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Abstract—This paper presents the results of an experimental investigation of heat transfer by natural
convection from a horizontal cylinder embedded in porous media consisting of randomly packed glass spheres
saturated by either water or silicone oil. It is shown that the overall range of the Rayleigh number, Ra, can be
divided into two subregions, called ‘low’ and ‘high’, in each of which the Nusselt number, Nu, behaves
differently. It is demonstrated that the low Ra region corresponds to Darcy flow and the high to Forchheimer
flow. Correlation equations for Nufor the Darcy regime are presented that account for viscous dissipation, and
others for the Forchheimer regime that involve the first and second Forchheimer coefficients. The variation of
properties with temperature and the wall effect on porosity (and consequently on heat transfer) are considered.
The paper includes information concerning the resistance to flow in porous media that was obtained in
conjunction with the heat transfer study.

INTRODUCTION

THE PRIMARY objective of the present investigation was
to determine useful correlation equations for heat
transfer by natural convection from horizontal
cylinders embedded in porous media. This objective
was accomplished by first obtaining a set of
experimental heat transfer data and then analyzing this
data in conjunction with an appropriate theory. In the
course of this study it was found necessary to obtain
certain information concerning the resistance to fluid
flow exhibited by porous media. This fluid flow
information is presented below following a review of
literature that is relevant to the primary heat transfer
problem.

REVIEW OF THE LITERATURE

Several analytical studies have been performed in
recent years relating to the problem of steady two-
dimensional natural convection about an infinitely
long horizontal isothermal cylinder embedded in a
porous medium of infinite extent. In most of these
studies a curvilinear orthogonal coordinate system is
used ; furthermore, it is assumed that Darcy’s law and
the boundary-layer approximations are applicable,
and that the gravitational force normal to the heated
surface is negligible. With this formulation of the
problem, Hardee [ 1] obtained the following expression
for the Nusselt number based on the integral method :

Nu = 0.465 Ral’? &)

where Ra = Kgfp DAT/ua is called the Darcy-
modified Rayleigh number.

More recently, Merkin [2] obtained similarity
solutions for natural convection porous layers adjacent
to axisymmetric and two-dimensional bodies of
arbitrary shape. In an unpublished note, which will be
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reproduced in the next section, Cheng [3] has modified
Merkin’s analysis and applied it to the specific case of a
horizontal isothermal cylinder. The result of this
analysis is:

Nu = 0.565 Ra'? )

which differs from equation (1) only in the magnitude of
the numerical coefficient.

Plumb and Huenefeld [4] have performed an
analytical study of non-Darcy natural convection from
vertical heated surfaces in porous media. More
recently, Bejan and Poulikakos [5] analyzed the same
problem in a manner that is relevant to the present
study. Bejan and Poulikakos defined a new
dimensionless group, G = C,v(C,gBAT)~ /2, that they
say “describes the extent to which the flow departs from
Darcy flow”. C, and C, are dimensional coefficients
discussed in detail below. According to this criterion,
the flow is governed by Darcy’s law when G is large (100
or more) and gradually approaches non-Darcy flow as
G — 0. The authors also describe an intermediate
regime when G = O(1).

Bejan and Poulikakos deduce that for non-Darcy
flow the Nusselt number for heat transfer by natural
convection from an isothermal vertical wall in contact
with a porous medium is given by the following
equation:

Nu = 0494(Ra )}/ 3)
where (Ra,,), is a new Rayleigh number defined by
gBy*AT
(Raoo).v = C2a2 ‘ (4)

Here y denotes the vertical Cartesian coordinate. This
new Rayleigh number should not be confused with the
Darcy-modified Rayleigh number (Ra), = KgByAT /va
used consistently in natural convection studies
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NOMENCLATURE
A, B Ergun constants Greek symbols
a, b, ¢ numerical constants o effective thermal diffusivity
C Darcy coefficient [K ™ 1] o, function of porosity, (1 —&)?/e?
C,, C, Forchheimer coefficients B coefficient of volumetric expansion of
p specific heat of fluid fluid
d diameter of glass spheres B. function of porosity, (1 —g)/e?
D diameter of test cylinder A temperature difference, T,— T,
Ge Gebhart number, gfD/c, £ porosity
Gr Grashof number, KgpD(T,— T,)/v* K Kozeny—Carman constant
g gravitational constant u dynamic viscosity of fluid
h heat transfer coefficient v kinematic viscosity, u/p
j numerical constant p fluid density
k effective thermal conductivity '] streamfunction.
K permeability
m,n numerical constants .
N number of data points Subscripts
p . . .
Nu  Nusselt number, hD/k calc quant{ty determ%ned by calcul-atlon
p pressure exp  quantity deter.l'{llned by experiment
P’ negative of bressur dient s refers to conditions on a heated surface
gative of pressure gradien
Pr Prandtl number, uc /k w refers to wall @“ect
s W p
0.q heat transfer rate, heat flux © refers to conditions far from a heated
Ra  Darcy-modified Rayleigh number, surface.
KgpD(T,— T)/av
(Ra)¢, Forchheimer-modified Rayleigh Error notation
number, gBD(T,— T, )/C av E percent error, 100(Nu,,, — Nugg )/ Nu,,,
Re Reynolds number, Dv/v E(md) percent mean deviation of error,
sech hyperbolic secant N IEYN
T temperature E(rms) percent root mean square of error,
u,v  Darcian velocity components. Q| EF/N)'

involving Darcy flow. The subscript ‘o0’ chosen for
(Ra,), is intended to suggest that this new number
becomes representative when the traditional (Ra),
becomes sufficiently large. Bejan and Poulikakos also
present a solution for the case of uniform wall heat flux.

SIMILARITY SOLUTION FOR NATURAL
CONVECTION WITH DARCY FLOW ABOUT
AN ISOTHERMAL HORIZONTAL CYLINDER

EMBEDDED IN A POROUS MEDIUM

This section reproduces an unpublished note by
Cheng [3].

The problem of natural convection with Darcy flow
about an isothermal horizontal cylinder embedded ina
porous medium is, in general, not amenable to an
analytical solution. A similarity solution for the
problem is possible, however, if a curvilinear
coordinate is used and the boundary-layer approxim-
ation is employed. To this end, the governing equations
in cylindrical coordinates (r, 8) will first be transformed
into a curvilinear orthogonal coordinate system (s, n)
where s is the distance along the surface of the cylinder
measured from the lower stagnation point and n is the

distance perpendicular to the surface. These two co-
ordinate systems are related by r = R+nand 8 = s/R,
where R is the radius of the cylinder. With these
transformations, the governing equations in curvi-
linear orthogonal coordinates are

ou 0 n !

