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Abstract

Many sensible heat storage materials are regularly used as thermal energy storage (TES)
systems to improve the efficiency of solar dryers. The present work focuses on the effects of
the volume and particle sizes of a volcanic stone (pozzolan) for the same purpose. Samples
soaked in matt black and without soaking were also considered. Heat charge and discharge
tests were carried out by exposing the pozzolan contained in a solar collector of the direct
solar dryer (DSD) and indirect solar dryer (ISD) to the sun. Charge and discharge heat transfer
models of the pozzolan enable determining the time constant t(s). The results show that
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during the charge phase, the non-soaked sample for volumes of 25 | and 20 | in the ISD and
the DSD stores heat more than the soaked sample. The half-filled solar collector for ISD with
a pozzolan bed depth of 5 cm gives high time-constant values compared to other studied
samples. Thus, the pozzolan charges for a longer time for this volume. Soaked samples
discharge more slowly than non-soaked samples for particle sizes of 8 to 12 mm and 12 to 16
mm in the ISD and 4 to 8 mm and 8 to 12 mm in the DSD.
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1. Introduction

The 2030 Agenda, established in 2015 by the United Nations, is based on the 17 Sustainable
Development Goals (SDGs). Achieving these SDGs will not be possible without the contribution of
the agriculture and agro-food sector. The United Nations states through the Food and Agriculture
Organization (FAO) that these sectors are crucial to achieving the Sustainable Development Goals,
specifically SDG 1 (ending poverty) and SDG 2 (ending hunger) [1]. Many primarily consumed
agricultural products are not always available seasonally. As a result, harvesting, preservation,
processing, and distribution operations are not sufficiently addressed to meet the SDGs. To
overcome this handicap, several solutions have been proposed: preservation by drying, greenhouse
cultivation, freezing, etc. Drying is a safe, simple, and appropriate solution for many products.
Usually, the drying process decreases the moisture content of food and agricultural products,
making their preservation easier and increasing their shelf life. To appropriately control the
nutritional properties of food products and ensure their good quality, the humidity level and
operating temperature (usually 40-60°C) are regulated during drying [2-5].

According to his geographical position, Chad has good sunshine. It has one of the best sunny
hours throughout the year in Africa. Chad receives more than 3030.91 hours of sunshine each year
[6]. In addition, Chad's daily solar irradiance ranges from 5.5 kWh/m? to 7 kWh/m? [7, 8]. Most of
Chad's provinces have experienced rapid agrarian development. Therefore, Chad highly produces
agricultural products such as tomatoes, potatoes, mangos, maize (corn), wheat, rice, sesame seeds,
recession sorghum, and sorghum [9, 10]. Hence, the potential of solar drying can be considered an
appropriate technology for the country's domestic and industrial sectors.

Solar drying is attractive for many agricultural and food products in the industrial and domestic
sectors. The quality of the final products will be preserved if the products are dried in an enclosed
space and a clean environment [11]. Solar drying also contributes to increasing product storage
capacity, transforming some products into a much more usable form, and reducing transportation
costs [4, 5]. Products can be dried continuously during intermittent cloud cover, bad weather
conditions, and at night if the dryer is coupled with a TES unit or a backup heater [11, 12]. Since
solar dryers can be built with local resources, they improve the farming community's economy.
Based on the air circulation mode in the solar collector, solar dryers are broadly divided into natural
convection and forced convection dryers. These two categories of dryers are also classified as direct,
indirect, and mixed types based on the exposure of the product to the sun [11, 13]. Beyond this
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general classification based on the airflow movement and product heating in the dryer, there are
other types of solar dryers. They are the following: hybrid solar dryers [14]; desiccant bed solar
dryers [15]; heat pump operated solar dryers [16, 17]; conductive type solar dryers [18]; dual-
purpose solar dryers [19]. Among all these solar dryers, indirect forced convection dryers are the
most widely used because they are cheap, avoid contamination, are cost-effective, allow thermal
control of drying, do not expose drying products to direct sunlight, and are highly recommended for
photosensitive agro-products [20].

