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Abstract—This paper presents an analysis and experiment of fully developed non-Darcian mixed con-
vection in horizontal packed-sphere channels. The non-Darcian effects of no-slip boundary, flow inertia,
channeling and thermal dispersion are considered. The theoretical results are found to be in agreement
with the experimental results for the channel of D /d = 10, but the predictions of Nusselt number are
higher than the experimental data, partly due to theoretical overestimation of the thermal dispersion effect
and partly due to the entrance effect existing in the experiments for D./d = 19. The analysis shows that the
buoyancy effect significantly affects the secondary flow structure and heat transfer rate when the Peclet
number is low, but even under a fixed Rayleigh number, the effect of buoyancy will be suppressed when
the Peclet number increases. The values of Nusselt number in the fully developed region depend on Rayleigh
number, Peclet number and the diameter ratio of channel to sphere (D./d).

1. INTRODUCTION

THE RESEARCH of heat transfer in porous media has
been the subject of many recent studies due to the
increasing need for better understanding of the associ-
ated transport process in various engineering systems.
The great majority of previous studies on the con-
vective heat transfer in porous media were confined
to natural convection or forced convection ; the study
of mixed convection is still limited.

Wooding {1], Prats [2], Sutton [3], and Homsy and
Sherwood [4] made early theoretical investigations of
combined free and forced convection in a porous
layer. However, the main emphasis of these papers
was on the instability of the flow field and the deter-
mination of the condition which would lead to mixed
convection. With reference to the experiments, very
few studies were reported. Combarnous and Bia’s
work {5] was one of the first studies to use exper-
iment and numerical computation on the effect of
mean flow on the onset of convection in a porous
medium bounded by isothermal planes. By using the
similarity and integral methods, Cheng [6, 7] con-
ducted a series of studies on mixed convection over
vertical, inclined and horizontal plates in porous
media. Minkowycz et al. [8] extended Cheng’s work
by employing local non-similarity methods to obtain
a solution for mixed convection over a horizontal
plate in a porous medium. Haajizadeh and Tien [9]
investigated the mixed convective flow through a hori-
zontal porous channel connecting two reservoirs.
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Joshi and Gebhart [10] studied the mixed convection
in a porous medium adjacent to a vertical uniform
heat flux surface. Oosthuizen [11] reported the mixed
convection over a heated horizontal plate in a porous
medium mounted below an impervious adiabatic hori-
zontal surface. Prasad ez al. [12] studied the mixed
convection in a two-dimensional horizontal porous
layer with localized heating from below. It is noted
that all the above-mentioned theoretical studies
adopted Darcy’s law to formulate the problems.
Recently, Chandrasekhara and Namboodiri [13]
used a non-Darcian model which inciuded the vari-
ations of permeability and thermal conductivity to
study the mixed convection over inclined surfaces,
and found that these variations affect the heat transfer
significantly. Lai and Kulacki [14] used the similarity
method and a non-Darcian model which includes the
inertia effect to study the mixed convection over hori-
zontal plates in a porous medium. There were also
some studies on non-Darcian forced convection over
flat plates in porous media or in cylindrical packed
beds reported by Beckerman and Viskanta [135],
Cheng and Zhu [16], Renken and Poulikakos [17]
and Hunt and Tien [18]. To the best of the authors’
knowledge, a theoretical and experimental study of
non-Darcian mixed convection, in which the effects of
inertia, boundary, channeling and thermal dispersion
are included, has not been reported. The aim of the
present paper is to study numerically and exper-
imentally the non-Darcian mixed convection in the
fully developed region of horizontal square channels
filled with packed spheres. The results shown are quite
different from the mixed convection in a channel with-
out packed spheres, such as high secondary flow inten-
sity near the vertical side walls and suppression of the
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A cross-sectional area

a width of rectangular channel

a,,a, coefficients used in porosity variation
sy thermal dispersion damping constant
b height of rectangular channel

C inertial coefficient, 1.75(1 —¢)/(de?)
¢, specific heat at constant pressure

d sphere diameter

Da Darcian number, K, /d*
D, equivalent hydraulic diameter, 44/S

g acceleration due to gravity

h heat transfer coefficient
permeability, d’e*/(150(1 —¢&)?)

k thermal conductivity

! mixing length

M,N number of divisions in the X and Y
directions

Nu Nusselt number, 4D, /k;

n inward normal

P pressure

Pe Peclet number, Pr Re

Pr Prandtl number, v;/o;

G prescribed uniform heat flux

Ra Rayleigh number, gBq.d*/(viock,)
Ra,  critical Rayleigh number for the onset of
buoyancy effect

Re Reynolds number based on the sphere
diameter, (W d/v,

S circumference of cross-section

T temperature

t thickness of channel wall

NOMENCLATURE

U, V, W dimensionless velocities in the X,
Y, Z directions

u,v,w velocity components in the x, y, =
directions

X,Y,Z dimensionless rectangular
coordinates

x, y,z rectangular coordinates.

