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Abstract— In this work, a solar collector
incorporating sensible heat storage materials was
developed for solar crop drying applications.
Pebbles and sand were employed as absorber
materials, with experiments conducted under the
meteorological conditions of Ujire, Karnataka,
India. The bed thickness of the absorber was
maintained at 20 cm, with air velocities of 4 m/s
and 2 m/s for pebbles and sand, respectively.
Measurements were taken hourly between 9:00 AM
and 5:00 PM. Experimental and theoretical heat
transfer analyses were conducted and the results
were evaluated using characteristic curves.

The results showed that the collector with pebbles
as an absorber performed better than the sand-based
collector, due to surface roughness and higher
Reynolds numbers. Maximum theoretical and
experimental temperatures for pebbles were 344 K
and 321 K, respectively, while for sand they were
334 K and 322 K. The average theoretical
efficiency achieved with pebbles was 39%,
compared to 28.5% for sand. Experimentally,
pebbles yielded an efficiency of 25% versus 11%
for sand. The developed system demonstrated
moderate-temperature heat generation, suitable for
crop drying.

Keywords: Solar Energy, Solar Collector, Solar
Dryers, Heat Storage Materials, Heat Transfer
Analysis.

1. Introduction

Solar energy is a clean and abundant energy source,
with most parts of the Earth receiving over 280-300
sunny days annually, providing approximately
3,850,000 Exa-joules per year [1]. Solar drying is a
crucial application of solar energy, enabling the
dehydration of agricultural products to prevent
bacterial and fungal growth, thereby facilitating
long-term storage.

In developing countries, post-harvest losses are
significant due to inadequate storage facilities. The
Food and Agricultural Organization of the United
Nations estimates annual food losses of up to 30%
for cereals, 40-50% for root crops, fruits, and
vegetables, 20% for oilseeds, and 35% for fish [2].
These losses result in wasted resources, including
water, fertilizers, pesticides, labor, and energy [3].

Moderate temperatures of 40-75 °C, achievable
using solar dryers, are essential for drying fruits and
vegetables [4]. Solar collectors, critical components
of indirect and mixed-mode dryers, capture and
transfer solar energy as heat. Research has explored
combining heat collection and storage in solar
collectors, utilizing materials such as gravels [5,6],
sand [7], SAE 20/40 oil [8], paraffin wax [9-18],
lauric acid [19], and black-coated metal sheets [20-
23]. This study aims to develop solar collectors with
sensible heat storage materials for crop drying and
to conduct a heat transfer analysis.

2. Materials and Methodology

The collector cabin was constructed from 5 mm
thick GI-sheet with thermo-col insulation on all
sides and the bottom. A 5 mm thick transparent
glass cover was placed on top to minimize re-
radiation losses. The collector's dimensions
maintained a length-to-width ratio of 1.5 (L/'W =
1.5) [24]. Preliminary experiments identified
optimal bed thickness and air velocity: 20 mm
thickness and 4 m/s velocity for pebbles, and 20
mm thickness and 2 m/s velocity for sand [25].
Figures 2.1, 2.2, and 2.3 illustrate the dimensional
specifications of the collector and practical setups
for pebble and sand absorbers. Incident solar
radiation was absorbed by the materials and
transferred to airflow. Temperature readings at the
collector’s inlet and outlet were recorded hourly
from 9:00 AM to 5:00 PM using calibrated
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thermometers, while incident radiation was

measured with a pyranometer.

12 cm,

0 em

Fig. 2.1 Dimensional specifications of the collector

Fig. 2.2 Solar collector with pebbles absorber

Fig. 2.3 Solar collector with sand absorber

3. Experimental and Theoretical Analysis

To find the thermal efficiency of solar collectors
two methods are used; the instantaneous method
and the calorimetric method. For testing of solar
collectors, instantaneous method is widely used
[26]. The Eq. (3.1) represents the thermal efficiency
of solar collector by instantaneous method.

m,Cp (T2-T1)

= Ig (A +Wy

(3.1)

In the Eq. (2.1), ma is mass flow rate of air in kg/s,
G, is specific heat of air in J/kg K, T1 and T are air
inlet and outlet air temperature in degree centigrade,
I. intensity of solar radiation in W/m?, Ac is gross
area of heat storage cabin in m?, Aq4 is dryer gross
area in m?and Wp is power supplied blower.

In theoretical heat transfer analysis, the energy
balance was applied to solar collector system with
the assumptions that, the surrounding temperature,
cover temperature and inlet air temperature are
assumed to be same, the outlet temperature of air
stream from collector cabin is equal to the surface
temperature of the heat storage materials (plate
temperature), the heat storage materials in the cabin
are assumed to be a continuous medium and acts as
solid surface and the flow takes place between
absorber surface (heat storage material surface) and
glass cover. The Figure 3.1 shows the energy
balance of the collector system.

The analysis made method by following the
procedure explained in the text on Heat Transfer
[27] and Solar Energy [28]. The free and forced
convection correlations are used in the analysis are
referred from the Heat and Mass Transfer Data
Hand Book [29]. The values of (%) sun and (%)iow temp
for pebbles are 0.29 and 0,85 [30], for sand 0.2 and
0.8 [31] respectively.

