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Mixed-Convection Heat Transfer in Vertical Packed Channels
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The experimentalresults of mixed-convectionheat transfer in a vertical packed channel with asymmetricheating
of opposingwalls are reported. The experiments were carried out in the range of 2 < Pe < 2200 and 700 < Ra < 1500.
The measured temperature distribution indicates the existence of a secondary convective cell inside the vertical
packed channel in the mixed-convection regime. A correlation equation for Nusselt number in terms of Peclet
number Pe and Rayleigh number Ra was obtained from experimental data. A plot of Nu/Pe1/2 vs Ra/Pe exhibits the
transition of heat-transfer results from the natural convection limit to the forced convection limit. The following
three convection regimes exist: natural convection regime, 105 < Ra/Pe; mixed-convection regime, 1 < Ra/Pe < 105;
and forced convection regime, Ra/Pe < 1.

Nomenclature
Acs = cross-sectionalarea of the channel
Ah = surface area of the heated wall
B = shape factor de� ned in Eq. (5)
cp = speci� c heat of Freon-113 (R113)
dp = sphere diameter
H = plate separation of the channel
K = permeability of the packed bed de� ned in Eq. (7)
k f = thermal conductivityof Freon-113
km = media effective thermal conductivity
ks = thermal conductivityof chrome steel
Nu = Nusselt number de� ned in Eq. (4)
Pe = Peclet number de� ned in Eq. (3)
qw = heat � ux at the heated wall
Ra = Rayleigh number in Eq. (2)
Tc = temperature of the cooled wall
Th = temperature of the heated wall
Ti = � uid temperature at inlet of the test section
u i = � uid velocity at inlet of the test section
®m = media thermal diffusivity, ®m D km=.½cp/ f

¯ = thermal expansion coef� cient
1T = temperature difference, 1T D Th ¡ Tc

¸ = thermal conductivity ratio of k f and ks

º = kinematic viscosity of Freon-113
½ = density of Freon-113
’ = porosity of the packed bed

Introduction

C ONVECTIVE heat transfer in a porous media packed chan-
nel has been a subject of intensive study during the past two

decades because its wide applications including geothermal en-
ergy engineering, groundwater pollution transport, nuclear waste
disposal, chemical reactor engineering, insulation of buildings and
pipes, and storageof grain and coal, and so on. Most of the previous
work has been devoted to the studies of either natural or forced con-
vection in porous media. There are only a few papers on numerical
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and theoretical studies of mixed convection in a packed channel.
For example, Wooding,1 Prats,2 and Sutton3 conducted theoretical
studies on the onset of free convection in porous channels.
Haajizadeh and Tien4 presented their analytical and numerical re-
sults on mixed convection in a horizontal porous channel. For uni-
formly heated horizontal porous channel Islam and Nandakumar5

numerically investigated the problem of buoyancy-induced sec-
ondary � ow in a porous duct with a rectangular cross section at
large Peclet numbers. The discovery was made that at low Grashof
numbers a secondary � ow pattern of two counter-rotatingcells ex-
ist. With the increase of the Grashof number, the strength of the
secondary � ow is increased, and a strong boundary layer behavior
is exhibited on the vertical side wall; thus, the heat-transfer rate
is signi� cantly enhanced. When the Grashof number is increased,
a stable four-vortex pattern takes place, and the heat-transfer rate
increases accordingly. Prasad et al.6 conducted a numerical study
of mixed convection in a horizontal porous layer with discrete heat
sources from below. At small Peclet numbers a thermal plume rises
above the heat source, and a pair of counter-rotating cells is gen-
erated. With an increase in the Peclet number, the symmetric na-
ture of the isotherm vanishes; the strength of the two recirculating
cells becomes weaker, and the thermal plume moves downstream.
Muralidhar7 numerically studied both horizontal and vertical an-
nuli with the inner cylinder heated and the outer cylinder cooled.
He found that mixed convection is predominant for 0 < Pe < 10
and Rayleigh number 0 < Ra < 500. Kwendakwema and Boehm8

