relative to that of the x-direction.
The value φ = ±90◦ represents the two-dimensional case and is termed a
transverse roll, while φ = 0◦ represents the longitudinal roll. Rolls of other
orientations are called oblique.

The critical Darcy–Rayleigh number for any particular configuration of
porous medium and roll orientation may be found by setting ∂R/∂k = 0.
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Therefore we need to solve Equations (25) and (26) together with those
formed by taking ∂/∂k of (25) and (26). If we define F2 =∂F/∂k and G2 =
∂G/∂k, we may derive the equations,

F ′′
2 −k2(a sin2

φ −b sin 2φ + c cos2 φ)F2

=R
[
(cos α)G′

2 + ik sin α(−a sin φ +b cos φ)G2
]+

+2k(a sin2
φ −b sin 2 φ + c cos2 φ)F +

+Rik sin α(−a sin φ +b cos φ)G, (28)

G′′
2 +

[
R cos α −k2(d sin2

φ − e sin 2 φ +f cos2 φ)
]
G2

=Rik sin α(a sin φ −b cos φ)zG2 +F ′
2 + iλiG2 +

+2k(d sin2
φ − e sin 2 φ +f cos2 φ)G+

+Rik sin α(a sin φ −b cos φ)zG+ i
∂λi

∂k
G (29)

subject to

F ′
2 =G2 =0 at z=± 1

2 . (30)

We note that, at the onset of convection, the real part of the exponential
growth rate is zero, i.e. Re(λ)=λr =0, and thus λ= iλi .

There are four eigenvalues to find, namely R,k, λi and ∂λi/∂k, and
therefore we require four normalisation conditions. Given that Equations
(25)–(30) are complex, these four conditions are that

G′ =1 and G′
2 =0 at z=− 1

2 . (31)

Equations (25)–(30) form an ordinary differential eigenvalue problem con-
sisting of eight second order equations. Although the precise details of the
discretisation used, the method adopted and the implementation are given
in Rees and Postelnicu (2001), it is important to note that the implementa-
tion adopted uses a curve-following strategy, and therefore it is possible to
follow the neutral curve around turning points.

One feature of the present problem is that the critical Darcy–Rayleigh
number, as calculated by the method outlined above, does depend on the
orientation, φ, of the convective roll. Therefore we also need to minimise
R with respect to φ, by setting ∂R/∂φ = 0. In these circumstances Equa-
tions (25)–(30) need to be supplemented with those obtained by differenti-
ating (25) and (26) with respect to φ. We omit the presentation of the extra
equations for the sake of brevity, but mention that the resulting full sys-
tem now consists of 12 second order equations with two extra eigenvalues,
namely φ and ∂λi/∂φ.
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4. Results and Discussion

4.1. the basic flow

It is worth examining the basic flow which arises in this anisotropic
layer before presenting the results of the stability analysis since anisot-
ropy with oblique axes has not been considered before in connection with
inclined layers. Equation (18) gives the velocity components in the x- and
y-directions. Therefore we may define χ as the direction which the flow
takes according to

tan χ = b

a
= (ξ1 − ξ2) tan γ

ξ1 + ξ2 tan2 γ
. (32)

In the cases considered by Rees and Postelnicu (2001), for which γ =0, this
condition simply yields χ =0 and the basic flow is, not surprisingly, in the
direction of the x-axis.

In Figure 2 we display how χ varies with both γ and the ratio ξ2/ξ1. When
γ = 0◦, which corresponds to nonoblique principle axes, or when ξ2 = ξ1,
which corresponds to a horizontally isotropic medium, then χ = 0. In these
cases, even when the medium exhibits thermal anisotropy, the basic flow is in
the x-direction. When ξ2/ξ1 is particularly small, then flow typically occurs
preferentially in the i ′ direction, since the flow is inhibited greatly in the j ′

direction. The ξ2/ξ1 = 0.01 curve demonstrates this very clearly in Figure 2.
In fact, when γ =45◦ and ξ2/ξ1 =0.01, then χ =44.4271◦. But as γ gets close

Figure 2. The variation in χ , the direction of the basic flow, as a function of γ for
ξ2/ξ1 =0.01,0.02,0.05,0.1,0.2,0.5,1,2,5,10,20,50 and 100.
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to 90◦ there is a rapid change in χ back towards zero, since buoyancy forces
act in the x-direction within the layer.

