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Abstract A multipurpose passive solar food dryer which was indigenously designed in Yola-Nigeria and enhanced with a
heat storage device was developed and its performance was evaluated using yam, tomatoes, pepper and fish. The performance
evaluation results shows that it took 3 hours to dry 0.6kg of yam with moisture content of 58.3% wet basis in the solar dryer
at a global solar radiation of 825 W/m* while it took 8 hours to dry same mass of yam in open-air sun at the same global solar
radiation. For tomatoes and pepper with moisture content of 93.3% wet basis and mass of 0.3kg, it took 2.5 hours to dry in the
solar food dryer at a global solar radiation of 802 W/m* while it took 6 hours to dry same mass in open-air sun at same solar
radiation. For fish with moisture content of 68% wet basis, it took 10 hours to dry a mass of 0.25kg in the solar dryer at a
global solar radiation of 532.8 W/m* and 24 hours to dry same mass in the open-air sun at same global solar radiation. The
thermal efficiency of the developed solar collector is 60% and the dryer efficiency for yam, tomatoes & pepper and fish are
33.0%, 19.3% and 6.6% respectively. The study revealed that the solar food dryer is therefore more efficient for drying of

yams as against tomatoes, pepper and fish, and consumes less time when compared with open air sun drying.
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1. Introduction

More and more people are recognizing the importance of
food quality in their daily lives. The freshest, ripest, tastiest
and most nutritious food comes from our own gardens or
local farmers. But because these high quality fruits and
vegetables are seasonal, you have access to them for only a
few weeks or months each year.

Solar food drying is more than a curiosity or hobby — it’s
an ideal application for solar energy. Solar radiation passes
through the clear glass top of a wooden dehydrator box, then
the heat trapped by the box dries the food. The dryer with an
absorber plate inside, which indirectly heats your food and
creates a convection current of air that enters a vent at the
bottom of the dryer. The cool, fresh air that enters the vent
heats up, circulates through the dryer, and then exits through
avent at the top. As your food dries, moisture is carried away
with the hot air.

Open-air sun drying has been used since time immemorial
to dry plants, seeds, fruits, meat, fish, wood and other
agricultural or forest products as a means of preservation.
However, this has some limitations among which are; high
labour costs, large area requirement, lack of ability to control
the drying process, possible degradation due to biochemical
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and micro-biological reactions, insect infestation and so on.

Solar food dryer is a device that can be used to dry food
effectively and efficiently with lesser time compared to
open-air sun drying. In order to benefit from the free and
environmentally friendly energy source provided by the sun,
several attempts have been made in recent years to develop
solar drying mainly for preserving agricultural and forest
products [12].

[10], describes the design and performance of a solar fruit
and vegetable dryer comprising of plastic covered plate
collectors, drying chamber and thermally and acoustically
insulated pipes joining the two. The experimental results
suggest that, even under unfavourable full weather
conditions, the unit is able to produce good quality products.
However, due to the low investment required, the solar dryer
is predestined for applications on small farms.

[4], presented a technique for optimization of natural
correction solar dryers. The optimal design was specified for
the condition of Bangladesh. The optimum design was a
relatively long collector, a thin grain bed and negligible
chimney height.

[13], carried out drying of bell-pepper using sun, solar and
artificial air drying methods. The drying of bell-pepper was
done in two drying rate periods, the constant drying rate
period (mainly) and the following drying rate period was
more pronounced in the artificial air drying method than in
the other two drying methods and the drying process was
also faster.

[6] successfully developed and characterized a modified
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passive grain solar dryer using locally available material in
Nigeria. The dryer can be enlarged for large-scale drying and
commercial purposes by increasing the collector size and
adding more number of trays. There is no need of carrying
the crops inside during the nights in order to avoid rewetting
since the dryer is sealed with glass and wood, to protect the
samples from dew and rain.