K[ R 6p+ i s 6)
v= U | R+nds pgsin R ¢
K| odp s

a0

R oT + oT R? &*T o*T

U—— V= s

Ren"3s P * (R+n)? 0s>  on?
: + i oT ®)

(R+n) on

p=p[1-BT-T,)] )

Here u and v are the Darcian velocities in the s and n-
directions, pis the pressure, T'is the temperature, pis the
density of the fluid, g is the gravitational acceleration, u
and B are the viscosity and thermal expansion



Natural convection heat transfer 121

coefficient of the fluid, and « is the equivalent thermal
diffusivity of the saturated porous medium. In this
analysis viscous dissipation is neglected and hence does
not appear in the energy equation, equation (8).

If it is assumed that the thermal boundary layer
adjacent to the cylinder is thin such that R >» n within
the thermal boundary layer, then equations (5), (6) and
(8) can be approximated as follows:

5u+ﬁv_
s  on

u——K 6p+ sin s
T oules 9 R

uaT " oT B 9°T + oT " o’T (12)
as on Yo Tom T e |

Eliminating p from equations (7) and (11) by cross
differentiation and neglecting the gravitational force
normal to the surface leads to the following equation in
terms of the streamfunction:

0 (10)

(1)

Yy Y _KpugB . (s\OT
Wt~ w M&g)wm P
where the streamfunction is defined by
2
u= —l// and v=-— 5_'/3 (14a,b)

Equation (9) in terms of the streamfunction is

oy 0T oy oT [T oT &°T
A CrC s
0s?

ds on | on*  on
Equations(13)and (15)are the governing equationsina
curvilinear coordinate system where the curvature
effect has been neglected. Using the boundary-layer
approximation, 8%/9s* « 9%/0n* and 8/dn « 8%/on,
equations (13) and (15) become

oy  KpogB . (s\oT
ov_ Syl 16
- p MR)n (16)
FT 1 (09 aT oy oT )
on? a\dn ds 0s on)

For an isothermal cylinder, the boundary conditions
are

oy

n=0: —=0 T=T, (18a,b)
Js
oy

n>w: —=0, T=T,. (19a,b)
on

Equations (16) and (17) subject to the boundary
conditions (18) and (19) admit a similarity solution of
the form

w[l_ (i)]”’m 20)
u R

¥ =

T-T,
’I;_Too

0(n) = @n

- /m nsinG/R)
uaR \/T—_co—smj
where f and 0 satisfy
7= (23)
0" +f g =0 (24)
with boundary conditions given by
60 =1 f(O)=0 (25a,b)
0(0) =0, f'(w)=0. (26a,b)

It follows from equations (14a), (20) and (22) that the
streamwise velocity is given by

o = KP=PIAT <g) o
u R

where AT =T,—T,.
The preceding equation shows that the velocity at the
surface of the cylinder u, (corresponding to n = 0) is

given by
K
U, = _____pwﬂgAT sin (i>
U R

02}

(28)

where the condition f'(0) = 1 obtained from equations
(23) and (25) has been employed.

Equations (23)26) are identical to the problem of
natural convection about an isothermal flat plate in a
porous medium which has been numerically integrated
by Cheng and Minkowycz [6] who obtained 6(0) =
—0.444. With this value, the local surface heat flux is
given by

oT
q(x) = —k (5}7)3:0

KpgBAT sin (s/R)

paR /1—cos (s/R)‘

The average heat flux can be obtained by integrating
equation (29) to give

= 0.444kAT

29)

K
q = 0.565 k(AT)>"2 %‘ﬁ (30)
which can be rewritten as
Nu = 0.565 Ra'/? 31

It is relevant to note that (31) is derived based on
Darcy’s law with slip flow. Had the Brinkman model
been used as the momentum equation with no-slip
boundary conditions imposed, the value of Nu would
be progressively lower than that given by (31) with
increasing Rayleigh number. This lowering of Nu will
be discussed in detail in a forthcoming paper.

RESISTANCE TO FLOW IN POROUS MEDIA

Introductory comments
In order to address the heat transfer problem with
which this paper is primarily concerned it was
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necessary to have prior knowledge of the resistance to
the flow of fluids through porous media. The discussion
of such flow resistance presented here is based upon
previously published information and also upon
recently obtained experimental evidence.

Most investigations of the resistance to flow in
porous media are predicated upon the assumption that
there exist two domains of the Reynolds number, Re:
the ‘lower’ domain within which viscous forces
predominate and Darcy’s law holds, and the ‘higher’
domain within which inertial forces become significant
and Darcy’s law does not hold. However, as Bear [7]
points out, there also exists a value of Re below which
Darcy’s law does not hold. The flow in this lowest range
of Re will be referred to hereinafter as ‘pre-Darcy flow’,
and the value of Re below which Darcy’s law does not
hold will be designated by Rey, .* The existence of pre-
Darcy flow is attributed to non-Newtonian behavior of
fluids and the fact that the streaming potential
generated by the flow, particularly in fine-grained
media, can produce small countercurrents along the
pore walls in a direction opposite to that of the main
flow [ 7].

When a problem involves more than one of the
domains discussed above, it becomes necessary to
carefully delineate these domains, and also the
transition from one domain to the next. Since, as will be
shown, natural convection heat transfer in porous
media constitutes just such a problem, the domains and
transitions are discussed below, first in general terms
and then quantitatively.

General discussion
Darcy’s law for one-dimensional flow through
porous media may be stated as follows :

(32

where P’ is the negative of the pressure gradient in the
direction of flow, v is the volume rate of flow per unit
cross-sectional area or ‘Darcian speed’ (or simply
‘speed’),t u is the viscosity of the fluid and K is a
constant called the permeability of the porous medium.
It will prove advantageous to multiply equation (32) by
d/uv, where dis a characteristic dimension of the porous
medium ; thus

Pd d

or
Pd_ ca (33b)
uv

where C = K ™! will be called the Darcy coefficient.

*The subscript DL is a mnemonic device which refers to the
lowest value (L) of the Reynolds number for which Darcy flow
(D) occurs. Similar subscripts will be used to refer to the
highest value (H) of the Reynolds number for which a
particular kind of flow occurs.

1The term ‘velocity’ will be used in this connection when the
context makes the intended meaning clear.

A great deal of analytical and experimental effort has
been expended upon the determination of K for various
porous media. The following semi-empirical equation
has been found to accurately represent many experi-
mental data:

(1—¢)?

K= (cShn) s o =g

(34

where ¢ is the porosity, S, is the specific surface of the
particles (surface area per unit volume) and x is an
experimentally determined dimensionless constant
called the Kozeny—Carman constant. For a porous
medium composed of spheres of uniform diameter
So = 6/d and hence

dl
- 36k,

(35)

For a given porous medium, there exists a value of
Re = Repy, usually between 1 and 10, above which
the flow deviates from Darcy’s law; thus, Rep, is the
highest value of Re for which Darcy’s law holds in a
particular case. Darcy’s law, when plotted using
coordinates as shown in Fig. 1, is represented by the
horizontal line labeled ‘Eq. (33). In this figure the solid
line represents (qualitatively) the actual behavior of
the porous medium; thus, Darcy’s law accurately
represents the actual behavior of the porous medium
from Rep, to Repy. The pre-Darcy region is labeled ‘T’
in Fig. 1, and the Darcy region is labeled ‘II’. An
important and relevant aspect of pre-Darcy flow is that
within this region a finite value of P’ = P, exists such
that v = 0 when P’ < P;. Thus, P'D/uv exceeds all
bounds when P’ < Pj. This behavior is indicated by
the shape of the (truncated) solid line in Fig. 1 for
Re < Rep; .

