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Abstract: The design of a solar drier requires detailed information about drying kinetics of the products to be dried. The
objective of our work is to characterize drying kinetics of tomato, okra, potato and mango and calculate the main drying
parameters namely the drying rate, the moisture ratio and the effective diffusivity from the derivative form of the Fick’s second
law of diffusion. We found that solar drying of tomato, okra, potato and mango occur in both constant and falling-rate phases.
Sound experimental conditions and specifically continuous measurements and data collection during experiments, emerged as
a major factor allowing the observation of both a constant-rate and falling-rate phases. Two models namely the Henderson &
Pabis Model and the Page Model were used to characterize the evolution of moisture ratios (MR) over time. For each of the
abovementioned crops, the Page Model appeared to give a better description of MR = f{t) with y* varying from 0.0051 to
0.0978. As per the Effective Moisture Diffusivity, its values were 8.866x10%, 4.651x10%, 4.969x10" and 5.177x10™ for
mango, tomato, potato and okra respectively. Calculated drying constants were compared with the ones obtained by other
authors in similar experimental conditions. The experimental dryer we used was a forced convective solar tunnel dryer. All
experimentations were conducted in Niamey (Niger) from 7 to 9 June 2018, 3 to 4 Mars 2019, 24 to 26 April 2018 and 1 to 3
May 2018 for mango, tomato, potato and okra respectively.
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in order to reduce post harvest losses. Niger is a country
where dried fruits and vegetables are already strongly part of
the culinary habits of people. However, drying of these fruits
and vegetables often takes place in a rudimentary manner, on
the ground, which makes the dried products contaminated by
dust, sand, dead insects, animal defecation, mould spores,
etc. and therefore unsuitable for consumption. Losses of food
quality in inadequately dried products may have adverse
economic effects on domestic and international markets [3,
4].

Solar tunnel dryer reduces crop losses, improve the quality
of dried product significantly and is economically beneficial
compared to traditional drying methods [5].

In order to address food losses and reduce market
instability, designing and sizing of adequate solar dryer for
drying of fruits and vegetables, particularly tomato, okra,

1. Introduction

The production of fruits and vegetables offers reliable
potential for food security and poverty alleviation in rural
areas of Niger. During the dry season, these fruits and
vegetables are produced in massive quantities. Selling prices
are therefore so low that farmers’ earnings are hardly
sufficient to allow another production next year. In the
absence of options for transformation and conservation, these
fruits and vegetables can decay and quickly become rare in
markets, resulting to a tremendous increase of their prices in
lean periods.

Drying is the most common preservation technique used to
extend the shelf-life of fresh vegetables and fruits as well as
to facilitate their transportation and storage [1, 2].

Traditionally, farmers in Niger adopt the process of drying
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potato and mango, is of utmost importance. Solar dryers must
be properly designed in order to meet particular drying
requirements of agricultural products and give satisfactory
performance concerning energy requirements [5].

The achievement of such objective specifically requires a
comprehensive assessment of the drying parameters and
constants involved in the drying kinetics of the crops to be
dried. Our work consisted in conducting several drying
experiments to investigate the thin-layer drying kinetics of
tomato, okra, potato and mango in a solar tunnel dryer.
Simulation models as a valuable tool for prediction of
performance of solar drying systems [6] were used to
determine key drying constants. The review of existing
literature on drying experiments has shown significant
divergences among authors on the existence or not of a
constant-rate alongside with a falling-rate phase over the
drying process of fruits and vegetables. This study was
undertaken to contribute in the domain with perspectives
from a developing country like Niger endowed with huge
potential of solar energy resources. All experiments were
conducted under climatic conditions of Niamey (Niger).

3802.7

2. Theoretical Background
2.1. Drying Air Humidity

The drying kinetics of tomato, mango, potato and okra was
established by analysing the evolution of AX over time.
AX = X, — Xin represents the difference between absolute
humidity of the drying air at the exit and the entrance of the
tunnel dryer. The absolute humidity X of the inlet and outlet
drying air was calculated based on equation (1):

P*Pysat
—_rar 1
P—@*Pysat ( )

X = 0.622 x

@ represents the relative humidity (%).

