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Abstract





The drying of cork stoppers is a technological process commonly used in the stoppers manufacturing industry. Until recently no systematic scientific approach had been undertaken in the study of the drying kinetics of cork stoppers. An historical account of the sequence of steps followed in the design and erection of a new continuous dryer comissioned to the university is presented. The short time period required for the implementation of the new dryer lead to a twin path approach of the problem. A fundamental study of the kinetics of the drying process of slim fixed beds of cork stoppers was simultaneously accompanied by a study of the drying of batches of stoppers, as received from the industrial washery process. Data from this preliminary analysis were used in the design of the new dryer whereas data from the fundamental study were used in the final adjustment of dryer working conditions. Analysis of the behaviour of the dryer in the industrial environment showed a satisfactory performance and although the actual energy consumption is two and half times larger than the latent heat of water vaporization, experimental results are of the same order of magnitude of those found in the wood drying processes, which were used as references due to the lack of experimental data on industrial drying of cork.
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1. Introduction





Although cork industry has an old tradition in Portugal, the absence of scientific reliable data on the kinetics of cork drying has until nowadays hindered the proper design of efficient dryers. The need of a reliable cork dryer for the industry acted as a strong motivation for research work and has conditioned the aproach to the design. The thermal design of the dryer was based upon experimental data obtained in a series of preliminary experiments, while a deeper research work took place simultaneously to understand cork drying kinetics and to gain insight in the future industrial behaviour of the dryer.


In this paper it is presented an overall view of the fundamental methodology used in the whole process of design and erection of the dryer, as well as data collection during the first year of industrial work, covering mainly its performance under winter conditions.


Base guide lines for the dryer performance were: 25,000 cork stoppers/hour; stoppers average entrance humidity of 25% (wet base - wb); exit humidity ranging from 6.5 to 8% (wb); single particle, of cylindrical shape, with dried mass, ranging from 3.5 to 4.5 g.





2. Preliminary Experiments





A small preliminary rig was built to get in short notice as many data as possible of desired drying conditions for the future dryer. As can be seen from Figure 1 it was a very primitive lay out. Conditions for initial experiments are presented on Table 1.
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Figure 1 - Preliminary experimental setup.





Table 1 - Conditions for preliminary experiments.





Stoppers dimensions (lenght �symbol 180 \f "Symbol"��diameter)�
45x24 [mm �symbol 180 \f "Symbol"�� mm]�
�
Ambient temperature�
19.8 ºC�
�
Relative humidity�
54%�
�
Atmospheric pressure�
1008.5 mbar�
�
Drying air temperature�
80 ºC�
�



To get results similar to those of industrial environment, corks were received from the industrial plant at washery output conditions, and batches of 150 corks were tested on each drying run. Typical evolution of water content of cork stoppers is shown on Figure 2.


The humidity of the stoppers reached required values after 90 minutes of drying. It must be stressed that due to the absence of any air humidity control system and with typical inlet air conditions of about 20 ºC and 50% relative humidity, drying air reached very low values of relative humidity (3 to 5 %) after heating up to 80 ºC. This value is smaller than those usually found in the industrial practice, where for economic and energetic reasons air recycling is common. However, the 90 minutes of average drying time was considered a very reasonable starting assumption as well as the average initial wet base water content.





3. Characteristic Drying Curves for Cork Stoppers





While thermal and mechanical design of the dryer took place, deeper experimental work was being carried out to get characteristic drying curves. The cork stoppers were wetted at the laboratory to cover a wider initial water content than that usually found in the industry. A simple mathematical model was also developed to allow a theoretical analysis of the drying process (Martins, 1990). The main conclusions of this work were (Martins et al., 1994):
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Figure 2 -Typical water content evolution for a batch drying of 150 stoppers.





	-Drying process control is mainly by internal migration of the moisture;


	-Air temperature is the most important external parameter for the definition of the drying rate;


	-In the first part of the drying process air velocity has a certain importance but in the overall it is meaningless.


