Study of the performance of an indirect forced convection solar dryer
incorporating a thermal energy storage device on a granite bed for drying

tomatoes

Abstract

Indirect solar dryers combining a solar collector and an enclosure enable the drying process to
be run smoothly, with good quality dried products. However, when the process lasts longer
than one day, some of the products may be damaged when the drying process is interrupted.
The integration of a thermal storage system into indirect solar dryer systems can make up for
the unavailability of solar energy and enable the drying process to continue over longer periods
without the need for additional energy. With this in mind, the present study investigates the
performance of a forced convection indirect solar dryer coupled with a thermal energy
accumulator for drying tomatoes. The experiments were carried out with a drying air flow rate
of 0.01 kg/s during the drying period. The air flow rate during storage tank charging was 0.013
kg/s. Solar drying performance with and without storage was compared. The results show that
to reduce the water content in the dry tomato base from 16.78 kgeau/kgms to 0.125
kgeau/kgms, the indirect solar dryer requires 15 hours of cumulative sunshine spread over two
drying days, while the indirect solar dryer coupled with the heat accumulator enables the water
content in the dry base to be reduced from 19.81 kgeau/kgms to 0.117 kgeau/kgms over 17
continuous hours, i.e. approximately one sunny day and one night. The overall average
efficiency of the indirect solar dryer with heat storage is around 23.31%, compared with
17.47% for the indirect solar dryer.
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Nomenclature

Ces Specific heat of drying air (J/kg.K)

I Overall solar irradiation at the surface of the collector (W/m?)
L, Latent heat of water vaporization (J/kg)

m, Mass rate of the drying air (kg/s)

m(t) Instant mass of the product (kg)

m Mass of water evaporated (kg)

water

m, Initial mass of the product (kg)



m Dry mass of the product (kg)

Q. Total energy stored (W)

Quecick Total energy discharged (W)

S Surface of the solar collector (m?2)

t Time (s)

T, Entrance temperature of storage tank (K)

T, Temperature at the exit of storage tank (K)

W, o Overall power provided by the values (W)

X, Initial water content on dry basis of the product (Kgeau/KQms)
X(t) Water content on dry basis of the product at a moment (Kgeau/KQms)
Moeh stk Efficiency of solar drying with storage

. Efficiency of solar drying with overnight storage

My sech Global efficiency of solar drying

1 Introduction

Numerous studies have been carried out on solar thermal dryers in recent years. These studies have
covered direct solar dryers, indirect solar dryers, hybrid solar dryers and mixed solar dryers ([1], [2]).
Dryers can be classified according to their operating modes. In the case of direct solar dryers, the
product is exposed directly to the sun's rays inside a glass enclosure, the inside of which is painted
black. Indirect solar dryers generally consist of a solar collector and a drying chamber containing the
products to be dried. The solar collector converts the sun's rays into heat and this heat is sent into the
drying chamber either by forced convection (using a fan) or by natural convection (using a solar
chimney) [3]. Mixed solar dryers combine the two solar drying methods (direct and indirect). Hybrid
solar dryers use solar energy with other energy sources, the most commonly used of which are:
electricity, gas, biomass and diesel [4]. However, burning fossil fuels is a source of pollution and is not
appropriate in developing countries where fossil fuels are not available. The initiative to be encouraged
in these regions is the use of dryers powered by renewable energy sources. Indirect solar dryers using
forced convection provide good control over the drying process and good product quality. However,
most of these solar dryers depend heavily on the effective presence of solar radiation. Solar energy is
renewable, but it is not available every day and/or for the entire duration of the day. This intermittency
of solar energy limits the applications of solar dryers when the drying time exceeds one day. Under
these conditions, some of the products may be damaged when the drying process stops. The integration
of a thermal storage system into indirect solar dryer systems makes it possible to compensate for the
unavailability of solar energy and to keep the drying process going over long periods without the need
for additional energy ([5]-[7]). Solar energy can be stored in sensible, latent or thermochemical form

[8]. Sensible heat storage is the oldest and best mastered of the other storage methods. The materials



commonly used to store heat sensitively are water, rock, sand, concrete, etc.([8]-[10]). The aim of the
present work is to develop a forced convection solar dryer with an integrated sensitive heat storage
system for drying tomatoes. The storage system uses granite as the storage material because of its
availability, its relatively lower cost, its interesting physical properties and its proximity to the
experimental site. The experiments were carried out between March and April 2023. The performance
of the forced convection solar dryer with and without heat storage and the drying characteristics of the
tomato are discussed in this article.

