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Abstract 

In this paper a theoretical investigation of convection 

currents in anisotropic porous media is performed. The porous 

layer is homogeneous and bounded by two infinite, perfectly 

heatconducting horizontal planes. The criterion for the onset 

of convection is derived. The supercritical, steady two-dimen­

sional motion, the heat transport and the s:tability of the Ill.Otion 

are investigated. The results may be applied in insulation technique. 
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NOMENCLATURE 

cp' specific heat at constant pressure; 

[fl), dimensionless tensor of effective thermal diffusivity; 

v' = c:x' 
a a ) • 
ay' az , 

V12, 
a 2 . a2 

= + -- . 
ax2 ay2 ' 

g , acceleration due to gravity; 

H , heat fluL; 

h , thickness of porous layer; 

............... 
i,j,k, unit vectors; 

X , dimensionless permeability tensor; 

K , permeability; 

N , truncation parameter; 

Nu , "Nusselt number; 

p , dimensionless pressure; 

R , Rayleigh number K 3gytiTh/icm3 v; 

R0 , Rayleigh number for the onset of convection; 

T , dimensionless temperature; 

T0 , reference temperature; 

tiT, temperature difference between lower and upper plane; 

..... 
v = (u,v,w), dimensionless velocity vector; 

. x,-Y ,z_, d1m~nsionJ~s-~ _CSJ:'tesian _ coordir1ates ! 

~- --~---------------------···-~---~----- ---~--- ------------------------------ - -

Greek letters 

Y, coefficient of thermal volume expansion; 

n 1 2 ,thermal anisotropy parameters defined by (2.8); , 
e, dimensionless temperature; 

~, thermal diffusivity; 

A, thermal conductivity; 
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~ 1 , 2 , permeability anisotropy parameterndefined by (2.8); 

¥ , kinematic viscosity; 

p , density; 

p 0 , standard density; 

Subscripts 

c , critical; 

f , fluid; 

m , solid-fluid mixture; 

x,y,z, partial derivatives; 

1,2,3, tensor components in x-, y- and z-direction, respectively; 

I,II, longitudinal and transverse tensor components for a 

transversely isotropic medium. 

Superscripts 

T"l" , horizontal mean; 

(*) , transformation given by (4.1) and (4.2); 

( ) ( n) ,order. OS' eer1ea e%pana1on; 

( )', small disturbance of the two-dimensional steady solution. 
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1 INTRODUCTION 

Free thermal convection in porous media has received con­

siderable interest due to its technical and geophysical applica­

tions. So far, theoretical and experimental investigations have 

usually been concerned with isotropic porous media. However, in 

many problems the porous materials are of anisotropic nature. This 

is the case for fibrous insulation materials, where ccnvection 

currents may occur. Another important example is groundwater 

motion in sediments and other anisotropic rocks, especially in 

areas with geothermal activity. 

The papers on convection in anisotropic media are rather new 

and not numerous. Castinel and Combarnous [ 1] derived the stabi­

lity criterion for porous media with anisotropic permeability, and 

made experiments concerning the supercritical heat transport and 

temperature field. Ephere [2] extended the stability analysis to 

media with anisotropJ also in thermal diffusivity, and Tyvand [3] 

took into account the effect of hydrodynamic dispersion caused 

by a uniform basic flow. Burns, Chow and Tien [4] incorporated 

anisotropic permeability in their study of convection in vertical 

slots. Their study is relevant to insulation between walls, while 

our present study is relevant to insulation between floors and 

ceilings in buildings. 

Nonlinear convect1on -1n 1sotrop1c porous media -was-treate-d­

numerically by Elder [SJ, Straus [6] and Kvernvold [7], and ana­

lytically by Palm, Weber and Kvernvold {8]. 

In this paper the onset of convection is analysed for a more 

general type of anisotropic rnedia than in [1,2]. Moreover, the 

effects of anisotropy on the supercritical motion and the heat 
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transfer is analysed. The stability of the two-dimensional steady 

motion is also analysed. 