Such values of χ are also important when interpreting the stability com-
putations below, for when the roll orientation, φ, is set equal to χ , then
Equations (25)–(30) have real coefficients. Such an angle is always obtained
as the most unstable orientation of the rolls in the limit of a vertical layer,
and therefore they could be termed ‘longitudinal’ in view of the fact that
the roll axis and the direction of the basic flow are identical. However, we
will continue to name as longitudinal those rolls with φ =0◦ and as trans-
verse those with φ =90◦.

4.2. some basic neutral stability curves

The stability problem we are considering has seven independent parame-
ters, ξ1, ξ2, η1, η2, φ, γ and k. An extensive set of results has been obtained
but, in the interests of clarity and sufficient brevity we omit those cor-
responding to anisotropic diffusivity. In all the cases considered here the
solutions were of the same nature as those given in Rees and Postelnicu
(2001) and therefore we may also minimise R with respect to the wavenum-
ber, k, which reduces the number of parameters to four. We also restrict
attention, again for brevity, to cases for which ξ1 = 1; this means that our
results are directly comparable with many of those in Rees and Postelnicu
(2001). All graphs of the critical Darcy–Rayleigh number feature R cos α

as this value remains finite as α →90◦ for the most dangerous mode.
In Figure 3 we show how the critical value of R cosα varies with incli-

nation α in the case ξ1 = η1 = η2 = 1 and ξ2 = 0.15. The curves shown cor-
respond to a variety of values of the roll orientation between −90◦ and
90◦, and each frame corresponds to one of four chosen values of γ , the
orientation of the K1 principle axis. Figure 3a shows the stability crite-
rion when γ = 0◦, and therefore it corresponds to Figure 4d of Rees and
Postelnicu (2001). In this case the critical value of R cosα is close to 4π2

for transverse rolls, for which φ = ±90◦ when α is small. As α increases,
the most unstable roll orientation, which is given by the lowest of the
curves, remains the one corresponding to φ =±90◦ until the turning point
is reached at α � 31.6◦. At this point the most unstable mode jumps to
φ � 30◦, and this value decreases smoothly as α increases, and eventually
it reaches φ = 0 at α � 33.1◦. Thereafter the most unstable mode is the
longitudinal roll. The quantitative depiction of this transition may be found
in Figure 6 of Rees and Postelnicu (2001).

When ξ2 takes larger values (but still less than unity), then there is a
smooth variation in φ from 90◦ to 0◦, although this takes place over quite
a small range of values of α. For such values of ξ2 the difference between
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Figure 3. The variation in the critical values of R cosα as a function of α for
a thermally isotropic medium with ξ1 = 1 and ξ2 = 0.15. The different curves cor-
respond to values of φ varying in steps of 5◦ from − 90◦ to 90◦. (a) γ = 0◦; (b)
γ =30◦; (c) γ =60◦; (d) γ =90◦. The direction of the basic flow in each case is given
by: (a) χ =0◦; (b) χ =25.0504◦; (c) χ =45.4361◦; (d) χ =0◦; these values are given by
dashed lines in cases (b) and (c).

the small-α and large-α values of R cosα reduces. We note that all these
qualitative effects also occur when (i) ξ2 < ξ1 for other values of ξ1 with
η1 =η2 =1, and (ii) η2 >η1 for general values of η1 with ξ1 =ξ2 =1 although
the quantitative details are different.

The identity of the most unstable mode when α is small may be under-
stood by appealing to the fact that the flow is inhibited in the y-direction
because ξ2 = 0.15. Therefore fluid motion takes place preferentially in the
x- and z-directions. When the inclination of the layer is sufficiently strong
the natural tendency for buoyancy forces to dictate the roll orientation
means that we recover the longitudinal roll.

Figures 3b–d show how the situation changes as γ takes the respective
values 30◦, 60◦ and 90◦. When γ =30◦ the most unstable mode when α =0
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corresponds to φ =−60◦ since this direction is again perpendicular to the
direction of the K1 principle axis. As α increases there is a very clear vari-
ation in the minimising value of φ, and this variation is slower than is the
case for γ =0◦. When α is close to 90◦, i.e. the layer is nearly vertical, then
most unstable mode has orientation, φ =25.050389◦, which is the direction
of the basic flow given by (32). At α=0 there is symmetry about the direc-
tion of the K1 axis in the sense that the critical values of R cosα are the
same for φ=γ +δ and φ=γ −δ for arbitrary values of δ. However, when α

is nonzero the symmetry is destroyed, and the curves which comprise each
pair diverge from one another; this is why pairs of curves emerge from the
R cosα axis.

