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a b s t r a c t

This study focused on the experimental analysis on drying kinetics of beef in a solar tunnel dryer. During
the drying process the parameters of drying air were monitored. Experimental drying curves were then
determined. The drying data were fitted to five drying models and their constants evaluated by non-
linear regression analysis. Validity of the models was assessed using the coefficient of determination
(R2), the reduced chi-square (c2), mean relative percent error (P) and root mean square error (ERMS).
Effective moisture diffusivity (Deff) of beef was also determined. During the drying period, the ambient
temperature, ambient relative humidity, inlet air velocity and solar radiation intensity varied from 21.3 to
38.9 �C, 48e69.5%, 0.02e0.18m/s and 476.3e1000W/m2 respectively. Temperature profile along the
tunnel dryer increased with increased solar radiation and decreased continuously at high moisture
content of beef. Whereas drying occurred predominantly in the falling rate period for both drying
methods, samples dried in the solar drier had a higher drying rate compared to sun dried beef. The most
suitable model for representing the drying characteristics of beef was the Page model. The Deff values for
solar tunnel dried beef varied from 2.282 10�10 to 2.536� 10�10 m/s2.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The most consumed meat product in Sub-Saharan Africa is beef.
Its production is highest in South Africa, Kenya, Egypt, Nigeria,
Sudan and Morocco respectively [1]. More than 50% of livestock
population in Kenya is found in the arid and semi-arid lands under
the pastoral production system, which provides the bulk of meat
consumed in the country [2]. However, due to the lack of cold
storage facilities and climatic conditions in these areas, it is
essentially not possible to preserve meat or meat products for any
length of time. Meat has a rich nutrient matrix and high water
activity, thus highly perishable and can undergo deterioration from
time to time. This can result in post-harvest losses which can be as
high as 50% of the meat produced, leading to food insecurity and
reduced profit margins to value chain actors in Kenya [3].

It is therefore, necessary to adopt technologies which can
effectively reduce the post-harvest losses by applying appropriate
methods of post-harvest handling, processing and preservation.
The most common dryers that are used industrially are the elec-
trically heated hot-air dryers. However, in order to improve the
wa).
quality of the drying processes of agricultural produce, new drying
technologies have come up. Whereas some have improved energy
consumption and efficiency like the gas fired hot-air dryers [4]
others give higher quality attributes of dried products. These
include; superheated steam dryers [5], vacuum dryers [6] and
freeze dryers [7].

However, due to their higher energy requirements, these tech-
nologies are not applicable and affordable to most farmers in the
arid and semi-arid areas. Sun drying is commonly practiced in the
developing countries as a method of meat preservation and is still
preferred due to the use of solar energy which can serve as a sus-
tainable energy source, is renewable and environment friendly [8].
During open sun drying, the surface of the drying material absorbs
solar radiation, which is converted to heat and is conducted to the
interior of the bulk. This leads to temperature increase of the drying
product and provides energy for transfer of moisture to the air.
Natural convection supported by wind energy, then removes the
evaporated water [9]. However, the method, exposes the product to
contamination by dirt, dust, insects and bacteria [10] causing sig-
nificant reduction of product quality.

Solar drying can be done as an alternative to open sun drying as
it is a promising and attractive application of solar energy systems.
This technology is suitable for use in the pastoral areas of Kenya
where there is abundant supply of solar energy. Solar dryers are
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classified into two main groups based on the mode of air flow:
forced convection and natural convection solar dryers [11]. In a
properly designed natural convection dryer, air current can be
generated due to density gradient of the air along the dryer [12].
However, the long drying times as a result of the lowair flowgives a
low drying capacity of the natural convection dryers. Forced con-
vection dryers require a power source for operating an external fan
or blower to create air current within the dryer. The forced con-
vection types of dryers include; solar tunnel driers, greenhouse
type solar driers, indirect forced convection solar driers and roof
integrated solar driers [13,14].

