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ABSTRACT

Drying of a deformable saturated porous medium based on convective tempering is a novel method that can
enhance energy efficiency and the quality of the dried product itself. In this experimental investigation, the per-
formances of this specific technique are compared with those of a standard stationary drying process in terms of
deformation, drying kinetics, moisture redistribution, and energy consumption. In particular, the response of a
deformable saturated porous medium (Kaolin) is considered. The results are critically discussed pointing out
advantages and drawbacks.
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Nomenclature

A Tempering ratio

my Dry weight

m; Sample weight at time t
w Moisture content

Wo Initial moisture content
MR Moisture ratio

1 Introduction

Drying, an essential operation in many industrial sectors plays an important role in many industries and
walks of life. According to the nature of the treated products, the drying process can happen under multiple
techniques and ways. The drying operation is often done by convection. Stationary convective drying is
considered a simple and easy method with good performance. However, it remains an energy-intensive
operation, and the process can damage the dried material due to high shrinkage and the generation of
excessive stresses [1,2]. In fact, during convective drying, the application of heat is permanently throughout
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the drying process and the surface moisture content of the dried material becomes too low; therefore, the
continuation of drying under the same conditions results in poor product quality, wastage of energy, and
hence low efficiency of the drying process [3]. Likewise, the non-uniform moisture content distribution
induces stress formation that can cause a material fracture [4]. Therefore, this latter method is considered limited.

It is essential to highlight that one percent of energy savings from drying processes can save more than
10% of total production costs in the industry [4]. Accordingly, several researchers are looking to optimize
drying processes and/or strategies to improve the final product’s quality without extending the drying time
and increasing energy consumption [5—7]. Developing an efficient and time-saving drying system is a
crucial concern for many manufacturers [5,8]. Hence, several new techniques are in development.
Tempering drying, a non-stationary process, is one of these novel methods. It is a promising alternative in
connection with energy efficiency and product quality without increasing the capital cost of the drier. It is
based on periodical changes in drying conditions such as temperature and airflow rate, relative humidity,
pressure, and the mode of energy application (convection, conduction, radiation, and microwave) [9,10].
Tempering or intermittent drying involves rest periods to apply heat discontinuously during processes. It
allows internal moisture to diffuse to the surface of the material when there is no heating or the heat level is
reduced, resulting in a higher drying rate thanks to the redistribution of the moisture content during the
cooling period [10]. Likewise, tempering drying is an adaptable and reliable process for drying heat-
sensitive products. Many researchers have shown that this process has a prominent effect on drying
characteristics, energy consumption, and product quality by reducing drying time and energy consumption
[10,11]. During a comparative study of convective drying in stationary and non-stationary conditions,
Hammouda et al. [6] showed that non-stationary convective drying (90-60°C) of a porcelain slab is a good
alternative that provides a real possibility to optimize costs and quality by reducing the drying time and
maintaining Von Mises stress values under the admissible stress. Moreover, a recent study performed by
Ben Mustapha et al. [7] showed that tempering drying is more effective than continuous drying based on
energy consumption qualifications. A reduction of energy consumption varying from 13% to 67% was
achieved. Besides, when using temporary drying, an improvement in the drying time, energy consumption,
and product quality is recorded [7]. Moreover, several researchers have adopted different techniques to
improve the drying process, such as stationary convective drying enhanced with microwave and infrared
drying [3]. Still, these alternatives often involve high investment and operating costs.

The main aim of this work is to achieve an experimental study to monitor the evolution of moisture
content, drying rate, and power consumption during different drying modes of a cylindrical kaolin-clay
sample. A comparative study was performed to assess the optimized drying process regarding energy
consumption. Overall, the drying processes are commonly adopted based on simulation studies
considering the high economic and time costs. Nevertheless, few studies were based on experimental
data, hence the novelty of this research study.

2 Materials and Methods

2.1 Sample Preparation

For all experiments, the samples are prepared at room temperature by mixing the kaolin with different
amounts of water. Each sample was cut into a cylindrical piece with a height of 5 mm. The cylindrical kaolin
samples, already prepared, had an average weight of 8.9 g and an average initial moisture content (wg) of
0.45 kg/kg d.b.

2.2 Experimental Procedure

The experimental setup, used for studying the drying process of kaolin samples by controlling the
variation of their weights, temperature, and power at irregular time intervals, is composed of the
following instruments:
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A closed-loop convective tunnel drier (Fig. 1) operating totally with electrical energy. It was
composed of a tunnel with a horizontal flow, whose dimensions were 1.5 x 0.27 x 0.27 m, a
centrifugal fan with a variable velocity ranging from 0.3 to 5 m.s ', an electrical resistance for air
heating, a duct for hot air recirculation, and a command board to adjust air temperature and velocity.
e An electronic balance RADWAG WLC 0.6/B1 (Max: 600 g, Min: 0.5 g, d = 0.01 g) for weighing
kaolin samples.
e Power and energy logger PEL 103 provides all the power and energy measurements simultaneously,
remotes reading of all the quantities on serval network instruments, and ensures energy cost evaluation.
e Acquisition chain (AGILENT 34970A) connected to a computer through “Agilent technologies” software
permitting the measurement of the sample and drying air temperatures from K-type thermocouples.
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Figure 1: Schematic view of the drying system (1: Control of electrical power; 2: Pump; 3: Heather; 4, 5:
Thermocouple of type K; 6: Energy meter; 7: Sample; 8: Acquisition chain; 9: Digital scale; 10: Computer)