For γ = 60◦ we see an even slower variation with α of the minimis-
ing value of φ. In this case the most unstable orientation when α = 0 is
φ =−30◦, and this varies towards φ =45.43611◦ as α increases towards 90◦;
again see (32). When γ = 90 the principle axes of the permeability tensor
are aligned once more with the coordinate directions. However, the direc-
tion with the smallest permeability is now the x-direction, and therefore
the y- and z-directions are preferred. Since this corresponds to longitudi-
nal rolls, we find that this orientation is preferred for all values of α. This
situation is similar to cases where γ =0 and ξ2 >1.

4.3. the effect of varying γ on stability criteria

The graphs shown in Figure 3 are quite typical in shape for any set of
parameter values. There will always be one roll direction, as given by
(32), where R cosα remains finite as α → 90◦. All other roll orientations
find the neutral curve rising sharply and each has a maximum value of
α beyond which the curve does not exist. Therefore it is safe to solve
Equations (25)–(30), supplemented by those obtained by differentiating (25)
and (26) with respect to φ, as described earlier, in order to minimise
R cosα with respect to φ. Representative results of this process are shown
in Figures 4–7.

Figures 4a, b show the minimum value of R cosα with respect to both
k and φ for a range of values of γ for a thermally isotropic layer with ξ1 =
1 and ξ2 equal to 0.15 and 0.4, respectively, while Figure 4c corresponds to
the mechanically isotropic case with η1 = 1 and η2 = 20. In all three cases
the lowest line corresponds to γ = 90◦, the critical value of R cosα is 4π2

and the mode is the longitudinal roll. For other values of γ the critical
value of R cosα increases monotonically, although the degree of rise when
ξ2 = 0.4 is less than that for the more extremely anisotropic case ξ2 = 0.15.
This trend continues as ξ2 decreases towards zero and increases towards 1.
In the case when ξ2 = 1, then solutions are clearly independent of γ and
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Figure 4. The variation in the critical value of R cosα as a function of α.
These values have been minimised with respect to both k and φ. All the
parameters ξ1, ξ2, η1 and η2 are equal to 1 except for (a) ξ2 = 0.15, (b)
ξ2 = 0.4 and (c) η2 = 20. The different curves correspond to the following val-
ues of γ : 1◦,5◦,10◦,20◦,30◦,40◦,50◦,60◦,70◦,80◦ and 90◦.
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the common preferred mode is the longitudinal roll whose critical value of
R cosα is 4π2.

At relatively small values of ξ2 there are some values of γ where the
computed values of R cosα is no longer a single-valued function of α; this
is the same phenomenon as was described above in relation to Figure 3a.
Thus the critical value of R cosα jumps from the turning point to the value
directly above it on the upper branch of the curve. This phenomenon per-
sists for smaller values of ξ2 and exists for a increasingly large range of val-
ues of γ as ξ2 decreases towards zero.

From Figure 4c we see that a large value of η2 has a qualitatively sim-
ilar effect to having a value of ξ2 that is close to zero. The value of η2

chosen represents a rather extreme case where thermal conduction in the
y-direction is 20 times greater than in the other two direction. When γ

takes values which are close to zero, then we also have a critical Rayleigh
number which increases smoothly as α increases, but which then jumps to
a much higher value before resuming a smooth increase.

The corresponding critical values of φ are depicted in Figures 5a–c. In
all cases the curve corresponding to γ =1◦ shows that the preferred mode
is either very close to the direction of the transverse roll (for small val-
ues of α) or close to that of the longitudinal roll (when α is close to 90◦).
There is a narrow region where the value of φ undergoes a very rapid
change. As γ increases the width of the transitional region also increases.
Although the curves as shown in Figures 5a and 5b are essentially inde-
pendent of ξ2 when α is small, they become highly dependent on ξ2 when
α gets close to 90◦. There is again less variation in the ultimate roll ori-
entation in the vertical limit when ξ2 gets closer to 1. In these cases the
ultimate roll direction is given by φ =χ , as given by (32). The same is true
for the case shown in Figure 5c, although we now have χ =0◦.

Figures 6a–c show the respective critical wavenumbers. There is, once
more, more variation in these values when the porous medium deviates
more from isotropy. At low inclinations the critical wavenumber is close
to π .

