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This study examines the effect of porous glass ball diameter on free convection heat
transfer in a vertical channel. Three diameters (11.4, 15.6, and 20 mm) were tested in a 15
x 13 x 60 cm duct with electric heaters, under heat fluxes of 5302100 W/m? for a single
heated plate and double for two plates. Air mass flow rate, heat transfer coefficient, and
pressure drop were evaluated. Results show that the 20 mm balls delivered the best thermal
performance, with air mass flow rates 83.5% and 11.6% higher than those for 11.4 and
15.6 mm balls, respectively. They also produced the lowest pressure drop, while the
smallest balls caused the highest, increasing by 33.6% and 45% relative to 15.6 and 20 mm
balls. These findings highlight the significant influence of porous media size on enhancing

heat transfer while minimizing flow resistance. The achieved results agree with previous
studies in similar fields.

1. INTRODUCTION

Heat exchangers are essential thermal devices designed to
facilitate the transfer of thermal energy between two or more
fluids. Typically, these systems employ a solid wall to prevent
mixing of the fluids while allowing efficient heat transfer.
They are integral to various industrial processes such as those
in power plants, refrigeration systems, chemical processing,
nuclear facilities, and dairy production [1]. Given the growing
global demand for energy and the increasing emphasis on its
efficient use, researchers have focused on enhancing energy
production efficiency and minimizing energy losses. One of
the key strategies to achieve this is through the improvement
of heat transfer rates while minimizing heat dissipation within
heat exchangers. A promising passive approach to this
enhancement involves the use of porous materials within the
fluid flow system [2]. Pavel and Mohamad [3] studied the
impact of porous metal inserts on heat transfer in a heated tube.
Using a constant heat flux, they examined porosity, material
diameter, thermal conductivity, and Reynolds number with
respect to heat transfer and pressure drop. They found that
porous inserts enhanced heat transfer but also increased
pressure drop, and emphasized the need for accurate modeling
of effective thermal conductivity in such systems. Dehghan et
al. [4] analyzed heat transfer enhancement and pressure drop
in microchannels with porous inserts. Using the Darcy—
Brinkman and binary energy equations under local thermal
non-equilibrium, they showed that rarefied porous inserts in
the sliding flow regime (0.001 <Kn <0.1) markedly improved
heat transfer, offering potential for compact, low-cost heat
exchanger design. Mahmoudi and Maerefat [5] analytically
studied heat transfer in a channel partially filled with porous
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material under local thermal non-equilibrium. They derived
exact temperature profiles for the fluid and solid phases,
accounting for insert thickness, porosity, conductivity ratio,
Biot number, and Darcy number. Results showed that optimal
insert thickness improves heat transfer and varies linearly with
the Darcy number. Mohammadi and Karimi [6] numerically
examined heat transfer in a tube partially filled with porous
material under local thermal non-equilibrium. Using the
Darcy—Brinkman—Forchheimer model, they evaluated the
effects of porosity, particle diameter, and inertia. They
identified an optimal porous layer thickness that enhances heat
transfer while limiting pressure drop and showed that the
inertia term significantly influences performance at higher
Reynolds numbers. In a theoretical investigation, Mohamad
[7] examined the impact of fixed-wall temperature porous
media on heat transfer in tubes partially filled with porous
materials. Their study hypothesized forced laminar flow
conditions and investigated the effects of porous layer
thickness and Darcy number on heat transfer rates. They
concluded that partial filling of the channel with a porous
medium improved heat transfer efficiency while reducing
pressure drop, particularly for Darcy numbers lower than 107,