Many factors limit the use of solar drying. These include the intermittency of solar energy,
fluctuation of ambient conditions, and partial rehydration of the product at night [5, 21]. Thus, the
real challenge is developing a solar drying technique with efficient energy consumption for a desired
product. TES systems are integrated into solar dryers to store excess thermal energy during the
sunshine. The dryers use this stored energy during off-sunshine periods. [4, 5]. This aims to mitigate
fluctuations in climate parameters and enable continuous dryer operation [22]. Therefore, TES is
essential in improving solar dryers' overall drying efficiency [23]. TES can be used in various solar
thermal systems for short- or long-term energy storage [24]. Therefore, a TES can help develop
energy-efficient thermal systems, decreasing energy consumption and capital cost. This leads to the
development of a cost-efficient solar system [25]. For example, Vadsquez et al. have demonstrated
a potential energy savings of about 80% compared to conventional drying using a proper TES control
system [26]. Krishnan and Sivaraman have shown that the solar dryer with TES's thermal efficiency
improved by 50% compared to the conventional dryer [27]. The effect of thermal storage was
observed to stabilize the temperature in the dryer for 3 h after sunset and then gradually decrease.
Other benefits of using TES are reduced fossil fuel, better system reliability, environment friendly,
improved energy security [28], and reduced time between energy supply and demand [29].

Thermal solar energy can be stored in well-insulated fluids or solids in three forms: sensible heat,
latent heat, or thermochemical. It can also be stored in any combination mentioned above [5]. In
sensible heat storage (SHS) material, the change in temperature of a solid or liquid results in a shift
in heat stored as sensible heat. The amount of energy in SHS depends on the storage medium's
specific heat capacity, the increase in storage medium temperature, and the storage material mass.
In latent heat storage (LHS), the heat is absorbed or released when the thermal storage material
undergoes a phase change from the gaseous to the liquid state or from the liquid state to the solid
state or vice versa at a constant temperature. LHS through phase change materials (PCM) is a
promising technology for TES due to its isothermal nature during the phase transition from gas to
liquid or liquid to solid (or vice versa) and its high-thermal energy storage density [30]. PCMs can
reduce the heat losses in solar dryers and significantly increase their efficiency [2]. Nevertheless,
the higher volume changes in phase transition are their difficulties [31]. In addition, PCM is an option
to rationalize TES's high cost and power utilization. On the other hand, the major disadvantage of
PCMis is their high cost, which restricts their use in TES systems [24]. The thermochemical energy
storage system depends on the energy absorbed at the breaking of molecular bonds and the release
of energy during reformation of the molecular bonds in an entirely reversible chemical reaction [5].

Each method of energy storage has some essential advantages and drawbacks over others.
Storing energy as latent heat or sensible heat is cheaper and simpler [32, 33]; however, it is stored
for short periods in these forms [32, 34]. It is lost to the ambient once the energy supply source is
removed. Thus, it must be used within a certain period after storage. Hence, they are used chiefly
for heating applications at night or intermittent cloudy hours. The efficiency of PCMs in solar energy
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systems is also limited by irregular sunlight [35]. Thermo-chemical storage systems, in which
thermal energy is stored in chemical reactions, overcome this drawback. These chemical reactions
usually consist of removing the water of hydration from the hydrated salts. With the thermo-
chemical storage systems, the energy can be stored for months. The energy is later recovered by
mixing the separated chemical species to get the original product and releasing stored heat. There
is heat loss during storage in sensible and latent modes of heat storage. However, in
thermochemical storage, there is no loss of heat since salt and water are stored separately [32, 36].
Also, thermochemical storage systems have much higher storage density than latent and sensible
heat storage systems. However, the practical application of this technology is limited because it is
not yet well developed [32]. Ultimately, SHS requires more volume than LHS and thermo-chemical
storage respectively [37, 38].

