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Abstract: In this work, an indirect solar dryer for drying cassava root chips was modelled and exper-
imentally validated using the environmental conditions of Yaoundé in Cameroon and Yamoussoukro
in Ivory Coast. The dryers were operational in natural convection mode. Resolution of the equations
was achieved by finite differences and the 4th order of Runge–Kutta methods. A model was proposed
for performing heat and mass transfer using thermophysical properties of cassava roots, and the
obtained results were satisfactory for all conditions, with moisture content difference of less than
0.2 kg/kg between the experimental and theoretical results. The model showed that the core of the
product takes more time to dry, which always prolongs the drying duration. The heat and mass
transfer coefficients vary during the entire process of solar drying. The drying kinetics vary during
the drying with values lower than 1.2 × 10−4 kg/(kg.s). The great gradients of humidity were
observed in the thickness of the sample with a regular distribution of the temperature each drying
time in the thickness of the sample.

Keywords: cassava roots; desorption isotherms; drying kinetics; heat and mass transfer; natural
convection; solar dryer; Sub-Saharan Africa

1. Introduction

The challenges facing most developing countries, especially in Africa, is not what to
produce but primarily how to process and preserve what is produced [1]. In 2009, Africa
alone lost 25% of food produced, which constitute about 4.5 million metric tonnes of food
produced in 2009 [2], and the trend continued unabated until this day. This volume of
food losses is very huge, considering that most homes in Africa live on less than one
dollar a day. This massive loss of food production occurs mostly during the crop season
when there is always a glut in the market, and producers or farmers struggle to sell their
product. Due to a lack of processing and preservation facilities, these products, if not
sold, will be allowed to rot or fed to animals [3]. Cassava root is among the agricultural
products that are losses sustained by farmers because cassava (Manihot utilisima Kunz.)
root is a major staple food in most African countries and across Latin America and Asia
because of their high carbohydrate value [4]. In most countries, cassava roots are processed
into flakes, fufu, and cassava chips for direct consumption or utilization in industries for
the production of cassava flour or feeds for animals [5]. However, the major critical step
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employed by farmers to preserve their product is drying. The unit operations involved
in cassava processing includes harvesting the roots (Figure 1a) from the farm, washing,
cutting, peeling, shredding or chipping (Figure 1b), and drying [6–8]. The drying of the
cassava chips is essential for shelf life extension, secondary conversion, reduction in bulk
weight, product packaging, ease of transportation, etc. However, drying consumes a lot of
energy, due to the high initial moisture content of cassava tubers immediately after harvest.
Drying can be achieved through the use of artificial industrial dryers or locally by making
use of the abundant sun available, as it is done in most African countries [9]. However,
the use of sun-drying to dry the chips exposes the cassava chips to contamination from
impurities arising from dust, animal droppings, and possible rewetting from rainfall, which
prolongs the drying periods [10,11]. In most cases, to safeguard the products from the
above scenario, the processor (i.e., person processing the chips) has to be around to keep
watch over the product, thereby splitting their time between, going to the farm and the
market, and watching over the product, which is usually tedious. Therefore, solar drying
has been suggested as the most cost-effective method to solve this problem [12–15].

Figure 1. Some pictures of cassava roots. (a) Cassava roots with bark from plantations [16], (b) cassava
roots chips without bark ready to be dried [17].

Solar dryer gives room for flexibility in the choice of the material and design based
on the size of the enterprise and users’ income level. Various designs can range from a
simple solar cabinet dryer to indirect solar dryers and hybrids solar dryers equipped with
supplementary assisted heat sources, such as thermal storage material, electricity, biomass
heater, etc., to continue the drying process during the night or when the weather is not
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clement [18–24]. Additionally, Ndukwu et al. [25] and Bennamoun [26] have reviewed
different solar dryer designs across the African continent and concluded that different
designs are now available in Africa for both direct and indirect drying chamber designs. In
addition, Chaudhari and Salve [27], in their review of different solar drying technology and
designs, showed that the drying kinetics of several crops based on diffusion models has
been studied for solar dryers of different kinds. However, what is lacking in most of the
research is simulation models that will help in the future optimization of developed dryers
for different products [24]. This will reduce the bulkiness and cost of experimentations
and help in the standardization of solar dryer designs. Some researchers have developed
some numerical simulation models to tackle these challenges in the African continent.
For example, Bahnasawy and Shenanan [28] showed the sudden effect of airflow rate
on the initial moisture level when simulating an indirect solar dryer for drying dairy
products in Egypt. Bennamoun and Belhamri [29] numerically simulated the solar drying
of seedless grapes in Algeria with the outlet temperature dominating the airflow rate.
Simo-Tagne et al. [13] presented a numerical model and simulation of solar drying of red
chili under the variable external condition of the African continent. Bala and Woods [30]
presented a modelling of solar drying of rough rice, while Ayadi [31] considered the three
major heat transfer modes in the simulation of solar drying of a medicinal plant in Tunisia
with a good result. Other numerical simulations dealing with solar drying of hygroscopic
products with good results have been presented also in literature [32–35].

