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Abstract—The problem of two-dimensional convection in an internally heated saturated porous layer has
been investigated numerically by means of finite differences. The porous layer is superposed by a layer of fluid
and arranged on an impermeable and adiabatic base. Limiting to small permeabilities a constant pressure is
assumed at the interface between the saturated porous medium and the superposed liquid layer, and the
temperature is fixed there by an empirical heat flux correlation for fully turbulent convective flow in the liquid
layer. Starting from initial temperature distributions, steady-state convection was found for given Rayleigh
numbers up to a hundred times the critical value. Nusselt and Fourier numbers are presented in the form of
power laws of the Rayleigh number.

NOMENCLATURE U mean velocity through the interface,
. defined by equation (22)
B WIdt.h of the porous layer Upmax maximum velocity in the porous bed,
Cps CLL specific heat of the porous bed and the scaled as o
N hqu@’ respectively . x horizontal coordinate, dimensionless
¢ fraction of heat capacity, (pc)/(pc), scaled with H
. . . 1
Fo Four%er num.b er (as d1mensmn!ess o Ax,Ay  width of finite differences, scaled as x or
transient period of the convection within y
g glzzepl):rr;tlil(jnbf)(fi)gravity y dimensionless distance from the bottom
H,,H, depth of the porous layer and of the of the porous layer, scaled with H,.
. nggz;r;)gil:gmd layer, respectively Greek symbols
2 _ o thermal expansion coefficient
Nu mean Nusselt number, QH/ lp(a". % 8 thickness of the boundary layer at the
Nug local Nusselt number of the overlying interface
!iquid layer, q, H,/A,(6, —6,); where q, 0 temperature
s the local heat flux through the 0.,0,,0, temperatures of the bottom of the
interface P -
ressure, dimensionless scaled with porous bed, of the bed-liquid layer
p \]))x A K’c*) interface and of the upper surface of the
Pr Pr‘::x Ldtl number, v/x liquid layer, respectively
S L . KK,  thermal diffusivity of the porous
Q heat generation rate per unit volume of medium and the liquid, respectively
th ticle bed S
vhe particie be Aoy AL thermal conductivity of the porous
Ra; internal Rayleigh number, e . L7, .
agOKc*H3/(A . v) medium and the liquid, respectively
R g 1ATPTR . v kinematic viscosity
a, local Rayleigh number of the overlying mean density of th di d
liquid layer, agH3(0, — 0,)/(vk,) PePL sty of the porous mecum an
quid fayer, agHizlvy —Uu/veL of the liquid, respectively
Ra; Rayleigh number of the boundary layer, ? ’
agKoc*(0,—0,>/(vk,) .
t time, dimensionless scaled with H}/x, Subscripts
. . . p porous bed
T dimensionless temperature difference to L liquid
the upper surface of the liquid layer, 1quid.
: 2
sgaled Wlth QH\/4, . Brackets
T, T, dimensionless temperature difference of ¢ horizontall d val
the bottom of the porous layer and of ’ onzontafly averaged values.
the bed-liquid layer interface,
respectively 1. INTRODUCTION
u horizontal velocity, dimensionless scaled ’
with x,/(H ,c*) IN THE risk assessment of nuclear power plants, the
v vertical velocity, dimensionless scaled possibility and the consequences of a melt down of the

with x,/(H c*) reactor core are usually considered. During the course
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of such an accident, molten fuel and coolant may
interact. Violent thermal reactions can disperse the
molten fuel into fine particles. These small particles
quickly solidify in the coolant and settle on internal
structures of the reactor pressure vessel forming a
saturated porous particle bed. The question arises,
under what conditions the nuclear decay heat can be
removed from the particle bed to the ambient coolant
by natural convection. The posed problem applies for
light water reactors as well as for sodium-cooled fast
breeder reactors. Asfar as the application in this work is
concerned, reference is made only to the latter type of
reactor.

The onset of convection in an internally heated
saturated porous layer has been studied by Gasser and
Kazimi [1] and Turland [2]. Turland calculated the
critical Rayleigh number for a porous layer which is
superposed by a layer of coolant. The effect of a
superposed coolant layer was taken into account by
introducing an integral heat transfer coefficient for the
liquid layer and by assuming a constant pressure on the
upper side of the porous layer. The latter condition
means that the coolant can be freely exchanged between
the porous and the liquid layer.