In the interpretation of the results we shall concentrate 

about transversely isotropic media. A saturated medium is defined 

as transversely isotropic if it has equal values of permeability 

and thermal diffusivity in all directions normal to a specified 

direction. Four typical cases of transversely isotropic media are 

sketched in Fig. 1. 

2 GOVERNING EQUATI,ONS 

We consider free thermal convection in a homogeneous porous 

layer saturated by a homogeneous fluid. The layer is bounded above 

and below by two infinite and impermeable perfectly heat-conducting 

horizontal planes. The planes are separated by a distance h and 

have constant temperatures T0 and T0 + AT, where the lower plane is 

the warme-r. The saturated porous medium is assumed to have coin-

ciding principal axes of permeability and thermal diffusivity. One 

of these axes is directed upwards, in z-direction. The x- and y­

axes are defined by the directions of the two other principal axes. 

See Fig. 2. 

By choosing 

(2.~) 

as units for length, time, velocity, temperature and pressure, 

respectively-, the governing equatiO!'HI in dimensionless form_mav be 

written (Bear [9], Katto and Masuoka {10]) 

~ +~•(Vp-RTk) = 0 

+ 
V•Y • 0 

(2.2) 

(2.3) 
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(2.4) 

Here Darcy's law and the Boussinesq approximation are utilized, and 

the density is assumed to be a linear function of the temperature. 

R is the Rayleigh number defined as 

K3B):ATh R = 
tcm3 \) 

(2.5) 

x, and fl) are dimensionless tensors of permeability and thermal 

diffusivity, respectively. They will be written 

~= 
++ ....... ..,._.. 

t111 + t2J3 + kk (2.6) 

ti) 
........ ++ ++ 

= 1"1111 + n2jJ + kk (2.7) 

where 

ti = Kl /K3, tz = K2/K3 

(2.8) 

By eliminating the pressure from (2.2) and substituting the 

field variables written as 

T = ~ - z + e(x,y,z,t) 

(2.9) 

----- - -----~ ----- --- - - ---- ------ --- - - ----- - - - - ---~- ----- ---

into ( 2. 2) - ( 2. 4), we obtain the following -equation_s_ -- - - - --

<~ a2 + a2 a2 a2 a2 
t2 - + ;___}w = R(i - + ~22)e laxt ay2 az2 lax2 ay 

(2.10) 

+ 
V•v = 0 (2.11) 

+ + 
(nl 

a2 a2 a2 a - w V•V0 z: 
~ 

+ n2 + - ar>e ay2 az2 
(2.12) 
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The requirements of perfectly heat conducting and impermeable 

boundaries yield the boundary conditions 

e = w = o at z = 0' 1 

3 LINEAR THEORY 

The onset of convection is given by the linear version of 

(2.10}-(2.13). Since the system is self-adjoint, we may put 

fr = O. By introducing the solutions 

w ...., sin n z ei(kx+ly) 

• 
e ...., sin ~z ei(kx+ly) 

(2.13) 

(3.1) 

where k and 1 are wave numbers in x- and y-direction, respecti-

vely, we find the Rayleigh number for the onset of convection 

. t k2+~ 12+ 2 
R. = " 1 >2 ,.. (n 1k 2 +n 21 2 +'11' 2 ) (3.2) 

0 t1k2+~212 . 

Minimizing (3.2) with respect to k and 1, we get the cri­

tical Rayleigh number 

Case A: When 

the critical wave numbers are 
1 

k 0 = n(t 1 n1 )-- , le = 0 

which give rolls with axis al1.gned in y-direction. 

(3.3) 

( 3. 5) 
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Case B: When 

(3.6) 

the critical wave numbers are 

kc = O , 10 = 'fl'(t 2n2) 
-t 

(3.7) 

which give rolls with axis aligned in x-direction. 

