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Abstract-Experimental results are reported for free and mixed convection in liquid saturated, horizontal 
porous layers with localized heating from below. Three different sizes of heat source have been considered 
which give a relative heater size (axial length/layer depth) of 1.0-5.0. For natural convection, Nusselt 
numbers have been obtained for Rayleigh numbers of practical interest, 1 < Ra, < 1000, while for mixed 
convection, results cover 1 < Ra, < 1000 and 0.1 < Pe, < 120. Based on dimensional analysis and non- 
linear regression, correlations for Nusselt number against Rayleigh and Peclet numbers have been obtained. 
Experimental Nusselt numbers compare very well with numerically calculated values. Improved agreement 
between calculations and measurements can be obtained through use of an effective thermal conductivity. 
The stability of the flow and temperature fields are also carefully examined. The existence of a Peclet 

number for which the overall heat transfer rate is a minimum is confirmed by experiment. 

INTRODUCTION 

HEAT TRANSFER in saturated porous media has 
recently received considerable attention because of 
its important applications in geophysics and energy- 
related engineering technologies. However, most 
existing fundamental studies have focused on natural 
convection, while few have been reported for mixed 
convection despite its equal importance in many situ- 

ations. In addition, most studies have considered a 
uniformly heated lower boundary, while a finite, or 
local, heat source, which is encountered more fre- 

quently in practice, has received little attention. For 
natural convection in the non-uniformly heated case, 
Elder [l, 21 and Horne and O’Sullivan [3,4] were the 

first to study buoyancy induced flows in horizontal 
layers with localized heating from below. Later, the 
problem was re-examined numerically by Prasad and 

Kulacki [S, 61. However, no experimental results have 
been reported thus far. 

For mixed convection, Wooding [7] made the first 
attempt to study combined free and forced convection 
in a porous layer, which later was followed by the 
studies of Prats [8], Sutton [9], and Homsy and Sher- 
wood [lo]. Using a boundary layer formulation and 
the similarity method, Cheng [l 1, 121 has conducted 
a series of investigations on mixed convection over 
vertical, inclined and horizontal plates. Recently, 
numerical results for mixed convection in horizontal 
and vertical porous layers with non-uniform heating 
on the boundary have been reported [13, 141. Ex- 
perimental work on mixed convection has been very 
limited and studies have been reported only by 
Combarnous and Bia [ 151, Fand and Phan [16], and 
Clarksean et al. [ 171. 

The purpose of the present study is to exper- 
imentally examine the interactions between buoyancy 
and an externally induced flow over a horizontal sur- 

face which is locally heated. Experiments on natural 
convection are conducted first and the measured Nus- 
selt numbers are then used as a limiting case for mixed 
convection. Heat transfer results are reduced to 

relations between Nusselt, Rayleigh and Peclet num- 
bers for maximum utility in engineering design. The 
experimental results are also compared to those pre- 
dicted by earlier numerical analysis [13, 18, 191 so as 

to validate the observed phenomena. Finally, some 
care has been taken in describing the experimental 
apparatus and procedure given the fundamental 
nature of the experiments. We hope this aspect of the 
paper will make the reduced data more useful for 
both applications to thermal engineering and future 

research. 

EXPERIMENTAL APPARATUS 

The apparatus has been carefully designed such that 
it has the capability of performing both natural and 
mixed convection experiments (Fig. 1). In addition, it 
requires minimum modifications when changing from 

one set of experiments to another. The major com- 
ponent is a long rectangular box made of Plexiglas. 
The box is divided into three sections by two sets of 

stainless steel screens. When conducting experiments 
for natural convection (Fig. 2(a)), these two screen 

sets are replaced by two Phenolite plates. In addition, 
three blocks of polystyrene insulation, each of 5.08 cm 
thick, are inserted to both entrance and exit sections to 
minimize heat losses. When performing mixed con- 
vection experiments (Fig. 2(b)), the entrance section 
is equipped with a flow distributor and a tube bundle 
which serves as a plenum to maintain a uniform flow 
in the test section. The entrance section also serves to 
collect any entrained air bubbles. 

The exit section provides a return passage for the 
circulating water. Five thermocouple probes, 0,16 cm 
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NOMENCLATURE 

c specific heat of fluid at constant pressure Ir isobaric thermal expansion coefficient of 
[J kg-’ K-‘] fluid [K-‘1 

d diameter of glass bead [m] E porosity 
5 length of heat source [m] 8 dimensionless temperature 
Da Darcy number, K/H2 V kinematic viscosity of fluid [m* s- ‘1 

9 acceleration of gravity [m se21 z dimensionless time 
h average heat transfer coefficient on the w weighting function, equation (3). 

heated surface [W m- ’ K- ‘1 
H height of the porous layer [m] 

k, effective thermai conductivity of the 
saturated porous medium Superscript 
[W rn-’ K-‘1 * quantity based on the mean temperature 

k,, stagnant thermal conductivity of the difference. 
porous medium ply m-’ K-‘1 

XI ~rmeabiIity of the saturated porous 
medium fm ‘] 

L length of the porous layer [m] Subscripts 
NM average Nusselt number, hH/k D quantity based on the length of the heat 
PC Peclet number, U,,H/lja source 

4 uniform heat flux [W rn-‘1 e quantity based on the effective thermal 
RlZ Rayleigh number, Kg~q~~~v~k conductivity of the porous medium 
T temperature [K] f fluid 

u0 uniform velocity of the external flow H quantity based on the height of the porous 
[m 5 ‘1 layer 

x, y Cartesian coordinates [ml. m quantity based on the stagnant thermal 
conductivity of the porous medium 

Greek symbols w condition at the wall 
r thermal diffusivity of porous medium, X local variable 

z -I 
k/(p& [m s 1 co condition at infinity. 

in diameter, are mounted on the wail of this section. locations, each 7.62 cm apart. Two probes 15.24 cm 
Three probes, each 45.72 cm long, are inserted in the long are used to measure the temperature of exiting 
test section at a height of 2.54 cm. They measure the water. 
temperature of the porous medium at three different The test section has a dimension of 1.067 x 0.305 m. 