Such a model must have limited validity, since in
reality these conditions are not readily definable at the
interface between the two layers, depending on the
particle size and the respective heights of the layers.
Conditions at the interface in more general form have
been used by Nield [3] and discussed in a related
context by Beavers and Joseph [4].

In the present study, the investigations of Turland
were extended for the double layer to seek an answer to
the question of convective heat transfer at high
supercritical Rayleigh numbers. Moreover, the validity
of the simplified thermal and kinematic conditions at
the interface which have been used for the calculation of
temperature and velocities in the porous layer is
supported by analytical considerations and by
comparison with experimental results.

The numerical calculations were performed by
means of finite differences. A similar procedure was
previously used by Ribando and Torrance [5] for
predicting natural convection in a saturated porous
layer heated from below under various boundary
conditions.

2. MATHEMATICAL FORMULATION
OF THE PROBLEM

Let us consider a horizontal, porous layer of
thickness H, and permeability K. The porous medium
is saturated with a fluid of density p, and viscosity v and
superposed by a layer of the same fluid. The fluid layer
has a thickness H,. The upper boundary of the fluid
layer is kept at a constant temperature 8, , whereas the
lower side of the porous layer is thermally .insulated,
ie. adiabatic. The porous medium is heated by
homogeneously distributed heat sources of strength Q.
Thermal conductivities A and specific heats ¢ of both

fluid and porous matrix were, as well as the thermal
expansion coefficient o of the fluid, taken to be constant.
Generally the subscripts L and p denote the properties
of the liquid and the porous medium composed by
liquid and particles, respectively. In the absence of fluid
motion, the temperature varies parabolically across the
porousmedium and linearly across the liquid layer. The
fluid motion is assumed to be a two-dimensional (2-D)
roll convection. This simplification is justified for most
engineering applications, where predictions of integral
heat transfer rates are of primary interest.

The governing equations for natural convectionin a
porous layer with internal heat sources can be written
with the Boussinesq approximation and the Darcy
flow, with negligible inertia terms in the following
dimensionless form [6]

ou + i 0 9
ox oy )
0
P iu=o, 5
0x
a
@ +v=RaqT (3)
ady
6T+ 6T+ oT 0? N o T+1 4
—tu—+r—=|—=+— .
ot dx oy | 9x* oyt (

In these equations, length, time, velocity, pressure,
and temperature are scaled by H,, Hf/xp, Ko/Hc*,
(v p)/(Kc*), (QHD)/A,, respectively, where c* =
(pc)/(pc),. Moreover, 0, is chosen as the reference
temperature. Thus 7y = 0. The dimensionless quantity
Ra,, the so-called internal Rayleigh number, is given by
the relation

_ agQKc*H3

Ra,
ApKpV

&)
where g is the acceleration due to gravity.

Introducing a Cartesian coordinate system as
indicated in Fig. 1 we obtain for the dimensionless
boundary conditions at the lower side of the porous
layer

oT
v=0, —=0 at y=0. 6)
dy
If we limit our considerations to porous media of small

dimensionless permeability K/H? of the order of
K/H} 51077,

a constant pressure can be assumed at the interface (see
Appendix)

at y=1. (7)

This condition implies that the (turbulent) flow in the
superposed fluid is hydraulically decoupled from the
seepage flow in the porous layer.

Assuming furthermore that the thickness H, of the
superposed fluid layer is of the same order or much
larger than the thickness H, of the porous layer, the

p = const.
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F1G. 1. Schematic sketch of the two-iayer models.

dimensionless temperature T, at the interface can be
linked to the temperature gradient by an empirical heat
flux correlation for the turbulent Bénard convection in
the fluid layer Ralanmno the heat flow rate at the

interface and introducing a Nusselt number for the fluid
layer we obtain the following condition for the

temperature

A H JOTN o1 @

T>N 1. T = PR ~
(T>Nu KT?) Y,

where a horizontal average of the temperature is
indicated by angular bracket, { ). For numerical
calculations this condition is finally simplified by
dropping the horizontal averaging for the heat flux
yielding

(8a)

The above procedure can be argued physically, if we
assume that the thickness of the liquid layer is much
larger than that of the porous layer,i.e. H,/H, > 1,and
that the convective flow in the liquid layer is fully
turbulent. These assumptions are often valid for
problems mentioned in the Introduction. For other
problems, the range of this simplified condition would
have to be scrutinized by comparison with experi-
mental results or by analytical considerations such as
those presented in Sections 5 and 6, respectively.