Case C: When 

the orientation of the rolls is undetermined. The critical wave 

number vector 

+ + + 
k = k i + lcj c c 

is constrained by the relation 

<t1n1)ikc2 + <t2n2)i lc2 = n2 

Included in case C is horizontal isotropr, defined by 

Then 

t1 = t2 = t, 

Cl = c 

-!. 
= w(tJl) 4 

(3.9) 

{3.10) 

(3.11) 

{3.12) 

(3.13) 

The results for hor1zonta.r-isotropJ were :flrst-- otrt-ained --by Epherre-
- --------------

----- ----- -------- ____ _____,__ __ --· ----- ---------- ----------------·-------------- - - -~ -

[ 2]. 

4 NONLINEAR THEORY 

We shall examine the motion for supercritical Rayleigh numbers. 

It will be useful to transform the governing equations by 
' 1 1 

{~,y,~) = (<t 1n1)- 4x, (~ 2 n 2 )-~y,z) {4.l) 
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Then (2.10)-(2.12) transform to 

* * + 
V•V : 0 

• * 
+ 

- W + V•V0 :: [ (.!ll.) i ~ + (!14) i ~ + 1!:- - k]e 
ti ax2 t2 ay2 az2 

with the boundary conditions 

* • w = e = o at z = o, 1 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

In this transformed system of equations the anisotropy para­

meters appear only in the ratios t 1 /n 1 and t 2 /n 2 • Accordingly 

* 
; and e are functions or t 1 /n 1 and t 2 /n 2 • Without loss or 

generality, one of the parameters in each ratio can be put equal 

to 1. The mathematics will be simplified if we put t 1 = t 2 = 1. 

Then the equation of motion (2.2) reduces to 

+ 
; + VP - RTk = 0 (4.7) 

+ + . + 
- -WM.eh im:pllea ~VXV_ __ ~ Q.__ T0_gether w1J:h __ 51_•v =. 0 , __ j;hi~ mefill_s that 

the velocity- is a poloidal vector-; given oyone scalar runct1on -ii-

as 

+ + + 
v = vx(vxkljl) = (tlixz'"'yz'-v12"1) • ISlfl 

From ( 2 .10) the temperature field is given by 

e = - 1 v2,,, R .,. 

(4.8) 

(4.9) 
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Introducing (4.9) into the heat equation (2.12) we obtain the 

governing equation for ~ 

(4.10) 

The boundary conditions (2.13) are expressed as 

~ o · at " = 1"zz = z = 0,1. (4.11) 

a) ANALYTICAL SOLUTION 

Two-dimensional, stationary motion. 

The motion is assumed to consist of two-dimensional rolls with 

orientation predicted by linear theory. We consider case A : 

which gives motion in the xz-plane,governed by equation (4.10) 

(4.13) 

Case B, n1 /t 1 > n 2 /~ 2 , is covered by replacing x by y and n1 

by ri 2 in (4.13). 

The equation will be solved by a method introduced by K'\lo [11] 

and applied by Palm, Weber and Kvernvold [8). The expansion par~­

me-'ter, &-;- is -de!'inea-by - · 

e2 = Rifo (4.14) 

The solution of (4.13) is written 

' = l n=1 
(4.15) 

According to (4.14) the Rayleigh number is given by 
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R - 2s 
R = ~ =·R + Ros(£2+e:4+ ••• + e: ) 

1-£2 0 

28 
R = R /(1-e: ) 

OS 0 

(4.16) 

(4.17) 

To each order, s should be chosen so that R is given exactly by 

(4.16). Substituting (4.14) and (4.15) into (4.13), we obtain an 

equation to each power of e:: 

The boundary conditions are 

tjl(n) = 111 Cn) = 0 
zz at 

The solution of (4.18) is 

(4.18) 

n > 2 (4.19) 

z = 0,1 (4.20) 

Following Palm et al. [7], k is chosen equal to the initially 

preferred wave number 

1 

k = 'll'fl 1 -4 

-··--..s.Q that -------·---------·--·-------------

The solution of (4.19) may be written 

1/l(n) = Ancos k x sin w z + l B~~)coe pk xsinq 11'Z 

p,q 

(4.22) 

(4.23) 

(4.24) 

The amplitudes A1 ,A 2 ,••i are found from the solvability condition 
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in each order, giving 

Al 
[8 ROB l ]i! 