I Entrance Section 
i? Test Section 

IiZ Exit Section 

m Tube Bundle (Flow 

Strcrightener 1‘ 
@ Strip Hsotsr 
OS crew-9 
@ Copper Plate 

@ Air Vent 

Chamber 

FIG. I. Experimental apparatus used for the study of natural and mixed convection in a horizontal porous 
layer. 
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@ Constant Temperature Bath 

@Porous Medium 

@Polystyrene Insulation 
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@Flow Meter 

8 Pump 

@ Flow Distributor 

@ Tube Bundle 

@I Screen 

FIG. 2. Experimental set-up for the study of (a) natural 
convection and (b) mixed convection. 

Twenty-one strip heaters are mounted on the bottom 
wall of this section. Each heater is 30.38 cm x 5.08 cm 
and is designed to provide a constant heat flux. Each 
of the heaters is individually controlled, and thus heat 
flux can be varied in segments along the length of the 
test section. 

On the bottom wall of the test section, grooves are 
provided on both sides of the wall such that thermo- 
couple wires can be set in and run through. Thus, 
the flatness of the test section can be ensured. Sixty- 
three thermocouples (30 Ga, type T) are then placed 
underneath the heaters with their junctions in direct 

contact with the heaters. Another 63 thermocouples 
of the same type are installed on the bottom surface 
in a ‘one-on-one’ correspondence. With this arrange- 
ment, each heater is monitored by at least six thermo- 

couples, and heat loss in both lateral and longitudinal 
directions can therefore be accurately calculated. 

Since the calculation of the average Nusselt number 
requires knowledge of the surface temperature of the 
heater, its accuracy therefore strongly depends on the 
precision of these measurements. An additional 20 
thermocouples are attached to the surface of five 
heaters in the central portion of the test section. To 
minimize the interference to the flow field, fine gauge 
thermocouple wires (nominal size 0.56 mm x0.96 
mm) are used. By applying high temperature, highly 
conductive adhesive to the beads, the thermocouple 
junctions are attached to the heater surface. The beads 
are made as small as possible to minimize interference 
and provide accurate measurement and fast response. 

Four thermocouples are affixed to each heater, two in 

the center, and one at each end. 
To effectively maintain an isothermally cooled top 

surface, a cooling chamber is provided (Fig. 1). The 
chamber is a rectangular box the bottom wall of which 
is a copper plate, while the rest of the walls are made 
of Plexiglas. Cooling water is circulated through the 
chamber from a thermostatically controlled source. 
Mixing and convective cooling is relied upon to main- 
tain the copper plate at a constant temperature. 
Twelve thermocouples are mounted on the surface of 

the copper plate to monitor the temperature variation. 
When the input power to the heating elements on the 
lower surface is high, the flow rate of the cooling water 
is increased to maintain a constant temperature. 

Two sheets of polystyrene insulations, each 5.08 cm 
thick are placed underneath the apparatus. The side 
walls are also insulated with three layers of poly- 

styrene to a total thickness of 15.24 cm. These layers 
of insulation maintain nearly adiabatic thermal 

boundary conditions on the test section. 
To minimize the errors which may otherwise arise 

due to an initial temperature difference between the 
incoming water and the cooling chamber, the cir- 
culating flows to the porous bed and the cooling 
chamber are drawn from the same constant tempera- 
ture bath. In practice, because of the design of the 
apparatus and cooling chamber, small temperature 

fluctuations in the circulator reservoir produce only a 
negligible change in thermocouple readings from the 
incoming water and the copper plate of the cooling 
chamber. To accurately control the flow rate, a vari- 

able-speed pump has been used. A ten-turn speed 
control potentiometer with a latch to lock in settings 
is provided for a better control of the flow rate. 

All thermocouples from the apparatus are con- 
nected to a data acquisition unit. All the thermocouple 
signals are directly converted to temperature readings 
by computer software. 

EXPERIMENTAL PROCEDURE 

Experiments were performed using 3 mm diameter 
glass beads and water as the saturated porous 
medium. The depth of the porous bed was kept con- 
stant at 5.08 cm, throughout the experiments. The 
porous layer under consideration thus had an aspect 
ratio of 21 : 1 and a packing parameter, d/H, of 0.059 
(l/17). The reason for choosing such a long shallow 
bed is that the assumption of a two-dimensional flow 

is nearly met, and the effects of side walls can be 
minimized. 