If Re continually increases above Repy a range is

P d I I i vV v
v

B 3 €c 5
i £y =
52 . —

> 2 C-.EQ Forchheimer L

) 2 oo Flow 3%

[ T o @

Ol 1G>0 £

1 v lcVE S

o S5% 5

- o o T} <]

o O (—0O<c w

P
-

Eq.(38)

cd |- — =
- T\Eq.(33)

Cd tana =C, Not to scale
I 1

Repy, Re

| I
Repy Repyy Rep

F1G. 1. Graph of P'd/uv vs Re for porous media.
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eventually encountered, designated by IV in Fig. 1 and
defined by Reg; < Re < Repy, wherein Forchheimer’s
equation represents the flow:

P’ = (Cipp+(Cop). (36)

Here C, and C, are dimensional constants that will
be referred to hereinafter as the first and second
Forchheimer coefficients. The quadratic term in (36) is
attributed to inertial effects. Ergun has suggested that
the Forchheimer coefficients can be expressed as
follows:

Aa, (1—¢)?
C, =712—; o, = 3 (372)
and
BB, 1—¢
.= 82552 om
€

where A and B are universal experimentally-
determined dimensionless constants (referred to here-
inafter as the first and second Ergun constants), d is
a characteristic dimension, and ¢ is the porosity of the
medium. As was done in the case of Darcy’s law,
equation (36) can be multiplied by d/uv with the result:

Pd

—=Cd+C,Re (38a)
v
or
' A BB,R
&I_ =A% + ﬁ_e‘ (38b)
uv d d

A plot of equation (38) is the inclined straight line in
Fig. 1. The flow for which (38) represents the actual
behavior of a porous medium will hereinafter be called
Forchheimer flow, corresponding toregionIVin Fig. 1,
with lower and upper bounds Rey; and Reg,;. Between
the regions of Darcy flow (II) and Forchheimer flow
(IV) is a transition region, labeled ‘III’ in Fig. 1, with
lower and upper bounds Repy and Reg, .

The curve representing transition from Darcy to
Forchheimer flow (region III of Fig. 1) represents a
problem vis-a-vis the analysis of data because the
equation of this curve is a complex function (compared
to the functions in both the Darcy and Forchheimer
domains). This problem can be avoided without
incurring significant error by assuming that Darcy’s
law holds beyond Rep,, to a value designated by Repr at
which point fully-developed Forchheimer flow is
assumed to occur. Thus, Repy represents an (artificial)
point of abrupt transition from Darcy to Forchheimer
flow.

Experiments conducted in conjunction with the
present investigation reveal the existence of a region
labeled ‘V’ in Fig. 1, called post-Forchheimer flow, in
which turbulence effects become significant and, at
sufficiently high values of Re, dominate the flow. The
symbol Regy represents an (artificial) point of abrupt
transition from Forchheimer to turbulent flow. Since
the velocities attained in the heat transfer experiments

reported in this paper are well below those needed to
achieve turbulent flow, this region will not be discussed
here in detail.

Quantitative information

The porous media used in the present study consisted
of matrices of small soda-lime glass spheres saturated
with either water or 20 Cs silicone oil. Formulas for the
relevant thermophysical properties of this oil are
provided in [8, Appendix]. The nominal diameters of
the glass spheres were 2, 3 and 4 mm. Kim [9] packed
quantities of each of these three sizes of glass spheres
into the test section (8.66 cm I.D. by 45.72 cm long) of a
water tunnel and determined the resistance to flow in
these porous media by accurately measuring the
pressure drop across the test section corresponding to
different imposed velocities of flow of water. The
temperature of the flowing water was measured in
order to ascertainits viscosity and density. The relevant
results determined from these measurements are
displayed in Table 1. The entries in Table 1 incorporate
corrections designed to compensate for the ‘wall effect’
caused by the unavoidable non-random distribution of
glass spheres near a boundary. Table 1 does not contain
a value for Rep,; because the apparatus used by Kim
could not accurately measure the extremely low
pressure gradients and velocities that pertain to pre-
Darcy flow. The values of the parameters listed in Table
1 were used in the subsequent analysis of the heat
transfer data obtained in this study.

HEAT TRANSFER APPARATUS AND
EXPERIMENTAL PROCEDURE

The heat transfer measurements made in the present
study were performed using the electrically-heated test
specimen and thermally-insulated cylindrical stainless-
steel tank (0.1945 m I.D. by 1.27 m high) described in
[8]. The test specimen was inserted diametrically in the
tank between two vertical baffle plates as shown in Figs.
2 and 3. The test specimen (1.45 cm O.D.) has an inde-
pendently-heated central test section that is 2.540 cm
long flanked by a pair of contiguous independently
heated ‘guard’ sections, each of which is 3.050 cm long.
Thus, the overall heated length of the test specimen is
8.650cm, which equals the distance between the vertical
baffles in the tank. Heat transfer data were recorded
only for the centrally-located test section. The purpose

Table 1. Information on the resistance to flow in porous media

d(m) 0.002098  0.003072  0.004029
€ 03570 03600  0.3580
Cdm~'x107% 8321 5497 4289
K(m? x 10°) 2.521 5.589 9.395
C,dm~*x10"%  7.879 5.204 4.060
Cy(m™1x107% 1293 8.578 6.671

Kk =534, Repyy = 2.140.1, Repp = 3, A = 182, B = 1.92,
Regy = 50+0.5, Repr = 100, Repy = 804 S.
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of the guarded test section design and baffle
arrangement was to create experimental conditions
that closely approximate the two dimensional
temperature and velocity fields corresponding to an
‘ideal’ infinitely long heated cylinder in an infinite
medium. That this experimental system does, indeed,
closely approximate the ideal case for natural
convection in liquids, was verified as reported in [8];
whether the approximation is also close in the present
case involving porous media was investigated by
performing certain experiments described below.

The steady-state bulk temperature of the porous
medium, T,, was measured by means of a single
thermocouple located directly below the test specimen
as shown in Fig. 2. The steady-state surface
temperature, T,, of the test section, corresponding to
arbitrarily imposed overall rates of heat dissipation Q,
was measured by averaging the readings of two
thermocouples located below the surface of the test
section and correcting this average by subtracting the
temperature drop due to the radial conduction of heat
to the surface. Since the test specimen has a copper core,
it is nearly isothermal. In order to reduce the errors
introduced by the small variation of the temperature
difference AT = (T,— T,) around the periphery of the
test section upon the reported results, the specimen was

1 l Cold Water
Iniet

@ |

A Test Cylinder

B. Porous Medium Reservoir

C. Thermocouple Probe

D. Stainless Steel Boffles

E. Perforated Bottom Plate

F. Drain

G. Heat Exchanger Coil

H. Thermally Insulated Tank
I. Electrical Leads

J. Pressure Gauge H

F1G. 2. Schematic vertical cross-sectional view of experimental
apparatus.

