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ABSTRACT 

Natural rubber is one of the major exporting products of Thailand. A few 

number of research has been carried out on the operating parameters to ensure fast 

drying of this product. Investigations on the shrinkage of rubber sheets occurring 

during the drying process have not been conducted so far. Optimization of the 

operating parameters for the fast drying of rubber is presented in this work. 

Experimental work was set to vary the velocity, temperature, and relative humidity 

from 1.5 to 4.0 m /s, 60 to 70oC and 40 to 60% (ideal) respectively. Computational 

Fluid Dynamics (CFD) approach using the finite element method was used to study 

the 2D conjugate shrinkage behavior of the rubber sheet thickness under the 

convective drying condition. An isotropic, linear elastic model was assumed. The 

Arbitrary Lagrangian-Eulerian (ALE) method was used to solve the two-dimensional 

problem in accounting for the shrinkage effect. The inference from the experimental 

studies showed that drying at temperature of 65oC at 2.5 m/s was optimal for best 

rubber sheet quality as higher temperature affected the rubber sheets quality. Lastly, 

drying at the lowest possible relative humidity reduces the drying time, equilibrium 

moisture content and water activity. The optimal operating conditions from the 

experiment is 65oC, 2.5 m/s for the temperature and velocity. The rubber sheet 

moisture content was reduced to 0.4% db within 38 hours of drying. The shrinkage 

percentage was estimated to be 9.1%. The agreement between experimental and 

simulation results are acceptable in terms of statistical parameters. The formulated 

predictive model can be used as a quality index evaluation for rubber sheet and for 

drying process optimization. Water activity can also be used in locating regions that 

could be prone to microbial spoilage. The drying time was reduced in comparison to 

the traditional drying of rubber sheets.  
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

Thailand is a leading producer of natural rubber (NR) sheet in the world, 

exporting about 3.8 million tons, which accounted for 37% of global natural rubber 

production in 2017. Natural rubber is commercially produced in four forms among 

which are the Block rubber (STR), ribbed smoked sheet (RSS), concentrated latex and 

other forms [1-3]. 

The factors affecting the drying process optimization and quality of dried 

products such as rubber sheets include the relative humidity, temperature, air velocity, 

material size, initial moisture content, energy and drying time. Drying process 

optimization is aimed at production cost minimization while maintaining the quality 

of the products. The drying time alongside the energy consumption are parameters 

needed to be minimized [4]. The limitations associated with fuel usage in RSS 

production is the effect of the moisture of combusted gas from firewood burning that 

retards the rubber sheet drying time, color and could also affect the ecosystem [5-6] . 

Also, the drying process is energy consuming, hence, parameters optimization is 

pertinent for the enhancement of the drying process efficiency in terms of the 

production time and energy usage, without compromising the product quality [7] . 

Drying shrinkage is defined as the contracting of a porous materials as a result of 

capillary water removal. This shrinkage engenders increase in the tensile stress, which 

results in warping internally, cracking and deflection externally [8]. 

Computational fluid dynamics (CFD) technique is increasingly becoming 

popular in modelling of fluid flow, heat and mass transfer. This is because CFD is an 

accurate, effective and cost-efficient method [9]. The flow and temperature behavior 

in the drying system can be studied by using CFD. It involves discretization of the 

conservation of mass, momentum and energy [10]. It also has a wide usage in many 

industrial processes. Simultaneous heat and mass transfer under transient conditions is 

common in drying processes and CFD simulations have been widely used to analyse 

problems of fluid flow in drying processes [10-12]. Understanding fluid flow and heat 
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transfer in the natural rubber drying process will help improve rubber drying process, 

quality, production time, energy and efficiency .Previous studies have reported the use 

of the CFD modelling of single-phase fluid flow and heat transfer in rubber-smoking 

rooms [9, 13]. Others used a conjugate approach to solve the heat and mass transfer in 

the rubber sheet without the effect of the shrinkage [14-15]. However, the shrinkage 

models in CFD simulation are presented by Curcio and Avaser [16] by investigating 

shrinkage and transport phenomena during convective drying of vegetables. The 

Finite Elements Method (FEM) was exploited. The system of PDEs was referred to a 

time dependent deformed mesh, accounting for food shrinkage.  

Shrinkage coefficient is pertinent for modelling of the drying shrinkage field, 

and hence, an accurate estimation of the coefficient is important [8]. Drying shrinkage 

occurs because of the moisture migration due to the drying process [17]. It takes place 

during the simultaneous heat and mass transfer of porous and composite materials 

(Rubber, concretes, wood). However, current literatures on drying of rubber solely 

considers the drying models with no particular consideration of the rubber shrinkage 

during the drying process [9, 14-15, 18-19]. Hence, the investigation of the optimal 

operating parameters for rubber sheet drying with the shrinkage effect is considered in 

the present study. 

Perspective of the present study is to reduce the drying time and improve the 

quality of the dried rubber sheet by evaluating the shrinkage, enhancing heat and mass 

transfer through forced convection at high air velocity using CFD and experimental 

validation. The concept of fast drying is primarily related to the operating velocity of 

the drying air and the optimization objective is to determine best operating conditions 

for the drying rubber sheets. According to the international standard and quality 

packaging for natural rubber grades, shrinkage characteristics and bubble formation 

(A result of uneven shrinkage stresses in the rubber sheet) during drying are key 

quality evaluation criteria for the determination of the marketability of the dried 

products [20-21]. Shrinkage of rubber sheet takes place simultaneously with moisture 

diffusion during drying. Hence, understanding the shrinkage phenomena in rubber 

sheet plays an important role in the drying process. This research will then be focused 

on study of CFD simulation of rubber shrinkage and optimizing operating parameters 

for rubber sheet fast drying. 



3 

 

1.2 Research Objectives 

In this research, CFD technique is applied to analyze the flow fields, and heat 

and mass transfer during the rubber sheet drying period. The main objectives of this 

research are: 

1. To determine the optimal condition of the operating parameters (velocity, 

temperature, RH) for rubber sheet fast drying. 

2. To study the flow field, heat and mass transfer of the rubber sheet using the CFD 

simulation, validated with the experimental results.  

3. To formulate predictive model to investigate the effect of shrinkage on the rubber 

sheet drying by the CFD simulation and experiment for the evaluation of the 

rubber sheet product quality and optimization of rubbers sheet drying process. 

1.3 Scope of Work 

Flow, heat and mass transfers of the rubber sheet in the rubber sheet fast 

drying process with the shrinkage effect alongside the experimental validation are 

studied. The scope of the work includes: 

1. Design the drying chamber with maximum capacity of 4 sheets.  

2. Parametric study of the rubber sheet drying and determine the optimum conditions 

for fast drying (velocity varied from 1.5-4.0 m/s, temperature varied from 60 to 

70oC and relative humidity regulated at (ideal) average value as from 40 to 60 %. 

3. Numerically simulate shrinkage behavior of a rubber sheet using a 2D model with 

experimental validation. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Computational fluid dynamics 

CFD is a method to study heat transfer, fluid flow, mass transfer and other 

phenomena using computer-based simulation. It is a powerful and versatile technique 

used for several industrial and non-industrial applications [22]. Numerical algorithms 

are the bedrock for the building of CFD codes used in solving problems of fluid flow. 

A pre-processor, solver and post-processor are the three basic elements of all CFD 

codes [22]. CFD codes such as ANSYS FLUENT software using finite volume 

approach is employed for the simulation of the interaction of fluid flow inside the 

drying chamber [23]. Other codes such as COMSOL Multiphysics, ANSYS CFX use 

finite element approach and are used for handling of more complex problems [24]. 

Dryer performance can be improved, and dried materials can be analyzed and 

improved by the use of CFD modelling. It is employed in the study of various 

ventilation systems and used in the determination of the distribution of temperature 

and flow [14-15, 18, 25]. 

Applications of fluid flow, heat, momentum and mass transfer in the design of 

drying process have received a remarkable attention and development within the last 

few decades. Problems involving complex geometry, heat, momentum and mass 

transfer, chemical reactions and phase change, which hitherto involves the use of 

expensive experimental rigs can presently be modelled using high level temporal and 

spatial accuracy on personal computers [26]. Various thermal-hydraulic phenomena 

can be easily quantified using CFD. Several billions of  production costs are saved 

across several disciplines [27-28].   

2.1.1 Finite difference Method  

The basic concept of finite difference method (FDM) is to replace the partial 

derivatives by approximations obtained by Taylor expansions near the point of 

interests. FDM underlines principles involving the replacement of the domains where 

the independent variables in the partial differential equations (PDEs) are defined by a 
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finite grid or mesh of points where the approximation of the dependent variable is 

done. The partial derivatives of each grid point are approximated from the 

neighboring values in the PDEs [29]. Several FDM commercial softwares exist such 

as Diffpack, ELLPACK, Cogito and COMPOSE [30, 31]. 

2.1.2 Finite Volume method  

The finite volume method (FVM) is a numerical method for solving partial 

differential equations that calculate the values of the conserved variables averaged 

across the volume. FVM uses Stokes theorem to obtain its formula approximating the 

differential operators [32]. The conservation law in the integral form is satisfied for 

control volume on the domain of interest to an appreciable degree of approximation. 

FVM’s popularity is due to its advantages when compared to the FDM [33]. FLUENT 

is a very popular CFD whose implementation is based on discretization using the 

FVM and is used in the simulation of 3D and viscous flows [34]. It is used in 

aerospace, chemical and automotive industries among others. In ANSYS FLUENT 

there are no room for the modification of the codes not implemented by default. The 

User Defined Functions (UDFs) can be used to add other codes using C programming 

language and loaded in the solver [35]. 

2.1.3 Finite element method 

The name ‘‘finite element method (FEM)’’ was derived by Clough [36]. In 

history, NASTRAN, ASKA, and SAP are most prominent FEM programs with 

applications in automotive and aerospace industries [37]. Finite element programs are 

versatile programs with various usage in engineering and science [38]. Initially used 

for structural analysis, it has gained more popularity in multiphysics problems such as 

fluid structure interactions and other fluid flow problems [39-40]. The principle of 

virtual displacements (work) is employed to formulate FEM. The finite element 

analysis of complex systems usually requires the solution of a large number of 

algebraic equations based on the multiphysics problems and types of analysis [41-42]. 