In the preparation of the experiments, the glass 
beads and the interior of the apparatus were carefully 
cleaned. The test section was then filled up to the 
desired height, 5.08 cm for the present study, with 
glass beads and water. To produce an isotropic and 
homogeneous porous medium, water and glass beads 
were added to the test section one by one. The appar- 
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atus was shaken gently to let the glass beads settle 
down nicely and release any trapped air. To avoid 
trapped air in the test section, water was added to a 
height of 2 cm over the porous bed. The cooling 
chamber was then placed in its position and was 
pushed down until it fully rested on the layer of glass 
beads, thus forcing excess water out of the entrance 
and exit sections. The apparatus was then entirely 
sealed. Before power was applied to the heaters, water 
from the constant temperature reservoir was cir- 
culated through both the cooling chamber and the 
apparatus for several hours so that the entire system 
would be at uniform temperature. 

In all runs, sufficient time was allowed for the sys- 
tem to reach a steady state. To assure that the steady 
state had been reached, a strip chart recorder was used 
to monitor temperature variations at two locations. 
The time required to reach a steady state was depen- 
dent on Rayleigh number, Peclet number, and the size 
of the heat sources. In general, for higher Rayleigh 
numbers, less time was required to reach steady state. 
Data, namely thermocouple outputs, power inputs to 
heaters, and flow rates were recorded over a IO min 
period at steady state. An average of five sets of read- 
ings comprised each data point reported here. 

To minimize the experimental errors, heat losses 
from the apparatus were carefully identified and cor- 
rected before any correlations were developed. How- 
ever, the Rayleigh, Peclet and Nusselt numbers pre- 
sented in the final correlations are still subject to 
errors. These errors result from the uncertainties in 
the quantities used to calculate them. To perform an 
analysis on experimental errors, the uncertainties in 
the permeability and the effective thermal con- 
ductivity are unknown. These values are the subject 
of much heated debate in the literature and are often 
corrected in post experiment analysis. Therefore, the 
uncertainties in these quantities have been neglected 
in the error analysis. the confidence in the chosen 
correlations for these values stems from their suc- 
cessful use by many investigators. 

To calculate the uncertainty in all the dimensionless 
groups, the law of summation of fractional errors is 
applied to give an estimate of the total fractional 
uncertainty. Based on this analysis, the estimated 
uncertainties for the Rayleigh, Peclet and Nusselt 
numbers are 4.7, 4.1 and 2.9%. respectively. The 
uncertainty in Peclet number is a maximum when the 
flow rate is a minimum. This is also true for Nusselt 
number, with the maximum uncertainty resulting 
from the smallest temperature difference. 

For natural convection, experiments were con- 
ducted for a wide range of Rayleigh number and vari- 
ous sizes of heat source, i.e. D/H = I, 3 and 5. For 
each size of heat source, the data were taken with the 
Rayleigh number (input power) being increased from 
low to high. For mixed convection, a full range of 
Peclet and Rayleigh numbers was explored. Thus, 
correlations could be determined from the given Peclet 
and Rayleigh numbers and the resulting Nusselt num- 

bers. The range of the experimental data used to deter- 
mine the final correlations are 0.1 < Pp,, 6 120 and 
1 B Ra,, < 1000. The Reynolds number based on the 
diameter of the glass bead is of the order of unity, 
which implies that inertial effects are negligible. 
In addition, the Darcy number for the present case 
is of the order of lo-‘, which further implies that 
Brinkman effects are insignificant [20]. Therefore, the 
applicability of Darcy’s law in the present analysis is 
theoretically confirmed. Forced convection which 
becomes dominant when Pe,, 2 150, is not considered 
here due to non-Darcy effects. 

RESULTS 

In the presentation of experimental results, the per- 
meability used in the calculation of the Rayleigh num- 
ber. RaNI is based on the Kozeny-Carman equation 

f2Il 

K I= _d2J!I-. .__ 
180(1-s)Z’ 

Except for highly porous, fibrous, or fissured media, it 
has been reported that this equation gives a reasonable 
value of permeability [21, 221. In the calculation of 
the Nusselt and Rayleigh numbers, the value of the 
effective thermal conductivity of a porous medium is 
required. In the present study, the mixture rule has 
been employed to the primary reduced values of Nus- 
selt number and initial correlations for heat transfer. 
It has been reported that this conductivity model, 
although simple in form, gives very reasonable values 
of the stagnant thermal conductivity as long as there 
is no significant difference between k, and kr. We will 
return to the issue of how best to represent thermal 
conductivity later. 

Natural convection 
For a uniformly heated boundary, the criterion for 

the onset of natural convection in porous media has 
been well established. However, very little attention 
has been focused on the non-uniformly heated case. 
Therefore, the present study serves two purposes : (If 
to provide experimental data for the validation of 
numerical solution of the governing partial differential 
equations, and (2) to provide results which later will 
be used as a limiting case in the study of mixed 
convection. Although we are without the aid of flow 
visualization, the flow field was carefully monitored 
through temperature recordings. Numerical results 
have also been used to get a better understanding of 
the convective heat transfer process. The numerical 
method and calculation procedure have been 
described in detail elsewhere [23, 241 and are omitted 
here for brevity. 

When the porous layer is locally heated with a small 
flux, a weak convective cell is first generated at the 
edge of the heat source, due to the horizontal tem- 
perature gradient (Fig. 3(a)). For D/H = 3 and 5, it 
is observed that. for a large portion of domain over 
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D/H , 

1 

(b) 3 

5 

FIG. 3. Natural convection in a horizontal porous layer, for Rzw = 10: (a) streamlines (A$ = 0.1) and (b) 
isotherms (A0 = 0.1). 

the heat source, heat transfer is mainly by conduction 

(Fig. 3(b)). With an increase in the applied heat flux, 
the strength of the convective cells increases. For 
D/H = 1, it remains a single cell, while for D/H = 3 
and 5, additional recirculating cells have formed in 
the layer (Fig. 4(a)). In the temperature field, a ther- 
mal plume is observed to rise from the heat source for 

D/H = 1, while for D/H = 3 and 5, ascending and 
descending plumes are found simultaneously (Fig. 

