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Abstract. A chimney dependent solar crop dryer (CDSCD) was developed and studied. Design of Experiment
(DOE) was employed using statistical three level non randomized factorial experimental design in Minitab
statistical software version 19.0. The study of effects of roof angle, inlet gap size and dryer height on dryer
temperature revealed that the height at which the drying tray is positioned (A) and the inlet gap (C) influences
the highest temperature difference, 30.4 °C. It was concluded that dryer temperature is high when the inlet gap
is small (range of inlet area to exit area ratio of 1.8128:1 to 1.0877:1) and the maximum ratio of height of dryer
to drying tray’s position is 2.18. Optimal values for achieving high temperature difference response greater
than or equal to 32.6 °C are minimum roof height of 84 cm, inlet to outlet area ratio of 1.0877:1 and minimum
roof angle of 81°. The effect of the three parameters on relative humidity revealed that the combined effect of
roof angle and inlet gap (AB) attained the highest standardized effect of 6.6. The optimal values for achieving
low dryer relative humidity (when loaded with 1 kg of cassava) were roof angle of 64°, inlet to outlet area ratio
of 2.5379:1 and minimum time of 19 hours. This could serve as effective tool for comparing different designs of
CDSCD dryers for optimum humidity and drying performances and be used to subsequently refine solar crop

dryer design.
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1 Introduction

Drying is one of the oldest methods of preservation. Drying
is a common method for food preservation, especially for
vegetables and fruits [1]. It is done by removing moisture
from a product and it is used to preserve foods and extend
their shelf lives. The shelf life of a food product can be
prolonged by the reduction of its water activity [2]. The
objective of drying as a thermal engineering is to remove
the free water along with the bound water in a product
without causing any sort of chemical changes to its
composition [3]. In addition to reduction of moisture,
drying also changes some properties like antioxidant
capacity, enzymatic activity, aroma, and flavour of the
product [4]. Maize grains, chili pepper, cassava tubers, and
beans are usually dried and consumed in Ghana. Foods
that are not well dried are susceptible to infections [5].
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Some microorganisms on foods produce toxins that are
dangerous to human health. They are usually bacterial,
phyco- and mycotoxins [6]. Mycotoxins are produced by
Aspergillus, Fusarium, Alternaria and Penicillium [6].
Mycotoxins belong to the fungus kingdom [7]. Contamina-
tion of mycotoxins in crops could take place anytime in the
life of food products, from the farm through harvest to
storage [6]. Food products contaminated with aflatoxins
have received a lot of attention globally of late, since they
have been found to endanger human healthy lifestyle and
commodities in international trade [8]. Aflatoxins are heat-
stable molecules and can therefore not be easily eliminated
using different heat treatments, therefore prevention of
their formation is essential [9]. Rapid drying of Agro-
products to reduce their moisture content prevents the
formation of favourable conditions for the growth of the
fungi [9]. The level of harm caused depends upon the dose of
contamination of fungal toxins. Lower doses of fungal
toxins in food could lead to long term severe health effects,
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including cancer and immune deficiency [10]. Studies have
revealed that good drying process could improve food
quality and take out major toxic fungi [5]. It is therefore
necessary to develop such drying processes that prevent
not only formation of these toxic substances, but also
influence good characteristics of the product.

Drying is a very energy intensive process [8], therefore a
small increase in its energy efficiency will contribute
positively to the industry’s sustainable development.
There are different drying methods in use today. Hot air
drying (HA) is an effective method for drying, however, it
operates at high temperature which usually causes
degradation of useful nutrients and colour [9]. Vacuum
freeze drying (VF) has been researched and applied to food
crop drying and has been observed to lead to much less
losses in the nutrients as compared to high heat treatments
[11]. Other methods of improved drying of foods are combined
infrared and hot air-drying technology [12], radio frequency,
vacuum and osmotic drying techniques [13], sequential
infrared blanching and hot airdrying technique [14], as well
as the use of microwave techniques [11]. These drying methods
may be very good but are beyond the reach of average farmers
in a poor country. It is therefore necessary to study and
improve simple and less expensive drying methods and make
them more efficient.