Greek symbols

thermal diffusivity

coefficient of thermal expansion
coefficient in dispersion conductivity
porosity

dimensionless temperature
dynamic viscosity

kinematic viscosity

vorticity

density

stream function.

€T TR D P 2 ™R

Subscripts
c characteristic quantity
cr critical value

d dispersion

e effective

f fluid

i inlet

¢} stagnant

w wall

o0 quantity in the core region.

buoyancy effect by the thermal dispersion effect, and
thus the values of Nusselt number in the fully
developed region depend on the Rayleigh number,
Peclet number and the diameter ratio of channel to
sphere (D./d).

2. EXPERIMENTAL APPARATUS AND
PROCEDURES

The experimental apparatus is shown in Fig. 1. The
heated test section is preceded by a constant head tank
with an overflow bypass for water head control and
a 10 cm long channel for flow development before
entering the test section, since the hydraulic entrance
region is important only for distance of order
O(Kw/v;) [19], where K is the permeability of the
porous medium, w is the axial fluid velocity, and v; is
the kinematic viscosity of the fluid. The heated section
was made of a 4.75x4.75 cm stainless steel square
channel of length 65 cm and a 9.5 x 9.5 cm aluminum
square channel of length 40 cm with 2 mm wall thick-
ness. The square channels are packed with 5 mm di-
ameter glass spheres. The experiments in the two chan-
nels are described as cases 1 and 2 in Table 1. Special

care was taken in packing the beads to ensure uni-
formity in the structure of the porous medium. The
spheres were poured randomly into the channel, lev-
elled and then shook. This procedure was repeated
until no more beads could be placed into the channel.
Two stainless steel screens were placed at the inlet and
outlet of the channel to hold the beads in place. The
measured global porosity for the whole packed-sphere
channel is 0.365 for the stainless steel channel and 0.35
for the aluminum channel. Electric power from four
auto-transformers provided Joulean heating for four
main heaters on four channel walls. Guard heaters
were placed outside of the main heaters to prevent
heat loss from the main heaters to the surroundings.
The inlet fluid bulk temperature was measured in the
fluid at the center of the inlet of the channel. The
volumetric flow rate was measured by using a meas-
uring glass and a stop watch.

The value of heat flux to the fluid was required in
the calculation of the heat transfer coefficient. The
power for each heater was measured with a digital
multimeter and a standard shunt resistor. Each main
heater was adjusted to give equal power. The value of
heat flux was determined by the total power dis-
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F1G. 1. (a) Experimental apparatus. (b} Schematic of thermocouple set-up.

sipation and the heated area. The variation of wall
temperature was measured by nine copper—con-
stantan T-type thermocouples at a cross-section.
These nine thermocouples were arranged circum-
ferentially as shown in Fig. 1(b). The average wall
temperature was calculated by averaging the readings
of the nine copper—constantan thermocouples which
were placed at an axial position located 50 cm and 35

cm from the entrance of the heated section in cases 1
and 2, respectively. Prior to installation the thermo-
couples were calibrated using an ice bath. The overall
accuracy are found to be well within +0.1°C,

Water was chosen as the working fluid because of
its availability and wide application. The test generally
proceeded by maintaining flow rate, input power and
inlet fluid temperature fixed. After a steady state was