Research on solar tunnel drying of food products in different
regions of the tropics and subtropics has mostly covered experi-
mental investigations on dehydration of fruits [15e17], vegetables
[18e20] and fish [21,22] and several mathematical models have
been applied for simulating the drying kinetics of the products.
However, work on experimental investigations on solar tunnel
drying kinetics of beef is apparently rarely studied in literature. The
present study was therefore undertaken to evaluate the solar
tunnel drying kinetics of beef, while comparing the experimental
data to data obtained from open sun drying as the control.
2. Materials and methods

2.1. Solar tunnel dryer

Installation of the Hohenheim type solar tunnel dryer was done
at Ewaso Ng’iro North Development Authority (ENNDA) premises,
Isiolo county, Kenya. The dryer (18m long, 1.96m wide and the
transparent cover inclined 15� to the horizontal) was placed hori-
zontally on an elevated platform, not shaded by a building or trees
and was oriented in a direction that made the capture of the inci-
dent solar radiation more efficient (Fig. 1).

Half of the dryer consisted of a flat-plate collector for heating the
incoming air and the other half, a tunnel drying chamber, where the
product being dried was placed. Plain metal sheets with wooden
frames were used at base of the collector and drying chamber in
several small sections which were joined together in series. At the
bottom of the dryer in between the two metal sheets, an insulation
material (glass wool) was used to reduce loss of heat from both the
collector and drying chamber. One photovoltaic solar module
provided the power to run the two direct-current fans (connected
in series), which provided the required airflow within the tunnel
dryer. Black paint was used at the collector base to facilitate ab-
sorption of solar radiation.

A UV stabilized plastic sheet, was fixed as a sloping roof cover
over the collector and the drying chamber to provide greenhouse
effect as well as to protect the product from insects and rain. A
metal tube was fixed to one end of the plastic sheet, which allowed
loading and unloading of the dryer by rolling of the plastic sheet up
and down. The operation of the dryer is such that solar radiation
Fig. 1. Pictorial view of the solar tunnel dryer from the collector end.
gets to the absorber surface by passing through the transparent
cover of the collector, providing heat energy which is transferred to
the air. From the collector, the heated air then moves to the drying
chamber, transfers heat and absorbs moisture from the products
thus causing dehydration. Products within the drying chamber are
also heated by direct solar radiation passing through the trans-
parent cover.
2.2. Experimental drying procedure

Experimental drying runs were conducted under the climatic
conditions of Isiolo county in the months of August and September
2017. The weather was generally sunny during the drying pro-
cesses. For all drying experiments, fresh beef of about 5.0mm
thickness were weighed and spread as a single layer on trays
(layered with plastic nets) which were loaded into the drying
chamber. Each experiment was started at 9:00 a.m. (after
completion of loading) and discontinued at 4:00 p.m. The drying
section of the tunnel dryer was divided into four equal sub-sections
in order to evaluate drying kinetics of beef at different areas of the
dryer. Control samples of beef were placed on a raised platform
beside the drier and spread out as a single layer, allowing air to pass
from beneath the tray. This was done to compare the solar tunnel
dryer performance with dehydration in the open sun. At the
beginning of drying, moisture loss from the samples was deter-
mined by weighing samples from one point of each tray (from each
sub-section of the drying chamber) after every 30min, and during
the last stage of the process, after every 1 h, using a digital elec-
tronic balance (ESA 600, Salter Brecknell, UK: accuracy ±0.01 g)
placed outside the tunnel dryer. The weighing process for each
sample was done within 1min to minimize absorption of moisture
from ambient air. At 4:00 p.m., the beef slices were collected and
placed in a room at ambient conditions, then loaded again the next
morning to continue with the drying process. The drying process
occurred simultaneously for both the experimental and control
samples under the same weather conditions and this was done in
duplicates.