Depending on the type of application, TES materials are divided into three temperature
categories: low-temperature heating (up to 90°C), medium-temperature heating (90°C to 300°C), or
high-temperature heating (300°C to 1250°C) [28]. Solar dryers with TES systems are efficient for
continuous drying in a steady state at temperatures ranging from 40°C to 60°C [3, 28]. Thus, solar
dryers belong to low-temperature applications, and latent heat and sensible heat energy storage
systems are adapted for them [32]. SHS materials have been divided into solid and liquid materials
for convenience. A solid or liquid material is used because gas has too low specific heat [28]. The
following liquids have been widely used as thermal storage materials: water, Water—ethylene glycol,
Draw salt, Ethylene glycol, Molten salts, some alcohol (Butanol, Ethanol, Isopentanol), Octane,
Therminol 66, Mineral oil, etc. Water is a free and abundant natural resource with a high heat
capacity. These make it a popular thermal energy storage system among several applications [32].
The significant advantage of using solids for SHS is that they do not need any particular mechanism
for heat exchange between the material and the charging/discharging medium (heat transfer fluid).

On the other hand, the liquid needs better-sealed heat exchangers to avoid leakage. Also, most
solids are stable and do not sustain any significant changes under repeated charging and discharging
cycles. The use of solids as SHS materials has several advantages, including low cost, absence of
leakage, wider range of temperature application, easy to handle, no requirement of freeze
protection, and no material loss over time (except corrosion, which is usually slow) and the ability
to use locally available materials for energy storage [32, 39]. Globally, it is found in the literature
that various naturally available solid materials, such as rock, pebbles, sand, soil, cast iron, cast steel,
NaCl, concrete, brick, and volcanic black stones, can store energy by increasing their sensible
temperatures [11, 40-42]. The dryer performance showed a satisfactory overall performance
improvement compared to the conventional solar air heater without the integrated volcanic black
stone storage and collection system [43-46]. However, this storage material has not yet been
characterized in terms of its physical properties (volume and particle sizes). Thus, in the present
study, the volcanic black stone, known as the pozzolan, is selected and characterized as the thermal
storage material for solar dryers. The volcanic black stone used comes from Chad. They have been
chosen because of their ease of availability and low cost in many areas of the country.
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2. Materials and Methods

2.1 Materials

2.1.1 Pouzzolan

Pouzzolan is a natural rock formed from slag (basaltic volcanic projections) or a similar
composition. It has a honeycomb structure. Figure 1 shows pozzolan, generally red or black, with all
shades in between and exceptionally grey. With a trachytic composition, this porous volcanic rock
is used in construction for its thermal and sound insulation qualities. The absorption coefficient of
the pozzolan is gpne = 0.50, the thermal conductivity: Agrone = 1.65 W /m? [47].

Figure 1 Pouzzolan.
2.1.2 Measuring Equipment
The devices used to sample and characterize the volcanic stone are listed in Table 1.

Table 1 Test equipment.

N° Designation Photos Description
Pyranometer GSM 0.7 having a measuring 3N
1 range of 0 to 1300 W/m? with an absolute g Used to measure irradiance.
error of £10%
. i Sensitive scale balance used
Digital scale balance measuring masses from
2 . to measure the mass of
0 to 600 g with an accuracy of 0.01 g .
different samples
Digital Vernier calliper measuring diameter . i
. Digital Vernier to
3 from 0to 150 mm with an accuracy of 0.03

differentiate sample sizes
mm
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ALMEMO® 2690-8, having a precision class
AA, a measuring rate of 500 mops, an
integrated atmospheric pressure sensor with
a measuring range from 700 to 1100 mbar,
and an accuracy of 2.5 mbar (at 23°C + 5°C)

Precision measuring
instrument with data

acquisition function

2.1.3 Dryers

The direct solar dryer (DSD) (Figure 2a) and the indirect solar dryer (ISD) (Figure 2b) used in this
work are shown in Figure 2. The absorber sensor is placed on the pozzolan under the glass, and the
ambient sensor is placed under the dryer. The ISD has two main parts: the drying chamber and the
solar collector. The absorber in both cases is the pozzolan. In the DSD, the drying chamber is directly
exposed to the sun, and the sun's rays reach the crop and the pozzolan. In the case of ISD, the solar
collector containing the pozzolan is essential to convert sunlight into heat, and then the convection
mode drives the heated air into the drying room where the crops are sprayed. In both cases, the
measuring device (temperature sensor) is on the bed of the pozzolan. The pozzolan was placed in
the DSD chamber and the ISD solar thermal collector. The ISD solar collector has a volume of 50
liters and a depth of 10 cm, and the space for the pozzolan in the DSD has a volume of 20 liters and
a depth of 8 cm.