= ~a-- n1(n 1 +1) 
11'2 0 

(B Ros ! ]' 1 1 ROB 

, 
Aa 

11n1+14~1~+3) = 2~n1Cn1 +1) <2+16~ 
11' 0 0 n1+10n 1 ~+1 

A2 = A4 = 0 

The dimensionless heat transport is given by the Nusselt 

number 

Nu = 1 - Ci ) o z z= 

(4.25) 

(4.26) 

The transformed system of equations (4.3)-(4.6) implies that 

the Nusselt number is a function of t 1 /n 1 when R/Rc is given. 

Accordingly, the anisotropy in permeability is incorporated by 

replacing n1 by n1 /t 1 • Nu( 2 ) and Nu( 4) denote the Nusselt 

number to second and fourth order, respectively. 

R 
os\ 4 

F:;"J£ 

The expression for Nu( 2 ) shows that all curves for Nu 

R/Rc start with the same slope. Nu< 4>, given by (4.28) with 

(4.27) 

(4.28) 

VS. 

s = 2, 

is a good approximation for R/Rc < 2, say. It is displayed in Fig.3 

as dotted curves. 

The influence of anisotropy on the Nusselt number for slightly 
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supercritical Rayleigh number is from (4.28) given by the 

function 

f(t/n) 
1 

= tr 
n 6 n i 3-- 6(-) -5 
t ~ 

i 
!l.+ 10(.!l) + 1 
t t 

(4.29) 

which is displayed in Fig. 4. The subscripts have been dropped 

in order to .cover both case A and B. 

b) NUMERICAL SOLUTION 

Stationary problem 

In order to obtain a sufficiently exact solution of the problem 

for larger supercritical Rayleigh numbers, we have to use numerical 

methods. Using Galerkin's method, we shall find stationary solu­

tions of (4.10) and later examine the stability of these nonlinear 

solutions with respect to small disturbances. 

The steady state solution of (4.10) subjected to the boun~ary 

conditions (4.11), consists of two-dimensional rolls. For case A 

we may write 

(4.30) 

where 

ci1mCz} = sinmuz 
-·---- ~------- -- ------- ---------·------------ --- - - -- -~ ------ ~ - ---- ------- ---

(4.31) 

satisfies the appropriate boundary conditions. The summation in 

(4.30) runs through all integers - m < n < m and 1 < m < m • 

The symmetry of the problem implies the restriction 

Anm = A_nm (4.32) 
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corresponding to convection cells without tilt. 

To determine the unknown amplitudes A we substitute (4.29) 
nm' 

into (4.10), multiply by e-pkxcpq(z) and average over the whole 

fluid layer. We then obtain an infinite set of algebraic equations 

for A • 
nm· 

• 

- ! L s A ( } p,q m,q n-p, m-q sm,q 

+i l 
p,q 

where 

{~. 
m > q 

B = m = q (4.34) 
m,q 

m < q 

In order to solve this set it is necessary to truncate the 

series (4.33). The numerical computation shows that the series con-

verges mor~ rapidly with increasing n than with increasing m •. 

Hence, we choose to neglect all terms with 

lnl + m;1 > N (4.35) 

_whe~e N__ is __ a suff19ient_j.x l~rge_ I'lllm°t)~_r. 