With such conclusions the design procedure to be followed had to be conveniently adapted:


	-The drying air velocities are irrelevant, thus less fan energy is necessary as pressure drop through the stoppers bed is lower;


	-To control drying rate one must act on the air temperature. This temperature is limited to 90 ºC to avoid thermal degradation of cork;


	-To achieve the right water content at stoppers output, a drying time adjustment should be necessary;


	-Whenever possible mechanical drying methods should be used instead of thermal ones. Careful control of cork washery process followed by maximum exploitation of centrifugational techniques should be the standard procedure.


Results of these experiments were of upmost importance for the further understanding of actual dryer behaviour. Correct interpretation of data collected from industrial process was easily understood on the basis of this, previously adquired, theoretical knowledge.





4. Dryer Operating Principles





The cork dryer being essencially a heat and mass exchanger was designed under basic transport phenomena principles. Counterflow layout between stoppers and drying air was adopted. Other important aspects were also conveniently considered:


	-Higher air velocity at stoppers entrance, where the influence of this parameter is more important;


	-Use of a large number of conveyors to increase drying capacity and also to promote stoppers agitation when conveyors change;


	-Drying air recycling to enhance energy economy;


	-Indirect heating of drying air through a tubular heat exchanger avoiding, for hygienic reasons, contact between hot combustion products and process air;


	-Reintroduction of exhaust hot drying air into the furnace as diluting fluid. Combustion temperature is thus reduced to guarantee safe working conditions for the heat exchanger.


These working principles are best presented on the scheme of Figure 3.
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Figure 3 - Working principle for the continuous cork dryer.





Stoppers are introduced in the upper side of the drying zone through a pneumatic conveying system and, travelling on several conveyors, have a counter corrent evolution inside the drying zone, against drying air. Drying air is heated by combustion products in a tubular heat exchanger, before entering the drying zone. A large portion of rejected humid and warm air is introduced into the furnace, downstream the flame, to dilute hot combustion gases, reducing their temperature prior to the entrance in the heat exchanger. The temperature of this gaseous mixture at the furnace exit varies between 400 and 600 ºC.


Nowadays dryer control is semi-automatic, although it has been designed for full automation. Machine operator has informations of air temperature at drying zone inlet, T1, T2 and T3, gaseous mixture temperature at furnace exit, TF and temperature and relative humidity at drying zone exit, THR. With these data, plus the water content of the stoppers at the dryer entrance and considering the stoppers desired water content at the dryer output, operator can choose a convenient velocity for the conveyors as well as the drying air temperature, (T1, T2 and T3). The regulation of this last temperature is carried out by adjusting the gaseous mixture temperature at the furnace exit through a PID automatic controller.








5. Dryer Behaviour in Industrial Environment





After dryer installation at the plant, its performance has been closely registered with particular concern on the drying behaviour and energy consumption in winter days.

















5.1 Typical Daily Performance





A typical winter day was chosen to characterize the dryer performance. In that day several cork stoppers batches were dried, as seen on Table 2.





Table 2 - Number and class of corks dryed on a typical winter day.





Size (mm�symbol 180 \f "Symbol"��mm)�
Class�
Quantity�
�
45x24�
2nd�
38,500�
�
45x24�
3nd�
31,500�
�
38x24�
Premium�
60,000�
�
45x24�
"Raça"�
31,500�
�
45x25�
1st�
28,000�
�
39x26�
Premium�
24,000�
�
�
Total�
213,500�
�



For each size ten stoppers were taken, weighed, numbered and then introduced into the dryer. They were afterwards collected at the dryer output and kept in an oven to dry for twenty four hours, after which they were weighed again. Individual cork water content, at dryer entrance and exit, was then possible to be known. Class distinctions were not considered, as in a previous work, (Martins, 1990), it was realised that possible differences could not be detected with the technological means at our disposition.


On Figure 4 these results are shown. Although it is not very much correct to compare results from different sizes, large differences among entrance and exit water content were detected, maximum of 28.0 % (w.b.) and minimum of 8.5 %. That results in some practical difficulties to achieve a close range of water content at dryer output, and thus, it is impossible to assure an output water content ranging from 5.5 % to 8.5 % as requested from industry standards. It can be also seen that for a cork stopper with higher inlet water content, a correspondent higher outlet water content is not obtained, this result can be interpreted as a signal of the importance of cork internal structure on the water migration mechanisms inside stoppers.


