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The paper describes the performance of a direct-mode solar crop dryer with a solar chimney. Tests were performed for three
differently inclined drying-chamber roofs, each with three inlet areas for a given exit area. Cassava was used as the test crop. The
results show that the increase in the inlet area for a given exit area can improve the ventilation in the dryer. However, this does
not necessarily improve the drying performance of the direct-mode dryer. A wide inlet area for a given exit area can only improve
the drying performance of the direct-mode dryer in a geographical location of low relative humidity. It is therefore not advisable
to just copy the design of a direct-mode dryer from one location to another without regard to the ambient relative humidity.
The designer and builder of the dryer must consider the relative humidity as a prime factor in the design and construction of
direct-mode dryers, which are highly sensitive to the ambient relative humidity.

1. Introduction

The majority of the citizens of most developing countries
live as rural-based farmers. The economies of those countries
are heavily dependent on agriculture. The proportion of
rural-based farmers in Ghana in 2004 stood at 65% [1]. Yet,
the food security remains a great challenge in developing
countries. There is normally an overabundance of farm
production during the harvest season. Farmers are then
forced to sell their production at very cheap prices due to
lack of appropriate facilities for processing and storage. The
production becomes scarce off-season, even for the farmers.
Such a development discourages farmers from more food in
the following year. Thus, farming in the rural areas becomes
increasingly unattractive. In Ghana, the youth keep drifting
from the rural areas into the cities for nonexistent jobs,
leading to slum development with increased crime rates.
Furthermore, this problem of food insecurity affects the
agricultural economy of Ghana negatively.

The farmers need to add value to their crops by drying
them to reduce the moisture content to an appreciably low
level so that the crops can be preserved in their prime

marketable condition to enable them receive remunerative
prices. The farmers normally dry their crops by spreading
them on mats in the open sun. This way of crop drying
is not that efficient, and the crop is exposed to rain, pest,
and other forms of unhygienic conditions. Crop drying
involves the removal of moisture from a crop into the
surrounding air. Generally, moisture evaporates from a crop
into the surrounding air whenever the vapour pressure of the
moisture in the crop is higher than the partial pressure of the
vapour in the air. The rate of evaporation is proportional to
the pressure difference. The higher the relative humidity of
the drying air, the less the pressure difference and, therefore,
the less the rate of evaporation [2, 3]. The relative humidity
of the air gets lower when the temperature is increased. Crop
drying then proceeds at a fast rate, when the surrounding
air is warm enough and with low humidity. After moisture
absorption, the air becomes more humid and needs to be
replaced with fresh and less humid air to maintain the desired
drying rate. Thus, an effective crop drying process requires a
constant flow of appreciably warm, low-humid air through
the crop.
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Figure 1: Schematic diagram of an indirect-mode cabinet dryer.
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Figure 2: Schematic diagram of a direct-mode cabinet dryer.

A crop dryer normally requires a device to preheat the air
to reduce the relative humidity en route to the crop which
is housed in a drying chamber. The source of power for the
heating device may be electricity, gas, diesel, biomass, or solar
energy. There are two main kinds of crop dryers. One type is
the forced-convection or forced-ventilation dryer which uses
a blower, powered by electricity or some other mechanical
means, to blow the drying air through the crop. The other
type is the natural-convection or natural-ventilation dryer
which depends on the natural buoyancy flow of air through
the system.

Using simple and cheap natural ventilation solar crop
dryers can help generate income for rural farmers, meet
the present and future demand for food, and sustain
the agricultural economy of most developing countries.
Natural ventilation dryers are normally not too expensive to
construct, and all the parts are locally available. Developing
these dryers in the rural areas would also provide jobs for
the artisans and youth in the rural areas and help to curb
the rural-urban drift among the youth. In fact, this could
be a starting point for rural industrialisation in most of
the developing world. Natural ventilation solar dryers seem
to be the obvious choice for rural farmers who live far
away from the national electricity grid and for whom other
forms of heating may also be expensive or unfriendly to the
environment.