Wang et al. [8] introduced a graded porous material (GPM) in
tubes to improve heat transfer and reduce fluid flow resistance.
Their study compared GPM with non-porous and
homogeneous porous materials, demonstrating that GPM
configurations enhanced heat transfer while maintaining low
friction. They employed field synergy theory to explain the
heat transfer mechanisms and performed a trade-off analysis
between pressure reduction and improved heat transfer. Yousif
et al. [9] conducted both practical and theoretical
investigations to assess the effects of porous materials on heat
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transfer in concentric vertical annular tubes. The study, using
numerical simulation, explored a range of Reynolds numbers
and porosity sizes, revealing that the Nusselt number increased
as porosity decreased, with the highest heat transfer occurring
at lower porosities. Abdulkareem and Hilal [10] carried out an
experimental study on heat transfer in a porous vertical
channel, examining the effects of different diameters of glass
beads. The results showed that heat transfer improved as bead
diameter increased from 1 mm to 3 mm, but decreased with a
further increase in diameter. The study also noted that pressure
loss increased with higher porosity. In another study, Yousif
[11] examined forced convection through porous vertical
rings, finding that increasing particle size and decreasing
porosity led to significant improvements in thermal
performance. Their experimental results showed that the
Nusselt number for vertical porous rings was up to three and a
half times greater than for rings without porous material.
Abbas [12] studied the flow of fluids through a packed
spherical column, comparing different packing materials and
porosities. The study found that the modified porosity equation
provided results that closely aligned with experimental data,
offering an accurate model for predicting fluid flow through
packed media. Saleh [13] investigated convective heat transfer
in channels of various cross-sections filled with porous
materials. His study showed that as the Reynolds number
increased, the Nusselt number improved, with the triangular
channel exhibiting better thermal performance than
rectangular or cylindrical channels. Yang et al. [14] conducted
a numerical simulation of heat transfer in porous media at high
porosity. They observed that while increasing Reynolds and
rotation numbers enhanced the Nusselt number, increasing
porosity led to a gradual decrease in heat transfer efficiency.
Yuan et al. [15] investigated heat transfer and friction
characteristics in turbulent flow through a circular tube
equipped with spherical impellers. Their study revealed that
smaller ball diameter ratios and shorter spacing lengths were
more effective in enhancing heat transfer and reducing
friction. Hilal et al. [16] performed experiments on heat
transfer in porous heat exchangers with a rectangular channel,
noting significant increases in Nusselt numbers at higher
Reynolds numbers and heat fluxes. They found that porosity
had a substantial impact on heat transfer performance. Jiang et
al. [17] studied the forced convection of water and air in
channels with sintered porous plates. They found that sintered
porous materials significantly improved heat transfer
compared to uncentered plates, particularly at higher flow
rates and with lower porosity near the wall. Zhang et al. [18]
investigated a lotus-type porous copper heat sink and
demonstrated  excellent heat transfer performance,
highlighting the importance of optimizing porosity and pore
penetration for improved heat transfer in porous media heat
exchangers. Rashid and Hassan [19] studied natural
convection from a heated triangular copper prism in a porous
medium. Using a packed vertical channel, they found that the
base-down orientation produced higher surface temperatures,
while the base-up orientation achieved better heat transfer,
with empirical correlations closely matching experimental
results (£0.2% error). Hassan et al. [20] examined turbulent
