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Abstract- Radio frequency (RF) treatment of dielectric materials emerges as an alternative and efficient way of heat treatment 
recently. But application of the system on various fields necessitates a good amount of knowledge of the behavior of the 
material inside the electric field. This study investigates the heating rate (HR) and the temperature distribution uniformity with 
the change of thickness and electrode gap parameters. Findings showed that increasing electrode gap decreases the HR 
whereas enhanced the temperature distribution homogeneity to an extent and decreasing in further increase. Thickness affects 
the HR positively but there is no consistent effect was observed on the uniformity. This may be the result of the possibility of 
that moisture content distribution becomes the governing factor of the temperature distribution after a certain value of 
thickness. 
 
Index Terms- radio frequency, dielectric heating,  
 
I. INTRODUCTION 
 
Radio frequency (RF) heating -also called dielectric 
heating- is a process which is based on the dipolar 
rotation and ionic conductivity mechanisms. These 
mechanisms affect the polar molecules, i.e. water 
molecules, within the material and cause volumetric 
heating. Although RF band is the range of 3 kHz to 
300 MHz, in industrial and medical processes, 
allowable frequencies are restricted with 13.56, 27.12 
and 40.68 MHz [1]. In RF heating system, a dielectric 
material is exposed to an electric field between two 
parallel electrodes at a radio frequency and be heated 
by the aid of the polarization of polar molecules(Fig. 
1). 

 
Fig.1. The schematic diagram of parallel plate RF heating 

system 
 
RF treatment is used in a wide range of areas such as 
drying fruits and agricultural products, sterilizing and 
cooking of meat, disinfestation of agricultural 
products, drying of ceramics and wood products and 
even curing processes[1]-[8]. RF treatment has a 
potential of integrating to different industrial 
applications. For example,  
 
RF curing of high performance carbon fiber reinforced 
plastics (CFRP) is studied to substitute the inefficient 
autoclave curing [9]. Some important parameters like 

material properties, impedance matching, desired HR, 
electrode gap, moisture content and temperature 
uniformity should be considered to design effective 
RF treatment applications. 
In this study, series of experiments was carried out to 
determine the effects of electrode gap and material 
thickness on HR and uniform temperature distribution. 
 
II. MATERIALS AND PROCEDURES 
 
A. Governing Equations 
To determine the electric field intensity in the 
electromagnetic field the Maxwell’s equations is 
required. Because of the RF field is a time-harmonic 
field the Maxwell’s equation can be stripped to the 
Laplace equation with a quasi-static assumption 
[10]-[12]: 
 
−∇. (σ + j2πε ε′)∇V = 0      (1) 
 
Here σ is the electrical conductivity of the dielectric 
material (S m-1), j=√−1 , ɛı is the dielectric constant of 
the dielectric material, and V is the voltage of between 
two electrodes (V). 
In electromagnetic heating, the heat conduction was 
considered within the dielectric material, convection 
at the materials surface and, heat generation depending 
on electromagnetic field. To determine the electric 
field distribution in electromagnetic field, and 
accordingly to determine the temperature change in 
the material following equation was required 
[13]-[14]:  
 
ρC = ∇. k∇T + Q        (2) 
 
where ρ is density (kg m-3), Cp is specific heat (J kg-1 
K-1), k is thermal conductivity (W m-1 K-1), t is the time 
(s), T is the temperature (K) and Qabs is the 
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electromagnetic power absorbed per unit of volume 
(W m-3) by the load. Qabs generated by the electric 
field distribution is described as [15]:  
Q = 2πfε ε′′ E⃗         (3) 
 
where f is the frequency (Hz) of the RF generator, ɛ0 is 
the permittivity of free space (Farad m-1), ɛıı is the 
relative dielectric loss factor of the sample load, and 
E⃗  is the magnitude of electric field intensity (V m-1).  

 
B. Calculation of the top electrode voltage 
In the applications of parallel plate RF system, the top 
electrode plays a crucial role in providing energy to 
the electromagnetic field. The top electrode works as 
electromagnetic source in the whole system. 
Determining the voltage of the top electrode without 
affecting is very difficult during RF heating process. 
At this point the voltage of the top electrode can be 
predicted with following equation[12]: 

V = d (ε′) + (ε′′) + d
ƒ ′    (4) 

where dair is the air gap between the top electrode and 
sample (m), dmat is the thickness of the dielectric 
material (m), and ɛı and ɛıı are the dielectric constant 
and loss factor of dielectric materials respectively. 
One of the most important parameters which should be 
pre-determined is HR, because this value is 
determinant on the quality of the end-product. In case 
of the dielectric and physical properties and voltage 
are known, HR can be predicted.  
 