Absorber sensor

“Solar colector

ranometer
] Ambient sensor

Almemo Drying room

(a) (b)

Figure 2 (a) Direct solar dryer, (b) Indirect solar dryer.
2.2 Description of the Method Used

The method used to sample the black stones is described in Figure 3. The test was carried out
from 1% June to 15 August at the Renewable Energies Laboratory of the University of Maroua,
Cameroon, situated at 10°35’ North, 14°19' East. After collection, the stones were crushed and
sorted using the Vernier. Three particle sizes were considered: 4to 8 mm, 8 to 12 mm, and 12 to 16
mm. Dryers containing stones samples were exposed to the sun for three days per sample. Different
volumes of stones were used for each particle size and each dryer. This means six sunny days for
each sample in the two dryers. The stone volumes for the indirect solar dryer were 12.51, 251, and
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50 I. The stone volumes for the direct solar dryer were 10 | and 20 I. All studied samples (E;) are
given in Table 2 for different volumes and sizes of pozzolan particles. Volumes were chosen
according to the type of dryer and its capacity. The non-soaked sample represents natural pouzzolan
used directly in the dryer, while the soaked sample represents pouzzolan impregnated in matt black
before use. During each test, the ambient, outlet, solar collector temperatures, and irradiance were
measured every 5 minutes.

Table 2 Pouzzolan sampling.

Non-soaked sample (mm) Soaked sample (mm)
4<E,<8 8<E,<12 12<E;<16 4<E;<8 8<E,<12 12<E;<16
12.5 12.5 12.5 12.5 12.5 12.5
Sample volume
25 25 25 25 25 25
for ISD (/)
50 50 50 50 50 50
Sample volume 10 10 10 10 10 10
for DSD (/) 20 20 20 20 20 20
Collecting of
pozzolan
s ¢ ™)
crushing
. ¢ J
g ™)
sorting
. ¢ J
p
washing }
\,
Testl Test 2
4 L 4
spreading (as soaking in matt
absorber) black
) '
) ) spreading (as
Direct solar dryer Indirect solar dryer absorber)

)\
v v

[ Diect solar dryer ] [Indirect solar dr',rer]

Figure 3 Sampling Method.
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2.2.1 Modeling of the Solar Collector

The modeling of the system assumes that the ISD has a solar collector that captures the sun's
rays and converts them into heat, whereas the DSD enclosure has its collector built in. Thus, volcanic
rock is used as an absorber in the solar collector of both dryers. Figure 4a shows the energy flows,
and Figure 4b presents the heat transfer coefficient and temperature, which determines energy
exchange in different components. The study evaluates heat absorber behavior. Based on the
equations for various heat transfer modes in each system (conduction, convection, and radiation),
an energy balance is established considering the accumulation and removal of energy in the thermal
collector. In both cases, ISD and DSD have the same model of collector, and equations are written
to express the temperature of the absorber, which here is Pouzzolan. Figure 4 shows how the
irradiance / passes through the glass in both cases and exchanges with the absorber by conduction,
convection, and radiation. When performing a heat balance on air, the equation of air temperature
at the outlet of the collector T,,(t) can be expressed as a function of time [42], with some simplifying
assumptions.

P glass ] l |
Tf;, vt hwi Tv  Ta Tis
insulation Hra Nvn he Hgas
(a) (b)

Figure 4 (a) energy flows and (b) heat transfer diagram in the solar collector.