Drying methods and types of dryers are classified on
different basis. They include heat source, heat transfer
method to the material being dried, properties of material
being dried, how they operate, how drying medium moves
relative to the material being dried [15]. However, since
drying is energy intensive operation, using heat source or
energy source is an important way of classification [16].
Drying, mainly due to its high energy demand in terms of
thermal energy, is known to be one of the most energy-
intensive processes [17].

In Ghana, food crops drying is mainly classified into
three; open sun drying, mechanical drying, and solar
drying. Open sun method involves introduction of a
product to direct sunlight to remove moisture from it. For
drying to take place, the relative humidity of the
surrounding air should be less than the level of equilibrium
moisture content of the product [18]. Should the relative
humidity be above the equilibrium moisture content level
of the product, it would rather absorb moisture instead
[18]. Open sun method is used for drying in most rural
settings, because it is simple and costs relatively less.
However, it turns out poor quality products, owing to its
reliance on weather and its vulnerability to dust, dirt, rain,
insects, pests and micro-organisms [19].

In mechanical drying, heat is introduced artificially to
increase drying medium’s temperature in order to remove
moisture from a product. The heat source is usually fossil
fuels and electricity. Solar dryers, the third group, come in
different types, classes and designs. They are classified into
three distinct categories based on mode of heat transfer
from the sun to the product. They are direct mode, indirect
mode, and mixed mode solar dryers. Direct mode solar
dryers are often cabinets covered with transparent material
that are able to absorb and retain heat. Indirect mode
dryers have two main chambers; the collector, which
generates heat by trapping and retaining heat from the sun,

and the drying chamber where the product is placed for
drying. During the drying process heat is supplied by hot
air flowing through the chambers, and carries evaporated
moisture from the product out of the dryer. The mixed
mode solar dryer is designed to combine both direct and
indirect mode dryers. Indirect solar dryers are more
effective than conventional open sun drying and direct
solar dryers since they produce good quality products in
less drying period [20]. However, mixed mode is the best as
far as drying time is concerned [21].

Studies on postharvest losses estimates losses to be
about 40%, which under worse conditions could rise to
about 80% [22]. Only about 60% to as high as 74% of all
maize harvested, for example, get to the consumer [23].
Maize a very important food crop suffers a lot of
postharvest losses right from harvesting stage to the point
where it gets into the hands of the final consumer. Drying
could be a good solution. Relatively, mechanical dryers are
better alternative for drying agricultural produce, but they
need fuel to operate. Availability of fuel and their
continuous price increase, discourage promotion and use
of mechanical dryers. Solar dryers could serve as a bridge
between mechanical and traditional drying methods since
it is relatively cheap and simple compared to mechanical
dryers, and they dry products in more hygienic conditions
compared to traditional drying method.

To make a solar dryer more effective, a chimney may be
added to the design. Solar dryer with a chimney allows
improved ventilation. A solar dryer which has a drying
chamber with inclined roof and chimney combined with
suitable inlet exit area ratio was observed to improve flow
of air in the direct mode dryer [24-28]. Such a solar dryer
works on the principle that in operation, radiant energy of
short wavelength from the sun is transmitted through
transparent drying chamber and chimney glazing to fall on
absorbers in the dryer. Heat absorbers, after absorbing this
radiant energy, in turn emit heat energy of long wavelength
that gets trapped but does not pass through the glazing
back into the atmosphere. The trapped energy heats up air
in the chamber and chimney, which then effectively dries
the product in the drying chamber. That is, cold air flows
through the inlet, gets heated up and dries crops inside the
chamber. In the process, the air becomes more humid after
moisture absorption from the crops and flows through the
solar chimney where it gets heated again, becomes less
dense and is then driven upwards to exit through the top
vent into the surroundings, effecting continuous flow where
cold, dense air is drawn in to displace the warm air through
the dryer [24-28]. Other researchers have confirmed that
properly designed solar chimney boosts flow of air through
an enclosure [29-33].