C.  Experimental Setup and Procedure 
For the sake of observing the different parameters on 
the RF heating characteristics, two sets of experiments 
were conducted. All experiments were held with a 
13.56 MHz frequency and 5 kW output power lab 
scale RF heating unit (Fig.2). The oven is specially 
designed that the electrode gap is adjustable and 
electric leakage is prevented. The upper electrode is 
attached to the teflon holders which adjust the height 
of the electrode at the range of 55mm and 350 mm. 
Size of the upper electrode is 370x450x10 mm. All 
experiments were run at 4 kW power. Because of 
proper geometric properties and availability of 
different sizes, wood was chosen as the sample. 
Therefore, the repeatability of the experiments 
changing the dimensional properties is possible.  

 

Fig.2. Schematic diagram of lab-scale RF oven 
In the first set of experiments, 450x140x50 mm 
identical wood samples were placed to the middle of 
the bottom electrode at tee different electrode gaps 
(65-75-85 mm). All samples were exposed to electric 
field for 600s.  
In the second set of the experiments, tee samples with 
different thickness (150x50x25, 150x50x40, 
150x50x50mm) were placed to the RF oven at same 
tee electrode gaps and exposure time. At the end of the 
experiments, samples were immediately put on the 
white foam and thermal images of four surfaces were 
taken. The images were taken via using FLIR E6 
thermal camera with ±2°C accuracy. 
 
III. RESULTS AND DISCUSSION 
 
The higher the electrode gap, the lower the HR. When 
the electrode gap increased by 65 mm to 75 mm and 85 
mm, HR is reduced about twofold and threefold, 
respectively. As seen in the Fig.3.a, in four measured 
surfaces of the material (top, bottom, front and side 
surfaces), this trend was observed.  
 
The heating uniformity was increased by increasing of 
the electrode gap from 65 mm to 75 mm whereas 
decreased by the further increasing of electrode gap as 
indicated in Fig.3.b. 
 
ENI = ∆         (5) 
  
In order to be able to compare the non-uniformities of 
the temperature distribution, an effective 
non-uniformity index (ENI) was proposed as in Eq. 5. 
According to the equation, differences between 
maximum and minimum values of temperature (ΔT) 
were divided to difference of hot and cold average 
temperatures (have, cave).This enables to evaluate the 
temperature uniformity without considering the total 
temperature rise.  Electrode gap positively affects the 
heating uniformity to an extent, and after a point it 
effects adversely. So, obtaining desired HR and 
allowable non uniformity should be known to 
determine the processing capacity of the oven. 
Besides, this may be the indicator of the optimum 
electrode gap in terms of temperature uniformity. This 
parameter is closely related to the moisture 
distribution within the material. As seen in Fig.5 
(a&b&c), heating uniformity of the thicker samples is 
better than the thinner one although the formers have 
higher HR. The more uniform moisture distribution of 
the thicker samples may cause this results which is 
seem to be conflict with the general interpretations at 
first glance. 
 
Increasing of thickness enhance the HR. As seen in the 
Fig.4.(a&b&c) , a sharp increase is seen in  from 
25mm thickness to 40 mm thickness whereas slight 
differences is observed between 40 mm and 50 mm 
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thick samples. This leads to assess that thickness affects the parameter in changing rates.  

 
Fig. 3. (a&b) HR and effective non-uniformity of the same sample for tee determined electrode gap 

 

 
Fig.4. HR of the tee different thickness samples for tee determined electrode gap 

 

 
Fig.5. Effective non-uniformity of the tee different thickness samples for tee determined electrode gap 

 

 
Fig.6. Effect of the material thickness on HR at two selected surfaces 

 
Moisture content of the RF heated material should be 
known for an effective RF treatment. For drying 
applications, an effective moisture removing system 
should be set. Forming of hot spots and water 
accumulation on the surfaces can be counted as high 
moisture drawbacks. Hot air assistance can be 
employed prior to RF treatment to reduce the moisture 
level to an extent [16]. HR should be carefully 
determined depending on the application to prevent 
the occurrence of hot spots on the material. RF 
inherently tends to escalate the temperature of moist 
regions within the material. For example, Fig.7 shows 
the hot spots resulted in high HR, hence, unsteady 
polarized and evaporated water molecules. A well 

determined HR would balance the temperature rise 
tough the material.  

 
Fig.7. Hot spot forming on the surface of the sample 
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CONCLUSIONS 
 
RF treatment is an outstanding technology which has 
different potential applications in various industrial 
fields. But several parameters like electrode gap, 
material dimensions and properties, impedance 
matching of the circuit and the material, heating rate, 
moisture content etc. may have coupled effects on the 
performance of heating. Thus, all these parameters 
should be carefully determined for each specific 
application. This study showed the effects of electrode 
gap and thickness of the material on HR and 
temperature uniformity. Future experiments can be 
carried out to determine the dielectric properties of the 
material and the coupled effects of moisture content on 
the heating performance. 
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