forced convection in a cylindrical porous channel with internal
heat generation. The setup used steel balls heated by
electromagnetic induction, with dry air as the coolant, in a 500
mm X 47 mm copper test section. Tests (Re = 490-5490)
assessed ball diameter, porosity, and velocity. A 6% porosity
reduction increased heat transfer by 38% (Re = 750-3000).
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Higher Reynolds numbers and heat generation boosted
Nusselt numbers by 20% but raised pressure drop by 200%.
Salman et al. [21] investigated PV module cooling using a
porous medium with water circulation in a back chamber.
ANSYS simulations and experiments evaluated flow rate,
solar intensity, and porosity effects. The porous medium
lowered PV temperatures by 9-14°C, with higher flow rates
improving cooling. Experimental results closely matched
simulations, confirming the method’s effectiveness for PV
thermal management. Mahdi and Rashid [22] experimentally
investigated convective heat transfer in a triangular channel
filled with porous media under a constant heat flux of 1300
W/m?. The 1 m-long channel, with a 0.1 m hydraulic diameter,
was packed with 5 mm and 10 mm glass spheres, resulting in
porosities of 0.616 and 0.468. Experiments over a Reynolds
number range of 3165-10910 showed that porous media
enhanced the convective heat transfer coefficient by 90.2%
and 92.1% compared to an empty channel. Higher air velocity
decreased the local Nusselt number axially, increased end
pressures, and lowered drag with larger particles. Ali and
Rashid [23] experimentally studied forced convection in a
square channel partially filled with glass spheres (5 mm) under
constant heat flux. Porous media heights of 20-60 mm were
tested with Re = 2,690-5,806. Results showed notable heat
transfer enhancement, especially at 60 mm. Higher Reynolds
numbers reduced wall temperature and increased Nusselt
number, while friction factor decreased with velocity,
improving overall thermo-hydraulic performance. Boulhidja
et al. [24] numerically investigated an inclined PV/T solar
collector with an integrated porous medium under mixed
convection. The study assessed panel tilt, Richardson number,
porous layer thickness, and Darcy number. Results showed
that a porous medium with intermediate permeability could
improve thermal and electrical efficiencies by over 28% under
optimal conditions, demonstrating its potential for PV/T
performance enhancement. Saihood and Ala [25] studied
natural convection in a porous cavity partially open to air,
filled with glass beads. Varying heat fluxes and open side
ratios, they found that higher heat flux and smaller openings
enhanced heat transfer, increasing the local Nusselt number by
up to 5.47% and the average Nusselt number by up to 7.28%.
Xiang et al. [26] examined flow and heat transfer in single-
tube liquid—solid fluidized bed heat exchangers. Experiments
showed that higher fluid flow rates and smaller particle sizes
improved heat transfer efficiency, providing guidance for
optimizing the design and operation of these heat exchangers
in industrial applications. Bavandla and Srinivasan [27]
experimentally studied Rayleigh—Bénard convection in gas-
saturated porous media at very low Darcy numbers (5.87 x
1078—1.94 x 107°). Heat transfer increased linearly just beyond
onset, with divergence at higher modified Rayleigh numbers
depending on Darcy number. Large pores exhibited behavior
similar to classical convection, though Brinkman drag
remained significant. Karra and Apte [28] used large-eddy
simulation with a variable-porosity continuum model to study
turbulent open-channel flow over a randomly packed sediment
bed. At Rex = 2.56 and Re t = 270, the smoothly varying
porosity and modified Ergun—Forchheimer drag captured
mean flow, Reynolds stresses, and momentum exchange in
good agreement with pore-resolved DNS, while significantly
reducing computational cost for large-scale aquatic flow
studies. Lee et al. [29] experimentally examined heat transfer
in porous media to test local thermal equilibrium (LTE) under
different grain sizes and flow velocities. Using 5-30 mm glass



