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The aim of this study was to apply ohmic heating method to generate heat in seawater as an attempt to be
utilized in desalination process as an alternative heating method rather than using steam boilers. The effects
of temperature, electrical field strength and the concentrations of total dissolved solids (TDS) on electrical
conductivity during ohmic heating of seawater were investigated. Heat was generated within the seawater
using alternating electric current at frequency of 60 Hz, the range of electrical field strength was 6.35-11.04
(V/cm). Different concentrations of the seawater were prepared (range 38.9-106.1 PPT). Quality parameters
include electrical conductivity, colour, pH, apparent specific heat and density of the seawater were measured
at room temperature before and after the ohmic heating. The range of conductivity during ohmic heating
was 55-399.6 (mS/cm) and strongly dependent on TDS and temperature. Ohmic heating can be applied for
heating process of seawater with some limitations regarding the colour change. One major output of this
research is the assessment of seawater electrical conductivity data during ohmic heating which adds a new
perspective to system analysis, design and modeling of the potential use of ohmic heating to generate heat
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within the seawater during desalination process.
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1. Introduction

Shortening in drinking water due to erratic climatic conditions,
increasing population growth and improved living standards is a big
concern of researchers and governmental agencies around the world.
According to the U. S Geological Survey, 96.5% of Earth's water is
located in seas and oceans and only 1.7% groundwater off which only
0.8% is considered to be fresh water [1].

Desalination technology has reached great importance as a
solution for potable and fresh water generation. It is a process of
removing salt from water to produce fresh water, which containing
less than 1000 mg/L of salts or total dissolved solids (TDS), where
above this value, properties such as taste, colour, corrosion propen-
sity, and odour can be adversely affected [2]. The WHO and the Gulf
Drinking Water Standards recommend a drinking water standard of
1000 mg/L TDS for drinking water [3].

A number of seawater desalination technologies have been
developed during the last decades to guarantee the supply of water
in arid and semi arid regions of the world. Technologies used in the
industry are described by Khawaji et al. [4], these include: Multi-Stage
Flash distillation (MSF), Multiple-Effect Distillation (MED), vapor
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compression distillation and reverse osmosis (RO). Other processes
have been developed to desalinate seawater such as freezing, [5,6]
and solar evaporation [7-13]. These processes have not achieved the
level of commercial success that MSF, MED, and RO have, but they
may become valuable under special circumstances or with further
development.

Since seawater desalination needs some form of energy, a cogenera-
tion scheme is essential in conjunction with the power generation from an
economic point of view. Dual-purpose plants for the simultaneous
production of water and electricity are extensively used [14]. In many
cases of the thermal desalination systems either multi-stage desalination
or flashing multi-effect systems, the major occurring problems in these
systems are corrosion and scaling of carbonated steel used in different
units especially in the boiler [15]. Those two factors limit the heat transfer
and add extra operational and maintenance cost. Therefore, it is desirable
to investigate other means to generate heat within the brine solution
during the heating process rather than transferring heat. In this context, it
is proposed to study the potential application of ohmic heating method in
desalination of seawater.

Ohmic heating, direct resistance heating or the electro-pure
process was used in the early 20th century where electric pasteur-
ization of milk and other food materials was achieved by pumping the
fluid between parallel plates with a voltage difference between them
[16,17]. Ohmic heating occurs when alternating electrical current (I)
is passed through a conductive material of resistance (R), with the
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resultant energy generation causing temperature rise. The amount of
heat generated is directly related to the current induced by the
electrical field strength, and the electrical conductivity. The rate of
ohmic heating is directly proportional to the square of the electrical
field strength and the electrical conductivity [18]. Palaniappan and
Sastry [17] reported that the electrical conductivity is a linear function
of temperature.

Electrical conductivity is the measure of how well a substance
transmits electric charge, expressed in Siemens per centimeter (S/cm).
Electrical conductivity (o) is the ratio between the current density and
electrical field intensity— or, simply the opposite of resistivity. It is the
most important parameter associated with ohmic heating, where the
efficiency of ohmic heating is dependent on the conductive nature of
the material to be processed and hence knowledge of the conductivity of
the materials as a whole and its components is essential in designing a
successful heating process. Therefore, it is very essential to determine
and predict the electrical conductivity during ohmic heating process.
Different designs and setups of electrical conductivity measurements of
materials under ohmic heating process were studied by different
researchers. This include a design of a batch isothermal ohmic heater
with stainless steel electrodes [19-21] and a conductivity cell of a
polyvinyl chloride (PVC) pipe, with high grade 316-stainless steel
electrodes [22] and other different designs by different researchers
[23-26].

