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INTRODUCTION  
 
When the attention of bioelectromagnetics researchers was directed to the safety of the rapidly proliferation use of 
personal wireless devices, it became clear that in vitro biological studies would play a role in addressing questions of 
interactions between electromagnetic wave and biological tissues. In vitro exposure systems must be well-controlled, 
and that’s the reason why the specific absorption rate (SAR, W/kg) distribution is determined in radio-frequency 
exposed biological solutions containing suspended or plated cells. The dosimetry is based on electromagnetic, thermal 
and convection simulations, to take into account thermal effects if it is necessary.  
The aim of our work is to determinate what are the limits of the influence of the velocity and the convection 
phenomenon in dosimetric analyses. We want to determinate when the convection phenomenon can be neglected. First 
we have studied a test tube exposed in a cylindrical cavity at 2.45 GHz to put in evidence the effects of convection 
phenomena. Then, we have studied Petri dishes in different exposure systems (plane waves, wire patch cell, TEM 
cell…). 
 
MATERIAL & METHODS 
  
A three-dimensional numerical model was developed to predict the distribution of electromagnetic fields, power 
distribution, temperatures, and velocities within the different containers (Petri dish, flask, test tube). The instantaneous 
dissipated electromagnetic power  distributions were calculated by the finite difference time domain method applied to 
the Maxwell’s equations, and a time-scaled form of the heat transfer equation allowed to calculate the temperature 
distribution in the heated media. If necessary, temperature dependence of liquid dielectric properties is simulated 
through an iterative process. Finally, the governing equations for the flow, Navier-Stokes equations, was used to take 
into account the natural convection. 
 
Governing equations 

 
Electromagnetic fields within the cavity are defined by Maxwell’s equations: 
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For boundary conditions, normal components of magnetic fields and tangential components of electric fields are 
assumed to vanish at the conductive walls.  
The dissipated power is described by: 
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For reduce complexity of the study, some hypothesis can be assumed: we consider a homogeneous medium and an 
incompressible fluid (the density of each element is constant), Boussinesq approximation is valid i.e. density of the fluid 
is assumed constant everywhere except in the gravity term. 
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Velocity has to satisfy the incompressible condition at each time step. A corrector term φ is calculated, which permits to 
correct the velocity, we use the Laplace equation: 
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Velocities exist only in the liquid, so at the brim of the test tube, normal components of the velocity are equal to zero.  
  
The governing energy equation describing the temperature rise is the heat transfer equations: 
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The law of Fourier permits the treatment of these interfaces and for boundary conditions, we use the following 
condition: 

Tedge  = Text . 
 

 
Test tube analysis  
 
The exposition setup consists of three principal parts: a microwaves generator, a waveguide device and an applicator. 
The waveguide carries out the electromagnetic wave from the generator to the applicator. 
The applicator is a resonant cylindrical cavity (Fig.1). The test tube is in this cavity (diameter 14 mm, height 400 mm) 
and contains the bacterial suspension exposed to the microwaves at 2.45 GHz. 
The protocol of exposure consists of an initial phase of exposure microwaves or phase of heating (H) which allows the 
rise in temperature of 20°C at 37°C and phases of rest (R)  (Fig.2). 
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Fig.2.  Exposure protocole 
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Fig.1.  Exposure setup 
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TEM line analysis  
 
The device is a transverse electromagnetic transmission line (TEM line (Fig.3)) designed for a purpose of exposing 
biological samples to electromagnetic fields. The transmission line consists of  two 85mm wide stainless steel plates 
20mm apart. A copper inner conductor, or septum, with width 30 mm, is located centrally between the two outer 
conductors. These widths and separations decrease towards each end of the line where there is a right-angled SMA-type 
connector. A liquid sample is placed inside the TEM line in a sample holder on the lower conductor. The sample holder 
is circular with an outer diameter of 25 mm and is plastic with a glass bottom. A 10 mm diameter aperture in the upper 
plate and also the septum, and a 20 mm diameter aperture in the lower plate allow the sample to be viewed with a 
microscope. The device was calibrated for two liquids supplied by the Babraham Institute, one labelled "HEPES" and 
the other labelled "DMEM". The dielectric properties of these liquids were measured. 
 