P,sq: the saturation vapour pressure of water at the
operating temperature (Ta).

P total pressure equals to the atmospheric pressure (Pa).

Nadeau J. P. et al. [7] proposed equations (2) and (3) for
the calculation of P,

P,car = €xp (23.3265 —

3816.44
Ta+227.05

Pysqr = exp (23-1964‘ - ) forT, >45°C (3)

2.2. Drying Curves

The general form of a curve characterizing the drying
kinetics of solids is obtained by plotting the product moisture
content dry basis (Mp) against time (t). The most completed
form of a drying curve consists of a transition phase where
the product is eventually being heated, a constant-rate drying
phase corresponding to the evaporation of free water on the
surface of the product [8] and a Falling-rate drying phase
characterized by a decrease in the migration of humidity
from inside the product when this humidity is no longer
sufficient to saturate the surface of the product [9].

For fruits, most vegetables and most tropical tuber crops,
the initial moisture content is above the critical moisture
content usually, thus the drying of these products would take
place within both the constant and falling-rate drying periods
[10].

2.3. Determination of Drying Constants

Drying constants are
representation of

kg water
Mp ( /kg dry matter)

mango; the
kg water /

kg dry matter/

min

determined from graphical
moisture content

of tomato, potato, okra and

drying rate

DR and the moisture

ratio MR (eq. 4) over time.
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( 472.68
T, +273.18
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Ta+273.18) ) for 0 < T, < 45°C Q)

M, is the moisture content of the product at any time (kg
water/kg dry matter),

M, moisture content at equilibrium (kg water/kg dry
matter),

M, initial moisture content (kg water/kg dry matter).

Luikov equations derived from the second law of Fick on
diffusion, govern the variation of moisture ratio over time
[11, 5]. Water diffusivity in tomato, potato, mango slices and
okra pellets can be calculated from Luikov equations 5 and 6
used to predict the gradient of temperature (T) and moisture
(M) inside the product to be dried.

oM _ 92M | ay M
ot eSS [67(2 x 0x ©)
aT _  [8%T |, a, 0T
at a [6x2 + x 6x] (6)
Parameter al = 0 for planar geometries, al = 1 for

cylindrical shapes and al = 2 for spherical shapes [10, 12].
Analytical solutions of equation 5 leads to equation 7 valid
over the falling-rate phase [13]:

_ Mi—Me _ o 1 _(Zi—l)znzDefft
MR = MM _ gy, A exp (- 222 ()

M., is the moisture content of the tomato slices at critical
point. A; and A, are constants (table 1) depending on the
geometry of the product being dried.

Table 1. Values of geometric constants Ay and A, according to the product
geometry.

Product geometry Ay A,
Infinite slab (H is half thickness of slab) % 4H?
Sphere with r as radius - 4r?

72
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Henderson and Pabis [14] proposed a model for describing
drying process by using Fick’s second law of diffusion. For
sufficiently long drying times, only the first term (i = 1) of
the general series solution of equation 7 can be used with
small error [12]. Equation 7 can therefore be written as:

M¢—M,
MCT'_ME

2D
= Aexp (— Mt) (8)
A

Assuming D,fy is constant during the drying process,
equation 8 can be written as:

M¢—M
MCT_Me

=a.exp(—k.t) 9)

where @ and k are drying constants in the Henderson and
Pabis Model. Ibrahim Doymaz et al. [11] and Reyes A. et al.
[15] successfully used this model in describing the drying
kinetics of tomato slices.

The Page Model was developed by Page, C. [16]. This
model was widely used to describe drying kinetics of food
materials.

The Page Model is a simple exponential model, which

approximated the % ratio as being equal to unity but

introduced new constants as follows:

MR = exp(—kt?) (10)

where k and y are drying constants associated with this model.

Several authors including Kamil Sacilik et al. [5] and Hadi
Samimi-Akhijani et al. [17] used this model to describe
drying properties of tomato slices.

2.4. Effective Water Diffusivity

Calculation of effective water diffusivity was based on
equation 7. Assuming slab geometry for tomato, potato and
mango slices, equation 7 can further be simplified in a linear

form as follows:

M. 8 ZDe
mMR) ~ n(5) = n (%) - () ap
2
Where, D, is given by the slope a = _n:;,esz

H is the half thickness of the slices if drying occurs from
both sides, or H is the thickness of the slices if drying occurs
from only one side [12]. In our experiments, drying was
taking place through both sides of the slices.