Table 1. Brief description of the experiments

The case of experiment

Dimension of channel

Material of channel

Length for hydraulic
development

Length of heated section

Location from the entrance
for thermocouples

Average porosity &

Case 1 Case 2
475x475x85cm  9.5x9.5x60 cm
stainless steel aluminum
10 cm 10 cm
65 ¢cm 40 cm
50 cm 35cm
0.365 0.35
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reached, the variation of wall temperatures was re-
corded. It is sufficient to determine the average wall
temperature with the nine temperature readings for
the half circumference under the condition of
symmetry. The flow rate, inlet fluid bulk temperature,
and electric power input were also recorded. The local
bulk mean temperature of the fluid at the measuring
section was calculated by the values of inlet tem-
perature, flow rate and power input. The fluid
enthalpy rise could be a double check to the electric
power inputs by measuring the bulk fluid temperature
in the mixing chamber. The experimental errors in
heat balance were found to be less than 4%. The
average wall temperature was calculated by using
Simpson’s rule for the measured data of nine thermo-
couples at a cross-section. The nine thermocouples
connect through a multiplexer to a personal
computer. The local heat transfer coefficient # was
calculated by the local heat flux, average wall tem-
perature and the local bulk mean fluid temperature.
The evaluation of Nusselt number is based on the
equivalent hydraulic diameter D, and the fluid con-
ductivity k as follows :

Nu:h—D:/k!zquc/[kf(Tw_Tb)] (1)

where g,, is the heat flux imposed at the outer surface
of channel walls, and T, and T, are the averaged wall
temperature and bulk mean fluid temperature. All of
the fluid properties (density, specific heat, dynamic
viscosity and thermal conductivity) were evaluated at
the local film temperature which is the arithmetic
mean of local bulk fluid temperature and average wall
temperature.

The procedure to collect experimental data was
repeated rigorously for each test run. A steady state
condition was said to be reached when the deviations
of wall temperatures and local bulk fluid temperature
were all within +0.1°C for 30 min. After each test run
the channel was emptied, flushed and refilled with
water. The experimental uncertainties in Nusselt num-
ber, mainly due to experimental errors in heat balance
and temperature measurements, were estimated to be
in the range of 11-16%. The largest uncertainties
occurred when the temperature difference (7, —T,)
was smaller.

3. THEORETICAL ANALYSIS

The present analysis uses the volume-averaged
equations which include non-Darcian effects such as
no-slip boundary, flow inertia, channeling and ther-
mal dispersion as used in Hunt and Tien [18]. In
vectorial notation, the steady three-dimensional
generalizations of continuity, momentum and energy
equations in a porous medium are

V(o) =0 )
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(ple) 0 VY5 = =V{p)+pg— (W K)<v)
—pCKeY Koy +(u/e)V ey (3)
pep ey VT = V(kV<T)) 4

where ¢ ) represents a volume-averaged quantity, v,
p and T are the local velocity, pressure and tempera-
ture, p and p are the fluid density and viscosity, ¢ is
the porosity, K and C are the permeability and inertial
coefficient, and k. is the effective conductivity.

The physical configuration and the coordinate sys-
tem are shown in Fig. 2 for the present problem.
Consider a steady laminar flow in both the hydro-
dynamically and thermally fully developed region of a
horizontal square packed-sphere channel heated with
axially uniform heat input and peripherally uniform wall
temperature. The Boussinesq approximation is used
to characterize the effect of free convection. Viscous
dissipation and the compressibility effect in the energy
cquation are neglected. With the following variables

X=x/d Y=yd U=-{ula/d),

V=< ol (opfd), W= {wyl{w),

0= (T,—<T>)0. 0. =q.,dlk,
Da= K, [d*. Re= (w)djv,
Pe = PrRe. Ra= gBq,d*/(viok;) (5)

and introducing the stream function and vorticity

U=2ay/dY, V=—-0ylex (6)
E=0UjaY ~aVieX =V (7

Pr = v/a,

the governing equations can be obtained

Vi =¢ (8)
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FI1G. 2. Schematic for the numerical solution and the coor-
dinate system.
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(UGEIOX+V BEAY)/(e Pr)
+{U[(8V/8X)(de/6X)
—(8UaX)(2/3Y)]
+ V[(OV]Y)(8e/0X)
—(QUJ3Y)(3e/0 )]}/ (e* Pr) = — (ed?[K)E
+V2E4300(1 —e)(Ude/oY — V dejoX)/e’
—2eCd(UBUJdY -V aV]aX)]Pr
+1.75Q—8)(U? 8e/0Y — V' 8]0 X) /(e Pr)
+¢ Ra(060/0X) + Ra 0(3e/8X) )
(UdW[oX+V eW|3Y)/(e Pr)
= &[— K. (dp/d2)/(u{W)))/Da~(ed*| K)W
~eCdReW?+V*W (10)
Ud0jéX+Vaojey
—4Wd|D, = (8/0X)[(k./k:)(00/0X)]
+(0/0Y)[(ke/kr)(00/0Y)] (11)