obtained a numerical solution for mixed convection about a verti-
cal concentric cylinder in the range of 0:1 < Gr Da=Re < 10. They
pointedout that the radius ratio three is a critical value above which
the increase in heat transfer is minimal. Lai et al.9 numerically in-
vestigated aiding and opposing mixed convective� ows in a vertical
porous layer for the case when a � nite isothermal heat source is lo-
cated on a vertical wall while the other wall is isothermally cooled.
They found that a circulatory secondary � ow exists. For an aiding
� ow the heat-transfer rate increases monotonically with the aiding
velocity. For the opposing � ow with increasing Peclet numbers,
the heat-transfer rate � rst decreases and reaches a minimum before
starting to increase again. For a vertical porous annulus with the
same thermal boundary condition, Choi et al.10 con� rmed the re-
sults of Lai et al.9 and suggested that heat-transfer results Nu=Pe1=2

shouldbe correlatedin termsof Ra=Pe for an isothermalheat source,
whereas Nu=Pe1=2 should be correlated in terms of Ra=Pe2 for the
case of constant heat � ux. Chou et al.11 conducted a numerical in-
vestigation on fully developed non-Darcian mixed convection in a
horizontal porous channel by assuming a no-slip boundary � ow,
with the effects of inertia, channeling,and thermal dispersion taken

517



518 PU, CHENG, AND ZHAO

into consideration.They found that there exists a higher secondary
� ow velocity, especially in the region near the vertical wall caused
by the effects of buoyancy and channeling. The numerical results
also show that both the secondary � ow pattern and the heat-transfer
rate are signi� cantlyaffectedby the buoyancyforce when the Peclet
number is low. They found that the buoyancyeffect is suppressedby
the thermal dispersion effect when the Peclet number is increased.

Early experimentalworkon mixed convectionis givenbyElder,12

Combarnous,13 and Schrock and Laird.14 Recently, Renken and
Poulikakos15 performed an experiment on mixed-convection heat
transfer in a horizontal packed-sphere channel heated from below.
Their experimental results show the dependencyof the temperature
� eld in a porous bed, the growth of the thermal boundary layer, and
the variation of local Nusselt number on the parameterRa1=3

x =Pe1=2
x .

Their experimental results lie in the forced convection limit of
the mixed convection regime. Reda16 performed both experimen-
tal and numerical investigation on mixed-convection heat transfer
in a verticalannuluspackedwith glassspheres.His numericalresults
show that in the presenceof superimposeddown� ow the buoyancy-
induced up� ow is � rst retarded, then stagnated, and ultimately sup-
pressed with increasingmagnitude of the down� ow Peclet number.
Although radial temperature pro� les were given in this paper, no
heat-transfer results were presented. Clarksean et al.17 conducted
an experiment on mixed-convection heat transfer between verti-
cal concentric cylinder � lled with a porous medium. Temperature
distributions and the local Nusselt number in a porous bed were
measured. However, the experiments were performed at the forced
convection limit of mixed-convectionregion, and there are no data
for heat-transfercoef� cient in the transitional regime from the nat-
ural convection to the forced convection limit. Choi and Kulacki18

presentedtheirnumericalandexperimentalresultsonmixedconvec-
tion through vertical porous annuli, which is heated from the inner
cylinderwith constantheat � ux. They found that the Nusseltnumber
increaseswith eitherRa or Pe for the aiding� ow, whereas for the op-
posing � ow it decreaseswith Peclet number and reachesa minimum
before increasingagain. They also found that the mixed convection
regime for the aiding � ow is 0:2 < Ra=Pe3=2 < 9800,whereas for the
opposing � ow it is 0:6 < Ra=Pe3=2 < 17;100. The preceding review
of the literature reveals that all of the experimentalstudies on mixed
convectionin porous media are con� ned to either horizontalporous
layer or vertical annuli.

In this paper an experiment was carried out to study mixed con-
vection of R-113 (Pr D 8:06) in a vertical channel (with L=H D 9)
packedwith chromesteel spheresand heatedasymmetrically.Trans-
verse temperatures at � ve elevations in the test section and the heat
� ux to wall were measured.The strengthandextentof theconvective
cell strongly depend on the parameters of Ra and Pe. A correlation
equation of Nu in terms of Pe and Ra is obtained. The transition
regime from natural to forced convection limits is also presented.