2 Description and operating principle of the experimental set-up

2.1 Description of the experimental set-up

The solar dryer system studied consists of two solar collectors, a storage tank and a drying
chamber. The two solar collectors measure 205 cm x 180 cm and 260 cm x 60 cm respectively.
The first is connected to the drying chamber and the second to the storage tank. The absorbers
are made up of several columns, 24 columns in the 1st collector and 9 columns in the 2nd
collector. These columns are made from cylindrical aluminium tubes 5 cm in diameter and 13.5
cm long. They are completely open at one end (heat transfer fluid inlet) and have three 1 cm
holes at the other (heat transfer fluid outlet). The tubes, 14 in number for the first collector and
17 for the second, are placed side by side along the entire length of the collector, with
successive rotations of the bases used for the heat transfer fluid outlet to ensure that the outlet
openings are not aligned. This configuration allows the heat transfer fluid to develop a turbulent
effect for better heat exchange. All the columns of tubes are laid out on a sheet of Imm-thick
aluminium sheet and the whole thing is covered in matt black paint to ensure maximum
absorption of solar radiation. Each collector is fitted with a fan that circulates the heat-transfer
fluid air inside the columns of absorbing tubes. The collectors were placed on a support inclined
at 12° to the horizontal and facing south according to the latitude of the Ouagadougou site
(Burkina Faso). The cylindrical storage tank consists of a metal frame made from stainless steel
sheet. It is insulated with 5 cm thick glass wool and covered with an aluminium sheet to protect
it from the elements. The storage tank is 120 cm high and 60 cm in diameter. The drying
chamber is cubic in shape, 1 m high, 0.5 m long and 0.5 m wide, giving a volume of 0.25 m3.
The drying chamber is made entirely of wooden plywood 0.025 m thick. The roof of the drying
chamber is conical in shape. It has a chimney to allow moisture-laden air to escape after contact
with the products. The entire drying chamber sits on a 0.5 m high wooden support above the

ground, protected from running water. The door to the drying chamber is also made of plywood.



Inside the drying chamber, there are two racks, each with a surface area of 0.25 mz, to support

the products to be dried.

2.2 Operating principle of the experimental device

The operating principle of the experimental set-up is as follows:

During the day (Figure 1), the air heated by the solar collector is sent into the drying chamber
by forced convection. As it passes through the drying chamber, the hot air exchanges heat with
the product on the racks. It picks up moisture from the product and exits the drying chamber
cooled through the chimney. During the same period, the air heated by the other solar collector
is sent to the storage tank by forced convection for thermal charging. During this tank charging
phase, the air arriving from the solar collector enters the top of the storage tank, exchanges its
heat on contact with the crushed granite balls and exits through the bottom of the storage tank,
having cooled down.

At sunset (during the night), the sensors are disconnected and the tank is connected to the
drying chamber for the drying process to continue (Figure 2). During this storage tank
unloading phase, cold air is introduced at the bottom of the storage tank by forced convection
using a fan. As it circulates through the tank in contact with the hot granite, it heats up and is
sent into the drying chamber via a perfectly insulated connecting tube. In this way, the storage
tank ensures the continuity of the drying process overnight until it is discharged, i.e. until the
temperature at the tank outlet is close to the temperature of the ambient air.
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Figure 1: Operation of the solar dryer and storage tank during the day
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Figure 2: Dryer operation after sunset

3 Measurement instruments
Roughly six pre-calibrated type K thermocouples (measuring range: -100°C to 1370°C;

accuracy + 0.05% of reading + 1.0°C) were attached to different parts of the solar dryer and
storage tank. All these thermocouples were connected to a data acquisition unit (midi LOGGER
GL220), which recorded the data at 10-minute time intervals. Incident solar radiation was
measured using an SR03 pyranometer. The humidity of the drying air at the dryer inlet and
outlet and the ambient air was measured using an MSR 5.28.32 hygrometer accurate to +2%
for humidity and £0.5°C for temperature. The air speed at the dryer inlet was measured using
a testo 480 anemometer (accuracy +0.03m/s). An electronic balance with an accuracy of £0.01

g was used to weigh the samples.