During the drying process, air temperature and relative hu-
midity (both ambient and for the drying air), air velocity at collector
inlet and solar radiation intensity were measured. Ambient and
drying air relative humidity and temperature sensors were placed
outside and within the tunnel dryer respectively and data collected
by data logger units connected to the sensors. The sensors were
inserted at the inlet of the four sub-sections (A, B, C and D) of the
drying compartment from the collector end to the end of the drying
chamber of the tunnel dryer respectively. The points of insertion of
the probes were labeled (1e5) from the beginning of sub-section A
to the end of subsection D respectively. An anemometer (Model
Taylor 3132, Taylor Instruments, Toronto, Canada: accuracy
±0.01m/s) was used to measure drying air velocity after every one
hour. A pyranometer, placed on a raised horizontal surface outside
the dryer and connected to a data logger unit was used for solar
radiation intensity measurement. The temperature, relative hu-
midity and pyranometer data logger units recorded data after every
five seconds. The drying process was completed on the second day
after a total drying time of 11 h for all the samples. Approximately
20 kg of fresh beef slices were dried to approximately 7.5 kg of dried
beef samples. They were then cooled and sealed in plastic bags.
2.3. Analysis of drying data

2.3.1. Experimental drying curves
Calculation of moisture content was done as shown below:
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Mt ¼ ðW0 �WÞ �W1

W1
x100 (1)

where Mt is the moisture content (% dwb) at time t, W0 is initial
sample weight (g),W is the amount of evaporated moisture (g), and
W1 is dry matter content of sample (g).

Drying curves were presented in terms of moisture content vs
drying time and drying rate vs moisture content graphs. The drying
rate (DR) of beef slices was calculated using the following equation:

DR ¼ Mt �MtþDt
Dt

(2)

whereMt þ Dt is the moisture content at time ‘tþDt’ (% dwb) and t is
time (min).
2.3.2. Mathematical modeling
The relationship between moisture content (% dwb) as a func-

tion of drying time (t) was expressed as:

Mt �Me

M0e Me
¼ f ðtÞ (3)

The left hand side of the equation (3) is denoted as moisture
ratio (MR) as follows:

MR ¼ Mt �Me

M0eMe
(4)

whereMR is the moisture ratio,Me is equilibrium moisture content
(% dwb), Mt is moisture content at any time (% dwb) and M0 is the
initial moisture content (% dwb).

However, owing to the continuous relative humidity fluctua-
tions of drying air during the process of solar drying, determination
of Me becomes a challenge [19]. The equation can therefore be
reduced to

MR ¼ Mt

M0
(5)

The drying data were analyzed in terms of moisture ratio vs
drying time graphs. Fitting of the experimental data obtained was
done by application of five semi-theoretical models presented in
Table 1 [23e28],.

The drying rate constants and coefficients of drying models
were estimated using a non-linear regression procedure using the
iterative non-linear least square fitting method of Excel 2008
software. The statistical validity of the models were assessed and
compared by using the coefficient of determination (R2), reduced
chi-square (c2), root mean square error (ERMS) and mean relative
percent error (P). The parameters were calculated as follows:
(Equations (11)e(14)).
Table 1
Mathematical models used for the solar drying curves.

Model Equation

Newton MR ¼ expð� kt
Logarithmic MR ¼ a expð�
Page MR ¼ expð� kt
Handerson and Pabis MR ¼ a expð�
Two-term exponential MR ¼ aexpð� k

Where t is time (min), k is the drying rate constant (min�1) and a, n an
R 2 ¼ 1�
0
@PN

i¼1
�
MRexp;i �MRpre;i

� 2PN
i¼1
�
MRexp;i �MRpre;i

�
2

1
A (11)

c 2 ¼
PN

i¼1
�
MRexp;i �MRpre;i

� 2

N� z
(12)

ERMS ¼
 
1
N

XN
i¼1

�
MRexp;i �MRpre;i

� 2

!1
2

(13)

P ¼ 100
N

XN
i¼1

��MRexp;i �MRpre;i
��

MRexp;i
(14)

where MRexp,i is the ith experimental moisture ratio, MRpre,i is the
predicted dimensionless moisture ratio, MRexp,avg is the average
experimental moisture ratio, N is the number of observations and z
is the number of constants.