Selection of suitable electrode to be used in an ohmic heater is an
important parameter that has to be considered. Undesirable electro-
chemical reactions at the interface between the electrode and the
solution and corrosion may affect the efficiency of the ohmic heater
and this can be avoided by selecting a suitable electrode material.
Different electrode materials have been investigated such as the use of
titanium, stainless steel, platinized-titanium and graphite electrodes
[27]. It was also noticed that a relatively inert electrochemical
behavior of platinized-titanium electrodes at different pH values
using a 60 Hz sinusoidal alternating current. The migration of the
major key metal ions such as Fe, Cr, Ni, Mn and Mo from stainless steel
electrode was studied during ohmic heating and it was reported that,
applying high frequency (10 kHz) pulsed waveform for ohmic heating
produced lower migration of most targeted metal ions [28].

Electrical conductivities of different materials during ohmic
heating were reported by different researchers. This includes fresh
fruits under ohmic heating such as apple, peach, pear, pineapple and
strawberry (electrical conductivity in the range 0.05-1.2 S/m), and
different types of meats such as chicken, pork and beef [23,25], and
red bean Phaseolus vulgaris L. [29]. The electrical field strength that
have been used in these studies range from 19 to 25 V/cm when
samples were heated up to 140 °C using alternating current of 60 Hz
and voltage between 15 and 20V [23].

Pure water is not a good conductor of electricity and it has a
conductivity of 0.055 pS/cm. Because the electrical current is trans-
ported by the ions in solution, the conductivity increases as water
dissolved ionic species increase [30]. Electrical conductivity of oceans
and seawater was reported to be 53 (mS/cm) [31]. The electrical
conductivities of seawater were reported to be 58, 67.8, 67.5 and 72
(mS/cm) corresponding to TDS of 44, 58.26, 57.78 and 62.82 (mg/L)
respectively [32]. In another RO experimental study, the conversion
from bulk concentrate conductivity to TDS for seawater was given by
(G,=732.56 01, —3831.6) where G, is the bulk feed concentration in
parts per million and oy, is the electrical conductivity in milli Siemens per
centimeter (mS/cm) [33]. No data has been found regarding the
electrical conductivity of seawater during ohmic heating when
alternating electric current is used to generate heat.

The properties of the ohmic heating process ~which include the
rapid and uniform heating, high energy efficiency, technical simplicity
and low capital and maintenance cost- suggest that it could be a
highly competitive heating method for thermal desalination process-
es. To design a successful ohmic process for desalination system, it is

important to know the electrical conductivity as influenced by
temperature, total soluble solids and electrical field strength. Within
this part of the study, the changes of seawater electrical conductivity
during ohmic heating before boiling temperature will be considered,
however the performance of ohmic heater during the boiling process
will be investigated in another study to follow. Thus, the specific aim
of this study was to obtain electrical conductivity data for seawater at
different concentrations of total dissolved solids during ohmic
heating. Effects of temperature, electrical field strength and the
concentration of TDS on ohmic heating rates of seawater were
studied. Electrical conductivity of seawater was also mathematically
modeled and some physical-chemical properties were measured
before and after the ohmic heating treatments as quality parameters.
It must be emphasized that we have not attempted a complete
chemical and electrochemical or energy efficiency explanation and
emphasis; we seek ways in which a practical ohmic heating method
can be applied as a heating mechanism that can be utilized in
seawater desalination process.

2. Materials and method

Seawater was obtained from the Gulf, East of Saudi Arabia, north of
the desalination station in Jubail, (26° 54’ 50.78" N, 49° 45’ 42.83" E).
Saline Water Conversion Corporation (SWCC) in Saudi Arabia
reported that there is a feed variation in TDS from 39,000 ppm at
Al-Birk plant to 41,492 ppm at Jeddah plant with an intermediate
TDS = 41,157 ppm at Umm Lujj. By comparison the TDS content of the
Gulf seawater at Jubail is about 43,500 ppm [34]. The main waste
stream resulting from the desalination process is the concentrated
effluent that is referred to as brine, blow down or reject. According to
SWCC, the TDS upper limit for the reject was set at 67,000 ppm for the
reject from the SWRO plants and at a maximum of 80,000 ppm for the
final blow down from the MSF unit [35]. Thus, it is important to
examine the application of ohmic heating in a wide range of TDS.
Therefore, different concentrations of the seawater were prepared by
evaporation process of the fresh seawater by boiling in a glass
container using electrical hot plate till the predetermined TDS were
reached. Then the TDS was checked using calibrated TDS meter (Cole-
Parmer Instrument, Vernon Hills, USA). Five concentrations of
seawater at 38.940.12, 55.440.001, 67.540.10, 80.64+0.10 and
106.1+0.12 (PPT) were obtained.