4 Experimental procedure

The tomatoes used in our experiment were bought fresh from the local market and selected
uniformly on the basis of very specific criteria. These criteria included size, degree of ripeness
and external shape. The selected tomatoes were washed in lukewarm water to remove
impurities, then cut into 1cm-thick slices. The sliced tomatoes were placed on the various trays

(around 1.125 kg for each tray). The experimental measurement protocol consisted mainly of



measuring temperature, relative humidity, sample mass and drying air velocity. The initial
water content was calculated by taking three different samples. The air speed at the entrance to
the drying chamber was set at 1 m/s. The drying experiments during sunny periods lasted about
10 hours, and those carried out with the storage tank lasted about 6 hours. The experiments
were repeated three times and an average value was taken for the analyses. The process is
stopped when the wet mass of the product reaches its final moisture content of around 11%. To
determine the dry mass of the product, samples were taken from the racks at the end of the
drying process. These samples were weighed and placed in an oven at 70°C for 24 hours.

4.1 Determination of water content

All food products are characterised by their water content. The initial moisture content on a dry
basis X0 is the weight of moisture present in the product per unit weight of dry matter in the
product and the instantaneous moisture content X(t) is the weight of dry matter in the product

over a period t are determined using the following formulae [11]:

XO — My - Mg (1)
Mgec
X(t) — m(t) - Mg (2)

sec

With the initial mass m, of the product in kg, the dry mass m_,. of the product in kg and the

instantaneous mass m(t) of the product in kg.

4.2 Determining the thermal efficiency of the dryer

The efficiency for an indirect solar dryer system with thermal storage can be defined as follows:

Dryer efficiency during the day: ratio of the energy used to evaporate the water contained
in the product during the day to the sum of the energy supplied to the drying chamber
during the day:

Msech-stek — mwater L\, x100 (3)
IG Scapt - Qstck +Wp xt

Vv, tot day
The efficiency of the dryer during the night: ratio of the energy used to evaporate the water
contained in the product during the night to the sum of the energy supplied to the drying

chamber during the night:



mwater Lv % 100 (4')
Qdestck +W x t

pv,tot night

nstck =

The thermal efficiency of an indirect solar dryer (7, ., ) is defined as the ratio between the total

energy required to dry a given quantity of product and the solar energy received at the collector
surface during the drying period (5) [14].

meau I-v (5)
t+W,, xt

ng,sech = | S
G

cap
With respectively Q. and Q... the total energy stored during the day (equation (6)) and the

total energy removed during the night (equation (7)).

e ()
Qstck = J- maCPa (Tin _Tout)dt
to
tend (7)

Qdestck = J- macpa (Tout -Tin)dt

to

5 Results and discussion

5.1 Change of the ambient temperature and the solar radiation

Figures 3 and 4 show the evolution over time of the ambient temperature and solar irradiation
arriving on the solar collector surfaces during indirect solar drying experiments with and
without a storage tank. These different curves show the same trends, i.e. they increase
progressively over the course of the day, reaching their maximum between 11am and 1pm and
then decreasing progressively at the end of the day. The maximum values of ambient air
temperature and solar irradiation during the test phases of indirect solar drying with and without
storage tank are 42.3°C and 901 W/m? and 42.5°C and 925 W/m? respectively.
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Figure 3: Evolution of solar irradiation and
ambient temperature during solar drying
with storage

Times (hrs)
Figure 4: Evolution of solar irradiation and
ambient temperature during solar drying
without storage unit