Incident energy (q/A)

Boliom Tosses

Fig. 3.1 Energy balance on the collector
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The radiation absorbed from the sun must be equal
to the long wave length radiation exchange.

(@)sun= (@1ow term(™* ~ T*surrounding) (3.2)

In the Eq. (3.2), T, is heat storage material bed
temperature in degree centigrade and  Tsurrounding 1S
surrounding temperature in degree centigrade.

Characteristic length (L)

_ 44
L= 34c

- (3.3)

In the Eq. (3.3), Ac is duct area in m?, P is perimeter
in m.

Reynolds number (Re)

Nu = Re = <% (3.4)
In the Eq. (3.4), u is air velocity in m/s,8 is

kinematic viscosity.

Nussult number (Nu)

Nu = (023 Re B3 Pr).33 (3.5)
In the Eq. (3.5), Pr is Prandtl number.
Convective heat transfer coefficient (h)
h = “LE“ (3.6)

In the Eq. (3.6), k is thermal conductivity of air in
W/ m°C, L. is characteristic length in m.

Convective heat transfer coefficient between top
most cover and the surrounding air (h,,)

h,, =47 + 38Vw (3.7)
In the Eq. (3.7), Vw 1s average wind speed in m/s.

Bottom loss coefficient (Uy,)

Ub =

o |

(3.8)

In the Eq. (3.8), k; is the thermal conductivity of
insulating material and 6 is the thickness of
insulation in m.

Side loss coefficient (Us)

(L—wlHk;
LewE

Us = (3.9)
In the Eq. (3.9), L is length of the collector in m, w
is width of the collector in m, H is the height of the
collector in m and 9 is the thickness of insulation in
m.

Top loss coefficient (Uy)

Ut=4A+B (3.10)
-1

— M 1
4= [%}':TF_TEJ':H+E:'D.252 * hy

1

G(T'D + T:](T'D B T:]
1

(e, +0.0225M(1—2) + (

M+ F+ 1:] — M:]}

=2

Where, ¢, is emissivity of the heat storage bed, & is
emissivity of glass cover and T, is heat storage
surface The wvalues of

material temperature.

constants ‘f” and ‘c’ are constants.

Overall loss coefticient (Up)

U=Ut+Ub+Us (3.11)
Radiative heat transfer coefficient (hy)
(Ta-T3)
h-r = il — L = 3.12
E L] o

In Eq. (3.12), &, and & are emissivity of absorber
and cover materials.

Equivalent heat transfer coefficient (he)

hh,
h+h,

he =h+ (3.13)
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Collector efficiency factor (F)

1

F = [1+§]_ (3.14)
Collector heat removal factor (Fr)
FR=x[:1—e_x:) (3.15)

In the Eq. (3.15),m, is mass flow rate, C, is specific
heat of air in kl/kg K,Ac is Collector area inm?and

the value of x = ;;:
Useful heat gain (qu)

qu = (FR)A[Ic(t oc) — Uj(Tp—Ta) (3.16)
In the Eq. (3.16), Tis transitivity of glass cover, o
is absorptivity of heat storage material.

Theoretical Instantaneous collector efficiency (1,)

—_qu_
Igag

n,
(3.17)

4. Results and Discussions

In this section, the results of the experiments are
discussed with the help of characteristic curves. The
pebbles and sand particles in the collector act as the
absorber. The particles are closely packed in the
collector, and thus the surfaces of pebbles and sand in
the collector are assumed to behave as a single solid
surface. When the solar radiation incident on the
surfaces of pebbles and sand, a part of the incident
energy is absorbed, and then the absorbed energy is
transferred to the air flowing over the surface of the
absorber. The amount of heat absorbed from incident
solar radiation mainly depends on the properties of
the absorber materials. The important properties on
which the amount of heat absorption depends are
absorptivity and surface emissivity. The absorber
materials with good absorptivity result in better heat
absorption. The value of absorptivity for pebbles is

0.85 and for sand is 0.8. The value of absorptivity for
pebbles is slightly higher than that of sand. During
the experiments, it has been observed that the higher
temperature values are obtained with pebbles in both
experimental and theoretical analysis. This is due to
the fact that the surface of the sand particles acts like
a plane surface, whereas the surface of the pebbles
acts as a grooved surface. Therefore, the amount of
heat transfer to the air stream with pebbles as an
absorber is higher. Figures 4.1 and 4.2 represent the
values of theoretical and experimental temperature
during the experiments. The maximum theoretical
and experimental values of temperature obtained for
pebbles as an absorber are 344 K and 321 K,
respectively. Similarly, for sand absorbers, the
maximum theoretical and experimental values of
temperature observed are 334 K and 322 K,
respectively.
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Fig. 4.1 The variation of air outlet temperature of
collector with pebbles as absorber