4(b)). 
When the flux is increased further such that the 

Rayleigh number is large, e.g. Ra, = 500, it is inter- 
esting to see that for D/H = 1, the flow is unicellu- 
lar, but for D/H = 3, the flow field has changed from 

1 

(a) 3 

5 

D/H 

FIG. 4. Natural convection in a horizontal porous layer, for Ra H = 100: (a) streamlines (A$ = 0.2) and 
(b) isotherms (A@ = 0.1). 
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FIG. 5. Natural convection in a horizontal porous Iayer, for Ru fi = 500: (a) streamlines (A$ = l.O} and 
(b) isotherms (A0 = 0.05). 

multicellular to unicellular. For D/H = 5, an addi- and 7, respectively. At small time, flow disturbance 
tional pair of cells has been generated in the field (Fig. starts at the edge of the heat source and propagates 
5). Even so, the flow fields remain stable which can toward the center, leaving the rest of the domain 
be verified from the results of the transient study. largely unaffected. Multiple cells are generated there- 

To obtain a better understanding of the transport after as long as the local Rayleigh number is above a 
process, the variation of the flow and temperature critical value at which convection is initiated. Particular 
fields with time, for D/H = 5, are presented in Figs. 6 attention is drawn to the displacement of the 

z 

0.01 

QO6 

0.10 

0.16 

0.65 

FIG. 6. Variation of flow field with time, for D/H = 5 and RaH = 500 (A$ = 0.5 for t < 0.1, AI/I = 1 for 
T > 0.1). 
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FIG. ‘7. Variation of temperature field with time, for D/H = 5 and Rat, = 500 (A@ = 0.05). 

streamlines as a disturbance is generated. Finally, a 
steady state is reached after all the small disturbances 
are dissipated through the unheated domain. 

The present results differ from those of Horne and 
O’Sullivan 13, 4] in that no flow (temperature) oscil- 
lation has been observed. However, Horne and O’Sul- 
livan [3] studied the case of a square cavity. In that 
case, the disturbance, once generated, is not totally 
dissipated through the unheated region. In turn, it 
triggers the appearance of the next disturbance, which 
leads the flow field to an oscillatory state. For the 
present case and that studied by Prasad and Kulacki 
[S, 61, the geometry considered is a rectangular cavity 
with the aSpect ratio of 10.5 and 5, respectively. Thus, 
the additional unheated region provides an access to 
dissipate the disturbances, and hence weakens the 
triggering mechanism to the flow instability. 

The above observation made from the numerical 
study can be verified by the experimental results. The 
temperature variation on the heated surface which 
was recorded in the experiments is compared with the 
numerical solution in Fig. 8. The experimental data 
selected for the comparison have a Rayleigh number 
close to the numerical values. In general, the agree- 
ment between these two results are very good. 
Especially, the nice agreement at Ra, = 100 for 
D/H = 3 and 5, has further confirmed the multi- 
cellular convection observed in the numerical study. 

Heat transfer results in terms of average Nusselt 
number on the heated wall are presented in Fig. 9 for 
D/H = 1, 3 and 5. As reported by Nield [25] as well 
as Ribando and Torrance [26], the flow field is less 
stable when it is heated from below with a constant 
flux than by a constant temperature bottom wall. For 

a fully heated bottom wall, the critical Rayleigh num- 
ber for the constant flux case is found to be 27.1, 
instead of 40 (47~~) for the isothermal case. Due to the 
non-uniform heating, it is noticed that conv~tion 
starts at an even lower Rayleigh number. At a lower 
Rayleigh number, the present results agree well with 
the numerical results. However, as the Rayleigh num- 
ber increases, the experimental data are lower than 
the numerical predictions for D,/H = 1, while they are 
higher for D/H = 3 and 5. Nonetheless, both results 
show the same trend. The maximum difference 
between the experimental and numerical results is 
about 20%, but mostly they are within 10% of the 
numerical values. 

When an external flow is introduced to a porous 
layer which is locally heated from below, the resulting 
flow and temperature field can be quite different from 
the no-flow condition, i.e. free convection case. 
Depending on the introduced flow rate, the flow and 
temperature field can be characterized as the free, 
mixed and forced convection regime. 

When the external flow rate is small, the flow and 
temperature fields retain the characteristics of natural 
convection. The symmetry of the streamline and iso- 
therm patterns (Fig. 10) clearly shows the domination 
of buoyancy. However, for D/H = 3, the flow field 
has changed from a multi~llular structure (Fig. 4(a), 
for free convection) to a bicellular one due to the 
introduction of the external flow. 

An increase in the external flow rate weakens the 
buoyancy effect, while it increases the forced con- 
vection effects. This is clearly seen from the destruc- 
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FIG. 8. Temperature distribution on the heated surface: (a) 
D/H=l;(b)D/H=3;(c)D/H=S. 

tion of the symmetry of streamline and isotherm 
patterns (Fig. 11). In addition, it is noted that for 
D/H = 5, the flow becomes oscillatory. The flow oscil- 
lation observed in the present case is very similar to 
what has been previously reported [18, 191. If the 
external flow rate is increased further, the forced con- 
vection effects become dominant, while the buoyancy 
effects are diminished (Fig. 12). It is very interesting 
to see that the flow field for D/H = 5 becomes stable 
again. The cause of the instability will be elaborated 
on further in the following sections. 

