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Abstract—The characteristics of temperature distribution and 

electric field in a natural rubber glove (NRG) using microwave 

energy during microwave heating process are investigated 

numerically and experimentally. A three-dimensional model of NRG 

and microwave oven are considered in this work. The influences of 

position, heating time and rotation angle of NRG on temperature 

distribution and electric field are presented in details. The coupled 

equations of electromagnetic wave propagation and heat transfer are 

solved using the finite element method (FEM). The numerical model 

is validated with an experimental study at a frequency of 2.45 GHz. 

The results show that the numerical results closely match the 

experimental results. Furthermore, it is found that the temperature 

distribution and electric field increases with increasing heating time. 

The hot spot zone appears in NRG at the tip of middle finger while 

the maximum temperature occurs in case of rotation angle of NRG = 

60 degree. This investigation provides the essential aspects for a 

fundamental understanding of heat transport of NRG using 

microwave energy in industry. 

 

Keywords—Electric field, Finite element method, Microwave 

energy, Natural rubber glove. 

I. INTRODUCTION 

HE heating process is interesting method for produce 

natural rubber glove (NRG) to vulcanized latex rubber. 

The current process heating and drying gloves are used to hot-

air process. Such a process made heat transfer to the surface, 

distributing heat unevenly, time-consuming and emissions to 

the environment.  

Microwave energy is one heat source that is an attractive 

alternative over conventional heating methods because a 

microwave that penetrates the surface is converted into 

thermal energy within the material. Several advantages of 

microwave heating are high speed startup, selective energy 

absorption, instantaneous electric control, pollution-free 

environment, change power heating level immediately and 

high product quality [1]. Thermal conductivity and convection 
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which on heating or drying in a microwave heating is caused 

by the change of electromagnetic energy is the kinetic energy 

of the molecules within the material to be processed [2]. 

There are the previous studies on experimental and 

numerical simulation of microwave heating in rubber [3]-[5]. 

Some research studies of microwave pre-heating in natural 

rubber using a rectangular wave guide [6]-[7]. Makul and 

Rattanadecho [8] presented a new method to pre-cure natural 

rubber-compounding (NRc) by using microwave energy at a 

frequency of 2.45 GHz with a rectangular wave guide. 

Khamdaeng et al. [9] were studied deformation behavior of 

the combined infrared and hot-air vulcanized rubber glove, 

stress and stretch. 

A few studies considered both experimental and numerical 

simulation of microwave heating in a NRG using a three-

dimensional model, especially a detailed study of the 

parametric effect on heat phenomena. This is because 

complicated of the dielectric and thermal properties of NRG as 

affected by the electromagnetic field during heating process. 

In this study, the numerical and experimental analysis of 

temperature distribution and electric field in a NRG during 

microwave heating at a frequency of 2.45 GHz with 

microwave oven are investigated. The transient 

electromagnetic wave propagation equation coupled with the 

transient heat transfer equation is solved by using the finite 

element method (FEM). The model of NRG and microwave 

oven are modeled in a three-dimensional. The influences of 

position, heating time and rotation angle of NRG on 

temperature distribution and electric field are considered. The 

effects of variations of rotation angle of NRG from 0 degree, 

30 degree, 60 degree, 90 degree, 120 degree, 150 degree and 

180 degree on temperature distribution and electric field are 

systematically investigated. In addition, the position is chosen 

from A1 to A5. The presented results provide the necessary 

aspects for a basic understanding the transport of heat in a 

NRG during microwave heating in manufacturing of NRG. 

II. EXPERIMENTAL APPARATUS 

Fig. 1 shows the experimental apparatus for investigated the 

temperature distribution in a NRG during microwave heating. 

The frequency of microwave inside the microwave oven is 

2.45 GHz. Experimental setup by use ceramic hand-shaped 

former dipping in natural rubber for thickness 0.5 mm to make 

NRG. The NRG size M is selected in this study. The NRG 

placed in center of microwave oven. Dimension of the 

microwave oven waveguide area is 79 x 43 mm. The 
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temperature measured in experimental is using thermocouple 

K-type during microwave heating [10], [11]. The equipment 

setup and the position for measuring the temperature in NRG 

are shown in Figs. 1 (a) and (b), respectively. The recording 

during microwave operating uses the data logger for record 5 

point (A1-A5) of temperature position. The points A1-A5 for 

measuring the temperature distribution and the dimension of 

the NRG size M are shown in Fig. 2. The thermocouple K-

type is placed inside the NRG for measured temperatures at 

various heating times. 

