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Abstrac~This paper presents an experimental investigation of forced convective heat transport in a 
packed bed of spheres occupying a heated channel. A parallel plate channel configuration with the channel 
walls maintained at constant temperature is employed. The experiments document the dependence of the 
temperature field as well as the heat flux from the wall (represented by the Nusselt number) on the problem 
parameters, in the thermally developing region. Numerical simulations for the same problem are also 
performed. A general model for the momentum equation accounting for flow inertia, macroscopic shear 
and variable porosity is used. The experimental and numerical findings are in good agreement and they 
predict an overall heat transfer enhancement between the wall and the fluid/porous matrix composite when 

compared to the predictions of the popular Darcy flow model. 

1. INTRODUCTION 

THE SUBJECT of convective heat transfer through a 
fluid-saturated porous medium represents a rapidly 
growing branch of thermal science. Several thermal 
engineering applications can benefit from a better 
understanding of convection through porous 
materials exemplified by geothermal systems, thermal 
insulations, grain storage, solid matrix heat exchan- 
gers, oil extraction, filtering devices and products 
manufactured in the chemical industry. The initial 
investigation of fluid flow through a porous medium 
originated in the nineteenth century with the engin- 
eering design of public fountains. Darcy [1] was the 
first to perform recorded experiments and to produce 
formulations pertaining to porous media. Since then 
the Darcy flow model has been employed by many 
engineering disciplines interested in the heat and flow 
characteristics of a porous matrix. 

Although the Darcy flow model is popular in 
porous media convective heat transfer investigations 
because of its simplicity and good performance within 
the range of its validity, it neglects several physical 
effects of importance in channel flows. For example, 
by neglecting friction due to macroscopic shear the 
Darcy flow model does not satisfy the no-slip con- 
dition on a solid boundary. Next, the inertial forces 
which are significant for fast flows are disregarded. 
Finally, the spatial variation of the matrix porosity 
responsible for flow channeling near solid boundaries 
is ignored by the Darcy flow model. In tile present 
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experimental investigation the above effects are of 
importance. Therefore, a general flow model account- 
ing for these effects will be tested against the experi- 
mental findings. 

To this end, a theoretical investigation by Vafai and 
Tien [2] focused on the effects of a solid boundary and 
flow inertia on porous media boundary layer forced 
convection. These effects were shown to be more pro- 
nounced in highly permeable media, high Prandtl 
number fluids, large pressure gradients and in the 
region close to the leading edge of the boundary layer. 
The variable porosity effect has been investigated by 
several researchers [3-6] interested in velocity dis- 
tributions in packed beds. Recent studies in refs. [7, 
8] document experimentally and theoretically the 
effect of variable porosity in porous media flat plate 
forced convection. High porosity regions are found 
to exist in the vicinity of an impermeable boundary. 
The existence of high porosity close to an external 
boundary allows for channels of fast flowing fluid 
which significantly augment the heat transfer process 
in the system. 

Although a considerable amount of theoretical 
work has been devoted to the principles of convection 
through porous media there exists a remarkable lack 
of published experimental results in all phases of the 
transport processes. Very few investigations have con- 
centrated on forced convection which is a common 
heat transfer mode in porous media. Even fewer stud- 
ies have compared modeling and experiments. An 
exception to this fact is the work ofVafai et al. [8] who 
reported an experimental and theoretical investigation 
on porous media flat plate boundary layer forced con- 
vection for a matrix consisting of packed spheres. 
Experimental results for the average Nusselt number 
are discussed. No local experimental heat transfer 
results were reported. 
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N O M E N C L A T U R E  

A Forchheimer's function, equation (8) 
B dimensionless pressure gradient, equations 

(12) 
Cj dimensionless coefficients, j = 1,2, 

equations (12) 
d sphere diameter 
d. dimensionless sphere diameter, d/H 
D channel height, Fig. 2 
H channel half height, Fig. 2 
K permeability, equation (7) 
ke effective thermal conductivity of porous 

medium, equations (1) and (2) 
Nu Nusselt number, equation (3) 
P pressure 
Pr Prandtl number, v/ct c 
Q flow rate 
S channel cross-sectional area 
T temperature 
T,,, mixed mean temperature, (~puTdS)/pVS 
u horizontal velocity component 
V average velocity, (~ u dS) /S  

x horizontal Cartesian coordinate, Fig. 2 
y vertical Cartesian coordinate, Fig. 2. 