Two cylindrical kaolin samples were put on supports and placed in the dryer that was maintained at the
desired temperature (from 45°C to 70°C). Drying of Kaolin samples was carried out under stationary and
intermittent conditions until reaching a constant weight. At the end of the experiment, samples were
placed in an oven at 105°C for about 24 h to obtain their dry weights (m(). By using an electronic
balance (9 in Fig. 1) connected to a computer through “Pomiar Win” software, it was possible to measure
the sample weight at fixed times (2 s). Moisture content (Mc) values (Eq. (1)) were determined based on
the dry weight of the sample (m() and its weight at a given time t (m,). Accordingly, the evolution of
water content in the sample is monitored through moisture content evolution. On the other hand,
measuring sample and drying air temperatures was performed using four K-type thermocouples related to
an acquisition chain (AGILENT 34970A) connected to a computer through “Agilent technologies” software.

The moisture content (w) values were determined as follows (Eq. (1)):

= M=o (1)
mg
where mg and m;, are the dry weight of the sample and its weight at a given time t, respectively.
The moisture ratio (MR) was given by Eq. (2):
MR =" @)
Wo

where wy and w are the moisture content of the sample initially and at a given time t, respectively.
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2.3 Characterization of the Dried Product Quality

Microscopic image observation of dried products was performed using a digital processing unit
composed of a conventional optical microscope (of type Zeiss Stemi 2000-C Stereo: Zoom Range: 6.5x—
50x), a camera, and a PC/Notebook.

3 Results and Discussion
3.1 Drying in Constant Conditions

In this part of the study, the stationary convective drying of the kaolin samples is performed. The effect
of temperature on moisture ratio and power consumption was evaluated. The tested drying air temperatures
ranged from 45 to 70°C. The evolution of the drying curve and moisture ratio is presented in Figs. 2 and 3,
respectively.
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Figure 2: Evolution of the sample temperature vs. drying time at different drying air temperatures

As shown in Fig. 2, there are three classical phases during the convective drying process, whatever the
drying air temperatures. At the beginning of the drying operation, the Kaolin sample temperature regularly
rises until it reaches the wet bulb temperature of 35°C, 37°C, and 39°C, for the drying air temperatures of
45°C, 60°C, and 70°C, respectively. This corresponds to the preheating stage, where the kaolin sample is
completely saturated. Accordingly, the moisture ratio, as shown in Fig. 3, is slowly decreasing. In the
second phase, the drying rate is constant, and the water molecules move towards the surface of the kaolin
sample by capillary forces to gradually evaporate. The heat exchange is mainly performed by water
vaporizing on the material surface, which corresponds to an isenthalpic phase. Hence, the moisture ratio
evolution follows a linear decrease (Fig. 3). When the material reaches equilibrium, it immediately enters a
hygroscopic range, and the internal water vapor diffusion controls the drying process. As a result, the
temperature rises quickly to attend to the drying air temperature. The same observations have been reported
by Ben Abdelhamid et al. [11] during their numerical study of the effect of different drying conditions on
the induced stresses within a deformable media (bentonite) during stationary and intermittent drying.
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Figure 3: Effect of drying air temperature on the moisture ratio of Kaolin samples

Moreover, it is clear from Fig. 3 that the temperature of the drying air has a significant influence on the
drying time. Indeed, the comparison of curves shows that the drying time decreases by increasing the drying
air temperature. In fact, at 70°C, the drying time is assessed as 5000 s, whereas it is equal to 7000 s at 45°C.

The variation of energy consumption during stationary convective drying at different drying air
temperatures is presented in Fig. 4. According to this Figure, it is clear that the evolution of the power
consumption depends strongly on the applied temperature and the drying time. In fact, after 40 min, the
drier consumes at 45°C, 60°C, and 70°C 1100, 1600, and 2000 W, respectively, which confirms that the
increase in temperature causes an increase in energy consumption. This result confirms that it is necessary
to act on drying air temperature to reduce energy consumption.

3.2 Drying in Tempering Conditions

In the second part of this study, tempering convective drying at periodically changed drying air
temperatures between 65°C and 20°C was performed. The purpose of tempering is to control the moisture
distribution in the dried products at three different tempering ratios to improve the drying efficiency and
product quality. Since tempering drying is associated with modifying drying conditions, it was decided to
apply an alternating cooling cycle. Accordingly, a progressive change in the air temperature period (heating
and cooling periods) was performed. The tempering ratio, referred to as a, is expressed by Eq. (3).