Experiments were performed in a batch T-tube ohmic heater, shown
in Fig. 1, which was made from T-inert glass tube covered with
insulation hose to prevent heat losses. Two cylindrical platinized-
titanium electrodes were used. The electrodes were purchased from
Ti-anode Fabricators PVT.LTD, Chennai-India, coated with 10um
platinum plating. Electrodes were inserted from the two openings of
the T-tube, parallel to each others, the electrode gap was 5.8 cm, and the
cross section area of the sample chamber was 4.3 cm?. The volume of the
T-tube was 30 ml, where seawater samples were poured into the ohmic
heater through the thermocouple port. The electrodes of the ohmic
chamber were connected to a relay switch which was protected by a
10A fuse. The complete setup schematic diagram of the experiment is
shown in Fig. 2. The sample was heated to 95 °C using alternating
current of 60 Hz at applied voltages of 37, 47, 55 and 64V,
corresponding to electrical field strengths of 6.35, 8.04, 9.55 and 11.04
(V/cm), respectively. Temperature at the geometric center of the sample
was continuously measured with a T-Type copper constant, Teflon
coated thermocouple (Omega Instrument) to prevent interference from
the electrical field. Voltage and current were measured using voltage
and current transducers, respectively. The voltage and current transdu-
cers (model VTR-004X5 and CTRS-050x5, respectively, Ohio Semtronics,
Inc.) were calibrated using portable multimeter (Digital Multimeter —
DT9205, Manufacture by Mejdaf-Group Inc., KSA). Temperature, voltage
and current data were recorded on a data logger (Model: OM-3000,
Omega Engineering, Inc., New Zealand) at 0.5 second intervals.
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Fig. 1. Cross section drawing of T-tube ohmic heater.

The electrical conductivities of samples were calculated from the
voltage and current data using the following equation [17,19,21]:

L 1
o=3xy 1)

where;

electrical conductivity, [S/cm].

distance between electrodes, [cm].

area, [cm?].

alternating current passing through the sample, [Amp].
voltage across the sample, [V].

<T>Tg

Conductivity measurements were performed on three replicates of
seawater at each set of experimental conditions. The electrical field
strengths which were recorded for the different experimental runs
were 6.35+0.37, 8.044-0.20, 9.5540.25 and 11.04+0.73 (V/cm). It
should be noticed that at high electrical field strength (11.04 V/cm)
and high TDS (106.1 PPT) the heating rate was very fast in which the
current-temperature data was obtained for a few seconds. Applying
more voltage would not allow the system to collect data in a
reasonable time.

Thermocouple
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Fig. 2. The complete experimental setup of batch ohmic heater.

The constants of the temperature dependent electrical conductiv-
ity relations for different electrical field strengths and concentrations
were obtained using linear regression analysis for Eq. (2) [17,26,31]:

op =0y +mT (2)

Op electrical conductivity at any temperature from 25 to 95 °C,
[Sem™1].

O initial electrical conductivity, [Scm™'].

m temperature factor [Scm™'°C™].

The temperature, electrical field strength and TDS concentrations
dependent electrical conductivity relation was obtained by using
non-linear regression analysis (stepwise method) (SPSS. 2001. SPSS
Statistical Package for windows. Ver.11.0. Chicago: SPSS, Inc.)

For the purpose of checking the effect of ohmic heating on some
quality parameters, other properties of the seawater were recorded at
room temperature before and after ohmic heating, including electrical
conductivity, colour, pH, total dissolved solids (TDS), apparent specific
heat and density. Electrical conductivity measurement (in the absence
of alternating current) and TDS were checked using calibrated EC
meter (Cole-Parmer Instrument, Vernon Hills, USA). Colour compo-
nents were determined using Colorflex (HunterLab-ColorFlex, Hunter
Associates Laboratory, Inc.-Reston, US). Sample of 27 ml was poured
into the sample cup and then the cup was covered and inserted into
the measuring chamber. Colour components were measured where L*
is the lightness or darkness, (black, L* =0; white, L* =100), + a* is
redness, — a* is greenness, + b* is yellowness, and — b* is blueness.
This instrument was calibrated with standard calibration plates
provided by the manufacturer. A pH meter, (WTW, Weilheim,
Germany) was used to determine the pH of the samples. The apparent
specific heat was measured by differential scanning calorimeter (DSC-
60, Shimadzu Cor. Japan). Densities (p) of samples were measured by
Mettler Toledo Type PG203-Sq. The properties of the seawater at
room temperature before the ohmic heating at different concentra-
tions are listed in Table 1.

3. Results and discussion
3.1. Heating rate

Due to the passing electrical current through the seawater, a
sensible heat was generated causing the temperature of the seawater
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Table 1
Some properties of the seawater concentrates used for ohmic heating.