In this study, direct solar dryer with a chimney was
designed. The direct mode dryer, unlike its two other
counterparts, is highly influenced by ambient relative
humidity, according to Afriyie [24], and therefore in
geographical locations of persistently high ambient relative
humidity, the chimney is not very significant in influencing
drying rate. It is therefore important to investigate for a
particular geographical area, the effect of chimney height,
among other things, for the prevailing relative humidity
conditions, on drying processes, else building chimney
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Fig. 1. Functional architecture and pictorial view of chimney-dependent direct mode solar crop dryer.

dependent solar crop dryer (CDSCD) could be waste of
resources. Afriyie [52] observed that relying on one
particular feature of CDSCD for performance improve-
ment may render the dryer uneconomical or unstable, and
therefore suggested that reasonable moderate changes in
two or more features or design characteristics could be the
best method of improvement of CDSCD. Design of
experiment (DOE) was therefore chosen as the tool to
study combined effects of two or more features on the
dryer. Using design of experiment (DOE), influential
parameters were varied to study how such a simple dryer
could be improved and optimized.

The aim of this study was to investigate effects of roof
angle, inlet gap size and dryer height on temperature and
relative humidity in a chimney-dependent solar crop dryer
(CDSCD) using design of experiment (DOE) method to
inform future design improvements. Design of experiment
(DOE) is a systematic, efficient method that enables
scientists and engineers to study the relationship between
multiple input variables and key output variables. It is
therefore very good and effective in multi-factor study of
the combined effects of the factors on the design of a
commodity under study. DOE was used also to reduce the
cost of conducting several physical experiments.

2. Materials and methods
2.1 Experiments

Experiments were conducted using dryer dimensions and
physical experimental works of Afriyie et al. [26].
A laboratory scale direct mode dryer was developed and

constructed. Three different drying chamber roofs, orient-
ed at the following angles to the vertical plane: 51°, 64° and
81°, were developed and used interchangeably. Geometric
dimensions of the base of drying chamber are 420 mm x 440
mm with the width normal to the air flow and height of 1090
mm. The glazing material used for the drying chamber walls
was Lexan sheet of thickness of 2 mm.

Source of heating was eight pieces of 100 W infrared
lamps which were installed in front of the dryer to
simulate solar irradiation. Six thermocouple probes were
positioned in the dryer to take the temperature of air
at various heights (H; = 6 cm, Hy, = 16 cm, Hz = 26 cm,
Hs = 49 cm, Hy = 84 and H; = 109 cm). Ambient and
dryer outlet temperatures were measured using ther-
mometers. Air inlet gap size was varied from 30 mm,
through 50 mm to 70 mm. Figure 1a shows an illustration
of the functional architecture of a chimney-dependent
solar crop dryer (CDSCD) and Figure 1b shows the
pictorial view of its laboratory setup. Cassava was used for
the experiment because it was readily available on the
market. One (1) kilogram of cassava was cut into pieces to
form quadrants with 15 mm thickness and average radius
of 30 mm. The drying trays carried 0.5 kg of cut cassava
each and were positioned at a height of 150 mm above the
base of drying chamber. In each drying process, lamps
were put on for seven (7) hours in the day during which
data were logged every hour. The lamps were then
switched off and the dryer left alone throughout the night
till the next morning when the weight of crop was noted
before drying resumed. This was to examine night
performance of the dryer without any irradiation.
Temperature, air velocity and relative humidity values
were measured in the process.
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Table 1. Design summary for the temperature and humidity effects experiments.

Design summary

Temperature effects study

Relative humidity effects study

Factors: 3 Replicates: 1
Base runs: 54 Total runs: 54
Base blocks: 1 Total blocks: 1

Factors: 3 Replicates: 1
Base runs: 54 Total runs: 225
Base blocks: 1 Total blocks: 1

Pareto Chart of the Standardized Effects

(response is Temperature, a = 0.05)
Term 2.?9
Factor Name
Height (cm)

A B Roof Angle (deg)
c Inlet Gap(mm)

c

B

AC

AB

BC A

0 2 4 6 8 10 12 14

Standardized Effect

Fig. 2. Pareto chart of standardized effects (temperature response).