Greek 

~e 

symbols 
effective thermal diffusivity of porous 
medium 

q similarity variable, equation (13) 
0 dimensionless temperature, 

(Tw- T)/(Tw - T~) 
0m invariant temperature, (Tw- T)/(Tw-- T.,) 
2 s constants, j = 1,2, equation (9) 
v kinematic viscosity 
p density 
~b porosity, equation (9). 

Subscripts 

i channel inlet 
w channel wall 
* dimensionless quantity. 

This paper presents an experimental study of forced 
convection in the thermally developing region of a 
channel packed with fluid-saturated spherical beads 
and bounded by two constant temperature parallel 
horizontal walls. The experimental setup measures the 
wall and the fluid/porous matrix composite tem- 
peratures and reports the local heat flux at the channel 
wall. Useful pressure measurements for various flow 
rates within the packed bed of spheres are also 
reported. The experimental findings are used to test a 
theoretical model for the same problem proposed by 
previous investigators [2, 8] and used by the present 
authors in an earlier study [9]. This model accounts for 
Forchheimer inertia, Brinkman friction and variable 
porosity. The experiments are performed in the regime 
of parameters where all the above effects are impor- 
tant [9]. In addition to the light the present study sheds 
on the fundamentals of convective heat transport in 
porous materials, it shows that porous matrices may 
constitute an attractive alternative for heat transfer 
augmentation in channels. 

2. EXPERIMENTAL A P P A R A T U S  

A N D  P R O C E D U R E S  

The apparatus employed in this study is shown 
schematically in Fig. 1. The setup is designed to pro- 
vide accurate flow and temperature measurements. 
The objective of the experiment is to obtain the heat 
transfer parameters of interest for a parallel plate 
channel with constant temperature at the wails, 
packed with glass spheres. 

The experimental apparatus is constructed of 
acrylic and aluminum both of which are 1.91 cm thick. 
The entrance section which is constructed entirely of 
acrylic has dimensions of 7.62 x 15.2 x 91.4 cm (height 
x width x length) while the heated test section which 

contained only acrylic side walls has dimensions of 
7.62x 15.2x 152 cm. The parallel plate channel is 
packed with uniform 3 mm diameter soda lime glass 
spheres. Special care was taken in packing the beads 
to ensure uniformity in the structure of the porous 
medium. The spheres were poured randomly into the 
channel, levelled and then shook. After allowing the 
glass spheres to settle, more of the porous medium 
was placed in the channel and packed by the weight 
of the top plate. This procedure was repeated until 
no more glass spheres could be placed into the 
channel. Two stainless steel screens are placed at the 
inlet and outlet of the test section to hold the glass 
spheres in place. Two pressure taps are inserted from 
the channel side walls into the bed of packed spheres. 
A mercury U-tube manometer is used to measure 
experimentally the differential pressure within the 
porous medium channel. The precision of the ma- 
nometer is dependent upon the liquid used and is 
approximately 12.4 Pa for mercury filled manometers. 
The accuracy is 1% full scale. 

The top and bottom surfaces used to construct the 
heated parallel plates are 7750 alloy aluminum sheets. 
Both portions of the test section were removable so 
that the porous medium could be packed easily into 
the channel. The plate dimensions are 1.91 x 19.0 x 
152 cm. Ten mica strip heaters are clamped 
along the length of each aluminum plate 5.08 cm 
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FIG. 1. l, Water tank; 2, submersible pump; 3, water filter; 4, entrance section; 5, fluid saturated packed 
sphere bed; 6, heated section; 7, strip heaters; 8, insulation; 9, thermocouples; 10, U-tube mercury 
manometer; 11, thermocouple board; 12, rotameter; 13, data acquisition units; 14, personal computer: 
15, printer; 16, power supplies; 17, copper strip board ; 18, rheostat board ; 19, circuit board ; 20, voltmeter ; 

21, ammeter. 

apart. Each strip heater could provide 500 W and a 
maximum sheath temperature of 900°F. For effi- 
cient operation, a thin layer of silicone heat sink 
compound was applied to the bottom of each heater 
which was then fastened firmly to the aluminum plates 
by 6.35 cm wide clamping bars. The entire heated test 
section was insulated with high temperature board. 
The 2.54 cm thick insulation could withstand the high 
temperature of the strip heaters and provide high ther- 
mal resistance. The estimated heat loss through the 
insulation was less than 2%. This loss is low indeed. 
The reasons for this fact are given below. 