To closely examine the interaction between the 
buoyancy effects and the forced flow, a series of exper- 
iments have been conducted. First, to show the impor- 

IOL, ,I,, I ,1,1111, 
1 D/H=5 

5- 
_ o Experipental Data 
_ - Numerical Result 

(NuH I,,, 

I 
o.55 IO 

I I ,,,I I ,,,c. 
50 100 500 ID00 

(Ro& 

FIG. 9. Average Nusselt number based on stagnant therma 
conductivity and layer height (natural convection). 

tant role that the buoyancy effects play in the mixed 
convection, the external flow rate was kept constant 
while the input power was increased accordingly. The 
results of this set of experiments are presented in Fig. 

13. It is clearly seen that the buoyancy effects are 
dominant at a low Peclet number and become 
negligible at a high Peclet number. 

On the other hand, to see forced convection effects, 
the input power was set constant while the external 
flow rate was varied. Figure 14 contains the results of 
this set of experiments. The data of the corresponding 
natural convection cases are also shown in the figure. 
It is clearly observed that at a small Peclet number, 
the heat transfer results for mixed convection are 

about the same as those for natural convection, which 
indicates the domination of the buoyancy effects at 
a small Peclet number. When the Peclet number 
increases, the contribution to the total heat transfer 
by forced convection increases, while the contribu- 
tion by natural convection is decreased due to the 
diminishing effects of buoyancy. The result of this 
balance is the existence of a Peclet number, for which 
the total heat transfer is a minimum. As the Peclet 
number is increased further, the enhancement of heat 
transfer by forced convection becomes more evident. 
The results shown here thus validate prior numerical 
studies (13, 181. 
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(b) 3 

FIG. 10. Mixed convection in a horizontal porous layer, for Ra = 100 and Pe = 0.1 : (a) streamlines 
(A$ = 1 for D/H = I, AI/ = 2 for D/H = 3, 5) and (b) isotherms (A6 = 0.1). 

D#H 

1 

(b) 3 

5 

FIG. 11. Mixed convection in a horizontal porous layer, for Ra = 100 and Pe = 1 : (a) streamlines 
(A$ = 0.2) and (b) isotherms (A@ = 0.1). 

It is interesting to point out that the oscillatory 
behavior in the flow field reported from the numerical 
study 118, 191 has also been observed in the exper- 
iments. Figure 15 shows the variation of the surface 
temperature with time. For free convection, the origin 
of oscillatory convection in a porous medium has 
been studied by Home and O’SuIlivan [3, 41. They 
concluded that the disturbances result from a com- 
bination of cyclic triggering by their predecessors that 
circulated around the convective cells and the insta- 
bility of the thermal boundary layer. However, in the 

present case, the ~sturb~~ was convected down- 
stream due to the external flow, which minimizes the 
triggering of thermal disturbances by their circulating 
predecessors. Therefore, it can be concluded that the 
only mechanism for oscillatory convection is due to 
the instability of the thermal boundary layer. This 
instability, in turn, is due to the interaction between 
the forced flow and buoyancy effects. While buoyancy 
effects tend to thicken the thermal boundary layer, 
forced flow suppresses it. With the existence of the 
upper wall, this interaction has been further inten- 
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(b) 3 

5 

FIG. 12. Mixed convection in a horizontal porous layer, for Ra = 100 and Pe = 10: (a) streamlines 
(A$ = 0.1) and (b) isotherms (A@ = 0.1). 

sified. The destruction and regeneration of circulating 
cells observed in the previous study [19] is the result 
of this process. The above argument can be verified by 
examining the time variation of the isotherm patterns 

u91. 
Heat transfer results for mixed convection can be 

best presented in terms of two governing parameters, 
Nu/Pe’12 and Ra/Pe312 (Fig. 16). As observed in the 
natural convection case, the experimental data are 
lower than the numerical prediction for D/H = 1, while 
they are higher for D/H = 5. Again, the maximum 
difference between the experimental and numerical 
results is about ZOO?, but mostly they are well within 
10%. Nevertheless, these two results show the same 
trend. 

Effectiue thermal corzductiuity 
The observed discrepancy between the measured 

and predicted Nusselt number in the above results is 
very similar to what has been reported in many studies 
when a thermal conductivity of the saturated medium 
is either based on a measured stagnant (i.e. no change) 
value or calculated via some mixture rule. Various 
theories have been proposed to explain this. Among 
them, use of an ‘effective’ thermal conductivity [23, 
24, 271 seems most reasonable and will be employed 
to improve the agreement between the experimental 
and numerical results. What is proposed is that the 
thermal conductivity in the energy equation is not 
the stagnant thermal conductivity (i.e. based on the 
mixture ruie) but the conductivity of the medium 
when the fluid is flowing. Since the fraction of energy 
transported by the fluid increases with convection, the 
effective thermal conductivity is expected to change 
and approach that of the fluid as the Rayleigh number 
increases. This concept was simply expressed [24, 27f 

by viewing the conductivity to comprise a component 
which depended on the convective state of the fluid, 
i.e. on Rayleigh number. Thus 

where 

k, = o/&+(1 -o)k, (2) 

o=l- hkonduction 
Nu, ’ (3) 

As is clear from equation (3) the weighting function 
w is based on the fraction of energy transferred by 
the fluid due to convection, and will increase as the 
convective flow increases. Hence, the effective thermal 
conductivity k, equals k, for pure conduction and 
asymptotically approaches kf as the convective com- 
ponent increases. Whether the purely convective limit 
can be reached awaits conclusive experimental proof, 
but in diagnosis from the present and earlier exper- 
iments [23, 271, however, are encouraging. The vari- 
ation of the weighting function is shown in Fig. 17 as 
a function of the Rayleigh number. As proposed, it 
increases with the Rayleigh number and approaches 
an asymptotic value when the Rayleigh number 
becomes large. 