Property TDS concentration [PPT]

38.9+0.115° 55.440.0005 67.54+0.10 80.640.10 106.14+0.115
L* 70.47 4£0.03 70.20+0.18 68.78 +0.03 68.21+0.01 66.57 +£0.41
a* —0.7940.02 —0.7340.02 —0.8140.02 —0.7540.04 —0.744+0.05
b* 1.25+0.02 1.204+0.02 1.4840.03 1.57 £0.04 1.81+0.10
pH 8.0140.02 8.324+0.02 8.224+0.02 8.10+£0.01 8.14+0.02
plgem=3] 1.042 4-0.0003 1.048 4-0.002 1.069 4-0.0001 1.084 4-0.0002 1.142 £ 0.0193
o[mScm™ 1] 51.734+£0.25 72.07 £0.11 87.20+0.10 103.30+0.10 135.27 £ 0.06
Cp [K]/kg °C] 3.9840.001 3.90 +0.00004 3.8440.001 3.7940.001 3.68+0.001

2 The 38.9 TDS refers to raw seawater.

to rise. The range of the heating rate was 0.69-6.22 (°C/s) depending
on the concentration of the TDS and the electrical field strength as
shown in Table 2. Fig. 3 indicates typical heating rate curves at some
selected concentrations and electrical field strength. Higher TDS
concentration and electrical field strength conditions resulted in higher
heating rate. Thus, applying ohmic heating method in desalination
process should consider the advantage of this high heating rate.
Traditional heating of seawater in the MSF or MED process generally
involves the use of steam in the boiler section. Due to increase thickness
of the scaling material outside the boiler tubes, the overall heat transfer
coefficient decreases. Thus cleaning of the tubes and in some cases the
replacement of the tubes is necessary. In addition, some tubes suffered
considerable corrosion and erosion-corrosion in service resulting in
substantial reduction in wall thickness [36]. Heat is transferred across
the boiler tubes due to the temperature difference between the steam
and the seawater whereas ohmic heating uses electricity to generate
heat within the seawater in which there is no heat transfer limitations.
The advantages of this method are more rapid, uniform and immediate
seawater heating. Effectiveness of ohmic heating against using steam
boiler in terms of cost analysis was not attempted to be investigated in
this study, however the data provided here will be essential for
modeling methods to make fair and comprehensive comparison.

3.2. Electrical conductivity during ohmic heating

Electrical conductivity of the seawater during ohmic heating was
plotted against the corresponding temperature to obtain electrical
conductivity curves. During ohmic heating, a steady raise in the
electrical conductivity was observed as the temperature was
increased in all samples. The conductivity rise was greater for the

Table 2
The average heating rate and standard deviation at different electrical field strengths
and concentrations of TDS.

VV [V/cm] TDS [PPT] dTy/de [°C/S] R? [%]
6.35+0.37 38.9+0.115 0.69+0.01 0.997
55.4-+0.0005 0.99+0.03 0.997

67.5+0.10 1.2740.02 0.995

80.6+0.10 1.47 4+ 0.02 0.996

106.1+0.115 1.91+0.05 0.996

8.044+0.20 38.9+0.115 1.12+£0.06 0.995
55.4 4+ 0.0005 1.6440.06 0.995

67.5+0.10 1.99+0.04 0.994

80.6+0.10 236+ 0.08 0.995

106.1+0.115 3.09 +0.06 0.994

9.5540.25 38.940.115 1.77 +0.04 0.994
55.4-+0.0005 244+0.11 0.992

67.540.10 2.88+0.10 0.991

80.6+0.10 3.42+0.02 0.991

106.1+0.115 4.48+0.18 0.992

11.04+0.73 38.9+0.115 2.44+0.04 0.992
55.4 4+ 0.0005 3.45+0.11 0.989

67.5+0.10 3.91+0.08 0.990

80.6-+0.10 4.62+0.05 0.990

106.1+0.115 6.22+0.10 0.989

more concentrated samples, and was linear. Similar relative increase
in the electrical conductivity with temperature was observed on
foodstuffs [17,30]. Fig. 4 indicates the relationship between the
electrical conductivity and the temperature of the seawater at the
high electrical field strengths (11.04 V/cm) and three concentrations
(38.9, 67.5 and 106.1 PPT). It can be noticed that as the temperature
approached 95 °C, there was a slight drop in the electrical conduc-
tivity especially at high concentration and high electrical field
strength. This drop could be the result of localized boiling and
generation of vapor bubbles that reduced the electrical conductivity of
the solution [37]. The specific electrical conductivity range was 55-
399.6 (mS/cm).

The temperature dependent electrical conductivity relations for
different electrical field strengths and concentrations were obtained
using Eq. (2). For all samples, electrical conductivity increased linearly
with temperature, as expected and it is consistent with literature
data [17,26,31]. The empirical relation constants (0, and m), and
regression coefficients (R?) are given in Table 3. The temperature
factor range was 0.001227 t0 0.003111 [S cm™ ! °C~ !] with maximum
standard deviation less than 0.00016. The temperature factor (m)
increased linearly with TDS concentration as shown in Fig. 5. There
was insignificant effect of the electrical field strength on the
temperature factor.

The temperature, electrical field strength and TDS concentrations
dependent electrical conductivity relation was obtained (Eq. (3))
using non-linear regression analysis. All the constants of the empirical
relation are significant and the units of o, T and C are (S/cm), (°C) and
(PPT) respectively.