(a) The insulation board is especially designed for 
high temperature applications, i.e. the thermal con- 
ductivity of the board is very low. 

(b) The plate temperatures were not very high. They 
varied between 10 and 40°C. The inlet water tem- 
peratures varied between 6 and 10°C. 

(c) The strip heaters are manufactured so that the 
heating elements (the resistors inside the heaters) were 
located at the bottom of each heater which was in 
contact with the plate. A strip of insulation was placed 
on top of the resistors by the manufacturer, so that 
the top side of the heaters would remain relatively 
cool. 

Two d.c. power supplies are used to power the strip 
heaters. By choosing to use d.c. power supplies we 
avoid fluctuations in the current that are associated 
with a.c. power supplies. As a result constant current 
through the strip heaters provides a constant plate 
temperature. Front panel monitoring of the power 
supplies allowed numerous current, voltage and 
power combinations to be employed. A copper strip 
board is used to place the 20 strip heaters in parallel. 

The heaters are then wired electrically to individual 
rheostats. These rheostats are high temperature, cer- 
amic, variable resistors which can shunt large values 
of current. By decreasing or increasing the resistance 
of the rheostats, the temperature in each strip heater 
can be controlled. A circuit board is connected 
between the rheostats and the strip heaters to measure 
and monitor the current and the voltage in each strip 
heater without opening the circuit. An ammeter and 
a logging multimeter are used to measure current and 
voltage, respectively. 

The temperature is monitored and recorded in the 
aluminum plates and throughout the porous medium 
by 148 copper~onstantan thermocouples. A specific 
method of thermocouple fabrication was performed. 
The bare thermocouple wares were placed into a plier 
holder, twisted together and inserted into a ther- 
mocouple welding unit. An electrical arc and a purge 
of argon gas fused the dissimilar wires together to 
form a thermojunction. Argon gas was purged into 
the unit before, during and after welding to keep the 
environment clean. The thermojunction ball was 
approximately 0.5 mm in diameter. Each ther- 
mocouple was calibrated using an ice bath and found 
to be within +0.15°C. Thirty-two thermocouples (16 
in each plate) were used to measure and monitor con- 
stant plate temperature. These thermocouples were 
threaded through a thermocouple brass sleeve and 
inserted into drilled wells on the two plates. The 
sleeves were firmly held by the strip heater clamping 
bars. The thermojunction ball remained at the tip of 
the sleeve and at the bottom of the well when inserted. 
One hundred and sixteen thermocouples were used to 
measure and record the temperature within the porous 
medium. Eleven thermocouple stations positioned 
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along the channel consisted of l(~14 thermocouples 
which were threaded and copper-oxidized into 
specially designed thermocouple nylon screen hol- 
ders. The thermocouples nearest to the heated walls 
were placed at a distance 1.5 mm from these walls, 
so that measurements of the temperature within the 
thermal boundary layers were obtained. The holders 
were attached to framed screens which were inserted 
into machined grooves along the acrylic walls. The 
framed screens which had a porosity greater than the 
bed of packed spheres did not interfere with the flow 
in the channel. 

A data acquisition system is used to measure accu- 
rately and swiftly the temperatures from the many 
thermocouples that were embedded in the porous 
medium and positioned in the plates. Five HP 3421A 
data acquisition/control units with 15 multiplexer 
assemblies were employed. The units contained ther- 
mocouple compensation and built-in Type T ther- 
mocouple linearization. A HP II personal computer 
along with a dual disc drive were used to monitor and 
record all the experimental temperature data onto 
microfloppy discs. A Basic program was formulated 
to monitor and collect wall and porous medium tem- 
peratures. Once the data were recorded onto the discs, 
various heat transfer parameters were calculated and 
printed. 