Plotting In(MR) = f(t) allow the determination of the
slope of eq. 11 and subsequently the determination of D .

Similarly, assuming a spherical geometry for okra pellets,
equation 7 could be simplified as follows:

- M\ 6 TTZDeff
In(MR) ~ tn (1) = 1n (£) - ( e t) (12)
. m°De s
Dy is given by the slope a = o

Application of Fick’s second law of diffusion in the
calculation of water diffusivity required assumptions of
moisture migration being governed by diffusion, negligible
or constant shrinkage of products, constant diffusion
coefficients and temperature [18, 19].

3. Materials and Methods
3.1. Materials
3.1.1. Thermo Hygrometers

The thermo hygrometers served to measure relative
humidity and temperature of the inlet and outlet drying air.
The specifications of these thermo hygrometers are
summarized in table 2.

Table 2. Specifications of thermo hygrometers.

Relative Humidity range
Temperature range

Dew point range

Data storage capacity (auto mode)
Software

Data format

0 to 100% =+ 2.5% with a resolution of 0.1%
-30 to 105°C £ 0.4°C with a resolution of 0.1°C
-60 to 80°C £ 1.5°C with a resolution of 0.1°C
Up to 8124 records

Compatible with Windows OS

.txt and.db

The thermo hygrometers act as data loggers with automatic
and manual logging modes. In the automatic logging mode,
the thermo hygrometers’ memory can store up to 8124
records at time intervals of 10 seconds to 24 hours.

3.1.2. Anemometer

A Kestrel type thermo anemometer (0.3 to 40 m/s
sensibility) served to measure the speed of the drying air. Air
temperature and relative humidity ranges are -29 to 70°C +
1°C and 5 to 95% =+ 3% respectively.

3.1.3. The Precision Balance

A SCALIX CB-310 model balance was used to weight the
products before and after the drying process. The capacity

and the precision of the balance are 300 g and 0,01 g
respectively.

3.1.4. The Cutting Tools

Cutting tools were used to for peeling and trenching the
products into regular tranches in preparations for drying.
These cutting tools include a kitchen slicer and few knives.

3.1.5. Moisture Analyser

A PCE-MA Series moisture analyser was used to
determine the initial (M) and final moisture contents (M) of
product samples. Three heat-up modes are available. The
Standard heat-up mode is the default mode which is suitable
for most sample types. In this heat-up mode, 120°C are
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reached after approximately 4 minutes. The Quick heat-up
mode is suitable for samples with a high moisture content. In
this heat-up mode, 120°C are reached after approximately 1
minute. The Slow heat-up mode is suitable for samples with
low moisture content. In this heat-up mode, 120°C are
reached after approximately 8 minutes.

Dry matter, initial and final moisture content of product
samples were determined by using the Standard heat-up

Outlet: Humid Air

mode. The measurement is stopped automatically when the
measured value is constant over a certain period of time.

3.1.6. Experimental Dryer

Our locally manufactured experimental dryer is a forced-
convective tunnel dryer made up of a one-millimetre thick
metallic sheet. The experimental appliance in figure 1 gives
the form and the size of the dryer.

Glass roof
(Thickness S mm)

45 cm

Drying chambers® doors

Figure 1. Diagram of the experimental appliance.

3.2. Method

3.2.1. Preparation of the Products

For tomato, ripen fruits were selected bearing in mind to
avoid fruits that are either too ripe (broken) or hard (not ripe
enough). The product is then weighted, washed, wiped and
cut into circular slices of approximately 3 mm thick. The
tomatoes are then placed on shelves in the drying chambers.
The variety of tomato we used is called « Roma ». It is
locally produced, primarily during cold season [20].

For Okra, the product was washed, wiped, weighted and
cut into circular pellets of approximately 5 millimetre-thick.
The variety we used is called «Clemson Spineless”. It is
locally cultivated essentially in dry season [20]. This variety
is very gluey and has pods that are 2 to 3 centimetres thick.
The pods contain small grains that do not fall down even if
the pods are cut into pellets.