A.Test Cylinder

B. Stainless Steel Baffles
C.Silicone Rubber Seal
D.Insulated Tank Wall

E. Pertorated Bottom Plate
F. Electrical Leads

FIG. 3. Schematic top view of experimental apparatus.

rotated around its axis and left in that angular position
which corresponds to a value of AT equal to the
integrated mean value of AT for a complete revolution,
as was done in [8]. During this procedure the tank
contained only liquid (water) because the presence of a
porous medium would have prevented the rotation of
the test specimen.

The volume of the tank contained between the
vertical baffle plates was filled with glass spheres to
various depths, and this space became the porous
medium (called ‘porous reservoir’) when the tank was
filled with water or oil. The porous reservoir was
bounded below by a perforated stainless-steel plate
covered by screening material which supported the
glass spheres yet allowed the flow of fluid upward into
the porous reservoir. The space in the tank outside the
porous reservoir allowed recirculation of fluid. A coiled
heat exchanger installed near the top of the tank as
shown in Fig. 2 removed the heat dissipated by the test
specimen. The tank was pressurized to about S atm
when tests using water were performed, in order to
prevent the formation of bubbles of vapor or air. Tests
employing oil were performed at atmospheric pressure.

The physical characteristics of the three sizes of glass
spheres (nominal diameters: 2, 3 and 4 mm) used to
create the porous media employed in this study were
analyzed by Phan [10]. By carefully measuring the
density of the spheres and weighing individually a
statistically large number (100 or more) of each sizeona
high precision balance, Phan determined that the
average equivalent mean diameters of the three sizes
were 2.098, 3.072 and 4.029 mm, respectively. He also
determined the following formula for the thermal
conductivity of the spheres, based upon published
information for soda-lime glass:

k, = 1.00416 +1.6736 x 107 3T—4.184 x 10~ T2 (39)
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where T is the temperature in °C and k, is expressed in
Wm™!°C™L

The effective conductivity of a porous medium was
defined by the following formula :

k = ek;+(1—e)k, (40)

where ¢ is the porosity and k, and k; represent the
thermal conductivities of the glass spheres and
saturating fluid, respectively.

Two kinds of heat transfer experiments were
performed. The objective of the first kind, called
‘preliminary tests’, was to determine whether the
porous reservoir was sufficiently large to adequately
represent an infinite medium ; the second kind, called
‘primary tests’, consisted of steady-state measurements
of T, and T, corresponding to various imposed overall
rates of heat transfer Q. The temperature measurements
made are estimated to be correct to within 0.03°C, and
the measurements of Q are correct to within 0.1%.

A sketch which shows graphically the definitions of
certain spatial parameters used for the preliminary tests
is shown in Fig. 4. As indicated, the distance W denotes
half the width of the porous reservoir, H, denotes the
height of the reservoir above the centerline of the test
specimen, and H, denotes the depth of the reservoir
below the centerline of the test cylinder whose diameter
is denoted by D. The total height H of the porous
reservoir is equal to (H, + H,) and the maximum value
of H equals the height B of the baffle plates. Two sets of
baffles were used having lengths B = 25 and 50 cm,
respectively. Since H, = B/2in all cases, the use of these
two sets of baffles provided two experimental values of

A. Test Cylinder {Diameter D)

B. Glass Spheres

C. Perforated Bottom Plate
coincident with bottom
edges of boffle plates
{Hy:B/2 - see note)

D. Tank Wall

E. Plastic Spacers used to
vary W

F. Upper surface of glass spheres

Note : Baffle plates(height B) are not
shown here. Their top and bottom
edges are at distance B/2 above

and below the cylinder axis.
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H, and, consequently, two values of H,/D, specifically,
11.1 and 22.2. Both sets of baffles had the same width,
which was selected so as to insure that the distance
between the baffles was equal to the total heated length
(8.640 cm) of the test cylinder; thus, the distance
between baffles was not varied in these tests. The values
of H, and W and, consequently, of H,/D and W/D, were
varied between fairly wide limits as described in the
following.

It was easy to vary H,/D experimentally—the space
between the baffles was simply filled with glass spheres
until the desired value of H, was attained. The
experimental range of H,/D was from 1.1 to 11.1. In
order to vary W experimentally, a number of solid
plastic bars were placed between the baffles
symmetrically with respect to the test specimen as
shownin Fig. 4. The bars had lengths equal to B(25 cm),
widths equal to the distance between baffles (8.64 cm)
and thickness equal to 1.27 ¢cm (0.5 in.). The value of W
was changed (increased) by withdrawing the plastic
bars symmetrically in pairs and filling the space
previously occupied by the bars with glass spheres. The
experimental range of W/D was from 1.2 to 8.5.

The purpose of varying the spatial parameters
defined above was to determine experimentally the
minimum values of the parameters above which the
heat transfer data would become independent of these
parameters. It was reasoned that, if all minimum values
of the spatial parameters were exceeded in an
experiment—the satisfaction of these conditions
constitutes what will be called a ‘criterion for an infinite
porous medium’—then, for this experiment, the porous

SOOI

SOOI

i 7l

FIG. 4. Sketch of porous medium reservoir showing definitions of certain special parameters.
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57r a=43.75 kW/m?
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F1G. 5. Plot of AT vs W/D for two values of g.

reservoir closely approximated the ideal case of an
infinite medium.

EXPERIMENTAL RESULTS AND DISCUSSION

Preliminary data

Figure 5 shows graphically the results of the
preliminary tests made with water as the saturation
fluid and with varying W/D for two different values of
heat flux ¢ and with H,/D = H,/D = 11.1. The
behavior of AT in both cases is qualitatively similar : the
curves for AT have local minima, which implies an
enhanced heat transfer coefficient,* and AT is very
nearly constant for W/D > 4.4. Figure 6is a plot of AT
vs H,/D for W/D = 8.8 and q = 21.99 k W m~2. Here,
too, AT is very nearly constant when the spatial
parameter, in this case H, /D, is equal to or greater than
4.4. A pair of tests with the same gand H,/D = 11.1and
222 (and with H,/D = H,/D) yielded identical
measurements of AT, No preliminary tests were
performed with oil.

Primary data

The primary heat transfer tests were conducted in
porous reservoirs with W/D = 8.8 and H,/D = H,/D
= 11.1 or 22.2; therefore, based upon the results of the
preliminary tests reported above, the ‘criterion for an
infinite porous medium’ was satisfied for experiments
with water insofar as the values of W, H,, and H, are
concerned. However, the distance between the baffles

*This enhancement has been dubbed the ‘chimney effect’.
Sparrow and Pfeil [11] have reported a similar effect.
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(8.640 cm) could not be varied in the present study due
to the physical limitations of the apparatus. Therefore,
the criterion for an infinite porous medium could not be
conclusively established relative to distance along the
axis of the test specimen. However, judging from the
results of the preliminary tests with varying W, it is
concluded that the porous reservoirs used to obtain the
primary water data of this study approximate infinite
media sufficiently well as to render these data
representative of the corresponding ideal case.