4.4. the effect of varying ξ2 on stability criteria

Finally, we display in Figure 7a–c the critical values of R cosα,φ and k/π

for γ = 45◦ and for a range of values of ξ2. All these critical values are
independent of ξ2 when ξ2 <ξ1 and when α = 0 since the flow takes place
in the plane defined by i ′ and k′. At this value of γ the neutral curve for
R cosα has multiple values only when ξ2 is less than a value between 0.05
and 0.1. When the layer is strongly anisotropic the preferred roll orienta-
tion is less strongly affected by the inclination of the layer as α increases
until a sudden change occurs at α = 41.07◦ at which point the preferred
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Figure 5. The variation in the critical value of φ as a function of α. All values of
ξ1, ξ2, η1 and η2 are equal to 1 except for (a) ξ2 =0.15, (b) ξ2 =0.4 and (c) η2 =20.
These curves correspond to those given in Figure 4a.



THE ONSET OF CONVECTION 153

Figure 6. The variation in the critical value of k/π as a function of α. All values of
ξ1, ξ2, η1 and η2 are equal to 1 except for (a) ξ2 =0.15, (b) ξ2 =0.4 and (c) η2 =20.
These curves correspond to those given in Figure 4a.
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Figure 7. The variation in (a) the critical value of R cosα as a function of α when
γ =45◦ and the corresponding values of (b) φ and (c) k/π for a thermally isotropic
medium with ξ1 =1 and ξ2 taking the values, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6
0.7, 0.8, 0.9 and 1.0. The value of R has been minimised with respect to both k

and φ.
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value of φ changes from −29.0◦ to 22.0◦. The critical value of R cosα also
jumps from 92.5 to 211.9, and k/π from 0.837 to 1.69. As ξ2 → 1 the
curves corresponding to R cosα and k/π tend uniformly to a constant
value which is independent of α. However, the critical orientation, φ, does
not converge uniformly since there is always a small region very close to
α =0, where φ varies rapidly from −45◦ to close to zero.

5. Conclusions

In this paper we have extended the work of Rees and Postelnicu (2001), on
the effects of anisotropy on the onset of convection in an inclined layer,
with emphasis on the identity of the preferred roll orientation, to cases
where the principle axes of the permeability tensor are rotated about the
normal to the layer. Anisotropy with oblique axes has not been considered
before in convection within inclined layers. This misalignment causes the
basic flow to have a spanwise component in general, and the direction of
the flow always satisfies χ � |γ |, with equality only when γ =0.

In general we have found that there is usually a gradual variation in
the preferred roll direction as the inclination increases. When the degree of
anisotropy is sufficiently great, then there exist sudden changes, not only in
the preferred orientation of the roll, but also in the critical Darcy–Rayleigh
number and wavenumber. Although we have concentrated mainly on cases
for which ξ2 <1 with ξ1 =η1 =η2 =1, qualitatively similar results also apply
when η2 > 1 with ξ1 = ξ2 =η1 = 1, as shown in Figures 4c, 5c and 6c, even
though the basic flow is now in the x-direction.

Finally, it is worth commenting on how the above conclusions may be
changed when more realistic situations are considered. Many more papers
are now appearing which attend to how boundary and form-drag effects
affect aspects of flows within porous media. In the present situation both
of these effects will change the criterion for the onset of convection, and we
think that the critical Rayleigh number is likely to rise compared with cor-
responding Darcy-flow cases. It is also highly likely that form-drag effects
(the Forchheimer terms) will affect quite strongly the preferred orienta-
tion of the cells. On the other hand, boundary effects, as modelled by
the Brinkman terms and which are usually characterised by a very small
Darcy number, are unlikely to change either the critical Rayleigh number
or the preferred orientation by a large amount – an example of such a
small change in the context of the horizontal Darcy–Bénard problem may
be found in Rees (2002) wherein the author shows that the critical Rayleigh
number is 4π2(1+2D1/2 +· · · ) when the Darcy number, D, is small.

A second configuration of interest is when the layer is finite in the span-
wise direction. When the layer is isotropic, or if γ = 0 when the layer
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is anisotropic, then typical sidewall boundary conditions (insulating and
impermeable) may be satisfied by taking a pair of rolls at orientations
±φ. This may be done because the governing equations are symmetric
about the direction given by the x-axis. Therefore the results of Storeslet-
ten and Tveitereid (1999), Postelnicu and Rees (2001) and Rees and Postel-
nicu (2001) may be applied. However, for more general anisotropies such
as are considered in this paper, this symmetry about the x-direction is lost.
Therefore the analysis must be reworked by including rectangular plan-
forms explicitly within the stability analysis, and we would expect the onset
criterion to change.
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