2.2 Design of experiments

In this study, drying experiments were planned using
statistical three level non randomized factorial experimen-
tal design with no replicate. Experiments were carried out
by considering five drying parameters: Roof angle (°), Inlet
gap size (mm), drying height (cm), temperature (°C) and
relative humidity (%). Total runs were 54 for the
temperature effects and 225 for the relative humidity
effects experiments. Table 1 shows the design summary for
experiments carried out. The experimental matrix for
effects of roof angle, inlet gap size and height on
temperature is presented in Table 2, while that of effects
of roof angle, inlet gap size and height on relative humidity
is presented in Table 3.

In two experiments the factors, roof angle and inlet gad
had three (3) levels each, the dryer height had six (6) level
values, and time had twenty-five (25) level values. Design
of experiments was carried out using Minitab statistical
software, version 19.0. For the purpose of this study the
temperatures mentioned refers to the temperature differ-
ences between the ambient and the measured dryer
temperatures.

3 Results and discussions

This section discusses factorial design analysis of the study.
This includes effects of roof angle, inlet gap size and height
on dryer temperature, and then effects of roof angle, inlet
gap size and height on relative humidity.

3.1 Effects of roof angle, inlet gap size and height on
dryer temperature

Figure 2 is a Pareto chart of standardized effects. The
Pareto chart shows that height (A) and inlet gap (C) of the
dryer have the highest statistically significant standardized
effect of 13.4. Roof angle (B) which is the third in order also
has statistically significant influence on dryer temperature,
with standardized effect of 9.9. Effects of height and inlet
gap (AC) attained standardized effect of 9.6. Dryer height
and dryer roof angle effects (AB) had the least significant
standardized effect of 2.6. Effects of dryer roof angle and
dryer inlet gap (BC) had insignificant standardized effect
of 0.8. Insignificant because it did not cross the reference
line (2.09). Aforementioned factors and effects analyzed
except effects between roof angle and inlet gap should be
considered in dryer as they influence drying temperature.

Contour plot of temperature versus inlet gap and height
is shown in Figure 3a. Figure 3 shows that increasing dryer
height whilst reducing inlet gap resulted increase in
temperature difference. Combined effect of inlet gap and
dryer height shows increase in dryer temperature when
inlet gap is in the range 30-50 mm and the height is above
50 cm. Main effect plot of temperature is presented in
Figure 3b. It shows that height significantly influences the
highest temperature difference (30.4 °C) (at height of 109
cm or height of dryer to dryer’s height position of 1) whilst
the dryer inlet gap and roof angle attained maximum
temperature difference of 28.6 °C (at the low inlet gap of
30 mm) and 27.3 °C at high roof angle of 81°. To achieve a
high dryer temperature, inlet gap range of 30-50 mm with a
height above 50 mm and minimum roof angle of 81° is
required. Considering a given width for both dryer inlet and
outlet, the optimal area ratios for high drying temperatures
is 1.8128:1 to 1.0877:1. Further the maximum ratio of
height of dryer to drying tray’s position is 2.18 with an
optimum high roof angle of 81° is recommended in similar
dryer design.