A natural ventilation solar dryer is normally one of three
kinds. The indirect-mode type is equipped with a device with
absorber to preheat the air en route to the drying chamber
(Figure 1). The walls of the chamber are opaque to sunlight
and the crops have no contact with the rays from the sun.
The direct-mode dryer has no air preheater, and the radiant
energy enters through the transparent walls of the drying
chamber onto the drying crops which also serves as the main

absorber for heating the drying air (Figure 2). The mixed-
mode dryer has an air preheating device and also transparent
drying-chamber walls to allow maximum radiant energy
absorption (Figure 3).

Earlier reports indicate that the direct-mode type, which
depends on the contents of the drying chamber for air
heating and air flow, is highly inefficient [4, 5]. This ineffi-
cient performance is normally attributed to poor ventilation,
leading to excessively high temperatures with high humidity
in the drying chamber, so that the drying crops at times
finally become partially cooked rather than properly dried.
However, the economic base of the rural farmers is so
low that most of them could only patronise this type of
dryer. Further research is therefore required to come out
with a direct-mode dryer designed to achieve adequate air
circulation through the crop and make it more functional for
effective use by the rural farmers.

Some reports on chimneys have shown that properly
designed solar chimneys can boost the flow of air through an
enclosure [4–11]. Afriyie et al. [12] further combined the use
of a solar chimney with the effect of an appropriately inclined
roof of the drying chamber to improve the ventilation in
the chamber. This combination resulted in the design of
the chimney-dependent solar crop dryer (CDSCD). The
functional architecture of the CDSCD can be seen in
Figure 4. Air enters the dryer through the bottom inlet,
absorbs heat from the base and walls of the drying chamber,
and dries the crops inside the chamber. The air then enters
the solar chimney where it is heated to become less dense to
ensure continuation of flow through the chimney into the
surroundings.

The ventilation analysis is based on the underlying
airflow equation [12]

gρβ(Tout − Tin)ΔH =
∑

Kiρ
v2

2
. (1)

The term on the right-hand side of (1) denotes the sum
of all local losses, including those at entry and exit. Together
with continuity, (1) is reformulated with respect to the inlet
velocity as

vin =
√

2βgΔTΔH
√
Kin + Kroof

(
Ain

2/AbAch,i

)
+ Kout(Ain/Aout)

2
. (2)
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Figure 3: Schematic diagram of a mixed-mode cabinet dryer.

Radiant energy

Thermometer

Air inlet

Base wall

Base absorber

Dryer shelf

Drying chamber roof
Thermocouple probe

Chimney glazing

Chimney back wall

Chimney absorber

Air outlet

Figure 4: Functional architecture of the chimney-dependent direct-mode solar crop dryer.

Equation (2) can be transformed into the mass flow relation

ṁ =
ρAin

√
2βgΔTΔH

√
Kin + Kroof

(
Ain

2/AbAch,i

)
+ Kout(Ain/Aout)

2
. (3)

In the investigations by Afriyie et al. [12], the roof angle,
and therefore the value of Kroof, was varied whilst other
dimensions, including the inlet area, remained unchanged.
This was combined with the chimney heating to raise the
value of ΔT to improve the mass flow rate. However, the
ventilation improvement achieved through this combination
was not enough to improve the drying performance of
the direct-mode dryer, especially in areas of high ambient
relative humidity [12]. A new approach is then sought to
modify the design to increase the margin of ventilation
improvement. The main objective of the current study is to
investigate the effect of increasing the airflow rate through

the increase in the inlet area, for a given exit area, on the
drying performance of the CDSCD.

2. Methodology

2.1. The Laboratory Model of the Dryer. A laboratory model
of a direct-mode dryer was designed and constructed with
three replaceable roofs for the drying chamber. These roofs
were constructed at angles 81◦, 64◦, and 51◦ to the vertical
plane. Three different inlet designs were also constructed
with inlet gaps 70 mm, 50 mm, and 30 mm, respectively.
Each inlet had a width of 390 mm. The drying chamber
had a uniform width of 440 mm (normal to the airflow), a
length of 420 mm which was perpendicular to the inlet plane,
and a height of 530 mm. A steel mesh (width = 400 mm;
length = 370 mm) was used as the drying shelf. The base
of the chamber was made of wood (40 mm thick) with the
top surface coated black to serve as absorber in the drying
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Figure 5: A setup of the dryer model for the laboratory trials.

chamber. The walls of the chamber consisted of a glazing
material (Lexan sheet). The whole dryer had a uniform width
of 440 mm (normal to the airflow).