Upstream of the test section was a water reservoir 
which stored the degassed tap water. To ensure par- 
ticle free water, a water filter and a 5 #m polypropylene 
cartridge was inserted into the flow system at the 
entrance of the channel. Three air relief valves located 
in the entrance section of the channel allowed the 
removal of any air bubbles that may have passed 
through the water filter. A submersible pump and 
two globe valves controlled the flow rate range in 
the channel. The experimental setup permitted steady 
state flow conditions to be reached within a relatively 
short period of time. Flow rates were measured with 
an Omega, Inc. (Stamford, Connecticut) industrial 
rotameter. The range of flow rate was 0.757-9.46 1 
min ~ with a factory calibrated accuracy of _+2% full 
scale. An additional experimental check on the flow 
rate calibration produced negligible variation in mea- 
sured values. 

The procedure to collect experimental data was 
repeated rigorously for each test run. After a hydro- 
dynamic steady state condition (constant Q) was 
reached, the power to the heaters was turned on. The 
total current, total voltage, and current and voltage 
for each strip heater were monitored by the front 
panels of the power supplies, the voltmeter and the 
ammeter. Close observations and recordings were 
made of the values of d.c. current which dictated the 
temperature of each strip heater. A constant plate 
temperature was reached by adjusting the rheostat 
resistances. The wall and the porous medium tem- 
peratures were monitored to determine when thermal 
steady-state conditions existed. When the thermo- 
couple readings became constant, the Basic data 

acquisition program was run to collect and to store 
the experimental data. After each test run the channel 
was emptied, flushed and filled with water. 

All of the fluid properties (density, specific heat, 
dynamic viscosity and thermal conductivity) were 
based on an average inlet temperature and calculated 
using regression curve fits. The standard error of the 
fluid property estimates was negligible. The experi- 
mental effective thermal conductivity was computed 
from empirical formulas supplied by the literature [10, 
11]. The least complex of these are the parallel and 
series models while the Veinberg [12] model is appli- 
cable for all randomly packed spherical beds. The 
equations for the parallel and the Veinberg models 
which were used in the experimental calculations are, 
respectively 

ke = qS~kf+ (1 - ~b~)kb (l) 

[ - k b - k ]  1,3 [ k -]ke' --kb=0 (2) 

where ~bo~ is the experimental value of porosity at the 
core, kf the thermal conductivity of the fluid and ku 
the thermal conductivity of the soda lime glass 
spheres. Since the experimental value ofko differed by 
less than 1% for the two models, an average value was 
used. The pressure gradient was determined by mea- 
suring the differential manometer height and the hori- 
zontal differential length. The velocity field with the 
porous medium channel had to be evaluated to deter- 
mine the mixed mean temperature. Since no mechan- 
ical, electrical or other means are available to mea- 
sure accurately a velocity profile within a fluid/porous 
matrix composite, an average velocity (slug profile) 
based on flow rate and porosity was calculated. To 
this end, it is felt that experimental techniques need 
to be developed in the future to accurately measure 
local fluid velocities in porous matrices. The mixed 
mean temperature, Tin, was evaluated by measuring 
the temperatures across the channel height and by 
employing a third-order polynomial integration for- 
mula. The wall temperature, Tw, was computed by 
averaging the 32 thermocouples that were embedded 
within the aluminum plates. The wall temperature of 
both plates was found to be uniform (within 0.5°C) 
for all experimental runs. 

The experimental Nusselt number was determined 
as follows : 

Nu = (3) 
. = o T w - - T m  

where D is the channel height. The mixed mean tem- 
perature, Tin, was calculated as described above. The 
local temperature gradient, (~?T/@).,, _ o, was evaluated 
by using the plate temperature and the reading of the 
thermocouple in the porous medium nearest to 
the wall, at each station. To check the validity of the 
temperature gradient calculation, the heat transfer 
rate from the wall to the fluid was also evaluated 
by measuring the current and the voltage and, next, 
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determining the heat flux (power) produced by the 
strip heaters at the wall. Good agreement between the 
two methods was found. 

3. NUMERICAL  S I M U L A T I O N S  

Figure 2 shows a schematic of the system used for 
the numerical simulations, namely, the parallel plate 
channel filled with a fluid-saturated packed bed of 
spheres and bounded by two horizontal walls at con- 
stant temperature, Tw. The fluid at the channel inlet 
is isothermal at temperature, T~ (T~ :~ 7",). A fully 
developed velocity profile is assumed at the channel 
inlet. The coordinate system is also defined in Fig. 2. 