For mango, the ripe fruits were washed, wiped and
weighted. The pulp was separated from the skin and the
stone, and sliced into pieces of around 5 mm thick and 7 to
10 cm long. Kent mango variety largely grown in West
Africa [13, 21] was used for the experiments.

Freshly potato cultivar was manually peeled, washed and
sliced into slices of around 3 mm thick using kitchen slicer.
The variety used for the experiment was the «Sahel» variety
which is also one of the most commonly grown in Niger [22].

For each of the products to be dried (fresh tomato, potato,
mango and okra), around seven kilograms of product were
used in each drying experiment.

The drying rate reduces by 4.5% as a result of a 1 mm
thickness increase [23] so the need for thin slices with a

thickness ranging from 3 to 5 millimetres.

3.2.2. Experimental Procedure

The drying experiments were launched in the morning at
10:00 am+ 20 min local time. The dryer was placed under sun
heat. The entire drying energy is therefore coming from the
sun. In order to capture a maximum solar heat, the tunnel dryer
was placed in a West-East direction. The products to be dried
were evenly placed on shelves in the drying chambers. A fan
powered by a solar panel was used for air convection
throughout the tunnel dryer (figure 1). After every minute, the
two thermo hygrometers automatically record the values of the
drying air relative humidity, temperature and dew point at the
entry and exit of the experimental dryer. In order to eliminate
the maximum of water content from the product and predict its
storage conditions, the drying process was conducted
continuously and over two consecutive days without
interruption. This experimental procedure was repeated for
each of the products to be dried (tomato, mango, okra and
potato slices) at a constant drying air velocity of 2.5 m/s.

3.2.3. Data Collection

“Direct” experimental methods of data collection for
characterizing drying kinetics generally consist in monitoring
weigh losses on the product during a thin-layer (0 to 3 cm)
drying process [24, 25, 17, 23]. The rate of humidity of the
product is being measured at regular time intervals or
eventually continuously by the means of an electronic
balance that records the mass of the product over time [26].

In our work, the method we used for characterizing drying
kinetics for tomato, potato, mango and okra, was rather based
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upon the “indirect” method which consisted in recording over
time, the inlet and outlet variation of the humidity of the
drying air instead of the humidity of the product itself [27].

The “direct” and the “indirect” approaches are the same in
the sense that weight losses of the product are equivalent to
humidity gains of the drying air.

3.2.4. Data Analysis

After the two days of experimentation, the recorded data
(temperature, relative humidity and dew point of the drying
air) were transferred from the data loggers to a computer in
the form of tables. The values of recorded drying air relative
humidity ¢ were converted into absolute humidity X. From a
mass balance, the amount of water (AX = X, — Xin )
transported by the inlet and outlet drying air was calculated.
Assuming that, the moisture gains (AX) of the drying air was
taken from the products, dry basis moisture content and
drying rate were calculated. A mass balance was applied to
convert AX into product weight losses and subsequently
calculate its moisture content on a dry basis M, at any time.
Derivation of M, = f(t) led to the calculation of the drying
rate DR. Product moisture ratio at any time was therefore
calculated based on equation 4.

3.2.5. Simulation Models

Moisture ratio versus moisture content dry basis curves
were adjusted in one hand with the Henderson& Pabis
Model, given by Eq. 9 and in another with the Page Model
given by equation 10 to determine the values of drying
constants k, a and y. The adjustment was performed by the
use of Solver Tool from Microsoft Excel 2011 software,
minimizing the root mean square error between the
experimental values and those calculated based on the
models.

4. Results and Discussion
4.1. Experimental Conditions

All drying experiments were conducted under uncontrolled
temperature and air humidity conditions. Drying air
temperature and humidity are governed by ambient weather
conditions at the moments of the experiments. Drying air
velocity was however maintained at a constant value of 2.5
m/s for all experiments. Figures 2 and 3 show the evolution
over time of drying air temperature and relative humidity
during experiments with okra, tomato, mango and potato.
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Figure 2. Evolution over time of inlet drying air temperature during
experiments with okra, tomato, mango and potato.