spheres and Darcy velocities of 3—-23 m/d, they found stronger
local thermal non-equilibrium (LTNE) effects with larger
grains and higher velocities. LTE/LTNE models matched data
for small grains but failed for 20-30 mm, where phase
temperature differences exceeded 5% of the gradient. The one-
dimensional LTNE model could not capture non-uniform
flow, highlighting the need for multidimensional modeling in
coarse-grained systems such as gravel aquifers. Bansal [30]
studied heat transfer enhancement in fluidized-bed reactors
using 600 um iron oxide-coated glass beads. Experiments
(BET, XRD, SEM) assessed coating quality, while air
velocity, heating power, surface area, and thermal
conductivity were evaluated for their impact on heat transfer.
A random forest model accurately predicted performance,
with optimized conditions reaching 390.3 W/m?-kg,
demonstrating that nanoscale coatings combined with machine
learning can effectively enhance thermal performance in gas-
solid fluidized beds. Singh et al. [31] experimentally studied
heat transfer in a solid-fluidized bed, examining particle size
and fluid type (water, sodium silicate,
carboxymethylcellulose). They found that higher particle size
and interfacial fluid velocity increased the bed void fraction
(¢) and heat transfer coefficient (h), which peaked at € ~ 0.7.
Fluidization regimes varied with fluid concentration, and non-
uniform radial temperature profiles indicated significant bulk
resistance affecting overall heat transfer. Zhang et al. [32]
developed a porous glass bead photoreactor (APR) with
zirconia for Rhodamine B degradation in wastewater. Under
optimal conditions (120 mL/min flow, 13 mm liquid layer),
over 99% removal was achieved in 9 hours, following a
diffusion-controlled first-order kinetic model (k = 0.55h™).
Simulations showed that microarray particles enhanced local
flow (0.25m/s), improving performance, demonstrating
APR’s potential for efficient photocatalytic wastewater
treatment. Zhang et al. [33] studied steady-state porosity in
fluidized beds at low Reynolds numbers using experiments
and numerical simulations. Upward flow of spherical particles
was visualized in a transparent permeameter, and porosity was
measured via image-based aggregate thickness. CFD-DEM
simulations with various drag models matched experimental
and analytical results, validating the approach and improving
understanding of low-Re fluidized-bed behavior relevant to
internal corrosion analysis. Sheppard et al. [34] investigated
freeze-casting laminar porous copper from cupric oxide
suspensions to enhance transverse thermal conductivity.
Controlled freezing, sublimation, reduction, and sintering
produced laminates with porosity 66.7-89.5% and
conductivity 9.5-12.9 W/m-K; the highest conductivity (16.7
W/m-K) occurred at 65.7% porosity and 13 vol% particle
loading. Cooling rates and PVA content influenced laminate
formation, porosity, and conductivity, with freeze-cast copper
outperforming commercial foams. Hilal et al. [35]
experimentally studied forced convection in an inclined square
porous duct filled with high-porosity (~0.99) zig-zag metallic
mesh. Tests (Re = 8,355-18,600; heat flux =480-1,520 W/m?;
angles 30°-60°) showed that higher Reynolds number, heat
flux, and inclination increased local and average Nusselt
numbers, with up to 24% enhancement at 60° compared to
horizontal. Saqar et al. [36] a double-pass solar air heater
(DPSAH) integrated with two types of porous media and a fin
plate was experimentally evaluated under forced convection.
The objective was to enhance heat transfer and storage
efficiency. Methodology involved performance testing under
varying airflow conditions. Findings revealed a 2-5%
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efficiency improvement and higher outlet temperatures
compared to conventional systems.