Charge equation:

M,C,dT, P
;l nd_: = S_n + thU(Ty - Tn) + hvnf(Tf - n) + hC(Ta — Tn) (1)
n n

Discharge equation:

M. C, dT,
%d_tn = hpny(Ty, = T) + hvnf (Tf - Tn) +h(Ta = Tn) @
n

By solving the differential equations (1) and (2), the temperature at the outlet of the solar
collector can be determined.
Charge equation:

B AL
- = — — eMnCp
T, () — T, = A(l e > (3)
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Discharge equation:

B’ P, At
T, = — 4+ —eMnCn 4
WO =+ e @
Constants A, B, B’ and 7 are expressed as:
A= (hvvf + hrnv + hc)sn (5)
B = (hVVfo + hrnVTV + tha)Sn + P, (6)
B'=B-P, (7)
MnCy

= 8

T=— ®

Below are listed the meanings of all parameters contained in equations (1) to (8):

C,,: Mass heat capacity of the absorber (J/kg °C);

h,nyr: Coefficient of heat exchange between the radiation absorber and the glass (W/m? °C);

h,mf: Heat transfer coefficient between the convection absorber and the air (W/m? °C);

h,¢: Heat transfer coefficient between the convection glass and the air (W/m? °C);

h.: Heat transfer coefficient by conduction (W/m? °C);

Hpgg: Inlet air humidity (%);

Hg,s: Outlet air humidity (%);

Tfe: Inlet air temperature (°C);

I: Irradiance (W/m?);

M,,: Mass of the absorber (kg);

P,: Power absorbed by the absorber (W);

S,.: Surface area of the absorber (m?);

t: Time (s);

Tfs: Outlet air temperature (°C);

T,: Ambient temperature (°C);

T¢: Heat transfer fluid temperature (°C);

Tonax: Maximum temperature reached in the dryer during each charging test (°C);

T,,: Absorber temperature (°C);

T,: Temperature of the glass (°C).

The time constant (7) is a function of various exchanges and the intrinsic properties of the
absorber (pozzolan). It influences how quickly the maximum temperature is reached. Thus, it
characterizes the charge and discharge times of the absorber. It describes the capacity of the
pozzolan to manage the energy received and dissipated over a given period. For the Pouzzolan,
M, C, = 36950 W /°C [47]. A, B, and B' depend on various exchanges (convection, radiation, and
loss in the wood, considered as insulation) and the input irradiance / reaching the absorber. To
simplify the study of the energy transfer at the collector, the following assumptions were made. The
thickness of the glass (3 mm) is negligible, so conduction through the glass can’t be considered, and
the volcanic rocks form a homogeneous bed.
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2.2.2 Determination of Storage Parameters

Curves of the air temperature T(t) at the outlet of the thermal collector are plotted from
experimental data recorded every 5 minutes during charging and discharging tests on samples. The
discharge tests on the samples were carried out during the day and at night. By fitting the curves of
the theoretical equations of charge and discharge given above (Equations (3) and (4)) with the
experimental one, parameters A, B, and B' of the temperature model in the thermal collector are
evaluated. Then, the time constant (t) is calculated using Equations (8). This fitting was done using
the sigmaplot 12 software.

3. Results and Discussion
3.1 Variation of the Experimental Parameters over Time

The profiles of the temperature (ambient and internal) of the solar collector and the irradiance
as a function of time are shown in Figure 5 for a sunny day. This figure is plotted only to show the
almost identical profiles in all the tests. In the case of this day, the irradiance reached 1141 W/m?
while the absorber temperature reached 82.7°C. The profile observed on the temperature curve
between 1.2 and 6.6 hours shows a slight variation, with the temperature still higher for 5.4 hours
despite the increase and decrease in irradiance. This variation at 5.4 h in the absorber temperature
can be linked to other meteorological parameters around this period. The absorber temperature
depends mainly on the irradiance and other meteorological parameters such as wind speed,
ambient humidity, etc. This variation, which is not repeated on other testing days, is not enough to
modify the global profile of this temperature depending on the irradiance. Therefore, it can be
considered stable, given that the pozzolan is adapted to store thermal energy at low temperatures,
as required for solar dryers [31]. These curves fit in two parts according to the charge and discharge
areas, as shown in Figure 6. The fitting equation of the absorber temperature during the charging
of the pozzolan is:

T, = 14.92 + 64.19(1 — e~173t) (9)

With: R? = 0.9761 and RMSE: 1.728
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100 -
90
80
70
60

50

40

Temperature (°C)

30

—1200
—s—Absorber temperature (°C)
—*=Ambient temperature (°C)

-¢--Irradiance (W/m?) 1000

800

600

Irradiance (W/m?2)

400

200

04 I I I I I
0 1 2 3 4 5

6

Time (hours)

Figure 5 Profile of internal and ambient temperatures and irradiance for non-soaking

sample E, during a sunny day.

80 r
701
60

30

Termperature (°C)

40} ® Charging absorbertemperature (°C)

30

= Fitting of charging absorber temperature (“C)_

1 2 3 4 5
Time (hours)

(a) Thermal charging of Pouzzolan

Temperature (°C)

80

75+
70+
65
60
55
50 F
45+
40+

. Dischargl]ing absort‘)ertemperéture (°C) i

—Fitting of discharging absorber temperature (°C)

1 2 3 4 5
Time (hours)

(b) Thermal discharging of Pouzzolan

Figure 6 Examples of fitting curves of the absorber temperature during charging (a) and

discharging (b) of the pozzolan.

The fitting equation of the absorber temperature during the discharging of the pozzolan is:

T; = 37.51 + 54.36e0-60t (10)

With: R? = 0.9985 and RMSE: 0.5157

The equation T, is compared to equation (3) and T,; is compared to equation (4), and the
parameters A, B, and B' of the temperature model in the thermal collector are derived, and finally,

the time constant (7) (equation (8)).
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3.2 Influence of the Volume of the Samples on the Heat Charging Phase
3.2.1 Heat Charging Tests of Samples in an Indirect Solar Dryer

For soaked and non-soaked samples in ISD, the time constants t(s) calculated for each volume
during the heat charge tests of ISD are given in Table 3. R is the regression coefficient that fits the
curves of the calculated and measured temperatures. T, is the maximum temperature reached
in the dryer during each charging test. R is greater than 0.90 and 0.95, respectively, for all considered
unsoaked and soaked samples. For the two types of samples, the highest tis obtained for a volume
of 25 | corresponding to the sample E, for non-soaked samples and E; for soaked ones. It can be
concluded that for the best storage of thermal energy, the absorber of the ISD containing non-
soaked and soaked samples should not be full and the size of the pozzolans particles should be
between 8 and 12 mm for non-soaked samples and between 4 and 8 mm for soaked samples. On
the other hand, soaked samples seem more efficient than the non-soaked ones since their best time
constant is higher than those of the non-soaked samples. A non-soaked sample with a volume of
12.5 | gives the smallest values of t. This means that the heat discharge of this sample is too rapid.
This volume will no longer be used for soaking samples. Thus, a volume of pozzolan in the dryer
collector of less than one-fourth of its total volume is not recommended.

Table 3 Parameters during charge tests on non-soaked and soaked samples in an
indirect solar dryer.

Non-soaked samples Soaked samples
Sample Volume (l)

T'1max(°C) T(s) R T1nax(°C) T(S) R

12.5 50.23 35.97 0.97 / / /
Eq 25 78.42 123.46  0.98 71.22 713.28 0.95
50 59.46 103.09 0.90 69.24 109.00 0.99

12.5 62.93 81.97 0.99 / / /
E, 25 78.12 370.37 0.99 71.56 107.00 0.98
50 76.39 111.05 0.92 78.57 48.00 0.99

12.5 75.58 31.85 0.99 / / /
E3 25 74.95 256.41 0.99 48.60 196.00 0.98
50 78.78 40.16 0.96 60.10 49.00 0.99

Non-soaked samples of particle sizes E, (8 to 12 mm) and E5 (12 to 16 mm) for the volume of 25
| with time constants greater than those for soaked samples, charge longer in the indirect solar dryer.
The short charging time of the soaked samples corresponds to the low time constants for particle
sizes E, and E3, maybe because the pores of the pozzolan grains are blocked during a soak in matt
black.