Beaause of the symmetry in the equations ( 4. 33~ thesolution ____ -~-

·will only contain amplitudes with n+m even, giving Nx ~ equa­

tions to be solved. For a given N the algebraic equations are 

solved by a Newton-Raphson iteration procedure. Usually we need less 

than 5 iterationsto obtain a satisfactory exact solution. A more 

serious problem, however, is the value of the truncation parameter N. 
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/Following Busse [12], we assume the solution to be sur~~c~ently 

accurate if, when replacing' N by N+1, the Nusselt number varies 

less than 1 per cent. 

The results of the numerical comP,utations are shown in Fig. 

3, 5 and 6. The wave number is always chosen so that the Nusselt 

number obtains its maximum for the given values of R/Rc and ~ In. 

However, the variation of the Nusselt number with the wave number 

is very small. 

Fig. 3 shows the Nusselt numbeI' vs. the supercritical Rayleigh 

number for selected values of anisotropy. For moderate anisotropy 

and moderately supercritical Rayleigh numbers the deY1:'at1ons from 

isotropy are small. 

Fig. 5 is analogous to Fig. 4 and shows the Nusselt number 

variation with tin when R/R = 5.0. 
c 

Fig. 6 shows the value of 

~/n which gives minimum Nu for each choice of R/R • . c This is not 

of practical importance, 'because these minimum values are always 

very close to the values fo!' isotropy. 

Stability of the steady two-dimensional solution. 

To examine the stability of the steady two-dimensional motion, 

we replace ti' by w+ w' in (4.10). 'ljJ' means a small disturbance 

of the steady solution. The equation for w' is linearized, and 

beeomee - ----~·----· ----·- --------------- ------------------- - --- ---- -- --------------------·----·-
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ljlt = ljl' = 0 zz 
for 
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z = 0,1 (4.37) 

If there exists a solution of (4.36) with growing time depen-

dence, the stationary solution is said to be unstable. Otherwise 

it is stable. 

For case I) we may write 

~' = l AArn. einkx ei(dx+by)+ot ~m(z) 
n,m 

where b and d are free parameters. 

(4.38) 

For case II), the factor einkx must be replaced by einly. 

The equations for the unknowns A.:mi. 

(4. 36) by e-ipax 0 -i(dx+by)-ot ~q(z) 

are obtained by multiplying 
) 

and averaging over the whole 

fluid layer. We neglect, as in the stationary case, all terms with 

lnl + m;1 > N, where N has the same value as in the corresponding 

stationary problem. The system of linear homogeneous equations con­

stitute an eigenvalue problem for a. The analysis of the eigen­

value problem ie simplified because it separates into two subsystems 

with either n+m even or n+m odd. 

The eigenvalue is given by 

a = o(k,R,b,d) (4.39 

- -a-nd-for--a gi-ven-- k --ana -R, we- have -te- va~y both -b and -d- t-0 find 

the most critical disturbances. Fortunately, numerical results show 

that the. most unstable perturbations occur for either b = O or 

d = o. Disturbances with b = 0 have axis parallel to the axis of 

the stationary rolls. The corresponding instability is termed 

Eckhaus instability. Disturbances with d = 0 give instability 

termed cross-roll instability, when b is of the same order of mag­

nitude as k, and zig-zag instability when b + O • 
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We first consider the case of horizontal isotropy, defined by 

(3.11). All rolls have the same linear stability, independent of 

orientation. In this case it turns out that cross-rolls are most 

unstable, except for a small domain with k < k 
c 

and R slightly 

supercritical where we get zig-zag instability. The transformed 

equations in the beginning of this chapter imply that the stability 

domain in the a/ac - R/Rc-plane is a function of F./n. The results 

for two rather extreme values of F./n (100 and 1/100) are shown 

in Fig. 8. The isotropic case is also displayed as a comparison. 

We obtain corrections of the results given by Straus [6] and 

Kvernvold [7] because they overlooked the zig-zag instability. The 

domains of stability are within closed curves. Accordingly, there 

are upper limits for the Rayleigh numbers giving steady two-dimen­

sional motion. We notice that no oscillatory instability will occur 

for horizontal isotropy. Values of F./n between these extreme 

values being displayed, give stability regions se intermediate eases 

of the displayed regions. 