For further treatment of the problem, turbulent heat
transfer will be introduced in the fluid layer. According
totheexperimental results of O’Toole and Silveston [7]
the following correlation holds for turbulent free
convection in fluid layers heated from below

Nuy = 0.104Ra0-305 Pro08¢ 105 < Ra, < 10°, (9)

where the Rayleigh number Rg; and the Prandtl
number Profthe fluid layer are, respectively, defined by
ag(0, — 6, )H3 v

R =—————=, Pr=—,
vic, Ky

(10)

The ‘internal’ Rayleigh number Rg, [equation (5)], the
dimensionless temperature T; and the Rayleigh
number for the fluid layer are related as follows

H} H3 A,

Ray = Ra;T), — K H3 =
L

(11
The governing differential equations, equations (1)~(4),
together with the boundary conditions, equations (6)-
(8), form a complete set of relations for determining the

velocity, pressure and temperature distributions in the
porous layer.

3. NUMERICAL PROCEDURE

Finite differences are used to approximate the partial
differential equations, equations (1)4). Starting from
initial data of the temperature field in a first step, the

nracenraic determinad fram the Paicenn eanatinn nfthe
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tral differences are used here for all space
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derivatives. The velocity components u and v are
calculated from equations (2) and (3). An explicit
scheme with forward time differencing is used to
approximate the time derivative in the energy equation,
equation (4). The spacial derivatives in this equation are
replaced by so-called ‘exponential differences’ {8] to
assure stability at high mesh Péclet numbers.
According to this scheme the sum of the convective and
diffusive terms in the energy equation containing
partial derivatives with respect to x is approximated by
the relation

form
(12)

Point cent

5T &T T =Ty
“ox ox? ,-~ui 2Ax

u; U | Ty + 1o 2T,
Y otn| | Dl T2
“ oo [2]

e (13)

A corresponding relation is used for similar terms in
equation (4) with partial derivatives with respect to y.

A somewhat different approximation is used at a
boundary, where the temperature is not fixed. There the
boundary temperature is evaluated from the solution of
the differential equation

oT T t
—_— -5~ = const,,
“ox Toaxz ¢

which is
k
T=ky+kx+ 22 eux
u

if u is assumed to be constant within a given mesh size.
Therein the constants k,, k,, k, have been determined
from two mesh points next to the boundary and by
complying with a boundary condition of the general
form

oT
A — +A4,T=0.
0x

The straightforward numerical integration in time is
proceeded until a steady-state is reached. For the
calculations performed, a finite width B of the porous
layer was chosen which had the same size as the layer
thickness H,. The side walls were assumed to be
impermeable and adiabatic.

The region of the porous medium is covered by a grid



680

T. SCHULENBERG and U. MULLER

JjyyY

Streamfunction

]

[

Temperature

70 140 280

Ray

350 500 1000

K/HZ=1077 v/k,=1.6x 1072 Kk /k,=4 ¢*=0.5 B/H, =I

FiG. 2. Flow and temperature fields for steady-state convection.

of 17 x 17 mesh points. The numerical convergence of
the finite-difference procedure was confirmed by
employing grids of smaller mesh size on selected test
problems. The numerical results are believed to be
accurate to + 6% for integral quantities as, for example,
the Nusselt number.

4. RESULTS AND DISCUSSIONS
OF THE NUMERICAL CALCULATIONS

Figure 2 shows the steady-state convection pattern
and the corresponding field of isotherms for different
internal Rayleigh numbers. The following charac-
teristic features can be observed.

When the Rayleigh numbers are increased, the width
of the hot plume leaving the porous layer is reduced
while the local velocities therein increase. On the other
hand the range of cold liquid entering the heat
generating layer is broadened. The maximum
temperature in the porous layer is found in the hot
plume close to the interface where a thermal boundary
layer is formed as shown in the sketches of Fig. 2.
Outside this thermal boundary layer the horizontally
averaged temperature depends only weakly on the local
height as shown in Fig. 3.

The heat transfer from the heat generating porous
layer is described by a Nusselt number defined as the
reciprocal of the averaged dimensionless temperature
difference between the bottom of the porous and the top
of the liquid layer

2

Nu = ! = OH, .