The experiments took place in Niamey between 24™ of
April 2018 and the 3™ of May 2019. For each of these
experiments, drying air temperature depends on ambient
conditions. Experiments with potato and okra took place
within a one-week timeframe. This explains the slight
differences in drying air temperatures and relative humidity
(figure 2 and figure 3).
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Figure 3. Evolution over time of inlet drying air relative humidity during
experiments with okra, tomato, mango and potato.

Experiments with mango and tomato took place within the
raining season (June) and the dry season (March)
respectively (table 3). As per experiments with potato and
okra, they took place in-between the raining and the dry
season. This explains the progressive shift of the drying air
humidity, which increased in the following order: (1)
experiment with tomato, (2) experiment with okra and potato
and (3) experiment with mango (table 3).

Table 3. Experimental conditions.

Okra Tomato Mango Potato
First day of experiment 1 May 2018 3 March 2019 7 June 2018 24 April 2018
Starting time of experiment 10:45 am 10:50 am 09:12 am 10:15 am
Average temperature of inlet drying air (°C) 41.35 31.76 3910 41.37
Average relative humidity of inlet drying air (%) 14.07 11.12 32.66 18.95

The four experiments were launched in the morning
between 9:12 am and 10:50 when the ambient air
temperature was increasing while its relative humidity was
declining. Drying air humidity was quite stable during

experiment with tomato. This could be explained by the fact
that March was an entirely dry and cold month in Niamey.
According to our records, ambient air relative humidity and
temperature were relatively stable between 1:00 pm and 4:00
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pm during all experiments (figures 2 and 3). 4.2.2. Drying Curves for Tomato
4.2. Drying Curves

Under the abovementioned experimental conditions, we
analysed drying kinetics of mango, tomato, okra and potato
based on the absolute humidity of the drying air, the Krisher
representation of drying curve, the evolution over time of the
moisture ratio and its linearized form (figure 4 to figure 18).

Drying air absolute humidity

, NS DD DD DD
4.2.1. Drying Curves for Mango DRSSP
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Figure 9. Krisher form of drying curve for tomato.
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Figure 10. Evolution of moisture ration over time for tomato.
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4.2.4. Drying Curves for Potato
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4.3. Interpretations of Drying Curves

Figures 4, 8, 12 and 16 inform about the drying time.
Drying experiments took place over 2 days (figure 8) to 3
days (figure 4, 12 and 16) and drying process resumed
according to daily solar cycle. D1, D2 and D3 indicate the
days of drying. The red curves represent the absolute
humidity of the drying air at the exit (X,,,) of the dryer. The
blue curves represent the absolute humidity of the drying air
at the entrance (X;,) of the dryer. Whenever X,,,; is above
Xin, this indicates daytimes and that drying process is taking
place. When red curve and the blue curve overlap, it means
no drying is taking place. This happens over nights when the
sun energy is no longer available. The bigger the difference
between X,,,,; and X, the higher the drying rate. The quicker
the first overlap between the red curve and the blue curve, the
shorter the drying time.

Table 4. Graphical values of moisture contents at critical points for mango, tomato, okra and potato.

Critical moisture content (d.b.) (kg

Critical time (min)

Critical drying rate (kg water/kg dry

water/kg dry matter) matter/min)
Mango 2.784 205 0.010
Tomato 8.999 139 0.038
Okra 4.895 70 0.023
Potato 2.644 144 0.011
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Figures 5, 9, 13 and 17 show the Krysher form of
drying curves. These curves clearly show the existence of
both a constant-rate and a falling rate drying phases. The
end of the constant drying rate period (point C) is
characterized by a decrease in the migration of humidity
from inside the product so that this humidity is no longer
sufficient to saturate the surface of the product [9]. At this
stage referred to as the critical point (Table 4),
environmental conditions (vapour pressure between the
drying air and the surface of the product, the surface of the
product which is exposed to the drying air, the drying air
velocity), no longer play a significant role on the drying
rate [10]. This phase is rather governed by water
diffusivity towards the surface of the product but also by
the speed at which water is evacuated when it reaches the
surface of the product [28]. The product is therefore said
to have entered in a hygroscopic phase [29].