The chimney was of rectangular cross-section of width
440 mm (aligned to the width of the drying chamber),
uniform gap 80 mm, and height 625 mm. The exit had a gap
of 30 mm, a straight width of 335 mm, and rounded ends of
15 mm radius. Three walls of the solar chimney were glazed.
The fourth wall (back wall) was replaced with a wooden
board, with the inner surface painted black to serve as solar
chimney absorber.

2.2. Instrumentations Setup. To ensure a uniform irradiation
for all experiments, eight infrared lamps (each 100 W) were
set up in front to illuminate the chimney and drying cham-
ber, to simulate the irradiation from the sun. Thermocouple
probes (type K; range 0 to 200◦C) were positioned at various
intervals in the air stream along the height of the dryer,
as indicated in Figure 4, to measure the air temperature
at these heights. Similar probes were each attached to the
chimney absorber and glazing at equal heights to those in
the air stream and also at the base of the drying chamber.
Inlet and exit velocities were measured with a hand-held
anemometer (type TA 400; range 0 to 2 m/s, logarithmic
scale), and the relative humidity (RH) at these points
were measured with a hand-held thermohygrometer (type
HANNA HI 8564; humidity range 10–95%, and temperature
range 0–60◦C). To facilitate a continuous drying process,
the shelf containing the crop was weighed with a cantilever
beam fixed to the top of the drying chamber and connected
through a Whetstone-Bridge arrangement to a calibrated
microstrain gauge (Digital Strain Indicator; type 5792).
Figure 5 shows the set-up of the laboratory model, together
with the instrumentations, for the trials.

2.3. Tests Overview. A total of 9 trials were performed with
cassava as the drying commodity, with each trial taking
a period of three days and three nights. For each trial,
the lamps were switched on for 7 hours to simulate the
irradiation from the sun in the day. The lamps were then
switched out to allow for a possible self-drying at night. The

moisture content of the crop was determined by an oven-dry
method at the beginning of each trial. The mass of crop was
noted in the morning before the day’s drying process. The
other data, together with the mass of crop were also recorded
at hourly intervals during the day. The trials were grouped in
three test-sets based on the roof angle, and each test-set had
three trials with different inlet gaps (i.e., different inlet areas)
as follows:

(1) test-set one: tests on the dryer with roof angle 81◦,
with inlet gaps 30 mm, 50 mm, and 70 mm;

(2) test-set two: using the roof angle 64◦, with inlet gaps
30 mm, 50 mm, and 70 mm;

(3) test-set three: using the roof angle 51◦, with inlet gaps
30 mm, 50 mm, and 70 mm.

3. Results of Various Experiments

The air velocity of the surrounding air remained almost
constant between 0.1 and 0.2 m/s for all the trials. The
ambient RH, mass flow rate, and the moisture content values
are plotted against the drying time in Figures 6, 7, and 8 for
the roof angles 81◦, 64◦, and 51◦, respectively. The time axis
of each graph has 0 to 7 hours for the first day of drying, 7 to
14 hours for the second day, and 14 to 21 hours for the third
day.

As can be seen in Figures 6(a), 7(a), and 8(a), the ambient
RH varied from one trial to another and also during the
course of each drying process. Trials for the dryer with inlet
gap 70 mm generally had the highest mass flow through
the dryer, followed by those with inlet gaps 50 mm and
30 mm, as shown in Figures 6(b), 7(b), and 8(b). The changes
in moisture content (MC) with drying time are shown in
Figures 6(c), 7(c), and 8(c). The sloping paths of these curves
indicate the drying processes during the day, and the vertical
lines represent the self-drying processes at night (Figures
6(c), 7(c), and 8(c)). The moisture drop was always highest
during the first day of each drying process, whilst the last day
recorded the lowest drop in moisture content.