(T, A0, — 06>

In Fig. 4 the numerical values of the Nusselt number are
plotted vs the Rayleigh number. For comparison,
experimental values of Nu obtained in refs. [9, 10] are
also presented. In the range 100 < Ra; < 3000 the
numerical results can be best fitted by a power law of the

form
Ral 0.533
Nu={— .
“ (3.22)

(14)

(15)

The critical Rayleigh number defining the onset of
convection has been adopted from the stability
calculations of Turland [2].

The discrepancy between the numerical and
experimental values of the Nusselt number reflects
mainly the difference in the dimensionless permeability
K/H?. As outlined in Section 2, in the present work the
permeability is limited to values K/H? < 10~ 7 because
of simplifying assumptions for the conditions at the
interface. The experimental results of refs. [9, 10] were
obtained from inductively heated steel-ball heaps
saturated and covered by water. The permeabilities in
these cases were in the ranges of K/H? = 1076-1073
[10] and K/H? =4 x 10 °-1.5x10"* [9], respect-
ively. Since the model of the present work does not
apply for these values, no definite conclusion can be
drawn regarding its validity. Nevertheless both the
numerical and experimental results indicate that the
Nusselt number increases with decreasing dimension-
less permeabilities.

The fluid velocity distribution is closely related to the
heat transfer in the porous layer. The maximum value of
the velocity v,,,, = (#? +v?)}/2 in therising hot plume is

1.00
K/HE = 1077

0.80 1

0.60

0,401

0.20

Ray = \1000 |280 70

0 T
0.20 025

T

0.0 0.05 0.10 0.15

F1G. 3. Horizontally averaged temperature.
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are numerical results for fuel particles in liquid sodium.

(a) Experimental results, Barleon and Werle [10].
(b) Experimental results, Rhee et al. [9].

givenin Fig. 5 asafunction of the Rayleigh number. The
numerical values can be correlated by the following

power law
Ral 0.534
Omax = (0.988) :

For the safety analysis of nuclear reactors, the transient
behaviour of the flow before reaching steady-state is
also of some interest. From the solution of the time-
dependent differential equations, equations (1)H4), the
horizontally averaged bottom temperature appears to
reach its steady-state value in the form of a damped
oscillation of period t. Therefore, a dimensionless
transient period of the convection within the porous
bed can be defined as t/(H3/k,), which is also the
Fourier number Fo. Except at the highest Rayleigh
numbers, only a single period can be observed before

(16)

10?

L

Vmax

0.534
o) )

L
* 0988

RaI

F1G. 5. Numerical results of the maximum velocity.
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FiG. 6. Numerical results of the transient period.

the Nusselt number reaches 95% or more of its final
value.

In Fig. 6 the Fourier number is plotted vs the
Rayleigh number. The numerical data can be best fitted
by a power law of the form

Ra[ —0.549
Fo=(-a .
? (3.68)

It should be mentioned explicitly here that for all values
of the Rayleigh numbers (even for values as high as a
hundred times the critical value) for which time-
dependent calculations were performed, steady-state
convection was finally reached. Thisis rather surprising
as it has been found, for convective flows in saturated
porous layers heated from below and with impermeable
upper boundaries, that oscillatory flow occurs at the
order of ten times the critical Rayleigh number [11].

This different behaviour is believed to be due to the
permeable interface.

Ashas been frequently donefor the heat transfer from
fluid layers heated from below and/or internally [13],
the numerically derived Nusselt-Rayleigh number
correlation is argued by analytical asymptotic
considerations. This procedure will give further
support to the arguments in Section 2 for simplifying
the thermal boundary conditions at the interface.

(17)

5. ASYMPTOTIC ANALYSIS

For high Rayleigh numbers and small permeabilities,
the main heat resistance in the double layer is
concentrated in a thin thermal boundary layer at the
interface (see Fig. 1).

For further considerations, let us concentrate our
discussion on that portion of the boundary layer which
is located in the porous layer. The average thickness of
this portion of the boundary layer will be designated d.
According to Howard [12], the thickness of the
Bénard-type thermal boundary layers is mainly
determined by its stability. Following Cheung [13] and
Hollands et al. [14], let us introduce as a limiting
condition the following critical Rayleigh number for
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the thermal boundary layer

_ agKéc*{0,—0,>

VK

Ra; = const., (18)

P
where the constant is of the order of less than 10 [2].
This postulation implies that the heat generated within
the boundary layer can be neglected compared to the
heat transferred through it.