FEM gives an easier flexibility of modelling geometries that are complex compared to 

the FDM and FVM. It has a wide usage in the resolution of many flow related 

phenomenon such as mechanical, structural, fluid dynamics and heat transfer 

problems [43]. Also due to advancement in hardware and software, FEM can be used 

http://mathworld.wolfram.com/PartialDifferentialEquation.html
http://mathworld.wolfram.com/PartialDifferentialEquation.html
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in handling viscoelastic and hyper elastic material models. FEM packages include 

COMSOL Multiphysics, ANSYS CFX, ABAQUS [24]. Commercially available 

COMSOL Multiphysics package is used in the present study because of its flexibility 

and ease in handling complex fluid problems. 

2.2 Simulation Methodology 

Generally, numerical algorithm is made of these steps: integrating the 

governing equations of the fluid flow over the domains control volume, changing of 

the integrated equation to algebraic equation, discretization, solving of the algebraic 

equations using the method of iteration [44]. In defining fluid flow problems ranging 

from a point, angles, lines, surfaces and solids inside a drying chamber, CFD fills the 

volume of the dryer with fluid. The mesh (uniform or non-uniform) is defined and the 

appropriate solvers is used to solve the problem. Several post processing of the results 

is then carried out. Fig. 2.1 shows a diagrammatic representation of the CFD 

modelling methods.  

 

 

Jitjack et al. [45] applied the finite difference method, in determining the 

reduction rate of the moisture content in the rubber sheet on dry basis. The 

diagrammatical representation of the finite difference scheme is shown in Fig. 2.2. 

Figure 2.1 Diagrammatic representation of the CFD modelling. 
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Figure 2.2 The positions of integer i and nodes of thickness of rubber sheets [45]. 

2.3 CFD Reviews for rubber sheet drying 

 In the last few decades, several researchers have used CFD for the design and 

evaluation of the NR sheet drying systems. Promtong and Tekasakul [9] studied the 

temperature distribution of rubber smoking room using the finite volume method and 

compared with experiment. The simulation was conducted using a CFD program 

FLOVENT V5.2 to study at near steady period. Temperature measurements were 

carried out in an empty room and compared with CFD simulation. With an efficiency 

of 65%, it established a benchmark for NR smoke room optimization subsequently  
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Tekasakul and Promtong [13] investigated the temperature and velocity using 

CFD. It was discovered that the ventilating lids, gas supply ducts and size need to be 

optimized. Sonthikun et al. [19] achieved drying of natural rubber sheet to reduce 

moisture content from 34.26% to 0.34% (db) within 48 hours using a solar-biomass 

dryer. In order to optimize the circulating fan, CFD technique was employed for the 

simulation of the system distribution of air flow and temperature. Dejchanchaiwong et 

al., (2014) used CFD modelling of single-phase and multicomponent flows for the 

simulation of the relative humidity and temperature at different points in an empty NR 

drying chamber. In all planes, unlike the single-phase model, the multicomponent 

model temperature distribution is relatively uniform. Thus, the multiphase model is 

deemed superior. The inclusion of water vapor in the multiphase model increases the 

agreement between model and experimental temperature data. Clearly, the 

multicomponent model is more appropriate for simulating chambers containing 

rubber sheets [18]. 

Tekasakul et al. [46] computationally investigated the effects of moisture and 

heat transfer on NR drying using a 3-D modelling. A temperature range from 4.0 to 

7.7oC was observed to be the disparity between experimental and simulated work. As 

a base for the design of an effective NR drying system, the predicted temperature and 

moisture content revealed an agreement between the simulation and experiment. 3D 

computational fluid dynamics model of rubber sheet drying using a conjugate 

approach was presented by Dejchanchaiwong et al. [15]. Velocity, air temperature, 

concentration of water in the rubber sheets were studied. The experimental and 

simulation results are in good agreement in terms of statistical parameters. The drying 

time was significantly reduced from 72 hours in a conventional natural-flow smoking 

room to 48 hrs in this new design room. 

Somsila and Teeboonma [47] used 3D model to study the flow of air inside a 

dryer. The CFD study was used for the prediction of the air circulation and 

temperature distribution inside rubber solar greenhouse dryer and the results formed a 

basis for the design and development of a high efficiency solar greenhouse dryer for 

rubber.  

In an effort to improve the air and aerosol distribution in a rubber smoke 

house, Purba and Tekasakul [48] computationally studied the temperature, velocity, 
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aerosol concentration and particles trajectories in an RSS sheet factory. The 

simulation was performed using turbulent free convection flows with mesh volume of 

2,159,347 generated by GAMBIT 2.2. The modification made as a result considerably 

improved the ventilation thereby decreasing the aerosol particle concentration in the 

factory. The distance of 200 m was observed to be the travelling length of the thick 

cloud smoke in the factory. The CFD study helps in designing smoke house to prevent 

the exposure of the factory workers to smoke related ailments. 

Pianroj et al. [49] experimented using the finite elements method to simulate a 

steady state drying kinetics of natural rubber sheet convective drying at 40, 50, and 

60oC for 10 hours. The simulation was validated with experiment and found to be 

well fitted with the experimental results for moisture ratio of dried natural rubber 

sheets.  

Kaewnok and Thepa [50] conducted a CFD modelling of the solar assisted NR 

smoking room using FEM. The simulation results revealed that smoking room with 

dimension 2x2.5x2.5 m3 and greenhouse cover of 4x6.5x3 m3, with collector zone of 1 

m and a channel width for rubber wheelbarrow of 2 m provides the best flow 

characteristics to increase efficiency and decreases fuel usage. 

2.4 Continuum Mechanics 

In this section, continuum mechanics is briefly explained because it is the 

bedrock for the Eulerian and Arbitrary Lagrangian-Eulerian method used in the 

present study. The algorithms of continuum mechanics usually make use of the 

following descriptions of motion: the Lagrangian, the Eulerian and/or Arbitrary 

Lagrangian Eulerian (ALE) descriptions. These descriptions of motion form the major 

theory behind the CFD simulation of conjugate problems such as that employed in the 

present study. The descriptions are explained to understand the fluid-structure 

interaction occurring in the conjugate drying of rubber sheets 

Continuum is the mathematical description of deformation and related 

stresses. In mechanics, it is a branch that involves the mechanical behavior and 

kinematic with the analysis of materials modelled not as a discrete particle but as a 

continuous mass. Continuum mechanics is the fundamental basis upon which several 



10 

 

phenomena such as elasticity, plasticity, viscoelasticity, and mechanics are founded 

[51]. The simulation of complex problems in CFD and solid mechanics that are highly 

nonlinear usually needs to cope with massive distortions of the continuum being 

considered while, at the same time, allow a clear delineation of free surfaces, and 

fluid–solid, solid–solid, or fluid–fluid interfaces [52]. The fundamental assumption 

inscribed in the name is that materials are assumed to be homogeneous, isotropic, 

continuous and independent of any particular coordinates system [51]. 

 

2.4.1 Lagrangian algorithms,  

In Lagrangian formulation the coordinates are glued to and move with a 

material point through space and time. Therefore, the coordinates of both the material 

point and the attached variables, such as temperature, do not change along their 

trajectory [51]. The computational mesh of each node follows the material particle 

associated with it during motion (Fig.2.3) [52]. The description of the Lagrangian 

approach gives room for easily tracking the various interface between the materials 

interface and free surfaces. It equally enhances a history dependent, constitutive 

treatment of the material relations. The frequent remeshing operation is needed 

because it cannot cope with a large distortions of the computational domain [51]. This 

formulation has the disadvantage that it is difficult to know the state of the fluid at a 

given point in space and time [53]. 

 

2.4.2 Eulerian algorithms  

Fluid dynamics usually works with the Eulerian formulation. Here, as shown 

in Fig. 2.3, a fixed computational mesh, and a continuum moves by taking the grid as 

a reference. The advantage with the Eulerian description is that, the massive 

distortions in the motion continuum can be easily handled, but the accuracy of the 

interface definition and the details of the flow suffer [52]. On the other hand, 

entanglements of the elements are easily solved using the Eulerian formulation 

methods [54-55]. 
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Figure 2.3 One-dimensional example of Lagrangian, Eulerian and ALE mesh and 

particle motion [52]. 

 

2.4.3 Arbitrary Lagrangian Eulerian (ALE) 

A novel numerical approach with multiple advantages used in solving a wide 

variety of multidimensional problems in fluid dynamics that are time-dependent is 

presented. The Arbitrary Lagrangian Eulerian (ALE) uses a conjugate kinematic 

approach by using a classical combination of the Eulerian and Lagrangian reference 

frames. It is a technique that automatically and continuously re-joins the mesh. It is 

carried out by displacing the mesh based on the displacement of the moving body [56] 

.The method employs the finite difference mesh with vertices that can either be fixed 

(Eulerian), moved with the fluid (Lagrangian), or having the advantage of being 

moved in all manner of direction (Arbitrary Lagrangian Eulerian) [55, 57]. In the 
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ALE description, the nodes in the computational mesh are free to move in normal 

Lagrangian manner with the continuum, or in a stationary Eulerian mode. It can also 

be moved in specific arbitrary manner as shown in Fig. 2.3, to be able to continuously 

rezone. The massive freedom offered by ALE description in the movement of the 

computational mesh makes it easier to handle the large distortions of the continuum 

which cannot be done by a pure Lagrangian method, and with greater resolution than 

obtained by pure Eulerian method [52, 58]. Hence, it is pertinent to conclude that the 

ALE description which combines the best features of the pure Lagrangian approach 

and the Eulerian methods provides a more accurate simulation than the individual 

methods. Hence, it is most appropriate for finite solid forming and strain deformation 

problems. 

 

2.4.3.1 ALE kinematics 

In the description of motion with the ALE method, the spatial configuration or 

the material configuration are not taken as reference. Thus, another domain (third) is 

added and it is denoted by the configuration of reference, where the identification of 

the grid point is done by the reference coordinates [59]. Since an arbitrary choice of 

the reference configuration is made, the immense advantages of both Lagrangian and 

Eulerian descriptions can be maximized while playing down on their drawbacks. 