The temperature of the environment varied from one
trial to another. So the Temperature Rise Above Ambient
(obtained by subtracting the ambient temperature from the
temperature at various heights in the dryer) was used to
compare the temperature rise at corresponding heights. This
method cancelled out the effects of the external temperature
variations. Graphs of the Temperature Rise Above Ambient
have been presented against the heights in the dryer in
Figure 9. The heights of 6, 16, and 26 cm are heights in the
drying chamber. Height 49 cm is at the exit of the drying
chamber and inlet of the solar chimney. Height 84 cm is
inside the chimney and height 109 cm is at the exit of the
chimney. The experimental set up had no control over the
ambient relative humidity which kept on changing from
one drying day to another and also within each drying day.
However, its effects on the outcomes together with all the
results are discussed in Section 4.
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(c) Moisture content versus drying time

Figure 6: Ambient relative humidity and drying performance of the dryer with roof angle 81◦.

4. Discussion of the Results

For each trial, the best drying performance (indicated by
the drop in MC) always occurred during the first day when
the MC was high. The drying process on this day depended
strongly on airflow for removing loosely held moisture
from the crops surfaces [13, 14]. Drying at later stages, as
the moisture content reduced, depended more on the heat
energy required to evaporate the strongly bound moisture
from within the crop [15]. Lowest MC drops were observed
on day 3, due to low moisture content and low temperature
in the drying chamber. During night when the lamps were
switched off, self-drying occurred from the energy stored by
the dryer during the day. The conditions inside the dryer
(including the mass flow of air) fell to atmospheric values
by the start of drying the next morning.

4.1. Dryer with Roof Angle 81◦. In spite of the lowest
mass flow rate of air through dryer with roof angle 81◦,

inlet 30 mm (Figures 6(b), 7(b), and 8(b)), it had better
performance than those of higher inlet areas of the same
roof angle during the first day of drying (Figure 6(c)). This
is attributable to the low ambient RH of roof angle 81◦,
inlet 30 mm, which was widely below those of the other two
which started the day in an environment above 60% RH
(Figure 6(a)). The RH for inlet gap 50 mm fell in the course
of the day to below 60%, but the effect was not enough to
overcome the mass flow effect (Figure 6(b)) of the inlet gap
70 mm. The moisture drop for inlet gap 30 mm was still the
best during the first night as indicated in Figure 6(c) due to
the low RH (Figure 6(b)). On day 2, the difference in RH
had reduced slightly. So the mass flow effect, although not
so strong on day 2, was enough to cause the MC drop of
inlet gap 50 mm to be better than that of inlet gap 30 mm.
The RH of inlet gap 70 mm was around 60% for the most
of day 2 and so the performance was slightly lower than that
of inlet gap 50 mm. The dryer with inlet gap 70 mm began
the third day with the highest MC of 78.51% db. The effect
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Figure 7: Ambient relative humidity and drying performance of the dryer with roof angle 64◦.

of highest air flow had waned on this day when the drying
process depended more on heat transfer than airflow. The
much lower RH caused a high MC drop of 19.09% db for
inlet gap 70 mm. However, this drop was not enough, ending
the third day at MC of 78.51% db, as against 69.89% db and
75.36% db for inlet gaps 50 mm and 30 mm, respectively.

4.2. Dryer with Roof Angle 64◦. The roof angle 64◦ with
inlet gap 70 mm showed better performance on day 1 than
other inlet gaps of the same roof angle (Figure 7(c)). This is
attributable to a combination of high mass flow (Figure 7(b))
and low ambient RH (Figure 7(a)). Inlet gap 30 mm did
better than inlet gap 50 mm on this day. This could be due
to the fact that the inlet gap 50 mm started in an ambient
RH above 60% and the RH stayed above that of inlet gap
30 mm throughout the day. Another factor could be the
relatively higher temperature of the drying air through the
inlet gap 30 mm before the air encountered the crop, which
is discussed subsequently. On day 2, the RH of inlet 50 mm

is higher, but the MC drop was higher than those of inlet
gaps 30 mm and 70 mm, as the inlet gap 50 mm operated
with higher MC levels (i.e., from 139.53 to 105.63% db),
as against the levels of 128.48 to 97.45% db and 120.59 to
87.67% db for inlet gaps 30 mm and 70 mm, respectively.
With all the trials of day 3 taking place in an ambient RH
below 60% (Figure 7(a)) when the mass flow effect had also
waned, high MC levels continued to dictate the moisture
reduction as indicated in Figure 7(c). The fast drying rates
associated these high MC levels could however not allow the
final MCs of inlet gaps 30 mm and 50 mm to overtake that of
inlet gap 70 mm which ended the process at MC of 38.28%
db, as against 42.43% db and 46.12% db for inlet gaps 30 mm
and 50 mm, respectively.