5.2 Change in temperature at the entrance to the drying chamber and on the various
drying racks

Figures 5 and 6 illustrate the evolution, as a function of drying time, of the air temperature at
the outlet of the solar collector and of the temperatures at the level of the two racks during
indirect solar drying with and without a storage unit. These temperatures show the same trends
as before. After sunset, the storage tank is connected to the drying chamber. Once again, we
see an increase in air temperature at the entrance to the drying chamber and also at the level of
the two racks. They reach their maximum and then gradually decrease until the end of the
discharge. The temperature difference between racks 1 and 2 shows that the tomato slices on
rack 1 dry more quickly than those on rack 2. The maximum temperature values obtained
during the day of solar drying without storage are respectively 96°C for the temperature at the
outlet of the solar collector, 55.5°C for the temperature of tray 1 and 49.3°C for the temperature
of tray 2 (Figure 6). Those recorded during the test day of indirect solar drying with energy
storage are 99.8°C, 60.4°C and 52.5°C respectively for the air temperature at the dryer inlet,
on rack 1 and rack 2 (Figure 5). The maximum temperature supplied by the tank to the drying
chamber during the night is 55.6°C. The maximum temperatures for rack 1 and rack 2 were
45.7°C and 40.2°C respectively.
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Figure 5: Evolution of the temperature at the Figure 6: Evolution of the temperature at the
collector outlet and the temperature of the collector outlet and the temperature of the
racks as a function of time for solar drying racks as a function of time for solar drying
with energy storage without energy storage

5.3 Evolution of tomato drying Kinetics

Figures 7 and 8 show changes in the water content (on a dry basis) of the tomatoes on the
various drying racks as a function of time. The water content curves in the two figures do not
show any phases in which the product is brought up to temperature or drying at a constant rate.
This has also been noted in previous studies on tomato drying ([2], [15], [16]). Experimental
water content trends in the two drying racks followed a decreasing trend as a function of drying

time.

The initial water content of the tomato during solar drying with energy storage (Figure 7) fell
from 19.8 kgeau/kgms to 2.85 kgeau/kgms at the end of the first day of drying and from 2.85
kgeau/kgms to 0.5 kgeau/kgms during the night. During the second day of drying, the water
content rose from 0.26 kgeau/kgms to 0.115 kgeau/kgms. For indirect solar drying without a
storage unit (Figure 8), the water content fell from 16.8 kgeau/kgms to 2.2 kgeau/kgms at the
end of the first day of drying and to 0.103 kgeau/kgms at the end of the second day of drying.

The duration of indirect solar drying with storage was 17 hours (i.e. approximately one day and
one night) whereas that of indirect solar drying without a storage unit was 15 hours (i.e.
approximately two days of sunshine). This decrease in drying time shows a high drying rate
during the night during the indirect solar drying process with storage compared to indirect solar
drying without storage. The reduction in drying time helps to preserve product quality ([1], [6],



[17]). The final moisture content of the wet-base product during indirect solar drying was
11.11% and that of indirect solar drying with storage was 10.34%. These results are in line with
those obtained by Sinon et al [15], who obtained a final water content in the wet base of 9.1%
during experimental tomato drying with a convective dryer. These results are also close to those
obtained by BOUGHALI Slimane et al [18] in a study on the optimisation of solar drying of

agri-food products in arid and desert areas, which gave a value of 11%.

20 r r —— — 18 — T T T T T T T
16 1 —0—Tray 1 g
\3 —0—Tray 2
~16- o Tray 1 - 214-“\5 -
o —0—Tray 2 2 D\ Day 1
\§ \§ 12 i \D i
(@] o
12 4 ] ¥ o
‘x: = 10 \D .
5 8 b
2 c 8 i
[e) 0
8 8- i ° \
°5’ S 61 R 8
s Night g 4 W
> 4 Day 2 1 D\D\D\ Day 2
21 D‘D‘D 0 b
0 o
0 T T 1 T T 0 T T T I\Eﬂm T
8 12 16 20 24 28 32 36 40 8§ 12 16 20 24 28 32 3% 40
Temps (hrs) Temps (hrs)

Figure 7: Changes over time in the water Figure 8: Changes over time in the water
content of the product during the indirect content of the product during the indirect
solar drying process with a thermal storage solar drying process

system

5.4 Contribution of solar energy and storage tank in the indirect solar dryer system

and tomato drying efficiency

Table 1: Contribution of the solar collector and storage tank to indirect solar drying with energy

storage

| Solar drying with storage [ Day 1 [ Night | Day2 [ Total |




(test of 25-26/03/2023) (Solar (Storage tank) | (Solar collector)

collector)
Average drying energy (kwh) 19.53 5.938 0.3845 25.852
Average energy consumed by | 8.18 0.374 0.00231 8.55
tomatoes (kWh)
Fraction of energy consumed 41.88 6.29 0.6 33,07
(%)
Times (hours) 10 6 1 17
Overall average drying efficiency | 22.3 1.01 0.0063 23.31
(%)