From a heat balance at the interface we obtain

oT
—— )+<Thy =1, aty=1L
ay

For the case of well developed boundary layers, the
temperature gradient can be approximated as follows

aT\ _(T,~Tp
< ay > N

For infinitely small permeabilities the convective heat
transfer {vT, ) across the interface can be neglected. If
the boundary-layer thickness é in equation (20) is
eliminated by using the stability condition of equation

(18)and the simplified heat balance of equation (19), we
obtain the asymptotic relation

[Ral]o.s
Nuz~|—1 .
Rag

Next, account will be taken of small but finite
permeabilities which imply heat transfer by convection
across the interface.

For assessing the convective heat transfer let us
define a mean velocity v, at the interface by the
following relation

(19)

(20)

at y=1.

21

o — 0T
LT
Using this definition, a heat balance for the temperature
boundary layer yields

(22)

oT
Um<7;>—um<Tl>:<_ay >’
y=1

where the heat generation within the boundary layer
has been neglected compared to the total heat
generation in the porous layer. Then by the
approximation described by equation (20), it follows
that

(23)

H,
. 24
b ¥ (24)
This is equivalent to the relation
Ry o —1> 25)
Dy X —— —T.
™~ Ra, " !

Thus we obtain for the convective heat transport across
the interface
Raq
<UT1>:3T<T})_TI><TI>' (26)
Qs

Insertingequation (22)and equations (20),(24), and (25)

into equation (19) we obtain
Ra Ra
T, —T )2 — + ——(T,—T,><T;> = 1,
(BT ot + e (= T

and furthermore

1
(h-To~=—5<T

R 0.5
+ [a"] [1 +
Ray

where ( T} > is now evaluated from equation (8) by using
a simplification of the empirical heat transfer
correlation, equation (9), in the form

Nu, = 0.1Ral.

Ra <T>2 0.5
e
&

(28)

Assuming that (—2T/dy) =1 in equation (8), we
obtain

)"p 1/2 K 1/4 1 1/4
<Tl>=5‘6<z> <H—) <R—> - @

We mention here that in the heat balance, equation (8),
heat transfer by convection is neglected because its
contribution is small, of higher order in (K/H?)!/4, as
can be seen by the combination of equations (26), (27),
and (29).

Therefore, for the Nusselt number we obtain, to the
lowest order in K/H?2, the following relation

1 I:Ra,:r'f‘
(1> " | Ra,

5.6 Ral’* (A2 [ K \M*
P I | (i I G 1)
L G )G) o

The constant value of Ra;can not be determined within
the scope of our asymptotic considerations. However,
from a comparison of the analytical and numerical
results for the Nusselt number, Ra; can be determined
to be

Nu=

Ra, ~ 2. (1)

Our analytical considerations in this section lend
support to our assumptions concerning the thermal
conditions at the interface in Section 2, where we have
limited the validity of both the numerical and the
analytical model quantitatively to small values of the
permeability K/H2. More strictly speaking the

condition
RIS @t
Ral’* (i) <F> <£0.1,

is required for reasonable accuracies in the application.

(32)

6. EXPERIMENTAL RESULTS

In order to reduce the discrepancy between
experimental and numerical results, additional
measurements of the heat transfer from a particle debris
bed through a superposed fluid layer to an upper
isothermal horizontal plate have been made. In the
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experiment a smaller dimensionless permeability K/H?
was employed, because the asymptotic analysis
indicated that the boundary conditions used in the
computation were only valid for small permeabilities.

The experimental apparatus consisted of an
insulated vertical glass tube of 8 cm I.D., in which steel
or bronze spheres of 1-3 mm diameter could be piled up
to a height of 20 cm. The debris bed was saturated and
superposed by water. A horizontal ceramic cooling
plate was inserted into the cylinder forming an
isothermal upper boundary. The height H, of the plate
above the interface could vary between 0.5 and 10 cm.
The debris were heated inductively with a copper coil
surrounding the glass jar, temperatures were measured
with various thermocouples. For a more detailed
description of the apparatus we refer to ref. [15].

For technical reasons only a small aspect ratio of the
porous bed could be realized. Two-dimensional
calculations were performed for this particular case
choosing an aspect ratio B/H,; = 0.354. This implies
the assumption, that an analogy exists for the flow
conditions in containers of cylindrical and square
cross-sections and the same height. For this case a
higher critical Rayleigh number and a different
correlation Nu(Ra;) was obtained for small but
supercritical Rayleigh numbers up to Ra; =~ 15000.
For 70 < Ra; < 15000 the following correlation was

derived
Ra 0.707
Nu=[—1 .
27.4

For higher Rayleigh numbers a correlation in the form
of equation (15) was obtained again.