Previous studies on heat transfer in porous media used
analytical, numerical, and experimental methods to examine
various geometries (tubes, ducts, channels) and porous fillings
such as foams, packed beds, and coated beads. Conducted
under forced and natural convection and local thermal non-
equilibrium, most highlighted the trade-off between heat
transfer enhancement and pressure drop. Strategies like
gradient porous designs, microchannels, and variable porosity
sought to optimize performance. However, limited work has
experimentally isolated structural effects. This study addresses
that gap by examining porous ball diameter variation (11.4-20
mm) under free convection, quantifying its impact on heat
transfer and flow resistance.

2. EXPERIMENTAL SETUP

The experimental setup, as depicted in Figure 1, comprises
three primary components. The first component is a vertical
channel constructed from an MDF panel with dimensions of
15 x 13 x 60 cm. Two heating plates, each measuring 13 x 20
cm, are positioned symmetrically at the midpoint of the
channel, with one on each parallel side. Each heating plate is
equipped with a 200 W electric element, characterized by an
electrical resistance of 242 Q. The second component is the
power supply, which consists of a variac device rated at 1000
VA. This device regulates the power delivered to the electric
elements. The third component includes several measurement
instruments: A voltmeter and an ammeter to measure the
electric power supply, a temperature controller to set the
temperature of the heating surfaces, a hot-wire manometer to
measure pressure drop across the porous pad and air velocity
exiting the channel, and temperature data loggers to record the
temperature within the experimental space. Three distinct
porous pads, each containing glass balls with identical
volumes, were utilized: the first pad contained 3.39 kg of 11.4
mm diameter glass balls, the second contained 4.05 kg of 15.6
mm diameter glass balls, and the third contained 3.685 kg of
20 mm diameter glass balls. The details of these samples'
scaling are shown in Figure 2. The experiments were carried
out under two different ranges of heat flux. When heating a
single side of the plate, the heat flux varied from 530 to 2100
W/m?, while heating both sides of the plate resulted in a heat
flux range from 1060 to 4200 W/m?.

L {

1 Vertical channel 2 Temperature controller
3 Power meter 4 Hotwire anemometer
5 Variac transformer 6 PC computer

Figure 1. Photo of the test rig used



The porosity of the glass ball pad was measured in the
laboratory using a three-step process. First, a specific number
of glass balls was packed into a scaled cylinder (V). In the
second step, the balls were fully submerged in water. Finally,
the water that filled the space around the balls was poured into
another scaled cylinder, and its volume was measured (V).
Figure 3 shows the steps of porosity scaling practically. The
porosity (¢) was calculated using the formula below, and the
values can be found in Table 1:

&= Vp—Vw
Vb

(1)

Figure 2. Photos of glass ball samples used, (A) 20 mm, (B)
15.6 mm, (C) 11.4 mm

ﬂ%
=)

Figure 3. Steps for determining the porosity of glass balls
pad

Table 1. Practical scaling of porosity for various glass ball
diameters

Ball Diameter (mm) Weight (kg) Porosity Symbol

114 3.39 0.444 Bl
15.6 4.05 0.5 B2
20 3.685 0.534 B3

The total power provided to heat the plate can be calculated
as [10]:
Pee = qin =V X1 (2)
The net heat transfer from the heated plate to the porous pad
can be expressed as follows:
Q=9qin— (g0 + ) 3)
The heat loss from the test rig structure is due to heat
transfer by free convection and radiation from its outer surface
to the surroundings. Both can be calculated using the
following equations [37]:
Heat transfer by free convection is calculated as:

qo = hoAo(Ts — Tw) 4)

Heat transfer by radiation is calculated as:
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qr = 0€A, (T — Ti) (5)

Thus, the convection heat transfer in the workspace is
calculated based on Newton’s cooling equation, as shown
below:

Q= hg Ap (Tw - Tb) (6)
and
_ Q

hay = Ap(Tw—=Tp) (7

since
T, = L &i=1 Tw,i ®

And
TintTou

T, = TintTout )

2

3. EXPERIMENTAL UNCERTAINTY ANALYSIS

To estimate the precision of the experimental results, the
error rate of the mechanical or electrical measuring devices
used in this study was calculated using the uncertainty Eq. (10)
[39]. EES software was used to evaluate their uncertainty. The
results are shown in Table 2. It has been found that the
maximum heat flux and transfer coefficient uncertainty are
approximately (4.176 and 1.646) W/m?, respectively.

ar 2 or 2 or 211/2
s o O 10
Wr [(0961 Wl) + (c’)xz WZ) + (axn Wn) ] ( )
Table 2. Uncertainty of the measuring devices used
Device Name  Resolution Accuracy Uncertanity
Temprature 0.5°C +0.2%°C +0.293°C
datalogger
Voltmeter 0.1V +1.2% V + 3V +1.2V
Ammeter 0.01A +2.5A% + 5A +0.02 A
. +3% m/s
Air speed 0.001 m/s 1 0.1m/s +0.03 m/s

4. RESULTS and DISCUSSION

The experiments were conducted using three different
diameters of glass ball pads under three heat fluxes ranging
from 530 to 4200 W/m?, employing a single heated plate and
two parallel heated plates. The heating process within the
working space induced accelerated air movement as a result of
density variations, effectively transitioning the system from a
free convection regime to a forced convection regime. This
transition was confirmed by the observed increase in air mass
flow rates. The results discussion encompasses the evaluation
of mass flow rate, convective heat transfer coefficient, and
pressure drop as functions of the Reynolds number,
corresponding to the applied heat flux levels.