 
 
 



Measurement procedure: 
The complex permittivity of the liquids supplied by the Babraham Institute and one labelled "HEPES" and "DMEM" 
were measured using a 7 mm coaxial sensor (infinite half-space geometry). The system was calibrated from 
measurements on air, a high-purity reference liquid (ethanol), and foil short circuits. A least-squares calibration 
approach was used to ensure that good short-circuit measurements were being obtained. The permittivity was computed 
from reflection coefficient measurements made with an Automatic Network Analyser. The temperature of the liquids at 
the time of measurement was recorded using a mercury-in-glass thermometer. 
The densities of the liquids were determined by measuring the weight of a known volume of the liquid using a 
calibrated balance. 
 
The specific absorption rate (SAR) of energy in the liquid samples within the TEM-line as a function of input power 
was measured for a 900 MHz continuous wave signal using a 1.5 mm diameter isotopic electric-field probe. The input 
power to the TEM-line, which is the forward power minus the reflected power, was determined using a directional 
coupler and power sensors. A 1 ml sample of HEPES liquid was placed in the sample holder and this was placed on the 
lower conductor of the TEM line, directly above the 20 mm aperture. The output-port of the cell was terminated with a 
50Ω load. The measurements were made  at the centre height in the liquid samples, and at five positions corresponding 
to centre, left, right, front and back. The measurements were repeated for 1 ml sample of DMEM. 
The sensitivity of the electric field probe was then calibrated in a matched waveguide cell at 900 MHz for both HEPES 
and DMEM liquids. These calibrations are traceable to National Standards. 
 
 
 
 

Fig.4. Discretisation of the TEM line 
and the Petri dish inside 
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 Fig.3.  TEM line  
 
 
RESULTS   
 
Experimental results for the test tube 
 
Thermal characterisation of the biological solution was performed with a fluoroptic thermometer (Luxtron, model 501, 
USA). Point to point thermal measurements were carried out over the 3 dimensions of the tube volume with 1 or 2 mm 
spacing for height of the sample and 3 mm spacing in the 2 other dimensions. The spatio-temporal distribution of 
temperature was monitored for exposure at 200 W, 2.3 s, temperature  from 20°C to 37°C. 
During the microwave exposure, rapid variations have occurred in the temperature. We observe a significant gradient in 
temperature in the test tube (Fig.5). 
 
 
 
 
 
 
 
 
 
Numerical  simulation : electromagnetism and thermic for the test tube 

Fig.5. Experimental temperature measures  
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In accordance with FDTD method, the electromagnetic field is calculated using the discretized version of Maxwell’s 
equations. The electric components are stored halfway between the basic nodes while magnetic field components are 
stored at the centre [1], [2].  
The maximum SAR value and the standard deviation suggest the presence of two hot spots in the exposed cell 
suspension (Fig.6). 
There is a difference between experimental and numerical data. EM field distribution can’t explain these differences.  

 
 
 
 

Fig.6.  SAR distribution (W/kg) 
 
 

Fig.7. Conduction simulation in the test tube 
                      t = 60 s 

 
 
 
The velocity field is calculated using the discretized version of Navier Stokes equations. The velocity components are 
stored halfway between the basic nodes while temperature is calculated at the node [1]. 
If we just consider the conductive part (Fig.7), we also observe two hot spots. There is a difference between 
experimental and numerical data. Thermal conductivity can’t explain these differences. 
Differences are probably due to convection phenomena. 
A heterogeneity of density in a field of forces of volume (gravity) cause the fluid motion. The highest temperature 
comes up to the top of the tube whereas the cold fluid remains at the bottom (Fig.6). 
    
For more accuracy, this result must be improved by the coupling of the three parts. Indeed, permittivity depends on 
temperature: ε (ω , T°, r , θ , z). 
  
DISCUSSION 
 
In vitro exposure setups must be well-controlled, and the discretisation of the structure is very important and can 
influence the E field and SAR distributions. The dosimetry or microdosimetry is based on electromagnetic, thermal and 
convection simulations, to take into account thermal effects if it is necessary.  
The aim of our work is to determinate what are the limits of the influence and the convection phenomenon in dosimetric 
analyses, and when the convection phenomenon can be neglected.  
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