0 =0.032 +2.95x 10 °T-C + 8.58 x 10 °C? 3)

Fig. 6 indicates the real data of the electrical conductivity vs. the
empirical model, where the regression coefficient was 0.994. Both

100
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60 - ;
S50 FF
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30 -
20

10+ T T T
0 0.5 1 1.5 2

t [min]
A V4-C1 - V1-C5

T [°C]

0 V4-C5 ¢ VI1-C1

Fig. 3. Heating rate curves of seawater during ohmic heating. V1 and V4 indicate
electrical field strengths at 6.35 and 11.04 (V/cm) respectively; C1 and C5 indicate TDS
at 38.9 and 106.1 (PPT) respectively.
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temperature and concentration have a positive relation with the electrical
conductivity. The concentration has more effect on the electrical
conductivity than the temperature especially at high concentrations. It
should be noticed that there was insignificant effect of the electrical field
strength on the electrical conductivity. It was reported [37] that the low
electrical field strength in the range of 3.3 to 13.3 (V/cm) in food material
(surimi paste) containing 3-4% NaCl salts did not affect conductivity. It
was also expected since the range of the electrical field strength allowed
by the experimental setup was small (6.354+0.37, 11.0440.73 (V/cm)).
With regard to the ohmic heater used in this study, increasing the
electrical field strength beyond 11 (V/cm) especially at high concentration
of the TDS will heat the seawater very rapidly and instantaneous flashing
of the seawater occurs. In a continuous process of seawater heating, this
problem can be solved by optimizing the configuration of the ohmic
heater utilizing Eq. (1), and the flow rate of the seawater. The implication
of Eq. (3) is to determine the power generation rate within the system
causing the seawater temperature to rise under ohmic heating. In a system
with negligible heat loss, the rate of ohmic heating is directly proportional

Table 3

The average and standard deviation of temperature factor (m), initial electrical
conductivity (0,) and the regression coefficient of electrical conductivity-temperature
relationship (Eq. (2)) of seawater ohmically heated at different electrical field strengths
and TDS concentrations.

VV [V/cm]  TDS [PPT] m[S-cm~'-°C"'] o [S/cm] R* [%]
6.35+0.37 389+0.115 0.001298 +-0.00001  0.0348 4-0.0005 1
55.440.0005 0.001791+0.00003 0.053940.0005 1
67.54+0.10 0.002008 +0.00004 0.0696 4 0.0016 1
80.6+0.10 0.002427 +0.00008  0.0867 0.0048 1
106.1+0.115 0.003111+£0.00004 0.13404+0.0081 1
8.04+0.20 38.940.115 0.001256 +0.00001  0.0372+0.0011 1
55.4+0.0005 0.00171140.00005 0.056440.0013 1
67.54+0.10 0.002018 £0.00007  0.07294+0.0018 1
80.6+0.10 0.002289 +0.00003  0.0918 £0.0023 1
106.1£0.115 0.002912 +0.00004 0.13124+0.0037 1
9.55+0.25 38.94+0.115 0.001238 +0.00001  0.0388 +0.0007 1
55.44+0.0005 0.001642 +0.00001 0.060040.0022 0.99
67.54+0.10 0.001945 + 0.00005 0.0769 4 0.0020  0.99
80.6+0.10 0.00218940.00003  0.0950+40.0013 1
106.1+0.115 0.002903 +0.00002 0.135940.0040 0.99
11.0440.73 38.9+0.115 0.001227 +-0.00001 0.04054-0.0014 1
55.4+0.0005 0.001631+0.00004 0.0632+0.0021 0.99
67.54+0.10 0.0018814-0.00005 0.08104+0.0017 0.98
80.6+0.10 0.002172 +-0.00004 0.098240.0019 0.99
106.1£0.115 0.002821+0.00016  0.145940.0093 0.98

0.004
© 0.003 -
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2} x

- ] =

z 0002 =

0.001 : : :
30 50 70 90 110
C[PPT]

=Vl —-+-V2 —V3 —x-V4 —o-VI1

Fig. 5. The relationship between the temperature factor and the TDS concentration at
different electrical field strengths.

to the square of the electrical field strength and the electrical conductivity
[18] as indicated by Eq. (4).

u = o|vv}? (4)

Where 11 is the energy-generation rate per unit volume, VV is the
electrical field strength and o is the electrical conductivity (Eq. (3)). It
should be noticed that the critical property affecting energy genera-
tion is 0. Heating rate (dT/dt) can be calculated by the following
equation [30]:

dT o[ O
a =] ®

Where p and Cp are the density and specific heat capacity of the
seawater.