Let us consider media which are horizontally anisotropic. The 

stationary problem is principally the same as for horizontally iso­

tropic media because the properties along the axis of the rolls have 

no influence on the steady motion. But there is a fundamental 

difference with respect to the stability of this motion. When we 

have horizontal anisotropy' the cross-rolls and -zig--=--zags~ w1---i1 fie -

linearly stable for small supercritical Rayleigh number. The sta-

bility region is therefore determined by Eckhaus instability in a 

certain supercritical domain, which is larger the more t 1 /n 1 

4eV1atea ~rom ' 2 /n 2 • 

Therefore, a horizontally anisotropic medium has larger st~-

bility region than the horizontally isotropic medium with the same 

stationary problem. 
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We display only one example of stability for horizontally 

anisotropic media, curve II on Fig. 8, which is given by 

t 1 /n 1 = 10 and ; 2 /n 2 = 1. Curve I gives the stability region 

:for a horizontally isotropic medium with the same stationary 

problem. The sta~ility domains are bounded by solid curves, indi­

cating exponential instabilities, and one broken curve, indicating 

oscillatory instability. The dotted curve is the neutral curve of 

linear stability, which is common for both cases. 

5 APPLICATIONS IN INSULATION TECHNIQUE 

From the above general results we will discuss the insulation 

properties of transversely isotropic porous materials. Our aim is 

to minimize the loss of heat through a horizontal layer. 

Let KI and KII denote longitudinal and transverse permea-

bility, respectively, and KmI and longitudinal and trans-

verse effective thermal diffusivity, respectively. 

In the conduction regime the heat transport is proportional to 

the vertical thermal diffusivity. It is therefore important to 

orientate the material in order to get minimum vertical diffisivity. 

It is also important to delay the onset of convectio~, both to 
------ - -----

prevent convective heat transport __ and perhaps_ also to prevent wearing 

of the porous material by convection currents. For horizontal iso-

tropy given by 

(5.1) 

the critical temperature difference is from (3.12) 

l1Tc 
IC i 2. 

+ ( mII) ] 
KU 

(5.2) 
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When the material is turned 90~ we get, say, isot;r-opy in the 

xz-plane. We then have 

(5.3) 

giving from (3.3) 

(5.4) 

The class of materials defined by 

(5.5) 

may appropriately be termed 11parallel, perforated plates", see 

Fig. 1 (a) and (b). Eqs. (5.2) and (5.4) imply that horizontal 

plates have larger critical temperature difference than vertical 

plates. 

The other class of materials defined by 

will be termed "parallel fibres", see Fig. 1 (c) and (d). The 

critical temperature difference is the same for horizontal and 

vertical fib~es. 

The dimensionless heat transport after the onset of convection 

is measured 'by the Nusselt number ____ F:~ g. 3 shows that the Nusselt 

number dependence on R/Rc is different for different anisotropy. 

It is, however, th<& dimen•iona.l heat transport which is of impor­

tance from a physical point of view. But, because or the diff'erent 

effects involved in the heat transport, it is not possible to give 

further general conclusions. 

An interesting spec.ial case is the thermally isotropic material 
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(icmI = icmII). This is usually a good approximation for insulation 

materials. In this case we conclude: 

1. Horizontal fibres always give less heat transport than 

the same f'ibree turned vertically. The critical temperature diffe­

rence is the same, and the difference in heat transport is solely 

due to the difference in Nusselt number as given by Fig. 4 and 5. 