The dimensions of a microwave oven cavity are 330 × 315 

× 225 mm. (axial: x, y, z, respectively) and used for the 

numerical simulation too. The microwave system generates a 

monochromatic wave by magnetron that operates a transverse 

electric (TE10) mode at a frequency of 2.45 GHz [8]. The 

microwave is transmitted along the z-direction of the 

microwave oven cavity. The magnetron with a various 

microwave power output radiates to the interior of microwave 

oven. The initial temperature of the NRG measured by 

thermocouples is =0T  
24°C at =t  0 s. The microwave 

power input of 100 W is selected in this study. These 

microwave power input used in the industry for microwave 

heating process. 
 

 

 

(a) 

 

 

(b) 

Fig. 1 Experimental apparatus (a) Equipment setup and (b) Position 

for measuring the temperature in NRG 

III. MATHEMATICAL MODELING 

The temperature distribution is corresponded to the electric 

field. This is because when an electric field propagates in the 

NRG, it is absorbed by the medium and converted into internal 

heat generation, which causes its temperature to rise. 

Therefore, the mathematical model consists of transient 

electromagnetic wave propagation equation coupled with the 

transient heat transfer equation. The system of governing 

equations as well as initial and boundary conditions are solved 

numerically using the FEM via COMSOL
TM
 Multiphysics. 

 

 

Fig. 2 The points A1-A5 for measuring the temperature distribution 

and the dimension of NRG 

A. Physical Model 

A three-dimensional model of NRG and microwave oven in 

numerical study has same dimensions in experimental study. 

The physical model for numerical analysis in a NRG during 

microwave heating is shown in Fig. 3. The NRG is subjected 

to a uniform microwave via a waveguide. Microwave 

irradiation can penetrate the NRG surface and is converted 

into thermal energy within the NRG. This results in a very 

rapid temperature increase throughout the NRG. In order to 

obtain a good approximation, a fine mesh is specified in the 

sensitive areas. To reduce the global mesh size, a mesh 

convergence test was performed. The number of elements 

where solution is independent of mesh density is found to be 

431,110. 

The influences of position, heating time and rotation angle 

of NRG on temperature distribution and electric field are 

investigated. The position A1-A5 is considered for measuring 

the temperature distribution. The heating times during 30 to 

180 s are selected. Results are obtained for a range of rotation 

angle of NRG from 0 to 180 degree. The rotation angles of 

NRG for numerical analysis are as shown in Fig. 4. 

B. Electromagnetic Wave Propagation Analysis 

The electromagnetic wave propagation in NRG is modeled 

on a three-dimensional and is calculated using Maxwell’s 

equations, which describe the interdependence of the 

electromagnetic field. To simplify the problem, the following 

assumptions are made: 

1) The mathematical model of heating of NRG by 

microwave in the TE10 mode is purposed. 

2) The absorbed energy by air in a microwave oven is 

negligible. 

3) The walls of the microwave oven and waveguide are 

impedance boundary condition. 

4) The model assumes that dielectric properties of NRG are 

constant. 

The general form of Maxwell’s equations for transverse 

electric wave (TE) mode is derived assuming a harmonic 

propagation and is simplified to demonstrate the electric field 

in a NRG [12]: 
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where E
�

 is electric field intensity (V/m), 
rµ  
is relative 

magnetic permeability (H/m), 
rε ′′′′  is relative dielectric 

constant, 
0ε = 8.8542 x10

-12
 (F/m) is permittivity of free 

space, fπω 2====  is angular frequency (rad/s), f  is frequency 

(Hz), σ  is electric conductivity (S/m), 2nr ====′′′′ε , n  is 

refractive index and 1−=j . 

The NRG subjected to microwave radiation in the 

microwave oven. Therefore, boundary condition for solving 

electromagnetic wave propagation in the propagation in the 

TE10 mode as follows:  

It is assumed that the NRG is subjected to a uniform 

microwave power input on the left side corresponded to the 

position of waveguide of microwave oven in the experimental. 

Therefore, at the left boundary of the considered domain, an 

electromagnetic wave propagation simulator employs are the 

port boundary condition with specified power density, the 

propagation constant by TE10 mode, as shown in Fig. 3 and as 

[13]: 
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where β  is propagation constant, a  = 73 mm is depth 

dimension of waveguide, c  = 3x108 m/s is speed of light and 

f  = 2.45 GHz is operating frequency of the microwave 

generator. 