3.3. Physical-chemical properties

During thermal desalination process, it is very important to make
sure that the downstream quality would not affect the marine
environment, thus checking some quality parameters would reflect
any physical or chemical changes in the reject to the seawater. During
ohmic heating, a number of reactions, including electrode reactions,
electrolysis of the solution, as well as reactions between electrode
materials and electrolysis products may influence the quality of the
electrolyte during ohmic heating [19]. The extent of electrode corrosion
can be studied by the use of colorimetry [38]. In this study, the electrical
conductivity (measured by EC meter at room temperature in the
absence of the electric field strength), colour, pH and apparent specific
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0-0 T T T
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Fig. 6. The real data (circle markers) of electrical conductivity vs. the empirical model
(line) generated by Eq. (3).
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The average electrical conductivity at room temperature (0,5-c mS/cm) and standard deviations as affected by the concentration of TDS and electrical field strength.

V [V/cm] TDS concentration [PPT]

389+0.115 55.4+0.0005 67.5+0.10 80.6+0.10 106.14+0.115
0 51.73+£0.25 72.07 £0.11 87.204+0.10 103.304-0.10 135.2740.06
6.35+0.37 50.23+0.15 73.73+£0.06 93.80+0.10 107.77 +£0.12 136.47 +-0.06
8.04+0.20 50.234+0.15 73.60+0.10 92.57+0.25 107.104+0.10 138.23+0.15
9.55+0.25 49.5040.17 72.53+£0.12 91.93 4 0.06 105.604-0.10 139.004-0.10
11.0440.73 49.5340.21 71.80+0.10 90.47 +£0.21 103.904-0.10 140.27 4 0.25

(V=0) refers to the control samples where no ohmic heating was applied.
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Fig. 7. The electrical conductivity of the seawater at room temperature before (V0O =0)
and after ohmic heating treatment. V1, V2, V3 and V4 indicate the electrical field
strengths at 6.35, 8.04, 9.55 and 11.04 (V/cm) respectively.

heat changes before and after the ohmic heating of seawater in a batch
closed system will be discussed as well as the density measurement.
Table 4 indicates the electrical conductivity of the seawater at
room temperature before and after the ohmic heating treatment. It
should be noticed that zero electrical field strength refers to the row
seawater i.e. before applying ohmic heating. The electrical conduc-
tivity was not greatly affected by the electrical field strength as much
as the TDS as shown in Fig. 7. It can be recognized that most of the
electrical conductivity values overlapped at each concentration and
increased linearly as the concentration increased. The range of the
electrical conductivity at room temperature (035 +c) was 49.50-140.27
(mS/cm), which depends greatly on the concentration of total soluble
solids. It is comparable to certain extent with the data obtained for
seawater samples where the electrical conductivity reported to be 58,

Table 5

67.8, 67.5 and 72 (mS/cm) corresponding to TDS of 44, 58.26, 57.78
and 62.82 (mg/L) respectively [32].

Table 5 indicates the average and standard deviations of the basic
colour components of the seawater before and after ohmic heating
treatment at different electrical field strengths. In general, both
the colour components L* (lightness) and a* (red-green) slightly
decreased by increasing the electrical field strength. On the other
hand, there was a noticeable increase in the values of the colour
component b* towards yellowish, which could be attributed to the
electrochemical reactions where it has been reported that titanium
during ohmic heating forms various oxides having different colours
such as TiO, (yellowish) [27]. The colour difference (AE) of the
seawater was determined by Eq. (6) [39]:

AE = \/ (L~ L)% + (b*—b,)? + (a"—dp)*. (6)

Where L), az, by are the colour components of the raw seawater
samples. The range of the colour difference was 0.599-6.39. Fig. 8
represents the colour difference as affected by the concentration at
different electrical field strengths. It can be seen that increasing the
concentration resulted in higher colour change at all different electrical
field strengths; the highest colour changes occurred at high concentra-
tion (106.1 PPT) and high electrical field strength (9.55 and 11.04 V/cm)
conditions. Dramatic colour changes occurred at concentration more
than 80 (PPT), thus it is suggested to apply ohmic heating at
concentrations less than 80 (PPT) to avoid severe reactions that might
affect the quality of downstream seawater. According to individual
ability of human eye to appreciate differences in colour [40], three
different intervals were used to distinguish changes in colour values:
AE<1 — imperceptible by the human eye; 1.0<AE<3.3 — considerate
appreciate only for skilled person, AE>3.3 — easily observed. Accord-
ingly, at high concentration more than 80 (PPT) and high electrical field

The average values of the basic colour components and their standard deviations as affected by the concentration of TDS and electrical field strength. (VV=0) refers to the control

samples where no ohmic heating was applied.