Experimental Method
A forced convection of R-113 loop was used in performing

the experiments. Details of the loop are described elsewhere.19 A
schematic of the rectangular test section is illustrated in Fig. 1. The
test section is vertically oriented with R-113 � owing against grav-
ity. It consisted of four vertical walls: two aluminum plates serving
as the heat source and the heat sink and two acrylic plates serving
as adiabatic side walls. Chrome steel beads (dp D 6:35 mm) were
used as porous media. The overall dimensions of the test section
were 66.04-cm length, 20.32-cm width, and 30.48-cm depth. The
cross-sectional � ow area of the test section was 5:08 £ 15:24 cm.
The heated and cooler plates, 45.72 cm in length (L ) and facing op-
posite from each other,were separatedby a distance(H ) of 5.08 cm.
In this work the porosity was determined by measuring the volume
ratio of � lled water in the packed channel to the empty channel.The
heat-transfersection is precededby a calmingsectionof 10.16cm in
length and followedby an exit sectionof 5.08 cm in length.Both the
calming and the exit sections were made of acrylic plates. A perfo-
rated plate was installedon the bottomof the test section to promote
a more uniform velocity pro� le entering the calming section while
a top perforated plate was used to hold the spheres in place during
the experiments. Both the walls and the perforated plates were re-

Fig. 1 Schematic diagram of the test section.

movable, so that the spheres can be packed easily in the test section.
An aluminumplate, 20:32£45:72 cm and 3.175cm thick,was used
as the heated plate. The back of the aluminum plate was mounted
with � ve strip heaters, each having a maximum heating capacity of
350 W. The energy output of each strip heater was controlled by a
rheostat.The entireheated test section was insulatedwith � berglass.
The accuracy of the power input to the heated plate was estimated
to be §3%. The cooling jacket was made from a 7.62-cm-thickalu-
minum plate. A 6.82-cm-deep zigzag track, which was machined
into the rear side of the cooled plate, provided the coolingwater pas-
sage. Twelve J-type thermocoupleprobes (1.59 mm in diameter) in
each plate were positioned at a distance of 1.59 mm from the inner
walls to monitor the temperatures of the heated and cooled plates.
The other two side walls were made of acrylic plates. Five levels of
J-type thermocoupleprobes (0.81 mm in diameter), located at 6.35,
9.21, 18.1, 27.0, and 45.1 cm from the inlet, were mounted on these
two side plates of the test section. Each level has 11 thermocouples
in the transversedirection with an even spacing of 4.76 mm except
those near walls. The thermocouples near the walls were located
1.59 mm from the walls. The thermocouples, installed in parallel
with the heated and cooled plates, were used to measure the trans-
verse � uid temperature in the packed channel.The heat loss through
these two side plates was estimated to be less than 1% of the power
input to the heated plate.

A data-acquisition system consisting of a personal computer, an
A/D converter board, six universal analog input multiplexers, and a
screw terminal accessoryboard was employed to recordand display
the � ow rate of R-113 and the measured temperatures.The accuracy
of the � ow rate measurement was §0:5%. The experimental accu-
racy of the temperature was §0:2±C. Uncertainties of the Nusselt
number were estimated to be §4:8%.

Similarity Parameters
We now consider the test section as just described and illustrated

in Fig. 1. The heightof the verticalchannelis L, and the separationis
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H . Both of the two verticalwalls are maintainedat uniform temper-
ature while one is heated at Th and the other is cooled at a constant
value Tc. The working � uid enters the packed channel at a uniform
velocityui .To obtaina fully developed� ow in a shortchannelheated
asymmetrically, the � uid temperature at the inlet of the test section
is maintained at a temperature Ti , which is of the average value of
Th and Tc, i.e., Ti D .Th C Tc/=2. For the present problem the heat-
transfer rate between the hot wall and the cold wall of the packed
channel in the range of mixed convection is correlated in terms of
the Rayleigh number and the Peclet number,20 i.e.,

Nu D f .Ra; Pe/ (1)

where Ra, Pe, and Nu are de� ned as

Ra D
g¯K 1T H

º®m

(2)