2.5 Thermodynamic equilibrium 

2.5.1 Isotherms and Equilibrium 

The amount of water that can be removed from food, rubber sheets and other 

porous materials are limited irrespective of the prevailing conditions applied to the 

porous materials. The equilibrium moisture content (EMC) is the amount of moisture 

content in a porous material when it is in equilibrium with the surrounding partial 

pressure of water vapor. Different materials have different EMC after they have been 

dried. Sorption isotherms can be calculated and developed when the equilibrium 

moisture content is measured at varying conditions of relative humidity and 

temperature as a function of water activity [60]. 
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2.5.2 Water Activity 

The primary way by which the moisture content of food and other porous 

materials such as agricultural product are measured and expressed is in terms of water 

activity [61]. Water activity wa  is a function of the water vapor partial pressure ( )wp  

above the porous media/food surface per unit of the pure component vapor pressure of 

water ( ' )wp  at the same temperature as the given sample, thus [60] 

 / 'w w wa p p=  (2.1) 

Provided that a solution that is aqueous is maintained at a constant 

temperature, Raoult’s law states that the product of the mole fraction of water and the 

pure component vapor pressure of water is equal to the partial pressure above the 

liquid surface and hence is given by [62], 

 . 'w w wp x p=  (2.2) 

Clearly when the liquid phase is pure water, and 1wx =  , then 'w wp p=

and the partial pressure is equal to the vapor pressure. Equally, when the water 

content is zero ( 0)wx =  there can be no partial pressure of water in the vapor phase. 

However, Raoult’s law applies to ideal systems and water is not an ideal material. It is 

therefore necessary to introduce an activity coefficient   such that  

 . 'w w wp x p=  (2.3) 

However, activity coefficients are complex functions of both temperature and 

moisture content and cannot be readily determined. Substituting into the definition of 

water activity gives 

 . ' / 'w w w wa x p p=  (2.4) 

therefore 
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 w wa x=  (2.5) 

which for an ideal system reduces to 

 w wa x=  (2.6) 

Raoult’s law generally holds only at relatively high values of wx . Thus, for 

both an ideal system and high moisture contents, water activity is effectively nothing 

more than the mole fraction of water in the liquid phase within the materials. It is 

important to realize that wx  is defined in relation only to the soluble constituents 

within a food and ignores the insoluble components.  

Humidity is related to saturation conditions and is expressed in terms of partial 

pressures: 

  / *100w wsRH p p=   (2.7) 

The limitation in calculating the water activity with Eq. (2.5) leads to the 

formation of another equation. If there is a thermodynamic equilibrium between 

rubber and the surrounding air then, from the definition of relative humidity Eq. (2.7), 

water activity is equal to the fractional relative humidity. That is 

 % /100wa RH=  (2.8) 

The right hand side of Eq. (2.8) is also represented by equilibrium relative 

humidity (ERH) which is the relative humidity obtained when RH in the rubber sheet 

and surrounding air are equal. The formulation is the basis used in the water activity 

measurement. 
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CHAPTER 3  

METHODS AND MATERIALS 

3.1 Numerical methods 

The numerical modelling of the shrinkage behavior and transport phenomena 

of a natural rubber sheet under convective drying is conducted using CFD. The 

conjugate time dependent analysis of the heat and mass transfer in rubber sheet drying 

process is considered. The directional shrinkage in the thickness is correlated to the 

time evolution of the water concentration variation in the rubber sheets. The 

concentration and temperature in the fluid domain are coupled to the flow field. The 

solid mechanics, moisture diffusion and temperature in the material domain are 

equally coupled together and the virtual work principle was applied to control the 

domain displacement. Finally, the Arbitrary Lagrangian Eulerian (ALE) method is 

used to combine both domains together. The theoretical formulations and relevant 

numerical methods used are presented in this section. 

3.1.1 Governing Equations 

3.1.1.1 Modelling of external flow, mass and temperature of drying air 

Assumptions for the drying air modelling are: (i) 2-D geometry is used for 

evaluation because of the symmetry of the chamber (ii) the coupled external flow 

fields are assumed to be uniform in the drying chamber (iii) physical and thermal 

properties are assumed to be constant (iv) no-slip condition (v) negligible gravity 

effect. The governing equations of a drying fluid in a two-dimensional domain are the 

mass, momentum and energy conservation equations, as follows [63-66]: 

Continuity equation 

 ( )/ . 0a at u   + =  (3.1) 

Momentum equation 

 ( ) 2/ . 0a au t uu P u    + = − +  =  (3.2)  
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where a  is air density (kg/m3), P  is the drying chamber pressure (N/m2), u  

is the velocity vector (m/s) and t  is the time (s),   is the dynamic viscosity (Pa.s). 

Energy balance  

 ( ) ( )1 1 1/ . . 0a pa a a paC T t K T C u T   −  +  =  (3.3) 

Where 1T  is the air temperature (K), 
paC  is the specific heat (J/kg K) and aK is 

the thermal conductivity (W/m K). 

The mass balance of the drying air for the water vapor diffusion can be 

described as: 

 ( )1 1 1/ . . 0aC t D C u C  +  +  =  (3.4) 

where 1C  is the concentration of water vapor in the drying air (mol/m3) and 

aD  is the diffusion coefficient of water vapor in the drying air (m2/s).  

3.1.1.2 Modelling of internal moisture, temperature fields and shrinkage of the 

rubber sheets. 

Heat and mass transfer inside the rubber sheet during drying is predicted based 

on assumptions: (i) linear elasticity (ii) isotropic shrinkage or deformation (iii) no heat 

generated inside the rubber sheet (iv) negligible radiation effect (v) hygroscopic 

porous media (vi) shrinkage along the thickness only (vii) shrinkage relating to 

variation in the water concentration. The following governing 2-D heat and moisture 

transfer equations can be described: 

Heat transfer equation  

 ( )/ . 0s ps effC T t K T I   + −  + =  )3.5( 

where 𝑇 is the temperature of rubber sheet ) K( , s  is the density of rubber sheet 

) kg/ m3( , 
psC is the specific heat of rubber ) J/ kg K( , effK  is the effective thermal 
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conductivity of the natural rubber )W/m K(,   is the water latent heat of vaporization 

(J/mol) and I is the rate of evaporation )mol/(m3 s)(. 

Mass transfer equation  

liquid water  

 ( )/ . 0W W WC t D C I  +  + =  (3.6) 

water vapor 

 ( )/ . 0v v vC t D C I  +  − =   )3.7( 

where WC  is the concentration of water in the rubber sheet )mol/m3(, vC  is the 

concentration of water vapor )mol/m3( I  is the rate of evaporation )mol/(m3 s)(, vD  

is the effective diffusion coefficient of vapor in rubber sheet )m2/s( and WD  is the 

moisture diffusion coefficient in rubber sheet )m2/s( obtained from [67]: 

 ( )54 10 exp 615847 /WD T−=  −   (3.8) 

The water vapor pressure ( )vP  is a function of  rubber sheet temperature and 

moisture content )𝑋𝑏( can be defined as: 

 ( ) ( )/ 146.211exp 12.777 / 311.650v vs bP P X T= − − −   )3.9( 

where vsP  is the saturated vapor pressure of water (Pa). Regards to the equilibrium at 

the interface between the air and rubber sheet, the thermodynamic equilibrium 

expression with the assumption of an ideal gas behavior is given by:  

 w w vs wa x P y P=   )3.10( 
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where P is the atmospheric pressure )Pa(, wx  and wy  are the mole fractions of water 

in the rubber sheet and drying air, respectively and wa  is the water activity 

coefficient.  

The relationship between the stress and strain can be expressed through the 

elastic stress–strain matrix, accounting for the young modulus ( )yE , the Poisson ratio 

( )v , and the stresses ( )  given by: 

( ) ( )( )

1 1/ (1 ) 0

1 / 1 1 1/ (1 ) 1 0

0 0 (1 2 ) / 2(1 )

x x

y y sy

xy sxy

d v d

d E v v v v d

d v v d

 

 

 

   − 
    

= − + − −    
    − −    

  (3.11) 

Where sy  is the uniaxial yield stress. The young modulus and the poison ratio 

are assumed constant [68-69].  

The time variation of the free shrinkage strain, 0xd  was assumed to be 

proportional to the water concentration variation [16, 70-71]: 

  0 .x ds wd K C =  (3.12) 

where .dsK is the hydrous compressibility factor estimated from experiment. 

The structural changes of the rubber sheet during drying period are correlated 

to the moisture removal in the rubber sheet. An isotropic shrinkage model is assumed 

for the rubber. The local total strain or total displacement  d  is a function of the 

mechanical strain  sd  and the shrinkage strain  0d  due to the moisture loss [16]. 

      0sd d d  = +  (3.13) 

The changes in stress  d  is a function of changes in mechanical strain  sd . 

     sd D d =  (3.14) 
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The changes in stress is a function of changes mechanical strain. Here  D is the 

stress-strain matrix containing the Young Modulus 

The formulated virtual work principle is used to obtain the equilibrium 

equation necessary to complete the structural mechanics model which is written as: 

     0
T

s
V

d d dV   =  (3.15) 

  is the displacement variation, V  is the rubber sheet volume and the 

superscript T represents the transpose of matrix. 

3.1.2 Computational domain of a rubber sheet drying chamber 

The flow fields, and heat and mass transfer of rubber sheet in a rubber sheet 

drying chamber model using conjugate approach are studied. Computational domain 

used for numerical investigation with the boundary conditions in the chamber is 

presented in Fig. 3.1. The initial conditions are shown in Table 3.1.  

 

Figure 3.1 Schematic diagram of the computational domain and boundary 

conditions for numerical investigation. 
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Table 3.1 Parameters exploited for simulation. 