Colour VV [V/cm] TDS concentration [PPT]
comp. 389+0.115 55.4-+0.0005 67.5+0.10 80.6£0.10 106.1+0.115
r* 0 70.47 +0.03 70.20+0.18 68.78 +0.03 68.21+0.01 66.57 +0.41
6.35+0.37 70.47 +0.001 70.03 + 0.000 69.21 +0.000 68.46 4 0.000 66.74 +0.000
8.04+0.20 70.46 +0.001 70.02 +0.000 69.23 +0.000 68.68 4 0.001 67.03 +0.000
9.55+0.25 70.44 +0.001 70.03 +0.000 69.18 +0.001 68.66 4 0.000 64.65 +0.001
11.04+0.73 70.51 +0.001 69.31 +0.000 68.78 + 0.000 67.49 +0.000 65.15 +0.000
a* 0 —0.79+0.02 —0.73+0.02 —0.81+0.02 —0.75+0.04 —0.74+0.05
6354037 —0.98+0.02 —0.86+0.05 —1.00+0.091 —1.17+0.066 —1.19+0.030
8.04+0.20 —1.02+0.02 —0.90+0.01 —1.05+0.020 —1.25+0.049 —1.28+0.028
9.55+025 —1.00+0.03 —0.98+0.01 —1.18+0.036 —1.29+0.069 —1.1240.007
11.04+0.73 —0.95+0.03 —1.06+0.03 —1.18+0.026 —1.28+0.007 —1.06+0.013
b* 0 1.25+0.02 1.20+0.020 1.48+0.030 1.57 +0.040 1.81+0.100
6354037 1.81+0.026 1.97+0.036 22240013 2.97+0.024 34240007
8.04+0.20 1.83+0.034 1.9940.035 24440024 32240013 3.80+0.024
9.55+0.25 1.83+0.036 236+ 0.028 2.88 +0.007 330+ 0.007 427+0.035
11.04+0.73 1.86+0.030 2.43+0.052 2.82+0.052 35440017 4.08+0.007
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Fig. 8. The colour change of seawater as affected by the concentration of TDS at different
electrical field strengths. V1, V2, V3 and V4 indicate the electrical field strengths at 6.35,
8.04, 9.55 and 11.04 (V/cm).

strength above 9.55 (V/cm) the change in colour is significant (AE>3.3)
which might be due to the electrochemical reactions during ohmic
heating. In the thermal desalination process the seawater temperature is
increased to the top brine temperature in the first effect where the TDS
was very low (38.9 PPT). Thus at low concentration the electrochemical
reactions might be limited and high electrical field strength (11.04 V/cm)
can be used. In this regard, more studies are recommended to investigate
the electrochemical reactions of different types of electrodes during the
ohmic heating of seawater for the evaluation of the reject stream quality
and the possible impact on the environment.

In the light of experimental results shown in Table 6, there was a
slight change in the pH of the seawater based on the TDS and the
applied electrical field strength. The range of the seawater pH after
ohmic treatments was 7.48-8.25. The percentage of the pH change
was calculated according to the following equation:

— pHo_pH
BpH = PP 100, 7

(o]

The percentage of change of pH based on the (pH,) of the raw
seawater was plotted against the concentration at different electrical
field strengths as shown in Fig. 9. It can be noticed that there was a
decline in the pH values at concentrations above 38.9 (PPT) at all the
electrical field strengths. The maximum decrease in the pH was 10% at
55.4 PPT and 11.04 V/cm. The change in the pH at low TDS (38.9 PPT)
was negative (i.e. 1% increase in the pH), and then as the
concentration increased, the change was positive. The same trend
was observed at different electrical field strengths. This behavior was
probably due to the residence time of different reactions such as
hydrolysis of the seawater and corrosion of electrodes that might
occur during the ohmic heating. For example, at high concentration
(106.1 PPT) and high electrical field strength (11.04 V/cm) the
heating rate was high (6.22 °C/s), therefore the residence time for

Table 6
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Fig. 9. The percentage of pH changes of seawater as affected by the concentration of TDS
at different electrical field strengths. V1, V2, V3 and V4 indicate the electrical field
strengths at 6.35, 8.04, 9.55 and 11.04 (V/cm) respectively.

the sample to heat up from 25 to 95 °C was short, thus the decline of
the pH was limited (3%) because the reaction time was short. In
comparison, at low concentration (55.4 PPT) and electrical field
strength 11.04 (V/cm), the heating rate was 3.45 °C/s, which means
high residence time at which the change in the pH was maximum
(10%) because of the longer reaction time. It has been reported that
during ohmic heating, hydrolysis and corrosion reactions between the
electrodes and the electrolyte solution may occur, where at high
electrical power and salt content, a significant loss of buffering
capacity was noted [19]. Generally, the effect of ohmic heating on the
pH was limited since the max percentage change was 10%.

Measurement of the apparent specific heat might give some estimate
of the expected occurring reactions. The range of the apparent specific
heat was found to be 3.664 to 3.981 (KJ/kg°C) at high and low
concentrations respectively. Statistical analysis of the apparent specific
heat of the seawater before and after the ohmic heating indicates that
there were insignificant changes at different concentrations as shown
in Table 7. Indeed the maximum changes in the apparent specific heat
were less than 0.6%.