Heat transjb correlations 
For natural convection, the correlation of heat 

transfer results based on the original experimental 
data is given by 

Nu, = 0.269Ra”.4s’ D 1 Ra, 2 40 (4) 

and for the corrected data 

Nu, = 0.516Ra;357, Ra, 3 40. (5) 

Based on the numerical results, the correlation is 

Nu = 0 520Ra:354, Ra, 2 40. I) . (6) 
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FIG. 13. Experimental results for buoyancy effects on mixed convection in a horizontal porous layer : (a) 
DIH=l;(b)D/H=3;(c)D/H=5. 

As noticed, the last two correlations agree with each average Nusselt number in this case is given by 

other very well. It has been reported that for natural 
convection over a horizontal surface embedded in a 

Nu, = 1.402R~1X”~. (7) 

saturated porous medium, similarity solutions exist It should be noted that the Rayleigh number in equa- 
for the case of constant surface heat flux [28]. The tion (7) is defined based on the mean temperature 
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FIG. 14. Experimental results for effects of forced flow on mixed convection in a horizontal porous layer : 
(a) D/H = 1 ; (b) D/H = 3 ; (c) D/H = 5. 

D/H =3 RBf,JO 

FIG. 15. Variation of surface temperature with time (mixed 
convection). 

difference on the heated wall, i.e. Raz = 

Kg/?(T,- T,)D/va. For comparison, it can also be 
defined based on the applied heat flux, i.e. Ra, = 
Kg&D2/kva, and the relation is given by 

In this case, equation (7) can be rewritten as 

Nu = 1 288Ra’14. D . D (9) 

It is important to note that the power of the Ray- 
leigh number has changed from l/3 (based on the 
mean temperature difference) to l/4 (based on the 
applied heat flux). Equations (5) and (9) are plotted 
in Fig. 18 for comparison. It is noticed that the pre- 
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FIG. 16. Heat transfer results based on stagnant thermal conductivity (mixed convection). 

used as a lower bound on the heat transfer rate at a 
higher Rayleigh number. 

For mixed convection, when the experimental data 
are presented in terms of the Nusselt, Rayleigh and 
Peclet numbers which are based on the effective ther- 
mal conductivity, a much better agreement is also 
found with the numerical prediction (Fig. 19). The 
results are best correlated by the following empirical 
formula : 

$ = [ 1.274+*.*79 ($$)l”~‘“” 
Ra 

FIG. 17. Variation of weighting function, w, with Rayleigh 
for original data (10) 

number (natural convection). 
$$ = [ 1.895+o.200(~)-Js75 

diction by the similarity solution is fairly good at high for corrected data (11) 
Rayleigh numbers, which can be expected since the and 
boundary-layer approximations used in the for- 
mulation are valid only at a high Rayleigh number. 
However, it is also noticed that the similarity solution 

s = [ 1.917+0.210 ($)=J372 

underpredicts the result at a higher Rayleigh number, 
e.g. RaL, > 6000. This is due to the breakdown of the for numerical results. (12) 

boundary-layer assumption since the boundary layer As presented by Cheng 1121, similarity solutions 
cannot grow indefinitely in the presence of the upper exist for mixed convection over a horizontal surface 
wall. Nevertheless, the similarity solution can be safely embedded in a saturated porous medium. The heat 

IO2 , t ,,//,I l I ,tllltl, * ,,11#11, / ,,,(/,1, * /,/), 

: 0 Experimental Data 
- - Eq. (5) 

--- Similarity Solution 

tNun)e 10’ ; 

00 0 &o 
too ’ I ’ lllW’ ’ ’ 1 L1lll’ ’ L t11111’ ’ ’ I11111’ ’ ’ ““CL 

IO0 IO’ IO’ IO’ IO4 IO’ 
(RaD Ia 

FIG. 18. Average Nusselt number based on effective thermal conductivity (natural convection). 
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FIG. 19. Heat transfer results based on effective thermal conductivity (mixed convection). 

transfer result in terms of the governing parameter 
Nu] Pe ‘I2 is given by 

NU, - = --P(O) 
Pei" (13) 

where -o’(O), which is the non-dimensional heat flux 
at the wall, is a function of RaJPe:“. It is noted, 
however, that the governing parameters in equation 
(13) are defined based on the local coordinate, 
i.e. Nu, = hx/k, Ra,y = Kgfi(T,- T,)x/va and Pe, = 
U,,X/CX If they were defined based on the heated length, 
then the numerical values of equation (13) can be cor- 
related by 

$ = [2.%8+2.769 ($)l’Y (14) 

Again, it should be noted that the Rayleigh number 
in equation (14) is defined based on the mean tem- 
perature difference on the heated surface. For com- 
parison, it can be expressed in terms of the applied 
heat flux and the heat transfer results can thus be 
correlated by 

It is noticed that the power of the correlation has also 

changed from l/3 to I/4, which is consistent with the 
natural convection results. Table 1 summarizes the 
correlation formulae that have been proposed in the 
present study, along with their estimated errors. 