Name  Value  

rubber density 920 (kg/m3) 

Operating pressure Po 101325  

Rgas 8.314472 

Porosity  

Young modulus  

0.3 

1e7 Pa 

Poison Ratio 0.498 

Heat capacity  1888 J/(kg.K) 

Thermal conductivity 0.13 

Coefficient of thermal      

 expansion 

1.52e-6 1/K 

Temperature )T0(  289 K 

Moisture content on a dry 

 basis )Xb0( 

0.4 

Temperature )T0( 333 K 

Relative humidity )Ux0(   50% 

Velocity in x and y 

 directions )ux0, uy0(  

0, 2.5 m/s 

 

3.1.3 Mesh Refinement study 

The mesh refinement study is done using four physics-controlled (default 

mesh sizes generated by the software) mesh sizes: normal, fine, extra fine and 

extremely fine. The quality of the mesh is dependent on the average element quality 

[61]. Because of the computational requirement )Large memory( for the conjugate 

problem, the extra fine mesh was exploited. 

3.1.4 Simulation procedure 

The 2D time dependent model is solved. The flow in the drying chamber (Eq. 

3.1 and 3.2) are solved using the laminar flow module. The fluid inside drying 
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chamber occur at the transition to turbulence with Reynolds number of 3519.4, which 

falls in the transition regime. However, the problem is simulated under the laminar 

flow condition. This is because of the complexity of the domain under study. 

Equations (3.3) and (3.4) refer to the energy and mass balance, respectively. They are 

solved using heat transfer in fluid and transport of dilute species module. In 

accounting for the shrinkage in the rubber sheet, solid mechanics module, transport of 

diluted species in porous media and heat transfer in solid module are employed Eq. 

(3.5) to (3.14). A second order discretization was assumed for the material and spatial 

domains. The relative and absolute tolerance of 0.01 and 0.001 was assumed. Implicit 

time stepping scheme is used in the solution of the PDEs systems [16]. The simulation 

was done using COMSOL multiphysics V. 4.4. 

3.2 Experiment and Experimental analysis 

Natural rubber sheets are obtained from Saikao rubber cooperative )N 7o 10’ 

32’’: E 100o 36’ 52’’( situated in the Muang District, Songkhla Province, Thailand. 

The average area of each sample rubber sheet is about 0. 5 m×1. 0 m. The ASABE 

1988 method was used in the determination of the moisture content [72]. The drying 

chamber with dimension of 1.5 m×0.8 m×0.2 m is used for the experiments and is 

shown in Fig. 3.2. Three (800-W each) and one (500-W) electrical heaters are used to 

heat the inlet air and water inside the water compartment, respectively.  The water 

compartment with dimension of  0 .7  m×0.4  m×0.4  m is used to control the relative 

humidity of the hot air. 

 A 400-W blower is installed at the exhaust duct to control the air flow inside 

the drying chamber and continuously remove the humid air from the chamber.  The 

exhaust hot air is also recirculated through the recirculation duct for waste heat 

recovery.  Experimentations have been conducted in a drying chamber for 4  rubber 

sheets. The temperatures at nine locations (T1 to T9) as shown in Fig. 3.3 and Table 

3.3 are measured by Type-K thermocouples and recorded by a data logger (Data-

Taker, DT 605) with an accuracy of +1°C.  Relative humidity is measured by a 

humidity sensor at the inlet (RH1) and outside the drying chamber (RH2) (Fig. 3.3). 

The velocity inside the chamber (V1) is measured by the vane type anemometer in the 

position as shown in Fig. 3.3.  
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Weight of four rubber sheets samples are measured by a load cell (A&D 

Company, AD-4329A) of accuracy ±1g to calculate the average moisture content of 

rubber sheet. To investigate the time evolution of the shrinkage behavior based on a 

previous experimental study on rubber sheet shrinkage [73], the thickness of the 

rubber sheets samples are monitored using a micrometer screw gauge (Mitutoyo, 

MES4117/3) of accuracy ± 0.01 mm. Moreover, the variation in the thickness of the 

dried sheets are measured by a confocal laser scanning microscope or CLSM )FV300, 

Olympus, JAPAN(  to obtain image and calculate the corresponding thickness of the 

rubber sheet samples before and after the drying process. Three rubber sheet samples 

) #1, #2, #3(  at different vertical positions are cut from one rubber sheet for CLSM 

testing,  as shown in Fig. 3.3 and the weights are measured by a precision balance 

)Shimadsu, accuracy of ±0.01 g(. To achieve the validation of the present model, the 

experimentations have been conducted under operating conditions of air temperature, 

inlet velocity, average relative humidity of 333K, 2.5 m/s, 60%, respectively. 

 

Figure 3.2 Experimental setup. 
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Figure 3.3 Experimental set up displaying locations of thermocouples and relative 

humidity probe. 

Table 3.2 Description of measurement positions of the experimental setup 

Position  Description  

T1 Thermocouple base inlet 

T2 Thermocouple at water heater compartment inlet 

T3 Thermocouple at drying chamber inlet 

T4 Thermocouple at bottom plane inside the drying 

chamber 

T5 Thermocouple at middle plane inside the drying 

chamber 

T6 Thermocouple at Top plane inside the drying chamber 

T7 Thermocouple at drying chamber outlet 

T8 Thermocouple at recirculated air position 

T9 Thermocouple at exhaust air position 

RH1 Ambient Relative humidity sensor 

RH2 Inside Relative humidity sensor 
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3.3 Statistical analysis 

The assessment of the simulated results with experimental values are 

evaluated using the coefficient of determination (R2) and root-mean-square error 

(RMSE) [74]. The collected experimental data are used to ascertain the validity of Eq. 

)3.10( and to estimate the value of hydrous compressibility factor 𝐾𝑑𝑠 to be exploited. 

The free drying shrinkage strain components 0xd  of the thickness is calculated as: 

 ( )0 0 0/x x x xd t t t = −  (3.16) 

Where 0xt indicates the values of rubber sample thickness measured at the beginning 

of the drying process and xt  is the instantaneous thickness [16]. Assuming that the 

decrease in natural rubber weight could be ascribed to water evaporation, the 

corresponding time variation of water concentration, 𝑑𝐶𝑤 is estimated on the basis of 

the difference between the measured value of sample weight and its initial weight. 

The final percentage of shrinkage of the rubber sheet sample is defined from [73]: 

      Shrinkage (%) = (initial thickness- final thickness) / (final thickness) ×100 (3.17) 

The experimental and linear fitting of 0xd  vs wdC are shown in Fig.  3.4. 

The calculated slopes suggest a nearly constant value of dsK . The estimated value of 

1.52×10-5 was used in the numerical simulations to predict the shrinkage behavior of 

rubber samples during convective drying./ 
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Figure 3.4 Linear fitting of dεx0 vs. dCw for the tested experimental conditions. 
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CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 Numerical modelling results 

In this section, comprehensive results generated from the numerical simulation 

using COMSOL Multiphysics version 4.4 including mesh refinement and results of 

velocity, temperature, moisture content, shrinkage stress and strain profiles are 

presented. Finally, validation with experimental data where needed is also included in 

this section. 

4.1.1 Mesh refinement results 

Summary of the mesh sizes, the corresponding degree of freedom and average 

element quality used in the simulation are outlined in Table 4.1. The evaluation of 

each mesh sizes using the variation in the moisture content is also shown in Fig. 4.1. 

Mesh refinement study was carried out using four physics-controlled mesh sizes: 

normal, fine, extra fine and extremely fine. The quality of the mesh is dependent on 

the average element quality )a criterion for grid dependence check in COMSOL( of 

the elements [61]. That is, the higher the average quality, the more accurate the 

solution and more memory and computational time required. 

Table 4.1 Mesh refinement study parameters. 

Mesh Number of 

Elements 

Degree of Freedom Average 

Element 

Quality 

Normal  11804 160976 0.8916 

Fine 20496 278974 0.9089 

Extra fine 94252 1277948 0.9287 

Extremely fine 178424 2331554 0.9576 
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Figure 4.1 Grid evaluation using the moisture content variation. 

 

4.1.2 Flow field distribution with shrinkage inside drying chamber 

The conjugate time evolution of the flow field with the proportionate 

shrinkage is shown in Fig.  4.2.  The streamlines of the flow field are represented by 

white lines while the initial surface of the rubber sheet before drying is represented by 

a single black line and a symbol Ω (Fig. 4.2).  The progressive displacement of the 

rubber sheet is a ratio of shrinkage per unit of the original thickness (𝜏 = 𝛿 𝑡⁄  where 𝛿 

is the displacement and 𝑡 is the original thickness) at different time steps as shown in 

Fig.4 .2 . The rubber sheet thickness was zoomed at three locations as shown in Fig. 

4 .2  for clarity. At the initial time (0 hour), the flow as represented by the streamline 

patterns (in white color) are scattered in different directions in relation to other time (1 

hour, 12 hours, and at the end 46 hours). It is assumed that at the initial time, the flow 

is not fully forced convective but more of natural convection as a result of  the initial 

starting of the blower. From the surface plot, the velocity at the initial time was 

almost zero and hence, τ is approximately zero.  

At 1st hour, it can be seen that shrinkage has increased progressively (with τ = 

0.057) since it is in the constant drying rate period when the moisture content reduced 

rapidly.  Also, at the 12th and 46th hours (the end of drying) τ becomes 0.079 and 

0.089, respectively. The shrinkage variation with time is slower because the moisture 

removal at this period (falling drying rate period) is gradually decreased. On a closer 
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examination, air streamlines profile at the 1st to 46th hours changed significantly 

especially around the rubber sheet interface with the surrounding air  

From the 1st to 46th hour, air flow at the leading edge of the rubber sheet 

interface with the air is rapid )from the surface plot profile) and is reduced gradually 

as the flow moves up to the trailing edge )Fig. 4.2(. These flow patterns could be 

attributed to the drag forces developed along the rubber sheet interface with the 

drying air. On the actual domain, it is observed that the velocity distribution inside the 

drying chamber is almost constant at an average value of 2. 5 m/ s (estimated value 

from experiment).  The thickness reduces progressively as the rubber sheet is being 

dried in the drying chamber.  The initial interface (black line) of the rubber sheet is 

gradually replaced by the flow field of air streamlines. The heat and mass transfer at 

the rubber sheet surface is strongly affected by isotropic modification of the shape of 

rubber sheet and the consequent variation of the velocity profile.  This approach thus 

provides a reliable basis for the prediction of the actual structural changes occurring 

during rubber sheet drying.  The maximum shrinkage percentage of 8.9% obtained 

from simulation was achieved at the final drying time.  
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Figure 4.2 Expansion illustration of the time evolution of flow field and the calculated 

streamlines accounting for rubber sheet shrinkage. 

