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Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States nor any agency thereof, nor any of their employees, makes 
any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States Government or any agency 
thereof.   
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Abstract 
 The overall objective of the present work was to develop technologies to reduce 
freshwater consumption in a cooling tower of coal-based power plant so that one could 
significantly reduce the need of make-up water.  The specific goal was to develop a scale 
prevention technology based an integrated system of physical water treatment (PWT) and a novel 
filtration method so that one could reduce the need for the water blowdown, which accounts 
approximately 30% of water loss in a cooling tower.   
 The present study investigated if a pulsed spark discharge in water could be used to 
remove deposits from the filter membrane. The test setup included a circulating water loop and a 
pulsed power system. The present experiments used artificially hardened water with hardness of 
1,000 mg/L of CaCO3 made from a mixture of calcium chloride (CaCl2) and sodium carbonate 
(Na2CO3) in order to produce calcium carbonate deposits on the filter membrane. Spark discharge 
in water was found to produce strong shockwaves in water, and the efficiency of the spark 
discharge in cleaning filter surface was evaluated by measuring the pressure drop across the filter 
over time. Results showed that the pressure drop could be reduced to the value corresponding to 
the initial clean state and after that the filter could be maintained at the initial state almost 
indefinitely, confirming the validity of the present concept of pulsed spark discharge in water to 
clean dirty filter. 
 The present study also investigated the effect of a plasma-assisted self-cleaning filter on 
the performance of physical water treatment (PWT) solenoid coil for the mitigation of mineral 
fouling in a concentric counterflow heat exchanger. The self-cleaning filter utilized shockwaves 
produced by pulse-spark discharges in water to continuously remove scale deposits from the 
surface of the filter, thus keeping the pressure drop across the filter at a relatively low value. 
Artificial hard water was used in the present fouling experiments for three different cases: no 
treatment, PWT coil only, and PWT coil plus self-cleaning filter. Fouling resistances decreased by 
59-72% for the combined case of PWT coil plus filter compared with the values for no-treatment 
cases. SEM photographs showed much smaller particle sizes for the combined case of PWT coil 
plus filter as larger particles were continuously removed from circulating water by the filter. The 
x-ray diffraction data showed calcite crystal structures for all three cases.  
 
 
Keywords: water treatment; self-cleaning filter; spark discharge; shockwave; physical water 
treatment; solenoid coil; mineral fouling; calcium scaling 
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EXECUTIVE SUMMARY 
Background 
 Thermoelectric power generation is water intense.  The goal of water management program 
in the Innovations for Existing Plants (IEP) program, managed by the Office of Fossil Energy’s 
National Energy Technology Laboratory (NETL) [1], is to develop advanced technologies and 
concepts to ensure that sufficient water is available to operate coal-based power systems and to 
minimize potential impacts of plant operations on water quality. The short-term goal is to have 
technologies ready for commercial demonstration by 2015 that, when used alone or in 
combination, can reduce freshwater withdrawal and consumption by 50% or greater for 
thermoelectric power plants equipped with wet recirculating cooling technology at a levelized 
cost of less than $4.40 per thousand gallons freshwater conserved. The long-term goal is to have 
technologies ready for commercial demonstration by 2020 that, when used in combination, can    
reduce freshwater withdrawal and consumption by 70% or greater at a levelized cost of less than 
$2.90 per thousand gallons freshwater conserved.  
 
Objectives 
 The overall objective of the present work was to develop technologies to reduce 
freshwater consumption in a cooling tower of coal-based power plant by increasing the cycles of 
concentration so that one could significantly reduce the need of make-up water.  The specific goal 
was to develop a scale prevention technology based an integrated system of physical water 
treatment (PWT) and a novel filtration method so that one can reduce the need for the water 
blowdown, which accounts approximately 30% of water usage in a cooling tower.   
 
Scope and Benefits 
 The project attempted to develop an integrated system of PWT coil and a novel self-
cleaning filtration system.  Such an integrated PWT coil and filter system could prevent both 
mineral and biofoulings, reducing blowdown so that the cycle of concentration (COC) could be 
increased from the present 3~4 to 8~10.  If such a new filter with a self-cleaning metal membrane 
can be developed based on spark pulse discharges, the reduced blowdown provides additional 
environmental benefits to eliminate or minimize the chemicals used for scale prevention and 
biocides. 
 
Tasks Performed 
Task 1 - Development of a Self-Cleaning Filtration System (Years 1 and 2) 
 The goal of the Task 1 was to develop a self-cleaning filtration system which used pulsed 
electric fields (i.e., electric shock) to dislodge particle deposits from filter surface.  In order to 
utilize the pulsed-electric-fields method, the filter membrane was made of porous metal, i.e. 
sintered stainless steel.  Electrical shocks were produced by using a plasma discharge in a form of 
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sparks, which generated very short electric pulses of 200 nanoseconds duration with high voltage 
(40 kV).  
 
Task 2: Validation Test of an Integrated PWT and Self-cleaning Filter System (Year 3) 
 The present validation test used the flow loop which consisted of a cooling tower, a 
counterflow concentric tube heat transfer test section with a window for visualization of crystal 
growth, electric heater for hot water, main circulating loop, and side-stream loop.  A fixed flow 
velocity of 3 ft/s in was used in the main heat transfer test section.  A physical water treatment 
(PWT) coil was utilized in the main circulating loop to continuously precipitate excess calcium 
ions from circulating cooling water. Temperatures of the inlet and outlet of cooling water and hot 
water were measured, from which one could determine the fouling resistance over time.  The 
fouling resistance obtained with PWT coil plus filter was compared with those obtained with no-
treatment case.   
 
Results 
 Task 1 investigated if a pulsed spark discharge in water could be used to remove deposits 
from the filter membrane. The test setup included a circulating water loop and a pulsed power 
system. The present experiments used artificially hardened water with hardness of 1,000 mg/L of 
CaCO3 made from a mixture of calcium chloride (CaCl2) and sodium carbonate (Na2CO3) in order 
to produce calcium carbonate deposits on the filter membrane. Spark discharge in water was 
found to produce strong shockwaves in water, and the efficiency of the spark discharge in 
cleaning filter surface was evaluated by measuring the pressure drop across the filter over time. 
Results showed that the pressure drop across filter could be reduced to the value corresponding to 
the initial clean state and after that the filter could be maintained at the initial state almost 
indefinitely, confirming the validity of the present concept of pulsed spark discharge in water to 
clean dirty filter. 
 
 Task 2 investigated the effect of a plasma-assisted self-cleaning filter on the performance 
of Physical Water Treatment (PWT) solenoid coil for the mitigation of mineral fouling in a 
concentric counterflow heat exchanger. The self-cleaning filter utilized shockwaves produced by 
pulse-spark discharges in water to continuously remove scale deposits from the surface of the 
filter, thus keeping the pressure drop across the filter at a relatively low value. Artificial hard 
water was used in the present fouling experiments for three different cases: no treatment, PWT 
coil only, and PWT coil plus a self-cleaning filter. Fouling resistances decreased by 59-72% for 
the combined case of PWT coil plus filter compared with the values for no-treatment cases, 
depending on the hardness and cold-side flow velocity. SEM photographs showed much smaller 
particle sizes for the combined case of PWT coil plus filter as larger particles were continuously 
removed from circulating water by the filter. The x-ray diffraction data showed calcite crystal 
structures for all three cases.  
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1. INTRODUCTION 
1.1 Background of the Project 
 The U. S. Department of Energy (DOE) has established a set of national priorities that 
includes the goal to promote secure, competitive, and environmentally responsible energy systems 
that serve the needs of the public. The Innovations for Existing Plants (IEP) program [1], 
managed by the Office of Fossil Energy’s National Energy Technology Laboratory (NETL), 
provides technological solutions to the myriad of environmental issues (air, solid, and water) 
affecting the existing fleet of coal-based power plants representing more than 320 gigawatts (GW) 
of generating capacity. 
 Significant quantities of water are necessary for the generation of electrical energy by 
coal-fired power plants. In fact, each kWh of thermoelectric generation requires approximately 25 
gallons of water [1]. According to USGS’s Estimated Use of Water in the United States in 2000, 
thermoelectric power generation (39%) ranks only slightly behind irrigation (40%) as the largest 
source of freshwater withdrawals in the United States, withdrawing over 136 billion gallons per 
day primarily for cooling purposes. When discussing water and thermoelectric generation, it is 
important to distinguish between water use and water consumption. Water use represents the total 
water withdrawal from a source and water consumption represents the amount of that withdrawal 
that is not returned to the source. Although thermoelectric generation is the second largest user of 
water on a withdrawal basis, it was only responsible for approximately 3% of the total 100 billion 
gallons per day of freshwater consumed in 1995.  
 Growing concerns about water availability along with current and future water-related 
environmental regulations and requirements could impact both the permitting and operation of 
coal-based power systems. In response to these national energy sustainability and security 
challenges, the IEP Program has been proactive through a water strategy directed at developing 
technologies and approaches to better manage how power plants use and impact freshwater 
resources so that one can reduce the amount of freshwater needed by power plants and minimize 
potential water quality impacts.  
 
 
Water Management Pathway in the IEP Roadmap 
 A key focus of water management efforts under the IEP program is to reduce the amount 
of freshwater used and consumed in the generation of coal-based thermoelectric power.  More 
specifically, the IEP program desires to develop advanced cooling technology with the ability to 
recycle plant water thus reducing freshwater requirements, i.e., to improve performance and costs 
associated with cooling.  Barriers and issues; technology approaches; and technology, policy, and 
regulatory objectives are described below [1]:  
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BARRIERS AND ISSUES 
Cooling technology requires large quantities of water to operate, and also consume significan
volumes of water in their operation  
 
TECHNOLOGY APPROACHES 
Develop advanced wet technology  
 
 
TECHNOLOGY, POLICY, AND REGULATORY OBJECTIVES  
Reduce consumption and withdrawal of freshwater associated with wet cooling technology 

 
 
  
1.2 Project Concept 
 Figure 1 shows how water is consumed in an existing cooling tower using chemical water 
treatment.  When one considers 100 gallons of makeup water, approximately 67% is lost through 
evaporation, 3% through wind drift and 30% through blowdown.  Thus, the existing water 
treatment technology used in today's typical cooling towers uses a cycle of concentration (COC) 
of 3-4.  COC qualitatively means how many times one circulates water in a cooling tower.  The 
goal of the present project was to find a way to achieve a higher COC such as 8-10.  The present 
project planned to utilize both physical water treatment (PWT) coil and filtration method in order 
to continuously convert dissolved calcium ions in water to calcium particles and at the same time 
remove them from the cooling water.  In addition to freshwater conservation, the present project 
could solve both mineral fouling and biofouling problems in condenser, making the power 
generating cycle more energy efficient and eliminating maintenance cost associated with the 
fouling such as periodic shutdown to remove fouling and acid cleaning operation. 
 The present project, if successfully developed, represents a significant progress over 
existing technologies on cooling water treatment.  The state-of-the-art physical water treatment 
technology was combined with a novel self-cleaning filtration system to precipitate dissolved 
calcium ions into calcium salt first and remove the calcium particles from circulating cooling 
water.  If one could develop such an integrated technology successfully, a cooling tower can be 
operated at a much higher COC than the current standard of 3-4 [2].   
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Fig. 1 Comparison of water usage patterns in existing and present technologies 
 
  
 
1.3 Benefits of the Project 
 A modern 1000-MW fossil-fueled power plant with 40% efficiency would reject 1500 
MW of heat at full load.  This is roughly equivalent to 512 x 106 Btu/hr and uses about 760,000 
gal/min of circulating water based on 18oF temperature difference in a condenser [3].  This is 
almost two times greater than the number, 25 gallons of water, needed to produce 1 KWh of 
electricity at a condenser level described by a report from the USGS (Circular 1268).  As heat is 
removed via evaporation of pure water at a cooling tower, the need for the makeup water is about 
7500 gal/min for the typical fossil plant, which results in 10 million gallons a day [3].   
 PWT (physical water treatment) technology utilizes oscillating electrical fields to produce 
the precipitation of dissolved calcium ions in water such that hard scale deposits can be prevented 
on a heat exchanger surface such as condenser in coal-fired power plant.  A recent review article 
by Cho et al. [4] provides theory and supporting test results of the PWT technology.  The cooling 
tower water is an ideal place where the PWT can be applied as water is continuously and 
repeatedly treated by the PWT.  The main function of the PWT is to convert dissolved mineral 
ions into mineral salt particles, which grow in size as water is continuously circulated [4].  Thus, 
if one can continuously remove such particles from the circulating water, one might be able to 
substantially increase the cycle of concentration (i.e., COC 8-10) or eventually stop the blowdown 
of the circulating water, leading to a significant freshwater recovery (see Fig. 2). 
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=100 gal 

Evaporation loss = 67 gal 

Wind drift loss = 3gal 

Cycle =100/(30+3) = 3  
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Loss = 30 gal 

(A) Existing technology (B) The present technology 
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Calculation of cycle of concentration, COC 
 The COC is defined as the ratio of the dissolved solids in the cooling tower water to the 
dissolved solids in the makeup supply water [2, 3].   
 

  
M

C

X
XCOC =

  
 

 
where XC is the mineral-ion concentration in the circulating water and XM is the mineral-ion 
concentration in the makeup water.   
 Alternatively the COC can be estimated by the mass balance among the makeup (M), 
evaporation loss (E), blowdown loss (B), and wind drift loss (W).  Since the makeup water has to 
compensate the total loss due to evaporation, wind drift, and blowdown, one can have a simple 
mass balance of water as: 
 
 BWEM ++=  
 
Assuming that there is no additional loss of chemicals or mineral ions through precipitation, the 
ion balance can be given by: 
 
  MXM = (B+W)XC  
 
Thus, the COC can be determined as the following equation: 
 

  
W B

MCOC
+

=  

 
 Blowdown is necessary to maintain an appropriate degree of concentration of mineral salts or 
other impurities in the circulating water [5]. The blowdown in a cooling tower is often controlled 
based on the measurement of the electric conductivity of the circulating water.  Since the amount 
of the evaporated water is proportional to the total heat of evaporation, one can estimate the water 
loss due to the evaporation.  Note that the evaporation of 1 lb of pure water removes an amount of 
heat of 970 Btu. In a typical power-plant cooling tower, blowdown is normally 25-30 % and wind 
drift loss is 2-2.5% of the evaporation losses [2, 3].  The main reason why one only uses makeup 
freshwater three or four times is that the calcium hardness must not increase beyond certain level 
to avoid scaling problems in condensers.   
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Fig. 2 Percentage of blowdown water vs. COC. For COC of 3 33% of water is discharged via 

blowdown, whereas for COC of 10 only 10% is discharged via blowdown. 
 
 
 The present project using both PWT and filtration, if successfully developed, should allow 
the operation of cooling tower at a higher COC of 8-10 than the current value of 3-4. Thus, the 
technology to be developed in the present project can reduce the freshwater use by approximately 
25%.  This means that the makeup water can be reduced by 2.5 million gallons a day in a 1000-
MW fossil-fueled power plant.  
 The present project utilized PWT coil to precipitate dissolved calcium ions and remove 
calcium particles using a self-cleaning filter.  Hence, the present project provides significant 
environmental benefits because it eliminates the use of various chemicals added to cooling tower 
water such as scale-inhibiting dispersants and biocides.   
 
 
1.4 Physical Water Treatment Technology 
 A physical water treatment technology is a non-chemical method used to mitigate mineral 
fouling, which utilizes electric or magnetic fields, catalytic surfaces, ultrasounds, or sudden 
pressure changes. Numerous studies have been reported for the effectiveness of the use of 
permanent magnets [4, 6-12], solenoid-coils [4, 6, 7, 13-16], catalytic materials like copper, zinc 
alloys [17, 18], and titanium [19], and ultrasounds [20]. Cho et al. [4] reported that water treated 
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by the PWT methods produced a significantly greater number of particles than the untreated water.  
Note that the precipitation of dissolved mineral ions takes place in the bulk water instead of on the 
heat exchanger surfaces, a process which is the key hypothesis of all PWT methods. The particles 
suspended in water tend to form a soft coating on heat transfer surfaces.  If the shear force 
produced by flow is large enough to be able to remove the soft coating, mineral fouling can be 
prevented or mitigated. Hence, if a PWT method can keep producing suspended particles in water 
and at the same time a filter can continuously remove the suspended particles from water, one 
may be able to mechanically reduce the hardness almost indefinitely without using any chemicals. 
Such a system, if successfully developed, can be considered as a true mechanical water softener, 
which is the topic of the present study.  
 Researchers at Drexel University demonstrated the feasibility of PWT methods and 
explained the mechanism of the PWT in a research funded by ASHRAE Technical Committee 
(3.6 Water treatment) and reported in an ASHRAE Conference [6].  In addition, they 
experimentally confirmed that scale deposits could be prevented when the PWT and filter were 
utilized simultaneously [4].  Thus, the only remaining issue is the development of an efficient 
self-cleaning filtration system.  Traditional back-wash type filter systems consume huge amounts 
of freshwater during cleaning cycle, which is not desirable for coal-based power plant.  Therefore, 
the present project attempted to develop a self-cleaning filtration system based on a pulse spark 
discharge method.   
 
 
1.5 Precipitation of Calcium Carbonate 
 Next, the scientific and engineering principles of scale formation on the condenser tubes 
will be briefly reviewed in the context of scale prevention.  Scales in condenser tubes at 
thermoelectric power plants can be CaCO3, MgSO4, or silica based scales.  However, due to the 
inverse solubility and low equilibrium concentration of calcium ions, CaCO3 makes up most 
scale deposits on condenser tubes. Hence, we use the word CaCO3 representatively to include all 
mineral salt particles in cooling water in the present study.   
 There are three reactions that control the rate at which dissolved calcium and carbonate 
ions recombine and crystallize. Reaction 1 relates the dissociation of bicarbonate ions into the 
hydroxyl ions OH- and carbon dioxide: [4]  
 

)1(Re)()()( 23 actiongCOaqOHaqHCO +⇔ −−

   
 
In Reaction 2 hydroxyl ions produced from Reaction 1 further react with existing bicarbonate 
ions, producing carbonate ions and water: [4] 

)2(Re)()()()( 2
2

3 3
actionlOHaqCOaqHCOaqOH +⇔+ −−−
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Reaction 3 is the reaction between calcium and carbonate ions, resulting in the precipitation and 
crystallization of calcium carbonate particles: [4] 
 

)3(Re)()()( 3
2
3

2 actionsCaCOaqCOaqCa ⇔+ −+  
 
 Table 1 presents the thermochemistry of the above three reactions, leading to the 
precipitation of dissolved calcium ions to CaCO3.  Based on the Gibbs free energy ΔG, Reaction 
1 cannot take place spontaneously because of the positive value, +43.6 kJ/mol.  In other words, 
extra energy has to been added to the system to make the reaction go.  For example, when hard 
water is heated and enough thermal energy is added to water, the bicarbonate ions (HCO3

-) can 
be dissociated, producing and subsequently precipitating dissolved calcium ions to CaCO3 via 
Reactions 2 and 3.  Note that Reactions 2 and 3 will spontaneously proceed in the forward 
directions because both reactions have negative Gibbs free energies. 
 The aforementioned PWT methods of scale prevention must affect the above Reaction 1, 
dissociating bicarbonate ions into hydroxyl ions OH- and carbon dioxide.  Detail theoretical 
descriptions on this hypothesis are given elsewhere [4].   
 
 

 Reaction 1 Reaction 2 Reaction 3 

ΔG (kJ/mol) 43.6 -20.9 -47.7 

 
Table 1. Gibbs free energy for three reactions involved in CaCO3 precipitation process [4] 

 
 
 
 
1.6 Plasma Discharges in Water 
 More recently, researchers at Drexel University have been conducting a number of 
research and development projects using high-voltage plasma discharges.  They have produced 
several different methods to produce plasma discharges directly in water (see Fig. 3).  They 
have successfully and safely demonstrated that they could produce pulse spark discharges 
directly in water using 40,000 V at a frequency of 2-4 Hz with pulse duration of 10 nanoseconds 
to 50 microseconds.   
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Fig. 3 Photographs of various plasma discharges in water, which were produced at Drexel University. 
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2.0 TECHNOLOGY DESCRIPTION 
 
2.1 Objectives of the Project 
 The overall objective of the present work was to develop technologies to reduce 
freshwater withdrawal and consumption in a cooling tower of coal-based power plant so that one 
could significantly reduce the need of make-up water.  The specific goal was to develop a scale 
prevention technology based an integrated system of physical water treatment (PWT) and a novel 
self-cleaning filtration method so that one could reduce the need for the water blowdown, which 
accounts approximately 30% of water loss in a cooling tower.   
 