All the numerical simulations reviewed above showed that the results obtained for
each simulation is influenced by the thermophysical properties of the product, the design of
the solar dryer and the external conditions of the validation environments, which depends
on the seasonal variations. Moreover, literature dealing with the numerical simulation of
solar drying of cassava roots is very scarce in the literature. Therefore, the objective of this
research is to develop a numerical simulation model for solar drying of cassava roots in
a convective mode based on heat and mass transfer, thermophysical properties, and the
sorption isotherm of cassava roots. The model will be validated under the external variable
condition of Cameroon and Ivory Coast, which are two major producers of cassava chips.
The outcome will aid others in producing solar dryer designs and also help designers make
informed decisions on design parameters.

2. Materials and Methods
2.1. Description of the Solar Dryer

The dryer was studied without and with the solar collector as presented in Figure 2,
referred to as design 1 and design 2, respectively. The solar dryer presented in design 1
was experimentally validated in the Yamoussoukro region of Ivory Coast using cassava
roots and was reported in the literature by Tieu et al. [36]. The dryer is an indirect passive
solar dryer that is mostly common in Africa due to a lack of electricity [25]. The sides
and the bottom faces are made with 10 mm thick plywood while the drying chamber is
1.773 m long, 0.313 m high (north side), and 0.86 m wide. Cassava roots chips are placed
on a spread nylon sheet on top of the clay layer inside the drying chamber and arranged
to form a rectangular shape that is 1.753 m long and 0.84 m wide. The air passes into the
drying chamber through the inlet air section with dimensions of 0.6 m × 0.04 m. The hot
and humid air rises by buoyancy and exits through a 1.5 m high chimney with a diameter
of 50 mm. The roof made up of blackened sheet metal is inclined at 10◦ south to capture a
lot of sunlight. Figure 2 shows design 2, which has a solar collector attached to form an
indirect passive solar dryer. The collector has a dimension of 2 m × 0.6 m × 0.04 m. The
top of the solar collector is covered with a glass cover of 10 mm thickness. The absorber
is made of a 1 mm thick steel plate painted black. Under the absorber is covered with a
wooden panel that serves as thermal insulation. The dryer functions in natural convection,
and therefore it is assumed that the air velocity in the solar collector, the drying chamber,
and the chimney is close to the ambient air velocity given by the meteorological data of the
town during the drying period. The typical weather condition of the Yaoundé environment
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used for the simulation is shown in Figure 3. Table 1 presents the physical properties of the
experimental solar dryer used during the numerical simulations.

Figure 2. Schematic diagrams of the studied solar dryer without (design 1) and with (design2) a
solar collector.

Figure 3. Ambient temperature as well as global and direct solar irradiation on a horizontal plane in
Yaoundé from 22 November 2018 (taken from http://www.meteonorm.com/).

http://www.meteonorm.com/
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2.2. Thermophysical Properties of Cassava Roots Used

The sorption isotherm is very important in drying processes. It gives the equilibrium
moisture content of the studied product at the given drying air relative humidity and
temperature. The Guggenheim–Anderson–de Boer (GAB) model for equilibrium moisture
content is highly recommended in the literature [37] because of its satisfactory results in all
relative humidity ranges, allowing for a good approximation of the moisture content at
the fiber saturation points. The performance of passive solar dryers is highly dependent
on the constant periodic variations of the environmental conditions, and therefore it is
important to have a continuous variation between the desorption isotherms and the drying
air temperature as well as relative humidity. Thus, we used the GAB model to model the
experimental data on desorption isotherms given by Ajala et al. [38]. The model obtained
for the simulation is presented in Equation (1) with the parameters given in Table 2.