Table 2: Energy contribution of the solar collector to indirect solar drying

Solar drying Day 1 Night Day?2 Total
(test of 31/03/2023-01/04/2023) | (Solar (Storage tank) | (Solar collector)

collector)
Average drying energy (kWh) 21.11 - 11.7 32.81
Average energy consumed by | 6.578 - 0.1816 6.7596
tomatoes (kWh)
Fraction of energy consumed 31.12 - 1.55 20.6
(%)
Times (hours) 10 - 5 15
Overall average drying efficiency | 17 - 0.47 17.47
(%)

The energy contributions of the solar collector and storage tank during indirect solar drying
with and without energy storage are presented above in Tables 1 and 2 respectively. The
average energy contribution of the solar collector and storage tank provided during indirect
solar drying with storage unit is 25.852 kWh for the test of 25-26/03/2023, with an average
energy contribution of the storage tank during the night of 5.938 kWh. Excluding the energy
consumed by the fans, only 33.07% of the energy supplied by the two systems (collector and
accumulator) was consumed by the product during the entire drying process. Under these
conditions, the fraction of energy consumed by the products during the night is 6.29%. If the
energy consumed by the fans is included, the overall average efficiency of indirect solar tomato
drying with storage unit is 23.31%. This result is close to the energy contribution of a hybrid
solar-gas dryer for tomato drying obtained by Lépez-Vidafa et al [19]. In fact, of the energy
supplied by the solar collector and the combustion of the gas burner, only 33% was used for
tomato drying. This is higher than the overall drying efficiency of 21% obtained by Mohanraj
et al [12] in their study of the thermal performance of a forced convection solar dryer

incorporating a gravel bed as a heat storage material for drying peppers.



The total energy contribution of the solar collector to the indirect solar drying system without
storage during the two successive sunny days (31st March to 1st April) was 32.81 kWh.
However, due to heat losses through the solar dryer, only 20.6% of this energy was consumed
by the 2.25 kg of tomatoes. The overall average yield of indirect solar drying was estimated at
17.47%. This result is comparable to the contribution of solar energy from the solar collector
to tomato drying obtained by Lopez-Vidafa et al [19], who found that only 16.22% of the

energy supplied by the collector was used for tomato drying.

6 Conclusion

The performance of integrating a sensitive thermal energy storage system on a rock bed was
studied experimentally for tomato drying. The results showed that the storage system made an
effective contribution (around 5.938 kWh) to the energy supply of the dryer during the night.
This reduced the tomato drying time by around a day. This is interesting for products with a
high water content, as reducing the drying time means that organoleptic properties such as
vitamins and the colour of the product are preserved, as well as reducing the risk of mould. The
final moisture content of the tomato wet base at the end of the indirect solar drying was 11.11%
and that of the indirect solar dryer with storage was also 10.34%, which is in line with the
literature. The use of an indirect solar dryer with a heat storage system improves the overall
efficiency of the system, which averages 23.31% compared with 17.47% for the indirect solar
dryer without storage. However, the performance of the indirect solar dryer system with storage

unit can be improved by significantly reducing the heat losses through the dryer.

References

[1] C. Aboubacar, “Energy study of a hybrid solar-gas dryer for drying applications on “Violet de
Galmi” onion,” OUAGA UNIVERSITY I PROFESSOR JOSEPH KI-ZERBO, 2016.

[2] B. DIANDA, “EXPERIMENTAL AND THEORETICAL STUDY OF CONVECTIVE DRYING
OF TOMATO IN THIN LAYERS,” Ouaga I University Professor Joseph KI-ZERBO, 2016.

[3] B. M. A. Amer, M. A. Hossain, and K. Gottschalk, “Design and performance evaluation of a new
hybrid solar dryer for banana,” Energy Convers. Management, vol. 51, no. 4, pp. 813-820, 2010,
doi: 10.1016/j.enconman.2009.11.016.