2.2 Scope of the Project 
 When freshwater is used as a cooling medium, pure water evaporates, concentrating 
mineral ions such as calcium and magnesium in circulating cooling tower water, causing mineral 
fouling problem.  Hence, a part of the circulating water must be discharged through blowdown 
periodically or continuously and replaced by make-up water in order to maintain a relatively low 
hardness level.  As a rule of thumb, one percent of the circulating water is lost through 
evaporation and blowdown, which become approximately 10 million gallons a day for a 1,000-
MW fossil power plant.   
 The present research consisted of two tasks.  The first task was to develop a self-cleaning 
filtration system.  The second task was to integrate a PWT coil and the self-cleaning system and 
conduct heat transfer fouling tests to demonstrate that the integrated PWT coil and filter system 
could prevent both mineral and biofoulings such that the cycle of concentration (COC) could be 
increased from the present 3~4 to 8~10 [2, 3].   
 
 
2.3 Description of the Project 
 
2.3.1 Task 1 - Development of a self-cleaning filtration system (Years 1 and 2) 
 Task 1 in the present project attempted to use pulse spark discharges (i.e., electric shock) 
to dislodge particle deposits from filter surface.  In order to utilize the pulse spark discharge 
method, the filter membrane had to be made of porous metal such as sintered stainless steel.   
 Electrical shocks were produced by using a plasma discharge in a form of sparks, which 
generated very short electric pulses of 200 nanoseconds duration with high voltage (40 kV).  
 
 
2.3.2 Task 2 - Development of an integrated PWT and self-cleaning filtration system (Year 3) 
  Task 2 attempted to integrate a PWT coil and a self-cleaning filtration system, with which 
a number of heat transfer fouling tests were conducted, Although it is known that the performance 
of PWT method could be significantly enhanced by a use of filter, the filter did not last long in 
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cooling water applications because deposits rapidly accumulated on the filter surface.  Hence, 
Task 2 conducted validation tests with the integrated system of PWT coil and self-cleaning filter 
in order to demonstrate the efficacy of the self-cleaning filtration system in cooling water 
applications.  Note that although there are a number of self-cleaning filter technologies available 
on the market, they are not used in cooling water applications in power plant.  One of the reasons 
is that they use a complicated backwash method, which reverses the direction of flow with a 
complicated plumbing system during the cleaning phase, which is prohibitively expensive for 
power-plant applications. Furthermore, the water used in the backwash must be clean filtered 
water, a practice which reduces the filter capacity. 
 
 
2.3.3 Validation test with an integrated PWT and self-cleaning filter system (Year 3) 
 The present validation test used a flow loop which consisted of a cooling tower, a 
counterflow concentric tube heat transfer test, electric heater for hot water, main circulating loop, 
and side-stream loop.  Temperatures of the inlet and outlet of cooling water and hot water were 
measured, from which one could determine the fouling resistance over time.  The fouling 
resistances obtained with a PWT and filter were compared with those obtained with no-treatment 
case.   
  
Additional Measurements in Validation Tests 
 Task 2 delivered fouling test data in terms of fouling resistance over time for baseline test, 
test with PWT alone, and test with PWT and self-cleaning filter system conducted under identical 
test conditions.  Additional measurements include as follows: 
• visualization of crystal growth 
• SEM photographs 
• X-ray diffraction measurements 
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3 TECHNICAL PERFORMANCE 
 This section reports the results obtained from the present project in a chronological order. 
 
3.1 Theoretical Modeling of Dielectrophoresis 
 The objective of the present theoretical modeling was to develop a simple model to 
estimate the dielectrophoresis force subjected on the particles and the displacement induced by 
this force.  Note that the dielectrophoresis force can be produced from plasma discharges. 
 
 
3.1.1Modeling 
 Consider a particle with a diameter of 10μm, which is trapped on the surface of the filter, 
see Fig. 4. Electric field is produced by using a high voltage electrode (10kV). For the particle the 
dielectrophoresis force is given by the following equation [21]: 
 
 22 )](Re[2 EKrF mDEP ∇= εεπ    
 
where εm is the medium permittivity, K(ω) is the Clausius-Mossoti factor [21], r is the radius of 
the particles, and E is a local electric field. Here in this model, r and εm are already known, and 
K(ω) can be calculated according to the permittivity of water and the particle. So now the 
modelling problem falls to the determination of E.  
 
 

 
 

Fig. 4 Sketch of the model 
 

 
 
3.1.2 Electric field 
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 Assume that the distance between the electrode and filter membrane is 1cm, then the 
average electric field can be estimated as E  = U/d = 106 V/m. Generally there is a much higher 
electric field at the sharp points and sharp edges of pores in the membrane filter than a smooth 
surface, as shown by the following relationship:  
 

 
s

s

r
R

E
E

∝     

 
where Es is the electric field at the sharp point, E is the average electric field, R is the radius of 
water pipe, and rs is the radius of sharp point. Assume R = 5 cm and rs = 1 μm, we can estimate Es 
to be 5x1010 V/m. This strong electric field will drop quickly (proportional to 1/a2, where a is the 
distance from the position where the electric field is calculated to the sharp edge), and return to an 
average field strength at a distance of about 100 μm. 
 In one dimension, the dielectrophoresis force equation can be written as: 
 
 EEKrF mDEP ∇= )](Re[4 2 εεπ .     

The gradient of the electric field can be estimated as 14105
100

×=
−

m
EEs

μ
 V/m2. 

 Using the above estimations, the dielectrophoresis force FDEP can be calculated:   
 

 NFDEP 1810510
92
741085.880)105(4 1461226 =××××××××≈ −−π    

 
 Suppose that the duration of the pulse is 10 ns. The particle will be accelerated during this 
period of time, and the velocity of the particle gained due to the dielectrophoresis force becomes  
  

 sm
m

tFv DEP /3802
0 ≈=    

 
where t is the pulse duration assumed 10ns as stated above, and m is mass of the particle, which is 

calculated by 3

3
4 rm ρπ= .  Note that the density of the particle ρ is assumed to be 2.7g/cm3, 

which is the density of calcite, CaCO3.   
 After the particle gains this initial speed from the dielectrophoresis force, the particle will 
be decelerated due to the viscous effect of water on the particle, which can be expressed as:  
 

 vr
dt
dvm μπ6−=    
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where r is radius of the particle, μ is the viscosity of water. Integrating equation, we can get the 
particle velocity as a function of time:  
 

 
t

m
r

evv
μπ6

0

−
= .     

 

The time constant for the deceleration of the particle becomes s
r

m 6105
6

−×≈=
μπ

τ , and the 

distance that the particle travels can be integrated as ∫
τ3

0

vdt , which is about 1 mm.  

 For smaller particles, for example, with a diameter of 1 μm, the initial velocity from the 
dielectrophoresis force is about 1,000 m/s, the time constant for the deceleration of the particle is 
about s8105 −× , and the displacement under a 10-ns electric pulse is about 50 μm. This means the 
small particles are much harder to clean than the big ones, and 10 ns is not enough to remove all 
of the particles.  

 
Fig. 5 Distance the particle move under different duration of electric pulses 

 
 From Fig. 5 one can see that for 1-μm particles, the distance increases as the duration of 
the electric pulse increases. So, one will probably need 100 - 200 ns electric pulses to effectively 
clean the filter. Note that in the present modeling one did not consider the velocity of water flow, 
which can be relatively large near the pore of the membrane filter and tends to push the particle 
back to the filter membrane.  Thus, when one consider the effect of the water flow, the distance of 
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the particle displacement due to the dielectrophoresis force will be smaller than the present 
estimation shown in Fig. 5. 
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3.2 Design of Conductive Filter  
 Figure 6 shows the concept of a conductive filter system, where we studied whether the 
use of dielectrophoresis could accelerate mineral deposits on the conductive filter membrane and 
later remove the mineral deposits.  If the dielectrophoresis did not have enough power to remove 
the deposits from the membrane, we planned to utilize shockwaves produced from a spark 
discharge, which would be powerful enough to dislodge the particle.  Figure 7 shows a minor 
modification for the integration of spark discharge in the conductive filter system.  Detail 
descriptions of the conductive filter system are given below. 
 
1. The body (i.e., case) of the filter was made of polyethylene, which was easy to machine and 
would provide an adequate mechanical strength.   
 
2. Two pieces of quartz glass were installed on both ends of the polyethylene chamber. The 
quartz-glass windows were used for visual observation and recording of particle adhesion and 
removal created by the dielectrophoresis.  Since shock waves were applied using spark discharges, 
extra flanges were added to provide additional support for the quartz window as shown in Fig. 7. 
 
 

 
Figure 6. Sketch for the filter 

 
1. electrode;   2. polyethylene tube;   3. metal mesh;  
4. water inlet;    5. primary water outlet;  6. secondary water outlet;  
7. quartz observation window 
 
 
 Figure 6 shows the preliminary design of the filter to test the effect of dielectrophoresis. 



 

Final Report DE-FC26-06NT42724                                                                                           Page 16 
 

 
 
 
3. The electrodes were inserted from the top of the filter system. The distance between the 
electrodes and filter membrane was adjusted for the optimum operation of the filter system.  
 
4. For the proof-of-concept laboratory tests, we used suspended particles (e.g., silicate particles to 
start with) with a radius of several microns were used, which were mixed with water.  The sample 
water with suspended particles was circulated using an external pump through the conductive 
filter system to simulate the working condition in a typical cooling tower.  Multiple inlet ports 
were used to ensure that the flow across the surface of metal mesh (i.e., membrane) was uniform 
and no ‘dead-zone’ was present so that the particles did not accumulate on certain parts of the 
surface due to mal-distribution of the flow. 
 
5. There were two water outlets: primary and secondary. Most water (i.e., filtered water) flowed 
out through the primary outlet. The rest flowed out through the secondary outlet with the particles.    
 
6．For the integration of spark discharge in the conductive filter system, the system was modified 
to test the effectiveness of shockwave by adding two extra electrodes and supporting flanges (as 
shown in Fig. 7). 
 

 
 

Figure 7 Sketch for a conductive filter system with two additional electrodes and reinforced 
windows to test the effectiveness of shockwaves produced by spark discharges in water 
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3.3 Construction of a Filter System with Pulse Power System  
 
3.3.1 Power Supply 
 Three power supplies, referred to as “sinusoidal”, “continuous”, and “micro-pulsed”, were 
tested. Voltage was measured using a wide bandwidth 1:1000 voltage probe.  Signals from the 
current and voltage probes were acquired and recorded by a Digital Phosphor Oscilloscope (DPS) 
(500 MHz bandwidth, 5 x 109 samples/sec, TDS5052B, Tektronix, Inc.).  Acquired data was then 
integrated using customized MATLAB code.  
 
3.3.2 Continuous power supply 
 The continuous power supply generated up to 18-kV peak-to-peak voltage at 8.7 kHz with 
a continuous sinusoidal bipolar wave signal. As shown in Fig. 8, the voltage rise time (defined as 
the time required for the signal to rise from 20% to 80% of the maximum) was about 1.5µs and 
the duration time (defined as Full Width at Half Maximum, FWHM) was 2.4 µs. 
 
 

 
Figure 8 Waveform of continuous power supply 

 
 
 
3.3.3 Sinusoidal power supply 
 The sinusoidal power supply was a varying frequency and voltage system where 
sinusoidal or square waves were amplified and stepped up to high voltage. As shown in Fig. 9, the 
voltage rise time was about 12.8 µs and the duration time was 26.4 µs. The typical frequency of 
the system was 12 kHz. 
 
 



 

Final Report DE-FC26-06NT42724                                                                                           Page 18 
 

 
Figure 9 Waveform of sinusoidal power supply 

 
 
3.3.4 Micro-pulsed power supply 
 The micro-pulsed power supply had positive or negative polarity pulses at 0.1 kHz to 1 
kHz repetition rate, up to 35-kV peak-to-peak voltage. As shown in Fig.10, the voltage rise time 
was 0.55 µs, and the duration time was 4.92 µs. 
 Base on the previous tests, the rise time of the electrical pulse should be in the range of 
nanoseconds to create large enough dielectrophoresis force to push the particles away from the 
mesh. So another new nano-pulsed power supply was designed and built. The repetition rate of 
the electric pulse was 1-5 Hz, and the input power varied from 2 to 10 J per pulse.  
 
 

  
Figure 10 Waveform of micro-pulsed power supply 
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3.3.5 Filter System 
 A filter system, as shown in Fig. 11, was constructed for tests to validate the feasibility of 
pulsed electric fields for self-cleaning filters. The complete system consisted of four parts: water 
filter, water tank with magnetic stirrer, peristaltic pump, and manometer. Following are details of 
the materials and methods used in the present system. 
 
 

      
 

Figure 11 Water filter system 
 
 
3.3.6 Water Tank 
 To simulate the precipitation of CaCO3 in physical water treatment (PWT) system, glass 
particles with diameters ranging from 5 to 50 µm (Duke Scientific Inc.) were used. The glass 
particles and water were mixed using a magnetic stirrer (Fisher Scientific Inc). 
 
 
3.3.7 Peristaltic Pump 
 To move water mixed with suspended particles from the tank to a water filter, a peristaltic 
pump (Fisher Scientific Inc) was used to avoid the abrasion of mechanical parts that might occur 
by the particles. The flow rate of the pump was adjustable and varied from 0 to 200 ml/minute in 
the present test.  
 
 
3.3.8 Water Filter 
 As shown in Fig. 12, the body of the water filter was made in polycarbonate, which had a 
very good chemical, electrical, thermal and impact resistance.  When water was introduced from 
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the inlet, most of the microparticles were deposited on the surface of the metal mesh, which was 
made from Dutch-weave wire cloth of ultrafine-filtering type stainless steel and supported by 
perforated aluminum sheet (see Fig. 13). The metal mesh had an opening of 10 µm. High voltage 
electric pulses were applied to an electrode that generated electric plasma directly in water and 
pushed the particles away from the metal mesh surface. The entire adhesion and dislodge process 
were recorded through the quartz observation window by a microscope and a video camera. After 
each pulse discharge, the dislodged particles and a part of water left the water filter through the 
upper water outlet, while the rest of water left through the lower water outlet. All of the water and 
microparticles were collected by the water tank. During the application of the electric discharge, 
bubbles which might be generated in the filter body were removed through a needle valve (see Fig. 
12).  
 
3.3.9 Manometer 
 The pressure drop across the metal mesh was measured by a U-tube manometer. Analysis 
was done to see the relationship between the coverage ratio of surface area by the microparticles 
and the measured value of the pressure drop.  
 

  
 

Figure 12 Detailed view of water filter 
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Figure 13 Stainless steel mesh supported by perforated aluminum sheet 

Perforated aluminum sheet  SEM picture of stainless steel metal mesh  
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3.4 Visualization of Particle Adhesion on a Filter Medium with a Microscope  
 
3.4.1 Construction of a self-cleaning filter 
 A test system was constructed to examine the validity of pulsed electric fields for self-
cleaning filters. The present system consisted of five parts: power supply, water filter, water tank 
with magnetic stirrer, peristaltic pump, and pressure-measuring unit. The schematic diagram of 
the self-cleaning system is shown in Fig. 14.  
 
 

 
 

Fig 14 Schematic diagram of the self-cleaning filter system 
 
 
 To improve the data collecting capability of the system, the aforementioned manometer-
based pressure measuring unit was replaced by a differential pressure transducer (Omega PX137-
015AV) to measure the pressure drop across the filter. The signal from the pressure transducer 
was collected by a data acquisition system (Dataq DI-148U) and processed by a computer. This 
high-speed data acquisition system could record at rates up to 14,400 samples per second. 
 
 
3.4.2 Power Supply 
 Base on previous studies, the rise time of the electrical pulse should be in the range of 
nanoseconds in order to create a large enough dielectrophoresis force to push the attached 
particles away from the mesh. So another new nano-pulsed power supply (Fig. 15) was tested, 
which had the repetition rate of the electric pulse of 1-5Hz, and the input power varied from 2 to 
10 J per pulse. Voltage was measured using a wide bandwidth 1:1000 voltage probe.  Signals 
from current and voltage probes were acquired and recorded by a Digital Phosphor Oscilloscope 
(DPS) (500 MHz bandwidth, 5 x 109 samples/sec, TDS5052B, Tektronix, Inc.).   
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Fig 15 Nanosecond pulse power supply 
 
 
 

  
 

Fig 16 Voltage and current waveform of nanosecond power supply:  
(left) in millisecond time scale; (right) in nanosecond time scale 

 
 

 The measurement results showed that the new nanosecond pulse power supply generated 
up to 30 kV peak to peak voltage. The frequency of the voltage signal could be varied from 1 Hz 
to 38 Hz. As shown in Fig. 16, the voltage rise time (defined as the time required for the signal to 
rise from 20% to 80% of the maximum) was about 10 ns and the duration time (defined as Full 
Width at Half Maximum, FWHM) was 30 ns. The input power calculated from the voltage and 
current waveform was about 2 J/pulse.  
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3.4.3 Visualization of particle adhesion process 
 The adhesion process of the particles was visualized using Scanning Electron Microscope 
(SEM, Zeiss Supra 50VP). Three stainless-steel mesh samples, each with a size of 5mm×5mm, 
were put on the top of metal mesh inside the filter system and used to collected particles for 1 min, 
2 min and 4 min, respectively, which were sent to Drexel SEM laboratory for SEM photographs. 
The SEM photographs, together with the picture of clean filter, are shown in Fig. 17.    
 
 

  
    (a)      (b) 

  
    (c)      (d) 

 
Fig 17 SEM photographs for the visualization of particle adhesion process:  

(a) 0 min; (b) 1 min; (c) 2 min; (d) 4 min 
 

 
 
 The changes of pressure drop, due to the adhesion of particles to the filter, were recorded 
under different total flow rates, tangential flow rates and particle concentrations. Fig. 18 shows 
 the pressure drop increase under total flow rates ranging from 50 mL/min to 400 mL/min, while 
maintaining the same tangential flow ratio and particle concentration. The pressure drop quickly 
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reached the maximum value after around 3-4 minutes, which means the filter was fully covered 
by the particles.  
 Figure 19 shows the pressure drop increase with time under three different tangential flow 
ratios. The tangential flow ratio is defined as Qtan/Qtot, where Qtan is tangential flow rate over the 
metal mesh, and Qtot is the total flow rate. The total flow rate was fixed at 100mL/min. It is clear 
that the higher the tangential flow ratio is, the lower the pressure drop should be. It means that a 
higher tangential flow rate should carry away more particles and alleviate the fouling at the 
surface of a metal mesh. But it also means that more fresh water must be used to keep the filter 
clean. 
 Figure 20 shows the pressure drop increase with time under three different particle 
concentrations, while the total flow rate was fixed at 100mL/min and the tangential flow ratio was 
fixed at 5%. It can be seen that the concentration of particle did not have a large influence on the 
change of pressure drop. It is probably because the concentration used in the test was large, 
comparing with that in tap water, which was usually in the order of tens of mg/L.  
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Fig 18 Change of pressure drop under five different flow rates 
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Fig 19 Change of pressure drop under three different tangential flow ratios 
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Fig 20 Change of pressure drop under three different particle concentrations 
 
 
 
3.4.4 Validation of the effectiveness of spark discharge 
 A circuit diagram of the plasma system is shown in Fig. 21, where a spark gap acted as a 
fast high current switch. Arc discharge was initiated from the overvoltage produced by the power 
supply and capacitor, and the spark gap made use of the very low impedance of arc to transfer 
high-power energy within nanoseconds.  
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Fig 21 Circuit diagram of the plasma setup 
 

 
 By altering the distance between the two electrodes in the spark gap, the power transferred 
from the power supply could be altered and two different types of plasma were produced inside 
the filter system: corona discharge and more powerful spark discharge, Fig. 22.  
 