Figure 4 shows interaction plot (plot of combine
effects) of temperature as influenced by roof angle, height
and inlet gap size. Plot of combine effects shows that
effects between height and roof angle was such that there
was rise in temperature difference with respect to the
various roof angles as the height in the dryer increases.
Maximum temperature difference was recorded at roof
angle of 81° and height of 109 cm. Combine effect between
height and inlet gap of the dryer showed that with
increasing height (6 cm to 109 cm) and reducing inlet gap
(up to 30 mm), the dryer temperature difference increases
by 31.7 °C. Furthermore, roof angle and inlet gap effects
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Table 2. Experimental matrix for effects of roof angle, inlet gap size and height on temperature.
Factor Level values
1st 2nd 3rd 4th 5th 6th
Roof angle (°) 51 64 81 - - -
Inlet gap (mm) 30 50 70 - - -
Height [H; to Hg], (cm) 6 16 26 49 84 109
Table 3. The experimental matrix for effects of roof angle, inlet gap size and height on relative humidity.
Level values Factor Level values Factor
Roof angle (°) Inlet gap, (mm) Time (h) Roof angle (°) Inlet gap, (mm) Time (h)
1 51 30 0.05 14 - — 12.00
2 64 50 1.00 15 - - 13.00
3 81 70 2.00 16 - - 14.06
4 — - 3.00 17 - - 14.08
5 - - 4.00 18 - — 15.00
6 - - 5.00 19 - - 15.08
7 — - 6.00 20 - - 16.00
8 - - 7.06 21 - - 17.00
9 — - 7.80 22 - - 18.00
10 - - 8.00 23 - - 19.00
11 - - 9.00 24 - - 20.00
12 - - 10.00 25 - - 21.00
13 — - 11.00
Contour Plot of Temperature vs Inlet Gap(mm), Height (cm) Main Effect{ Plot.for Temperature
"] Tﬂ“p_‘"s\:e " Height (cm) Roof Angle (deg) Inlet Gap(mm)
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Fig. 3. Contour plot of temperature versus inlet gap and height and main effects plot for temperature.

(b)
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Table 4. The analysis of variance results for effects of roof angle, inlet gap size, and dryer height on temperature.

Source DF Adj SS Adj MS F-Value P-Value
Model 33 490.403 14.8607 299.49 0.000
Linear 9 476.867 52.9852 1067.80 0.000
Height (cm) ) 380.850 76.1701 1535.05 0.000
Roof Angle (deg) 2 5.846 2.9231 58.91 0.000
Inlet Gap(mm) 2 90.170 45.0850 908.59 0.000
2-Way Interactions 24 13.536 0.5640 11.37 0.000
Height (cm) * Roof Angle (deg) 10 1.522 0.1522 3.07 0.016
Height (cm) * Inlet Gap(mm) 10 11.808 1.1808 23.80 0.000
Roof angle (deg) * Inlet Gap(mm) 4 0.205 0.0514 1.03 0.414
Error 20 0.992 0.0496

Total 53 491.395

Degrees of freedom = DF, sum of squares = SS, mean squares = MS, F — ratio of variance of a source to variance of error,

determines significance at 95% confidence level = P < 0.05.

Interaction Plot for Temperature
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Fig. 4. Interaction (Combine effects) plot for temperature.

resulted in an increased dryer temperature difference. The
inlet gap and roof angle when adjusted to 30 mm and 81°
yield a high dryer temperature difference of 29 °C. It is
observed that combine effects plot (Fig. 4), Pareto chart
of standardized effects (Fig. 2), contour plot of tempera-
ture versus inlet gap and height (Fig. 3a), as well as main
effects plot of temperature (Fig. 3b), are all in good
agreement.

Table 4 presents computed analysis of variance results
for effects of roof angle, inlet gap size, and dryer height on
temperature. P-value for each term (roof angle, inlet gap,

and time) is less than 0.005 which is statistically significant
and this explains variation in the temperature difference
response. These regression results show satisfactory fit of
model variability for the dryer temperature difference.
Hence the regression model can be used to predict the
CDSCD dryer temperature. Optimization response predic-
tion presented in Figure 5 shows the optimal values which
will maximize drying temperature. The optimal values for
achieving high temperature difference response greater
than or equal to 32.6° are a height of 84 cm, inlet gap of 30 mm
and a roof angle of 81°.
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response).

3.2 Effects of roof angle, inlet gap size and height on
relative humidity

Pareto chart of standardized effect presented in Figure 6
shows the relative humidity response. Combine effect
between the roof angle and inlet gap (AB) recorded the
highest standardized effect of 6.6 which is beyond the
reference line of 1.985 The next is drying time (C) with
standardized effect of 4.4, followed by roof angle (A) with
standardized effect of 3.9. Standardized effect of dryer inlet
gap (B) was 3.8. Both effects between inlet gap and time
(BC), and roof angle and time (AC) had statistically
insignificant effect on relative humidity of the dryer since
their standardized effects (0.2 and 0.0 respectively) fall
below the reference line (1.985).