[4]  A. Fudholi, K. Sopian, M. H. Ruslan, M. A. Alghoul, and M. Y. Sulaiman, “Review of solar
dryers for agricultural and marine products,” Renew. Sustain. Energy Rev., vol. 14, no. 1, pp.
1-30, 2010, doi: 10.1016/j.rser.2009.07.032.



[5] D. Jain, “Modeling the performance of greenhouse with packed bed thermal storage on crop
drying application,” J. Food Eng., vol. 71, no. 2, pp. 170-178, 2005, doi:
10.1016/j.jfoodeng.2004.10.031.

[6] M. A. Mohanraj and P. Chandrasekar, “Drying of copra in a forced convection solar drier,” vol.

99, pp. 604-607, 2008, doi: 10.1016/j.biosystemseng.2007.12.004.

[7] M. R. I. Ramadan, A. A. El-Sebaii, S. Aboul-Enein, and E. El-Bialy, “Thermal performance of
a packed bed double-pass solar air heater,” Energy, vol. 32, no. 8, pp. 1524-1535, 2007, doi:
10.1016/j.energy.2006.09.0109.

[8] R. TISKATINE, “Energy recovery of local materials for applications in CSP power plants and in
the field of buildings,” IBN ZOHR UNIVERSITY, 2017.

[9] O.S.and S. K. Salifou Tera, Souleymane Autre, Kayaba Haro, “Experimental Study of the Thermal
Performance of a Sensitive Solar Energy Storage System on a Rock Bed (Granite) for a Drying
Application,” Phys. Sci. Int. J, vol. 27, no. July, pp. 34-44, 2023, doi:
10.9734/psij/2023/v27i2783.

[10] J.-F. HOFFMANN, “Thermal storage for thermodynamic concentrated solar power plant using
natural or recycled materials,” UNIVERSITY OF PERPIGNAN VIA DOMITIA, 2015.

[11] A. A. EI-Sebaii, S. Aboul-Enein, M. R. I. Ramadan, and H. G. EI-Gohary, “Empirical correlations
for drying kinetics of some fruits and vegetables,” Energy, vol. 27, no. 9, pp. 845-859, 2002,
doi: 10.1016/S0360-5442(02)00021-X.

[12] M. Mohanraj and P. Chandrasekar, “Performance of a forced convection solar drier integrated
with gravel as heat storage material,” Proc. IASTED Int. Conf. Sol. Energy, SOE 2009, no. May
2014, pp. 51-54, 20009.

[13] V. Shanmugam and E. Natarajan, “Experimental investigation of forced convection and
desiccant integrated solar dryer,” Renew. Energy, vol. 31, no. 8, pp. 1239-1251, 2006, doi:
10.1016/j.renene.2005.05.019.

[14] M. S. Hossain et al., “Review on solar water heater collector and thermal energy performance
of circulating pipe,” Renew. Sustain. Energy Rev., vol. 15, no. 8, pp. 3801-3812, 2011, doi:
10.1016/j.rser.2011.06.008.

[15] S. Souleymane, “EXPERIMENTAL STUDY AND MODELING OF A CONVECTIVE DRYER
FOR FRUITS AND VEGETABLES,” JOSEPH KI-ZERBO UNIVERSITY, 2022.

[16] R. Lankouande, “Modeling and Experimentation of Indirect Solar Drying in Thin Layers of
Tomato Slices of the Mongal Variety,” vol. 156, no. 1, pp. 22—-32, 2020.



[17] D. Jain and R. K. Jain, “Performance evaluation of an inclined multi-pass solar air heater with in-
built thermal storage on deep-bed drying application,” J. Food Eng., vol. 65, no. 4, pp. 497-509,
2004, doi: 10.1016/j.jfoodeng.2004.02.013.

[18] S. Boughali, “Study and Optimization of Solar Drying of Agro-Food Products in Arid and Desert
Areas,” Dr. Thesis, pp. 26-28, 2014, [Online]. Available: http://www.cairn.info/revue-
psychologie-clinique-et-projective-2014-1-page-9.htm

[19] E.C.LoandL. L. Me, “Efficiency of a hybrid solar — gas dryer,” Sol. Energy, vol. 93, pp. 23—
31, 2013, doi: 10.1016/j.solener.2013.01.027.