 

 
           (a)          (b) 

 
Fig 22 Plasma in self-cleaning filter system: a) corona discharge; b) spark discharge 
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Fig 23 Change of pressure drop under repeated pulsed spark discharges 
 
 
 The feasibility of using spark discharge for the self-cleaning filter was tested, Fig. 23. The 
pressure drop was recorded under three different total flow rates of 200, 300 and 400mL/min, 
when the tangential flow ratio and particle concentration were kept at 5% and 1.25g/L, 
respectively. Spark discharge was initiated at the beginning of each minute. It was observed that 
following each spark, the pressure drop decreased dramatically because of the shockwave 
generation.  After that the pressure drop increased gradually when the particles began to re-
deposit on the filter.  After about ten pulses, the pressure drop decreased to about 40% of its 
original value, indicating that the spark discharge was effective in cleaning the filter.  
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3.5 Study of Calcium Carbonate Particle Adhesion on a Filter Medium  
 
3.5.1 Use of calcium carbonate particles for filter test 
 The feasibility of using spark discharge for the self-cleaning filter was validated and 
reported in previous section. The pressure drop recorded under different total flow rates showed a 
significant reduction when pulsed discharge was applied. However, all the tests were conducted 
using artificial particles, i.e. glass spheres with diameters ranging from 10 μm to 50 μm (as shown 
in Fig. 24a). The glass spheres might have been easier to be shaken off by shockwaves produced 
by the spark discharge because of their spherical shape.   
 In real situations, the fouling deposits on a filter medium are mostly particles from 
dissolved mineral ions such as calcium and magnesium.  In particular, the calcium carbonate 
particles are more important in cooling tower applications as its solubility is relatively small (i.e., 
about 50 ppm at the room temperature at standard atmospheric pressure).  Since it is known that 
the natural calcium carbonate particles tend to form hard deposits on the surface of the filter 
medium and thus more difficult to clean, we investigated whether or not the spark discharge in 
water could also effectively clean the calcium carbonate particle deposits.  Figure 24 shows 
scanning electron microscopy photographs of glass spheres deposited at the filter medium (Fig. 
24a) and calcium carbonate particles (Fig. 24b). Note that calcium carbonate particles formed 
large balls with diameters of about 50 microns which appeared to contain several dozens of 
individual calcium carbonate particles and exhibited irregular shapes.  
 
 

 
               (a) glass spheres              (b) calcium carbonate particle 

 
Fig. 24 Scanning electron microscopy photographs of deposited particles 

 
 
3.5.2 Construction of a flow test loop for calcium carbonate fouling study 
 To test the effectiveness of spark discharge to remove the calcium carbonate particles 
from a filter medium, another flow test system was constructed to generate supersaturated water 
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in calcium ions on a controlled laboratory set up. The test setup was a simulated cooling tower 
system, as shown in Figs. 25 and 26. The setup had an approximately 1 ft-high cooling tower. The 
purpose of the cooling tower system was to circulate city-tap water and produce supersaturated 
water by evaporating pure water using heated air. 
 The tap water from the City of Philadelphia had an electric conductivity of 430 μmho/cm 
and was circulated through a peristaltic pump and back to the tower. Hot air was constantly 
introduced into the cooling tower to stimulate the vaporization of pure water. A conductivity 
controller monitored the conductivity of the circulating water until the water conductivity reached 
a supersaturated state. The variation of the electric conductivity of cooling tower water over time 
is shown in Fig. 27.  After 3 days of continuous circulation, the conductivity reached over 2000 
μmho/cm and the water was in the supersaturated situation.  At this point, we began to notice that 
calcium carbonate began to precipitate from water and fell to the bottom of the cooling tower.  
Once the supersaturated water was prepared, a validation test began using the test setup shown in 
Fig. 26 to investigate the filter performance and the efficacy of pulse discharge in removing the 
calcium carbonate deposits from the filter medium. 
 

 
 

Fig. 25 Sketch of a new test setup (a simulated cooling tower) to produce supersaturated water  
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Fig. 26  Schematic diagram of the self-cleaning filter system used in the present study 
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Fig. 27 Variations of electric conductivity of cooling tower water over time 
 
 

 
3.5.3 Test results with calcium carbonate deposits on filter medium 
 Figure 28 shows the changes of pressure drop under three different flow rates using 
calcium carbonate particles produced in the simulated cooling tower. The trends in the pressure 
drops were similar to those in the tests using glass spheres. The major difference was that the 
asymptotic pressure drop in the case of CaCO3 particles was around 400 Torr, much higher than 
that obtained with glass spheres (around 200 Torr), a phenomenon which can be attributed to the 
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fact that calcium carbonate particles tended to form a much denser deposits on filter surface than 
glass spheres did.  
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Fig. 28 Change of pressure drop under different flow rates using calcium carbonate particles 
produced by simulated cooling tower 

 
 

 In order to investigate whether or not the spark discharge could clean the calcium 
carbonate deposits from the filter medium, we applied one spark discharge to filter surface at a 
time. The spark discharges were repeated every minute and we examined what happened to the 
pressure drop across the filter medium. Figure 29 shows the change in the pressure drop under 
repeated pulsed spark discharges. The pressure drop was measured at three different total flow 
rates of 200, 300 and 400 mL/min.  
 In the case of 400 mL/min, the first spark discharge decreased the pressure drop from 425 
to 200 Torr, which was 53% drop by just one application.  Such a dramatic improvement night be 
mostly due to an efficient cleaning by shockwaves generated from the spark discharge. Also note 
that this cleaning process could be done while the filter was normally used, i.e. the application of 
the spark discharge did not require stopping the flow. After the application of each spark 
discharge, the pressure drop gradually increased as the particles removed from the filter surface 
began to re-deposit on the filter.  After the application of five spark discharges, the pressure drop 
reached about 80 Torr, which was close to the initial clean state of the filter of about 50 Torr.  
After about ten pulses, the pressure drop in the case of 400 mL/min decreased and maintained at 
about 40% (170 Torr) of the asymptotic value (425 Torr) before the applications of the spark 
discharge, indicating that the spark discharge was effective in cleaning the filter. 
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Fig. 29 Changes in pressure drop under repeated pulsed spark discharges for CaCO3 scales 
produced by a simulated cooling tower 

 
 

 Although the simulated cooling tower system was found to be ideal in producing CaCO3 
particles, it was both time and energy consuming to run the test. To reduce the time required for 
each experiment, another system was designed and built. An artificial hard water was prepared 
with hardness of 1,000 mg/L of CaCO3 from a mixture of calcium chloride (CaCl2) and sodium 
carbonate (Na2CO3) in right proportions. Using this artificially hardened water, the above fouling 
test was repeated by measuring the pressure drop across the filter medium.  Figure 30 shows the 
changes in pressure drop at three different flow rates with artificial hard water. 
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Fig. 30 Changes in pressure drop at three different flow rates  

with artificial hard water. 
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 Figure 31 shows the changes in pressure drop under repeated pulsed spark discharges. The 
pressure drop with an artificial hard water was also measured at three different total flow rates of 
200, 300 and 400 mL/min. Spark discharge was applied at a rate of per minute. 
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Fig. 31 Changes in pressure drop under repeated pulsed spark discharges with an artificially 
hardened water. 

 
 

 Comparing the results in Fig. 31 with those in Fig. 29, it can be seen that although the two 
tests were using CaCO3 particles from different sources, both of them showed similar asymptotic 
pressure drop results prior to the application of spark discharge.  In the case of 400 mL/min, the 
first application of the spark discharge reduced the pressure drop from 410 Torr to 280 Torr for 
the case of artificial hard water, much less than the case with naturally hardened water.  After 
applications of ten spark discharges, the pressure drop eventually dropped to about 80 Torr for the 
case of artificial hard water instead of five spark discharges for the naturally hardened water.  
Although the calcium carbonate deposits produced from the artificially hardened water was found 
to be slightly more difficult to clean compared to those from the naturally hardened water, the 
overall trend of the cleaning performance of the spark discharge was almost identical.  Hence, in 
the following tests, only artificial hard water was used to reduce the time required for each 
experiment cycle and produce more test results.  
 Figure 32 shows the long-time response of pressure drop after one single spark discharge 
at three different flow rates of 200, 300 and 400 mL/min. Although some particles removed from 
the filter surface were pushed out of the filter system after each spark pulse, many particles might 
have been trapped inside the filter system.  Hence, the pressure drop continued to gradually 
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increase back to its asymptotic value in about 10 minutes after the application of one spark 
discharge. This suggests that one needs to continuously apply spark discharges in order to 
effectively remove the particles from the filter surface and to maintain low pressure drop across 
the filter.  This suggestion was considered in the design of the self-cleaning filter, which will be 
described in the next section. 
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Fig. 32 Variations in pressure drop after one single spark discharge  
at three different flow rates with an artificially hardened water. 

 
 Figures 33 and 34 show the changes in the pressure drop under repeated pulsed spark 
discharges with frequencies of 2 pulses/min and 4 pulses/min, respectively. It can be seen that the 
pressure drop reached a steady state after about 10 pulses, regardless of the time interval between 
the pulses. The pressure drop decreased to about 45% of its original asymptotic value (i.e., 
corresponding to a fully covered state by CaCO3), demonstrating that the present spark discharge 
method was an excellent method to clean filter surface.  Note that the present cleaning method 
using the spark discharge did not require a backwash or stopping the flow.  Furthermore, the 
present spark discharge method could maintain the pressure drop across the filter medium almost 
at the initial low value, thus providing a means to save electrical energy required to run the pump.     
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Fig. 33 Changes in pressure drop under repeated pulsed spark discharges with frequency of 2 
pulses/min - with artificial hard water. 
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Fig. 34 Changes in pressure drop under repeated pulsed spark discharges with frequency of 4 
pulses/min with artificial hard water. 
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3.6 Study of the Optimization of Filter Design 
 
3.6.1 Test results with electrode beneath filter membrane 
 In previous sections, we reported the benefits of the self-cleaning filter using spark 
discharge in water under various conditions in the form of reduced pressure drop across filter 
membrane. All these results were obtained with a test setup where the electrode was above the 
filter membrane (i.e. plasma was applied from the untreated water side, as shown in Fig. 35(a)).  
In order to examine the effect of electrode position relative to filter membrane, experiments were 
conducted with the electrode located beneath the membrane (i.e. plasma was applied from the 
treated water side, as shown in Fig. 35(b)).  
 Figure 36 shows the changes in the pressure drop across the filter membrane over time 
with the anode electrode placed beneath the membrane and the filter (cathode) was grounded. In 
this case, the momentum transfer from the shockwave produced by the spark discharge to 
particles at the filter membrane was indirect and had to go through the membrane. The pressure 
drop did not improve significantly when the spark discharge was applied, clearly indicating that 
the cleaning effect was negligible comparing with the case when the electrode was placed from 
the untreated water side. The fact that the momentum transfer from the shockwave to the 
membrane was weak was actually good news. The low-energy transfer rate means that the present 
spark discharge might not deform the filter membrane significantly and therefore might not 
damage the membrane.  If this is true, the self-cleaning filter concept using the spark discharge 
has the potential to be applied in the cleaning of more delicate membranes. 
 
 

 
          (a)                           (b) 

 
Fig 35 Schematic diagrams of a self-cleaning filter using spark discharges in water: (a) electrode 

on top; (b) electrode at bottom of the filter surface.  
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Figure 36 Comparison of pressure drop across filter membrane under repeated pulsed spark 
discharges in water: electrode placed beneath the membrane vs. electrode placed above the 

membrane 
 
 
3.6.2 Pinhole discharge 
 It was found in the present experiments that an electric field of the order of 1 MV/cm was 
needed to initiate breakdown in water. The simplest way to achieve such a high electric field at a 
reasonable applied voltage was to use the needle-plate electrode system, which was utilized in all 
of the early experiments in the present study. In this configuration one electrode (anode) was a 
metal needle with a sharpened tip, and the other electrode (cathode) was a grounded metal plain 
sheet. Electric field on the needle tip can be estimated as E ~ U/rc, where U was the applied 
voltage and rc was the radius of the curvature of the needle tip. In other words, one needs to 
maintain sharpness in the needle tip in order to effectively produce a large electric field needed 
for the spark discharge.  This sharp needle configuration was efficient in enhancing the local 
electric field and producing plasma in water.  
 However, the sharp needle tip could be quickly eroded after a number of discharges and 
thus, their life time could be relatively short. In order for this technology to be applied in 
industrial use, one needs to make sure a continuous operation over an extended period at least 
several months. Thus, it was important to find if there was a new innovative method to produce 
the aforementioned high electric field without using a sharp needle electrode. 
 To overcome the limitation of the needle-plate electrodes a ‘pinhole’ geometry was tested 
to generate spark discharges in water. In this pinhole geometry, plasma was generated in a small 
hole made in a dielectric sheet separating two electrodes. One of the possible mechanisms could 
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be explained as follows. The whole current flowing in the water due to its conductivity was 
concentrated to the small hole, heating and evaporating water locally. Once a vapor bubble is 
created, the whole potential difference between the two electrodes was on the bubble surface, 
resulting in its breakdown.  Then, highly conductive plasma of a spherical shape was created, 
separated from the surrounding water by a thin film of water vapor. High electric field was then 
created on the vapor slab resulting in gradual plasma expansion. The advantage of such a 
discharge was that it could be generated even in highly conductive water and that the plasma is 
not necessarily in direct contact with the electrodes, thus preventing or minimizing the erosion of 
the metal electrodes. However, detail understanding of the discharge in the pinhole geometry is 
still lacking, and only corona-like discharges have been reported from the pinhole geometry. 
Hence, we attempted to produce spark discharges in a pinhole geometry so that shockwaves could 
be generated in water to clean the surface of filters. 
 
3.6.3 Experiment 
3.6.3.1 DC power supply 
 A schematic diagram of the experimental apparatus using a DC power supply is shown in 
Fig. 37. Two parallel-plate electrodes with 40-mm diameter were placed facing each other in 
water. The two electrodes were separated by a thin insulating material made of 3 mm thick acrylic 
sheet.  A small hole of 1-mm diameter was made in the middle of the insulating material. The 
electrode separation distance could be varied from 10 mm to 15 mm. The power supply charged a 
storage capacitor of 8.5 nF with a voltage up to 30 kV. Alternately, multiple holes of the same 
diameter were made uniformly in the insulating material in order to investigate if one could 
produce discharges at multiple locations. 
 Corona-like discharges were observed at the single hole located at the insulating material 
with an applied voltage of 30 kV, as shown in Fig 38(a), regardless of the distance between the 
electrodes. However, no spark discharge was observed. In the case of the insulating sheet with 
multiple holes, several corona discharges were simultaneously observed through the multiple 
holes, as shown in Fig. 384(b). 
 

 
 

Fig 37 Schematic diagram of a discharge system with a single pinhole at the middle of an 
insulating sheet using a DC power supply 
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(a)         (b) 

 
Fig 38 Corona discharge(s) produced by pinhole discharge using a DC power supply: (a) a single 

hole; (b) multiple holes 
 

 
3.6.3.2 Nanosecond pulsed power supply 
 A schematic diagram of the experimental apparatus using a nanosecond pulsed power 
supply is shown in Fig. 39. The setup was identical to the previous setup that using a DC power 
supply, except that a gas-filled spark gap was added to generate an ultra-short electric pulse. 
When the distance between the two electrodes in water was 15 mm, corona discharges were 
observed in the hole, similar to that using the DC power supply. However, spark discharges could 
be obtained by further reducing the electrode distance to 10 mm, as shown in Fig. 40. In the case 
of multiple-hole case, one spark discharge was observed at a time but at a random location each 
time. 
 The type of discharge produced was usually decided by the electric power dissipated in 
water. By reducing the distance between the electrodes, the total resistance could be decreased. 
Since the breakdown voltage of the current system was relative constant, the total energy 
dissipated by the discharge could be increased. In the mean time, the utilization of the spark gap 
enabled the energy to be deposited into water within nanoseconds, causing high energy density in 
the narrow channel formed by the small pinhole. Both of these two factors were believed to 
contribute to the formation of spark pinhole discharge in the present discharge with the pinhole 
geometry. 
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Fig 39 A schematic diagram of pinhole discharge using a nano-second pulsed power supply 
 

 

 
 

Fig 40 Spark discharge produced by pinhole discharge using a nano-second pulsed power supply 
 
 
3.6.4 Preliminary design concept of self-cleaning filter for industrial applications 
 The successful attempt to produce spark discharge from pinhole geometry could allow a 
new approach for the design of self-cleaning filters. One of the designs incorporating the concept 
of the pinhole geometry is schematically shown in Fig. 41. The outer cylinder which served as an 
electrode was connected to an external power supply. The inner was grounded and served as an 
electrode. The outer and inner were separated by an insulating plastic sheet with multiple pinholes. 
The spark discharges were produced from the pinholes. Water was introduced at the bottom of the 
filter through a tangential inlet to form a reverse vortex flow inside the filter. This type of vortex 
flow pattern could be characterized by a tangential velocity component consisting of outer and 
inner regions exhibiting quasi-free and quasi-forced vortex flows, respectively. The axial velocity 
component pertaining to this vortex flow was directed first upward in the outer flow region and 
then downward along the axis of the inner flow region. Such a vortex flow is called a reverse 
vortex flow.  The radial velocity component pertaining to the reverse vortex flow was the smallest 
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of the three velocity components and was directed inward nearly everywhere. Water flowed 
through the inner wall and left the filter through the exit located at the center, leaving particles on 
the outside surface of the inner cylinder. Together with the shockwaves produced by the spark 
discharges, the downward flow helped removing the deposited particles from the filter surface in 
the reverse vortex flow. The removed particles were collected at the bottom of the filter.  
 
 

 
(a)         (b) 

 
Fig. 41 Schematic diagram of new self-clean filter: (a) cute view; (b) top view 

 
 
 Analyses related to the filter design were carried out with the aid of dynamic three-
dimensional modeling software, including Pro/ENGINEER and ANSYS, prior to physical 
construction and experimental testing.  The Pro/ENGINEER software enabled various vessel 
geometries to be generated and modified over a short period of time.  Finalized vessel dimensions 
included a water inlet diameter of 2.54 cm (1 inch).  The vessel body was characterized as having 
an inner diameter of 5.0 cm (2 inches), which was the size for most commonly used commercial 
water filtration cartridges, and an overall height of 30.5 cm (12 inches). The radius of the outer 
cylinder was 4 inches. Fig. 42 shows the 3-D model for the present simulation. The flow rate 
through the water inlet was fixed at 100 L/min.  
 The model prepared by the Pro/ENGINEER software was imported into ANSYS and 
analyzed with a computational fluid dynamic (CFD) tool.  Accurate use of this tool required that 
proper fluid properties and associated flow characteristics (for example, laminar or turbulent 
flow) be known and input into the program.  Assuming a constant fluid temperature, all fluid 
properties were maintained at constant values in the present simulations.  The analyzed fluid was 
water at 25 ºC having a density of 1,000 kg/m3 and a viscosity of 0.89 mPa.s, subjected to a 
constant gravity of 9.81 m/s2.  The constant flow rate of 180 L/min was utilized in conjunction 
with the constant inlet diameter of 2.54 cm, resulting in a calculated velocity of 5.9 m/s.  As a 
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result of the chosen inlet diameter, the flow environment was determined to be turbulent having a 
Reynolds number of approximately 35,390.  Based upon these calculations, a standard k-ε 
turbulent flow model was utilized for all simulations.  The element type chosen to represent the 
water within the discharge chamber was FLUID 142 in ANSYS. This is a 3-D fluid element 
capable of modeling transient and steady-state fluid/thermal systems involving fluid and/or non-
fluid regions.  
 Visual graphics resulting from the theoretical analysis included three-dimensional velocity 
vector plots and two-dimensional velocity contour plots.  These types of results allowed for 
accurate understanding of the flow within the bounds of the specified vessel geometry.  Because 
ANSYS is a finite element analysis (FEA) tool, the number of elements that a model can be 
resolved into dictates the accuracy of the resulting CFD solution.  For this reason, results closely 
approximating the actual flow behavior within the filter body were obtained by refining the mesh 
resolution associated with the solid model.  Significant consideration was also given to solution 
convergence.  ANSYS runs a series of iterations in an attempt to closely approximate actual 
system behavior, and displays its ability to do so by plotting associated normalized rates of 
change as functions of the necessary number of cumulative iterations.  The appropriate vessel 
geometry providing the desired mixing capabilities was confirmed by means of this computational 
analysis, and was evaluated with regard to associated particle trace plots, velocity vector plots, 
and overall solution convergence. 
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Fig. 42 3-D model for numerical simulation: (a) full view; (b) cut view 
 
 Meshing facilitated an accurate simulation of resulting flow patterns within the reaction 
vessel by breaking the solid model into a series of elemental triangular volumes sharing common 
sets of nodes.  Freely meshing the solid model did so without restricting elemental shape and was 
more adaptive to the model geometry.  The number of element divisions along a model boundary 
line governed the accuracy of the simulation, and computations associated with pressure and 
velocity distributions within the vessel were carried out in terms of resulting nodal displacements. 
The meshed filter body is shown in Fig. 43.  
 