It is interesting to point out that the Peclet number, 
at which the total heat transfer rate is a minimum, 
does not exist for mixed convective flow over a hori- 
zontal surface embedded in a semi-infinite porous 
medium (i.e. similarity solution). This can be verified 
by taking the derivative of Nusselt number with 
respect to Peclet number, either from equation (14) 
or (15). This shows that the minimum Nusselt number 
occurs at Pe = 0. Thus, introducing any flow, no 
matter how small it may be, will always enhance the 
heat transfer rate. For the present case, this kind of 
relationship is not found. 

To estimate the Peclet number of minimal heat 
transfer in the present case, the Nusselt number in 
equation (11) is differentiated with respect to the 
Peclet number, which gives 

(Pen),in = O.OS~RLZ~!~ (16) 

or 

(Pe,),i, = 0.054 ; I’-’ R&J. 
0 

(17) 

It should be noted that the Peclet number thus 

Table I. Correlations for free and mixed convection in horizontal porous layers 

Correlation 

Similarity solution 

Numerical results 

Exper~mentai 

“- ____- 
Free convection Nu, = 1 .288Rab4 
Mixed convection Nu,/Pe12 = [3.111+3.039(Ra,/P~~)]"~ 
Free convection Nun = 0.520Ra~‘s4 
Mixed convection Nu,/Pe~' = [I.917+0.2lO(Ra,~Pe~L)10372 
Free convection (Nu~)~ = 0.269(~a~)~4~’ 

(Nu,), = 0.5t6(Ra,)03s' 
Mixedconvection (Nu,/Pe$*), = [1.274+0.079(RaD/Pe~'),,,]"'oh 

(Nu,/Pej'), = [1.895+0.200(RaD/Pe~'),]0375 

Standard 
error 

0.08 1 
0.327 
0.641 
0.637 
0.430 
2.934 
0.987 

Standard error: J(Z” (Nu,,, - Nu,J2/n) where Nu,,, is the Nusselt number obtained by the experiments or 
numerical study and Nu,, the Nusselt number predicted by the given correlation. 
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Slmilarlty Solution 

D/H =5 

FIG. 20. Three-dimensional presentation of heat transfer results for mixed convection in a horizontal 
porous layer. 

obtained is only an estimate and is subject to the same 
order of accuracy as the correlation formula from 
which it was derived. It clearly shows that the derived 
Peclet number is a function of the Rayleigh number, 
and for a fixed Rayleigh number (based on the height 

of the porous layer), it increases with the size of heat 
source. These observations have been confirmed by 
both numerical and experimental results. 

The present results can be best visualized by a three- 

dimensional plot which shows the relation among the 
Nusselt, Rayleigh and Peclet numbers (Fig. 20). For 
better understanding and completeness, the Peclet 
number of minimal heat transfer and the oscillatory 
flow regime are plotted in the same figure. While the 
Peclet number curve is given by equation (17), the 
oscillatory flow regime is estimated from the numeri- 

cal and experimental results. It is clearly shown that, 
for a fixed Rayleigh number, the Peclet number for 
minimal heat transfer increases with the heated length. 
In addition, the regime of flow instability also 
increases with the size of the heat source. For D/H = 3 
and 5, it is found that for a high Rayleigh number, 
the location of the Peclet number of minimal heat 
transfer is always in the oscillatory flow regime. These 
observations are in good agreement with what has 
been discussed earlier. 

Nusselt, Rayleigh and Peclet number based on the 
stagnant thermal conductivity of the porous medium, 

the experimental data are found to be smaller than 
those predicted by numerical results for D/H = 1, and 
larger for D/H = 3 and 5. The maximum difference 
between these two results is observed to be about 
20%, but it is mostly within 10%. Despite some exper- 
imental scatter, the data show a similar trend that 
is predicted by the numerical results. A reasonable 

explanation for the scattering of experimental data in 
the highly convective regime is due to the inap- 
propriate presentation of the thermal conductivity of 
the saturated medium. By employing the effective 
thermal conductivity model, the experimental data are 

in excellent agreement with the numerical results. 

CONCLUSIONS 

For natural convection, the oscillation in the flow 
and temperature field, which has been reported by 

Elder [l, 21 and Horne and O’Sullivan [3, 41, was 
not observed in the present study. This is due to the 
additional unheated region provided in the present 
case, which serves as a buffer zone to dissipate the 
small disturbances generated in the flow field such 
that the ‘triggering’ mechanism to the flow instability 

is greatly weakened. However, for mixed convection, 
the oscillation in the flow and temperature field does 
exist in the experiments and numerical study. It is due 
to the instability of the thermal boundary layer as a 
result of the strong interaction between the buoyancy 
effects and the forced flow. 