R2 was used as the primary comparison criteria for determining
the goodness of fit of the models to the curves. A higher R2 value
and lower values of c2, ERMS and P for the models were considered
to have better fits.
2.3.3. Effective moisture diffusivity determination
The rate of internal moisture transfer within the meat during

drying was described by an effective diffusivity (Deff). The effective
moisture diffusivity of the samples was estimated by using the
simplified Fick’s second diffusion model as given below:

vM
vt

¼ V
h
Deff ðVMÞ

i
(15)

where effective moisture diffusivity (m2/s) is given by Deff (the term
used to represent all moisture transport mechanisms within a
sample), t is time (s) and M is the local moisture content (% dwb).

The solution of Fick’s second law, with the assumption of
moisture migration by diffusion, constant diffusion coefficient and
temperature, negligible shrinkage and infinite slab geometry as
given by Crank [29], was used

MR ¼ 8
p2

X∞
N¼0

1
ð2nþ 1Þ 2 exp

 
� ð2nþ 1Þ 2p2Deff t

4L2

!
(16)

where n represents a positive integer and L the slab’s half thickness
(m).

Only the first term of Equation (17) is normally applied, giving:

MR ¼ 8
p2 exp

 
� p2Deff t

4L2

!
(17)

Effective moisture diffusivity was obtained by plotting experi-
mental drying data in terms of ln (MR) versus time (s). After
References
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d c are drying constants.
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determining the slope of the straight line, Deff was calculated using
the following equation [30].

Deff ¼
�slope 4L2

p2 (18)
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Fig. 3. Variation of the ambient temperature and relative humidity at the collector
outlet with time of day during drying in a solar tunnel dryer.
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chamber for a typical day of drying in a solar tunnel dryer.
3. Results and discussion

3.1. Parameters of drying air

The ambient temperature and solar radiation intensity during
the drying period (AugusteSeptember 2017) varied from a mini-
mum of 21.3 �C to a maximum of 38.9 �C and from 476.3 to 1000W/
m2 respectively. The ambient relative humidity ranged from 48 to
69.5% whereas the average air velocity at the collector inlet of the
solar tunnel dryer varied from 0.02 to 0.18m/s. Fig. 2 shows vari-
ations of the ambient air temperature and solar radiation intensity
for a typical day during solar drying of beef samples in August 2017.
The ambient air temperature and solar radiation reached their
highest values at around 12:00 noon.

The drying temperature at any time in solar tunnel dryer was
greater than the ambient temperature, whereas the relative hu-
midity in the tunnel was lower than the ambient relative humidity.

Fig. 3 shows the variations of the ambient temperature and
relative humidity at the collector outlet with the time of day during
solar drying for a typical day of September 2017. The drying tem-
perature and relative humidity at this point in solar tunnel dryer
varied continuously frommorning to evening. The temperature and
relative humidity of drying air ranged from 36.1 to 60.1 �C and
16.5e28.3% respectively. A close relationship between temperature
and humidity was observed where relative humidity was high at
low temperatures and vice-versa.

Fig. 4 shows the temperature variations along the length of the
drying chamber at different times during a typical day of drying in
the solar tunnel dryer.

The temperatures inside the solar tunnel dryer ranged from 46.2
to 64.6, 42 to 64.8, 41.5 to 63.4, 40 to 62.5 and 36.1e60.1 �C from the
collector end to the end of the drying chamber respectively. The
highest temperature (64.8 �C) was recorded at 14:00 h at the sensor
positioned 2.25m from the collector end of the dryer, while the
lowest temperature (36.1 �C) was recorded at 9:00 h at the end of
the drying chamber. The temperatures were observed to be highest
between 12:00 a.m. and 2:00 p.m. During this period, there was
minimum variation in drying temperatures within the drying
chamber. This could be attributed to regulation by the air flow rate
in the dryer. During the high insolation period, more energy is
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Fig. 2. Variation of the ambient air temperature and solar radiation intensity for a
typical day during solar drying of beef samples.
received by the collector which is intended to increase the drying
air temperature. However, this is compensated by the increase of
the air flow rate due to more solar energy received by the PV solar
module, providing more driving power to the fans [16].