4.1 Mass flow rate

The results indicate that the mass flow rate is significantly



influenced by the diameter of the balls due to their impact on
porosity. Larger spheres (B3) created wider flow passages,
which reduced viscous resistance and allowed for higher
airflow. In contrast, smaller spheres (Bl) restricted flow
because of lower porosity and higher tortuosity, even though
they generated locally higher velocities. As illustrated in
Figures 4 and 5, the mass flow rate increased with heat flux
due to buoyancy-driven acceleration, confirming the transition
from natural to forced convection. Under single-plate heating,
B3 achieved the highest mass flow rates, ranging from 0.2107
to 0.2304 g/s. This was 59.2% higher than Bl and 37.2%
higher than B2. When using two-plate heating, the effect of
porosity was even more pronounced, with B3 reaching mass
flow rates between 0.235 and 0.352 g/s. This represents an
increase of 83.5% compared to Bl and 11.6% compared to B2,
resulting in an overall increase of 46.1% compared to single-
plate heating. These findings are consistent with those of Ahn
et al. [40], who reported that larger pore sizes enhance natural

convection by facilitating airflow and reducing flow resistance.

—8—Bl1 —e—B2 —&—B3
0.25
B—Y
A ‘:\ =
- 02 = o
W E i
3 0.1 : —F]
& OG- =
0.1
0.05
0 . . . ,
0 500 1000 1500 2000 2500
q (W/m?)

Figure 4. Variation of mass flow rate versus heat flux on
single side of a heated plate

m (g/s)

2000
q (W/m?)

Figure 5. Variation of mass flow rate versus heat flux on two
sides of a heated plate

4.2 Experimental convection heat transfer coefficient

Figures 6 and 7 illustrate that the convection heat transfer
coefficient increases with Reynolds number, which aligns with
the classical Nu—Re behavior observed in porous media.
During single-plate heating, B1 displayed higher Reynolds
numbers at the same heat flux due to its lower porosity, which
accelerated local velocities. However, its heat transfer
coefficient (ranging from 11.4 to 56.15 W/m*K) did not
surpass those of B2 (10.93 to 51.52 W/m?-°C) or B3 (10.66 to
49.53 W/m?-°C). This suggests that the limited bulk flow in
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B1 outweighed the benefits of its narrower pore dimensions.
Under two-sided heating, B1 maintained a relatively stable
Reynolds number (940 to 1200), while B2 and B3 experienced
significant enhancements, with their coefficients rising to
approximately 98.8 W/m?-K and 94 W/m?-K, nearly doubling
the values observed during single heating. This improvement
is attributed to higher surface temperatures and stronger
buoyancy-driven flow. This observation aligns with the
findings of Kailash et al. [38], who noted that combining
greater surface exposure with enhanced buoyancy promotes
convective heat transfer in porous systems.

——p3] —6—Bl —aA—RB3

1/

60

60

byve (W/m?.C)

70 80 20 100 110 120

Re

Figure 6. The variation of the convection heat transfer
coefficient in relation to the Re number for a heating surface
on single side

——P] =2 —t—p3
120
O w}
8 ol
E 30 F BZ/E]
0 " RN R | PP TR
60 70 80 90 100 110 120 130 140 150 160
Re

Figure 7. The variation of the convection heat transfer
coefficient in relation to the Re number for a heating surface
on two parallel sides