Only the salient features of the numerical procedure 
will be described here. All the details are included in 
refs. [9, 13]. The velocity and temperature fields are 
described by the following momentum and energy 
equations and boundary conditions in which : (a) the 
macroscopic shear, the flow inertia and the variable 
porosity effects have been accounted for; (b) the 
buoyancy term has been neglected since the experi- 
mental and numerical studies deal only with forced 
convection ; (c) the fluid and the porous medium are 
assumed to be in local thermal equilibrium and (d) 
the effective thermal diffusivity is constant. Neglecting 
the variation of thermal diffusivity while allowing for 
the porosity to vary in the numerical simulations is 
justified as follows. First, the analysis is simplified 
considerably. Without this approximation the 
numerical solution would be prohibitively cumber- 
some. Second, this approximation has been used very 
often by investigators of variable porosity problems 
[7, 8] with good results. Third, for the present 
problem, since the thermal conductivity of water is 
very close to the thermal conductivity of glass beads, 
neglecting the variation of ae works well. It is true, 
however, that if the thermal conductivities of the 
porous matrix and the fluid are very different (such 
as in the case of copper and water) not accounting for 
the variation of ~e could yield a significant error 

1 dP d2u v 
0 - p d x  +v dy 2 K(y) u - A ( y ) u 2  (4) 

c~T ~2T 
u~- (5) OX = °~e ~ y 2  

0u = 0 u(O) = o ,  ~y~_. 

~T 
T(x, 0 ) =  Tw, ~yy .... . = O. (6) 

For a liquid-saturated porous medium the perme- 
ability, K(y), and the flow inertia parameter, A(y),  
depend on the matrix porosity and the sphere 
diameter as follows [14]: 

d2q~3 
K ( y ) -  175(1--0) 2 (7) 

1.75(1 -~b) 
A(y) - 4,3d (8) 

The matrix porosity is assumed to be dependent on 
the distance from the impermeable wall. It has been 
shown [5, 7, 8] that for a bed of randomly packed 
spheres, the porosity decreases exponentially from the 
solid wall. The most commonly used equation for this 
exponential variation is [8] 

q ~ = 0 ~ [ l + 2 , e  ~y:d] (9) 

where 0~ is the core porosity, d the sphere diameter 
and 21 and ~2 empirical constants depending on the 
sphere diameter. Reliable experimental values for 
these constants in the porosity equation (9) are found 
in the literature [5] for the bead size employed in these 
forced convection experiments. 

The above mathematical model, in which the heat 
and fluid flow characteristics are described, is solved 
by a numerical code employing a finite-difference 
scheme [9]. After non-dimensionalization, the govern- 
ing equations (4) and (5) are transformed to 

C (~2u* u.+C.(v.)u~. = BC2(y.)+ 20'.) ~v~ (10) 
Y .  
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where 

~ 0  ~ 2 0  

u,  gx ,  ~ 2y, (11) 

x - -x i  y 
x , =  H P r '  Y * - H  

uH Tw -- T 
u , -  0 -  

- v '  T w - T i  

CI(y,) = 10 2 d, 
l - q ~ '  

d 2 a~ 3 
~ r  

C 2 ( y , ) -  175(1--4) 2 

gp H 3 
B -  Ox pv 2 (12) 

To study the temperature field near the entrance of 
the heated region where the thermal boundary layer 
is very thin compared to the channel half height, H, 
the following similarity variable is introduced into the 
dimensionless energy equation (11) to achieve com- 
putational accuracy [15]: 

Y* (13) 
t/ - x / x ,  

C~20 rl gO O0 
grl 2 + u ,  2 &l = U*X*c~X, (14) 

0 = 0 at q = 0, 0 = 1 at t/-- ~/edge. (15) 

Since the dimensionless momentum and energy 
equations are uncoupled, equation (10) can be solved 
independently to yield the velocity field. The tem- 
perature field can be obtained from equations (11) 
and (14). A variable grid in both the horizontal and 
vertical directions is used to produce accurate velocity 
and temperature results. The local heat flux at the 
channel wall is also evaluated numerically and cast 
into dimensionless form by means of the conduction 
referenced Nusselt number, equation (3). All the 
details of the numerical solution are reported in refs. 
[9, 13] and are not repeated here for brevity. 