Several authors reported the non-existence of the constant-
rate drying phase but in different experimental conditions.
Ibrahim Doymaz et al. [25] who carried out a laboratory-
scale hot-air drying experiments of okra in which air velocity
was kept at a constant value of 1.0 m/s while drying air
temperatures were set to 50, 60 and 70°C and relative
humidity of 25%, 15% and 8% respectively. Weight loss of
100 g of okra samples was measured by means of a load cell
and was recorded at 30 min intervals.

Hadi Samimi-Akhijahani et al. [17] used a lab-scale
photovoltaic-ventilated solar dryer equipped with a collector
in drying experiments of tomato. Drying air velocities
applied were 0.5, 1, and 2 m/s. The tomato samples were
weighed at 30min intervals using an electronic digital
weighing balance.

P. K. Wankhade et al. [30] performed a hot air drying of a
100 g sample of okra pellets at 40, 60 and 90°C air
temperatures and a constant air velocity of 1 m/s. Moisture
losses of samples were recorded with the help of a digital
electronic balance at 10 min intervals for first one hour and
20 min subsequently thereafter for determination of drying
curves.

L. Villa-Corrales et al. [23] conducted mango-drying
experiments under controlled conditions of air drying
temperatures of 50, 55, 60, 65 and 70°C. The relative
humidity and air velocity were fixed. The weigh of the
sample was measured along the test by using a load cell. The
air-drying velocity was 0.2 m/s and drying was set to take
place only on the upper face of the mango slices.

The above authors concluded that drying was taking place
only in a falling-rate phase.

On the other hand, the authors below reported the
existence of both a constant-rate and a falling-rate drying
phases.

S. Toure et al. [31] conducted natural solar drying of
cassava, ripe or raw plantain banana and mango and observed
a constant-rate drying period, a falling-rate period and the
transition between these two periods.

Mohamed A. Eltawil et al. [32] analysed moisture
content of blanched potato slices during a convective drying

process with three different airflow rates (2.1, 3.12 and 4.18
m’/min). Moisture content of samples was determined at 60
min and 30 min time intervals by the difference in mass
resulting from the weighing of the samples. They observed
that drying process of potato slices takes place in two
different stages namely the constant-rate and the falling-rate
drying stages.

5. Modelling of Drying Process

Figures 6, 10, 14 and 18 show the evolution over time of
experimental moisture ratios for mango, tomato, okra and
potato slices. We applied two drying models to describe
moisture ration variations over time in each of the
experiments. These models are the Henderson & Pabis
Model (Eq. 9) and the Page Model (Eq. 10). Both models
were derived from Fick second law of diffusion. Drying
constants associated with the Henderson & Pabis Model are
summarized in Table 5.

Assessment of the models was based on associated
correlation factor y? compared with experimental data. The
smaller y2, the better the model. Table 5 summarizes the
correlation factors (model constants) for potato, mango, okra
and tomato associated with the Henderson & Pabis Model
and the Page Model.

Table 5. Model constants and y* correlation factors.

Model constants Mango Tomato Okra Potato
Henderson& Pabis Model

a 0.9931 1.0298 1.0786 1.0494
k 0.0036 0.0050 0.0057 0.0058
x? 0.0825 0.0221 0.2051 0.0909
Page Model

k 0.0048 0.0035 0.0021 0.0035
y 0.9500 1.0598 1.1686 1.0824
x? 0.0638 0.0051 0.0922 0.0978

Based on the analysis of y?2 factors, it appears that the
Page Model better describe the evolution of moisture ratio
over time for all four experiments.

6. Water Diffusivity

Diffusivity is a key parameter for designing and
calculating of industrial dryers [33]. It is a function of the
product to be dried but it is mainly a function of operating
conditions [19]. The effective moisture diffusivity increases
with increasing air velocity [17] and temperature [25].

Figures 7, 11, 15 and 19 are derived from experimental
values of moisture ratio and equation 11, which represents a
linear form of the Fick second law of diffusion. Critical
moisture contents are determined graphically (Table 4). The
linearized forms of experimental values of moisture ratios
were therefore fitted with a first order polynome (y = «a *
x + f8) in which a represents the slope of the line (Eq. 11 and
Eq. 12). Corresponding R? are summarized in table 6. From
our experiments, we found values of D,ff raging from
4.559x10" to 8.866x10™" for tomato, potato, okra and
mango (table 6).
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Table 6. Effective moisture diffusivity.