[11], has identified numerous types of solar dryers that
have been designed and developed in various parts of the
world, yielding varying degrees of technical performance. [5]
designed and constructed a prototype solar dryer for mango
slices, based on preliminary investigation under controlled
conditions of drying experiments; a natural convection solar
dryer was designed and constructed to dry mango slices. The
results presented are as follows: a minimum of 16.8m? solar
collector area is required to dry a batch of 100kg sliced
mango (195.2kg fresh mango at 51.22% pulp) in 20 hours (2
days drying period). The initial and final moisture content
considered were 81.4% and 10% wet basis, respectively.

[1], studied the drying tendency of parabolic concentrator
dryer over improved sun drying. The drying temperature
profile shows that parabolic concentrator was higher than
sun drying profile.

[3] developed a solar tunnel dryer with thermal storage for
drying of copra. Experiments were carried out with and
without the integration of heat storage materials. Sand was
used as the heat storage material in the solar tunnel drier. The
drier reduces the moisture content of copra from 52% (w.b)
to 7.2% (w.b) in 52 hours and 78 hours respectively with and
without heat storage material.

In most advanced segments of the society, artificial drying
has in many cases supplemented traditional sun drying in
order to achieve better quality control, reduce spoilage, and
in general cut down on losses. The indigenous dryer
designed is more efficient as in drying as compare with the
traditional dryer as revealed in the research.

The design of a passive Solar Food indigenous dryer
which is unique in type is different from other dryers and
constructed from locally available plywood, locally source 4
mm glass, aluminium metal, hinges, stone gravels, net, nails
and black paint. The passive dryer is to go a long way in
alleviating the financial burden of possessing expensive
dryers from the market by the low income earners in
Yola-Nigeria and provide affordable, efficient and faster
way of drying for the locals, thereby reducing food wastages
among the market traders and village dwellers.

The researchers are convinced that the Passive Solar Dryer
will go into large scale production for indigenous use in
Yola-Nigeria.

2. Data Analysis

2.1. Average Drying Rate for Drying the Product

The average drying rate in Kg/hr for drying the product
was given by [8] as:

dy= My /tq (1)
Where: My,= mass of moisture content removed from the
food,
ty= drying time (hrs).
2.2. Mass of Air Needed for Drying
The mass of air needed for drying was given by [8] as:
mg = da/(Wp — W) (@)

Where: d,= average drying rate
W,;= initial humidity ratio, kg H,O/kg dry air
W= final humidity ratio, kg H,O/kg dry air.

2.3. Percentage of Moisture Content Present in Food

The percentage of moisture content present in the food
was calculated as:

) _ (initial weight — final weight )

Moisture content (%o X 100(3)

(initial weight )

2.4. Final or Equilibrium Relative Humidity

The final relative humidity or equilibrium relative
humidity was calculated using sorption isotherms as follows:

a,=1—exp [-exp (0.914 + 0.5639InM;)] 4)
My = Mg/(100 — My)
ERH = 100a,,
Where: ERH = equilibrium relative humidity
a,, = water activity,
M; = final moisture content % wet basis

M, = moisture content dry basis, (Kg water/Kg
solids)

2.5. Required Pressure

The pressure difference across the food bed will be solely
due to density difference between the hot air inside the dryer
and the ambient air. Air pressure can be determined by
equation given by [9]:

P =0.00308g (T,-T,) H 5)

H is the pressure head (height of the hot air column from
the base of the dryer to the point of air discharge from the
dryer) in meters; P is the air pressure in Pascal and g is the
acceleration due to gravity, 9.81m/s% T, is the ambient
temperature, in C.

2.6. Average Drying Rate for Drying the Product

The average drying rate in Kg/hr for drying the product is
given by [8] as:

da= My /t4 (6)

Where: M, = mass of moisture content removed from

the food,
ty = drying time (hrs).

2.7. The Energy Balance

This is obtained by equating the overall heat energy
received from the sun to the useful heat energy gained by the
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collector and the total heat energy lost by the solar collector.
Therefore the total energy transmitted and absorbed is given
by [2] as;

ITAC(U*T) = QU+ Qcond + Qconv+ QR+ QP (7)
Where:
I = total solar radiation incident on the top surface
(Wm'?);

A = collector area (m%);
a = solar absorptance of the absorber;
T = transmittance of the cover;
Qyu= useful energy gained by the collector (W);
Q.ona = rate of conduction losses from the absorber (W);
Q.ony = rate of convective losses from the absorber (W);
Qr= rate of long wave re-radiation from the absorber (W);
Qp= rate of reflection losses from the absorber (W).