Pe D u i H=®m (3)

Nu D qw H=km 1T (4)

respectively,g being the gravity.The effective thermal conductivity
km is calculated by using Zehner and Schlünder’s equation21:

km D k f 1 ¡ 1 ¡ ’ C 2

p
1 ¡ ’

¸B
.1 ¡ ¸/B

.1 ¡ ¸B/2

1
¸B

¡
B C 1

2
¡

B ¡ 1
1 ¡ ¸B

(5)

with ks and k f being the thermal conductivity of solid and liquid
phases, respectively. A shape factor B for a packed bed consisting
of uniform sphere is given by

B D 1:25[.1 ¡ ’/=’]
10
9 (6)

The permeability K in Eq. (2) is given by

K D
’3d2

P

180.1 ¡ ’/2
(7)

Results and Discussion
The experiments were conducted under a wide range of condi-

tions from the natural convection limit to mixed convection and to
the forced convection limit. The Peclet number and Rayleigh num-
ber were 2 < Pe < 2200 and 700 < Ra < 1500, respectively.In what
follows, we shall � rst present some typical transverse temperature
distributions in the test section. The transition regimes from nat-
ural to forced convection limits will then be discussed. Finally, a
correlationequation of Nu in terms of Pe and Ra will be presented.

Temperature Distribution

Temperaturedistributionsat the � ve levels for three differentval-
ues of Ra=Pe are presented in Fig. 2. Figure 2a shows the tem-
perature distribution for the forced convection predominated case
with Ra=Pe D 0:32. When forced convection predominates, buoy-
ancy force is unimportant; thus, temperature distributionsat differ-
ent elevations are asymmetric with respect to the centerline. The
temperature � eld can be divided into three regions: two thermal
boundary layers near the heated and cooled walls and an isothermal
core at the inlet temperature. The temperature near the heated wall
increasesas it approachesdownstreambecauseof the heating effect
from the wall. On the other hand, the temperature near the cooled
wall decreases as it approaches downstream because of the coo-
ling effect from the wall. Figure 2b illustrates the temperature dis-
tributions for the mixed convection case with Ra=Pe D 11:3. The
shape of the temperature distributionat x D 6:35 cm is very similar
to the case of forced convection, which is asymmetric with respect
to the centerline.As the � uid approachesdownstream,buoyancyef-
fect becomes increasingly important, and temperature distribution
begins to deviate from those of asymmetric shape. Note that the
temperature at x D 45:1 cm near the cooled wall is higher than that

a) Forced convection: Ra/Pe = 0 32

b) Mixed convection: Ra/Pe = 11 3

c) Natural convection: Ra/Pe = 300

Fig. 2 Temperature pro� les.

at x D 6:35 cm, suggesting the existence of a buoyancy-drivensec-
ondary cell. Lai et al.9 also reported the existence of the secondary
convective cell in the mixed convection regime in their numerical
results for streamlines. Figure 2c shows the temperature distribu-
tion for the natural convectionpredominantcase with Ra=Pe D 300.
Note that the thermal boundary layer becomes very thick down-
stream, which is almost constant across the channel with a large
temperature drop near the cooled wall. Because the temperature of
the � uid at x D 45:1 cm is much higher than the inlet temperature,
this indicates the existence of a secondary cell.

To investigate the existence of the buoyancy-driven secondary
cell, temperature distributions for Ra D 700 along three different
levels at different Peclet numbers are plotted in Fig. 3. We shall
focus our attention to the temperature distributionsnear the cooled
wall where a secondarycell exists at low Peclet numbers. As shown
in Fig. 3a, the temperaturenear the cooled wall at x D 6:35 cm (i.e.,
at the � rst level) decreases monotonically as the Peclet number is
decreasedbecauseat the entrance the buoyancyeffect caused by the
heated or cooled wall is unimportant, as mentioned earlier. Tem-
perature distributions at x D 18:1 cm are presented in Fig. 3b. As
the Peclet number is decreased from 2200 to 125, the temperature
near the cooled wall begins to drop. However, a further decrease in
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a) x = 6 35 cm

b) x = 18 1 cm

c) x = 45 1 cm

Fig. 3 Effect of the Peclet number on temperature pro� les.

the Peclet number leads to an increase in � uid temperature near the
cooled wall because of the existence of a secondary cell that brings
hotter � uid from the top. This effect is most pronounced in Fig. 3c,
where the � uid temperatures for Pe D 2 and 50 at x D 45:1 cm is
higher than that for Pe > 50 at Ra D 700, which con� rms the exis-
tence of a convective cell.