where V2 = (6%/0X 2+ 0?/0Y?), the subscripts co and
f represent the values in the core region and the
fluid state, respectively, and D, is the equivalent
hydraulic diameter. The Darcian number, Da, relates
the permeability to the particle size. The vorticity
transport equation (9) is obtained by cross-differ-
entiation of equation (3) to eliminate the pressure
term. It is noteworthy that the axial convective term
in energy equation (11) for the fully developed region
had been transformed to 4Wd/D. by applying the
conservation of energy :

KT>[0z = dTy)/dz = dT, /dz = 4q../(pc,{W)H D).
(12)

From the experimental results of Benenati and
Brosilow [20], the porosity, & can be represented
approximately by a decaying-cosine function as men-
tioned by Hunt and Tien [18]:

e =¢,[14+a exp(—a,n/d)-cos 2nn/d)] (13)

where ¢, is the porosity at the core region, # is the
distance from the wall in the inward normal direction,
d is the particle diameter, and a, and a, are empirical
coefficients which depend on the packing condition
and particle size. The coefficientsa, = 043 and a, = 3
are used in the present work, as used by Renken and
Poulikakos [17], because the rectangular channel with
aspect ratio 2 used in ref. [17] is quite similar to the
square channel used in the present work. The values
of ¢, are determined to be 0.363 and 0.348 to meet
the measured global porosity in cases | and 2, respec-
tively. For a liquid-saturated porous medium the per-
meability, K, and the flow inertial parameter, C,
depend on the matrix porosity and sphere diameter
which are given by the relations developed by Ergun
[21]:

K =d?*/(150(1 —¢)?) (14)
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C = 1.75(1 —e)/(de?). (15)

The effective conductivity, k., is composed of the
sum of the stagnant and dispersion conductivities,
k., =k,+k, The value of stagnant conductivity
depends on the porosity variation and the con-
ductivities of the fluid and solid. Since the thermal
conductivity of glass is very close to that of water,
k,/k: =1 is used in the present work. It has been
shown in Renken and Poulikakos [17] that neglecting
the effect of stagnant conductivity for water and glass
spheres works well. The dispersion conductivity, kg,
incorporates the additional thermal transport due to
the fluid’s tortuous path around the solid particles.
This quantity is proportional to the product of the
local velocity, a constant 7., and wall function:

ka =7 pe,|<vd|l(n)

= keyo. Pel/((U?+ V) [Pe* + WHin)/d
(16)

where /(n) is the wall function for thermal dispersion
damping near the wall which is given by Kuo and
Tien [22]:

l(n) = d{1—exp [—n/(6d)]} amn

where § is an empirical constant. There are two dif-
ferent sources to show the wall effect on thermal dis-
persion. First, the no-slip boundary condition and
the near wall porosity variation modify the velocity
distribution near the wall. Second, the mixing of the
local fluid stream would be reduced by the presence
of a wall. The value y,, = 0.07 was found by Kuo
and Tien [22] from the mixing-length concept and
statistical averaging process. The empirical constant
0 = 1 was obtained by the comparison of theoretical
and experimental results for the forced convection in
Part I of this work [23].

Equations (8)—(16) contain four parameters Pr, Ra,
Re and Pe. For a fixed fluid flowing through a channel
of fixed aspect ratio, Reynolds number Re, Rayleigh
number Ra, and Peclet number Pe govern the flow
and heat transfer characteristics. The Prandtl number
Pr is assigned 6.5 for water throughout this work.
Because of symmetry, it suffices to solve the problem
in a half region of the square channel such as that
shown in Fig. 2. The boundary conditions are

U=V=W=0=0 at the channel wall
U=3aV/oX =3W/[éX = d0/0X =0

at the symmetric plane x = a/2.

(18)

4. NUMERICAL METHOD OF SOLUTION

To obtain the numerical solutions from the govern-
ing equations (8)—(11), a finite-difference scheme is
used. Since these equations are coupled with each
other, they should be solved simultaneously. The pro-
cedures for solving equations (8)—(11) and the related
boundary conditions of equation (18) are as follows.
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(1) The variations of porosity ¢, permeability K and
flow inertial coefficient C for the whole calculation
domain are obtained from equations (13) to (15).