3.2.2 Heat Charging Tests of Samples in a Direct Solar Dryer

For non-soaked and soaked samples in DSD, the time constants t(s) calculated for each volume
during the heat charging tests are given in Table 4. The regression coefficient R is greater than or
equal to 0.95 for samples without soaking and 0.96 for soaked samples. For all samples, the time
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constants t are higher for volumes of 20 | and correspond to the sample E; for non-soaked samples
and E; for soaked ones. Thus, for the best storage of thermal energy, the particle size of the
pozzolans in the collector of the direct solar dryer should be between 4 and 8 mm for non-soaked
samples and between 12 and 16 mm for soaked samples. On the other hand, non-soaked samples
with particle sizes between 4 and 8 mm are more efficient than the best-soaked samples. For the
20 | volume of pozzolan, non-soaked samples have more significant time constants than soaked
samples. Thus, non-soaked samples with a volume of 20 | charge longer than soaked samples in the
case of the direct solar dryer.

Table 4 Parameters during charge tests on non-soaked and soaked samples in a direct

solar dryer.
Non-soaked samples Soaked samples
Sample Volume (l)
Tinax(°C) T(S) R Tinax(°C) T(S) R
10 59.46 49.02 0.96 48.79 89.00 0.96
Ey 20 78.42 769.23  0.99 53.28 158.00 0.99
10 62.93 55.25 0.95 78.57 75.00 0.99
E; 20 81.35 250.00 0.98 44.83 116.00 0.98
10 74.95 24.39 0.99 50.71 64.00 0.98
Es 20 78.78 192.31 0.97 48.60 192.01 0.97

3.3 Influence of the Volume of the Samples on the Heat Discharging Phase
3.3.1 Heat Discharging Tests of Samples in an Indirect Solar Dryer

The time constants t(s) calculated for each volume during heat discharging are given in Table 5
for non-soaked and soaked samples in ISD. The regression coefficient R is greater than or equal to
0.95 for samples without soaking and 0.98 for soaked samples. The best storage of thermal energy
is obtained during the discharge of the two types of samples for a volume of 25 | corresponding to
the sample E; for non-soaked samples and E; for soaked ones. The time constant is the highest for
that volume and is higher for soaked sample E5 compare to the non-soaked sample E;. The time
constants of soaked samples of particle size E, (8 to 12 mm) and E5 (12 to 16 mm) are higher than
those of their non-soaked correspondents. Therefore, it will take more time for these soaked
samples to discharge the stored heat in the ISD.

Table 5 Parameters during discharge tests on non-soaked and soaked samples in an
indirect solar dryer.

Non-soaked samples Soaked samples
Sample Volume (l) S o

T (°C) T(S) R Ty (°C) T(S) R

12.5 27.02 49.02 0.97 / / /
E, 25 29.29 256.41 0.97 28.87 125.00 0.997
50 29.87 116.28 0.97 28.93 98.00 0.990

. 12.5 29.49 90.09 0.97 / / /
2 25 29.139 142.86 0.98 29.33 200.00 0.985
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50 30.73 11494 0.98 30.02 188.00 0.988
12.5 31.05 121.95 0.99 / / /