Xeq =
Xm.G.C.RH

(1−C.RH)(1 + G.C.RH−C.RH)
(1a)

Xm = Xmo + Xmo1.T (1b)

C = Co exp
(

∆HC

R.T

)
(1c)

G = Go exp
(

∆HG

R.T

)
(1d)

R = 8.314 J/(mol·K) (1e)

Table 1. Physical properties and characteristics of the components of the solar dryer [13].

Components Areas (m2) Density (kg/m3) Mass (kg)

Drying chamber

Roof 1.550 2720 5.16

Wall 0.824 450 3.709

Cassava roots chips 1.473 840 (dry)

Air drying 0.2386 (volume in m3) ρa = 353/Ta 0.2386 × ρa

Solar collector

Glass cover 1.200 2530 8.36

Absorber 1.200 2720 5.64

Wooden insulation 1.200 450 5.4

Airflow 0.6 × 0.04 (section) ρf = 353/Tf 0.0288 × ρf

Table 2. Parameters desorption isotherms model of the GAB model obtained using data taken from
Ajala et al. [38].

Parameters Cassava Roots

Xmo(kg/kg) 0.20444366

Xmo1(kg/(kg.K)) −0.00034997

Co(-) 0.1809885

∆HC(J/mol) 1917.2676

Go(-) 6632.002

∆HG(J/mol) −11,219.687
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From Figure 4, the moisture contents in the first layer were not influenced by the
air-drying temperature when the equilibrium moisture content of the product is lower
than 0.075 kg/kg. For the equilibrium moisture contents above 0.075, when the drying air
temperature increases, the moisture contents at the first layer decrease. A great difference
in energies needed to extract one mole of bound water in the studied products (∆HC and
∆HG) is observed. When drying air temperature increases, equilibrium moisture contents
decrease showing that the increase of temperature is favorable for the extraction of the
bound water in the studied products. The desorption isotherms increase when the air
relative humidity increases. When the temperature increases, the influence of the air
relative humidity on the desorption isotherms of the products decreases.

Figure 4 presents some desorption isotherm curves of cassava roots. We can see a
good agreement between the experimental points and the numerical curves, showing that
the GAB model gave a satisfactory result. To obtain all GAB’s parameters, all the squares
of the regression coefficients were higher than 0.8 (r2 > 0.8).

Figure 4. Validation of four curves of desorption isotherms of cassava roots using the parameters of
Table 2 at temperatures of 53, 60, 80, and 86 ◦C.

To obtain the specific heat and thermal conductivity of cassava roots, we used the
relationships recommended for agriculture products [13]:

Cpcas = 837 + 3348
(

H
1 + H

)
(2)

λcas = 0.49− 0.44exp(−0.206H) (3)

The average density of cassava roots is taken as ρcas = 840 kg/m3. In effect, Baharud-
din et al. [39] obtained this value in the range of 810 to 870 kg/m3 according to the maturity
age of the cassava roots. The value of dry density used is given by Baharuddin et al. [39]
as 670 kg/m3. Fernando et al. [40] found that the moisture diffusion coefficient of cas-
sava roots is located between 1.18 × 10−9 to 6.16 × 10−9 m2/s. In this study, we used an
Arrhenius variation of the mass diffusion coefficient such as the one used by Ajala et al. [41]:

DHcas = Doexp
(
− Ea

RTa

)
(4)

When applied on Cassava, Ajala et al. [41] found activation energy of Ea = 30, 300 J/mol.
This value of activation energy is used for the simulation. The mass diffusivity constant
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used during the simulation of the drying of pretreated okra by Kuitche et al. [42] was
Do = 1.8× 10−5 m2/s. In this work, we used Do = 3.25× 10−4 m2/s in the range of
acceptable values obtained on agro-products [42].

The thermal diffusivity is given by:

DTcas =
λcas

ρcasCpcas
(5)

2.3. Heat Mass Transfer on the Products

The heat transfer by radiation between the products and the walls, roof, and the floor
of the drying chamber was neglected by studies such as the one by Simo-Tagne et al. [35].
We assume that the tray does not influence heat mass transfer.