Numerical predictions and experimental results are
comparedin Fig. 7. Atsubcritical Rayleigh numbers the

33)

683

experimental data for the Nusselt number increase
slightly with Ra,. This effect is attributed to the
increasing convection within the fluid layer. According
to equation (29) the Nusselt number can be
approximated in this range by
116 [ K \"* /1, \'?
() G)
Data obtained with fine bronze particles for this range
of Rayleigh numbers prove, that the turbulent
convection of the fluid layer does not induce any
significant motion within the porous bed.

At high Rayleigh numbers the experimental data
follows the calculated slope of the Nusselt number, but
even for the smallest permeabilities the experimental
values of the Nusselt numbers are lower by 30%
compared to the ones predicted by the numerical
calculations. However, the tendency of increasing the
Nusselt numbers when decreasing the permeadbilities is
confirmed again. In general the comparison between
experimental and theoretical data indicates that the
conditions at the interface assumed in the analysis were
not precise enough to obtain better agreement.

(34)

7. CONCLUSIONS

Heat removal by natural convection from a particle
bed saturated and superposed by fluid has been
investigated by theory and experiments. The investig-
ations were limited to the special case when convection
in the superposed fluid layer is turbulent and when the
permeability is sufficiently small. With these assump-
tions the conditions at the interface could be simplified,
and convection within the porous layer could be
calculated separately. The time dependent 2-D

10
]
T O 2 mm steel spheres, H, = 0.5 cm
2 7 ® 2 mm steel spheres, H, = 2 0 tm
i 8 2 mm steel spheres, H, = 10. ctm
o 3 mm steel spheres, H; = 1 0 cm
e 3 mm steel spheres, H; = & 0 tm
104 4 1 mm bronze spheres, H; = 3.0 cm od®
] 099 o
B LY }
b [ ]
104
. 34
eq_M_&g
1(?10' T T T v1|01 T T L Tllh3 T T T T |1bL T T TTTrTT ‘155 T g
Ra

Fi1G. 7. Experimental results of heat transfer from the porous bed taken from ref. [15] and comparison with
numerical predictions.
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problem was solved numerically. The Nusselt number
and the Fourier number as well as the maximum
velocity are correlated by simple power laws of the
internal Rayleigh number. Moreover, a 1-D asympiotic
model has been derived which confirms the dependence
of the Nusselt number at high Rayleigh numbers
obtained by numerical methods. The asymptotic model
correlates the Nusselt number linearly with other
which the of the

narameters
P s

superposed fluid layer on the overall heat transfer. The
model also quantifies the range of validity of the
employed interface conditions.

Additional measurements have been performed to
validate the numerical results. The measurements show
thatin case a smaller permeability of the bed is used, the

experimental data approach the predictions of the
Sl

[al831)

digcrenancies hatween

existing
L[ISCITPAnLILS

caleulationg
existing

LarbulauUiis.

experimental and theoretical data are attributed to the
fact, that the conditions at the interface and the
turbulent motion within the fiuid layer have not been
modelled properly enough. A more detailed theory or
further experiments will be necessary to refine this
model.

Neither in the numerical computations nor in any of
the experiments is an oscillatory instability at high
Rayleigh numbers or a subcritical convection within
the porous bed observed.
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APPENDIX

According to Nield [3], at the interface the pressures within
the porous medium and the fluid layer differ by the normal
stress, which in dimensionless form gives

K ov

= O Al
H? dy G

Pp=pL—2 y=1L
Differentiating this equation with respect to x and using the
continuity equation, we obtain

K 0%

po _ 0P  , K Oup
H? ox?’