 

4.1.3 Moisture content distribution of rubber sheet 

The time evolution of moisture content distribution developed within the 

rubber sample during the drying process is shown in Fig. 4.3. The moisture content Xb 

is on dry basis.  initial MC )Xb0( is 0.4 kg of water/kg dried rubber sheet. At the initial 

stage of drying (0 hr), the moisture content variation across the rubber sheet is 

assumed to have a negligible difference between the core and the outer surfaces. 

Moisture content is highest at the core and it reduces in the direction toward the 

edges.  Drying at the external surfaces exposed to free air, is more rapid than that in 

the inner regions. This implies that the water movement from the center to the surface 

is lower than the rate of evaporation on the external surfaces. The variation of water 

from the outer to the inner core as shown in Fig. 4.4. shows that more water are 

trapped at the core than at the outer region of the rubber sheet.  
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Figure 4.3 Time evolution of moisture content variation. 

 

 

Figure 4.4 Moisture content variation across rubber sheet thickness. 
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Experimental and simulation results of the Xb are in a good agreement, as 

shown in Fig. 4.5. In terms of statistical analysis, the maximum error, average error, 

R2 and RSME are 3.31%, 0.65%, 0. 9809 and 0. 0196, respectively.  Hence, the 

shrinkage approach shows an improvement in the formulated predictive model for the 

MC profile (Fig. 4.3) when compared to earlier study with no consideration of 

shrinkage effect. 

 

Figure 4.5 Comparism of numerical simulation and experiment for moisture content. 

 

4.1.4 Temperature distribution across rubber sheet 

The time evolution of the temperature developed in the rubber sheet during 

drying is shown in Fig. 4.6. At the initial period of drying the temperature in the 

rubber sheet rose drastically and then became relatively constant at 333K which the 

set temperature for is the drying. The temperature variation across the rubber sheet 

thickness (x-direction) at the end of drying (46th hour) is shown in Fig. 4.7. It is 

observed that the outer temperature is higher. This is largely due to the direct impact 

of the operating conditions (applied velocity, temperature and RH) on the outer 

surface than the inner core.  
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Figure 4.6 Time evolution of temperature developed in the rubber sheet during 

convective drying along x- axis. 
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Figure 4.7 Temperature variation across rubber sheet thickness along the x- axis. 

 

4.1.5 Shrinkage deformation 

The time evolutions of the first principal shrinkage stress and strain tensor 

developed within the rubber sample are shown in Figs. 4.8(a) and (b), respectively. 

The methodology and equations used to obtain the profile of the rubber sheet 

shrinkage are as detailed in section 3.1.4. During the initial stages of drying, the stress 

and strain distributions are almost zero except on the outer edges which were 

constantly impinged by air. Hence, external surface of the rubber sheet has faster 

moisture removal and consequently larger shrinkage rate. The increased moisture 

gradients (Fig. 4.3) lead to a non-uniform distribution of the strain and is responsible 

for the corresponding decrease in the structural mobility of natural rubber and further 

engenders the development of either tensional stresses or compressive stresses in the 

natural rubber. With progression in drying, the rubber sample surfaces attempted to 

shrink but with restriction from the wet core.  

The stresses developed in the rubber sheet as shown in Fig. 4.8(a) can be seen 

to be largely a compressive force, which in essence shows why shrinkage is occurring 

in the rubber sheet. From Fig. 4.8(b), the outer surfaces were subjected to tension 

(positive sign), while the wet core was subjected to compression (negative sign). The 
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extensive tensile stresses might lead to the formation of possible crack on natural 

rubber surface, which could consequently cause damage with an improper operating 

condition during drying. It could also be observed that during the falling drying rate 

period, rapid moisture content decrease led to a significant shrinkage in the  natural 

rubber [16, 75].  

The strains and stresses developed within natural rubber samples as a result of 

moisture removal may provide useful insights on the mechanical properties of the 

natural rubber sheet. These can be used as evaluation criteria for natural rubber sheet 

quality. It can also pave way for optimization of the natural rubber sheet drying 

process and prevent the formation of bubbles and cracks as a result of the variation in 

the stresses developed in the rubber sheet [73]. In addition, the numerical model 

formulated can be used in locating regions where water activity could engender 

microbial spoilage.  
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 (b) 

Figure 4.8 Time evolution of (a) first principal shrinkage stress and (b) shrinkage 

strain tensor in x direction. 

 

4.1.6 Shrinkage verification 

The rubber sheet thickness was investigated using confocal laser scanning 

microscope (CLSM). The CLSM images of rubber sheet samples before and after 

drying are shown in Fig. 4.9. Figs. 9(a) and (b) show the rubber sheet thickness of 

sample #1 before and after drying while Figs. 9(c) and (d) show the thickness of 

sample #2 and #3 only after drying as outlined in Fig. 3.3. The CSLM images after 

drying further justify that cracks formed after drying could be because of the uneven 

stresses in the dried rubber sheet as displayed in Figs. 4.9 (b)–(d). It can be observed 

that the different cracks formed after the drying could result in the damage and 

bubbles developed in those regions. The initial and final thickness was also calculated 

from the CLSM scan image. 
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Figure 4.9 CLSM scan images (a) before drying: position 1 (b) after drying: position 1 

(c) after drying: position 2 (d) after drying: position 3. 

 

Experimental validation of the numerical simulation was carried out for the 

considered operating conditions. The model prediction and the corresponding 

experimental points expressing the time evolution of rubber sheet thickness are shown 

in Fig. 4.10. Agreement between experimental and simulation results is good with 

slight difference in the thickness variation. The regoins with the big diffences are due 

to the rapid evolution of the water out of the rubber sheet at the constant drying rate 

p e rio d . T h e  In terms of statistical analysis, the maximum error, R2 and RSME are 

0.006%, 0. 9991 and 0. 0091, respectively.  The percentage shrinkage from the 

experiments, simulation (Eq. 17) and CLSM scan are found to be 9.1% , 8 .9 %  and 

13.6% , respectively.  This confirms the significance of rubber sheet shrinkage when 

being dried. 
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Figure 4.10 Shrinkage model prediction and experimental validation. 

 

4.2 Experimental results 

Summary of the designed experimental results obtained at different operating 

conditions is shown in Table 4.2. The experiments conducted have been sectioned 

into four groups to study the effect of the different parameters. Velocity was varied 

from 1.5 m/s to the maximum value of 4.0 m/s in Experiment 1 while temperature and 

inlet air relative humidity were kept constant at 60oC and 40%, respectively, to study 

effects of air velocity. In Experiment 2, the temperature was increased over regularly 

operated 60oC to investigate the highest possible operating temperature. Elevated 

temperature at 65 oC was set in Experiment 3 and the velocity was varied. Finally, the 

best condition was confirmed and relative humidity was varied.  

Table 4.2 Summary of the experimental conditions. 

Experiment Experiment Temperature oC Ideal inlet RH Velocity 

Exp. 1 1.1 60 40 1.5 

 1.2 60 40 3.0 

 1.3 60 40 3.5 

 1.4 60 40 4.0 

Exp. 2 2.1 65 40 4.0 

 2.2 70 40 4.0 
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Experiment set 1: Effects of velocity at 60oC and 40% RH 

#1.1 Velocity at 1.5 m/s  

The temperature distribution, relative humidity (RH) and moisture content 

profile are presented in Figs. 4.11, 4.12, and 4.13, respectively. The average 

temperature at T6, T5 and T4, were 55.8oC, 58.3oC and 58.9oC, respectively. 

Differences in the of average temperatures between any planes were negligible. The 

total average temperature was 57oC. 

 

Figure 4.11 Temperature distribution in the chamber at 1.5 m/s, 40% RH, and 60oC. 

 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) is shown in Fig. 4.12. Relative humidity inside drying room was set to 40% 

RH but with the limitation in keeping the relative humidity constant which can be 
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seen from the wavelike profile of the RH, the average RH obtained is 39%. The value 

of the RH obtained could be due to the high initial moisture in the rubber sheets. The 

heated water and the recirculation duct were used in regulating the inside RH. 

Average RH2 was 62%. 

Figure 4.12 Inside (RH1) and ambient relative humidity (RH2) at 1.5 m/s, 40% RH, 

and 60oC. 

 

Average percentage dry basis moisture content (MC) of four samples of 

rubber sheets is shown in Fig. 4.13. The MC decreased in an exponential manner from 

an initial 43 % db to a final 3% db in 53 hours. The final moisture content obtained 

was largely due to the regulation of the inside RH in the dryer, hence, the moisture 

content could not be reduced further. The dried samples of rubber sheets had bright 

gel texture, brown yellow color and without air bubble and granule. The rubber sheet 

quality was good. 
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Figure 4.13 Moisture content evolution with time at 1.5 m/s, 40% RH, and 60oC. 

 

#1.2 Velocity at 3.0 m/s 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.14, 4.15, and 4.16, respectively. The average temperature at 

the top, middle and bottom plane were 55.2oC, 55.5oC and 55.5oC respectively. 

Differences in the of average temperatures between any planes are negligible. The 

total average temperature is 55oC. The temperature variations were minimized largely 

due to the temperature control systems installed in the dryer. 

 

Figure 4.14 Temperature distribution in the chamber at 3.0 m/s, 40% RH, and 600C. 
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The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.15. Relative humidity inside drying room was set to 40% 

RH but the average obtained value of RH1 was 31%. The heated water and the 

recirculation duct were used in regulating RH1. Average RH2 was 79% due to the 

prevalence of rainfall during the period of the experiment. 

 

Figure 4.15 Inside (RH1) and ambient relative humidity (RH2) at 3.0 m/s, 40% RH, 

and 600C. 

Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.16. The MC decreased from an initial 37.3% db to a final 0.5% db in 46 hours. 

The reduced final moisture content was due to reduction in the holding relative 

humidity inside the chamber. The rubber sheet quality was good. 
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Figure 4.16 Moisture content evolution with time at 3.0 m/s, 40% RH, and 600C. 