Mango Tomato Okra Potato
Doss (mz/s) 8.866E-09  4.651E-09 5.177E-09  4.969E-09
R’ 0.9914 0.9988 0.9970 0.9955

Madamba et al. [34] found that for food materials, D s
values are in the range of 10" to 10 m%/s. Moreover, Zafer
Erbay et. al. [12] found statistical accumulation (86,2%) of
Dess values of foods that were dried in a convective type
batch dryer, in the region of 10" to 10~ m?/s. These values
are both in line with those we found for tomato, potato, okra
and mango.

Maximum values of the moisture diffusivity for tomato
slices were found to range from 1.31x10° m%s to 1.59x10”
m?/s for air velocity of 0.5 m/s. These values shifted to a
range of 4.24x10” to 6.98x10” when air velocity reaches 2
m/s while the thickness of the tomato slices was fixed to 7
mm [17].

Ibrahim Doymaz et al. [25] found water diffusivity in okra
as being equal to 4.27x10™; 7.76x10"" and 1.30x10” m?/s at
50, 60 and 70°C, respectively.

L. Villa-Corrales et al. [23] reported values of diffusivity
varying from 4.41x10"° to 5.95x10"° m’s during a
convective drying of mango for inlet air temperatures ranging
from 50 to 70°C.

Kamil Sacilik et al. [5] established a mathematical
modelling of solar tunnel drying of thin layer organic tomato
at an ambient temperature raging from 22.4 to 35.6°C. They
found the value of effective diffusivity for solar tunnel drying
process to be 1.31x10° m?s. Giovanelli G. et al. [35]
reported that the diffusivity values changed from 2.26x10” to
9.14x10° m*s as a function of the structure of tomato
products for hot air drying.

Wei Wang et al. [36] used an indirect forced convection
solar dryer with auxiliary heating device to dry mango slices
weighed periodically at 1 h intervals using a digital balance.
They used Fick’s diffusion model and found Deff of mango

slices varying from 6.41x10™"" to 1.18x107'" m%s over the
temperature range of 40-52°C.

An increase in air velocity corresponds to a decrease in
external resistances to heat and mass transfer. This results in
faster drying [37].

7. Conclusion

Our results revealed the existence of both a constant and a
falling-rate drying phases. The existence of a constant and a
falling rate phases is strongly related to the experimental
conditions, in our case, the continuous but indirect
measurements of water losses in the product being dried
during the experiments. This is in contrast with intermittent
disruption of experiments in order to measure weight loss on
the product, which is likely to disturb the system and prevent
from observing a constant rate phase. Conducting our
experiments in real-world conditions with uncontrolled
temperature and drying air humidity was another significant
difference compared with drying experiments conducted in
laboratories. As per the values of effective diffusivity (D, {f)
of water, our results (4.559x10" m?s to 8.866x10"" m?/s)
are in the range of values (10" to 10 m?¥s) agreed by
majority of authors we reviewed. Simulation of moisture
ratios with the Henderson & Pabis Model and the Page
Model reveled that the Page Model better describe the drying
processes for mango, tomato, okra and potato slices.
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Nomenclature
X Absolute humidity of the inlet and outlet drying air (Kg water/Kg dry air)
1) Drying air relative humidity (%).
Posat Saturation vapour pressure of water (Pascal).
T, Operating temperature (°K)
P Total pressure equals to the atmospheric pressure (Pascal).
MR Moisture ration of the product
M, Moisture content of the product (kg water/kg dry matter),
M, Moisture content of the product at any time (kg water/kg dry matter),
M, Moisture content of the product at equilibrium (kg water/kg dry matter),
M, Initial moisture content of the product (kg water/kg dry matter).
M., Critical moisture content of the product (kg water/kg dry matter).
k,a,y Drying constants in the Henderson & Pabis Model and the Page Model
Dess Effective water diffusivity in Okra, Tomato, Mango and Potato (m%/s)
H Thickness — assuming slab geometry for mango, tomato and potato slices (m)

r Radius - assuming spherical geometry for okra pellets (m)
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