Air temperature decreased along the length of the dryer during
the first day of drying and this decrease was more pronounced
during the early phase of drying (9:00 a.m., Fig. 4). During this
phase, when the moisture content of the product is still high,
heated air from the collector section provides the latent heat of
vapourization and also mixes with moisture from the material and
is continuously cooled as it passes through the dryer section to-
wards the outlet of the tunnel dryer. Similar results were reported
by Schirmer et al. [15], and Hossain and Bala [18], who found that
temperature profile along the dryer depended not only on the solar
radiation but also on the moisture content of bananas and hot chilli
being dried in a solar tunnel dryer respectively.
3.2. Experimental drying curves

Fig. 5 shows the moisture content of beef as a function of drying
time during open sun drying and solar drying in different sections
of the drying chamber. The moisture content decreased consider-
ably with increasing drying time. The moisture content of beef
decreased from 309.39% to between 2.32 and 9.56% (dry weight
basis/dwb) after 11 h of drying in the different sections of the solar
tunnel drier (A-D) while it took the same time to bring down the
moisture content in a similar sample to 24.76% (dwb) with tradi-
tional sun drying method. This showed that open sun drying
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process required a longer time to reduce the moisture content of
beef to the same level as samples dried in the solar tunnel dryer.
The graphs of solar dried samples showed slightly more variation
on the first day of drying between the second to the fifth hour with
section A, closest to the collector end of the tunnel dryer having a
higher drying rate. This could be attributed to the higher temper-
atures encountered in this section (Fig. 4).

The beef inside the tunnel dryer lost moisture faster because it
received energy from incident solar radiation as well as more en-
ergy transported from the collector by forced convection. The
control samples on the other hand, received energy from incident
solar radiation and less energy transported from surrounding
environment by natural convection. Moreover, a significant amount
of heat energy was also lost to the environment [18]. This caused
the temperature in the dryer to be higher than the ambient tem-
perature and the corresponding relative humidity to be lower than
the ambient relative humidity so that the moisture carrying ca-
pacity of the air was increased. Generally, the moisture absorption
capacity of air is affected by the absolute humidity of the air
entering the collector as well as the temperature to which it is
subsequently heated.

Fig. 6 shows a graph representing the drying rate versus mois-
ture content during solar tunnel drying (section B) and sun drying
of beef. Drying rate of beef in the solar tunnel dryer was higher than
for sun dried beef samples.

Drying occurred predominantly in the falling rate period in both
the solar tunnel dryer and during open sun drying. During this
period, drying rate is controlled predominantly by diffusion of
moisture from the interior of food material to its surface and it
decreases continuously with decreased moisture content and
increased drying time [19]. Beef is considered as a porous medium
with the pores acting as channels for water transfer within the
meat. The decrease in drying rate with decreased moisture content
of beef can be attributed to the diminishing presence of water in its
free form as the moisture-food interactions become stronger [31].
These results were in agreement with those of Sacilik et al. [19], for
drying tomatoes in a solar tunnel dryer.
3.3. Mathematical modeling

Tables 2 and 3 show the drying coefficients and evaluation
criteria used to compare the statistical validity of fits of the five
drying models to the experimental data for beef dried in Section D
(closest to the outlet of the drying tunnel) compared to open sun
drying respectively.

The fitting quality of the models to the experimental data was
better for solar tunnel drying than for open sun drying, with the
values of R2 greater than 0.99 (Table 2) whereas for sun drying, only
the page and two-term exponential models had R2 values greater
than 0.99 (Table 3).

However, for both drying methods, page model gave the highest
R2 values followed by the two-term exponential model. The values
for P obtained for the Page and logarithmic models for both drying
methods were less than 10%, which is in the acceptable range.
These models also gave the lowest values of ERMS and c2 compared
to the other models. Therefore, the Page model was considered the
best model in the present study to represent the solar tunnel and
sun drying behaviour of beef. As expected, the drying rates repre-
sented by k values for all the thin layer drying models (Tables 2 and
3), were higher at the drying chamber of the solar tunnel dryer
compared to open sun drying.