The effects of the Rayleigh number on temperature distribu-
tions at x D 6:35 and 45.1 cm in the mixed convection regime with
Ra=Pe D 28 » 60 are presented in Figs. 4a and 4b, respectively.As
is expected,the � uid temperaturefor an aiding � ow at a givenPeclet
number increases as the Rayleigh number is increased.

Nusselt Numbers

Variations of the Nusselt number with the increase of the Peclet
number at selected Rayleigh numbers are presented in Fig. 5. At
lower Peclet numbers the effect of the Rayleigh number is signi� -
cant. In this regime the higher the Rayleigh number, the higher is
the Nusselt number. When the Peclet number is larger than a certain
value, the heat � ux data points merge for different Rayleigh num-
bers, which means that the Nusselt number becomes independent
of Rayleigh number and forced convection prevails. This observa-

a) x = 6 35 cm

b) x = 45 1 cm

Fig. 4 Effect of the Rayleigh number on temperature pro� les.

Fig. 5 Variations of the Nusselt number with the Peclet number at
different Rayleigh numbers.

tion can also be con� rmed by Fig. 6, where the variation of the
Nusselt number is plotted against the Rayleigh number at selected
Peclet numbers. As shown in Fig. 6, at lower Peclet numbers such
as Pe D 2; 10, and 125 the Nusselt number increaseswith increasing
the Rayleigh number. This suggests that the natural convection is
predominatedat lower Peclet numbers. On the other hand, however,
when the Peclet number is larger than a certain value (Pe D 500),
the variation of the Nusselt number becomes independent of the
Rayleigh number, indicating that the forced convection becomes
predominate.

The followingcorrelationwas obtainedbasedon a least-square� t
of 81 experimental runs for mixed convectionof R-113 in a vertical
packed channel heated asymmetrically with uniform temperature:
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Fig. 6 Variations of the Nusselt number with the Rayleigh number at
different Peclet numbers.

Fig. 7 Comparison of the correlation equation and the experimental
data.

Nu

Pe
1
2

D 0:383 1 C 0:098
Ra

Pe

0:488

(8)

Equation (8) with experimental data is presented in Fig. 7, which
shows that the experimental data and the correlationequation agree
very well from natural convection limit to forced convection limit.
The standarddeviationbetweenEq. (8) and theexperimentaldata for
700 < Ra < 1500and 2 < Pe < 2200 is about11%. Note that thecor-
relation (8) is valid for mixed convectionof R-113 � owing through
the steel-bead-packedchannel for the rangeof 700 < Ra < 1500 and
2 < Pe < 2200.

The mixed-convection regime can be determined by the 5% de-
viation rule originally used by Sparrow et al.22 to determine the
natural-,mixed-, and forced-convectionregimes; hence, the follow-
ing three convection regimes are obtained:

Natural-convectionregime:

105 < Ra=Pe

Mixed-convectionregime:

1 < Ra=Pe < 105

Forced-convectionregime:

Ra=Pe < 1

Based on these criteria, the corresponding mixed-convection
regimes at Ra D 700, 1000, and 1500 are 7 < Pe < 620, 10< Pe <
885, and 14 < Pe < 1327, respectively.

Conclusion
An experimental investigation on mixed-convection heat trans-

fer in a vertical packed channel with asymmetric heating thermal

boundaryconditionshasbeenconducted.The measuredtemperature
distributions show that there exists a secondary convective cell in
the mixed-convectionregime. A correlationequationof Nu in terms
of Ra=Pe has been obtained based on 81 experimental runs in the
rangeof 2 < Pe < 2200 and 700 < Ra < 1500.The correlationequa-
tion agrees well with the experimental data. The mixed-convection
regime for a vertical packed channel is 1 < Ra=Pe < 105.
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