(2) Assign boundary values and guessed initial
values of U, V, W, r, £ and 0.

(3) The stream function ¥ at each node can be
obtained by solving equation (8) from the values of ¢
at each node.

(4) The velocity components U and V can be com-
puted from equation (6).

(5) The values of ¢ at the boundary can be cal-
culated from equation (7) and the associated bound-
ary conditions for .

(6) Using the values of U and V from step 4. the
boundary vorticity from step 5 and the distribution
of 0 from step 9, the interior vorticity ¢ can be solved
by cquation (§).

(7) Using the same values of U and V, equation
(14) can be solved for W. Check whether the average
dimensionless axial velocity W = (w)/{w) is equal to
1.0. Otherwise, adjust the value of the pressure term
— K, (dp/dz)/(u{w)) in equation (10) to meet the
requirement.

(8) Using the values of U, V" and W from steps 4
and 7, the variation of dispersion conductivity can be
calculated by equation (16).

(9) The interior 0 can then be obtained by equation
(11).

(10) Steps 3-9 are repeated until the following cri-
terion is satisfied :

Error = Y |07+ —0")/0" (M x N) < 10 * (19)
i

where M and N are the number of divisions in the X’
and Y directions, respectively.

After the temperature ficld is obtained, the com-
putation of the Nusselt number is of practical interest.
The Nusselt number is evaluated on the basis of the
overall energy balance :

Nu = hD.fk; = (D./d)(1/0,) (20)

where b denotes the bulk quantity.

5. RESULTS AND DISCUSSION

To track accurately the near-wall porosity variation
and the near-wall damping of dispersion conductivity,
a non-uniform grid system (AX, = 1.05AX,_,,
AY,=1.05AY, ) is used. The numerical results
should be independent of the number of non-uniform
grids used. Therefore, a numerical experiment was
made and the results are shown in Table 2 with
Pr=6.5 for the cases of Pe =10 and 100 with
D./d = 10, and Pe = 30 and 100 with D /d = 19. Tt is
seen that the deviations of computed Nu with
M x N = 30 x 60, 40 x 80 and 60 x 120 are all less than
1% for D.jd = 10. Thus M x N = 30 x 60 was used
throughout the work for the cases of D./d = 10. The
deviations of Nu with M x N = 38 x 76 and 60 x 120
are all less than 1% for both Pe = 30 and 100 and

F. C. CHou et al.

Table 2. Numerical experiments on the non-uniform grid
system for the cases of D./d = 10 and 19 and Ra = 10°

Po Mx N Nu

(a) DJd = 10

10 30% 60 22113

40 x 80 22.046

60 x 120 22.001

100 30 % 60 22.897

40 x 80 22.921

60 % 120 22973
(b) D jd = 19

30 38 %76 31712

60 x 120 31.423

100 38x76 33.989

60 x 120 34.304

D.jd =19, thus M x N = 38 x 76 was used through-
out the work for D./d = 19.

To illustrate the effect of buoyancy on flow and heat
transfer characteristics, the isotherm and streamline
patterns are shown in Fig. 3 for the cases of Ra = 10°,
Pe = 10, 40 and 100, and D./d = 10, and the cases of
Ra = 10°, Pe = 30, 40 and 100, and D./d = 19 are
shown in Fig. 4. From equation (6), the magnitude
of the local velocity of secondary flow is inversely
proportional to the distance between two nearby
streamlines. The main pair of eddies is driven by the
non-zero temperature gradient in the horizontal direc-
tion near the vertical heated wall. Tt is seen that there
exists a higher secondary flow speed in the region near
the vertical wall than that in the central region. This
is caused by the channeling effect which is due to the
higher porosity in the near-wall region. It is also seen
that even under the same set of Re and Pe, both the
near-wall secondary flow velocity and the strength of
secondary flow are higher in the cases of D./d =19
than those in the cases of D./d = 10, and consequently
a higher heat transfer rate will be induced in the cases
of D./d = 19. The above phenomenon is caused by
the stronger buoyancy effect in the cases of D./d = 19
rather than D./d = 10, because the magnitude of the
buoyancy effect is affected not only by heat flux. ¢,
as shown in the definition of Rayleigh number, but
also the length of heated wall which is shown in the
form of D./d.