= A2
Ox Ox (A2)

y=1

The pressure gradient in the liquid layer can be determined by
employing the momentum equation. In dimensionless form,
we obtain

op, K 14, 6uL+ du,, + K [ * N 2
— = 22y —to,— )+ | ==+ .
ox HXPri \ “ax “ay) H2\ox® 8y*) "
(A3)
Combining equations (A3) and (A2) we have
0 K 14 0 ?
oy KAy lw o
ax Hi Pr A, O0x dy
+ K 3 L.z ; 1. (A4)
H? 8x2+6y2 oo y=2n

Because of continuity, the velocity vectors (i, v, ) and (u,, v,)
must be of the same order close to the interface. The pressure
gradients in the x-direction in the porous layer [see equation
(2) and at the interface equation (A4)] differ therefore by an

order of
o K 14,
H? Pri )

If we restrict ourselves to porous media of small permeabilities
K/H?,dp,/0x can be neglected to this order of magnitude at the
interface. From this it follows

(A5)

K
p= const.+0<?>; y=1 (A6)
1



Natural convection in saturated porous layers with internal heat sources

CONVECTION NATURELLE DANS DES COUCHES POREUSES SATUREES AVEC
SOURCES THERMIQUES INTERNES

Résumé —Le probléme de la convection bidimensionnelle dans une couche poreuse saturée et chauffée
intérieurement est étudié numériquement par les différences finies. La couche poreuse est surmontée par une
couche fluide et posée sur une base adiabatique et imperméable. Se limitant aux faibles perméabilités, on
suppose une pression constante a l'interface entre le milieu poreux et la couche liquide supérieure et la
température y est fixée par une relation empirique de flux thermique pour une convection pleinement
turbulente dans la couche liquide. Partant d’une distribution initiale de température, on obtient la convection
permanente pour des nombres de Rayleigh allant jusqu’a cent fois la valeur critique. Les nombres de Nusselt et
de Fourier sont présentés sous forme de lois puissances du nombre de Rayleigh.

NATURLICHE KONVEKTION IN GESATTIGTEN POROSEN SCHICHTEN MIT INNEREN
WARMEQUELLEN

Zusammenfassung — Mit einem Differenzen-Verfahren wurde zweidimensionale Konvektion in einer pordsen
Schicht mit inneren Wirmequellen untersucht. Die pordse Schicht ist von einer Fliissigkeitsschicht liberlagert
und auf einer undurchlissigen und adiabaten Unterlage angeordnet. Unter Einschridnkung auf den Fall
geringer Durchléssigkeiten wird ein konstanter Druck an der Grenzfliche zwischen geséttigtem pordsen
Medium und der dariiberliegenden Flissigkeitsschicht angenommen ; die Temperatur an dieser Stelle wird
durch eine empirische Wirmestromgleichung fiir voll-turbulente Konvektionsstromung innerhalb der
Flisssigkeitsschicht festgelegt. Ausgehend von einer Anfangstemperaturverteilung, wurde stationire
Konvektion fiir gegebene Rayleigh-Zahlen bis zum Hundertfachen des kritischen Wertes gefunden. NuBelt-
und Fourier-Zahlen werden in Form von Potenzansitzen der Rayleigh-Zahl angegeben.

ECTECTBEHHASl KOHBEKIIMA B HACBIIIEHHBIX NOPUCTLIX CJIOAX C
BHYTPEHHUMU UCTOYHUKAMM TEILIA

AHHOTAUMA—MeTON0M KOHEYHBIX PAa3HOCTEH YHCIEHHO MCCIEOBaHA 33/a4a [JBYXMEPHOH KOHBEKIMH
B HarpeBa€MOM HM3HYTPH HacCBIIEHHOM NOPHCTOM cioe. Hal MmOpHCTBIM ClOeM Ha HENPOHHUAEMOM
aaMabaTHYECKOM TNOKPHITHH pacnojiokeH cnoil  xkuaxkocth. [Tpd HeGoNbIOH NPOHMLAEMOCTH
Npeno/IaraeTcs MoCTOAHCTBO NaBJICHHS HAa rpaHMIlE pa3fena Mexay HACBILEHHOH MOPHCTOH cpeaoi
n croem xuakoctd. Temnepatypa onpenesnsercs BeAMYHHOM TEMJIOBOTO MOTOKA A INOJHOCTHIO
pa3BUTOH TypOYIEHTHOH KOHBEKLIMH B CJI0€ XU AKOCTH. [1pH HCCile 1OBaHHBIX HAYAILHBIX PACTIPEACICHASX
TEMINEPATYPb! KOHBEKUMS AIA 3aJaHHBIX 4Hces Pajes ocraBanach cTauMOHApHOHN BILIOTH 0 3HAUYEHHI,
B CTO pa3 npesblliatoliMx kpuTHueckoe. Yucma Hyccenmbra u dypbe npeactaBieHsl B BHIE
CTENEHHO 3aBHCHUMOCTH OT 4ncia Panes,
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