 

 
 

Fig. 43 Meshed, three-dimensional solid model of the filter 
 

 
 A velocity vector plot (Fig. 44) illustrates both the direction and magnitude of the fluid 
flow occurring within the present reaction vessel. This particular plot is useful with regard to 
identifying areas of high velocity, areas of intense mixing, and areas of low activity or stagnation. 
Graphical resolution of these results was improved through manual scaling adjustments. While 
this plot was helpful in demonstrating the reverse vortex flow resulting from the tangentially 
injected water, it did not necessarily indicate downward flow along the axis of the inner flow 
region.  
 Figure 45 shows the two-dimensional contour plot of the axial velocity along the z-
direction in the x-z plane. In our current system, the z-axis was pointed downwards, so the 
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positive value of vz means the flow was downwards. It is clear from Fig. 45 that the system was 
able to create a downward flow velocity close to the surface of the inner wall, which was desired 
to remove the deposits from the filter surface as they were loosened by spark discharges 
 

 
 

Fig. 44 Velocity vector plot corresponding to fluid flow pattern within reaction vessel 
 

 
 

Figure 45 Velocity contour plot corresponding to fluid flow pattern in x-z plane 
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3.7 Construction of Self-cleaning Filter System 
 
3.7.1 Investigation of using metal mesh as electrodes in pinhole discharge 
 A needle-type electrode submerged in water was used to generate spark discharges, the 
sharp needle tip could become eroded with time, reducing the efficiency of the spark generation 
performance.  In order to avoid the adverse effect of the erosion of the needle-shape electrode, an 
innovate concept of using a plastic sheet with multiple pinholes located between two plate metal 
electrodes was developed.  The goal was to produce spark discharge at the pin hole in the plastic 
sheet so that the metal plate electrodes were not affected by erosion.  Subsequently, the feasibility 
of using a single-pinhole discharge in the self-cleaning filter was studied and the test results were 
reported in the last section. It was shown that spark discharge could be produced through the 
pinhole by the utilization of a nanosecond pulsed power supply. However, the experiment also 
showed that under the present test setup, steady sparks were produced only when the distance 
between the two electrodes is less than 1cm.  
 Since the distance between the outer and inner cylinder in the filter was often greater than 
1 cm, a separate cylindrical metal mesh sheet positioned much closer to the filter membrane was 
utilized as shown in Fig. 46.  A plastic sheet with multiple holes was located between the metal 
mesh sheet and the filter membrane more toward to the metal mesh sheet (see Fig. 46).  Metal 
mesh sheet was chosen for the present test because of its high conductivity and permeability to 
water. 
 A new test setup was prepared and tests were conducted with the metal mesh sheet as one 
of the electrodes, where a plastic sheet with multiple holes was closely positioned right next to the 
metal mesh sheet. Stainless steel mesh sheets with size of 30 mm×30 mm and 60 mm×60 mm 
(Fig. 47) were used for tests and the results obtained with the metal mesh sheet were compared 
with those obtained with solid metal electrodes.  
 Figure 48 shows the voltage and current waveforms of the pinhole discharges with solid 
and mesh electrodes. The breakdown voltages were about 40 kV for all three cases, but the 
current for mesh electrodes was only about half of the value obtained with solid electrode. By 
integrating the voltage and current, the energy deposited into water could be calculated as  
 

∫= dttItVE p )()(
 

 
where V(t) and I(t) are the voltage and current measured by an oscilloscope, respectively. As 
shown in Fig. 49, Ep was approximately 0.51 J/pulse for solid metal electrode, 0.29 J/pulse for 
60×60 metal mesh electrode, and 0.21 J/pulse for 30×30 metal mesh electrode. The results 
showed that the spark energy dropped dramatically as the opening area (i.e., pore size in the metal 
mesh) of the electrode increased. Since high energy was preferred because strong shockwaves are 
desired to dislodge the particles from the surface of the filter, it was concluded that metal mesh 
electrodes might not be a good candidate for the present system. 
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Fig. 46 Schematic diagram of a self-clean filter with a multiple-pinhole system for spark 
discharge generation: (a) cutaway view; (b) top view 

 
 
 
 
 

 
 

Fig. 47 Square-shape electrode for pinhole discharge, left to right: solid metal, 60 mm×60 mm 
metal mesh, 30 mm×30 mm metal mesh 
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Fig. 48 Voltage and current waveforms of pinhole discharge in water with (a) solid metal 
electrode; (b) 60×60 metal mesh electrode; (c) 30×30 metal mesh electrode 
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Fig. 49 Comparison of energy depositions by pinhole discharge in water using different types of 
electrode: solid electrode and two metal meshes. 

 
 

3.7.2 Construction of a prototype 
 A continuous-cleaning filter prototype was designed and constructed to test the 
performance of a self-cleaning filter using spark discharges in water under various flow 
conditions. The system consisted of two parts: a flow loop with a filter, a water tank simulating 
cooling-tower water system, and a pulsed power system to produce spark discharges in water. A 
schematic diagram of the new test facility is shown in Fig. 50.  
 To simulate deposits on filter surfaces, artificially hardened water with hardness of 1,000 
mg/L of CaCO3 was made by adding calcium chloride (CaCl2) and sodium carbonate (Na2CO3) in 
proper proportions in the laboratory to tap water. The hardened water was pumped into the filter 
at the bottom of the cartridge housing. There was an outlet, through which any particles fell at the 
bottom could be removed periodically. The pressure drop across the cartridge was measured using 
a differential pressure transducer. The analog signal from the pressure transducer was collected 
and digitized by a data acquisition system and processed by a computer.   
 As shown in Fig. 51, the body of the cartridge housing was made in stainless steel 306, 
which had an excellent chemical resistance. The schematic diagram of the cartridge housing’s 
inner structure is illustrated in Fig. 52. When water was introduced through the inlet on the 
sidewall of the housing, micro-particles were deposited on the surface of cartridge, which was 
made from Dutch-weave wire cloth of ultrafine-filtering type stainless steel. The cartridge 
membrane had pores of 10 µm. High voltage electric pulses were applied to an electrode that 
generated spark discharge directly in water and the shock waves produced by the spark discharge 
were able to push the particles away from the cartridge surface. After each pulse discharge, the 
dislodged particles were washed downward by the reverse vortex flow (i.e., see the dotted spiral 
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curve in Fig. 52) and deposited at the bottom of the housing. They were washed out of system 
through the particle outlet periodically.  Hence, we had a self-cleaning filter which continuously 
cleaned its filter membrane. 
 
 

 
Fig. 50 Schematic diagram of the testing loop 

 
 

 
 

Fig. 51 Left: cartridge housing (side view).  See a drain outlet at the bottom for the removal of 
debris; Right: cartridge housing and 10”-long cartridge (top view) 
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Fig. 52 Schematic diagram of the cartridge housing 
 

 
 
3.7.3 Water Tank 
 A water tank made of low-density polyethylene was used as a reservoir for the artificially 
hardened water (Fig. 53). The tank had a volume of 70 gal and a size of 23” (diameter) × 40” 
(height). The tank was translucent white for viewing liquid level and had a threaded fill cap and 
polypropylene NPT female bulkhead fitting with EPDM gasket that provided a drain opening.  
 

 
 

Fig. 53 Water tank 
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3.7.4 Salt Water Centrifugal Pump  
 A salt water centrifugal pump (Fig. 54) was used to minimize the abrasion of mechanical 
parts by calcium carbonate particles. Type 316 stainless steel housing provided corrosion 
resistance, durability, and long life.  
 
Specifications 
Material: Stainless Steel  
Max. Flow Rate, gpm: 29 @ 20 ft. of head 
                                      7 @ 40 ft. of head 
Max. Solid Size: 1/8” 
Size, Ht x Wd x Dp: 7 3/4" x 5 5/16" x 13 7/16" 
 

 
 

Fig. 54 Salt water centrifugal pump 
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3.7.5 Paddlewheel Flow meters 
 Two paddlewheel flow meters (Fig. 55) were used to measure the flow rate of water in the 
present test system. The flow meters were encased in an ABS plastic, NEMA 4X enclosure (for 
indoor/outdoor use; withstands exposure to splashing liquids, corrosive agents, and dusty 
environments).  
 
Specifications 
Flow Range, gpm: 0.8 – 8 
Maximum Pressure: 300 psi @ 70° F 
Maximum Temperature: 200° F 
Accuracy: ±2% 
 

 
 

Fig. 55 Paddlewheel flow meters 
 
 
3.7.6 Electric Mixer 
 An electric mixer (Fig. 56) was used to ensure the mixing of calcium particles in water. 
The shaft and propeller were Type 316 stainless steel and were removable. When viewed from 
above, propeller moved clockwise. Mixers operated on 115 VAC, 60 Hz, which were designed for 
low-viscosity mixing. 
 
Specifications 
Speed, rpm: 1550 
Shaft Length: 30” 
Propeller Diameter: 3” 
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Fig. 56 Electric mixer 

3.8 Modeling of Electric Breakdown in Liquids and Stability Analysis  
 
 The objective of this study was to present a theoretical model for initiation and 
development of breakdown in liquids subjected to high voltage based on nanosecond time scale. 
The model consisted of two components: numerical estimations for the propagation of filaments 
during breakdown and a stability analysis of the filaments. 
  
 In order to not to disturb the flow of the final report, the report on this theoretical 
modeling work is given in Appendix A. 
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3.9 Integration of PWT Coil and Self-Cleaning Filter System  
3.9.1 Construction of a self-cleaning filter prototype and water cooling tower 
 A modified flow system was designed and constructed to test the performance of the self-
cleaning filter using spark discharges in water together with a PWT coil under various flow 
conditions. The system consisted of a flow loop with a filter, a water tank, a PWT coil, and a 
pulsed power system to produce spark discharges in water. A schematic diagram of the test loop 
is shown in Fig. 57. Water from the tank was pumped to the filter through a centrifugal pump and 
back to the pump. Comparing the design described in the previous section, a bypass line was 
added so that the flow rate could be controlled by the opening of valve 1 and 2. The particles were 
deposited at the bottom of the cartridge housing and were washed out of the system through 
particle outlet, while clean water was re-circulated through the clean water outlet. The pressure 
drop across the cartridge was measured using a differential pressure transducer. The analog signal 
from the pressure transducer was collected and digitized by a data acquisition system and 
processed by a computer.  
 The picture of the water circulation system is shown in Figs. 58 and 59. The material for 
the connecting pipes was SCH40 PVC.  
 
 
 

 
Fig. 57 Schematic diagram of the testing loop 
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Fig. 58 Overview of the water circulation system 
 
 
 

 
 

Fig. 59 Close up picture of the filter and pressure transducer 
 

 
 To simulate deposits on filter surfaces, a mini cooling tower was constructed to produce 
hard water in laboratory. The schematic diagram of the system is shown in Figs. 60 and 61. Water 
pumped from the tower basin was the cooling water routed through the cooling tower similar to 
that in an industrial facility. The water returned to the top of the cooling tower and was sprayed 
through pressurized nozzles. As water trickled downward over the fill materials inside the cooling 
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tower, it contacted ambient air rising up through the tower by forced draft using a large fan at the 
top of the tower. The contact between air and cooling tower caused a small amount of the water to 
be evaporated. The heat required to evaporate the water was derived from the water itself, which 
cooled the water back to the original basin-water temperature and the water was then ready to re-
circulate. The evaporated water leaves its dissolved mineral ions, primarily calcium in the bulk 
water, thus raising the calcium ion concentration in the circulating cooling water. The hard water 
obtained in this mini cooling tower system was similar to that produced in industrial cooling 
water, and was used to test the efficiency of the self-cleaning filter system.  
 
 
 

 
 

Fig. 60 Schematic diagram of a mini water cooling tower 
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Fig. 61 Picture of a mini water cooling tower 
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3.10 Tests with a Self-cleaning Filtration System without Spark Discharge  
3.10.1 Baseline Tests for Pressure Drop 
 A self-cleaning filtration system as shown in Fig. 57 was tested to evaluate its 
performance. Water from tank was pumped to the filter through a centrifugal pump. Since it took 
approximately 3 days to prepare hard water using the cooling tower, calcium carbonate particles 
in powder form mixed in water was used to reduce the time required for tests.  As the water with 
CaCO3 particles was continuously circulated through the filter, the calcium carbonate particles 
deposited on the surface of the cartridge filter surface, thus increasing the pressure drop across the 
filter. The pressure drop was measured using a differential pressure transducer. The analog signal 
from the pressure transducer was collected and digitized by a data acquisition system and 
processed by a computer. 
 First, the system was tested without calcium carbonate particles to obtain reference data. 
The water tank was filled with 50 gallon of tap water. The water was circulated through the 
system at various flow rates. The pressure drop across the filter was recorded for each flow rate.   
Figure 62 shows the results of the pressure drop across the filter over a range of flow rates. The 
pressure drop increased almost linearly, from 2.6 psig at 0.5 gpm to 10.7 psig at 4.0 gpm.   
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Fig. 62 Change of pressure drop under different flow rates 

 
 
 At the completion of this calibration test, a series of tests were conducted with water 
mixed with calcium carbonate particles. The concentration of the calcium carbonate particles was 
1 g/L. Figure 63 shows the changes in the pressure drop at various flow rates ranging from 1 to 4 
gpm without a spark discharge. The pressure drop for a flow rate of 1 gpm was approximately 4 
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psi at the beginning of the test, which approached to an asymptotic value of about 12 psi at t = 8 
min, indicating that the filter was fully covered by the particles.  In all four cases of different flow 
rates, the pressure drop increased rapidly during the first two minutes. During the next 2 mins, the 
pressure drop increased rather slowly, arriving at respective asymptotic value at each flow rate.  
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Fig. 63 Changes of pressure drop under various flow rates 

 
 
 

3.10.2 Generation of spark discharge in a self-cleaning filtration system 
 Spark discharge was produced inside a self-cleaning filter by inserting a needle electrode 
inside the filter housing. The electrode was connected to a plasma generation circuit (i.e., power 
supply), which was able to produce microsecond high-voltage pulses. The spark discharge source 
in water consisted of a stainless steel 316 wire electrode (anode) with a radius of 2 mm, and the 
stainless steel filter cartridge was used as a grounded electrode (cathode). The tip of the anode 
electrode was sharpened to 0.2 mm diameter to provide a field enhancement. The distance 
between the anode electrode and stainless steel mesh in the filter cartridge was 10 mm. The 
electric conductivity of the tap water (provided by the City of Philadelphia) used in the present 
experiment was approximately 400 µS/cm. Figures 64 and 65 show diagram sketch of the self-
cleaning filter with the needle electrode and a photograph of the plasma generator, respectively. 
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Fig. 64 Schematic diagram of generator self-cleaning filter with a needle electrode installed inside 
the filter housing 

 
 

 
 

Fig. 65 An photograph of a self-cleaning filter system 
 

Spark discharge produced in the plasma generator is shown in Fig. 66. Loud “spark” sound could 
be heard when the self-cleaning filter was in operation, indicating the production of strong 
shockwave.  
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Fig. 66 Photograph of spark discharge generated to generate plasma inside filter housing, the top 
of the filter housing was removed to take photographs 
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3.10.3 Test of a self-cleaning filtration system with spark discharge 
 Figure 67 shows the changes in the pressure drop obtained with repeated pulsed spark 
discharges with a frequency of 4 pulses/min. The initial value of the pressure drop (i.e., at zero 
number of pulse) indicated the original asymptotic pressure drop for a flow rate of 0.5 gpm, which 
was the maximum pressure drop due to clogged filter surface by calcium carbonate deposits. The 
application of the first spark discharge significantly reduced the pressure drop. After that, the rate 
of the reduction slowed down. The pressure drop reached an almost steady-state value after about 
10 pulses, decreasing to about half of its original asymptotic value, and this demonstrating the 
validity of the present spark discharge method. Note that the present cleaning method using the 
spark discharge does not require a backwash to remove deposits from the filter surface nor 
stopping the flow.  
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Fig. 67 Changes in pressure drop with spark discharge 

 
 

 Furthermore, the system was tested over a longer period with spark frequency of 1 Hz, i.e., 
approximately 300 pulses for 300 s. It can be seen from Figs. 68 and 69 that the present spark 
discharge method could maintain the pressure drop across the filter at a significantly lower value 
than the maximum asymptotic value almost indefinitely, thus validating the efficiency of the self-
cleaning filter. Note that the self-cleaning filter provides a means to save not only fresh water but 
also electrical energy for the operation of pump and required for the backwash in the conventional 
back-wash system. 
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Fig. 68 Changes of pressure drop with spark discharge over an extended time period 
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Fig. 69 Changes of pressure drop with spark discharge over an extended time period at different 
flow rates 

 
 
3.10.4 Prevention of bio-fouling by spark discharge 
 Experiments using spark discharge to prevent bio-fouling in a batch mode (i.e., stationary 
water in a beaker) was successfully conducted (details are not reported here).  We wanted to 
examine if the same plasma discharge system could kill microorganisms in circulating cooling 
water and study the mechanism of water sterilization by plasma discharge in water. Plasma is a 
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source of ozone that has been widely used for sterilization because the concentrated ozone can be 
produced in air medium and transported into circulating water system via a transport tube. When 
plasma discharge is produced directly in water, a number of potent agents can be produced that 
cannot be transported (e.g., electrons, ions, chemical radicals, excited molecules, UV, VUV 
photons) as the concentration or intensity will be significantly attenuated during the transport.  
Thus, one can expect powerful sterilization effects from the plasma discharge in water as the 
agents are in direct contact with water.  
 A flow system (Fig. 70) was constructed to investigate the concept of using spark 
discharge to prevent bio-fouling in industrial water systems. The system included a 1-gallon water 
tank, a point-to-plane electrode system, a high voltage power supply that charged a capacitor bank, 
and uncontrolled spark gap switch that connected the high voltage electrode and a capacitor bank, 
and a peristaltic pump that kept circulating water through the system. 
 