2.3.1. Roots of Cassava

We assume that the product has a thin layer configuration. Only the transfers in the
thickness orientation are taken into account. Then, we have the following in the product:

∂T
∂t

= DTcas
∂2T
∂x2 (6a)

∂H
∂t

= DHcas
∂2H
∂x2 (6b)

We also assume that during the drying process, the contact between the clay and the
inlet air is considered perfect. Thus, when the solar collector is used (design 2), we have
the following:

T(x = 0) = Tf(z = zmax) (6c)

H(x = 0) = Xeq(Tfs(z = zmax); RHfs(z = zmax)) (6d)

when the solar collector is not used (design 1), we have:

T(x = 0) = TaE (6e)

H(x = 0) = Xeq(TaE; RHaE) (6f)

At the surface of the product, we have:

− λcas
∂T
∂x

∣∣∣∣
x=ep

= hc
(
Tx=ep − Ta

)
(6g)

−DHcas
∂H
∂x

∣∣∣∣
x=ep

= hm
(
Hx=ep − Xeq

)
(6h)

2.3.2. Drying Chamber

We assume that the temporal variation of the sensible energy of each component of
the solar dryer is equal to the sum of all power energy exchanged between the component
and all other parts of the dryer. Thus, we have the following:

For the roof:

mrCpr
∂Tr

∂t
= Arhcext(Text − Tr) + ArFr−sk

(
Tsk

4 − Tr
4
)
+ Arhcint(Ta − Tr) + αrArIG (7)

The walls:

mwCpw
∂Tw

∂t
= Awhcext(Text − Tw) + Awhcint(Ta − Tw) + αwAwIG (8)
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Drying air:

maCpa
∂Ta

∂t
= Awhcint(Tw − Ta) + Arhcint(Tr − Ta) + Aphcp(T− Ta) +

.
mCpa(Tfs − Ta) +

.
mCpv(YETfs − YsTa) (9a)

ma
∂Ys

∂t
=

.
m(YE − Ys)−m0

∂H
∂t

(9b)

The dry mass of the product used during the experiment is equal to m0 = 14.804 kg.

Pv = RH.Pvsat(Ta) (9c)

The drying kinetics is given by the expression ∂H
∂t .

We also assume that the humidity of the inlet and outlet air is the same in the solar
collector. Thus the relative humidity of outlet air (RHfs) is given by:

RHfs =
PvsatE

Pvsatfs
RHE (9d)

RHE is the relative humidity of ambient air; and PvsatE and Pvsatfs are the pressure of
vapor at the saturation state of the ambient air and the outlet the solar collector, respectively.

2.3.3. Solar Collector
Glass Cover in Solar Collector

Using the same assumptions taken at the level of drying chamber, we have the following:

mgCpg

Ag

∂Tgc

∂t
= αgc

(
1 + τgcρp

)
IG + hrpg

(
Tpc − Tgc

)
+ hcgf

(
Tf − Tgc

)
+ hcext

(
TaE − Tgc

)
+ hrgc

(
Tsky − Tgc

)
(10a)

Both hrpg and hrgc are taken from Simo-Tagne et al. [43] and given by:

hrpg =
σ
(

T2
pc + T2

gc

)(
Tpc + Tgc

)
1
εp

+ 1
εg
− 1

(10b)

hrgc = εgσ
(

T2
sky + T2

gc

)(
Tsky + Tgc

)
(10c)

where εp = 0.11, εg = 0.89 and ρp = 0.06 [13].
The absorber with insulation plate in solar collector is calculated as follows:

mpCpc

Apc

∂Tpc

∂t
=

αpτgcIG

1− ρpρgc
+ Ub

(
TaE − Tpc

)
+ hcpf

(
Tf − Tpc

)
+ hrpg

(
Tgc − Tpc

)
(10d)

where ρgc = ρp = 0.06 [13].