4. D I S C U S S I O N  OF RESULTS 

In this section, the main results of the forced con- 
vection experiment are reported and compared with 
the numerical simulations. In obtaining the numerical 
results the following dimensionless input parameters 
were employed: the pressure gradient, the particle 
diameter, the empirical porosity constants and the 
Prandtl number. A constant value of effective thermal 
conductivity of the fluid-saturated porous medium is 
calculated from equations (1) and (2). The results are 
presented for the uniform 3 mm diameter soda lime 
glass spheres. 

The dependence of the dimensionless pressure 
gradient, B, on the flow rate through the channel is 

3.0 

2.0 

Q 
(GPM) 

1.o 

Pr = 7 . 0 1 ~  

o. • 

Fotehhekr~ Plow 

0.0 
0 1.0X'10 ~ 2 , 0 x  1 0  8 

B 

FIG. 3. Dependence of the dimensionless pressure gradient, 
B, on the flow rate, Q, through the packed bed of spheres. 

reported in Fig. 3. It appears that when B ~ 1 0 6 - 1 0  v 

the inertial effect (also known as the Forchheimer 
effect) is not negligible. A similar result was obtained 
in the numerical simulations of ref. [9]. Fand et al. 
[16] in a recent study reported measurements which 
aimed to define the various mechanisms, responsible 
for the pressure drop for flow in a packed bed of 
spheres. Their findings are in qualitative agreement 
with Fig. 3. The dimensionless temperature dis- 
tribution across the channel half height is shown in 
Fig. 4 for two representative values of B and for the 
same distance from the channel inlet (x = 7.62 cm). 
Since the temperature measurements in Fig. 4 are for 
a station relatively close to the channel inlet, a sharp 
increase in the temperature is observed near the wall, 
after which the temperature in the channel remains 
constant, unaffected by the presence of the heated 
wall. Increasing the value orB (higher flow rate) yields 
a thinner thermal boundary-layer region. The agree- 
ment between experimentally and theoretically deter- 
mined temperatures appears to be very good for both 
values of B. 

Figure 5 illustrates temperature profiles for the 
same value of B and three different values of x. The 
heating effect of the wall is felt by a larger portion of 
the fluid/porous matrix composite at farther down- 
stream positions. The agreement between experiment 
and theory is again good, better for smaller values 
of x. It appears that as we move downstream the 
theoretically obtained temperature field develops 
slower than the experimental temperature field. How- 
ever, the theoretical model still predicts the tem- 
perature gradient at the wall quite well. Two reasons 
are suggested as to why the theoretical model lacks 
behind the real development of the temperature field. 
First, at these high values of dimensional pressure 
gradient, thermal dispersion [17] is probably impor- 
tant, enhancing thermal communication between the 
wall and the fluid/porous matrix composite. Thermal 
dispersion is neglected in the theoretical model. 
Second, the numerical simulations neglect the thermal 
diffusivity variation with porosity in the near wall 
region. It is speculated that if the above two effects 
(in particular the former) are accounted for in the 
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FiG. 4. Comparison of dimensionless temperature distribution across the channel half height for two values 

of parameter B. 

theoretical modeling of forced convection in a 
channel, the agreement between theory and experi- 
ment will improve. 

The effect of B on the invariant temperature profile 
is shown in Fig. 6. The agreement between theory and 
experiment is somewhat better for the larger value of 
B but overall it appears to be satisfactory. Invariant 
temperature profiles for the same value of B but 
different values of x are reported in Fig. 7. Much like 
for the dimensionless temperature profiles of Fig. 5, 
the theoretical model makes a better prediction of the 
physical situation near the channel entrance. Reasons 
for this circumstance were outlined in connection with 
Fig. 5. 

Figure 8 presents the dependence of the thermal 
entry length, X , e n t r y  , o n  the dimensionless pressure 
gradient represented by parameter B. The thermal 
entry length was determined as the distance between 
the channel entrance and the point at which the Nus- 
selt number, Nu, and the invariant temperature, 0,1, 

become independent of the axial position. Experi- 
mentally, since the temperature measurements were 
taken at select downstream locations, it was estimated 
that the thermal entry length values were accurate 
within 10%. Only three points were obtained experi- 
mentally. A much longer (as much as five times 
longer) channel would be required to yield data points 
for the high range of B values used in the experiments. 
Increasing the value of B yields thinner thermal 
boundary layers on the two parallel plates which 
require a longer distance to produce a fully developed 
temperature field. The agreement between experiment 
and theory in Fig. 8 is good. The theoretical model 
overpredicts the experiment by approximately 25%. 
An additional point which is clear from the results in 
Fig. 8 is that the thermal entry length, is of significant 
extent, and the study of the thermal entry length prob- 
lem in porous media channel flows is well justified. 

