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Abstract: The sun-drying method is one of the methods used to dry kilishi in Niger and throughout Sub-Saharan Africa. It is 
a purely traditional process, which only requires the knowledge of the butcher. The objective of our work consists of, on the 
one hand, the evaluation study of the drying in the sun in a thin layer of slices of meat in the form of kilishi, in typically 
Sahelian climatic conditions and, on the other hand, the study of mathematical modeling of the physical process which takes 
place during this drying. The methodological approach consists in establishing a mathematical model, which predicts the 
thermal and mass balance of the product during the drying process and validates this model with an experimental test. The 
equations of the mathematical model governing the drying system are solved by the numerical method of Runge - Kutta in the 
4th order. The results of the sun-drying evaluation study made it possible to determine the temperature evolution of the upper 
and lower side of the meat slices in kilish form, during the entire drying process. The monitoring of the loss of masses of the 
slices of meat allowed us to determine experimentally the water content as a function of time and the drying rate as a function 
of the water content. The comparison of the results of the numerical simulation of the mathematical model and those recorded 
experimentally are consistent. The relative errors between the simulation results and the experimental results are given by the 
statistical parameters R2, MSE and RMSE. We have obtained for the set of values of R2 close to one (1) and MSE, RMSE close 
to zero (0). This allowed us to conclude that the model is satisfactory. 
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1. Introduction 

Meat is a food that degrades at a speed that depends on 
various factors: it’s acidity, ambient humidity, presence of 
pathogens, temperature [1], it is therefore essential to use a 
conservation treatment. It’s in that regard that for decades 
traditional techniques have been used for processing and 
preserving meat. These traditional techniques often 
combine solar drying with other processes such as salting, 
frying, smoking and fermentation, thus giving rise to 
various traditional meat products such as biltong in South 
Africa, charqui in Brazil and kilishi in Sub-Saharan Africa 
[2]. The term kilishi comes from the Hausa jargon which 
means ’thin slice of dried and spicy meat’ ’. It’s a food 
obtained from the transformation of boned beef or/and 

sheep meat. Its production and consumption has spread 
throughout Sub-Saharan Africa. Kilishi can be preserved 
for more than six months in a dry place, on the condition 
of being well-dried [3]. Currently in the subregion, 
particularly in Niger, kilishi is dried generally in 
traditional way; the slices of meat are dried in outdoors 
directly under the sun. The objective of this work is to 
evaluate the actual traditional solar drying process of 
kilishi through a mathematical model which predicts the 
thermal and mass balance of the product during the drying 
process. This model will then be validated by an 
experimental study. 
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2. Materials and Methods 

2.1. Experimental Protocol 

2.1.1. Product Preparation 

The fresh meat used in this study is purchased by a 
butcher specialized in the production of kilishi. It only 
consists of muscle from a healthy animal slaughtered and 
certified by the animal service. Before cutting the meat 
into slices, the trimming is applied to it, which consists in 
ridding the meat of all impurities (tendons, aponeuroses 
and fat) surrounding it. The meat obtained thereafter is cut 
into large pieces and then into thin slice strips of few 
millimeters thick. The thin strips of meat slice obtained 

are measured and weighed before being spread on a mat 
for the drying process. 

2.1.2. Equipment Used 

The main components of the drying process device are: 
a table and a drying mat made out of millet stalks, on which 

is spread the product during the drying process; 
an electronic scale (PRECISA-205 A), which is used for 

weighing the product; 
Multichannel portable temperature meter (JINKO-JK804) 

with thermocouples to monitor the temperature evolution of 
the product sides during the drying process. 

a laboratory oven (PROLABO FD 115), which is used to 
determine the dry mass of the product. 

 

Figure 1. The main equipment used (a: Data logger with Thermocouple, b: Electronic scale, c: Laboratory oven). 

Table 1. Specifications of Multichannel portable temperature meter 

(JINKO-JK804) with thermocouples. 

B Display: 5 digits 
Min and Max Reading: -200.0°C to 1800.0°C 
Interface: USB, MICRO SD, PC 
Thermocouple Type: T, K, J, N, E, S, R 
Thermocouple Accuracy used ±0.5°C 

Table 2. Specifications of Electronic scale (PRECISA-205 A). 

Capacity 0.0001 
Range (g/cm³) 205g 
Scale Accuracy ±0.1 

Table 3. Specifications of Laboratory oven (PROLABO FD 115). 