Ub =
1

1
hcext

+ eb
λb

+
epc
λpc

+ 1
hcpf+hrpg

(10e)

The airflow between absorber plate and glass cover in solar collector is as follows:

mfCpf

Af

∂Tf
∂t

+

.
mCpf

lc
∂Tf
∂z

= hcpf
(
Tpc − Tf

)
+ hcgf

(
Tgc − Tf

)
(11)
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2.3.4. Heat and Mass Transfer Coefficients

In the drying chamber, the convective heat transfer coefficients between a solid surface
and the air inside are given by Churchill and Chu and taken from Incropera et al. [44]. We
have the following:

hc =
Nu.λa

dH
(12a)

hm =
Sh.Da

dH
(12b)

The hydraulic diameter is given by:

dH =
4Vola
Sura

= 0.2481 m (12c)

Vola and Sura are respectively the volume and surface of the drying chamber.
The Nusselt number and the Sherwood number were used to obtain the convective

heat transfer coefficient and the convective mass transfer coefficient between air drying and
cassava, respectively. The Nusselt number was taken from Incropera et al. [44] as follows:

NuAir−Cass = 0.54Ra1/4 (12d)

Bower and Saylor [45] gave the Sherwood number as:

ShAir−Cass = 0.23Sc1/3Ra0.321 (12e)

Ra = Gr.Pr (12f)

With:
Sc =

νa

Da
(12g)

νa =
µa
ρa

(12h)

The Nusselt number was used to obtain the convective heat transfer coefficient be-
tween the wall and the air inside the drying chamber; it is given by Churchill and Chu and
was taken from Incropera et al. [44]:

NupLa =

0.825 +
0.387Ra1/6

L

[1 + (0.492/Pr)9/16]
8/27

2

(12i)

The Nusselt number for the convective heat transfer coefficient between the roof and
the air inside the drying chamber is also given by Churchill and Chu and taken from
Incropera et al. [44] as follows:

Nuia =
0.677Pr1/2Gr1/4

[0.95 + Pr]1/4 (12j)

To obtain the Grashof number (Gr), the intensity of gravity g was changed to gcosα,
where α is the angle between the roof and the vertical height (80◦ in this case).

To obtain the convective heat transfer coefficients in the solar collector due to the natu-
ral convection between the airflow and the glass cover (hcgf) as well as that between the air-
flow and the absorber (hcpf), the Nusselt number was obtained from Simo-Tagne et al. [43]:

NuCol = 1 + 1.44
[
|1− 1708

Racosα |+1− 1708
Racosα

2

][
1− 1708(sin(1.8α))1.8

Racosα

]
+

∣∣∣( Racosα
5830 )

1/3−1
∣∣∣+( Racosα

5830 )
1/3−1

2 (12k)
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where α is the angle between the solar collector and the horizontal plane (10◦), Ra number
was obtained at the average temperature of the airflow and the solid surface.

2.4. Method of Resolution

To resolve Equations (6a)–(6h), the finite differences method was used because it is
highly recommended for its stability. Thus, we have the following for Equation (6a,b):{

Tj+1
i = C1T

j
iT

j
i + C2T

j
i(T

j
i+1 + Tj

i−1)

Hj+1
i = C1H

j
iH

j
i + C2H

j
i(H

j
i+1 + Hj

i−1)
(13)

C1T
j
i = 1− 2DTcas∆t

(∆x)2

∣∣∣∣∣
j

i

(14a)

C2T
j
i =

DTcas∆t

(∆x)2

∣∣∣∣∣
j

i

(14b)

C1H
j
i = 1− 2DHcas∆t

(∆x)2

∣∣∣∣∣
j

i

(14c)

C2H
j
i =

DHcas∆t

(∆x)2

∣∣∣∣∣
j

i

(14d)

Equations (6c) and (6d) give the following:

Tj
0 = Tj

f(z = zmax) (15a)

Hj
0 = Xeq

(
Tj

f(z = zmax); RHj
f(z = zmax)

)
(15b)

Equations (6e) and (6f) give the following:

Tj
0 = Tj

aE (15c)

Hj
0 = Xeq(T

j
aE; RHj

aE) (15d)

Equations (6g) and (6h) give respectively the following:

Tj
N+1 = (1− hc∆x

λcas
)

∣∣∣∣j
N+1

Tj
N +

hc∆x
λcas

∣∣∣∣j
N+1

Tj
a (16a)

Hj
N+1 = (1− hm∆x

DHcas
)

∣∣∣∣j
N+1

Hj
N +

hm∆x
DHcas

∣∣∣∣j
N+1

Xeq(T
j
a; RHj

a) (16b)

To resolve Equations (7), (8), (9a), (9b), (10a) and (10d), we used the 4th order Runge–
Kutta method. This method has been used with great satisfaction in literature when the
partial differential equation is the only function of drying time by Simo-Tagne et al. [43].
To resolve Equation (11), we used the same assumption as Njomo [46] where the sensible
heat is neglected. Thus, we have the following:

.
mCpf

lc
∂Tf
∂z

= hcpf
(
Tpc − Tf

)
+ hcgf

(
Tgc − Tf

)
(17a)

With:
Tf(z = 0) = TaE (17b)
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Along with the solar collector, the heater of the fresh air coming from ambient is given
by the analytical solution:

Tf(z) =
hcpfTpc + hcgfTgc

hcpf + hcgf
+

(
TaE −

hcpfTpc + hcgfTgc

hcpf + hcgf

)
exp

−
(

hcpf + hcgf

)
z

ρfescVaECpf

 (18a)

With:
.

m = ρfesclcVaE (18b)

According to the experimental solar dryer [36], the width (lc) and thickness (esc) of the
airflow in the solar collector were equal to 0.6 m and 0.04 m, respectively. Table 3 presents
the thermal properties of the solar dryer used during the numerical simulations. The
thermophysical parameters of the drying air used are presented in Appendix A. Prandtl
and Grashop numbers are showed in Appendix B. The time step was equal to 1 s, but the
results were recorded each 1 h of drying time. The 2 m length of the solar collector was
divided into 250 parts, and the 15 mm thickness of each sample of cassava was divided
into 50 parts. We used the Fortran 90 language to have all numerical data.

Table 3. Thermal properties of the components of solar dryer [43,47].

Components Specific Heat Capacity
(J/(kg·K))

Thermal Conductivity
(W/(m. K))

Absorptivity
Coefficient (-)

Transmitivity
Coefficient (-)

For the drying chamber

Roof 900 190 0.91 0

Wall 1600 0.13 0.4 0

Cassava roots chips See Equation (2) See Equation (3) (-) (-)

Air drying See Equations (A2) and (A3) See Equation (A1) (-) (-)

For the solar collector

Glass cover 800 0.1311 0.1 0.89

Absorber 900 190 0.91 0

Wooden insulation 1236 0.14 (-) (-)

Airflow See Equations (A2) and (A3) See Equation (A1) 0.1 0.9

3. Results and Discussion
3.1. Model Validation in Yamoussoukro (Ivory Coast)

Figure 5 was obtained using the experimental data of Tieu et al. [36] with the solar
dryer in design 1, in the town of Yamoussoukro in Ivory Coast from 18 October 2018 to
20 October 2018. All meteorological data for the days of the experiments were presented in
the literature [48] and were integrated into the model. The model gave a satisfactory result
between the experimental and theoretical results with the difference between experimental
data and numerical data of moisture content on a dry basis with less than 0.2 kg/kg
(dry basis) moisture content difference. Figure 6 shows that the design influenced the
drying kinetic of the product. When the solar collector is used in design 2, the drying air
temperature is more heated and increases the mass diffusion coefficients, thus increasing the
drying rate. Therefore, the drying curve becomes steeper compared to design 1. However,
this variation was not too high because during the night and less sunny days, the solar
collector does not have a satisfactory influence. This is the reason that supplementary heat
is advocated in most West African states [14].

Figure 7 presents the evolution of the temperatures within the solar drying system in
comparison with the ambient temperature. During the day, the exit air from the collector
changes the temperature of the drying air in the drying chamber, thereby raising its value.
During the night, the temperature of the air in the drying chamber decreases to the ambient
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air temperature values. This is the major reason the air inlet is closed during the off-
sunshine period in order to stop the renewal of the air in the drying chamber as well as
to insulate the walls, roof, and floor of the drying chamber to decrease energy loss by
conduction or convection.

Figure 5. Validation of the model using experimental data given by Tieu et al. [36] in Yamoussoukro,
October 2018, design 1.

Figure 6. Influence of the design on the drying kinetic in Yamoussoukro, October 2018, designs 1
and 2.