 

 
Fig. 70 Schematic diagram of the bio-fouling prevention system by spark discharge 

 
 

 A non-pathogenic strain of E. coli bacterium, K12, was used in the present experiments. 
Bacteria in the stationary phase was centrifuged, washed and diluted to concentration of 106 
CFU/ml using sterile water. Water contaminated with E. coli was then treated using a pulsed 
spark plasma discharge. Samples of treated water were taken after a certain number of pulses or 
certain time interval (if the experiment was run for a relatively long time with constant frequency 
of pulses). The inactivation efficiency was assessed by using a standard plate counting method. 
 The result for E. coli deactivation efficiency by spark discharge in water is shown in Fig. 
71. It can be seen that 3-log reductions was achieved after about 200 pulses. D-value (the dosage 
required for a 90% reduction of the number of viable microorganisms) usually decreased with a 
decrease in initial bacterial concentration. For the present system with a relatively high initial 
concentration of 106 CFU/ml of water, a D-value of 125 J/L was obtained as shown in Fig. 72, 
which is about 10-15 times less energy consumed for sterilization compared to other existing 
methods.  
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 The different factors considered by many researchers to be responsible for the 
microbiocidal action of pulsed discharges in water include the production of active chemical 
species (ozone, hydrogen peroxide, hydroxyl and superoxide free radicals), nanoparticles 
generated as a result of electrode deterioration, UV and VUV radiation and shock waves. The 
shock waves also helped in mixing the treated water and in the destruction of bacterial colonies 
thus facilitating the delivery of reactive agents to all parts of the treatment system. Although a 
comprehensive study was not concluded, it was possible to conclude that the major sterilization 
factor in the present case was UV radiation, maybe in synergy with active chemical substances 
generated by plasma. 
 It is necessary to emphasize that the obtained D-value of 125 J/L for current bacterial 
concentration (that is nevertheless much higher than typical in natural water sources) could make 
this approach very much attractive for commercialization. 
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Fig. 71 E. coli deactivation efficiency by spark discharge in water 
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Fig. 72 Colony count of E. coli after spark discharge 

 

Control 30 pulses 

60 pulses 210 pulses 



 

Final Report DE-FC26-06NT42724                                                                                           Page 68 
 

3.11 Prevention of Biofouling in Water by Spark Discharge 
 Biofouling is the undesirable accumulation of microorganisms, plants and algae on wetted 
structures. Biofouling is a serious issue on industrial pipeline systems where high levels of 
biofouling can reduce the performance of the cooling and/or transport system and require regular 
cleaning.  
 The application of strong electric fields in water and organic liquids has been studied for 
many years, because of its importance in electrical transmission processes and its practical 
applications in biology, chemistry, and electrochemistry. The idea of using spark discharge to 
control biofouling is especially attractive to industry as it does not introduce any additional 
chemicals into water. Experiments were carried out to study the effect of spark discharge on bio-
fouling control in the self-cleaning filter system.  
 A flow system shown in Figs. 75 and 76 was constructed to validate the concept of using 
spark discharge to prevent bio-fouling in industrial water systems. The system consists of two 
parts: the electric circuit part and the flow system part. The electric circuit part included a power 
supply which could generate high voltage microsecond pulses, capacitor, spark gap and point-to-
plain electrode system. The flow system part included a 1-gallon water tank filled with water, a 
one-liter plasma reactor and a peristaltic pump that kept circulating water through the tank and 
reactor. 
 

 
 

Fig. 75 Schematic diagram of the bio-fouling prevention system by spark discharge 
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Fig. 76 Photograph of a bio-fouling prevention system using a spark discharge 
 
 
3.11.1 Bacterial Culture and Procedure 
 Escherichia coli bacteria was used throughout the present experiment. Stock cultures were 
deposited on agar slants in the dark at 5°C and maintained at -20 °C in LB broth with 60% 
glycerol added as cryoprotectant. Prior to each experiment, the E. coli stock was innoculated into 
sterilized LB broth (1% tryptone, 0.5% yeast extract, and 1% salt) and grown in the dark for 12 h 
at 37 °C while shaken at 225 rpm. Cells from the exponential growth phase were separated by 
centrifugation, washed once, and resuspended in distilled water. Resuspended samples were 
appropriately diluted, then equilibrated in the corresponding reactors for 5 min, and finally 
sterilized. Samples drawn at regular intervals were held for incubation and counting. Treated 
samples were diluted in distilled water and spread on Petri dishes covered with LB agar (LB broth 
with 1.5% agar), and the number of colonies (cfu) was counted after incubation in the dark at 
37 °C for 16 h. This procedure excluded all the cells that would not reproduce by incubation, 
regardless of the damage undergone during disinfection. 
 
 
 
3.11.2 Experiment results 
 Figure 77 shows the results in the form of bacteria concentration vs. time, where the y-axis 
is given in the logarithm of the concentration of E. coli cells after circulating in the flow system 
for up to 16 minutes without the spark discharge. A steady growth was observed for different 
initial concentrations as the doubling time for E. coli in water was about 32 minutes.  
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Fig. 77 Change of E. coli concentration in the flow system without spark discharge 
 
 
 
3.11.3 Effect of spark discharge on the sterilization for different initial E. coli concentrations 
 Figure 78 shows the logarithm of concentration of E. coli cells with spark discharge at 
constant flow rate of 500 mL/min. Under different initial concentrations ranging from 105 to 108 

CFU/cm3, a three-log reduction was reached after 16 minutes of treatment. Note that the spark 
discharge was operated at a frequency of 0.5 Hz, and the energy of each pulse was about 2 J. So, 
16 minutes of treatment required energy of about 1 kJ. To sterilize the same amount of water (1 
liter), the energy consumed by traditional methods, like heating (i.e. boiling the water), could be 
given as 
 

E = CP(Tb-T0) 
 

where  is the mass of water to be sterilized, Cp is the specific heat coefficient (for water Cp = 4.2 
kJ/K/kg), Tb is the boiling temperature (for water Tb = 373 K), T0 is the environment temperature 
(for room temperature T0 = 293 K). So the energy needed to sterilize 1 liter water by heating could 
be calculated as  
 

E=1(kg)×4.2(kJ/K/kg)×(373K–293K)=336 kJ 
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Fig. 78 Sterilization effect in the flow system with spark discharge at different initial E. coli 
concentrations 

 
 

 Figure 79 shows the influence of E. coli initial concentration on the sterilization effect by 
spark discharge. The highest efficiency of 3.5 log reduction was achieved at an initial 
concentration of 106 CFU/cm3, while lower efficiencies were observed at higher or lower starting 
concentrations. The reason can be explained as following. The main mechanism for the 
sterilization effect for spark discharge in water, according to previous research results from 
Drexel Plasma Institute, is the radiation of UV. The transmission length of UV in water is 
inversely exponentially proportional to the turbidity of water. When the bacterial concentration 
increases, so does the turbidity of water. So at higher concentrations, the increase of bacterial 
counts would reduce the effective region of the spark discharge and thus reduce the efficiency. At 
lower concentrations, although the volume of the effective region was not changed, but the 
bacterial count in the same region was reduced. As a result the efficiency was lowered. 
 
 
3.11.5 Effect of spark discharge on sterilization for different flow rates 
 Figure 80 shows the sterilization effect of spark discharge at different flow rates. At the 
same amount of treatment time, the condition at 250 mL/min flow rate showed 3.5-log reduction, 
while the condition at 500 mL/min flow rate showed 3.0-log reduction. The difference can be 
attributed to the longer continuous radiation time each bacteria experience at the lower flow rate.  
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Fig. 79 Influence of E. coli initial concentration on sterilization effect by spark discharge 
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Fig. 80 Sterilization effect in a flow system with spark discharge at different flow rates 
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3.12 Tests for the Effect of a Plasma-Assisted Self-Cleaning Filter on the Performance of 
PWT Coil for the Mitigation of Mineral Fouling in a Heat Exchanger 
  
3.12.1 Introduction 
 Scale formation (or mineral fouling) on heat transfer surfaces of heat exchangers presents 
a critical concern in industrial operation and maintenance. Circulating water in a cooling tower 
contains excessive mineral ions especially calcium and magnesium ions as the evaporation of 
pure water is the primary mode of heat rejection, leaving those mineral ions behind. In particular, 
calcium ions reacting with carbonate ions in water form layers of CaCO3 deposit on heat transfer 
surfaces, decreasing the efficiency of heat exchangers because of the insulating effect of the 
deposits. Furthermore, the formed deposits reduce the opening area in heat exchanger tubes, thus 
requiring more pumping power if one desires to maintain the same flow rate as in the clean state 
[22-25]. A 0.8-mm layer of CaCO3 scale can increase the energy use by about 10% [7]. 
Steinhagen et al. [26] showed in a New Zealand survey that 90% of heat exchangers had fouling 
problems. If one can prevent or mitigate fouling on heat transfer surfaces, this not only increases 
heat exchanger efficiency, but also reduces the expenses associated with cleaning of fouled heat 
exchangers. Furthermore, as the fouling can be mitigated, the cycles of concentration (COC) can 
be increased, resulting in water savings by reduced make-up and blowdown [78, 20, 27-29]. 
Calcium carbonate is one of the most common scales found in cooling-water applications. It 
exists in three crystal phases but the two most common are aragonite and calcite. Aragonite has a 
specific gravity of 2.95 while calcite has 2.71. The orthorhombic-shaped and denser aragonite 
tends to be more adherent to heat transfer surfaces than the hexagonal-shaped calcite [19, 25]. The 
chemical reaction for the precipitation of CaCO3 is found in literature [4, 6]. 
 There are chemical and non-chemical methods to mitigate the scaling in heat exchangers.  
Although the chemical methods have a high success rate, there are also many disadvantages and 
concerns in the use of scale-inhibiting chemicals. Aside from the high cost of the chemicals, more 
stringent environmental laws in the future can further increase the costs associated with their 
storage, handling and disposal. Thus, there is a need for a new approach that is safe and clean 
from both environmental and cost points of view for the maintenance of heat exchangers [6-8, 24]. 
 Physical Water Treatment (PWT) is a non-chemical method to mitigate mineral fouling 
with the use of electric or magnetic fields, catalytic surfaces, ultrasounds, or sudden pressure 
changes. Numerous studies have been reported for the effectiveness of the use of permanent 
magnets [4, 6, 9-12], solenoid-coils [4, 6, 13-16], catalytic materials like copper, zinc alloys [17, 
18], and titanium [19], and ultrasounds [20]. Cho et al. reported that water treated by the PWT 
methods produced a significantly greater number of particles than the untreated water.  Note that 
the precipitation of dissolved mineral ions takes place in the bulk water instead of on the heat 
exchanger surfaces, a process which is the key hypothesis of all PWT methods. The particles 
suspended in water tend to form a soft coating on heat transfer surfaces.  If the shear force 
produced by flow is large enough to remove the soft coating, mineral fouling can be prevented or 
mitigated. Hence, if a PWT method can keep producing suspended particles in water and at the 
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same time a filter can continuously remove the suspended particles from water, one may be able 
to mechanically reduce the hardness almost indefinitely without using any chemicals. Such a 
system, if successfully developed, can be considered as a true mechanical water softener, which is 
the topic of the present study. 
 Various filtration methods are used to remove suspended particles from water. Whenever 
a filter is used in a water system, the pressure drop across the filter gradually increases with time 
and/or the flow rate gradually decreases with time. This reduced performance of a filter is due to 
the accumulation of impurities on the filter surface.  Furthermore, the clogged area becomes sites 
for potential bacteria growth for further reducing the opening in the filter surface, increasing the 
pumping cost of filter. Therefore, the filter must be replaced periodically, a process which is often 
prohibitively expensive in most industrial applications.  
 Alternatively, a self-cleaning filter can be used. Although there are a number of self-
cleaning filter technologies available on the market, most self-cleaning filters use a complicated 
backwash method, which reverses the direction of flow with a complicated plumbing system 
during the cleaning phase. Furthermore, the water used in the backwash must be clean filtered 
water, a practice which reduces the filter capacity.  
 Aforementioned drawbacks of conventional filter technologies motivated the authors to 
develop a new self-cleaning filter using spark-generated shockwaves.  The operating principle of 
the self-cleaning filter was validated and reported elsewhere [30]. It was demonstrated that the 
energy deposited by the shockwave to water-filter interface was large enough to remove the 
contaminants having Van der Waals bonds with filter surface. Hence, it was hypothesized that if a 
PWT coil could create the precipitation of calcium ions in water, and at the same time if the 
plasma-assisted self-cleaning filter could continuously remove the particles from water, then one 
may be able to significantly mitigate mineral fouling from a heat exchanger. The objective of the 
present study was to investigate the feasibility of using a plasma-assisted self-cleaning filter to 
enhance the performance of PWT solenoid coil for the purpose of mineral fouling mitigation in a 
concentric counterflow heat exchanger. 
 
3.12.2 Experimental Methods 
 The present study conducted fouling experiments in a heat exchanger by circulating 
artificially-prepared hard water through a simulated cooling tower system. Figure 81 shows the 
schematic diagram of the present test facility, which consists of two separate loops for circulation 
of hot and cooling water, a PWT solenoid coil system, a spark discharge self-cleaning filter, a 
cooling tower, a heat exchanger test section, pumps and a data acquisition system.   
 The heat exchanger was of a counterflow concentric type as shown in Fig. 82. The length 
of the heat transfer test section was 600 mm. Hot water was circulated inside the inner tube, while 
artificial hard water (i.e., cold water) was circulated through the gap between the inner and outer 
tubes of the concentric heat exchanger. The inner tube was made of copper with internal and 
external diameters of 19.1 mm and 22.2 mm, respectively, while the outer tube was made of a 
clear acrylic tube for visual observation of scale deposits during the fouling tests with internal and 
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external diameter of 28.6 mm and 34.9 mm, respectively. The annulus gap formed between the 
two tubes had a cross-sectional area of 0.000255 m2. O-rings were used on grooves at the inlet 
and outlet sides of Teflon head blocks for the copper tube to prevent any leakage between the hot 
water and the cold water.  
 

 
 
Figure 81 Schematic diagram of the present experimental setup 
 
 

 
Fig. 82 Schematic diagram of the main heat transfer test section 
 
 
 The cold water made of artificial hard water passed through the annulus gap flowing in the 
opposite direction at two different velocities (0.1 and 0.5 m/s), while hot water flowed inside the 
copper tube at a constant velocity ranging from 1.0 to 1.2 m/s. The Reynolds number at the cold-
water side (i.e., annulus gap) varied from 3000 to 15000, whereas that at the hot-water side was 
varied from 43000 to 52000.   
Four copper-constantan (type T) thermocouples installed at the inlet and outlet sides of the 
counterflow heat exchanger measured temperatures every 1 min for a test period of 24-48 h, 
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which were sent to a data acquisition system for automatic data storage during the fouling test.  
The heat transfer test section, copper tube lines, self-cleaning filter housing and other equipment 
were all connected to ground to accurately measure temperatures as well as to prevent any 
adverse effects of static electricity. The inlet temperature of cooling water was maintained at 20 ± 
3 oC by means of a mini cooling tower throughout the entire experiments, whereas the inlet 
temperature of hot water was maintained at 95 ± 3 oC using a hot water heater and re-circulating 
pump. 
The heat transfer rate, Q, was calculated from both hot- and cooling-water sides as:  

cpchph TcmTcmQ Δ=Δ=
..

      

where hm
.

 and cm
.

 are the mass flow rates of hot and cooling water, respectively; cp is the specific 
heat of water; hTΔ  and cTΔ  are the temperature differences between inlet and outlet of hot and 
cooling water, respectively. The heat transfer rates at hot and cooling water sides should be equal 
to each other under ideal conditions. In reality, the heat transfer rate in the hot water side was less, 
approximately 5%, than that in the cold water side as parasitic heat loss takes place to the 
surroundings in spite of insulation. Hence, the heat transfer rate measured from the cooling water 
side was used to calculate the overall heat transfer coefficient. The heat transfer rate Q varied 
from 1.9 to 3.2 kW depending on the flow velocity at the cold-water side. 
The overall heat transfer coefficient U was calculated using the following equation [31]: 
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The heat transfer rate in the cold-water side Qc was used to calculate the overall heat transfer 
coefficient in the present study considering that heat losses might have incurred in the hot-water 
side to the surroundings although the hot-water side was well insulated. The heat transfer surface 
area Ao was calculated using the outer diameter of the copper tube (do = 22.2 mm) with an 
effective heat transfer length of 600 mm (i.e., Ao = π doLeffective). The log-mean-temperature-
difference, ΔTLMTD, was determined as follows [31]:  
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The fouling resistance, Rf was calculated using the following equation [31]: 
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where Uf  is the overall heat transfer coefficient for fouled states, while Ui is the overall heat 
transfer coefficient corresponding to the initial clean state. The latter (Ui) was determined using 
distilled water only (without chemicals) and without the use of PWT device during the initial 
calibration run prior to the fouling tests with artificial hard water. All experimental procedures, 
materials, equipment, inlet temperatures for hot and cold water sides were the same for all tests.  
Detailed uncertainty analysis using the present test method proposed by Kline and McClintock 
[32] has been provided elsewhere [33]. Summarily, the flow rate measurement had 2.3% error, 
temperature measurements had 0.4% error, heat transfer rate measurement had 2.4% error, surface 
area measurement had 0.2% error, universal heat transfer coefficient measurement had 2.3% error, 
and fouling resistance measurement had 10% error. 
 
3.12.3 Physical Water Treatment (PWT) method 
A PWT solenoid coil was used to create the precipitation of calcium ions in water [4, 6]. A wire 
was wrapped around a feed pipe to a heat exchanger, forming a solenoid coil. The two ends of the 
wire were connected to a PWT control unit. The PWT unit produced a pulsing current to create 
time-varying magnetic fields inside a water-feed pipe. Subsequently, the time-varying magnetic 
field created an induced electric field inside the pipe, a phenomenon which can be described by 
Faraday’s law: 
 

∫∫ ⋅
∂
∂

−=⋅ dAB
t

dsE  

 
In order to maximize the induction, a pulsing current with a square wave signal was used in the 
PWT coil. The current and frequency of the square-wave signal used in the present study were 0.2 
A and 500 Hz, respectively. More detailed descriptions on the operating principle of the PWT coil 
can be found elsewhere [4, 6]. 
 
 
3.12.3 Self-cleaning filter using plasma spark discharge 
 Figure 83 shows a schematic drawing of a spark discharge self-cleaning filter. The filter 
housing was made from stainless steel 306, with an inner diameter of 15 cm and height of 40 cm. 
The filter cartridge was 7.5 cm in diameter and 30 cm in height, with a total filtration area of 707 
cm2. The cartridge was made from dutch-weave wire cloth of ultrafine-filtering type stainless 
steel with a pore opening of 10 µm. The plasma spark discharge source in water consisted of a 
stainless steel 316 wire electrode (anode) with a radius of 5 mm and the stainless steel filter 
cartridge was grounded as cathode. The tip of the anode electrode was sharpened to 0.2 mm 
diameter to provide electric field enhancement. The distance between the anode and the grounded 
stainless steel mesh was 5 mm. The anode was connected to a plasma generation circuit, which 
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was able to produce microsecond high-voltage (up to 40 kV) pulses. The electric circuit diagram 
and electric waveforms were discussed in detail elsewhere [30].  
When introduced from the inlet, water flowed in the radial direction (outside-to-inside) in the 
filter. Water and smaller particles past through the cartridge, while particles with size larger than 
10 µm were deposited on the filter surface. High voltage electric pulses were applied to anode to 
generate spark discharges directly in water. The shockwave produced by the spark are believed to 
push the particles away (or dislodge) from the filter surface. After each pulse discharge, the 
dislodged particles fell downward by gravity and finally washed out of the circulation system 
through a separate outlet at the bottom of the filter, which was opened periodically using a 
solenoid valve. 
Usually filters have to be cleaned or replaced when excessive amounts of foreign materials are 
accumulated on the filter surface. The decision to clean or replace a filter is often based on the 
changes in flow rate or pressure drop across the filter. When the pressure drop increases to a pre-
determined value or the flow rate reduces to a pre-determined value, the filter is cleaned or 
replaced. In the present experiment the spark-discharge system installed inside the filter was 
supposed to keep the pressure drop across the filter at a relatively minimum level, which was 
monitored using a differential pressure transducer (Omega PX137-015AV). The analog signal 
from the pressure transducer was collected and digitized by a data acquisition system (Dataq DI-
148U) and processed by a computer.  
 
 

 
 
Fig. 83 Schematic diagram of a plasma-assisted self-cleaning filter 
 
 
3.12.4 Artificial hard water 
 

The hardness of water varied from 250 to 1000 ppm in the present fouling experiments. 
The desired water hardness was obtained by mixing two chemicals, calcium chloride (CaCl2) and 
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sodium bicarbonate (NaHCO3), to Philadelphia city tap water at right proportions.  The chemical 
reaction occurring in the artificially-prepared hard water can be described as follows: 

 
CaCl2 + 2NaHCO3 → CaCO3 + 2NaCl + H2O + CO2 

 
To obtain the desired hardness in cooling water, the following proportions were used: 
 
Table 2 Amounts of CaCl2 and NaHCO3 used in artificial hard water 
 

Tap water volume: 0.250 m3 Hardness (ppm) 
 250 ppm 500 ppm 1000 ppm
Calcium chloride (CaCl2: Mw = 110.98 g/mol) 69.38g 138.75 g 277.5 g
Sodium bicarbonate (NaHCO3: Mw = 84.01 g/mol)   105g 210 g 420 g 

 
 
The hard water reservoir was first filled with tap water at a volume of 250 L after cleaning. With 
the use of a by-pass line, the tap water in the reservoir was continuously circulated (not through the 
whole fouling system set-up, but only in the reservoir). CaCl2 powder was added to the reservoir 
with gentle stirring using an electric stirrer and was left for 10 min to dissolve. Subsequently, 
NaHCO3 powder was also added to the reservoir and was gently stirred. After 5-7 min, about 100 
mL of water sample was taken out from the bottom of the reservoir and used for water chemistry 
measurements. The measurement results were used as the initial water hardness (at time zero). 
Water samples of 100 mL were collected three more times at 12-18 h intervals during each fouling 
test.  
 During the fouling test, the artificial water in the reservoir was automatically moved to the 
reservoir of the cooling tower by gravity via a floating-ball valve, which was installed to control 
the inflow of make-up water to the cooling tower.  Thus, the water volume at the cooling tower 
was maintained constant during the fouling test. Note that the blowdown was not used in the 
present study. 
 