Internal dimensions: 500 x 510 x 415 mm 
Temperature range: Ambient to +70°C 

2.1.3. Procedure 

The measurements took place on March 29, 2020 at the 
Faculty of Science and Technology of Abdou Moumouni 
University. The obtained thin strips of meat slice, with a 
thickness of about 3 mm, are spread on a drying mat and 
exposed outdoors under the sun. The drying mat is placed on a 
table to protect the product from sand through the wind. 
Temperature sensors coupled with a data acquisition system are 
attached to both sides of the product in order to monitor the 
temperature evolution of the top and bottom sides of the product 
during the drying process. The different mass measurements are 
done at a sequential time interval of 5 min at the start of the 
drying process, then 10 min, then 20 min and finally 30 min 
during the remaining drying process. To determine the mass of 

dry matter of the product at the end of the drying process, the 
samples are weighed and put in an oven at 105°C for 24 hours. 
The water content values on a dry basis obtained 
experimentally are calculated by the following relation [4]: 

t s
t

s

m m
X

m

−
=                 (1) 

With tm , sm  and tX  respectively the mass in function 

time, the mass of the dry product and the water content in 
function of time  

During this process, we studied six samples of meat slices, 
two of which were for monitoring the change in temperature 
of the top and bottom sides of the product, and four samples 
for monitoring the change in mass loss of the product during 
the drying. The remainder of meat slices with irregular shapes 
were not studied in this work. The values of the initial masses 
of the studied samples as well as their dimensions are shown 
in the following tables: 

 

Figure 2. Drying the slices of meat outdoors under the sun ((a): Beginning of 

the drying process, (b): End of the drying process). 



 Science Journal of Energy Engineering 2020; 8(2): 25-32 27 
 

Table 4. Samples studied for monitoring the product’s temperature. 

Sample 
Initial mass 

in g 
Length (cm) Width (cm) 

Thickness 

(mm) 

A1 63.24 ~16 ~12 ~3 

A2 52.31 ~15 ~11 ~3 

Table 5. Samples studied for monitoring the product’s mass loss. 

Sample 
Initial mass 

in g 
Length (cm) Width (cm) 

Thickness 

(mm) 

B1 36.24 ~13 ~10 ~3 

B2 35.49 ~13 ~10 ~3 

B3 53.16 ~15 ~11 ~3 

B4 53.18 ~15 ~11 ~3 

~: Significantly equal to. 

2.2. Mathematical Modeling 

2.2.1. Simplifying Assumptions 

We consider that: 
The drying process is done without climatic disturbance; 
The temperature of the drying air is equal to the ambient 

temperature; 
The air flow is parallel to the drying bed; 
Convection is natural; 
The exchange through conduction between the slices and 

the mat is neglected; 
The slices of meat are opaque to solar radiation; 
The physical properties of the slices of meat are considered 

to be homogeneous; 
The effect of fat is negligible. 

 

Figure 3. Heat exchange phenomenon of convective drying of meat slices in kilishi form. 

2.2.2. Mathematical Modeling Equation 

Energy balance of the product on the top side. 

( ) ( )* * * * * * * * * * *
dT

P
mp C S Rsg h S T T hcon S T T hcond S T T m Lvp p p p rad p p pv P a P p Pdt

α  + = + − + − + − − − + + + − 
ɺ   (2) 

mp , Cp p− ,
p

α  and 
p

S  respectively product mass, 

specific heat by mass of the product, product absorption 
coefficient and product surface. 

p
T + , 

p
T −  and aT respectively temperature of the upper 

part of the product, temperature of the lower part of the 
product and ambient temperature. 

Rsg , mɺ and Lv  respectively global solar radiation on 

the product, mass flow of the product water evaporation and 
the latent heat of vaporization of the product water. 

radh , conh  and condh  respectively coefficient of transfer 

through radiation between the sky and the slices of meat, 
coefficient of thermal convection between the slices of meat 
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and the ambient air and coefficient of thermal conduction 
between the top side and the bottom side of the slices of 
meat. 

Energy balance of the product on the bottom side 

( )* * * *
dT

Pmp C hcond S T T
p p p p Pdt

+ = −− + −    (3) 

Mass balance of the product 

_
dX

m mp s
dt

 = − 
 

ɺ                    (4) 

The mathematical model of drying kinetics chosen to 
describe the drying process of meat slices in kilishi form is an 
empirical model inspired by the study of PP Tripathy, Subodh 
Kumar [5] and Mohamed Yacine NASR et al [6]. 
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X , iX  and 
eqX  respectively water content, initial 

water content and equilibrium water content K and 0K  are 

the parameters of the model 

2.2.3. Correlations Used in the Model 

The correlations used in this study are taken from the 
literature. Thus, we have: 

The coefficient of thermal convection between the slices of 
meat and the ambient air is given by the equation of Mc Adam 
[7]: 

5.67 3.8* Vhconv V= +               (7) 

VV : wind speed 

The coefficient of thermal conduction between the top side 
and the bottom side of the slices of meat is given by the 
relation: 

p

p

hcond
e

λ
=                  (8) 

pλ  and 
pe  respectively thermal conductivity and product 

thickness 
The coefficient of transfer through radiation between the 

sky and the slices of meat is given by the relation [8, 9]: 