3.2. Heat Mass Transfer Coefficients, Heat Mass Gradients and Drying Kinetic in
Yaoundé (Cameroon)

Figure 8 shows the convective heat and mass transfer coefficients, the temperature of
cassava, the relative humidity of drying air, and the moisture content evolutions during
the drying of cassava in Yaoundé from 18 November 2018. The meteorological data of the
drying periods were presented previously in Figure 3. Figure 8a shows that the heat transfer
(about 25 W/m2 s) is by convection between the airflow and absorber, and between the
airflow and glass cover during the sunny periods. The maximum values of the heat transfer
coefficients between the drying air and the product and the walls are about 4 W/m2s.
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The global heat transfer coefficient below the solar collector Ub varied around 5 W/m2s
while the radiative heat transfer coefficients varied around 0.5 W/m2s. The variation of
the convective heat transfer coefficient between the airflow and glass cover of the solar
collector was low and was found to be around 25 W/m2s. Figure 8b shows that the solar
dryer decreases the value of the drying air relative humidity and increases the temperature
during sunny days, which leads to a quick decrease in the moisture content of the product,
thereby increasing the mass transfer coefficient (hm) during the sunny days as shown in
fig Figure 8c. However, the heat transfer coefficient hm varies between 2.5 × 10−7 and
2 × 10−6 m/s.

Figure 7. Evolutions of temperatures of ambient air (TaE), drying air (Ta), of the product (T) and
airflow air outlet the solar collector (Tfs) in Yamoussoukro, October 2018, design 2.

Figure 9 shows the effects of temperature and humidity gradient on the thickness
of the product (Figure 9a) and the absolute value of the drying kinetics (Figure 9b) as
the product loses moisture. From the figures, the first hour of drying time showed that
the part of the product in contact with the tray is near the equilibrium moisture content.
This is as a result of the solar collector raising the temperature of the airflow. During this
drying period, the product loses moisture from the surface as it dries, leaving the center
or the core wet. Therefore, drying the core of the product takes more time, which always
prolongs the drying duration. After 4 h drying, the moisture content at the core dries from
1.75 to 1 kg/kg. However, a moisture content of about 0.4 kg/kg was achieved at the
center after 8 h of drying. High moisture gradients were observed on the side of the tray
while on the opposite side, a low moisture gradient was observed due to the variations of
the characteristics of the drying air. The temperature distribution in the thickness of the
product is regular and increases during the drying process. Thus, the surfaces dried very
quickly due to the low relative humidity values at the surfaces.

Figure 9b shows that after 1 h of drying, the surfaces dried very quickly compared
to the center of the product. During the drying, the drying kinetics were lower at the
surfaces because of low humidity. The values of absolute drying kinetics are below
1.2 × 10−4 kg/(kg·s).
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Figure 8. Drying kinetics in Yaoundé (Cameroon) from 22 November 2018, at noon (design 2). Heat
transfer coefficients (a), Temperature, relative humidity and moisture content variations (b), mass
transfer coefficient (c).



AgriEngineering 2021, 3 152

Figure 9. The distribution of the temperature and moisture content in the thickness of the product
for 18 October; initial local drying time was 8:00 am at Yaoundé. Temperature and moisture content
(a) and drying kinetic (b) using design 2.

4. Conclusions

An indirect solar dryer for drying cassava root chips was modelled and experimentally
validated. The dryers were operational in Sub-Saharan Africa in natural convection mode
with Yaoundé and Yamoussoukro chosen as the towns for validation. A resolution of equa-
tions was achieved by finite difference and the 4th order Runge–Kutta methods. Models
were proposed for heat and mass transfer using thermophysical properties of cassava roots
and the obtained results were satisfactory for all conditions for the environmental condi-
tion. The moisture content difference between the experimental and theoretical results
was less than 0.2 kg/kg dry basis. The model showed that the core of the product takes
more time to dry, which always prolongs the drying duration. However, after 4 h drying,
the moisture content at the core dries from 1.75 to 1 kg/kg while it took 8 h of drying
to lower it to 0.4 kg/kg. In addition, the results show that the heat and mass transfer
coefficients varied during the night and the day. The variations of the convective heat
transfer coefficients between the drying air and the solar dryer are higher than all the heat
radiative transfer coefficients. The high and low temperatures as well as the humidity
gradient were observed for each drying time.
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Abbreviations
A area (m2)
C, G, Co, Go parameters of desorption isotherms (-)
Cp specific heat capacity (J/kg·K)
Da mass diffusion coefficient of the vapor in drying air (m2/s)
DH mass diffusion coefficient (m2/s)
dH hydraulic diameter (m)
Do parameter of the mass diffusion coefficient (m2/s)
DT thermal diffusion coefficient (m2/s)
Ea energy of activation (J/mol)
eb the thickness of the wooden insulation in the solar collection (m)
epc the thickness of the absorber in the solar collector (m)
esc the thickness of the airflow in the solar collector (m)
Fa-b geometrical factor between the areas (a) and (b) (-)
g the intensity of the presenter (9.81 m2/s)
Gr Grashof number (-)
H moisture content of the cassava (kg/kg, db)
hc convective heat transfer coefficient (W/m2.K)
hm convective mass transfer coefficient (m/s)
hr radiative heat transfer coefficient (W/m2.K)
IG global solar irradiation received on the solar dryer (W/m2)
lc width of the airflow in the solar collector (m)
m mass (kg)
mo dry mass of cassava (kg)
.