 
3.12.5 Scanning electron microscopy (SEM) and X-ray diffraction (XRD)measurements 

Scanning electron microscopy (SEM) images and x-ray diffraction (XRD) analyses were 
obtained from the fouled copper tubes by resident technicians at Drexel SEM and XRD 
laboratories. SEM (FEI XL30) images were obtained to examine the topography and geometry of 
CaCO3 scales. Scale samples of approximately 0.5 cm × 0.5 cm were obtained from fouled copper 
tubes for all three cases (i.e., no-treatment, PWT coil, and PWT coil plus a self-cleaning filter) by 
manually cutting through the tubes using a saw blade. Care was given not to contaminate scale 
samples with any impurities during the sample preparation. The scale samples were coated by 
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platinum through low-vacuum sputter coating in order to prevent the accumulation of static electric 
charge during the irradiation of electron.  

XRD (Siemens D500) analyses were conducted on scale powders taken from fouled copper 
tubes manually cut using a saw blade to characterize the crystallographic structure of the scale 
deposits for all three cases: no-treatment, PWT coil, and PWT coil plus filter. 
 
 
3.12.6 Pressure Drop Results 

Pressure drop across a self-cleaning filter was measured over 400 min as water with a 
CaCO3 hardness of 1000 ppm was circulated.  Figure 84 shows the results for two different flow 
velocities of 0.1 and 0.5 m/s.  At the beginning of each test (i.e., the first 100 min), the spark 
discharge system was not switched on, and the pressure drop was monitored as a function of time.  
For a flow velocity of 0.1 m/s the pressure drop was approximately 2.5×104 Pa at the beginning of 
test. The pressure drop rapidly increased for the first 40 min and then gradually approached to an 
asymptotic value of about 9.5×104 Pa at t = 100 min, indicating that the filter was almost fully 
covered by calcium salt particles at t = 100 min. For the case of a flow velocity of 0.5 m/s, a 
similar trend was observed in the pressure drop.   

At t = 100 min, pulse-spark discharge was switched on with a frequency of 1 Hz. As soon 
as the spark discharges were applied to the filter surface, the pressure drop immediately began to 
drop as depicted in Fig. 84, reaching an almost steady state value in approximately 5 minutes after 
the application of the spark discharges. With the spark discharges applied to the filter surface, the 
pressure drop across the filter decreased to about 50% of the maximum value (obtained at t = 100 
min) for the case of 0.1 m/s, and decreased to about 65% for the case of 0.5 m/s. Once the pulse-
spark discharge brought the pressure drop value down, the reduced values of the pressure drop 
across the filter could be maintained almost indefinitely with the continuous application of the 
pulse-spark discharges, demonstrating the validity of the plasma-assisted self-cleaning filtration 
method in the present study. Note that the pressure drop did not completely return to the value 
corresponding to the initial clean state.  It can be attributed to the fact that only one electrode was 
utilized in the present study to remove the deposit from a 10-inch cartridge filter with a total 
surface area of 707 cm2, thus being able to clean only a part of the cartridge (i.e., only one side of 
it).  If one had used two or three electrodes to cover a larger filter surface or both sides of the filter, 
one might have obtained a better performance.  
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Fig. 84 Changes in pressure drop across a self-cleaning filter over time for 1000 ppm hard water 
under two different flow velocities 

 
 
3.12.7 Cycle of Concentration (COC) Results 
 The COC is often defined as the ratio of the dissolved solids in cooling-tower water to 
those in makeup supply water.  Figure 85 shows variations in COC over time for the case of 250-
ppm hard water with flow velocity of 0.5 m/s.  The value of COC was unity at the beginning of the 
fouling test and increased almost linearly with time because of zero blowdown.  The COC reached 
approximately 2.8 at the end of the fouling test for both no-treatment and PWT coil cases, whereas 
it arrived at 2.6 for the combined case of PWT coil plus self-cleaning filter.  Since the hardness of 
the makeup water was 250 ppm, the hardness of circulating water became approximately 650-700 
ppm at the end of the fouling tests. In addition, the COC value for the combined case was 
consistently smaller by about 0.3 than those for both the no-treatment and PWT coil cases, 
reflecting the fact that the filter was continuously removing suspended calcium carbonate particles 
from the circulating cooling water.  Note that the COC for two other cases studied in the study (i.e., 
500 and 1000 ppm) also reached approximately 3 at the end of fouling tests with zero blowdown, 
indicating that the water hardness was about 1500 and 3000 ppm, respectively, near the end of the 
test.  Such extremely harsh fouling conditions were designed in the study in order to examine the 
performance and limitation of the self-cleaning filtration system used together with a PWT coil. 
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Fig. 85 Variations in cycle of concentration (COC) vs. time for 250 ppm hard water under no-
treatment, PWT coil, and PWT coil plus filter cases with flow velocity of 0.5 m/s 
 
 
3.12.8 Fouling resistance Results 

Figure 86 shows the results for the fouling tests obtained using water hardness of 250 ppm 
for three cases (i.e., no-treatment, PWT coil only and PWT plus filter) at flow velocity of 0.5 m/s. 
Due to high water hardness, there was no induction period observed in all three cases. An 
induction period is usually indicated by a straight horizontal line in the beginning of the fouling 
curve, which can be described as the lateral spreading of scale deposits on the heat transfer surface 
until the surface is fully covered mainly by stable crystal nucleation. In the present study, the 
artificial hard water that contained the artificially-made calcium and bicarbonate ions reacted 
quickly to the hot heat transfer surface, making immediate depositions of calcium salt particles on 
the surface as soon as the fouling test begun.  
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Fig. 86 Fouling resistances for 250 ppm hard water under no-treatment, PWT coil, and PWT coil 
plus filter cases with flow velocity of 0.5 m/s 

 
 
The scale deposition involved the cumulative effect of a direct diffusion of dissolved 

calcium ions to the heat transfer surface and the deposition of precipitated calcium salt particles 
due to supersaturated conditions and accelerated precipitation of calcium salts by PWT [4]. The 
fouling resistance in the no-treatment case had the steepest increase among the three cases to a 
local maximum value in the first 3 h of operation. At t = 3 h, the fouling resistance suddenly 
stopped increasing and remained unchanged for the next 16 h, indicating that there must have been 
some balance between the deposition rate and removal rate for the no-treatment case. 

The no-treatment case showed a major drop in the fouling resistance, which began at t = 19 
h.  As mentioned previously in the COC section, the supersaturation level in the cooling water was 
extremely high (i.e., starting from 250 ppm at the beginning of test to about 700 ppm at the end of 
test) so that there must have been a large number of suspended CaCO3 particles in water even in 
the no-treatment case, producing both particulate and precipitation fouling on the heat transfer 
surface. Thus, one might expect that large scale pieces could suddenly be dislodged over time, 
significantly reducing the fouling resistance.  Depending on the balance between the deposition 
and removal rates, the fouling resistance curve could rapidly increase or decrease as in the no-
treatment case shown in Fig. 86. 

The fouling resistance curves obtained in the cases for PWT coil and PWT coil plus filter 
depicted more stable variations compared to that obtained for the no-treatment case. However, in 
these two cases the fouling resistances slightly went up and down numerous times during the 
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fouling test, i.e., fouling curves after t = 4 h in Fig. 86.  The up-and-down trends of the fouling 
resistance clearly indicate that the old scales were repeatedly removed from the heat transfer 
surface as the new scales continued to develop. 

For the case of PWT coil, the fouling resistance sharply increased for the first 4 h and 
suddenly leveled off.  At t = 4 h, the fouling resistance stabilized with very mild increase with time 
till t = 18 h. After this point, the fouling resistance fluctuated wildly with its mean value still rising 
till the end of the test.  The fouling resistance for the combined case of PWT coil plus filter also 
increased sharply at the beginning of test but for only 1 h.  After that time, it gradually increased 
with time till t =18 h, after which the mean value remained almost constant, till the end of the test. 

For the tests with 250-ppm hard water with zero blowdown, the fouling resistance was 
reduced by 65% for the combined case of PWT coil plus filter, whereas it was reduced by 18% for 
the PWT coil case, clearly indicating the efficacy of the self-cleaning filtration system in the 
mitigation of mineral fouling.  

The improved efficiency in mitigating fouling observed in the combined case can be 
explained as follows: calcium ions were continuously precipitated to calcium salt particles by the 
PWT solenoid coil but removed out of the flow system by the plasma-assisted self-cleaning filter, 
resulting in a lower deposition rate of new scales on the heat transfer surface. Similar results were 
reported previously with a solenoid coil by Cho et.al. [4, 6], who showed that the PWT treatment 
produced calcium salt particles in bulk water, and subsequently particulate fouling took place as 
calcium particles adhered to the heat transfer surface, creating a soft sludge coating on the surface.  

It is of note that another test was conducted with the PWT solenoid coil and a regular filter, 
which was exactly identical to the self-cleaning filter but with the plasma discharge system turned 
off.  However, the filter closed rapidly within 2 h with calcium salt particles, forcing the test to be 
stopped. This test confirmed that the self-cleaning filtration system indeed cleaned the filter 
surface with the help of pulse spark discharge, which allowed the fouling test to be continued for 
25-30 h even with zero blowdown. Also note that the self-cleaning filter system in the present 
study utilized only one electrode to clean the filter surface.  If one had multiple electrodes in the 
filter, one might have had a better performance in terms of more improved fouling resistance data. 

Figure 87 shows photographs of a section of fouled copper tubes for three cases (i.e., no-
treatment, PWT coil only and PWT plus filter), which were taken after the copper tubes were 
removed from the heat transfer test section and completely dried.  Visual inspection on the fouled 
tubes indicated that there were very thick scale deposits over the entire tube surface for the no-
treatment case. For the case of the PWT coil, the scale deposits appeared to be much thinner than 
the no-treatment case, but the original copper-tone color of the tube could not be seen. For the 
combined case of PWT coil plus filter, one could clearly see the copper-tone color of the tube at 
the end of fouling test, indicating that the combined PWT coil plus filter could significantly 
mitigate the scale deposits on the tube surface.  
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Figure 87 Photographic images of the scales for (a) no-treatment; (b) PWT coil, and (c) PWT coil 
plus filter cases (CaCO3 hardness of 250 ppm and flow velocity of 0.5 m/s). 
 
 

Figure 88 shows the results for the fouling tests obtained using water hardness of 500 ppm 
for three cases (i.e., no-treatment, PWT coil only and PWT plus filter) at flow velocity of 0.1 m/s 
with zero blowdown. In general, the fouling curves show similar trends as those obtained for the 
250-ppm hardness case given in Fig.6.  The fouling resistance curves for the no-treatment case 
show two sudden drops during the test.  For example, the fouling resistance peaked at t = 2 h, and 

(b) 

(a) 

(c) 
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then rapidly dropped to a local minimum value at t = 4 h.  After reaching this local minimum, the 
fouling resistance again rapidly began to climb to the second peak at t = 5 h.  After reaching the 
second peak, the fouling resistance again rapidly decreased to another local minimum at t = 7 h.  
After hitting this second minimum, the fouling resistance stayed at the second minimum value for 
a while before gradually increasing till t = 15 h, when it suddenly began to climb to an asymptotic 
value, which was maintained till the end of the test. For the tests with 500-ppm water, the fouling 
resistance for the combined case of PWT coil plus filter reduced by 68% from the no-treatment 
case, whereas that for the PW-coil case dropped by 33% from the no-treatment case.  Note that 
although the hardness of the makeup water increased from 250 to 500 ppm, the combined case of 
PWT coil plus filter could managed to mitigate the fouling in the heat transfer surface at the same 
efficiency, i.e., 65-68% improvement in fouling resistance even with zero blowdown. 
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Fig. 88 Fouling resistances for 500 ppm hard water under no-treatment, PWT coil, and PWT coil 

plus filter cases with two different flow velocities of  0.1 m/s.  
 
 
Figure 89 (a and b) shows the results for the fouling tests obtained for the case of water 

hardness of 1000 ppm and flow velocities of 0.1 and 0.5 m/s for three different cases:  no-
treatment, PWT solenoid coil only, and the combined case of PWT coil plus filter. Due to high 
water hardness, the rate of increase in the fouling resistance was very steep for all three cases for 
the case of flow velocity of 0.1 m/s. The fouling resistance for the no-treatment case with flow 
velocity of 0.1 m/s reached the local maximum at t = 8 h.  After this point, the fouling resistance 
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consistently and significantly decreased till t = 17 h, indicating that the removal of scale particles 
was greater than the new deposits during this period, probably due to a reduced opening in the heat 
transfer test section by the scale deposits and subsequently increased wall shear stress. Note that 
the supersaturation level in the cold water was extremely high so that there must have been a large 
number of suspended CaCO3 particles in water, leading to particulate fouling on the heat transfer 
surface.  Thus, one might expect that the scale deposits might have been soft, which helped 
increasing the removal rate. 
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Figure 89 Fouling resistances for 1000 ppm hard water under no-treatment, PWT coil, and PWT 

coil plus filter cases with two different flow velocities: (a) 0.1 m/s; (b) 0.5 m/s 
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For the cases of PWT coil and PWT coil plus filter, the fouling resistance curve behaved 
almost the same as that for the no-treatment at the beginning of test, which can be attributed to the 
high hardness of water. However, for both cases, the fouling resistances rapidly leveled off at t = 
1.5 h.  During this period, the rates of increase in the fouling resistance for both cases were slightly 
greater than that for the no-treatment case, a phenomenon which could be attributed to the 
additional precipitation of calcium salts by the PWT coil. For the case of PWT coil, the fouling 
resistance consistently but gradually increased till t = 12 h, when it finally leveled off and 
remained constant till the end of the test.  The asymptotic value for the case of PWT coil was about 
24% lower than that for the no-treatment case.  

For the combined case, the fouling resistance leveled off at t = 1.5 h, after which it almost 
stayed constant till t = 21 h.  At this time, the fouling resistance had a sudden drop, followed by a 
steady decrease till the end of the test, indicating that the scale deposits were continuously 
removed from the heat transfer surface during this period. The fouling resistance dropped about 
59% from the no-treatment case value, i.e., from 4.5 x 10-4 to 1.9 x 10-4 m2K/W, for the case of 
flow velocity of 0.1 m/s.  

Figure 89b presents the fouling resistance for the same three cases but with flow velocity of 
0.5 m/s. The results in Fig. 9b show that there were also no induction periods for all three cases. As 
the velocity of cold water in the heat transfer test section was increased from 0.1 to 0.5 m/s, there 
was less fouling deposit as the removal rate increased for all three cases due to increased shear 
force, a phenomenon which was also reported by a previous study [30].  Note that at a high 
velocity, there is a high mass deposition rate.  However, the shear force created by the flow 
increases such that the scales are more efficiently removed, resulting in reduced fouling resistances.  

A 72% drop in the fouling resistance was obtained for the combined case of PWT coil plus 
filter compared with the no-treatment case, confirming the effectiveness of the self-cleaning filter 
on mitigating the mineral fouling, particularly when the filter was used in conjunction with a PWT 
coil.  It is of note that even for the case of 1000 ppm, where the hardness became about 3000 ppm 
near the end of test with zero blowdown, the combined case of PWT coil plus filter could reduce 
the fouling resistance by 59 and 72% for flow velocities of 0.1 and 0.5 m/s, respectively, 
remarkable achievements which could have been further improved with multiple electrodes for 
plasma discharge inside the self-cleaning filtration system. 

Figure 90 shows photographs of a section of fouled copper tubes for three cases (i.e., no-
treatment, PWT coil only and PWT plus filter) for 1000 ppm water, which were taken after the 
copper tubes were removed from the heat transfer test section and completely dried.  The 
photographs taken for 1000 ppm case were similar to those obtained for 250 ppm case. However, 
in the case of the combined case of PWT coil plus filter, the photograph for the 1000 ppm case 
appeared to be cleaner than that for the 250 ppm.  It may be attributed to the fact that there could 
have been significantly more precipitations of calcium ions in the 1000 ppm case than for the 250 
ppm case, producing large size calcium salts in water, which could be easily removed by the filter.  
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Figure 90 Photographic images of the scales obtained for (a) no-treatment; (b) PWT coil, and (c) 
PWT coil plus filter cases (CaCO3 hardness of 1000 ppm and flow velocity of 0.1 m/s). 

 
 

3.12.9 Scanning Electron Microscope Images 
Figure 91(a-c) shows SEM images of CaCO3 scales for the no-treatment, PWT coil, and 

PWT coil plus filter cases for 250 ppm hard water at a flow velocity of 0.5 m/s. The SEM images 

(a) 

(b) 

(c) 



 

Final Report DE-FC26-06NT42724                                                                                           Page 90 
 

for the no-treatment case showed particles less than 10 µm in size, with sharp and pointed tips in 
crystal structures, whereas those obtained with PWT coil case showed particles of about 20 µm in  
adhering to the heat transfer surface more strongly than blunt crystals observed in the PWT coil 
case. The combined case of PWT coil plus filter showed much smaller and less crystallized 
structures, as the large particles were continuously removed from the circulation loop by the filter.  

Figure 92 (a-c) shows similar SEM images (200x, 500x and 1000x) of CaCO3 scales for the 
no-treatment, PWT coil and PWT plus filter cases for 1000 ppm hard water at a flow velocity of 
0.1 m/s. The SEM images obtained from the no-treatment case showed small crystal structures 
(less than 10 µm in size), while those from PWT coil and PWT coil plus filter cases, Fig. 92 (b and 
c) showed hexagonal-shaped crystal structures with much larger sizes, which can be attributed to 
the aforementioned particulate fouling. In particular, the SEM images for the combined case of 
PWT coil plus filter showed mostly amorphous deposits with smaller size particles than those 
observed in the case of PWT coil.  This may be due to the fact that large crystallized particles were 
removed by the filter.  
 
 

   

   

   
 

Figure 91 SEM photographs of the scales obtained for (a) no-treatment; (b) PWT coil, and (c) 
PWT coil plus filter cases (CaCO3 hardness of 250 ppm and flow velocity of 0.5 m/s). 
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Figure 92 SEM photographs of the scales obtained for (a) no-treatment; (b) PWT coil, and (c) 
PWT coil plus filter cases (CaCO3 hardness of 1000 ppm and flow velocity of 0.1 m/s). 

 
 
3.12.10  X-ray diffraction Test Results 

X-ray diffraction (XRD) is a non-destructive technique to determine the crystallographic 
structure and chemical composition of a substance by recording the intensity of an x-ray as a 
function of 2θ angle. Calcium carbonate is a crystalline substance that exists in three polymorphs: 
calcite, aragonite and vaterite [34]. Each polymorph has unique crystallographic structure. Each 
substance has unique XRD spectrum that serves as its fingerprint [35]. The present XRD analyses 
were conducted to determine the crystallographic phase of scale deposits so that the focus was on 
spectrum peaks and not on the intensity. Figure 93a shows the standard XRD spectra of the calcite 
phases of calcium carbonate as a reference, which has a prominent peak of intensity at 2θ = 29.5°. 