4.3 Pressure drop

Figure 8 illustrates that the pressure drop across the porous
pad decreases as the sphere diameter increases, which aligns
with the Ergun and Forchheimer models. The smallest spheres
(B1) experienced the highest pressure drops despite having
lower Reynolds numbers; this is attributed to reduced porosity
and greater flow resistance. For B1, the pressure drop per pad
height ranged from 9.2 to 10.7 Pa/m under single-sided heating
and 11.8 to 13.5 Pa/m under double-sided heating. These
values represent increases of 33.6% and 45% compared to B2
and B3, respectively. This confirms the hydraulic penalty
associated with smaller pore channels, where narrower flow
passages lead to intensified viscous and inertial losses. In
contrast, the larger spheres (B3) exhibited lower resistance and
pressure drops, demonstrating their advantage in reducing
pumping power while still maintaining adequate heat transfer



performance. These findings are consistent with those of Ahn
et al. [39] and Li and Feng [40].

OB1, IHP OB2,1HP AB3,1HP MB1,2HP ®B2 2HP AB32HP
16
|
~12 . .
£ i
= O
&8} o® ® A
= & /A A
& an8
1 4
0 . - R -
60 80 100 120 140
Re

Figure 8. Variation of pressure drop versus Reynolds number
across the ball pad with single and two heated plates

5. PRACTICAL IMPLICATIONS

The results reveal an important design trade-off. Smaller
spheres enhance surface area and improve heat transfer, but
they also lead to a significantly higher-pressure drop, which
requires more pumping or fan power. In contrast, larger
spheres provide lower flow resistance, making them
advantageous in applications where energy efficiency is a
priority, even if this means a moderate reduction in heat
transfer. For instance, in solar air heaters or compact heat
exchangers, smaller spheres may be preferred for maximizing
thermal performance. However, in industrial cooling systems,
larger spheres might be chosen to reduce operating costs by
lowering the pressure drop. Therefore, carefully selecting the
size of the spheres allows engineers to balance thermal
enhancement with hydraulic efficiency based on the specific
requirements of their applications.

6. CONCLUSIONS

This study experimentally examined the thermo-hydraulic
performance of glass ball porous pads with varying sphere
diameters, under both single-sided and double-sided heating.
The results revealed that sphere size has a significant impact

on heat transfer and flow resistance due to its effect on porosity.

Larger spheres (B3) facilitated increased mass flow and
reduced pressure drop, while smaller spheres (B1) resulted in
higher Reynolds numbers but also caused greater flow
resistance and limited thermal gains. The implementation of
two-sided heating substantially enhanced convection, nearly
doubling the heat transfer coefficients for spheres B2 and B3
when compared to single-sided heating. Overall, the findings
demonstrate the trade-off between thermal enhancement and
hydraulic penalties: smaller spheres offer a larger heat transfer
surface area but lead to increased pressure drops, whereas
larger spheres promote hydraulic efficiency with moderate
heat transfer. These outcomes provide valuable insights for
selecting packing sizes in porous media applications, such as
solar air heaters, cooling devices, and compact heat
exchangers, where balancing energy efficiency and thermal
performance is crucial.
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NOMENCLATURE

A, Plate area (m?)

A, Outside area (m?)

I Electric current (A)

have Average  convection  heat  transfer
coefficient (W/m?2-°C)

h, Outside surface of test rig convection heat
transfer convection (W/m?-°C)

Pele Electric power (W)
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Too
T
TS
TW

Vw
(in

Qo
qr

1HP
2HP

Ambient temperature (°C)

Bulk temperature (°C)

Outside surface of test rig temperature (°C)
Hot surface temperature (°C)

Total volume (water + glass ball) (m?)
Water volume (m?)

Net heat transfer rate (W)

Input heat transfer to the porous pad (W)
Heat loss to the ambient (W)

Heat loss by radiation to the ambient (W)
Stefan-Boltzmann constant 5.669 x 103
(W/m?-K*)

Emissivity

Porosity

Single heating plate

Two parallel heating plates