4.3. Dryer with Roof Angle 51◦. Mass flow rate of air was
mostly the deciding factor in the trials with roof angle 51◦,
as all the trials occurred mostly in an ambient RH of less
than 60%, especially within the first two days. In all the trials,
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Figure 8: Ambient relative humidity and drying performance of the dryer with roof angle 51◦.

the dryer with roof angle 51◦ and inlet gap 70 mm showed the
best performance, from the combination of low ambient RH
and high mass flow rate (Figure 8).

4.4. Temperatures at Various Points in the Dryer. The air
temperature inside the dryer rose as the air flowed upwards
through the dryer. As expected with all ventilation processes,
the temperature in the drying chamber was lowest for inlet
gap 70 mm where the mass flow was highest (Figure 9). The
drying chamber was quite a distance from the lamps during
the laboratory experimentations and the temperatures were
therefore generally low in the chamber, especially at the
height of 6 cm which was below the drying crop. The
temperature at this point sometime fell below ambient, in
the case of high inlet gaps, and thus raised the RH before
the drying air encountered the crop. The heat energy that
trickled down through the crops was not enough to heat the
air in this area, especially where the mass flow is high. This

could be a factor to the sometimes better drying performance
observed for the inlet gap 30 mm than that of inlet gap
50 mm.

Thus, to sum up the above discussions, high inlet gaps
for a given exit gap can provide a wide inlet opening which
can result in high mass flow rate. This can complement the
use of a solar chimney and appropriate roof angle of the
drying chamber for ventilation improvement in the chamber.
However, unlike in the case of the indirect-mode and the
mixed-mode dryers where the air is adequately preheated to
reduce the relative humidity en route to the drying chamber,
using this design combination of inlet, roof angle, and solar
chimney did not always result in improved drying process of
the direct-mode dryer. The combination can only be effective
for improving the performance of the direct-mode dryer
when the relative humidity is below a certain value (about
60% for cassava). It is therefore not advisable to just copy
the design of a direct-mode dryer from one geographical
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Figure 9: Temperature rise above ambient at various heights of the dryer.
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location to another without regard to the relative humidity
of the area. In areas of high relative humidity, other designs
like the internal arrangements of the crops become necessary.

5. Conclusion

The experimental trials have shown that the inlet area of
the direct-mode dryer can be set appropriately together with
the use of a solar chimney and a suitable angle of the roof
of drying-chamber to improve the ventilation through the
dryer. However, this combination would only be effective for
improving the drying performance of the direct-mode dryer
in areas of low relative humidity, as the direct-mode dryer
is highly sensitive to the environmental relative humidity.
In all the trials, the dryer with roof angle 51◦ and inlet gap
70 mm showed the best performance, from the combination
of low ambient RH and high mass flow rate. It is therefore
not advisable to just consider the low cost of construction
and material availability and copy the design of the direct-
mode dryer from one geographical location to another based
only on the improved air flow rate from the solar chimney,
drying-chamber-roof angle, and the inlet gap. Due regard
must be given to the local relative humidity of the area during
the design of the dryer. Where the ambient RH is persistently
high, other measures such as the internal crop arrangements
become necessary.

Nomenclature

vin: Inlet air velocity
β: Bulk coefficient of expansion of air
g: Acceleration due to gravity
ΔT : Dryer inlet to outlet temperature difference
ΔH : Dryer inlet to outlet height difference
Kin: Dryer inlet pressure coefficient
Ab: Drying chamber base area
Ach,i: Chimney inlet area
Ain: Dryer inlet area
Aout: Chimney outlet area
Kout: Chimney outlet pressure coefficient
Kroof: Pressure coefficient at drying chamber roof
ρ: Average air density in the whole structure
ṁ: The mass flow rate of air through the dryer.
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