In the calculation of continuous ohmic heating system, the density
of the seawater at different concentrations is important to be
measured or modeled for the purpose of proper design of ohmic
heater. The range of density was 1.03 to 1.14 (gm/cm?) at TDS 38.9
and 106.1 (PPT) respectively. Fig. 10 represents the density change at
different concentrations. The effect of the field strength on the density
change was insignificant which can be an indication of that the
residuals of the expected electrodes corrosion did not significantly
affect the density.

In brief, ohmic method can be applied to heat seawater especially
at low concentration of TDS, but more investigations regarding the
energy efficiency and cost analysis are necessary. Also, the reactions
that occur in the seawater due to ohmic heating causing colour and pH
changes are worth to be deeply investigated at higher electrical field

The average pH and the standard deviations of seawater at room temperature as affected by the concentration of TDS and electrical field strength. (VV=0) refers to the control

samples where no ohmic heating was applied.

VV [V/cm] TDS concentration [PPT]

389+0.115 55.4 4+ 0.0005 67.54+0.10 80.6+0.10 106.1 £0.115
0 8.01+0.02 8.32+0.02 8.224+0.02 8.10+0.01 8.14+0.02
6.354+0.37 8.2540.01 7.82+£0.01 7.77 £0.01 7.89+0.02 7.9440.00
8.04+0.20 8.25+0.01 7.74+0.02 7.704+0.01 8.02+0.01 7.92 £0.01
9.55+0.25 8.19+0.02 7.52+0.03 7.72+0.01 8.03+£0.01 7.87+0.03
11.04£0.73 8.2240.01 7.48 £0.01 7.74£0.03 7.83+£0.02 7.9140.00
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Table 7

The average values of the apparent specific heat (Cp: KJ/kg°C) as affected by the electrical field strength at different concentrations of TDS. (VV = 0) refers to the control samples

where no ohmic heating was applied.

VV [V/cm] TDS concentration [PPT]

38.9+0.115 55.4 4+ 0.0005 67.5+0.10 80.6+0.10 106.1+£0.115
0 3.981%" 3.900° 3.844°¢ 3.786¢ 3.681¢
6.35+0.37 3.986% 3.894° 3.821¢ 3.7714 3.677¢
8.044+0.20 3.986% 3.894° 3.824¢ 3.7744 3.672¢
9.55+0.25 3.988? 3.899° 3.827¢ 3.7784 3.669°
11.04+£0.73 3.988% 3.902° 3.832¢ 3.7844 3.664°

*: For the same TDS, values followed by the same letter are not statistically different (P<0.05).

strength and the potential impact of these changes on the marine
environment. The empirical model for electrical conductivity provid-
ed in this study can be utilized in modeling process to design and
evaluate the ohmic heating system against the conventional heating
methds.

4. Conclusion

It can be concluded that the electrical conductivity of the seawater
during ohmic heating is strongly dependent on TDS concentration and
temperature. The effect of the electrical field strength was insignif-
icant. The electrical conductivity of the seawater increased with
temperature rise linearly; although expected bubbling occurred at
temperatures approaching boiling point reduced the electrical
conductivity in some cases. Therefore, it is expected that apparent
electrical conductivity will drop during boiling process. The mathe-
matical model of the electrical conductivity can be used to predict
accurately the electrical conductivity as affected by temperature and
concentration within the ranges specified in this study. The advantage
of the ohmic heating in thermal desalination is its ability to generate
heat. The rate of heat generation will increase as the electrical
conductivity increases due to the increasing concentration as the
seawater evaporate. The major output of this study is the assessment
of electrical conductivity data which will add a new perspective to
system analysis, design, modeling and evaluation of the potential
application of ohmic heating method to generate heat in batch or
continuous desalination process. In general, ohmic heating shows
promise in seawater heating, but comprehensive understanding of the
process as well as the energy efficiency are necessary to ensure the
applicability of this method in the economical sense. Applying ohmic
heating in desalination process can be an alternative method to the
conventional heating i.e. using a boiler or any type of heat exchangers

1.20
p =2x10"° C2 - 0.0011C + 1.0555
R?=0.9945 .
1.15
=
=
g 110
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1-00 T T T
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oV0 oVl aV2 xV3 =xV4
Fig. 10. The density of seawater as affected by the concentration of TDS. Y-error bars

shown are the 95% confidence interval. VO, V1, V2, V3 and V4 indicate the electrical field
strengths at 0, 6.35, 8.04, 9.55 and 11.04 (V/cm) respectively.

but the changes that occur in the seawater such as colour and pH
change are worth to be investigated deeply at higher electrical field
strength. Benefits expected from applying ohmic heating can be (a) no
need for a boiler science heat can be generated volumetrically within
the seawater. (b) Reduced need for chemicals and maintenance activities;
and (c) improved plant reliability and duration. More research work and
emphases are recommended to evaluate the application of ohmic heating
during boiling and evaporation process of seawater as well as under-
standing the chemical and electrochemical reactions that may occur
during this process.
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