Qp is considered negligible and the three heat loss terms,
Qcond» Qcony and Qg are usually combined into one
term QL’

Le. QL: Qcond + Qconv+ QR (8)

Therefore, we now have:
ItAc(at) = Qy + Qy )
Qp = IrAc(ot) - Qu (10)
Qy is given as:
Qu = MyCp(Tc-T,) = M,CpAT — (11)
Where:
M, = mass flow rate of air (kg/s)
Cp = specific heat capacity of air (KJKg'K™)
AT = change in temperature (K).
Also @, is composed of different convection and
radiation parts, and is presented in the following form
accordingly:

QL= U, Ac(Tc-Ty,) (12)
Where:
U, = overall heat transfer coefficient of the absorber
(Wm?K™);

T¢= temperature of the collector’s air (K)
T, = ambient air temperature. (K)
Substituting equations (11) and (10) into equation (9) we
have:
U Ac(Tc—To) = IrAc(at) — Mq Cp(Tc—To) (13)
But (T;-T,) = AT, therefore substituting this into equation
(7) we have:
U, AcAT = It Ac(ot) — M, CpAT,;
_ ITA(:((X‘[) - MaCPAT

U
L AcAT

(14)

Substituting U, into equation (6), therefore the total heat
energy loss @ is given as:

QL =t (15)

From Equations (9) and (11) the useful energy gained by
the collector is expressed as:

ITAc(OK‘E) - ManAT

AcAT } x AC(TC_Ta)

Qu =(av) IrAc — U, Ac(Tc—To) (16)
Therefore, the energy per unit area (q,,) of the collector is
given as:

Gu = () Iy — U, (Tc-T,)

2.8. Thermal Efficiency of the Collector

(17)

The collector heat removal factor F,. is the quality that
relates the actual useful energy gained of a collector, Eqn. (5)
to the useful energy gained by the air. Therefore the removal
factor as given by [7] is:

_ MqCp (TC_Ta)
" Acl(at)Ir - Uy (Tc-Ta)]
Qu = AcE (@Ol - U, (Te-T,)]
Where Q= the useful energy gained.

Therefore the thermal efficiency of the collector is defined
by [7] as:

(18)

_ Qu
Nc Aclr

(19)

Where: Qy= useful energy gained
Ac= collector area and
I7=total solar radiation incident on the top surface.

2.9. Dryer Efficiency
The dryer efficiency was computed by [6] as:
ML
M= (20)
Where: M = mass of the food (Kg)
L = latent heat of vapourization kJ/kgH,O.
ty = drying time (s).
The latent heat of vaporization is given by [14] as:
L =4.186 x 103{597—0.56(Tp)} (21)

Where: T,= product temperature.

3. Performance Testing of the Dryer

Testing was done in the month of April; the dryer was
placed under the sun with the collector facing south for
optimum performance. A K-type thermocouples and
Kane-May (KM 330) digital temperature output instrument
were used to measure the ambient temperature, the
temperature of the collector, the drying chamber, and the
items to be dried. Their size was such that caused less
obstruction to heat and their accuracy was + 0.1°C, when
employed in conjunction with the digital temperature output
meter Kane - May (KM330). Instantaneous global
components of solar radiation were measured using
pyranometer (CM6B model, KIPP & ZONEN DELFT
Holland) and CM11/121 fitted with shadow ring measuring
the instantaneous diffuse component of solar radiation. Both
were calibrated as 9.63 x 10 V/WM™.

Temperature readings were recorded on hourly basis
starting from 9:00AM — 4:00PM. The characterization of the
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solar food dryer was done using different kinds of food items;
yam, tomatoes, and pepper and fish. The food items were
sliced to aid quick drying and easy circulation of air within
the drying chamber as shown in plates 1 — 8. The same
quantity of the items dried in the solar food dryer were sun
dried to allow for comparative analysis.