Experiments have been conducted to study free and For free convection, it is found that the results can 
mixed convection in horizontal porous layers. When be best correlated by Nu and Ra, while for mixed 
the experimental data are presented in terms of the convection, Nu/Pe”’ and Ru/P~“~. The power in the 
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correlation formula depends on how the governing 
parameters were defined. When the Rayleigh number 
is defined based on the applied heat flux, the power 13. 

is 0.354 for natural convection and 0.372 for mixed 
convection. The results have also been compared with 14. 
similarity solutions. It shows that these two results 

are in good agreement when the boundary-layer 
approximation holds, 
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ETUDE EXPERIMENTALE DE LA CONVECTION NATURELLE ET MIXTE DANS UNE 
COUCHE POREUSE HORIZONTALE AVEC CHAUFFAGE PAR LE BAS ET LOCALISE 

R&urn&On presente des rtsultats sur la convection naturelle et mixte dans des couches poreuses hori- 
zontales saturees de hquide, avec un chauffage localise a la base. On a consid& differentes tailles de source 
thermique qui donne des rapports longueur axialelepaisseur de la couche entre 1 ,O et 5,O. Pour la convection 
naturelle, les nombres de Nusselt sont obtenus avec des nombres de Rayleigh d’interit pratique, 
I < Ra,, < 1000, tandis que pour la convection mixte les resultats couvrent le domaine 1 < Ra,, < 1000 et 
0,l < Pen < 120. A partir de l’analyse dimensionnelle et d’une regression lintaire, des formules sont 
obtenues pour le nombre de Nusselt en fonction des nombres de Rayleigh et de Peclet. Les nombres de 
Nusselt calcults s’accordent bien avec les valeurs experimentales. Une amelioration de l’accord peut 2tre 
obtenue en utilisant une conductivite thermique effective. La stabilite des champs de vitesse et de tem- 
perature est examinee avec soin. L’experience confirme l’existence d’un nombre de Peclet pour lequel le 

flux de chaleur global est minimal. 
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EXPERIMENTELLE UNTERSUCHUNG DER FREIEN UND DER MISCH- 
KONVEKTION IN EINER WAAGERECHTEN, PORGSEN, GRTLICH VON UNTEN 

BEHEIZTEN SCHICHT 

Zusa~enf~uug-Es werden Versuchsergebnisse fiir die freie und die Mi~h-Konvektion in einer fliissig- 
keitsges~ttigten, waager~h~n, poriisen, iirthch von unten beheizten Schicht vorgestellt. Dabei werden 
3 unterschiedlich groBe Wirmequellen betrachtet, denen relative Heizfllchenparameter (axialc L%nge/ 
Schichtdicke) von 1-5 entsprechen. Fiir nattiriiche Konvektion wurden Nusselt-Zahlen bei Rayleigh- 
Zahlen im praktisch interessierenden Bereich (I & RaH < 1000) ermittelt, fur Misch-Konvektion erstrecken 
sich die Versuche in folgenden Bereichen: I < Ra, < 1000 und 0,1 < Pe, 6 120. Mittels Dimen- 
sionsanalyse und nichtlinearer Regression ergeben sich Korrelationen zwischen Nusselt-Zahl, Rayleigh- 
Zahl und Peclet-Zahl. Die experimenteli bestimmten Nusselt-Zahlen stimmen gut mit numerisch berech- 
neten Werten iiberein. Diese U~reinstimmung kann noch verbessert werden, wenn eine effektive Warme- 
leitf~higkeit verwendet wird. Die Stabilit%t des Str~mungs- und des Tem~~~turfeldes wird ebenfalls 
sorgfaltig untersucht. Die Existenz einer Peciet-Zahi, bei der der Gesamtwlrmedurchgang ein Minimum 

erreicht, wird durch das Experiment beststigt. 

3KC~~~MEHT~bHOE ~~E~O~~E CBOISO,WIO~ W CM~HO~ 
KOHBEK~ B rOP~~~bHb~ l-lOPIWTMX CJIORX lIPI4 ~O~bHOM 

HAI-PEBE CHH3Y 

~3xcntpmdenmnb~o nccnenyemt CBO~O~ n chfemama P comeman B mcbunerwwx 
~OcTblo ropmoETamublx nopmxbLx CJloax upa Jl0mJnl3OaaliHOM Harpeae cmmy. PaceMoTpeEW lpn 
pammwx pamepa mrowmxa rema c omocmwmm.4 pamepo~ mupeaamna (oceaaa mma/ 
my6ma cnoa), mrdeixnmmMcs B maxIa3oEe 1,&&O. B cnyme ecmmemoP ~omem~~ 3Sa9ema 
mma Hy=e~=-ra onperteneaar turn ~~~ upan== ~3~~~~~ 

I fg Ro, d looo; B cny¶w xe CMeili~O~ xoBBQLqapI pe3yJ5bmm OxBa TbtBaIoTltXamlai3tif~Ra#r~ 
1000 a 0,I < Pe, Q 120. Ha oe~one asmma pamepmc& E mmmieSiuofi perpeccm nonygemi 3aamm 
mom wuxa Hyecenma OT pacers hen ii rkx.ne. kmpmieHm.mibIe 3imem -mum HycceJma 

oqem xopomo comacywna c pammmm 3aawemmdu. Cormme kiemy pamemm 8 u3hfepeunnm 

MOXXT 6~.rrb yJrynrneeo nocpe~cmum E~UO~J#OBBHBJI s$@emin~oB mmonpo~on~ocTe. Taxxe my- 
-a y6xoibuim none& mmm H mmepaqp. henepmemam~o no~maem cymecmuma- 

mfe 3HapeHBp 9ima IIeme, npe ~oropohi cropocrb cymmpitoro ms~~ompemca hmimmxma 