 

#1.3 Velocity at 3.5 m/s 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.17, 4.18, and 4.19, respectively. The average temperature at 

the top, middle and bottom plane were 56.2oC, 56.6oC and 56.5oC, respectively. 

Differences in the of average temperatures between any planes were almost same. The 

total average temperature was 56oC.  

 

Figure 4.17 Temperature distribution in the chamber at 3.5 m/s, 40% RH, and 60oC. 
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The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.18. RH1 was set to 40% RH but the average obtained value 

was 33%. The heated water and the recirculation duct were used in regulating RH1. 

Average RH2 was 75%. 

 

Figure 4.18 Inside (RH1) and ambient relative humidity (RH2) at 3.5 m/s, 40% RH, 

and 600C. 

Average percentage dry basis MC is shown in Fig. 4.19. The MC decreased 

from an initial 35.1% db to a final 1% db in 43 hours. The dried samples of rubber 

sheets were of good quality. 
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Figure 4.19 Moisture content evolution with time at 3.5 m/s, 40% RH, and 600C. 

 

#1.4 Velocity at 4.0 m/s 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.20, 4.21, and 4.22, respectively. The average temperature at 

the top, middle and bottom plane were 55.2oC, 55.1oC and 55.4oC, respectively. 

Differences in the of average temperatures between any planes were negligible. The 

total average temperature was 55oC. 

 

Figure 4.20 Temperature distribution in the chamber at 4.0 m/s, 40% RH, and 60oC. 
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The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.21. RH1 was set to 40% RH but an average RH 31% was 

actually obtained. The heated water and the recirculation duct were used in regulating 

RH1. Average RH2 was 70%. 

 

Figure 4.21 Inside (RH1) and ambient relative humidity (RH2) at 4.0 m/s, 40% RH, 

and 600C. 

 

Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.22. The MC reduced progressively from an initial 32.9% db to a final 0.6% db 

in 40 hours. The dried samples of rubber sheets have bright gel texture, brown yellow 

color and without air bubble and granule.  
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Figure 4.22 Moisture content evolution with time at 4.0 m/s, 40% RH, and 600C. 

Effects of the drying air velocity at 40% RH, and 600C are summarized in 

Table 4.3 and Fig. 4.23. High drying air velocity lowered the drying time. The quality 

of the dried sheets for all the conditions were good. Hence, drying at the highest 

obtainable velocity of 4.0 m/s from the system gave the optimal drying time as one 

could expect. From Table 4.3, it was observed that the least drying time was 40 hours 

at the highest obtainable velocity of 4.0 m/s. Fig. 4.23 shows that the MC evolution 

was more drastic for velocity of 4.0 m/s compared to the lower values of velocities 

and hence, the least drying time. 

Table 4.3 Influence of velocity variation on drying time and rubber sheet quality at 

60oC and 40% RH. 

Exp. 

S/N T oC 

Ideal 

inlet RH 

Velocity 

m/s 

Time 

(hours) 

Realized 

Average 

Inlet RH% 

Final 

MC 

db% 

 

Quality 

Exp. 1 1.1 60 40 1.5 53 39 3 Good 

 1.2 60 40 3.0 46 31 0.5 Good 

 1.3 60 40 3.5 43 33 1 Good 

 
1.4 60 40 4.0 40 31 0.6 Good 
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Figure 4.23 Moisture content profile with time at varying velocity. 

 

Experiment set 2: Effects of Temperature at 4.0 m/s and 40% RH  

In the preceding experiments, temperature and relative humidity were kept 

constant at 60oC and 40%, respectively. It was found that velocity can be increased to 

the maximum capacity of the dryer at 4.0 m/s without deteriorating quality of the 

rubber sheets under drying process. In this section, the velocity is kept maximum at 

4.0 m/s and relative humidity was maintained at 40%. Temperature was increased to 

determine the maximum temperature allowed. 

#2.1 Temperature at 65oC. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.24, 4.25, and 4.26, respectively. The average temperature 

(Fig. 4.24) at the top, middle and bottom plane were 59.9oC, 60.3oC and 58.6oC, 

respectively. However, the differences in the average temperatures between any 

planes were negligible. The total average temperature was 60oC. 
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Figure 4.24 Temperature distribution in the chamber at 4.0 m/s, 40% RH, and 650C. 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.25. The average RH1 of 22.3% was actually obtained. The 

heated water and the recirculation duct were used in regulating the inside RH. 

Average RH2 was 79.9%.  

 

Figure 4.25 Inside (RH1) and ambient relative humidity (RH2) at 4.0 m/s, 40% RH, 

and 650C. 
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Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.26. The MC decreased from an initial 29.2% db to a final 0.4% db in 37 hours. 

The dried samples of rubber sheets have large bubbles formed on them as shown in 

Fig. 4.27. Hence, this is unsuitable condition for drying. 

 

Figure 4.26 Moisture content evolution with time at 4.0 m/s, 40% RH, and 65oC. 

 

 

Figure 4.27 Rubber sheets with bubbles formed at 4.0 m/s, 40% RH and 65oC. 
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#2.2 Temperature at 70oC. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.28, 4.29, and 4.30, respectively. The average temperature at 

the top, middle and bottom plane were 58.7 oC, 59.8 oC and 61.6 oC, respectively. 

However, the differences in the of average temperatures between any planes were 

negligible. The total average temperature was 60 oC. 

 

Figure 4.28 Temperature distribution in the chamber at 4.0 m/s, 40% RH, and 700C. 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.29. RH1 was set to the lowest possible RH with an average 

RH1 of 21% actually obtained. The heated water and the recirculation duct were used 

in regulating RH1. Average RH2 obtained was 75%.  
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Figure 4.29 Inside (RH1) and ambient relative humidity (RH2) at 4.0 m/s, 40% RH, 

and 700C. 

 

Figure 4.30 Moisture content evolution with time at 4.0 m/s, 40% RH, and 700C. 

 

Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.30. The MC decreased from an initial 30.1 % db to a final 0.3% db in 28 hours. 

The lowest time achieved in all the experiment, but with the large bubbles developed 

as shown in Fig. 31. The condition is unsuitable for the quality of the rubber sheets. 
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Figure 4.31 Rubber sheets with bubbles formed at 4.0 m/s, 40% RH and 70oC. 

The influence of temperature on the drying time at the highest velocity 

obtainable in the experiment 4.0 m/s and the RH of 40% are summarized in Table 4.4 

and Fig. 4.32. The falling drying rate period at 70°C was the most drastic and thus 

have the least drying time of 28h. However, the quality of the rubber sheets at 70°C 

was bad and hence drying at 70°C is unsuitable for rubber sheets. At 65°C and 4.0 

m/s velocity, the drying time is 37 hours and the rubber sheets quality are equally 

compromised. Lastly, from the two experimental results, it can be concluded that 

drying at temperature of 65°C and 70°C at the highest system velocity of 4 m/s are 

unsuitable rubber sheet due to bubble formation on the rubber sheets due to 

excessively high temperature. The numbers of bad sheets from the experiments were 

2 and 3 for temperatures 65°C and 70°C, respectively. 
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Table 4.4 Influence of temperature variation on drying time at 4. m/s and 40% RH. 

Exp. T oC 

Ideal 

inlet 

RH 

Velocity 

(m/s) 

Time 

(hours) 

Realized 

Average 

Inlet RH% 

Final 

MC 

db% 

Quality  

2.1 65 40 2.5 38 18 0.4 Not  good (2 sheets) 

2.2 65 40 3.0 39 18 0.4 Not  good (3 sheets) 

 

  

Figure 4.32 Moisture content variation at varying temperature. 

 

Experiment set 3: Effects of velocity at 65oC and 40% RH 

From preceding two sets of experiments, the fastest drying condition that 

maintains good quality of the rubber sheets was 60oC, 4.0 m/s and 40% RH. Drying 

time was 40 hours. In this section, the temperature 65oC and relative humidity was 

maintained at 40% to double check if the elevated temperature is suitable at lower 

velocity. Velocity was increased to determine the maximum velocity allowed for 

quality rubber sheet at 65oC 
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#3.1 Velocity at 2.5 m/s. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.33, 4.34, and 4.35, respectively. The average temperature at 

the top, middle and bottom plane were 58.7oC, 58.9oC and 59.4oC, respectively. 

Differences in the of average temperatures between any planes were negligible. The 

total average temperature was 59oC. 

 

Figure 4.33 Temperature distribution in the chamber at 2.5 m/s, 40% RH and 

65oC. 

 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.34. Average RH1 is 17.8%. The heated water and the 

recirculation duct were used in regulating the RH1. Average RH2 was 63.7%.  
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Figure 4.34 Inside (RH1) and ambient relative humidity (RH2) at 2.5 m/s, 40% RH 

and 65oC. 

 

Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.35. The MC decreased from an initial 27% db to a final 0.4% db in 38 hours. 

The dried samples of rubber sheets have bubbles developed in them.  

 

Figure 4.35 Moisture content evolution with time at 2.5 m/s, 40% RH, and 65oC. 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40

R
H

%

Time (hour)

RH1

RH2

0

5

10

15

20

25

30

0 10 20 30 40

M
C

 d
b

%

Time (hour)



57 

 

#3.2 Velocity at 3.0 m/s.  

 The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.36, 4.37, and 4.38, respectively. The average temperature 

(Fig. 4.36) at the top, middle and bottom plane were 58.9oC, 59.5oC and 60.0oC, 

respectively. However, the differences in the of average temperatures between any 

planes were negligible. The total average temperature was 60oC. 

 Figure 4.36 Temperature distribution in the chamber at 3.0 m/s, 40% RH and 65oC. 

 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.37. Average RH1 is 18.5%. The heated water and the 

recirculation duct were used in regulating the RH1. Average RH2 was 67.8%.  
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 Figure 4.37 Inside (RH1) and ambient relative humidity (RH2) at 3.0 m/s, 40% RH 

and 65oC. 

 

 Average percentage dry basis MC of four samples of rubber sheets is shown 

in Fig. 4.38. The MC decreased from an initial 28 % db to a final 0.4% db in 39 hours. 

The dried samples of rubber sheets have bubbles developed in them.  
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Figure 4.38 Moisture content evolution with time at 3.0 m/s, 40% RH and 65oC. 