The primary heat transfer data and relevant
dimensionless parameters are listed in Tables 2 and 3.
All thermophysical properties that appear in dimen-
sionless parameters were evaluated in this study at
reference temperatures defined as follows :

Ty= T, +iT,-T.); 0<j<L.

(41)
Obviously, when j=0.5, T; is the mean film
temperature. The reference temperatures employed
herein are identified by specifying the value of j. In
Tables 2 and 3 the test identifier (ID) consists of a
number followed by a letter (S or W) plus another digit
(2, 3 or 4), The letter S refers to tests conducted with 20
Cssilicone oil as the fluid medium and W refers to tests
conducted with water. The final digit refers to the
nominal glass sphere diameter (in millimeters) used to
form the porous matrix for the indicated test ; thus, for
example, the sequence 9W3 identifies the ninth test
performed using water as the fluid medium and 3-mm
glass spheres as the matrix of the porous medium.
First correlation:j = 0.5. Based upon the theoretical
result embodied in equation (31) and also upon
previously published correlation equations for natural
convection from horizontal cylinders (for example, as
reported in [8]), it was conjectured that at least some of
the data listed in Table 2, could be correlated by an
equation of the form:

Nu=cRa*Pr’; j=05 42)

where ¢, aand b are constants, Rais the Darcy-modified
Rayleigh number and Pr is the Prandtl number.

In order to determine for which tests (42) would
represent the data, and, having done so, to then
determine the numerical values of the constants, the
following procedure was followed. First, a log-log
graph of all the experimental values of Nu vs Ra was
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Table 2. Experimental data and heat transfer parameters for j = 0.5

Test T, T, h
1ID* (°C) (°C) (Wm™?°C™"Y) Nu Ra Pr (Re)max  Gex 10°
1W2 28.45 2220 69.52 0.8968 2.424 4.163 0.1068 6.949
2W2 31.80 21.81 109.0 1.403 4212 4016 0.1924 7.331
3w2 36.03 2205 155.7 1.996 6.627 3.808 0.3194 7.890
4W2 44.33 21.81 2418 3.080 12.91 3473 0.6832 8.847
5W2 53.51 21.93 344.8 4.359 21.95 3.140 1.287 9.876
6W2 66.71 2205 487.5 6.104 3944 2.744 2653 11.23
TW2 85.34 22.05 688.1 8.507 74.14 2310 5.949 12.95
1W3 21.11 20.13 33.50 0.4364 0.623 4.696 0.03561 5.662
2W3 22.35 2092 38.27 0.4975 0.977 4.574 0.05729 5.949
3wW3 26.05 21.36 92.64 1.200 3.665 4.340 0.2267 6.518
4W3 29.25 21.68 143.9 1.858 6.572 4.155 0.4248 6.985
5W3 3281 21.47 192.0 2472 10.81 3.989 0.7279 7416
6W3 39.28 21.24 301.9 3.868 20.16 3.707 1.463 8.187
TW3 4747 21.72 4228 5.380 3501 3.363 2.803 9.193
8§W3 58.35 20.68 578.0 7.299 6224 3.029 5.544 10.26
9IW3 76.52 21.31 788.8 9.828 125.0 2521 1343 12.09
10W3 91.77 21.19 925.7 11.42 197.9 2205 2440 13.42
1W4 2242 21.66 43.20 0.5607 0.896 4.523 0.06972 6.062
2w4 21.98 20.87 49.30 0.6405 1.255 4.595 0.09612 5.890
3w4 24.82 21.36 125.6 1.627 4.368 4.403 0.3493 6.351
4W4 2173 21.93 187.8 2425 8.148 4216 0.6806 6.818
5W4 28.63 19.95 250.9 3.244 11.81 4.273 0.9734 6.675
6W4 35.35 2097 378.7 4.864 24.30 3.890 2.202 7.673
TW4 42.46 21.72 525.0 6.699 4242 3.552 4215 8.620
8W4 - 5428 21.24 659.0 8.336 85.77 3.139 9.663 9.885
IW4 79.17 21.49 944.0 11.73 228.8 2454 3314 12.35
183 24.92 2191 36.11 0.5757 0.169 38.76 0.001173  73.36
283 29.97 22.15 41.73 0.6632 0.459 36.75 0.003366 73.40
383 34.57 2270 45.84 0.7262 0.727 34.92 0.005621 73.44
483 44.61 22.68 49.64 0.7815 1.456 31.68 001246  73.52
583 60.05 2278 58.43 09118 2.791 2740 002783  73.65
6S3 69.81 23.09 69.86 1.084 3772 25.02 0.04136  73.73
783 8330 2242 89.46 1.379 5.391 2237 0.06657  73.83
8S3 9586 2040 108.3 1.660 7.192 2047 0.09776  73.92
983 110.8 23.04 124.1 1.877 9.409 17.74 0.1484 74.07

127

*The first digit indicates the test number ; W = water, S = 20 Csssilicone oil ; the final digit indicates the

nominal glass-sphere diameter (mm).

made. This graphrevealed that, within a certain portion
of the overall experimental range of Ra, the plotted
points defined a pair of straight lines, one for water and
one for oil. These particular points (23 in number: one
through 6W2; one through 7W3; one through 6W4;
six through 9S3) were then used to find the optimum
values of the numerical constants in equation (42) using
a computer regression program. The optimum values
of the constants were found to be ¢ = 0.679, a = 0.646
and b = —0.126 with which (42) becomes

Nu = 0.679 Ra%46 pr=0-126; j—05. (43)

Figure 7 shows alog-log plot of Nu Pr°26 ys Ra for
all the data in Table 2. This figure reveals that the
overall range of Ra can be subdivided into two
subranges, designated ‘low’ (Ra less than approx. 40)
and ‘high’, within each of which the heat transfer
parameter Nu- Pr®126 behaves differently. The 23 data
points for which equation (43) is an accurate repre-
sentation fall in the low range. It was hypothesized

that Darcy flow occurs in the low range of Ra and that
Forchheimer flow occurs in the high range, wherein the
seven ‘high’ data points 7W2; 8, 9,10W3; 7, 8, 9W4 lie.
The validity of this hypothesis was tested by
determining for each heat transfer test a representative
Reynolds number, designated by (Re) .., based upon
the characteristic diameter of the glass spheres d and the
maximum velocity along the surface of the test
specimen, designated by u,,, and calculated from
equation (28) to be as follows:

KBgAT
mx = o j=05. 44)
Thus,
KdfgAT
(R€)pay = —%——; j=05. 45)

If(Re)max is chosen successively equal to Repr = 3.0and
Repy = 100, then equation (45) provides the following
criteria for determining whether Darcy or Forchheimer
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FiG. 7. Log-log plot of Nu Pr®*2° vs Ra;j = 0.5.

theory is applicable:

for Darcy theory: Rep, < (Ré€)p < 3% (46)

for Forchheimer theory: 3 < (Re),,, < 100. (47)

The values of (Re),,,, listed in Table 2 confirm the
hypothesis that Forchheimer theory is applicable to the
seven ‘high’ data points and Darcy theory is applicable
to the rest of the data. The deviation of the seven ‘high’
data points from the straight line in Fig. 7 can be
attributed to the combined inertia effect and the no-slip
boundary condition mentioned below equation (31). It
is easily shown that (Ra),,, = DPr(Re),,,./d.