E; 25 30.38 250.00 0.95 30.59 285.00 0.999
50 29.91 178.57 0.95 29.07 116.00 0.990

3.3.2 Samples Heat Discharging Tests in a Direct Solar Dryer

The time constants t(s) calculated for each volume during the heat discharging of non-soaked
and soaked samples in DSD are given in Table 6. The regression coefficient R is greater than or equal
to 0.94 for non-soaked samples and 0.97 for soaked samples. For all samples, the time constants t
are higher for volumes of 20 | and correspond to the sample E; for non-soaked samples and E, for
soaked ones. Increased volume improves the energy dissipation of the solar collector. Thus, for the
best storage of thermal energy, the particle size of the pozzolans in the collector of the direct solar
dryer should be between 12 and 16 mm for non-soaked samples and between 8 and 12 mm for
soaked samples. Soaked samples with particle sizes between 8 and 12 mm are more efficient than
the best non-soaked samples. The volume of 10 | in DSD has the lowest value of the time constant
in soaking and non-soaking samples compared to the volume of 20 |, resulting from the fact that the
depth bed influences the charge and discharge of heat by pozzolan. Soaked samples for volume 20
| and particle size E; (4 to 8 mm) and E, (8 to 12 mm) have higher time constants than the non-
soaked ones and thus discharge more slowly in the direct solar dryer. This conclusion, which is
similar to soaked samples of particle sizes E;and E5 in the indirect solar dryer, shows that soaking
pouzzolan grains increases the discharge time of thermal storage material.

Table 6 Parameters during discharge tests on non-soaked and soaked samplesin a direct

solar dryer.
Non-soaked samples Soaked samples
Sample Volume (l)
Ty (°C) T(s) R Ty (°C) T(s) R
10 27.02 57.14 0.97 28.93 125.00 0.995
Ey 20 29.87 133.33 0.98 28.87 166.00 0.998
10 29.29 82.64 0.96 30.02 178.00 0.988
E> 20 29.49 188.68 0.98 29.33 217.00 0.999
10 31.05 54.95 0.94 30.59 109.00 0.980
Es 20 30.38 200.00 0.97 29.07 185.52 0.970

On the other hand, the particle size of the pozzolan influences the time constant value in the
indirect solar dryer more than in the direct solar one. This is due to the difference in the heat
transfer mode present in the two types of dryers.

4. Conclusions

This work aimed to characterize the volcanic black stone (pozzolan) used as thermal storage
material based on their physical properties (volume and particle sizes). The pozzolan used comes
from Chad. The experiments were carried out on two sample types: soaked in matt black paint and
natural (i.e., non-soaked). The main parameters used for that characterization were the time
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constants of heat charge and discharge of the pozzolan. The results show that the time constant is
strongly related to the volume of pozzolan in the collector or to the thickness of the stone bed. Thus,
samples with a volume of 25 |, corresponding to half the total volume of the absorber container in
the ISD, give the best time constant during heat charge and discharge of the thermal storage
material, whether the sample is soaked or not. The same result is observed for the volume of 20 |
for the sample in the DSD. This explains the best performance of these solar dryers during heat
charge and discharge of the pozzolan. Samples with a volume of 12.5 | (a quarter of the total volume
of the absorber container) give bad results for all considered nonsoaking samples during heat charge
and discharge in the ISD. Therefore, this volume is not suitable for the required thermal storage
material. During the heat charge phase of the pozzolan, with a sample volume of 25 I in the ISD and
20 | in the DSD, the time constant is higher for non-soaked samples than for soaked samples. It
means that a non-soaked sample of pozzolan stores heat more than the soaked one for these
volumes in the considered solar dryers. Thus, soaking does not increase the value of the time
constant in the considered solar dryers during the charging of pozzolan. This can be explained by
the fact that the pores of pozzolan, responsible for the easy heat exchange, are blocked by the matt
black paint in the soaked samples. During the heat discharge phase, the time constants are greater
for soaked samples with particle sizes of 8 to 12 mm and 12 to 16 mm in the ISD and 4 to 8 mm and
8 to 12 mm in the DSD than for non-soaked samples of the same particle size. As a result, these
soaked samples discharge more slowly than non-soaked samples for these particle sizes in the
considered solar dryers.

Abbreviations

DSD Direct solar dryer

FAO Food and Agriculture Organization
ISD Indirect solar dryer

LHS Latent heat storage

PCM Phase change materials

RMSE Root Mean Square Error

SDG Sustainable Development Goals
SHS Sensible heat storage

TES Thermal energy storage
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