2. For perforated plates the problem is more complicated. 

The Nusselt number for horizontal plates is given by the lower 

branch (dotted curve) in Fig. 4 and :::;. It is less than the Nusselt 

number for vertical plates when t/n is small and greater when tin 

is large. The Nusselt number for vertical plates is the same as for 

isotropy. The critical temperature difference is, however, higher for 

horizontal plates than for vertical plates, so that the total heat 

transport (conduction + convection) is greater for vertical plates 

than for horizontal plates. This is seen from Fig. 9 where we have 

displayed the heat flux vs. temperature difference for various values 

while and are constant. Curve V gives 

the heat flux for vertical plates, and curve VI and VII give the hea~ 

flux for two types of horizontal plates. From this figure we also 

conclude that the type of media giving best insulation, is horizon-

-ta-lly :1-sotrsp~ media-with as small ver_ti~al ~rmeabi].it_y ?-S _ _p(lf5S!}:>:l._~· 
- .. -----·----~-------~-----~----~--~--

------------------------------------- ··-----------·-~----"------ -·------~------~-- ~ 

6 SUMMARY 

A theoretical analysis of thermal convection in anisotropic 

porous media is performed. The ~riterion for the onset of convection 

is derived. Moreover, the supercritical steady two-dimensional 

motion is investigated both analytically and numerically, and the 
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stability region of this motion is found. The analytical results 

are valid for Rayleigh numbers less than 2 times the critical value 

Rc' and for all values of the anisotropy parameters t 1 , ~ 2 , n 1 and 

n2 • The numerical results, which are valid in the whole domain of 

stable, steady two-dimensional motion, are only given for some re­

presentative values of the anisotropy parameters. 

It is shown that the Nusselt number and the stability regions 
I 

are functions of the anisotropy parameters in the forms ~ 1 /n 1 

and t 2 /n 2 • 

It is found that the steady two-dimensional motion is princi­

pally the same for horizontally anisotropic as for horizontally 

isotropic media. The stability regions, however, are considerably 

larger for the former type of media and principally different from 

those of horizontal isotropy. 

The theory may be of interest in hydrological science and in 

insulation technique. The nonlinear effects of anisotropy are, 

however, surprisingly small compared with the linear effects known 

from earlier work [1,2]. Burns, Chow and Tien [4] also found small 

nonlinear effects of anisotropy. But their problem is so different 

from ours that the results cannot be compared. 
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FIGURE LEGENDS 

Sketches of transversely isotropic media composed of equally 

spaced, parallel perforated plates or parallel fibres. 

(a) Horizontal plates. 

(b) Vertical plates. 

(c) Yertieal fibres. 

(d) Horizontal fibres. 

General model. 

Nu vs. R/Rc for some choices of t/n. 

f as a function of t/n. The solid curve covers 

O < tin ~ 1 expressed by Ct/n)i a~ abscissa. The 
. 1 

dotted curve covers 

as abscissa. 

1 < t/n < m expressed by (~/n)-~ 

Nu as a function of tin for R/Rc = 5.0. 

as in Fig. 4. 

Abscissas 

The value of ~/n giving minimum Nu for each value 

of R/Rc' 

Stability domains for the steady two-dimensional motion in 

the a/a0 - R/R0 - plane, for selected values of t/n 

(horizontal isotropy). 

Stability domains for the steady two-dimensional motion in 

the k/k0 - R/R 0 - plane. 

I : Horizontal isotropy., tin :: 10. 

II ___ : __ _t_1 ln_1 __ = _j_Q_~ _____ t_2L112 __ = 1 ._____ _____ _ ___________ _ 

- --I.I.I+ - Neutral--eu~re --t.or-- the onset of comrect1on. -
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Fig. 9 Comparison of the heat flux vs. temperature difference 

for different media with equal, isotropic diffusivity 

and KII kept fixed. 

I KI/KII = 100, longitudinal direction vertically 

II -"- = 100, -"- horizontally 

III -"- = 10, -"- 'teft.toal.11 

IV -"- = 10, -"- horizontally 

v -"- < 1, 
_,,_ 

horizontally -
VI -"- = 1/10' -"-- vertically 

VII -"- = 1/100' -"·-- vertically 

Broken curve means two-dimen~ional, steady motion unstable. 
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