It may be worthwhile to mention that equations (46)
and (47) can be converted into equivalent statements
involving a suitably defined Rayleigh number, (Ra),,,,, ;
however, this is not only superfluous but possibly
misleading, inasmuch as it is the Reynolds number —not
the Rayleigh number—that is the primary determinant
of the kind of flow that exists in a particular situation.

Having established the applicability of Forchheimer
theory to the seven ‘high’ data points, these data were
then correlated by adopting the following hypothesis :

C,D

b
Nu Pro-126 = ¢(Ra)Z, (—)

c. 8)

where ¢, a and b are constants and

gBDAT

Ra). =
(Rae, Ciav

is obtained from the Darcy-modified Rayleigh number

*The precise value of Rep, is not available but published
information on Darcy flow indicates that Rep, < 1x 1073,
which is far below (Re),,,, for any of the data obtained in the
present study.

Table 3. Heat transfer parameters for j = 0.32

Test
ID* Nu Ra Pr (R)px  Gex 10°
1W2  0.8985 2.268 4281 0.09712 6.651
2W2 1407 3.804 4196 0.1662 6.865
3w2 2005 5.803 4043  0.2633 7.259
4W2 3100 10.66 3810 05137 7.885
S5W2 4398 17.28 3.555  0.8933 8.607
6W2 6.178 29.40 3234 1.673 9.579
TW2  8.642 52.08 2.859 3359 10.82
1W3  0.4365 0.615 4718  0.0350 5.612
2W3 04977 0.959 4.605  0.05591 5.877
3W3 1.202 3474 4433  0.2103 6.289
4W3 1.862 6.062 4297 03787 6.625
SW3 2481 9.637 4192 0.6173 6.889
6W3  3.889 17.08 4.002 1.147 7.384
TW3 5420 28.36 3733 2.043 8.115
8W3  7.376 47.23 3.504  3.628 8.770
IW3 9969 89.40 3.063 7.873 10.14
10W3 11167 1356 2781 13.18 11.12
1W4  0.5608 0.888 4.538  0.06883 6.024
2W4  0.6408 1.237 4618  0.09430 5.834
3w4 1629 4.196 4473  0.3302 6.180
4W4 2429 7.650 4327 0.6225 6.540
SW4 3253 10.71 4444 0.8484 6.252
6W4 4885 21.09 4.140  1.795 7.013
TW4 6,740 35.40 3872 3223 7.722
8W4 8413 66.73 3574 6.589 8.555
9IW4 11.90 162.6 3.000 19.19 10.34
1S3 0.5761 0.1680 39.19 0.001149  73.35
283 0.6644 0.4490 37.80 0.003193  73.38
383 0.7281 0.7020 36.43 0.005192 7341
4S3  0.7853 1.367 34.20 0.01080 73.46
583 09188 2.517 3105 0.02200 73.54
6S3 1.094 3323 29.16 0.03102 73.59
783 1.395 4593 27.16 0.04623 73.66
883 1.684 5923 2589 0.06282 73.70
983 1916 7.579 23.05 0.09061 73.81

*Symbols as Table 2.
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by replacing K(=1/C) with 1/C,;—this parameter,
which will be called the Forchheimer-modified
Rayleigh number, represents the influence of the linear
velocity term in Forchheimer’s equation upon the rate
of heat transfer. The dimensionless quantity (C,D/C,)
represents the influence of the quadratic velocity term
in Forchheimer’s equation—its contribution can be
regarded as being a modification of the effect of the
linear term. This reasoning is analogous to that
proposed by Bejan and Poulikakos, who regard their
parameter G as a factor that represents a degree of
deviation from the Darcy solution. Thefactor Pr%12¢in
equation (48) was adopted from equation (43). The
optimum values of ¢, a and b in (48) were found to be
2,05, 3.17 and 0.0226, respectively, with which the
correlation becomes

; j=05.
(49)

Equation (49)is valid for 3 < (Re), ., < 100. A graph of
equation (49) together with the relevant experimental
data is shown in Fig. 8. The errors incurred by (49) with
respect to the relevant experimental data are listed in
Table 4. (See Nomenclature for error notation.)

Equations (43) and (49) adequately correlate all the
experimental data plotted in Fig. 7 except for the first
four or five oil points (1-553). These oil data exhibit a
markedly different trend from the rest of the data that lie
in the low range of Ra. They were successfully
correlated by pursuing a suggestion made in the closing
sentence of ref. [ 12] to the effect that viscous dissipation
might be significant in the case of natural convection in
porous media.

In order to identify a measure of viscous dissipation
in the present context, the energy equation,
appropriately modified for natural convection in
porous media and including the viscous dissipation
term expressed in terms of Darcy’s law, was examined.
For present purposes it was sufficient to consider the
steady one-dimensional energy equation which is
derived in the recent text by Bejan [13] and is

C.D 0.0226
Nu Pro-126 =205 (Ra)2;*" (————Cl )

2

50 0.126
[ NuP™® 0317
C,D00226 7205 Ralc,
© r 0.5
g (Re)mux>3
ST, & W2
<)
SlS ol oW
&
S [
< s-
z -
2 L I R | ' S
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FiG. 8. Graph of equation (49) and relevant data.
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Table 4. Errors incurred by correlation equations with respect
to relevant experimental data

E{md) E{(rms)
Darcy regime
Equation (59);j = 0.5 5.01 6.75
Equation (60);j = 0.32 4.88 6.20
Equation (63);j = 0.5, &, 4.64 5.99
Equation (64); j = 0.32, ¢, 4.45 5.75
Forchheimer regime
Equation (49);j = 0.5 1.27 1.90
Equation (61);j = 0.32 1.25 1.86
Equation (65);j = 0.5, ¢, 1.26 .79
Equation (66);j = 0.32, ¢,, 1.27 1.74
reproduced here as follows:
oT  k T  w?
V—=——F5+———— (50)
ox  pc, Ox Kpe,

where v is the velocity in the x-direction.
Equation (50) was rendered non-dimensional by
means of the following transformations:

v b T-T,
=— X=-— = ©
14 7 D, and ¢ T_T.