 

#3.3 Velocity at 3.5 m/s. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.39, 4.40, and 4.41, respectively. The average temperature 

(Fig. 4.39) at the top, middle and bottom plane were 55.8oC, 56.6oC and 57.7oC, 

respectively. However, the differences in the of average temperatures between any 

planes are negligible. The total average temperature was 57oC.  
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Figure 4.39 Temperature distribution in the chamber at 3.5 m/s, 40% RH and 65oC. 

 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.40. Average RH1 was 18.8%. The heated water and the 

recirculation duct were used in regulating RH1. Average RH2 was 68.3%.  

 

Figure 4.40 Inside (RH1) and ambient relative humidity (RH2) at 3.5 m/s, 40% RH 

and 65oC. 
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Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.41. The MC decreased from an initial 30% db to a final 0.4% db in 40 hours. 

The dried samples of rubber sheets have bubbles developed in them.  

 

Figure 4.41 Moisture content evolution with time at 3.5 m/s, 40% RH and 65oC. 

 

#3.4 Velocity at 4.0 m/s. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.42, 4.43, and 4.44, respectively. The average temperature 

(Fig. 4.42) at the top, middle and bottom plane are 60.3oC, 60.6oC and 60oC, 

respectively. However, the differences in the of average temperatures between any 

planes were negligible. The total average temperature was 60oC.  
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Figure 4.42 Temperature distribution in the chamber at 4.0 m/s, 40% RH and 65oC. 

 

The relative humidity in the forced convective dryer (RH1) and ambient 

(RH2) are shown in Fig. 4.43. Average RH1 is 19.2%. The heated water and the 

recirculation duct are used in regulating RH1. Average RH2 was 63.6%.  

 

Figure 4.43 Inside (RH1) and ambient relative humidity (RH2) at 4m/s, 40% RH and 

65oC. 
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Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.44. The MC decreased from an initial 27% db to a final 0.4% db in 35 hours. 

The dried samples of rubber sheets have bubbles developed in them.  

 

Figure 4.44 Moisture content evolution with time at 4m/s, 40% RH and 65oC. 

 

Effects of the drying air velocity at 65°C and 40% RH are summarized in 

Table 4.5 and Fig. 4.45. High drying air velocity lower the drying time. However, 

from the quality of experiment 3.2 to 3.4, It was observed that there is formation of 

bubbles on the rubber sheets. The number of bad sheets for experiment 3.2, 3.3 and 

3.4 were 1, 2 and 3, respectively. From Table 4.5, it was observed that the least drying 

time was 35 hours at the highest obtainable velocity of 4.0 m/s but the quality of the 

sheets was not good. The drying time of 38 hours though had good rubber sheet 

quality with no bubbles. Fig. 4.45 shows that the MC evolution was more drastic for 

velocity of 4.0 m/s compared to the lower values of velocities and hence, the least 

drying time. Thus, drying at velocity of 2.5 m/s is optimal drying in terms of the 

drying time and quality. 
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Table 4.5 Influence of velocity at 65oC and 40% RH on drying time. 

Exp. T oC 

Ideal 

inlet 

RH 

Velocity 

(m/s) 

Time 

(hours) 

Realized 

Average 

Inlet RH% 

Final 

MC 

db% 

Quality 

3.1 65 40 2.5 38 18 0.4 Good 

3.2 65 40 3.0 39 18 0.4 Not good (1 sheets) 

3.3 65 40 3.5 37 19 0.4 Not good (3 sheets) 

3.4 65 40 4.0 35 19 0.4 Not good (2 sheets) 

Figure 4.45 Moisture content variation with varying velocity at 65oC. 
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(Fig. 4.46) at the top, middle and bottom plane were 56.6oC, 56.9oC and 57.1oC, 

respectively. However, the differences in the average temperatures between any 

planes were negligible. The total average temperature was 57oC.  

 

Figure 4.46 Temperature distribution in the chamber at 4.0 m/s, 50% RH, and 60oC. 

Inside (RH1) and ambient relative humidity (RH2) are shown in Fig. 4.47. 

RH1 was set to 50% RH but with the limitation in keeping the relative humidity 

constant which can be seen from the wavelike profile of the RH, the average RH 

realized was 38%. The heated water and the recirculation duct were used in regulating 

RH1. Average RH2 was 76%. 
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Figure 4.47 Inside (RH1) and ambient relative humidity (RH2) at 4.0m/s, 50% RH, 

and 60oC. 

Average percentage dry basis MC of four samples of rubber sheets is shown in 

Fig. 4.48. The MC decreased in an exponential manner from an initial 34.2% db to a 

final 1.4% db in 47 hours. RH2 is one of the most important factors that determines 

the drying rate. The rubber sheet quality was good with no bubbles formed. 
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 Figure 4.48 Moisture content evolution with time at 4.0 m/s, 50% RH, and 60oC. 

 

#4.2 Relative humidity at 60% RH. 

The temperature distribution, relative humidity and moisture content profile 

are presented in Figs. 4.49, 4.50, and 4.51, respectively. The average temperature at 

the top, middle and bottom plane are 57.4oC, 56.2oC and 57.9oC, respectively. 

Differences in the of average temperatures between any planes were negligible. The 

total average temperature was 57 oC. 
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Figure 4.49 Temperature distribution in the chamber at 4.0 m/s, 60 RH, and 60oC. 

Inside (RH1) and ambient relative humidity (RH2) are shown in Fig. 4.50. 

RH1 was regulated at 60% RH but an average of 45% was actually obtained. The 

heated water and the recirculation duct are used in regulating RH1. Average RH2 was 

74%. 

 

Figure 4.50 Inside (RH1) and ambient relative humidity (RH2) at 4.0 m/s, 60% RH, 

and 60oC. 
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 Average percentage dry basis MC of four samples of rubber sheets is shown 

in Fig. 4.51. The MC decreased from an initial 36.2% db to a final 1.6% db in 58 

hours. The longer drying time is likely due to the increased holding RH. The rubber 

sheet quality was good. 

 

Figure 4.51 Moisture content evolution with time at 4.0 m/s, 60% RH, and 60oC. 

 

The relative humidity influence on drying time at 60oC and 4.0 m/s is 

presented in Table 4.6 and Fig. 4.52. 

Table 4.6 Influence of relative humidity on drying time. 

Exp. 

T 

oC 

Ideal 

inlet 

RH 

Velocity 

(m/s) 

Time 

(hours) 

Realized 

Average 

Inlet RH% 

Final 

MC 

db% 

Quality 

4.1 60 50 4.0 47 38 1.4 Good 

4.2 60 60 4.0 58 45 1.6 Good 
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Figure 4.52 Moisture content variation at varying relative humidity. 

 

The temperature and velocity in this set were kept constant at 60oC and 4.0 

m/s, respectively. Because of the limitation in keeping the inside RH constant 

throughout the experiments, realized RHs were 38 % and 45%. For the case of RH at 

45% drying rate was lower and the equilibrium moisture content was high at 1.6%. 

This is a result of the high holding RH in the system. For the case of 38%, the drying 

rate was increased and the EMC was lower at 1.4%. The lower EMC helps prevent 

microbial spoilage as a result of the reduced water activity in the rubber sheets. 

Hence, drying at the lowest possible RH is recommended for the best product and 

process optimizations. 

The summary of all the experiments with their results are shown in Table 4.7. 

Regards to the effect of individual condition on the drying time, drying at the lowest 

possible relative humidity reduces both the drying time and the equilibrium moisture 
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in Table 4.7, drying at temperature of 65oC with limit of 2.5 m/s was best for rubber 

sheet quality, as higher temperature and velocity affected the rubber sheets quality. 

The drying time was 38hours. For the second best condition, drying at temperature of 

60oC and velocity of 4.0 m/s (the highest achievable velocity from experiment) was 

good for the rubber sheets quality. The drying time was 40 hours.  

 Table 4.7 Summary of all experimental results. 

Exp. No T oC Ideal 

inlet RH 

Velocity 

(m/s) 

Time 

(hours) 

Realized 

Average 

Inlet 

RH% 

Final MC 

db% 

Quality 

Exp.1    1.1 60 40 1.5 53 39 3 Good 

            1.2 60 40 3.0 46 31 0.5 Good 

            1.3 60 40 3.5 43 33 1 Good 

            1.4 60 40 4.0 40 31 0.6 Good 

Exp.2     2.2 65 40 3.0 39 18 65 Not good 

(2 sheets) 

             2.1 65 40 2.5 38 18 65 Not good 

(3 sheets) 

Exp.3     3.1 65 40 2.5 38 18 0.4 Good 

              3.2 65 40 3.0 39 18 0.4 Not good 

(1 sheets) 

            3.3 65 40 3.5 37 19 0.4 Not good 

(3 sheets) 

            3.4 65 40 4.0 35 19 0.4 Not good 

(2 sheets) 

Exp.       4.1 60 50 4.0 47 38 1.4 Good 

              4.2 60 60 4.0 58 45 1.6 Good 
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CHAPTER 5  

CONCLUSION AND RECOMMENDATION 

5.1 Conclusions 

Numerical modelling and experiment to predict the shrinkage behavior of 

rubber sheets under convective drying using the finite element method have been 

carried out in the present study. Shrinkage percentage of about 9.1% was obtained for 

the operating condition. This proves that the shrinkage influence is significant and 

hence cannot be overlooked either in the real drying process or in the formulation of 

predictive models for natural rubber sheet drying. The predictive model can be used in 

quality index evaluation of the rubber sheet since the conjugate approach applied on 

the virtual work principle on the rubber sheet based on the operating parameter 

considered. Thus, the values and variation in the shrinkage stress and strain applied 

can provide insights on operating conditions that would predispose the rubber to 

formation of bubbles and damages. This can be better understood by using anisotropic 

shrinkage behavior. The experimental results are in good agreement with the 

simulation. R2 for moisture content and shrinkage are 0.9809 and 0.9991, while 

RSME are 0.0196 and 0. 0091. The creation of a more realistic relationship between 

the free shrinkage strain and water concentration variation is important to improve the 

formulated model. The inference from the experimental studies show that drying at 

temperature of 65oC at 2.5 m/s is optimal for best rubber sheet quality as higher 

temperature and velocity affected the rubber sheets quality. The initial and final 

moisture content is 27% db and 0.4% db with drying time of 38 hours. For the second 

best condition, drying at temperature of 60oC and velocity of 4.0 m/s is also good for 

the rubber sheets quality with a drying time of 40 hours. The optimal RH cannot be 

accurately quantified because of the limitation of regulating the RH in the present 

study. 