In the central region of the square channel, an
adverse temperature gradient in the vertical direction
appears near the bottom of the heated horizontal wall
due to the thermal boundary condition. As shown in
Figs. 3(a) and 4(a) for the cases of Pe =10 with
D./d = 10 and Pe = 30 with D./d = 19, respectively,
the adverse temperature gradient induces a second
pair of counter-rotating eddies, and isotherms are dis-
torted due to the motion of the second eddy which
brings the heated fluid flowing upward along the cen-
tral symmetric line. The effect of thermal dispersion
is relatively weak for low flow rates (Pe = 10 or 30),
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F1G. 3. Isotherm and streamline for Ra = 10°, Pe = 10, 40
and 100, and D /d = 10.

but it changes significantly the patterns of isotherm
and streamline when the flow rate becomes high. It is
seen in Figs. 3(c) and 4(c) for Pe = 100 that the second
pair of counter-rotating eddies in the central region
near the bottom wall disappear. This result makes
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Fi1G. 4. Tsotherm and streamline for Ra = 10°, Pe = 30, 40
and 100, and D./d = 19.

sense physically : a relatively uniform temperature dis-
tribution is caused by the violent mixing of fluid within
the pores in the cases of higher flow rate due to the
effect of thermal dispersion, and therefore the mag-
nitude of the adverse temperature gradient decreases
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30

Dp/d=10
284
A, ---:Forced convection (23]

264 O:Experiment data, Ra=28000-46000
—:Numerical results, Ra=40000

24
224
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Nu
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L T
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FiG. 5. Theoretical prediction and experimental data of
Nusselt number versus Peclet number at certain Rayleigh
numbers for D./d = 10.

and the second pair of counter-rotating eddies is sup-
pressed. It is also seen from Figs. 3(b) and 4(b) for
Ra = 10° and Pe = 40 that there is only one pair of
cddies in the case of D /d = 10, but the second pair of
eddies appears in the case of D.d =19 due to its
stronger buoyancy effect.

Comparisons of theoretical predictions of Nusselt
number in the fully developed region and exper-
imental measurements of Nusselt number are shown
in Figs. 5 and 6 for D.d = 10 and 19, respectively.
It is scen in Fig. 5 for the cases of D./d = 10 that
the theoretical predictions of Nusselt number for
Ra = 4 x 10* are in agreement with the experimental

S0
De/d=19
457 a,---iForced convaction [23]
404 O=Experiment data, Ra=26000-29000
—:!Numerical results, Re=26000
35+

ot—T—T 7T 7T T T
40 S50 60 70 80 90 100 110 120 130 140
Pe
FiG. 6. Theoretical prediction and experimental data of

Nusselt number versus Peclet number at certain Rayleigh
numbers for D./d = 19.
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data for Ra = 2.8 x 10? 4.6 x 10*. By a further com-
parison with the results of forced convection (Ra = 0)
[23], it is also seen that the increase of Nusselt number
due to the buoyancy effect is higher when the Peclet
number is lower. It is seen in Fig. 6 for D J/d = 19
that the theoretical predictions of Nussclt number for
Ra = 2.6 x 10 arc higher than the experimental data
for Ra = 2.6 x 10°-2.9 x 10*. This is caused partly by
the theoretical overestimation of the thermal dis-
persion cffect, especially in the cases of high Peclet
number in the channel of Djd =19, because the
agreement between the theoretical and experimental
results for forced convection is also worse when the
Peclet number is high. It is also believed to be caused
partly by the entrance effect existing in the exper-
iments because the axial length of the heated section
is comparatively too short. In view of the local Nusselt
number behavior in the problem of mixed convection
in the thermal entrance region of a horizontal squarc
channel without packed spheres [24], it was shown
that, except in the region very ncar the entrance. the
entrance effect makes the values of local Nusselt num-
bers smaller in the thermally developing region than
in the fully developed region.

Figures 7 and 8 show the cffect of Rayleigh number
on the Nusselt number with the Peclet number as a
parameter for the cascs of D,/d = 10 and 19, respec-
tively. The variation of Nusselt number is found to
depend both on the Rayleigh number and Peclet num-
ber. This phenomenon is quite different from that
in the fluid flow through a channel without packed
spheres. For a certain fluid with fixed Prandtl number
flowing through a channel without porous mcdia,
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FiG. 7. Nusselt number versus Rayleigh number with Peclet
number as a parameter for D fd = 10.
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the Rayleigh number alone governs the flow and
heat transfer characteristics. However, in the present
study it is shown that the Nusselt number increases
with the increase of Peclet number even for a fixed
Rayleigh number; that is, the Rayleigh number and
Peclet number govern the flow and heat transfer
simultaneously.