The walls surface of the microwave oven and waveguide 

are impedance boundaries condition.  
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C. Heat Transfer Analysis 

Heat transfer analysis of the microwave heating in NRG is 

modeled in three-dimensional. The mathematical model in this 

study is shown in Fig. 3. To reduce complexity of the 

problem, the following assumptions have been offered into the 

heat transfer analysis: 

1) Corresponding to electromagnetic field, considering 

temperature distribution can assume to be three-

dimensional. 

2) There is no phase change of substance in the NRG. 

3) There is no chemical reaction in the NRG. 

4) The model assumes that thermal properties of NRG are 

constant. 

The heat transfer analysis is considered only in NRG. The 

initial condition of NRG is defined as =0T 24°C at =t  0 s as 

corresponds to the initial condition of NRG in experimental. 

The governing equation describing the heat transfer 

phenomenon can be written as: 

 

     
QTk

t

T
C p =∇−

∂
∂ 2ρ         (4)   

   

where ρ
 
is density (kg/m

3
), 

pC  is heat capacity (J/kg·K), 

T is temperature (oC), t  is time (s), k  is thermal conductivity 

(W/m·K) and Q  is external heat source term (W). 

In (4), the first and second term on the left-hand side of 

equation denote transient term and heat conduction term; 

while, term on the right-hand side of equation denotes external 

heat source. The external heat source term is equal to the 

resistive heat generated by the electromagnetic field 

(microwave power absorbed), which is a function of the 

electric field, relative dielectric loss factor, loss tangent 

coefficient and frequency are defined as [8]: 
 

      ( ) 2

0 tan2 EfQ r

�

δεεπ ′=        (5) 

 

where δtan  is loss tangent coefficient. Our external heat 

source is evaluated in (5), which is calculated through the 

electromagnetic wave propagation analysis. 

The boundary conditions for analyzing heat transfer are 

considered as follows: 

The outer sides of NRG are considered as electromagnetic 

heat source boundary condition since it has been influenced by 

microwave radiation: 
 

    
( ) QTkn =∇−⋅− ˆ          (6) 

 

Boundary conditions along the interfaces between NRG and 

ceramic hand-shaped former are considered as continuity 

boundary condition. The surface of NRG is assumed to be a 

thermal insulation boundary condition: 
 

      ( ) 0ˆ =∇−⋅− Tkn           (7)    

 

In general, the properties of the dielectric can be written in 

the form of complex permittivity (ε ). The complex 
permittivity is a function of dielectric constant and dielectric 

loss factor, are defined by [14]:  
 

     
( )rr jj εεεεεε ′′−′=′′−′= 0

      (8) 

 

where ε  is complex permittivity, ε ′′  is dielectric constant, 
ε ′′  is dielectric loss factor, 

rε ′  is relative dielectric constant 
and 

rε ′′  is relative dielectric loss factor. 
 

TABLE I 
THE DIELECTRIC AND THERMAL PROPERTIES OF NRG AND CERAMIC HAND-

SHAPED FORMER USED IN THE COMPUTATIONS [15]-[19] 

Symbol QUANTITY NRG 
Ceramic hand-shaped 

former 

σ  Electric conductivity (S/m) 0 0 

ε ′  Dielectric constant (F/m) 2.2 3.5 

ε ′′  Dielectric loss factor (F/m) 0.1 0.001 

k  Thermal conductivity (W/m·K) 0.13 0.24 

ρ
 Density (kg/m3) 975 2,200 

pC  Heat capacity (J/kg.K) 1,894 1,004 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:9, No:3, 2015

521

 

 

 

Fig. 3 Physical model for numerical analysis 

 

 

Fig. 4 The rotation angle of NRG for numerical analysis 

IV. CALCULATION PROCEDURE 

The numerical scheme used in this study is applied to 

assemble a finite element model. The heat transfer analysis in 

NRG during microwave heating is expressed through (4)–(7). 

These equations are coupled to electromagnetic wave 

propagation equations through (5). Equations (1)–(7) are 

solved numerically using a FEM via COMSOL
TM
 

Multiphysics to demonstrate the temperature distribution and 

electric field that occurs in NRG exposed to microwave 

energy. The three-dimensional model of NRG and microwave 

oven is discretized using triangular elements, and the 

Lagrange quadratic is used to approximate temperature 

distribution and electric field variations across each element. 

The mesh with approximately 431,110 elements is obtained. 

The model assumes that the dielectric and thermal properties 

of NRG and ceramic hand-shaped former are constant. The 

dielectric and thermal properties of NRG and ceramic hand-

shaped former are used in the computations are listed in Table 

I [15]-[19]. The NRG is assumed to be homogeneous and 

electrically as well as thermally isotropic.  