Plate 5. Fish before drying with solar dryer

Plate 7. Yam dried in solar food dryer

Plate 8. Yam dried in open-air sun

4. Discussions of the Results

The results obtained shows that the performance of the
solar food dryer is dependent on the intensity of the solar
radiation incident on the collector and the ambient
temperature.

Figure 1, was obtained for drying of yam at relative
humidity of 42% and average global solar radiation of
773.8 W/m*on 14/04/2014. The data analysis indicates that
percentage moisture content present in the yam was 58.3%
w.b. and the mass of moisture content removed was 0.35kg
at an average drying rate of 0.12kg/hr. The efficiency of the
dryer for drying of yam was determined to be 33.0%. From
the figure it shows that, at 9:00AM when the ambient
temperature was 29°C, the product temperature was 31°C,
the collector temperature was 60°C and the drying chamber
temperature was 39°C. The temperatures increases with time
and reaches its maximum value at 1:00PM when ambient
temperature was 33°C, it then decreases with time and at
4:00PM when the ambient temperature was 27 'C, the
product temperature was 39°C, the collector temperature was
60°C and the drying chamber temperature was 41°C. This
indicates that the minimum values of temperatures for the
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product, collector and the drying chamber were obtained in
the morning, while their maximum values were obtained at
mid-day when insolation is high.

the yam dried in open-air sun shows that yam dried in the
solar dryer has a brighter colour than that dried in open-air
sun shown in plates 7 & 8.
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Figure 1. Graph of temperature against time of the day for drying of yam
on 14/04/2014 at relative humidity of 42% and solar radiation of 773.8 W/m?

Figure 2 was obtained for drying of yam at relative
humidity of 39% and average global solar radiation of
825.0 W/m* on 15/04/2014. This shows that the minimum
ambient temperature was obtained at 9:00 A.M., minimum
values of temperatures for the collector; product and drying
chamber were also obtained at 9:00 A.M. The maximum
ambient temperature and product temperature were obtained
at 12:00PM and 1:00 P.M., while maximum temperature for
the collector was obtained at 1:00 P.M. and that of the drying
chamber was obtained at 2:00 P.M.
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Figure 2. Graph of temperature against time for drying of yam on
15/04/2014 at relative humidity of 39% and solar radiation of 825.0 W/m®

This shows that it took 3 hours to dry 0.6kg of yam with
moisture content of 58.3% w.b in the solar food dryer while
it took 8 hours to dry the same mass of yam in open-air sun,
after drying the mass of the yam weighed 0.25kg. Also
comparison done on the yam dried in the solar food dryer and
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Figure 3. Graph of temperature against time for drying of tomatoes &
pepper on 16/04/2014 at relative humidity of 41% and solar radiation of
802.0 W/m*

Figure 3 is for drying of tomatoes & pepper on 16/04/2014
at relative humidity of 41% and average global solar
radiation of 802.0 W/m*. From the numerical data obtained,
it shows that the percentage moisture contentment present in
the tomatoes and pepper was 93.3% w.b., the mass of
moisture content removed from the tomatoes and pepper was
0.28kg at an average drying rate of 0.112kg/hr. The dryer
efficiency for drying of this food item obtained was 19.3%.
The figure shows that at 9:00AM when the ambient
temperature was 29°C, the product temperature was 34°C,
the collector temperature was 55°C and the drying chamber
temperature was 43 °C. The temperatures increases with time
and reaches maximum value at 12:00PM and 1:00PM when
ambient temperature was 34 C. At 3:00PM when the
ambient temperature was 28°C, there was a large decrease in
the temperatures of the collector, product and drying
chamber and at 4:00PM when the ambient temperature was
26 °C, the product temperature was 29 ‘C, the collector
temperature was 36°C and the drying chamber temperature
was 29°C.

From these results, it shows that minimum value of
temperatures for the product, collector and the drying
chamber were obtained in the evening, while their maximum
values were obtained at mid-day when insolation is high.