The amount of heat absorbed by the absorber and
transferred to the air stream is influenced by the
equivalent heat transfer coefficient. The equivalent
heat transfer coefficient, in turn, depends on the
convective and radiative heat transfer coefficients.
The convective heat transfer coefficient is primarily
determined by the flow velocity and the temperature
gradient between the absorber and the air stream.
The radiative heat transfer coefficient depends on
the emissivity of the absorber surface and the cover
emissivity. Therefore, it is concluded that effective
heat transfer is predominantly influenced by these
parameters. Figure 4.3 represents the variation of
the equivalent heat transfer coefficient during the
experiments.
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Fig. 4.2 The variation of air outlet temperature of
collector with sand as absorber

The equivalent heat transfer coefficient is
consistently higher for pebbles. The average
equivalent value obtained with pebbles as the
absorber is 21.2 W/m2K, while for sand, it is 13.2
W/m?K. The reason for the higher equivalent heat
transfer coefficient with pebbles is the velocity
maintained, which was 4 m/s compared to 2 m/s for
sand. Higher convective heat transfer coefficients
are achieved due to the higher Reynolds number.
The surface of the absorber with pebbles consists of
numerous grooves, which increase air turbulence
and result in higher heat transfer rates. In contrast,
for sand as the absorber, the surface acts like a
plane plate, and there is no turbulence between the
air stream and the absorber surface. Thus, higher
equivalent heat transfer coefficients are achieved
with rough surfaces at higher velocities.
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Fig. 4.3 Variation of equivalent heat transfer coefficient

Higher values of the equivalent heat transfer
coefficient result in increased heat transfer rates
between the absorber and the air stream. The
amount of heat gained by the air stream is referred
to as the useful heat gain. The variation of useful
heat gain is represented by Figure 4.4. It has been

observed that the useful heat gain is consistently
higher for pebbles than for sand.
The useful heat gain increases with time, reaches a
peak value, and then begins to decrease. This
variation follows the pattern of variation in solar
radiation flux, as shown in Figure 4.5. Thus, the
useful heat gain mainly depends on the availability
of incident radiation. Other parameters that affect
the heat gain include top loss, bottom loss, and side
loss coefficients. The top loss coefficient depends
on the gap between the absorber and the glass
cover. The wind velocity over the glass cover also
affects the top loss coefficient. The side and bottom
loss coefficients depend on the properties of the
insulation materials.
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Fig. 4.4 Variation of useful heat gain

——Pebbles = Sand
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Fig. 4.5 Variation of solar radiation flux

The efficiency of the collector is defined as the
amount of useful heat gained by the absorber plate
relative to the total incident radiation flux. Figures
4.6 and 4.7 show the variation of theoretical and
experimental  efficiency values during the
experiments. It has been observed that the
efficiency value of the collector with pebbles as the
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absorber is always higher than that with sand as the
absorber. The average theoretical efficiency
obtained with pebbles as the absorber is 39%, and
with sand as the absorber, it is 28.5%.
The variation of theoretical efficiency values for
both pebbles and sand follows almost a straight line,
indicating minimal variation in efficiency.
However, the experimental efficiency values do not
follow a straight line. With pebbles as the absorber,
the efficiency values increase gradually and then
begin to decrease in the later stages. In contrast, for
sand as the absorber, the efficiency increases
initially and then continuously decreases. The
average experimental efficiency with pebbles as the
absorber is 25%, while with sand, it is 11%. The
deviation of experimental efficiency from
theoretical efficiency is greater for sand as the
absorber compared to pebbles. This is because the
higher surface roughness and air turbulence for the
pebbles  surface  enhance  heat  transfer.
Earlier sections of this research mentioned that the
main objective of this study was to develop a low-
cost solar collector for drying agricultural crops.
The developed collector system, with pebbles and
sand as absorbers, provides moderate temperature
heat, which is ideal for crop drying applications.
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Fig. 4.6 Variation of theoretical efficiency of the collector
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Fig. 4.7 Variation of experimental efficiency of the
collector

5. Conclusions

The major conclusions of this research work are as
below:

e The developed solar collector system with
pebbles and sand as absorber materials
provides the moderate temperature heat
required for drying agricultural products.
The maximum theoretical and experimental
temperatures obtained with pebbles as the
absorber are 344 K and 321 K, respectively.
Similarly, for sand as the absorber, the

maximum theoretical and experimental
temperatures are 334 K and 322 K,
respectively.

e The value of the equivalent heat transfer
coefficient depends on the convective and
radiative heat transfer coefficients. The
convective heat transfer coefficient depends
on the flow velocity and the temperature
gradient between the absorber surface and
the air stream. The radiative heat transfer
coefficient mainly depends on the emissivity
of the absorber and the glass cover
emissivity. The average equivalent heat
transfer coefficients are 21.2 W/m?K for
pebbles and 13.2 W/m?K for sand as
absorbers.

e The collector with pebbles as the absorber
outperforms the collector with sand as the
absorber due to higher Reynolds number and
increased air turbulence caused by surface
roughness.

e The average theoretical efficiency achieved
with pebbles as the absorber is 39%, while
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with sand as the absorber, it is 28.5%. The
average experimental efficiency for pebbles
as the absorber is 25%, compared to 11% for
sand as the absorber.
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