VI. RESULTS AND DISCUSSION 

A. The Comparison of NRG Temperature Distribution of 

Numerical Results with the Experimental Results  

In order to verify the accuracy of the present model, the 

numerical results are validated against the experimental results 

with the same conditions. The comparison of NRG 

temperature distribution of numerical results with the 

experimental results based on P = 100 W and NRG size M at 

various position and heating time are displayed in Fig. 5. It 

can be seen that the temperature distributions in NRG of 

numerical results are in excellent agreement with the 

temperature distributions in NRG of experimental results. 

Certain amounts of mismatch between the numerical results 

and experimental results are caused by the numerical scheme. 

The temperature distribution from the numerical results and 

experimental results gradually increase at position point A1 

and A2 to a maximum at position point A3 after that the 

temperature distribution decreases at position point A4 and 

A5. Fig. 5 also shows that at position point A3 or approximate 

the center of NRG has the maximum temperature. In addition, 

Fig. 5 also indicates that an increase in the heating times 

results in an increase temperature distributions.  
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Fig. 5 The comparison of NRG temperature distribution of numerical 

results with the experimental results based on P = 100 W and NRG 

size M at various position and heating time 

B. The Effects of Rotation Angle of NRG 

Fig. 6 shows the numerical results of temperature 

distribution and electric field in NRG during microwave 

heating based on P = 100 W and t = 180 s at various rotation 

angle of NRG. The frequency of microwave is 2.45 GHz and 

NRG size M are used in this simulation. The rotation angle of 

NRG of 0 degree, 30 degree, 60 degree, 90 degree, 120 

degree, 150 degree and 180 degree are considered. It is 

observed that the electric field of Fig. 6 at various rotation 

angles of NRG is similar trends. When the electromagnetic 

field released from the waveguide of microwave oven, the 

electromagnetic field will induce an electric field. From the 

figure, the electric field move from the right-hand side to the 

left-hand side and move into the NRG. Electric field causes 

the heat on the NRG. This is because when an electric field 

propagates in the NRG, it is absorbed by the medium and 

converted into internal heat generation, which causes its 

temperature to rise. It is found that the hot spot zone appears 

in NRG at the tip of middle finger while the maximum 

temperature occurs in case of rotation angle of NRG = 60 

degree. 
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Fig. 7 shows the temperature distribution in NRG during 

microwave heating based on P = 100 W and t = 180 s at 

various rotation angle of NRG. The frequency of microwave is 

2.45 GHz and NRG size M are used in this simulation. The 

rotation angle of NRG that selected are the same rotation 

angle of NRG in Fig. 6. Figs. 7 (a)-(g) show the temperature 

distribution in NRG at the rotation angle of NRG of 0 degree, 

30 degree, 60 degree, 90 degree, 120 degree, 150 degree and 

180 degree respectively. It is found that the hot spot zone 

appears in NRG at the tip of middle finger while the maximum 
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Fig. 6 The electric field and temperature distribution in NRG during microwave heating  

based on P = 100 W and t = 180 s at various rotation angle of NRG 
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(e) 120 degree (f) 150 degree (g) 180 degree 
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Fig. 7 The temperature distribution in NRG during microwave heating based on P = 100 W  

and t = 180 s at various rotation angle of NRG 
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temperature occurs in case of rotation angle of NRG = 60 

degree corresponded to the results in Fig. 6. While, the 

relationship between temperature distribution and the rotation 

angle of NRG at various positions is shown in Fig. 8. 

VII. CONCLUSIONS 

In this study, the numerical and experimental analysis of 

temperature distribution and electric field in a NRG during 

microwave heating at a frequency of 2.45 GHz with 

microwave oven are presented. The transient electromagnetic 

wave propagation equation coupled with the transient heat 

transfer equation is solved by using the FEM. A three-

dimensional model of NRG and microwave oven are 

considered in this work. The influences of position, heating 

time and rotation angle of NRG on temperature distribution 

and electric field are studied. The numerical model is 

validated with an experimental study. The results show that 

the numerical results are in agreement with the experimental 

results. It is established that the temperature distribution and 

electric field increases with increasing heating time. The hot 

spot zone appears in NRG at the tip of middle finger. In 

addition, it is also found that in case of rotation angle of NRG 

= 60 degree will result in the maximum temperature than other 

rotation angles. The presented modeling and fundamental 

parameters used to study can be provides guidance for the 

study of heat transport of microwave heating of NRG in 

industry. 
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Fig. 8 The relationship between temperature distribution and the 

rotation angle of NRG at various positions 
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