Figure 4 is for drying of tomatoes & pepper on 17/04/2014
at relative humidity of 63% and solar radiation of
503.6 W/m®. It shows that at 9:00 A.M. the ambient
temperature was 23°C, while the product temperature was
25°C, the collector temperature was 33°C and the drying
chamber temperature was 29°C. The graph also shows that
there was a significant increase in the temperatures of the
collector, product and the drying chamber at 12:00 P.M. and
1:00 P.M. and at 4:00 P.M. the temperatures of the collector,
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product and the drying chamber decreases slightly.

The result obtained for the graph shows that minimum
values of temperatures for the product, collector and the
drying chamber were obtained in the morning, while there
was a significant increase in temperature at mid-day.
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Figure 4. Graph of temperature against time for drying of tomatoes &
pepper on 17/04/2014 at relative humidity of 63% and solar radiation of
503.6 W/m’

From the afore mentioned, it took 2.5 hours to dry a mass
of 0.3kg of tomatoes & pepper with moisture content of
93.3% w.b, while it took 6 hours to dry same mass of
tomatoes and pepper in open-air sun. After drying, the mass
of the product obtained was 0.02kg.

Figure 5 was obtained for drying of fish on 18/04/2014 at
relative humidity of 49% and average global solar radiation
of 532.8 W/m®. The data analysis indicates that percentage
moisture content present in the fish was 68% w.b., the mass
of moisture content removed from the food item was 0.17kg
at an average drying rate of 0.017kg/hr. The efficiency of the
dryer for drying of the fish was determined to be 6.6%. The
figure shows that at 9:00 A.M. when the ambient
temperature was 29°C, the product temperature was 31°C,
the collector temperature was 60°C and the drying chamber
temperature was 39°C. The temperatures increases with time
and reaches maximum value at 1:00 P.M. when ambient
temperature was 33°C, it then decreases with time and at
4:00 P.M. the ambient temperature was 27 C, while the
product temperature was 39 °C, the collector temperature was
60°C and the drying chamber temperature was 41°C. This
then shows that minimum value of temperatures for the
product, collector and the drying chamber were obtained in
the morning, while their maximum values were obtained at
mid-day when insolation is high.

Figure 6 is for drying of fish on 19/04/2014 at relative
humidity of 46% and average global solar radiation of
588.6 W/m*. It shows that the minimum ambient temperature
was obtained at 9:00AM and 4:00 P.M., while minimum
values of temperatures for the collector, product and drying
chamber were obtained at 9:00 A.M. The maximum ambient
temperature was obtained at 1:00PM and maximum product
temperature obtained at 2:00 P.M., while maximum

temperature for the collector was obtained at 1:00 P.M. and
that of the drying chamber was also obtained at 1:00 P.M.
The temperatures of the collector, product and drying
chamber were shown to decrease at 4:00 P.M.
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Figure 5. Graph of temperature against time for drying of fish on
18/04/2014 at relative humidity of 49% and solar radiation of 532.8 W/m?
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Figure 6. Graph of temperature against time for drying of fish on
19/04/2014 at relative humidity of 46% and solar radiation of 588.6 W/m”

It took 10 hours to dry a mass of 0.25kg fish with moisture
content of 68% w.b, while it took 24 hours to dry same mass
of fish in the open-air sun. After drying the mass of fish
obtained was 0.08kg.

5. Conclusions

From the results obtained, it can be deduced that the solar
dryer is more efficient for drying of yam when compared
with drying of tomatoes & pepper and fish. Also the
performance of the solar dryer is dependent on the intensity
of solar radiation incident on the collector surface and the
ambient temperature. The solar food dryer performs
effectively and drying time was considerably reduced when
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compared with open sun drying method.

The thermal efficiency of the collector was determined to

be 60% while the dryer efficiency for yam, tomatoes &
pepper and fish are 33.0%, 19.3% and 6.6% respectively.
The heat storage device can store the heat generated during
sunshine hours and can effectively utilize the stored heat
during off-sunshine hours.
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