Time of heating

= 3
x Total drying time ®)

Different tempering ratios were adopted namely 5 min heating and 25 min cooling (o= 0.16), 10 min heating
and 20 min cooling (o = 0.33), and 15 min heating and 15 min cooling (o = 0.5). During all the experiments, the
total drying period was fixed at 30 min, and the drying air temperature was between 20°C and 65°C.
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Figure 4: Effect of drying air temperature on power consumption

The variation of the moisture ratio and the product temperature vs. time at different tempering ratios is
illustrated in Fig. 5. According to Fig. 5a, the moisture content of the product during 5 min (a0 = 0.16),
10min (o = 0.33), and 15 min (o = 0.5) of heating are 0.41, 0.35, and 0.36, respectively. Consequently, the
tempering drying at different moisture content will affect the total drying time and the product quality. The
alternated increase in tempering ratio causes a significant variation in the temperature and the drying rate.
When the tempering ratio increases, the heating time rises, leading to a faster drying rate and a great
variation in the temperature of the kaolin samples to attend to the drying air temperature. The drying curve
presents a session of stationary drying for the different drying periods. The maximum drying rate is
achieved during the heating period but decreases with drying time. The drying rate is improved after the
tempering period, demonstrating the benefits of allowing moisture redistribution. The drying curves showed
that when the tempering ratio is equal to 0.5, the drying process is more profitable than for o = 0.16 and
o = 0.33. This phenomenon can probably be explained by the cooling time effect and the moisture profile
distribution in the sample. For the tempering ratio of 0.5, the moisture profile seems to be more uniform
due to the high heating period. Afterward, moisture redistribution during the resting of material (15 min of
cooling time) leads to a faster drying rate. In fact, during the cooling time, the internal moisture is allowed
to be diffused from the inner to the surface of the material resulting in a higher drying rate thanks to the
redistribution of the moisture content. Furthermore, it is clearly seen in Fig. 5a that increasing the tempering
ratio from 0.16 to 0.5 leads to the reduction of the drying time [12]. Likewise, when the tempering ratio is
increased, the frequency and amplitude of swings are also increased (Fig. 5b). Compared to the stationary
convective drying process, the kinetics using the intermittent mode has been reduced. Accordingly, the
drying rate during the intermittent mode is minimized to develop moisture homogeneity, and, therefore,
avoid material damage. The same findings have been reported by Kowalski et al. [13]. They have proved
experimentally that the quality of the dried kaolin samples depends significantly on the frequency and
amplitude of the air temperature and relative humidity variation during the drying process.
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Figure 5: Effect of tempering ratio on the evolution of (a) moisture ratio and (b) product temperature

Fig. 6 shows that power consumption is very low whatever the applied tempering ratio. As regarded with
the energy consumption attributed to the stationary convective drying process, the tempering mode is more
efficient. During the intermittent drying process, results point out that the best tempering ratio for energy
savings is 0.16. After 45 min of intermittent drying, the percent energy consumption saved over
stationary drying is assessed as 62%.
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Figure 6: Effect of tempering ratio on power consumption during the tempering drying process

3.3 Comparative Study between Stationary and Tempering Convective Drying Processes

Table 1 shows the effect of drying mode (stationary or intermittent) on power consumption. This table
reveals that the power consumption is reduced from 2400 W for stationary drying mode at 70°C up to 600 W
for tempering drying process at a tempering ratio of 0.5 [14].

Table 1: Comparison between stationary and tempering convective drying processes.

Drying time to achieve Power (W) Saving energy
10% moisture content (min) consumption (%)

Stationary convective drying process

T =45°C 87 2000

T = 60°C 60 2100 16%

T =70°C 50 2400

. . . 75%
Tempering convective drying process

a=0.16 55 300

a=033 33 400 50%

a=0.5 37 600

Using the optical microscope, selected images of the final products dried according to the stationary and
intermittent process (a = 0.5) at a drying air temperature of 80°C were used to confirm the final product
quality (Fig. 7). As shown in this Figure, the stationary drying mode involves lateral and surfaced
material cracking. On the other hand, intermittent drying at a tempering ratio of 0.5 provides a smooth
and compact product without any crack formation. Moreover, it is worth noting that whatever the applied
drying mode, the color of the final product was not modified. These latter observations show that the
tempering convective drying appears to contribute to improving the dried product quality.
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Figure 7: Microscopic images of (a) sample before drying (b) stationary drying product and (c) tempering
convective drying product

4 Conclusions

In this paper, an experimental study has been carried out to monitor the evolution of water content and
energy consumption during stationary and tempering convective drying modes. A logical evolution of drying
kinetics was obtained at the tested temperatures. Drying air temperature has a significant influence on the
drying time. Moreover, it has been shown that the power consumption during stationary convective
drying depends strongly on the applied temperature. In fact, after 40 min, the drier consumption at 45°C,
60°C, and 70°C was at 1100, 1600, and 2000 W, respectively. On the other hand, the alternated increase
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in tempering ratio causes a significant variation in the drying rate. The drying curves showed that when the
tempering ratio is equal to 0.5, the drying process is more profitable than for o = 0.16 and o = 0.33. This
finding can be explained probably by the cooling time effect and water distribution in the sample. The
drying in tempering conditions reduces the energy consumption from 2400 W during the stationary
drying mode at 70°C up to 600 W in the tempering drying process at a tempering ratio of 0.5.
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