5.2 Recommendations 

To further improve the accuracy of the simulation, anisotropic shrinkage 

behavior needs to be considered for the rubber sheet drying. Viscoelastic model 

should be considered since it gives a more accurate model for rubber sheets. Also, the 
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Young modulus should be correlated to the variation in the moisture content for the 

time dependent study. Formulation of a variable dependent diffusion coefficient 

mathematical model should be considered instead of the constant used in Eq. (3.7). In 

regard to the drying system, the velocity should be increased by using a higher 

performance blower. Energy and exergy analysis of the system with recirculation 

ducts alongside the numerical analysis should be considered. Finally, 3D model 

would improve the simulation accuracy. 
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Plate A1: CLSM scanning and measurement of rubber sheet thickness. 

 

Plate A2: CLSM microstructural view of rubber sheet under analysis. 
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Plate A4: Fabricated rubber sheet drying system with the recirculation ducts. 

 

Plate A5: Insulated rubber sheet dryer under experiments. 
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1 

Historical and recent developments in natural rubber sheet drying 

technologies 

Clement Ajania,c, Anil Kumara,c, Racha Dejchanchaiwongb,c and Perapong 

Tekasakula,c* 

aDepartment of Mechanical Engineering,  

bDepartment of Chemical Engineering,  

cEnergy Technology Research Center(ETRC),  

Faculty of Engineering, Prince of Songkla University, Hatyai, Songkhla 

90112, Thailand 

Abstract  

Drying is essential part in the production of natural rubber sheet production .

Different types of rubber drying systems have been developed for production of good 

quality rubber sheet and efficient energy utilization .Natural rubber sheet quality is 

affected as a result of unsteady operating conditions during drying .The rubber quality 

can be enhanced by designing drying systems to stabilize the operating conditions 

which also reduce the drying time and energy consumption .Therefore, there is a need 

for an updated bibliographic research on the rubber sheet drying systems .Air dried 

and smoked ribbed methods have been used for the drying of natural rubber sheets. 

Fire wood is burnt to generate hot smoke to dry rubber sheet in smoke house while 

solar energy is used air dried sheets Tremendous efforts have been put in by 

researchers to develop, design, and test these systems over the years .Major research 

breakthroughs and developments on the drying of rubber sheet systems and 

technologies is presented in this review .Relevant study on state and development in 

rubber sheet drying technology and drying systems around the world are also 

presented . 

Keywords :Natural rubber sheet; Air drying; Smoked drying; Biomass; Solar 

energy; Rubber drying systems 
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2 

Applications of CFD Modeling in Natural Rubber Sheet Drying: A 

Review 

Clement Ajania,c, Anil Kumara,c, Racha Dejchanchaiwongb,c and Perapong 

Tekasakula,c* 

aDepartment of Mechanical Engineering,  

bDepartment of Chemical Engineering,  

cEnergy Technology Research Center(ETRC),  

Faculty of Engineering, Prince of Songkla University, Hatyai, Songkhla 

90112, Thailand 

Abstract  

Computational fluid dynamics (CFD) is an important modelling technique 

used in handling complex drying systems and process. It is used for the analysis of 

heat, mass, energy and exergy transfers of the drying process. CFD is a veritable tool 

for natural rubber drying process and system optimization. The modelling technique is 

pertinent for the development, improvement, analysing and prediction of the 

efficiency of various rubber drying systems. The drying behavior of natural rubber 

sheets are tested and predicted using CFD modelling. Several parameters such as the 

temperature, flow field, moisture content of rubber sheets have been investigated 

using CFD with others such as quality, shrinkage, capillary effect, color degradation 

and microbial spoilage of natural rubber yet to be explored. CFD modelling 

techniques for the air-dried sheet and ribbed smoke sheet for Natural Rubber drying 

are reviewed in this paper. The finite difference, finite volume and finite element 

method in relations to NR drying are considered. The merits, future scope and 

prospects of CFD modelling of Natural rubber are also discussed.  

Key words: Natural rubber, Drying, Review, CFD, ANSYS, COMSOL. 
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3 

Numerical Modelling of Heat and Mass Transfer: Influence of Shrinkage 

during Natural Rubber Sheet Drying 

Clement Ajania,b, Stefano Curciod, Racha Dejchanchaiwonga,c and 

 Perapong Tekasakula,b* 

aEnergy Technology Research Center, Faculty of Engineering, Prince of Songkla University, 

Hatyai, Songkhla 90112, Thailand 

bDepartment of Mechanical Engineering, Faculty of Engineering, Prince of Songkla 

University, Hatyai, Songkhla 90112, Thailand 

cDepartment of Chemical Engineering, Faculty of Engineering, Prince of Songkla University, 

Hatyai, Songkhla 90112, Thailand  

dLaboratory of Transport Phenomena and Biotechnology, Department of Computer Engineering, 

Modeling, Electronics and Systems, University of Calabria, 87036 Rende)CS(, Italy 

Abstract 

A theoretical model describing the transport phenomena with the shrinkage 

effect involved in rubber sheet drying is presented. The conjugate approach involving 

the simultaneous transfer of momentum, heat and mass in the drying chamber and 

rubber sheet is investigated by a computational fluid dynamics method. An isotropic, 

linear elastic model is assumed, and the shrinkage is correlated with the moisture 

content evolution in the rubber sheet. The Arbitrary Lagrangian-Eulerian (ALE) 

method is used to solve the two-dimensional problem in accounting for the shrinkage 

effect. The shrinkage percentage is estimated at 9.1% and the moisture content is 

reduced from 0.4 db to 0.05 db at average holding relative humidity of 60% within 46 

hours. The R2 for moisture content and shrinkage are 0.9809 and 0.9991, while RSME 

are 0.0196 and 0.0091, respectively. The formulated predictive model can be used as 

a quality index evaluation for rubber sheet and for drying process optimization. Water 

activity can also be used in locating regions that could be prone to microbial spoilage. 

The drying time is reduced compared to traditional drying of air dried sheet.  

Keywords: Shrinkage; Computational fluid dynamics; Heat and mass transfer; 

Air dried sheet, Moisture content. 
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4 

Drying  kinectics  and  parametric  study  of  rubbers  sheet  drying  

optmization 

Clement Ajania,b,Stefano Curciod, Racha Dejchanchaiwonga,c and 

PerapongTekasakula,b* 

aEnergy Technology Research Center, Faculty of Engineering, Prince of 

Songkla University, Hatyai, Songkhla 90112, Thailand 

bDepartment of Mechanical Engineering, Faculty of Engineering, Prince of 

Songkla University, Hatyai, Songkhla 90112, Thailand 

cDepartment of Chemical Engineering, Faculty of Engineering, Prince of 

Songkla University, Hatyai, Songkhla 90112, Thailand  

dLaboratory of Transport Phenomena and Biotechnology, Department of Computer 

Engineering, Modeling, Electronics and Systems, University of Calabria, 87036 

Rende)CS(, Italy 

Natural rubber is one of the major exporting products in Thailand. However, a 

few researches have been carried out on the operating parameters to ensure fast drying 

of this product. Design and fabrication of a laboratory scale, rubber drying chamber of 

0.7m×0.2m×2.0 m dimension, with a capacity of 4 rubbers in 2 rows and 2columns 

was carried out. Experimental work was set to vary the velocity, temperature, and 

relative humidity from 1.5 to 4.0 m /s, 60 to 70oC and 20 to 60% respectively. The 

inference from the experimental studies showed that drying at temperature of 60oC is 

optimal for best rubber sheet quality, as higher temperature affected the rubber sheets 

quality. Drying at high velocity of 4.0m/s gave the optimal result in terms of the time 

reduction. Lastly, drying at the lowest possible relative humidity reduces both the 

drying, the equilibrium moisture content and consequently reduces the water activity 

that could results in microbial spoilage while in storage. The optimal operating 

condition from the experiment was 65oC, 2.5 m/s and 31% for the temperature and 

velocity. The initial and final moisture content is 0.27db (%) and 0.6db (%) with 

drying time of 38 hours. The drying time was reduced compare to traditional drying 

of air dried sheet.  
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5 

A Finite Element Analysis of Temperature and Moisture 

distributions in Rubber Sheet during Forced Convective Drying 

Clement Ajani1,2, Stefano Curcio4, Racha Dejchanchaiwong1,3 and Perapong Tekasakul,2,* 

1 Energy Technology Research Center,  
2Department of Mechanical Engineering,  

3Department of Chemical Engineering,  

Faculty of Engineering, Prince of Songkla University, Hatyai, Songkhla 90112, Thailand  
4Laboratory of Transport Phenomena and Biotechnology, Department of Computer Engineering, Modeling, 

Electronics and Systems, University of Calabria, 87036 Rende)CS(, Italy 

Abstract 

The present work is aimed at formulating a theoretical model of the heat and mass 

developed in   rubber sheet under forced convective drying. The simultaneous heat and mass 

transfer of rubber sheet along with the momentum of flow under laminar conditions was 

investigated by a computational fluid dynamics (CFD) simulation. Half size of the drying 

room with a single rubber sheet is used in the 2D analysis. The velocity, and temperature is 

regulated at of 4.0 m/s and 60oC respectively. The system of non-linear time dependent partial 

differential equations is solved by Finite Elements Method. The expressions of physical and 

transport properties (air and rubber sheet) is formulated as functions of the local values of 

moisture content and temperature. The Velocity, temperature of the fluid, and moisture 

content profiles of rubber sheets is presented. Moisture content of the rubber sheets is 

accurately predicted, and agreement between the experimental and simulated results is 

acceptable. The proposed model therefore, represents a general tool capable of describing the 

behavior of rubber sheet under a wide range of process and fluid dynamic conditions.   

Keywords: Computational fluid dynamics; Rubber sheet drying; Moisture content; 

Momentum 
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