Another result is found in Figs. 7 and §8: the value
of the Rayleigh number for the onset of the buoyancy
effect is delayed as the Peclet number increases. It is
interesting to find the relation between the values of
Peclet number and critical Rayleigh number, Ra,,
above which the buoyancy effect can no longer be
neglected. Based on the criterion of 5% deviation of
Nusselt number from that for pure forced convection,
the critical Rayleigh number for the onset of the buoy-
ancy effect is found to increase almost exponentially
with the increase of Peclet number, as shown in Fig,
9 for both the cases of D./d = 10 and 19. It is seen
that the curve of D,/Jd =19 falls below that of
D./d = 10 due to the stronger buoyancy effect in the
case of D /d = 19 even for a fixed Rayleigh number.
Therefore for a fixed Peclet number, the onset of the
buoyancy effect will occur at lower Rayleigh number
in the case of D,/d = 19. The dependence of the critical
Rayleigh number for the onset of the buoyancy effect
on both the Peclet number and the diameter ratio of
channel to sphere is a special phenomenon in porous
media, and does not exist in the flow through a chan-
nel without packed spheres.

6. CONCLUDING REMARKS

(1) A theoretical model is developed under the
consideration of the non-Darcian effects of boundary,
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Fi16. 9. The critical Rayleigh number for the onset of buoy-

ancy effect based on 5% deviation of Nu from that for forced
convection.

inertia, channeling and thermal dispersion to study
combined free and forced convection in horizontal
square packed-sphere channels. The theoretical pre-
diction of Nusselt number is in good agreement with
the experimental data for the 4.75x4.75x85 em
(D./d = 10) channel, but the predictions of Nusselt
number are higher than the experimental data for the
9.5x9.5x60 cm (D./d = 19) channel. This is caused
partly by the theoretical overestimation of the thermal
dispersion effect, especially in the cases of high Peclet
number, and partly by the entrance effect existing in
the experiments because the axial length of the heated
section is comparatively too short.

(2) From theoretical results, it is found that there
exists a higher secondary flow velocity, especially in
the region near the vertical wall due to the effects of
buoyancy and channeling.

(3) Both the secondary flow pattern and the heat trans-
fer rate are significantly affected by the buoyancy effect
when the Peclet number is low. There exists two pairs
of counter-rotating eddies for the cases of Ra = 10°,
Pe =10 with D /d = 10, and Pe = 30 with D,/d = 19.

{(4) The effect of thermal dispersion is to smooth
out the temperature distribution, therefore even under
a fixed Rayleigh number, the buoyancy effect will be
suppressed by the thermal dispersion effect when the
Peclet number increases. There is only one pair of
eddies for the case of Ra=10°, Pe= 100, and
D,/d = 10 and 19. Thus the values of fully developed
Nusselt number depend on the values of the Rayleigh
number, the Peclet number and the diameter ratio of
channel to sphere {D./d). The critical Rayleigh num-
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ber for the onset of the buoyancy effect increases
almost exponentially with the increase of the Peclet
number.
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ANALYSE ET EXPERIENCE DE CONVECTION NON DARCIENNE DANS DES
CANAUX CARRES HORIZONTAUX A LIT FIXE—II. CONVECTION MIXTE

Résumé—On présente une analyse et une expérience de convection mixte non darcienne établie dans des
canaux horizontaux avec lit de sphéres. On considére les effects de non glissement aux frontiéres, d’inertie,
de circuits préférentiels et de dispersion thermique. Les résultats théoriques sont trouvés en accord avec
les résultats expérimentaux pour le canal avec D./d = 10, mais les prédictions du nombre de Nusselt sont
supérieures aux données expérimentales a cause de la surestimation théorique de I'effet de dispersion
thermique, et de U'effet d’entrée existant dans les expériences pour D./d = 19. L’analyse montre que I'effet
de flottement affecte sensiblement la structure de I'écoulement secondaire et aussi le flux thermique quand
le nombre de Peclet est faible. Mais pour un nombre de Rayleigh fixé, I'effet du flottement peut étre
supprimé lorsque le nombre de Peclet augmente. Les valeurs du nombre de Nusselt dans la région établie
dépendent du nombre de Rayleigh, du nombre de Peclet et du rapport des diamétres du canal et de la
sphére (D./d).
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ANALYTISCHE UND EXPERIMENTELLE UNTERSUCHUNG DER KONVEKTION
AUSSERHALB DES DARCY’SCHEN BEREICHS IN EINEM WAAGERECHT
DURCHSTROMTEN, QUADRATISCHEN FESTBETT AUS KUGELN—IL
MISCHKONVEKTION