Figures 9-11 report results for the Nusselt number 
in the thermal entry region. Both the experiment and 
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FIG. 5. Dimensionless temperature distributions across the channel half height for B = 1.99 x l 0  7 and for 

representative values of x. 
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FIG. 6. The invariant temperature distribution across the channel half height for two values of parameter B. 

the theoretical model are in good agreement and show 
that at downstream positions the value of Nu 
decreases until a plateau is reached corresponding to 
the fully developed region. In going from Fig. 9 to 
Fig. 11 (increasing B) the qualitative behavior is the 
same, however larger values of B yield thinner thermal 
boundary layers, hence, larger values of Nu in the 
thermal entry region. Keeping in mind that the mea- 
sured and calculated values of Nu in all cases are 
consistently higher than the corresponding values for 
the same problem in classical fluids (Nu = 3.77 for 
parabolic flow) proves that the presence of the porous 
matrix enhances the heat transfer from the channel 
wall. Note that the Nusselt number results are also 
considerably higher than the classical fluids case of 
slug flow forced convection between two parallel 
plates (Nu = 4.93). The slug flow case coincides with 

the predictions of the Darcy flow model [9] in porous 
media (if the inertia, the macroscopic shear and the 
variable porosity effects are neglected in equation 
(4), the result is the Darcy flow model, u ~ dP/dx  

constant). 

5.  C O N C L U S I O N S  

In this paper an experimental investigation of 
forced convection in a packed bed of spheres boun- 
ded by two isothermal walls is presented. Since experi- 
mental studies are scarce in the porous media heat 
transfer literature, the authors used their results to 
test an existing theoretical model accounting for the 
effects of macroscopic shear, flow inertia and variable 
porosity. The agreement between experiment and 
theory was good overall, better near the inlet of the 
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FIG. 7. The invariant temperature distribution across the channel half height for B = 7.65 x 10 v for 
representative values of x. 
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FIG. 9. Nusselt number variation with horizontal coordinate 
in the thermal entry region for B = 1.91 x 10 7, The estimated 
overall error for the experimental values of Nu was 5.5%. 

channel. The theoretical model predicted the tempera- 
ture gradient at the wall throughout  the channel 
length quite well. However,  the theoretical tempera- 
ture field developed slower than the experimental 
temperature field. It is speculated that  effects such as 
thermal dispersion, if taken into account in future 
theoretical models, will improve the agreement be- 
tween experiment and theory. 

The length of  the thermal entry region in the chan- 
nel was significant and deserves the researcher's scru- 
tiny. This is unlike the hydrodynamic  entry length 
which was proven to be practically negligible in 
porous media flows. Increasing the dimensionless 
pressure gradient yielded sharper thermal boundary 
layers, enhanced heat transfer and resulted in a longer 
thermal entry region. 

The Nusselt  number  measurements  showed a sig- 
nificant increase in the local heat transfer at the chan- 
nel wall relative to the results in classical fluids and to 
the predictions of  the Darcy flow model in porous 
media. Based on this fact, the employment  of  porous 
media needs to be considered as a viable alternative 
for heat transfer augmentat ion in forced convection 
heat t ranspor t  in channels. 
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FIG. 11. Nusselt number variation with horizontal coordinate 
in the thermal entry region for B = 8.16 x 10  7. The estimated 
overall error for the experimental values of Nu was 5.5%. 
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EXPERIENCE ET ANALYSE DU TRANSFERT DE CHALEUR PAR CONVECTION 
FORCEE DANS UN LIT FIXE DE SPHERES 

R6sum~-On pr6sente une 6tude exp6rimentale de la convection forc6e dans un lit fixe de spheres occupant 
un canal chauff& On emploie un canal i plans parallales maintenus ~ temp6rature constante. Les exp6riences 
pr6cisent la d~pendance du champ de temp6rature et du flux thermique parietal (represent6 par le nombre 
de Nusselt) sur les param~tres du probl~me dans la r6gion de d~veloppement thermique. On r6alise des 
simulations num6riques du probl~me. On utilise un module g~n~ral pour l'6quation de quantit6 de mou- 
vement prenant eri compte l'inertie de r~'coulement, le cisaillement macroscopique et la porosit~ variable. 
Les r6sultats exp~rimentaux et num6riques sont en bon accord et ils pr6disent l'accroissement du transfert 
thermique global entre la paroi et le composite fluide/matrice poreuse en comparaison des pr6dictions du 

module classique de Darcy. 