Fig. 7 represents the comparison between experimental and
predicted values of moisture ratio with drying time using the Page
model for sun and solar dried beef samples at different dryer sec-
tions. It can be seen from the curves that there was a good agree-
ment between experimental and predicted moisture ratios. This
indicates the suitability of the Page model in describing the drying



Table 2
Estimated parameters and comparison criteria of moisture ratio for solar dried beef samples.

Model Model constants R2 ERMS P c2

Newton k 0.009056 0.995733 0.030503 32.2638 0.000997
Page n 0.802121

k 0.023376 0.998872 0.00984 8.291977 0.000112
Logarithmic a 0.87343

c 0.032329
k 0.008816 0.9948529 0.009348 4.221706 0.000109

Handerson and Pabis a 0.956391
k 0.008578 0.993716 0.027484 29.44735 0.000872

Two-term exponential a 0.284285
k 0.023655 0.998815 0.013127 16.54509 0.000199

Where R2, ERMS, P and c2 are coefficient of determination, root mean square error, mean relative percent error and reduced chi-square respectively.

Table 3
Estimated parameters and comparison criteria of moisture ratio for sun dried beef.

Model Model constants R2 ERMS P c2

Newton k 0.00531 0.989623 0.04373 13.20134 0.002049
Page N 0.782733

k 0.016745 0.996547 0.016153 0.874373 0.000301
Logarithmic a 0.843103

c 0.046292
k 0.00514 0.9886215 0.018022 0.019305 0.000406

Handerson and Pabis a 0.925318
k 0.004785 0.985747 0.034661 8.915734 0.001386

Two-term exponential a 0.196418
k 0.021334 0.996096 0.020104 4.110848 0.000466

Where R2, ERMS, P and c2 are coefficient of determination, root mean square error, mean relative percent error and reduced chi-square respectively.
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behaviour of beef. The suitability of the page model for describing
the solar tunnel drying behaviour of other foods has also been
established by Ref. [17].

3.4. Effective moisture diffusivity (Deff)

Values for Deff were calculated by using Equation (14) from the
slopes of straight lines generated from plots of experimental drying
data, ln (MR) vs drying time (Fig. 8).

The effective diffusivity (m2/s) for solar dried beef was
2.536� 10�10 at the dryer section closest to the collector outlet
(section A) and a constant value of 2.282� 10�10 for beef dried in
the subsequent sections (sections B, C and D). The Deff value for
samples dried in the open sun was 1.775� 10�10. Section A of the
drying chamber in the tunnel dryer generally exhibited on average
a higher temperature of drying air during the solar drying process,
resulting in higher activity of water molecules in the product [32]
and thus a higher Deff value. The values of Deff for beef samples in
the solar tunnel dryer were generally higher than for open sun
drying. The values of effective diffusivity were within the standard
range for food products (10�9 e 10�11m2/s [33]); and could be
compared to the reported values of 1.31� 10�9 to 1.07� 10�9m2/s
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for organic tomato [19] and 1.66� 10�11 to 1.94� 10�11m2/s for
pumpkin [20] during sun and solar tunnel drying of the food
products.

4. Conclusions

A solar tunnel dryer (Hohenheim type) can be used for effective
drying of beef under the climatic conditions of Isiolo county in
Kenya. The moisture content can be reduced to between 2.32 and
9.56% (dwb) in 11 h of drying in the solar tunnel compared 24.76%
(dwb) in a similar sample with traditional sun drying method. All
drying processes of beef occur in the falling rate period. The Page
model adequately describes the solar drying behaviour of beef in a
solar tunnel dryer. The Effectivemoisture diffusivity values for solar
tunnel dried beef samples vary from 2.282 to 2.536� 10�10m2/s
and is higher than for samples dried in the open sun.
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