Zusammenfassung—In der vorliegenden Arbeit wird iiber analytische und experimentelle Untersuchungen
der vollstindig entwickelten Mischkonvektion auBlerhalb des Darcy’schen Bereichs in einem waagerecht
durchstrémten Festbett aus Kugeln berichtet. Folgende nicht-Darcy’schen Effekte werden berticksichtigt :
Haftbedingungen an der Grenzfliche, Tragheit der Stromung, Kanalbildung und thermische Dispersion.
Die theoretischen Ergebnisse stimmen mit den Versuchsergebnissen fiir den Kanal D,/d = 10 iiberein. Die
berechneten Nusselt-Zahlen sind jedoch grofer als die entsprechenden Versuchsergebnisse. Dies wird
teilweise darauf zuriickgefiihrt, daB die theoretische Berechnung die thermische Dispersion iiberbewertet,
teilweise auf Eintrittseffekte bei Versuchen mit D./d = 19. Die analytische Untersuchung zeigt, dall der
Auftriebseffekt die Struktur der Sekundérstromung und den Wirmelibergang wesentlich beeinfluBBt-dies
gilt fiir kleine Peclet-Zahlen. Der Auftriebseffekt wird hingegen unterdriickt, wenn die Peclet-Zahl zunimmt,
sogar bei festgehaltener Rayleigh-Zahl. Die Nusselt-Zahl im vollstindig entwickelten Gebiet hingt von
der Rayleigh-Zahl, der Peclet-Zahl und dem Durchmesserverhiltnis von Kanal und Kugel (D,/d) ab.

AHAJIUTUYECKOE 3KCINEPUMEHTAJIBHOE UCCITEJOBAHUE KOHBEKIINHA B
TOPH30HTAJIBHBIX KAHAJIAX KBAAPATHOI'O CEYEHHS C YIIAKOBKAMH COEP

ARHOTAIHS —AHATUTHYECKH M 3KCNIEPHMEHTAILHO HCCIEAYETCH MOMHOCTBIO Pa3BHTast CMEIaHHAA KOH-
BEKIMA B FOPH3OHTANLHBIX KaHajnax ¢ ynakokamu ctep. PaccMarpusarotcs 3¢dekTsl, Bbi3bIBaIOHINE
OTKJIOHEHHE OT 3akoHa JlapcH u 00yClOBJICHHBIE YCNOBHSMH NPWIHNAHHA Ha FPaHHLAX, HCHPHHEH
TedeHHs, TeIUI0BO# aucnepcreil. HaiifieHo, 4TO TEOpeTHYECKHE PE3YbTAThI COTJIACYIOTCH C IKCIEPUMEH-
TaJIbHBIMH JaHHBIMH, IOJy9eHHBIMH 1S kaHana ¢ D /d = 10, Ho pacieTHbic 3HayeHns uucia HyccenpTa
NpPeBBIMAIOT PE3YJIBTATH KCOEPHMEHTOB YaCTHYHO M3-3a 3(deKTa BXONa, NPHCYTCTBYIOILETO B 3KCIIE-
puMenTax oia D,/d = 19. AHaH3 NOKa3bIBAET, YTO MOXBEMHAS CHJIA OKA3bIBACT CYILIECTBEHHOE BIIHAHHE
Ha CTPYKTYpY BTOPHYHOIO TEYEHHS M CKOPOCTh TeILIONepeHoca NMpH HH3KoM uHcie Ileksne, HO oHO
MOXET NPH NOCTOAHHOM dHciie Panes yMeHbIIaThes ¢ pocToM uucna Ilekne. 3nauenns yucna Hyccensra
B NOJIHOCTBLIO Pa3BHTOM 00nacTH 3aBHCAT OT 3HadeHHH wucen Panes u [lexse, a Takke OT OTHOILEHHA
IUaMETpoB KaHalna u chepnl D /d.
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