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ABSTRACT

Remediation of water from tailings is a
critical and challenging issue in many
industries, particularly in oil sand refineries
and waste water treatment. Mining of the
Canadian oil sands, also one of the largest
known crude petroleum reserve in the
world, is done to extract bitumen by the
processes like hot water extraction, resulting
in numerous amounts of tailings (large
ponds). Techniques that can achieve
contaminant separation over large surface
areas/volumes, with low energy input, and
at a low economic investment are of primary
interest. Hence, such techniques can be
applied for the manufacturing industries
with the similar concerns. In this paper, a
dielectric heating method is presented that
combines electrical standing wave voltage
amplification with porous interface (carbon
foam) materials to intensify water
evaporation. The system targets the
dielectric loss tangent of the aqueous
solution accompanied with porous interface
by operating at a high voltage and frequency
in the low megahertz (1-5 MHz). The non-

uniform charge distributions across the
interface material enables distributed heat
localization at the air-water/material
boundary, therefore avoiding bulk heating.
The
most
important
parameters
determining efficiency of capacitive heating
are determining the resonant frequency of
material in contact with the heating end of
helix, and properties of the interface
material. Different porous configurations
treated for the application were applied as
interface layers and the experimental results
demonstrate an 80% increase in evaporation
rates compared to solar and natural heating.
The combination of electrical heating with
reduced heat losses results in accelerated
vapor generation. Hence, results showcase
heat localization at the interface, electric
field at the heating boundary and energy
requirements for the mentioned scenario.
The proposed method offers a promising
solution to localize heat over a large area by
application of low-cost porous materials and
high voltage/high frequency electrical
resonators for use in water treatment,
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remediation, and go further with distillation
applications for water reclamation.
Keywords: Near Field RF heating, Heat
localization, interface media, Evaporation
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1. INTRODUCTION
Oil sands production in Alberta has been
expanding rapidly from past decade
increasing the concerns of environmental
impacts. Surface oil mining is one technique
where oil sands are scooped from the land
and bitumen is extracted, this process uses
innumerous amounts of water leading to
increased water usage and re-usability
concerns (Jordaan, 2012). These large
quantities of toxic waste water comprising of
water (65% wt.), sands, slit, clay, and
bitumen is produced as by-product of oil
extraction. Currently, this filtration of
tailings is a very slow process leading to long

term storage hence increasing the number
of tailings, which is costly to handle and
posing serious environmental concerns.
Different processes developed for the
management of tailing ponds over the years.
Main challenges are faced in efficient
dewatering and the high energy-intensive
pre-process. Therefore, work is required in
the area to efficiently tackle this water
problem by not adding to the existing
number of tailing ponds in the area (EPA;
Parks).
Radio frequency (RF) heating or dielectric
heating has application in food industry and
plethora of research has been done in the
area. Di-electric heating involves heating of
electrically insulated materials by dielectric
loss. Varying magnetic field across the
material results in energy dissipation as the
molecules continuously change with electric
field. This can be done in two ways: 1) farfield, and 2) near-field by heating electrodes
(Abraham et al., 2013). Near-field RF heating
has various applications designed in biomedical implants (Ko et al., 1977), powering
vehicle,
optical
microscopy
and
spectroscopy (Jones & Raschke, 2012;
Taubner et al., 2004).
Here we are proposing the near field
capacitive heating as a solution to accelerate
evaporation from tailing pond in oil
refineries or manufacturing industries with
the similar concerns. In this paper,
laboratory experiments were conducted
considering the different concentrations of
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the di-electric materials and compared with
general di-electric heating rates. The
purpose of this research is to increase the
evaporation of waste toxic water byproduct
from facilities like oil refineries facilitating
them for less energy treatment methods. In
this paper, tap water is utilized for
experimental studies with radio wave
frequency ranging from 1-5 MHz. Results
demonstrate high evaporation rates while
taking less energy input when compared
with traditional methods. This paper is
focused on the rate of evaporation through
dielectric heating of tap water by a solenoid
with and without a dielectric material (an
insulator). When di-electric material is used,
an insulator material is placed at surface
layers of water. Di-electric heating can also
be efficiently used in treating toxic water as
proposed in this paper where less energy
could be used when compared with
currently available methods such as Reverse
Osmosis, and Forward Osmosis.
2. MATERIALS AND METHODS
A porous material made with carbon is
employed as an air-water interface material,
Figure 1.