where D, is a characteristic length and

N v

£

is taken as the characteristic velocity [see equation
(28)]. When each term in equation (50) is transformed
via the preceding dimensionless quantities, the result is
KgB(T,— T,.)? p 90 _kKI-T,) *é

vD, 175.¢ pc,D?  0X*?
KgpAT\?
v <_g_ﬁ__) V2. (51)
Kc, v
Multiplying equation (51) by D2/(vAT) yields
¢ 1 ¢ 2
where
KgpD(T.—T.
Gr = —g—ﬂ%——“’l is the Grashof number,
ey
Pr= T is the Prandtl number,
and
D,
Ge= g/i—f is the Gebhart number.
P

Equation (52) indicates that the temperature distri-
bution depends only upon Gr, Pr and Ge. Con-
sequently, the Nusselt number depends upon these
same parameters ; that is,

Nu = f(Gr, Pr, Ge). (53)
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According to the theory of dimensional analysis, an
alternative equivalent statement to equation (51) is

Nu = g(Ra, Pr, Ge) (54)

since Ra = Gr Pr. The Gebhart number, which was
also employed in [12], is the sought-for measure of
viscous dissipation. The value of Ge for the silicone oil
used here is approx. 10 times its value for water. This
disparity in the value of Ge reveals why viscous
dissipation for the present water experiments is
negligible compared with its magnitude for the oil
experiments.

Having identified a parameter that characterizes the
viscous dissipation, the following hypothesis was
adopted in order to correlate the errant oil data:

Nu Pro-126 = 0,679 Ra®®*°+A; j=0.5 (59)

where A = f(Ge)g(Ra)and D, is taken to be the cylinder
diameter D. This hypothesis is predicated upon the
assumption that the ordinates of the first five oil data
points in Fig. 7 differ from the predictions of equation
(43)by anamount A, and that A can be represented by a
function of Ge multiplied by a function of Ra. Next, it
was hypothesized that

f(Ge) =m Ge"

where m and n are constants to be determined from
experimental data. The present experimental data are
insufficient to definitely determine the values of mand n,
because Ge is nearly constant for the oil data under
consideration and nearly negligible, by comparison, for
the water data ; therefore, all the oil data taken together
represent a single datum for evaluating m and n—this
point will be discussed further below. If n is arbitrarily
chosen equal to 1, then

f(Ge) = m Ge g(Ra).

(56)

(57)

Now, A can be calculated for each oil datum under
consideration using (43), and so a plot of A vs Ra can be
constructed. This was done and it was recognized and
verified that A is closely approximated by

A = m Ge sech Ra. (58)

where m = 9.79 x 10%. Hence, finally, equation (55)
becomes

Nu Pro12¢ = 0.679 Ra®%*¢ 4+ m Grsech Ra; j=0.5
(59

wherem = 9.79 x 10% if n = 1.

Equation (59) is valid for 0.001 < (Ré),.x < 3. The
errors incurred by (59) with n = 1 are listed in Table 4;
A graph of (59) together with the relevant data points is
shown in Fig. 9.

In concluding this discussion of equation (59), it is
emphasized that the values of the constants m and n
contained therein have not been uniquely determined.
Thus, if n were chosen equal to 2, an equally
representative correlation could have been determined
which would contain a different (compensating) value
of m. The definitive determination of m and n can be
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accomplished only if additional heat transfer data with
different values of Ge become available.

Second correlation:j = 0.32.1t was shown in [ 8] that
the influence of property variation on heat transfer by
natural convection from horizontal cylinders can be
taken into account more accurately by evaluating
properties at j = 0.32 than by evaluating them at j =
0.5 (the mean film temperature). In the present study
it was found that j = 0.32 also yields improved resuits.
With j = 0.32 the correlation procedures described
above yield :

Nu Pro-0896 — 643 Rq®5%¢
+8.40 x 108Ge sech Ra; 0.001 < (Re),,,, <3 (60)
and

0.131
Nu Pr0'0896 = 0.986 (Ra)g.1372 <—CS~D> ,

2

3 < (Re)p, < 100. (61)

The errors incurred by equations (60) and (61) are listed
in Table 4.

Third correlation : the wall effect. It was observed that
the errors incurred by the correlation equations
presented above were greatest for the data obtained
with the 4-mm glass spheres. This was attributed to the
influence of the so-called ‘wall effect’, which is caused by
the fact that the glass spheres of the porous medium are
in point contact with (tangential to) the surface of the
test specimen, and this results in a large increase in &
near the heat transfer surface. In order to take the wall
effect into account, at least partially, the value of ¢ that
appearsinall correlation calculations was replaced by a
‘wall corrected porosity’ ¢, defined as follows:

e

where d/D is the ratio of the glass sphere diameter to the
test cylinder diameter. The wall correction factor was
chosen to be [1+1/2(d/D)*] for two reasons; first,
because it approaches unity as d/D approaches zero;
and second, because porosity is a spatially-related
quantity (hence the cube of d/D). The factor 1/2 was
selected by trial and error to yield optimum results.
Correlations that include the wall correction will be
identified by the symbol ¢,,.

The entire correlation procedure described above
was repeated incorporating equation (62) with the
following results:

(62)

Nu Pr®'2* = 0.653 Ra®®*° +9.97 x 10° Ge sech Ra
for e, j=05 and 000l <(Re),, <3, (63)
Nu Pro°%77 = 0.618 Ra®%°® 1 8.54 x 10° Ge sech Ra

for ¢, j=032 and 000! < (Re),, <3, (64)
Nu Pro12* = 1,65 Ra®31° ST
C,
for e,, j=05 and 3 <(Re),, < 100, (65)
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Nu Pro9877 = 0,766 Ra®3"* <——CC‘D)°'”3
2

for &, j=032 and 3 <(Re),,, < 100. (66)

DISCUSSION OF CORRELATIONS: ERRORS

The errors listed in Table 4 for the Darcy regime are
more than twice what can be attributed to errors in the
measurements of heat flux and temperature. It is
believed that the major source of the unaccounted-for
error is uncertainty withregard to the magnitude ofe. In
order to demonstrate the sensitivity of the heat transfer
process to the magnitude of ¢, plots of K, C, and C, are
presented in Fig. 10 for the 3-mm glass spheres. These
plots show that, correspondingto a 19, changein ¢,* the
value of K changes by 4%,. Now, a 4%, change in K
produces a 2.6% change in Nu. Thus, Nu is very
sensitive to the value of e in the Darcy regime. However,
Nu is considerably less sensitive to changes in ¢ in the
Forchheimer regime ; here, a 19 change in ¢ produces a
1%, change in Nu. This is why the errors for the
Forchheimer regime listed in Table 4 are substantially
less than those for the Darcy regime.

It is not likely that the value of & can be determined
experimentally with an accuracy greater than 1%, the
reason for this being that the packing of the matrices of
the porous media is a stochastic process, and is,
therefore, a product of ‘chance’. Even if the overall

*¢ = 0.36 for all three media employed in this study—see
Table 1.
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Fi1G. 10. Graphs of , C,, C, and C,/C, as functions of &.

average value of ¢ is determined with great accuracy, it
is likely that the porous medium will contain local
variations in ¢ that are impossible to detect. Thus, it
appears difficult to acquire data and correlations that
would incur errors appreciably less than those listed in
Table 4.