Figure 93 (b-d) presents the results of the XRD analyses for the no-treatment, PWT coil 
and PWT coil plus filter cases at water hardness of 1000 ppm and flow velocity of 0.1 m/s. The 
results were compared to the standard XRD spectra of CaCO3 given in Fig. 13a. For all three cases, 
the peaks depicted that of a calcite crystal. Although most previous studies reported aragonite  
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Figure 93 XRD analyses of the scales for (a) standard calcite; (b) no-treatment; (c) PWT coil, and 
(d) PWT coil plus filter cases (1000 ppm CaCO3 hardness and flow velocity of 0.1 m/s). 
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crystals for the no treatment case [4, 33], the present XRD result did not show aragonite for the no-
treatment case.  It can be attributed to the fact that even for the no-treatment cases there must have 
been a large number of suspended calcium particles in water in the present study due to extremely 
supersaturated states of cooling water and no blowdown during fouling tests.  Hence, even for the 
no-treatment case, one might expect to have a large number of suspended particles in water, thus 
leading to a calcite form of CaCO3 scales on the heat transfer surface.  

For the cases of PWT coil and PWT coil plus filter, it is suspected that the PWT produced 
more suspended calcium particles in cooling water than the no-treatment case, which in turn 
adhered to the heat transfer surface in the form of particulate fouling or calcite form of calcium 
crystal. The XRD results for the no-treatment and PWT-treated cases at water hardness of 250 and 
500 ppm were similar to the results given in Figure 93.  

 
 

3.12.11  Summary 
The present study investigated the effect of plasma-assisted self-cleaning filter on the 

performance of PWT solenoid coil for the mitigation of CaCO3 fouling in a concentric tube heat 
exchanger. Fouling tests were conducted at three different water hardness (250, 500 and 1000 
ppm) using artificially prepared hard water, and at two different cold-water side flow velocities 
(0.1 and 0.5 m/s) with zero blowdown.  

The fouling resistances for the combined case of PWT coil plus filter dropped by 59-72% 
compared with those obtained for the no-treatment cases, while 18-35% drop was observed for the 
case of PWT coil only. The fouling resistance data confirmed that the self-cleaning filter was 
beneficial when it was used together with a PWT coil in mitigating the mineral fouling in a heat 
exchanger by continuously removing suspended calcium salts from water. SEM images showed 
smaller and less crystallized structures for the PWT coil and filter cases compared to a sharp 
structure observed for the no-treatment case. The XRD analyses confirmed predominantly calcite 
for all three cases.  
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4 ENERGY COST TO PRODUCE PLASMA DISCHARGES IN WATER 
 One of the issues in the use of plasma water treatment technology is the electrical energy 
needed to drive the power supply to produce spark discharges in water.  Based on the current 
spark discharge analysis, researchers at Drexel University found that the power of the spark 
discharge was approximately 2 J/pulse.  Hence, about 10-20 pulses for a volume of 0.5L water 
was needed for an effective removal of impurities from filter membrane.  In other words, 
approximately 80 J/L of electric energy is consumed for pulse spark discharges in water in 
Drexel’s laboratory test (see Table 3).  Compared to an energy consumption of 80 J/L, other 
existing commercial methods such as pulsed corona discharges require significantly greater 
energy expenditures.  For example, the spark discharge requires only 5 KW of electrical energy 
to treat water at a flow rate of 1,000 gpm, while the commercially available pulsed corona 
discharges require 9.5 MW.  
 
 

Plasma Discharge in Water: Comparison Chart  

 
Gliding Arc  
Discharge  

Pulsed  
Spark Discharge  

Pulsed Corona Discharge 
(Max)  

Energy per Liter for 1 log reduction  
in E. Coli (J/L)  860  77  150000  

Power requirement for household  
water consumption at 6 gpm (kW)  0.326  0.029  56.8  

Power requirement for village water consumption 
at 1000 gpm (kW)  54.3  4.9  9463.5  

Efficiency of power supply required  Excellent  Excellent  Poor  

Central lethal biological agent of  
discharge  

UV and  
Chemical Radicals UV  

Chemical Radicals  
(OH, H3O+, H2O2)  

 
Table 3  Energy requirement for various discharge methods.  The second column represents the present 
method using pulsed spark discharge. 
 
As mentioned early, a modern 1000-MW fossil-fueled power plant with 40% efficiency would 
reject 1500 MW of heat at full load.  This is roughly equivalent to 512 x 106 Btu/hr and uses 
about 760,000 gal/min of circulating water based on 18oF temperature difference in a condenser 
[2].  This is almost two times greater than the number, 25 gallons of water, needed to produce 1 
KWh of electricity at a condenser level described by a report from the USGS (Circular 1268).  As 
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heat is removed via evaporation of pure water at a cooling tower, the need for the makeup water is 
about 7500 gal/min for the typical fossil plant, which results in 10 million gallons a day [2].   
Assuming that the energy is consumed to treat the incoming make-up water, which is 7500 gpm, 
then the electrical energy required for the production of plasma discharge becomes for a modern 
1000-MW fossil-fueled power plant (see Fig. 94) as follows:  
 

kWppm
s

L
ppm

LJP 9100
60

8.37500
400

/80
=⋅

×
⋅=  

 
Note that the above estimation of the energy of 9 kW is the one necessary to maintain the 
hardness of water in the main loop at 400 ppm with zero blowdown. If one considers a worst case 
of consuming the max energy consumption of 2400 J/L, the power requirement for plasma 
discharge becomes: 
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L
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Fig. 94  A sketch of water distribution in a cooling tower in a modern 1000-MW fossil-fueled 
power plant.
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5 CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
1. A new innovative concept of a self-cleaning filtration system using a pulse spark discharge has 
been developed.   
2. The concept of the self-cleaning filtration system has been validated through experimental tests.  
The pressure drop across filter membrane can be kept low indefinitely (i.e., corresponding to the 
initial clean state) in the self-cleaning filtration system. 
3. An integrated system using both physical water treatment (PWT) solenoid coil and the self-
cleaning filtration system has been successfully developed. 
4. A number of heat transfer fouling tests have been conducted to validate the feasibility of the 
above integrated system.  The fouling resistances for the combined case of PWT coil plus filter 
dropped by 59-72% compared with those obtained for the no-treatment cases, depending on the 
cold-side flow velocity and the water hardness, while 18-35% drop was observed for the case of 
PWT coil only. 
 
5.2 Recommendations 
The concept of the self-cleaning filtration system has been successfully validated in laboratory 
scale tests using a 10-in cartridge filter.  However, in order to successfully utilize such a self-
cleaning filtration system, it is critically important to maintain the tip of the needle electrode 
relatively sharp.   
1. Hence, it is recommended that the sharpness of the needle electrode must be maintained in 
order to effectively produce pulse spark discharges in water.   
2. It is also recommended that the long-term degradation effect of the needle electrode (i.e., loss 
of sharpness) on the performance of the self-cleaning filtration system should be investigated. 
3. It is also recommended that an innovative method to maintain the sharpness of the needle 
electrode should be developed for the field deployment of the self-cleaning filtration system.  
4. It is also recommended that the self-cleaning filtration concept should be validated in a much 
larger filter system. 
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APPENDIX “A” 
 
 
The Modeling of Electric Breakdown in Liquids and Stability Analysis (Task 1) 
 
 
Introduction 
There is increasing interest in the study of electric breakdown in liquids as these processes find 
more application in industry and academic research. For example, oil filled gaps are used for the 
insulation of high-voltage devices because of filling oil’s higher permittivity [1]; some liquid 
noble gases are used in nuclear and high-energy physics for radiation detection [2]. More recently, 
electric breakdown is developed as a physical, non-chemical means of biofoul removal and 
contaminant reduction in water, with the potential for extension into a wide range of other water 
treatment applications [3]. In all these applications, it is important to get a better understanding of 
the key physical mechanisms that take place in the process. 
It is generally agreed that the electrical breakdown of liquid involves the generation and growth of 
a bubble, or more precisely, a cavity at the tip of the electrode in a short time period [4-6]. A 
number of models for breakdown have been suggested based on microsecond time scale.  Some 
propose that electron avalanche is formed in the liquid phase at the initial stage, and the bubble is 
generated at the cathode by local heating due to the intense electron emission or perhaps by ion 
current [4, 6]. Others models suggest a bubble dynamic process in which an electron avalanche 
develops in the vapor phase following the formation of a pre-existing bubble [5].  
With the advances in image recording technique, recent studies using fast Schlieren-photography 
shows that the essential of electrical breakdown in liquid involves fast initiation and propagation 
of low-density filaments (bubbles, cavities, cracks). The breakdown starts within nanoseconds 
after application of high voltage, and the growth rate of the filament is up to several kilometers 
per second [7]. A physical intuition and some elementary estimations say that during such a short 
time, heating is probably not the best explanation of channel formation at the initial stage of a 
discharge.  
The objective of this paper is to present a model for initiation and development of breakdown in 
liquids subjected to high voltage based on nanosecond time scale. The model is consists of two 
components: explanation and numerical estimations for propagation of filaments during 
breakdown and a stability analysis of the filaments. 
 
II. Theoretical Modeling 
According to the bubble nucleation theory in boiling, micro-bubbles appear and disappear at the 
nucleation sites at the liquid-solid interface. The number of the bubbles and location depend upon 
the surface roughness, fluid properties and operation conditions. Surface tension that exists on the 
interface of a bubble crates additional pressure inside the bubble:  
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rPPin /2γ=− ∞  

 
where Pin is the pressure inside the bubble, P∞ is the ambient pressure, γ is surface tension 
coefficient of the liquid and r is the radius of the bubble. For water at room temperature γ = 0.078 
N/m. To maintain a bubble with radius of 1 micron, the additional pressure inside would be 1.78 
atm.  
When high voltage is applied to the electrode, breakdown first happens in the gas phase bubbles. 
The direct ionization rate coefficient kI of air in the reduced electric field E/n0 of 103 V·cm2 is in 
the order of 10-10 to 10-9 cm3/s. The molecule density n0 inside the bubble under previously 
estimated pressure is in the order of 1019 cm-3. The time need for breakdown would be (kI n0)-1, 
which is in the order of 0.1 to 1 ns.  This process is fast enough to explain the initiation developed 
within nanoseconds observed in [7]. Electrons, due to their high mobility, will move faster and 
deposit on the gas-liquid interface. As a result, the interface will be charged negatively to the 
electrode potential. For a  typical breakdown voltage Φ0 = 30 kV and electrode radius r = 1 mm, 
the electric field at the electrode tip can be estimated as Φ0/r = 3×107 V/cm. This strong field will 
push the bubble to form the bush-like structure.  
To quantify the process described above, we now define the equations for the formation and 
propagation of the plasma-filled filaments. Gravity is neglected here because it is very small in 
comparison with electric forces (see estimations below). Because of external forcing by the 
electric field, the isolated system of the forming plasma channel does not conserve energy or 
momentum. First it is assumed that the filament is an elongated object with a rounded tip. When 
plasma is produced inside the bubble, the gas-liquid interface can be regarded as equipotential 
with the electrode due to high plasma conductivity.  
 
 

 
 

Fig. 1. (a) – initial bubble form at the moment of high voltage application; (b) – bubble elongation 
and gaseous plasma filament formation due to interaction of electrical forces with surface tension 

and external pressure forces. 
 
Assume the charge density both inside and outside the filament surface can be ignored comparing 
with that on the filament surface. For a slender filament, applying Laplace Equation in the radial 
direction: 

a b 
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with boundary condition: 00

Φ=Φ =rr  and 0=Φ =Rr . Φ0 is the potential at the interface, r0 is the 

radius of the filament, and R is the radius where the potential can be regarded as zero.  
By solving the equation, the radial electric field Er and local surface charge density σ can be 
written as: 
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where ε is permittivity of the liquid. Similarly, we can get the electric field and local charge 
density in the axial direction near the tip of the filament: 
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Since R >> r0, it is obvious that the electrostatic pressure in the axial direction is much higher than 
that at the radial direction, and both of them are inversely proportional to r0

2. At the initial stage 
of the filament growth r0 is usually small, which means the bubble will grow in all directions. At 
some point the electrostatic force will first reach balance with surface tension and ambient 
pressure in the radial direction, thus keeping constant radius, while the bubble continues growing 
in the axial direction. Considering the force balance in the axial direction:  
 

∞=−+ PrEP r 0/γσ   (6) 
 
where P is the liquid vapor pressure inside the filament (growth of the bubble due to electric force 
reduces the gas pressure and vapor pressure becomes larger that the gas pressure) , γ is the surface 
tension of the liquid, and P∞ is the ambient pressure. Since the liquid vapor pressure is usually 
small compared to P∞, the force balance equation is reduced to   
 

∞=− PrEr 0/γσ   (7) 
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At the tip of the filament, the pressure caused by the axially directed electric force is 
 

)/()]/[ln()]/[ln( 0
2

0
2

0 ∞+== PrrRErRE rz γσσ   (8) 
 
Although it is convenient to consider the filament to be a tube with constant radius, a more 
realistic state for experiments thins due to the stress at the interface from the interaction between 
the hydrodynamic pressure on the elongating bubble and the electric force (Fig. 2). In such a 
‘needle’ shape filament, the hydrodynamics pressure against the driving force of fast propagation 
is proportional to the tangent of the angle of attack. Assume the hydrodynamics pressure and 
surface tension is in balance with the electric pressure when the filament growth reaches 
maximum: 
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Ev zz
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where v0 is the maximum velocity, α is the angle of attack of the growing filament, which can be 
estimated as α ≈ r0/L (L is the length of the filament). Then the maximum velocity can be written 
as: 
 

000
0

2
tan

2
r

L
rr

v waterwater

ρ
ε

αρ
ε Φ

≈
Φ

=                                                                           (10) 

 
 
 

     
 
 

Fig. 2. (a) Photo of corona discharge in water; (b) schematic diagram of needle shape filament 
At the initiation state of a typical breakdown of water, the radius of the filament is in the order of 
1 µ and the length is in the order of 1 mm. As shown in Fig. 3, the relation between growth rate 
and applied voltage can be calculated, which is in good agreement with experiment results [7] 
(about 3 km/s at 12 kV). 
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Fig. 3. Comparison of calculated and measured propagation speed of filament during breakdown 

of water 
 
 
 
III. Stability Analysis 
 

 
Fig. 4. Schematic diagram of disturbance at the surface of filament 

 
Now we discuss the linear stability analysis of axisymmetric perturbation of a filament surface 
that is based on the method used in the papers [8]. Assume a small wave-like disturbance 
occurred at the surface of cylindrical bubble with initial radius r0, as shown in Fig. 4. The peak-to-
peak amplitude and wave number of the disturbance is h and k, respectively. H is the depth of 
wave influence [9], u is the velocity of liquid relative to the disturbance. Then surface of the 
perturbation is represented by 
 

)exp(
20 iwtikzhrr ++=

                                                                                (11) 
 
With the perturbation, the local electrostatic force, surface tension and hydrodynamic pressure 
will be changed. Generally, the surface tension tends to minimize the surface area and 
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subsequently stabilize the disturbance, while the electrostatic force tends to push the disturbance 
to grow. In the reference frame that moves together with the disturbance, the effects of these three 
forces are considered separately, and summed up when it comes to pressure balance between the 
crest and trough along the stream line.  
 
Electrostatic Pressure  
According to the equations (2) and (3) from part II, the electrostatic pressure is proportional to the 
square of local curvature of the interface, which is different at the crest and trough of the 
perturbation:    
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where pE,c and pE,t is the electrostatic pressure at crest and trough respectively, Mc and Mt is the 
mean curvature at the crest and trough respectively. The mathematical expression for the mean 
curvature can be written as [10]: 
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Plug Eq. (11) into Eq. (14), we can get expressions for Mc and Mt:  
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Subsequently, pE,c and pE,t can be written as: 
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So the electrostatic pressure difference between the crest and trough is: 
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Static Pressure – Surface Tension 
Similarly, the surface tension across the interface at the crest and trough can be written as: 
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Then the surface tension difference between the cress and trough is: 
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Hydrodynamic pressure  
When there is disturbance on the interface of the filament, the flow speed of liquid will be 
perturbed in the depth of wave influence, inducing a dynamic pressure difference between the 
crest and trough:  
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The dynamic pressure is related to the flow speed through Bernoulli’s equation. The pressure 
difference from the electrostatic force and dynamic effect of the flow has the opposite sign from 
that due to surface tension. For a balance between two kinds of oppositely directed pressure 
differences we have:  
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Following the steps described in [8] to eliminate Δu, it is easy to get: 
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As we described previously, w is the oscillation frequency of the disturbance and it is complex. 
From Equation (11) it is clear that if the imaginary part of the complex w is not zero, the 
disturbance will grow exponentially with time. Since the difference between static pressure due to 
surface tension at the crest is less than that at the trough, it is possible to conclude that 1/k << r0. 
The same conclusion can be reached from the small perturbation assumption, and therefore the 
second factor in the equation (25) will always be positive. Once the liquid is fixed, the surface 
tension γ and permittivity ε are constant, so the stability will depend on the applied voltage and 
radius of the filament.  When the voltage exceeds some critical value, w2 will be negative and the 
disturbance becomes instable. Another possibility is when the filament radius reduces to certain 
value, which happens during the propagation, the instability becomes the dominant process and 
the single filament begins to grow into the bush-like pattern. When the radius goes to infinity, the 
equation reduces to ρw2 = γk, which is the formula for classic capillary wave. 
 
IV. Conclusions 
The electric breakdown of liquids involves the generation and propagation of vapor-plasma 
channels through the liquids.  The Semi-numerical model described in this paper explains the 
dynamics of initiation of pulsed electric breakdown in liquids based on nanosecond time scale. 
Assuming there are pre-existing bubbles at the tip of the electrode, breakdown will first occur 
inside the bubble in gaseous phase and make the gas-liquid interface equipotential to the electrode. 
Then the plasma bubble (streamer) will elongate in the axial direction because of imbalance of 
electrostatic force and surface tension. The estimated streamer velocity is in a good agreement 
with published experimental results. Linear stability analysis showed that the branching of the 
filaments can be attributed to the Rayleigh-Taylor type instability, which develops in the plasma-
gaseous channel surface points with high curvature. 
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In modern wastewater treatment, filters are routinely used for removing unwanted particles from water.
The present study investigated if a pulsed spark discharge in water can be used to remove deposits from
the filter membrane for its potential application in drinking and industrial water treatment. The test
setup included a circulating water loop and a pulsed power system. The present experiments used arti-
ficially hardened water with hardness of 1000 mg/L of CaCO3 made from a mixture of calcium chloride
(CaCl2) and sodium carbonate (Na2CO3) in order to produce calcium carbonate deposits on the filter
membrane. Spark discharge in water was found to produce strong shockwaves in water, and the effi-
ciency of the spark discharge in cleaning filter surface was evaluated by measuring the pressure drop
across the filter over time. Results showed that the pressure drop could be reduced to the value corre-
sponding to the initial clean state and after that the filter could be maintained at the initial state almost
indefinitely, confirming the validity of the present concept of pulsed spark discharge in water to clean
dirty filter.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hard water causes a number of problems in both industry and
home, such as mineral fouling in water chillers, heat exchangers,
boilers, water heaters, shower heads, and dish washers. According
to the Water Quality Association of the United States, hard water is
defined as water with more than 80–120 mg/L of calcium. In recent
years the rising demand for high-quality water has called for the
development of more economic methods for treating hard water
around the world. Ion-exchangers have been one of the most com-
monly used means for water treatment. However serious environ-
mental problems can be caused by the discharge of water
contaminated by sodium ions. Water treatment methods without
the use of chemicals are generally called physical water treatment
(PWT) [1,2]. Examples of the PWT include permanent magnets,
solenoid coil devices, electrostatic precipitators, sudden pressure
drops, catalytic alloys, electrolysis, etc. Some of PWT devices are
believed to produce induced electric field in hard water, which pro-
duces submicron-size colloidal particles in water [3,4]. Hence, if a
PWT device can keep producing suspended particles in water and
at the same time a filter can continuously remove suspended par-
ticles from water, one can mechanically reduce the hardness with-
out the use of chemicals almost indefinitely. Such a system, if
ll rights reserved.

: +1 215 895 1478.
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successfully developed, can be considered as a mechanical water
softener.