( ) ( )2 2
p P V P Vhrad T T T Tσε + += − −            (9) 

vT : sky temperature 

The temperature of the sky is given by the relation of 
SWINBANK [10] 

1.50.0552V aTT =                (10) 

The latent heat of water evaporation on the product’ surface 
is given by the relation [11] [12]: 

(  ) 4186.5(597 -0.56* )h hLv T T=            (11) 

2.2.4. Numerical Resolution 

The system of equations governing the outdoor-under the 
sun-drying process of meat slices consists of three (03) first 
order differential equations. To solve it, we used the 4th order 
Runge-Kutta numerical method. The relative errors between 
the results of the numerical simulation and the experimental 
results are given by the statistical parameters calculated from 
the following formulae [13] [14]: 
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Mean Square Error 
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Root Mean Square Error 

2
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RMSE Yexp Ymod
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expiY : experimental value of Y  

expiY : mean experimental value of Y 

modiY : Model predictions value of Y 

3. Results and Discussion 

Experimental Results. 

3.1. Evolution of Product Surface Temperatures 

The figure below show the temperature evolution of the 
product’ sides during the drying process. 
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Figure 4. (a) and (b): Experimental curves of the temperature evolution of the product faces during the drying process. 

Note that for the two samples A1 and A2, the change in temperature is almost identical under the same drying conditions. 

3.2. Evolution of the Product’s Water Content 

The figure below show the evolution of the water content of the four samples of meat slices during the drying process. 

 

Figure 5. (a), (b), (c) and (d): Experimental curves of the change in water content of the four samples of meat slices as a function of time. 

A stability of the product after 6 hours of drying is observed 
for each of the water content curves. At the end of this drying 
process, a dry-base percentage for the four samples is obtained, 
respectively 10%, 12.5%, 12.4% and 11.8%. These dried 
samples are used for the roasting operation to obtain the 
Kilishi which is the final product. 

3.3. Evolution of the Drying Speed as a Function of the 

Water Content of the Product 

The figure below show the evolution of the drying speed as 
a function of the water content of the four samples of the 
slices. 
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Figure 6. (a), (b), (c) and (d): Experimental curves of the evolution of the drying speed of the four samples of meat slices as a function of the product’s water 

content. 

The examination of the shape of these drying curves shows 
two drying periods. A first period during which the drying 
rate slowly decreases which can be considered as the phase at 
constant speed, and a second period with a significant 
decrease in the drying rate considered as the phase at 
decreasing speed. These two phases have also been observed 
by the work of A. TOM et al [15] on the solar drying of beef. 

4. Validation of the Mathematical Model 

4.1. Comparison of the Temperatures of the Product’ 

Surfaces 

The figure below represent the experimental and simulated 
results of the temperature evolution of the product faces 
during the drying process. 

 

Figure 7. (a) and (b): Experimental and simulated curves of the evolution of the faces’ temperatures. 
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It is observed that the simulated curves match satisfactorily with the experimental curves. The examination of the values of the 
calculated statistical parameters shows an R2 value close to 1 and low values of MSE and RMSE. The table below shows the 
values of the calculated statistical parameters. 

Table 6. Statistical parameters. 

Product sides R2 MSE RMSE 

Top sides of the product 0.9915 0.6206 0.7878 

Bottom sides of the product 0.9935 0.6383 0.7990 

4.2. Comparison of the Water Content of the Product 

The figure below represent the experimental curves and the simulated curves of the four samples of meat slices. 

 

Figure 8. (a), (b), (c) and (d): Experimental and simulated curves of the evolution the four samples’ water content as a function of time. 

The values of the various calculated statistical parameters 
show an R2 value close to 1 and very low MSE and RMSE 
values. The table below indicates the values of the various 
calculated statistical parameters, thereby showing that the 
model describes in a satisfactorily the drying process. 

Table 7. Statistical parameters. 

Sample R2 MSE RMSE 

Sample B1 0.9763 0.0199 0.1410 

Sample B2 0.9901 0.0102 0.1008 

Sample B3 0.9938 0.0067 0.0816 

Sample B4 0.9946 0.0044 0.0660 

5. Conclusion 

The experimental study of the outdoor-under the sun-drying 
in thin layers of meat slices in kilish form, in typical Sahelian 
climatic conditions, has shown the existence of drying phases: 
the phase at constant speed and the phase at decreasing speed. 
The model thus developed gives satisfactory results with 
regards to the experimental results. This is confirmed by the 
various calculated statistical parameters. These parameters 
show an R2 value close to 1 and very low MSE and RMSE 
values for the evolution of the meat slices’ water content and 
the evolution of the temperatures of the product’ surfaces 
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during the drying process. 
This drying process can be optimized by using solar dryers 

in order to reduce the drying time and also to protect the 
product against dust, flies and many other infestation. 
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