m mass rate of the drying air (kg/s)
Nu Nusselt number (-)
Sh Sherwood number (-)
P pressure (Pa)
Pr Prandtl number (-)
R perfect gases universal constant (8.314 J/K·mol)
Ra Rayleigh number (-)
RH relative humidity of drying air (%/100)
Sur area of the walls of the drying chamber (m2)
T temperature (K)
t drying time (s)
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Ub global heat transfer coefficient in the bottom of the solar collector (W/m2.K)
Vol volume of the drying chamber (m3)
x axis coordinates in the thickness direction of the sample (m)
X moisture content of cassava at equilibrium state (kg/kg, db)
Xmo moisture content of the first layer when T = 0 K
Xmo1 moisture of bound water extracted per kelvin of temperature (kg/kg.K)
Ys humidity of the drying air (kg/kg)
z axis coordinates of the solar collector (m)
zo altitude (m)
∆HC, ∆HG the energy needed to dry a mole of bound water (J/mol)

Greek Symbols
λ thermal conductivity (W/(m. K))
ρ density (kg/m3)
µa dynamic viscosity of drying air (Pa·s)
νa kinematic viscosity of the drying air (m2/s)
σ Stephan Boltzmann coefficient (5.67 × 10−8)
α the angle between the solar collector and the horizontal plane (◦)
αi solar absorptivity coefficient of component i (-)
τi solar transmissivity coefficient of component i (-)
ρp solar reflexivity coefficient of the absorber (-)
εi solar emissivity coefficient of component i (-)

Subscripts
a drying air in the drying chamber or solar collector
aE, E, ext ambient (exterior space of the solar drying)
air air
atm atmosphere
cas cassava
ep surface
eq equilibrium
f airflow in the solar collector
fs end position of the solar collector when z = zmax (outlet point)
g gas (air)
gc, g glass cover
i the interior of the dryer
La lateral part
m the first layer of bound water
pc absorber in the solar collector
r roof
sk sky
v vapor
vsat vapor in saturation state
w wall

Index
i,j order of discretization scheme (-)

Appendix A. Thermophysical Parameters of the Drying Air

Appendices See [2,34,49].
Thermal conductivity (W/(m. K)), (Ta in ◦C):

λa = 7.57× 10−5Ta + 0.0242 (A1)

Heat capacity of dry air (J/(kg. K)), (Ta in ◦C):

Cpa = 1835− 0.734Ta (A2)
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Heat capacity of vapor air (J/(kg·K)), (Ta in ◦C):

Cpv = 999.2 + 0.1434Ta + 1.101× 10−4Ta
2 − 6.7581× 10−8Ta

3 (A3)

Dynamic viscosity (Pa·s), (Ta in ◦C):

µa = 1.718× 10−5 + 4.620× 10−8Ta (A4)

Mass diffusion coefficient of vapor in air:

Da

(
m2/s

)
=

2.25× 10−5

Patm

(
Ta

273

)1.81
(A5a)

Patm = 101, 325− 12zo + 5.2× 10−4zo2 (A5b)

where zo in m is the altitude, Ta is given in K, and Patm in Pa.
The density of the air vapor:

ρg

(
kg/m3

)
=

353
Ta

(A6)

where Ta is given in K.

Appendix B. Non-Dimensional Numbers

Prandtl number (-) (Ta in ◦C):

Pr = −2.54× 10−4Ta + 0.7147 (A7)

Grashof number (-) (Ta in K):

Gr =
βgd3

hρ
2
a∆T

µ2
air

; β =
1

Ta
(A8)
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