In a cooling-tower application, the cycle of concentration in
cooling water is often maintained at 3.5. Hence, if the hardness
of makeup water is 100 mg/L, the calcium hardness is approxi-
mately 350 mg/L in the circulating cooling water. In order to avoid
the performance degradation in heat transfer equipment (i.e., con-
denser), a part of cooling water is periodically or continuously
discharged via blowdown. Thus, if the cycle of concentration can
be increased through continuous precipitation and removal of cal-
cium ions using a self-cleaning filter, one can significantly reduce
the amount of water that has to be discharged to sewer, resulting
in conservation of fresh water. For example, consider a modern
1000-MW fossil-fueled power plant with 40% efficiency which
rejects 1500 MW of heat at full load. Such a power plant uses about
1.3 � 105 m3/h of circulating water based on 10 �C temperature
difference in a condenser [5]. As heat is removed via evaporation
of pure water at a cooling tower, the need for the makeup water
is about 2400 m3/h for the typical fossil plant, resulting in
57,600 m3 a day [5]. With the present concept using both PWT
and filtration, one hopes to be able to operate cooling tower at a
higher cycle of concentration of 8–10, thus reducing the freshwater
consumption by approximately 25%. This means that the makeup
water can be reduced by 14,400 m3 a day in a 1000-MW fossil-
fueled power plant.

Various microfiltration methods are used to remove suspended
particles from water. Whenever a filter is used in a water system,
the pressure drop across the filter gradually increases with time
and/or the flow rate gradually decreases with time. This reduced
lter membrane using plasma discharge in water, Int. J. Heat Mass Transfer
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Nomenclature

C electric capacity
C0 speed of sound
E electric field
H specific enthalpy at the bubble wall
I current
r distance from spark source to pressure transducer
rc radius of curvature of electrode tip
R radius of gas bubble in water
P pressure
t time
V voltage

Greek symbols
Dt electric pulse duration time
e0 vacuum permittivity
er relative permittivity
q density
r electric conductivity

Subscripts
0 ambient condition
b condition on the capacitor bank
c condition on the electrode
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performance of a filter is due to the accumulation of impurities on
the filter surface, and the clogged area becomes sites for bacteria
growth for further reducing the opening in the filter surface,
increasing the pumping cost. Therefore, in order to continuously
remove suspended particles from water, the filter must be replaced
frequently, a process which is prohibitively expensive in most
industrial water applications. To overcome the drawbacks of fre-
quent filter replacement, self-cleaning filters are commonly used
in industry. Although there are a number of self-cleaning filter
technologies available on the market, most self-cleaning filters
use a complicated backwash method, which reverses the direction
of flow during the cleaning phase. Furthermore, the water used
in the backwash must be clean filtered water, which reduces the
filter capacity. Aforementioned drawbacks of the conventional
filter technologies motivated us to develop a new self-cleaning
filter using spark-generated shock waves.

1.1. Plasma discharge in water

Water is a polar liquid with a relative permittivity of er = 80. The
electrical conductivity of water ranges from about 1 lS/cm to sev-
eral thousand lS/cm, depending on the dissolved ion concentra-
tions. In order to generate spark in water, one needs to use a short
pulse of high voltage. Given that a specific water is exposed to an
electric pulse with a duration time of Dt, when Dt >> er e0/r, where
e0 is vacuum permittivity and r is the conductivity of water, the
aqueous solution behaves as a resistive medium [6]. One of the ma-
jor results of such a long electric pulse is the electrolysis of water
with hydrogen and oxygen production. For much shorter times,
i.e., when Dt << er e0/r, water behaves as a dielectric medium [6],
and a high applied voltage will lead to the breakdown of the solu-
tion. It was found in experiments that a threshold electric field of
the order of 1 MV/cm is necessary to initiate the discharge [7]. If
the discharge does not reach the second electrode it is called pulsed
corona discharge using analogy with discharges in gases, and
branches of such a discharge are called streamers. If a streamer
reaches the opposite electrode, it makes a conductive channel be-
tween electrodes and consequently a spark is forming. If the current
through the spark is very high (above 1 kA), this spark is usually
called a pulsed arc. Various electrode geometries have been used
for the generation of the plasma discharge in water for the purpose
of water treatment.

Two of the simplest geometries are a point-to-plane geometry
and a point-to-point geometry [7], as electric discharges in water
usually start from sharp electrodes. For a point electrode, the elec-
tric field can be estimated as E � U/rc, where U is the applied volt-
age and rc is the radius of curvature of the needle tip. It is obvious
that a relatively small applied voltage is needed for a sharp elec-
trode. The point-to-plane geometry is often used for pulsed corona
discharges, whereas the point-to-point geometry is often used for
Please cite this article in press as: Y. Yang et al., Removal of CaCO3 scales on a fi
(2009), doi:10.1016/j.ijheatmasstransfer.2009.05.025
pulsed arc systems [7]. Sunka et al. [8] pointed out that the anode
with a sharp tip would be quickly eroded by the discharge and one
had to find some compromise between the optimum sharp anode
construction and its lifetime for extended operations.

Another concern in the use of plasma discharges in water is the
limitation posed by the electrical conductivity of water on the pro-
duction of such discharges [8,9]. As the electric conductivity of
water increases significantly greater than 400 lS/cm as in the cool-
ing water, it becomes more difficult to form a spark discharge as a
large portion of energy can be dissipated to a high-conductivity
water through electrolysis.

Locke et al. [7] have recently published a comprehensive review
on the application of strong electric fields for the treatment of
water or organic liquids with 410 references. They explained in de-
tail the types of discharges used for water treatment, physics of the
discharge, and chemical reactions involved in the discharge in
water. When a high-voltage high-current discharge takes place be-
tween two submerged electrodes, a large part of the energy is con-
sumed on the formation of a thermal plasma channel. This channel
emits UV radiation and its expansion against the surrounding
water generates an intense shock wave [10,11]. The water sur-
rounding the electrodes becomes rapidly heated, producing bub-
bles, which help the formation of a plasma channel between the
two electrodes. The plasma channel may reach a very high temper-
ature of 14,000–50,000 K. The plasma channel consists of a highly
ionized, high-pressure and high-temperature gas. Thus, once
formed, the plasma channel tends to expand. The energy stored
in the plasma channel is dissipated via radiation and conduction
to surrounding cool liquid water as well as mechanical work. At
the phase boundary, the high-pressure build-up in the plasma is
transmitted into the water interface and an intense compression
wave (i.e., shock wave) is formed, traveling at a much greater speed
than the speed of sound. The energy transferred to the acoustic en-
ergy can be calculated as [12]:

Eacoustic ¼
4pr2

q0C0

Z
ðPðr; tÞ � P0Þdt ð1Þ

where r is the distance from the spark source to the pressure trans-
ducer, q0 is the density of water, C0 is the speed of sound in water,
P0 is the ambient pressure. One can conclude that the pressure cre-
ated by the spark discharge is much higher than ambient pressure
at positions close to the source. Traditionally, the high-pressure
shockwave is studied for high-voltage insulation and rock fragmen-
tation [13], while recently it has found more applications in other
areas including extracorporeal lithotripsy [14] and metal recovery
from slag waste [15].

In order to validate the present concept to use spark discharge
for filter cleaning, an experimental setup was built where
discharges could be produced in water and pressure drop across
a filter surface was measured over time at various spark
lter membrane using plasma discharge in water, Int. J. Heat Mass Transfer
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Fig. 2. Schematic diagram of a pulsed power system used in the present study.
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frequencies and flow conditions. It is hypothesized that the energy
deposited by the spark shock wave onto water-filter interface is
enough to remove the contaminants having Van der Waals bonds
with filter surface. The objective of the present study was to exam-
ine the feasibility of a self-cleaning water filtration concept using
spark discharges in water.

2. Methods

An experimental system was designed to test the effectiveness
of the self-cleaning filter concept using spark discharges in water
under various flow conditions. The system consisted of two parts:
a flow loop with a filter to simulate a cooling-tower water system
and a pulsed power system to produce spark discharges in water. A
schematic diagram of the test loop is shown in Fig. 1. To simulate
deposits on filter surfaces, artificially hardened water with hard-
ness of 1000 mg/L of CaCO3 was made by adding calcium chloride
(CaCl2) and sodium carbonate (Na2CO3) in proper proportions to
tap water. To minimize the abrasion of mechanical parts by cal-
cium carbonate particles, a peristaltic pump (Omega FPU259)
was used to circulate the hard water in the test loop. The flow rate
in the test system was varied from 50 to 400 mL/min using a valve
in a flow meter. In all experiments 5% of the untreated water was
bypassed for the purpose of the creation of the tangential flow
along the filter surface. It is of note that some tangential flow
was believed to be necessary for the successful removal of the
unwanted deposits from the filter surface using the spark-gener-
ated shock waves.

Usually filters have to be cleaned or replaced when excessive
amounts of foreign materials are accumulated on the filter surface.
The decision to clean or replace a filter is often based on the
changes in flow rate or pressure drop across the filter. When the
pressure drop increases to a pre-determined value or the flow rate
reduces to a pre-determined value, the filter is cleaned or replaced.
In the present experiment the pressure drop across the filter with a
filter surface area of 25 cm2 was measured using a differential
pressure transducer (Omega PX137-015AV). The analog signal
from the pressure transducer was collected and digitized by a data
acquisition system (Dataq DI-148U) and processed by a computer.

A pulsed power system in the present study consisted of three
components: a high-voltage power supply with a capacitive energy
storage, a spark-gap based switch, and a discharge source im-
mersed in water. A schematic diagram of the pulsed power system
is shown in Fig. 2. The high-voltage pulses were provided by a
pulsed power supply. The power supply charged an 8.5-nF capaci-
tor bank and the pulse was triggered by an air-filled spark-gap
switch. Arc discharge was initiated in the switch from the overvolt-
age produced by the power supply and capacitor, and the spark gap
made use of a very low impedance of arc to transfer high-power
energy within nanoseconds. Power deposited into water was ana-
lyzed by measuring the current passing through the discharge gap
Fig. 1. Schematic diagram of the testing loop.
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and the voltage drop in the gap. For measurements of the current a
magnetic-core Pearson current probe was utilized (1 V/Amp +1/
�0% sensitivity, 10 ns usable rise time, and 35 MHz bandwidth).
Voltage was measured using a wide bandwidth 1:1000 voltage
probe (PVM-4, North Star Research Corp.). Signals from the current
and voltage probes were acquired and recorded by a Digital Phos-
phor Oscilloscope (DPS) (500 MHz bandwidth, 5 � 109 samples/s,
TDS5052B, Tektronix). Acquired data were then integrated using
a customized MATLAB code.

Typical voltage and current waveforms are shown in Fig. 3. A
fast rise time (�8 ns) was obtained with the closure of a spark-
gap switch. The peak-to-peak voltage was 29.6 kV. The time before
the spark formation was about 12 ls. During this period of time,
the energy was mostly consumed by electrolysis and streamer
development. After this period, the abrupt increase in current indi-
cated that spark was formed when the streamer reached the other
electrode. The Full-Width at Half-Maximum (FWHM) of the major
current pulse during spark discharge was 3 ls. The typical peak-to-
peak breakdown current was 116 A. It is worth to mention that the
energy dissipated in electrolysis can be comparable with, or even
higher than the energy deposited in spark, especially at high-con-
ductivity water conditions, because of the conduction current. The
pulsed energy stored in the capacitor Eb was about 2.0 J, which was
calculated by

Eb ¼ 0:5CV2
b ð2Þ

where C was 8.5 nF, and Vb the capacitor voltage was 21.5 kV. The
value was much lower than the peak-to-peak electrode voltage be-
cause of the oscillation in electric circuit upon the closing of spark
gap. By integrating the voltage and current, the energy deposited
into spark discharge was calculated as

Ep ¼
Z t2

t1
VðtÞIðtÞdt ð3Þ

where V(t) and I(t) is the voltage and current measured by the oscil-
loscope, respectively, t1 and t2 is the starting and ending time of
the spark. The result was approximately 1.9 J/pulse, showing that
Fig. 3. Typical voltage and current waveforms of a pulsed discharge in water.
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most of the energy stored in the capacitor finally went into the
spark discharge.

The spark discharge source in water consisted of a stainless
steel 316 wire electrode (anode) with a radius of 2 mm and an
exposed length of 5 mm, and a stainless steel mesh which acted
as both a filter surface and grounded cathode. The tip of the anode
electrode was sharpened to 0.2 mm diameter to provide a field
enhancement. The distance between the anode electrode and
stainless steel mesh was 10 mm. The opening in the stainless steel
mesh was 10 lm. The electric conductivity of the tap water (pro-
vided by the City of Philadelphia) used in the present experiment
was approximately 400 lS/cm. The value was maintained at
1000 lS/cm after the introduction of CaCl2 and Na2CO3. No signif-
icant change was observed in the conductivity after the application
of the spark discharge.
0              2             4             6             8             10
0

Time, min

 200mL/min

Fig. 5. Variation of pressure drop after one single spark discharge at three different
flow rates with an artificially hardened water.
3. Results and discussion

Fig. 4 shows the changes in the pressure drop under various
flow rates ranging from 200 to 400 mL/min without spark dis-
charge. The pressure drop for a flow rate of 400 mL/min was
approximately 50 Torr at the beginning of the test, which
approached to an asymptotic value of about 400 Torr at
t = 3.5 min, indicating that the filter was fully covered by the par-
ticles. In all three cases of different flow rates, the pressure drop
slowly increased during the first 30 s. In the following 2–3 min
the pressure drop increased rather rapidly, arriving at respective
asymptotic values.

Fig. 5 shows the long-time response of the pressure drop across
the filter surface after one single spark discharge at three different
flow rates of 200, 300 and 400 mL/min. We could visually observe
that some particles were dislodged from the filter surface and were
pushed away from the filter surface by tangential flow, and a sud-
den change in the pressure drop immediately following the single
spark discharge confirmed the removal of the deposits from the
filter surface.

The cleaning effect can be explained by the pressure pulse pro-
duced by spark discharge. A number of researchers studied the
bubble growth by spark discharge in water [16–19]. One of the
most effective models is Kirkwood-Bethe model [12] as given
below:
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Fig. 4. Changes in pressure drop at three different flow rates with an artificially
hardened water.

Please cite this article in press as: Y. Yang et al., Removal of CaCO3 scales on a fi
(2009), doi:10.1016/j.ijheatmasstransfer.2009.05.025
1�
_R
C

 !
R€Rþ 3

2
1�

_R
3C

 !
_R2 ¼ 1þ

_R
C

 !
H þ 1�

_R
C

 !
R
C

_H ð4Þ

where C and H are the speed of sound of the water and the specific
enthalpy at the bubble wall, respectively. R is the radius of the bub-
ble wall. The overdots denote the derivatives with respect to time.
By expressing the time derivative of specific enthalpy as a function
of derivative of plasma pressure P inside the bubble [12], Lu et al.
showed that it was possible to solve P as:

Pðr; trÞ ¼ A
2

nþ 1
þ n� 1

nþ 1
1þ nþ 1

rC2 G
� �1=2

" #ð2n=ðn�1ÞÞ

� B ð5Þ

where A, B and n are constants (A = 305.0 MPa, B = 304.9 MPa,
n = 7.15), r is the distance from the source of the spark to the pres-
sure transducer, and

G ¼ RðH þ _R _R=2Þ; tr ¼ t þ ðr � RÞ=C0 ð6Þ

Using the above equation, Lu et al. simulated that for a spark
discharge with energy of 4.1 J/pulse, the maximum pressure at a
distance of 0.3 m can be up to 7 atm [12]. The cleaning effect can
be easily explained by the rapid pressure change produced by a
spark discharge, which is strong enough to remove any contami-
nants that have Van de Waals bonds with filter surface.

With a single pulse, it took approximately 3 min for the pres-
sure drop to return to its asymptotic value after the application
of the single spark discharge. This suggests that one needs to
repeatedly apply spark discharges to effectively remove the parti-
cles from the filter surface over an extended period.

Fig. 6 shows the changes in the pressure drop over time for
three different flow rates. One spark discharge was applied every
minute from the supply-water side (i.e., untreated water side)
where the accumulation of suspended particles takes place. For
the case of 300 mL/min, the pressure drop decreased from the
maximum asymptotic value of 350–230 Torr after the first spark
discharge. Since water with particles was continuously circulated
through the filter surface, the pressure drop began to increase
immediately after the completion of the first spark discharge as
shown in Fig. 5. The second and third spark discharges further
reduced the pressure drop to 170 and 125 Torr, respectively. The
pressure drop again began to increase immediately after each
spark discharge. The sixth spark discharge brought the pressure
lter membrane using plasma discharge in water, Int. J. Heat Mass Transfer
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Fig. 6. Changes in pressure drop under repeated pulsed spark discharges with an
artificially hardened water.
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Fig. 7. Changes in pressure drop under repeated pulsed spark discharges with
frequency of (a) 2 pulses/min and (b) 4 pulses/min.

0                2                4                6                 8              10
0

50

100

150

200

250

300

350

Pr
es

su
re

 D
ro

p,
 T

or
r

Time, min

 Electrode beneath membrane
 Electrode above membrane

Fig. 8. Comparison of pressure drop across filter membrane under repeated pulsed
spark discharges in water: electrode beneath membrane vs. electrode above
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drop down to a value of approximately 65 Torr, and subsequent
spark discharges almost resulted in the minimum value of the
pressure drop. For the cases of 200 and 400 mL/min, similar trends
of the changes in the pressure drop were observed.

Fig. 7(a and b) shows the changes in the pressure drop under
repeated pulsed spark discharges with frequencies of 2 and
4 pulses/min, respectively. Three horizontal arrows indicate the
original asymptotic values for three different flow rates, which
were the maximum pressure drop due to clogged filter surface
by calcium carbonate deposits. First spark discharge significantly
reduced the pressure drop in both cases. After that, the rate of
the reduction slowed down. The pressure drop oscillations be-
cause of the application of spark pulses reached quasi-steady
conditions after about 10 pulses for both cases. In these oscilla-
tions, the maximum pressure drop decreased to about 45% of its
original asymptotic value, while the minimum pressure drop was
close to that of the clean filter. These results demonstrate the
validity of the present spark discharge method. Note that the
present cleaning method using the spark discharge does not re-
quire a backwash to remove deposits from the filter surface nor
stopping the flow. Furthermore, the present spark discharge
method can maintain the pressure drop across the filter at a
rather low value (i.e., almost close to the initial clean state), thus
providing a means to save not only fresh water but also electri-
cal energy for the operation of pump and required for the back-
wash in the conventional backwash system.

Fig. 8 shows the changes in the pressure drop over time with
the anode electrode placed beneath the filter membrane (i.e.,
plasma discharge was applied from the treated water side). In
this case, the momentum transfer from the shockwave to parti-
cles on the filter surface was indirect and had to go through the
membrane. Fig. 8 clearly shows that the pressure drop did not
improve significantly in this case, indicating that the cleaning ef-
fect is negligible comparing with the case when the electrode
was placed at the untreated water side. The fact that the
momentum transfer from the shockwave to the membrane is
weak is actually good news. The low energy transfer rate means
that the present spark discharge may not deform the membrane
significantly and therefore will not damage the membrane, and
has the potential to be applied in the cleaning of more delicate
membranes such as in a reverse osmosis as well as solid filters
over an extended period of time.
Please cite this article in press as: Y. Yang et al., Removal of CaCO3 scales on a filter membrane using plasma discharge in water, Int. J. Heat Mass Transfer
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4. Conclusions

The present study investigated the validity of spark discharges
in water to remove calcium carbonate deposits from a filter sur-
face. The results obtained in this study demonstrated the benefit
of the application of spark discharge for the purpose of keeping fil-
ter clean. The spark discharges generated from short electric pulses
produced relatively strong shockwaves in water which propagated
from a discharge channel in all directions, including the direction
toward the filter surface. The momentum transfer from the shock
wave produced enough force to dislodge the deposited particles
from the filter surface. The dislodged particles were pushed away
from the filter by a tangential flow, resulting in a considerable de-
crease of pressure drop across the filter. The energy consumption is
almost negligible, comparing with conventional self-cleaning tech-
nologies using backwash flow. The plasma discharge method
investigated in the present study can be integrated into a mechan-
ical water softener. The electrical energy required to operate such a
system is expected to be on the order of 10–20 W for the flowrate
of 10 L/min. In addition to the self-cleaning effect demonstrated in
the present study, it was found that the same spark discharge
could be used for the deactivation of microorganisms in water,
which will prevent biofouling over the filter surface. This will be
reported in a separate publication in the future.
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