The use of mechanical water separation methods could eventually reduce inlet water content spread and simultaneously the energy consumption, allowing an easier achievement of industrial standards for dryed corks.
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Figure 4 - Entrance and exit water contents for corks of several sizes.
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Figure 5 - Steady state evolution of corks water content. Black bars, entrance conditions. Grey bars, exit conditions.





Table 3 - Water content average for steady state drying.





�
Entrance mass


 of a cork 


stopper�
Entrance water content (w.b.)�
Exit mass 


of a cork 


stopper�
Exit 


water content (w.b.)�
Mass of dryed stopper�
�
�
[g]�
[%]�
[g]�
[%]�
[g]�
�
Average�
4.37�
19.45�
3.78�
6.91�
3.52�
�
Standard deviation�
0.68�
3.07�
0.60�
2.23�
0.55�
�



5.2 Steady State Specific Energy Consumption





The drying operation was carried out at 80 ºC and the theoretical required energy was calculated as presented in Table 4; combustion and heat exchanger efficiencies were assumed 100%.





Table 4 - Required theoretical energy for stoppers drying.





Latent heat for water vaporization�
Dryed stoppers


per hour�
Evaporated water rate�
Spent energy in 


evaporation�
Sensible energy required to heat up the cork from 20 to 80 ºC�
Energy to heat up final water content.�
Required theoretical energy�
�
[kJ/kg]�
[-]�
[kg/h]�
[kJ/h]�
[kJ/h]�
[kJ/h]�
[kJ/h]�
�
2308.183�
19332�
11.38�
29127.99�
7681.31�
1279.37�
38088.67�
�
  �
Percentage [%]�
�
76.47�
20.17�
3.36�
100.00�
�



The analysis period was 2.2 hours long and the total required energy, according to theory, was about 38,089�symbol 180 \f "Symbol"��2.2=83,795 kJ. This theoretical value, after being corrected for the combustion efficiency, must be compared with the actual energy consumption of the dryer, 262,514 kJ, Table 5. The dryer performance is defined as the ratio between actual energy consumption and the theoretical energy consumption. This comparison is presented on Table 5 for two different combustion efficiencies, 80 and 85 %.





Table 5 - Dryer performance.





Propane consumption�
Lower heating value�
Energy consumption after 2.2 hours�
Combustion efficiency�
Theoretical energy�
Dryer performance�
�
[kg]�
[kJ/kg]�
[kJ]�
[%]�
[kJ]�
[-]�
�
5.7�
46055�
262513.5�
80�
104744�
2.51�
�
�
�
�
85�
98582�
2.66�
�



In thermodynamic terms, one can say that actual energy consumption is two and half times larger than the ideal value. However, the actual number is well inside typical industrial consumption of similar equipment (Chanrien et al., 1989 and Lopez-Cacicedo, 1986) although in this particular dryer the combustion is external to the drying fluid and the air humidity is lower than usually found in similar lumber dryers.


The dryer performance can also be evaluated through the drying efficiency as defined by (Brundet, 1987), and is of 0.34 kg of removed water/kWh. The theoretical value must be within 0.86 and 0.90 kg/kWh (considering combustion efficiency of 80 and 85%). In the present situation an heat exchanger efficiency of 100% was always adopted.


The important conclusion one can get from Table 5 is that from the theoretical required energy, 76.5% is spent to evaporate the extracted water, whereas 23.5% of the spent energy is used to heat up the dry cork material and residual water. It can thus be asssumed that about a quarter of the required energy is not directly spent in the water extraction phenomena, but simply wasted to support the technical process. In the cork stoppers industry the current technique of imposing consecutive heat and cooling processes to allow for the water migration inside the stopper towards its surface is energy consuming and should be avoided whenever possible. The energy used for heating the dry material is the main source of energy waste.





6. Conclusions





Industrial behaviour of the dryer is quite satisfactory and the plant layout was even completely changed for the industry to be able to cope with the small industrial revolution carried out by this continuous drying process. Although it was not included in the text, it must stressed that the higher drying rate provided by the dryer performance imposed a complete change of stoppers washery process.


The energy consumption of the dryer is within typical values for similar wood dryers and the partition of the consumed energy in the drying process shows that the current procedure commonly found in the cork stoppers industry of imposing consecutive heating and cooling processes has no sound energetic basis.
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