Porosity of carbon foam can be varied. With
increase in porosity of carbon, density is
decreased as void space is dominated. The
carbon foam is chemically processed with a
four molar nitric acid solution for four hours
under continuous stirring, in order to make
it hydrophilic (Kuzhir et al., 2017). The
hydrophilicity of the carbon foam helps the
greater rate of capillary action, so enhance
the liquid delivery for evaporation.
As the carbon foam is a porous medium, the
capillary action of the media lets the water
vapor to escape from the porous
arrangement. The optical properties of this
interface material were measured using a
GENESYS 10S UV-Vis Spectrophotometer.
According to the Beer-Lambert law,
absorbance (A) is given as (Swinehart D. F.,
1962)
𝐼

𝐴 = −𝑙𝑜𝑔10 𝐼 = 𝑎𝑐𝑋
𝑂

where A is absorbance, 𝜀 is molar
absorptivity, 𝐼 and 𝐼𝑂 are intensities of
monochromatic light entering through one
face of sample and exiting through other
face of cuvette, respectively. The relation
between transmittance and absorbance in
terms of wavelength can be written as:
𝐴 = −𝑙𝑜𝑔10 𝑇

Figure 1: Porous carbon foam
material used as interface
medium in experiments

(1)

(2)

where T is Transmittance, values
experimentally measured for the porous
material are seen in Figure 2. Since the
transmittance values of the material is less
than 15%, it is implied that the conduction
losses are minimum to the surrounding
material.

Transmittance (%)
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Figure 2: Optical transmittance of Carbon
Foam interface medium, measured with
GENESYS 10S UV-Vis Spectrophotometer

(a)

3. Experimental Setup
The proposed work was done using a
function generator, radio frequency
amplifier, Oscilloscope, solenoid wound
around non-magnetic tube and an acrylic
container with water to be evaporated or
treated. One end of the copper wound helix
acts as input source and other end is
categorized as the heating end, and acts as
input to the treatment pond/prototype.
Equipment and arrangement are shown in
Figure 3a. A proposedly di-electric material
of porous texture is placed at the air-water
interface as shown in Figure 3b, where
heating end is placed in the material. Two
carbon foam porosities of 20 and 45 pores
per inch (PPI) are tested as interface media,
each is one inch thick.

(b)
Figure 3: (a) experimental set-up of radio
frequency capacitive heating with RF
power amplifier, function generator,
Oscilloscope, and (b) acrylic prototype
used for test, with the interface/dielectric material placed at the air-water
interface.
Temperatures readings at definite time
intervals are taken at three depth levels are
acquired using J type thermocouples,
connected to a Keysight data acquisition
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unit. Thermocouples are arranged at three
different
depths
to
study
water
temperatures at three locations. When the
temperature is measured, test unit was on
standby, to maintain electric field
undisturbed from thermocouple interaction.
4. Theory
When AC input is given to any dielectric
material, molecules align respectively
depending on the material (Abraham et al.,
2013; Van Neste et al., 2014). Energy
dissipation decreases with increase in
frequency directly related to dielectric loss.
Dielectric heating is majorly material
dependent
𝜀 = 𝜀 ′ − 𝑗𝜀 "
(3)
Where Permittivity (𝜀) of the material is
given by complex equation of imaginary
product of j and dielectric loss
(𝜀 " ) subtracted from dielectric constant
(𝜀 ′ ).
Electric power density lost per unit volume
in the form of heat is given as:
𝑞 = 𝜔𝜀 ′ (𝑡𝑎𝑛𝛿)𝐸 2

(4)

Where E is electric field strength and 𝑡𝑎𝑛𝛿 is
dielectric loss constant, it is expressed as
ratio of dielectric losses to the dielectric
constant.
(𝑡𝑎𝑛𝛿) =