Main effects and combine effects plots for relative
humidity are presented in Figure 7a and 7b. Figure 7 shows
main effect plot of the relative humidity. The main effect
plots show that time has highest effect on relative humidity
inside the dryer as compared to roof angle and inlet gap.
From Figure 7b, combine effects between the roof angle and
inlet gap shows the following factors as good candidates for
reduced relative humidity in the dryer: 64° roof angle with
70 mm inlet gap, and 81° roof angle with 30 mm inlet gap.
Reduced dryer relative humidity accelerates drying process
by increasing the moisture absorption potential of hot air in
the dryer cite. Results from temperature effects and
combine effects plots show that 81° roof angle with 30 mm
inlet gap yields the highest mean dryer temperature
difference. Hence, the most appropriate roof angle and inlet
gap size to select for increased mean dryer temperature and
reduced relative humidity are 81° roof angle and 30 mm
inlet gap size.

Table 5 gives analysis of variance results for effects of
roof angle, inlet gap size and height on relative humidity.
P-value for each term (roof angle, inlet gap, and height) is
less than 0.005 which is statistically significant and this
explains variation in the humidity response. These
regression results show satisfactory fit of the model
variability for the dryer relative humidity. Hence the
model can be used to predict dryer relative humidity.

Figure 7c presents relative humidity optimization
results. The results show that optimal values for achieving
reduced dryer relative humidity response (when loaded
with 1 kg of cassava) are roof angle of 64°, inlet gap of 70 mm
and minimum time of 19 h. Inlet gap of 70 mm corresponds to
inlet cross-sectional areaof 0.07m x 0.39 m or 0.0273 m?. The
exit cross-sectional area was 0.03 m x 0.39 m with two (2)
semi circles of 15 mm radius on either side, giving total cross-
sectional area of 0.0107568 m?. Thus, the optimum inlet to
outlet area ratio was 2.53792:1.
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Fig. 7. Main effects plot, interaction (combine effects) plot and optimization for relative humidity.

Table 5. The analysis of variance results for effects of roof angle, inlet gap size and height on relative humidity.

Source DF Adj SS Adj MS F-value P-value
Model 128 11769.8 91.95 1.84 0.001
Linear 28 5604.1 200.15 4.01 0.000
Roof angle (deg) 2 953.6 476.80 9.54 0.000
Inlet gap (mm) 2 892.3 446.13 8.93 0.000
Time (s) 24 3758.2 156.59 3.13 0.000
2-way interactions 100 6165.7 61.66 1.23 0.150
Roof angle (deg) * Inlet Gap (mm) 4 2990.9 T47.72 14.97 0.000
Roof angle (deg) * Time (s) 48 1301.8 27.12 0.54 0.990
Inlet GAP (mm) * Time (s) 48 1873.0 39.02 0.78 0.827
Error 96 4795.7 49.96

Total 224 16565.5
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4. Conclusion

The study of the solar crop dryer was successfully
conducted using Design of Experiment (DOE). It can be
concluded that dryer temperature is high when the inlet
gap is small (that is when inlet to exit area ratio is between
1.8128:1t0 1.0877:1) and height is above 50 cm (that is, the
maximum ratio of height of dryer to drying position is
2.18). The optimal values for achieving high temperature
difference response greater than or equal to 32.6 °C, are
minimum dryer height of 84 ¢cm (the maximum ratio of
height of dryer to drying tray’s position is 1.30), an inlet to
outlet area ratio of 1.08768:1 and a minimum roof angle of
81°. Thus, inlet gap of 30 mm (or inlet to exit area ratio of
1.0877:1) was better as relative humidity was much lower,
overriding the effect of airflow restriction at inlet. Optimal
values for achieving reduced dryer relative humidity (when
loaded with 1 kg of cassava) are a roof angle of 64°, an inlet
to outlet area ratio of 2.53792:1 and a minimum time of 19
hours. The findings can inform better design decision, and
be used as a tool for comparing different designs of CDSCD
dryers for optimum humidity and drying performances.
Future work may focus on the use numerical methods
(CFD) toinvestigate the aforementioned effects and conduct
further design improvements and subsequently develop
experimental setup based on the findings of the study.
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