Equations (64) and (66), which contain the wall
correction factor, are recommended above all others —
the others have been reported primarily for
development and comparison purposes. Equations (64)
and (66) are considered superior not only because they
exhibit the minimum errors (see Table 4) but also
because they contain the wall correction factor
[1+1/2(d/D)*] which, it is expected, renders them
applicable at somewhat higher values of the ratio d/D
(say, 10 or 15%; higher) than the maximum (d/D = 0.35)
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employed in the present experiments. An expanded
experimental investigation of the role of d/D will be
undertaken in the near future.

CONCLUDING REMARKS

The kind of flow that occurs at any point in a porous
medium depends upon the Reynolds number. For
natural convection in an infinite medium the Reynolds
number always approaches zero with increasing
distance from the heated surface. Therefore, the
Reynolds number near a heated surface may be
sufficiently high to cause Forchheimer flow, but
somewhat further from this surface it will have
diminished sufficiently in magnitude to incur Darcy
flow, and at a still greater distance from the surface it
will have diminished to the point where pre-Darcy flow
occurs. These observations provide an explanation for
the experimentally observed fact that the relatively
small porous medium reservoir utilized in the present
investigation adequately simulates an infinite medium ;
the reason being, of course, that the local Reynolds
number drops off rapidly with increasing distance from
the test specimen and the pre-Darcy regime of flow is
soon encountered, which is tantamount to encounter-
ing a ‘zero velocity’ or ‘no-slip’ boundary. The
extension of the medium beyond this no-slip boundary
is superfluous with respect to the simulation of an
infinite medium.

In view of the preceding remarks one might well
question the logic behind the correlation equations
presented above {or Darcy and Forchheimer flow, for
these equations obviously do not account for their
respective preceding kinds of flow. The answer to this
question is that these equations are correlation for the
Nusselt number, which is determined by the flow
adjacent to the heat transfer surface, where the ‘highest’
type of flow always occurs. However, a complete solu-
tion to the problem, including the entire velocity
and temperature fields, would require, in general, the
simultaneous consideration of several kinds of flow.
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CONVECTION THERMIQUE NATURELLE A PARTIR D'UN CYLINDRE HORIZONTAL
NOYE DANS UN MILIEU POREUX

Résumé—On présente les résultats d’une recherche expérimentale sur la convection thermique naturelle a
partir d’un cylindre horizontal noyé dans un milieu poreux réalisé par des sphéres de verre et saturé d’eau ou
d’huile silicone. On montre que le domaine global du nombre de Rayleigh Ra peut étre divisé en deux régions,
appelées “basse” et “haute”, dans chacune desquelles le nombre de Nusselt se comporte différemment. On
montre que la région basse correspond a I'écoulement de Darcy, et Ra haute 4 'écoulement de Forchheimer.
On présente des équations pour Nu au régime de Darcy qui tiennent compte de la dissipation visqueuse et
d’autres pour le régime de Forchheimer. La variation des propriétés avecla température et 'effet de paroisur la
porosité (et par conséquent sur le transfert thermique) sont considérés. On donne une information sur la perte
de charge de I’écoulement dans le milieu poreux, en relation avec le transfert de chaleur.
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WARMEUBERGANG BEI NATURLICHER KONVEKTION AN EINEM HORIZONTALEN
ZYLINDER IN EINEM POROSEN MEDIUM

Zusammenfassung—Diese Abhandlung zeigt Ergebnisse eciner experimentellen Untersuchung des
Wirmeiibergangs bei natiirlicher Konvektion an einem horizontalen Zylinder, der in einer Zufallsschiittung
von Glaskugeln liegt, welche mit Wasser oder mit Silikondl gesittigt ist. Der gesamte Wertebereich der
Rayleighzahlen, Ra, wird in zwei Teilbereiche untergliedert (oberer und unterer Bereich), in denen sich die
Nusseltzahl, Nu, unterschiedlich verhilt. Es wird demonstriert, da der untere Rayleighzahlbereich mit der
Darcy-Strémung und der obere Bereich mit der Forchheimer-Stromung beschrieben werden kann. Es werden
Korrelationsgleichungen fiir Nu im Darcybereich angegeben, welche die Energiedissipation beriicksichtigen,
und andere fiir den Forchheimerbereich, welche den ersten und zweiten Forchheimerkoeffizienten
beeinhalten. Die Anderung der Stoffeigenschaften mit der Temperatur und der RandeinfluB auf die Porositit
(und damit auf den Wirmetibergang) wird betrachtet. Die Abhandlung enthilt ebenfalls Informationen
beziiglich des Stromungswiderstandes in porésen Medien, die beim Studium der Wirmetransportvirginge
beobachtet wurden.

MEPEHOC TEIUIA ECTECTBEHHOW KOHBEKLWEN OT MOPU30HTAJILHOI'O
HUJTUHIPA, PACIIOJIO)KEHHOI'O B MOPUCTON CPEJE

Annoranusi—IIpencTaBlieHbl pPe3yibTaThl 3KCNIEPHMEHTAIBHOTO HCCIEMOBAHHA TEILIONMEPEHOCA €CTECT-
BEHHOM KOHBEKIMEH OT rOPH3OHTAILHOTO HWIHHAPA, PAacnojIOKEHHOTO B MOPHCTOH cpefe, cocTosMmIeH
M3 XaOTHYECKH pachpedesieHHbIX CTEKJISHHbIX IIAPHKOB, MOrPYXEHHbIX B BOAY HWIH CHJIMKOHOBOE MAacJo.
IToka3aHo, 4TO Bech AMana3oH 3Ha4YeHHit yucna Panes Ra MoxHo pa3buTh Ha ase moaoGnacTu (Majbix 1
6ob1IMX 3HAYEHAI), B KOTOPBIX 4ucio Hyccenbra Bener cebsa mo-pasHomy. [pu atom obnacTs mansix
3Ha4eHuii yucna Ra coorBetcTByer Teuennio MapcH, a Beicoknx—PopuxefiMepa. [IpeacraBieHs! 3aBucH-
MocTH 1ist yucsia Nu B pexume JlapcH, KOTOpble YYHTHIBAIOT BA3KYIO JHCCHNALMIO, H B pexuMe Popu-
xeifMepa, COJEpXKALIKE NEPBhIA ¥ BTOpoil ko3ddunmentsr Popuxeiimepa.. [IpuHuMaeTcs Bo BHUMaHuUe
BJINSIHUE 3aBUCHMOCTH TeMI0(PU3HUECKHX CBOHCTB OT TEMIEPATYpPhl H YCIIOBHI Ha CTEHKe Ha TEIIonepe-
Hoc. IpencraBienbl qaHHble 0 THAPOANHAMUYECKOM CONPOTHBIICHHH B MOPUCTHIX Cpelax, MOJy4eHHBIE
NPH HCCIeAOBAHMH NpoLiecca TEILIONEPEHOCa.
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