𝜎+𝜔𝜀"
𝜔𝜀′

(5)

To develop temperature profiles while
capacitive heating, heat transfer equation in
electromagnetic field is expressed in the
following terms:
𝜕𝑇

𝜌𝑐𝑝 𝜕𝑡 = ∇(k∇𝑇) + 𝑞

(6)

Where 𝜌 is material density, 𝑐𝑝 is specific
heat of the material, k is thermal
conductivity and q is heat
5. Results
When an alternating current is applied at a
specific frequency and amplitude in the
range of radio frequency. Molecular
moment line up with changing electric field,
the heating tip of the solenoid is immersed
in the dielectric medium or water when
testing the baseline case. Energy from the
heating end is transferred to the
surrounding material in the form of thermal
energy. Thereby, heating the water resulting
in vapor generation, escaping through the
pores of interface media, by the application
of capillary action of porous arrangement.
When heat is applied to the material and
heat localizing abilities of the material are
used to localize heat thereby accelerating
the evaporation rates. Here dielectric
properties of the interface material are
considered beneficial for not transmitting
heat to the bottom layers, evident from
Figure 4. Infrared images are taken at regular
intervals from the beginning till end of the
experiment.
Figure 5 (a) shows the mass evaporated in 2
tested cases with and without interface
heating. A mass balance is placed beneath
the prototype to continuous record the mass
change data. The higher the frequency is set;
the more energy is released. However, this
frequency range is set based on the material
where this energy is to be imparted. The
frequency of material at which the heating
starts is termed as resonant frequency of
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material, where the heating end is in
immersed. This can be said from waveform
pk-pk voltage from O-scope.

(a)

(b)
Figure 4: Infrared image of prototype at the
end of test; (a) top view, and (b) side view.
Energy consumption calculations are done
based on Ohm’s law, where
𝑉 =𝐼×𝑅

(7)

V is voltage in volts, I is current in amps, R
resistance in ohms.
Charge
𝑄 =𝐼×𝑡

(8)

𝑡 is time in seconds. From this energy
transferred is calculated

𝐸 =𝑉×𝐼×𝑡

(9)

Figure 5 shows the energy consumption in
base and interface case. In this test scenario,
medium was considered as load for power
transmission,
consequently
energy
consumption
rates
varied.
Energy
consumption is 5.7 times less with carbon
foam of 45 PPI dielectric medium, due to
effective heat transfer. At 162°F
temperature, bubbles formed at the top four
corners of the container as in Figure 4, this
appeared as an indication of heating and
vaporization followed the process.
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Figure 5: (a) amount of mass evaporated
from the prototype (b) amount of energy
consumed for evaporating water in each test
case

6. Conclusion
Evaporation rates with two different
interface materials are studied and energy

consumption is calculated using Ohm’s law.
Concluding the work, experimental results
showed accelerated evaporation rates
throughout the experiment and in
comparison, with solar based evaporation.
Characteristic resonant frequency is varied
depending on the material used, and this
application is beneficial in reducing the
energy consumption. This frequency is
recorded for both water or porous interface
and this technique is termed as near-field
standing wave resonance. With the addition
of porous interface, capillary action of the
pores aided in mass transfer rates.
Therefore, high evaporation rates are
recorded and resulted less energy
consumption in comparison to baseline.
Baseline RF heating manifested 50%
increase in evaporation rates when
compared to solar based evaporation
(Bahraseman, 2017; Jaladi et al., 2019). For
carbon foam 45 PPI, total mass transfer per
unit area calculated is 3.05 kg/m2, which is
81% higher in case of porous interface. At
162°F phase change from water to vapor is
occurred, even before the boiling
temperature of the water, due to composite
interface.
Capacitive RF heating has huge potential
in water treatments, rapid heating pattern
shows how advantageous is the technique.
Our results provide a basis on how the nearfield radio waves are used for accelerated
water evaporation, and this process can
further be extended to water distillation by
condensing, collecting, and re-using.
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