EXPERIMENTELLE UND THEORETISCHE UNTERSUCHUNG DES 
W~RMETRANSPORTES BEI ERZWUNGENER KONVEKTION IN EINEM 

FESTBETT AUS KUGEL]GEN PARTIKELN 

Zusammenfassung--Es wird eine experimentelle Untersuchung des W~.rmetransportes durch erzwungene 
Konvektion in einem Festbett aus kugeligen Partikeln, welches in einem beheizten Kanal untergebracht 
ist, berichtet. Der Kanal besitzt rechteckigen Querschnitt, seine Wfinde werden auf konstanter Temperatur 
gehalten. Fiir das thermische Einlaufgebiet wird die Abhfingigkeit des Temperaturfeldes und der Wand- 
Wfirmestromdichte (in Gestalt der Nusselt-Zahl) yon den Versuchsparametern angegeben. Dasselbe Prob- 
lem wird auch numerisch untersucht. Ffir die Impulstransport-Gleichung wird ein altgemeingfiltiges Modell 
verwendet, das Trfigheitseffekte, makroskopische Schubspannungen und verfinderliche Porosit~it enthfilt. 
Experiment und Theorie stimmen gut fiberein. Beide ergeben eine Verbesserung des Gesamt-Wfirme- 
fibergangs zwischen der Wand und dem System Fluid/porOse Matrix im Vergleich zu den Berechnungen 

nach dem bekannten Darcy'schen StrOmungsmodell. 

~3KCHEPHMEHTA.rIbHOE H AHAJIHTHqECKOE H3VqEHHE BblHV~K~EHHOFO 
KOHBEKTHBHOFO TEFIJIOI-IEPEHOCA B rlJIOTHOM C.IIOE, COCTOflIIIEM H3 

IIIAPHKOB 

A l ~ o T a u a a - - I J p e ~ c T a a ~ e H O  3KCHepHMeHTaJIbHOe H3yqeHHe BblHyX4~eHHOFO KOHBeKTHBHOFO Tenslonepe- 
Hoca B IIJIOTHOM c~oe, COCTO~ILHeM H3 IHapHKOB, 3aHOJIH~IIOIL[HX nJIOCKOllapaoqJleJlbHbIH HRFpeTblH KaH~2I, 

TeMnepaTypa  CTeHOK KOTOpOFO IlO~J.~epxHBaeTca HOCTOflHHO~. OHbITbI HO~TBepxRaIOT 3aBHCHMOCTb 
TeMnepaTypHoro  noJ is  H TeIIJIOBOFO IIOTOKa OT CTeHKH (ripe~CTaBJIeHHOH zIHCJIOM HycceJIbTa) OT r iapa-  
MeTpOB 3a~a~ItI B TepMHqeCKH p a 3 s H e a l o m e ~ o l  O6.1IaCTH. ,~aHO TaK)Ke tlHC.rleHHOe pemeHHe 3aaaqn .  
I/lcHOJIb3yeTc,q o6ma~l MOJle.rlb ypaBHeHH~l JIBHX(eHH~I, yqHTblBalOIJ.Ia~l CHJlbI HHepllHH IIOTOKa, MaKpocKo- 
I'IHtIeCKOe Hanpfl3KeHHe H MeHalOIHyIOCfl Hopo3HOCTb. ~KCHepHMeHTa.qbHbIe H qHCJIeHHlale aaHHMe 
xopomo cor~acyloTcs Me~dly CO6O~; OHH IlpeAcKa3blBatOT HHTeHCHqbHKaHHIO Ten.rlOO6MeHa M e ~ y  

CTeHKO~ H CHCTeMOH HOTOK/rlopHcTa~I MaTpt lua  rio c p a a H e H m o  C R3BeCTHO~ MO~eJIblO HOTOKa ,~apctI.  


