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Abstract 

 
Electrocoagulation is a wastewater treatment method that utilizes the ionic properties of dissolved 
substances to separate contaminants from water through electrolysis. Typical challenges in an 
electrocoagulation process include optimizing the reaction conditions within the reactor and 
preventing the passivation of the electrodes. 
 
This thesis evaluates the effect of various modifications involving vibration and turbulence with the 
goal to improve the capacity and availability of an electrocoagulation process. The examined 
modifications include ultrasonic vibration, mechanical vibration, and O-rings to alter the surface 
geometry of the electrodes. These modifications were tested against a reference reactor with no 
modifications. 
 
At first, laboratory scale testing was done with the ultrasonic transducer to ensure appropriate 
coupling between the transducer and the reactor, and to evaluate the cavitation potential of the 
transducer. Some cavitation was observed using clean water, but the effect was significantly 
reduced using the processed wastewater. 
 
Full scale process tests were performed with a test setup of 4 parallel reactors with the different 
modifications attached to each of them. The O-ring modification resulted in the worst purification 
result and fastest fouling of the reactor. The ultrasonic- and mechanical vibration did not have 
conclusive differences in results with the control reactor, although the ultrasonic reactor remained 
cleaner one of the trials. It is possible that a higher-powered ultrasonic transducer would have had 
a more significant effect in the full scale process. 
 
There were a number of unexpected setbacks and uncontrollable variables during the testing 
period, so further testing in a more controlled environment would be needed for more conclusive 
results. 
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Tiivistelmä 

 

Elektrokoagulaatio on elektrolyysiin perustuva vedenpuhdistusmenetelmä, joka hyödyntää veteen 

liuenneiden yhdisteiden ionisia ominaisuuksia erotellakseen epäpuhtauksia vedestä. Tavallisimpia 

haasteita elektrokoagulaatioprosessissa on reatio-olosuhteiden optimointi reaktorikennoissa ja 

elektrodien passivoitumisen estäminen. 

 

Tässä diplomityössä arvioidaan eräiden turbulenssia ja värinää hyödyntävien menetelmien 

vaikutusta elektrokoagulaatioprosessin kapasiteettiin ja jatkuvakäyttöisyyteen. Tutkittavat 

menetelmät perustuvat ultraäänivärähtelyyn, mekaaniseen värähtelyyn tai kennon 

virtausominaisuuksien muutokseen sisäelektrodiin kiinnitettävien O-renkaiden avulla. Näitä 

menetelmiä verrattiin muuttamattomaan verrokkireaktoriin. 

 

Ultraäänimenetelmän anturien liitoksien soveltuvuutta ja kavitaatioenergiaa testattiin ensin 

pienessä mittakaavassa. Puhtaan veden kanssa kavitaatiota ilmeni, mutta puhdistettavan 

prosessiveden kanssa se oli merkittävästi heikompaa. 

 

Lopulliset prosessitestit suoritettiin neljällä rinnakkaisella reaktorilla, joissa eri testattavat 

menetelmät olivat kytkettyinä. O-renkaat johtivat huonoimpaan puhdistustulokseen ja nopeimpaan 

reaktorin likaantumiseen. Muiden menetelmien välillä ei havaittu merkittäviä eroja 

puhdistustuloksessa, mutta ultraäänimenetelmä piti reaktorin puhtaimpana ensimmäisessä 

kokeessa. 

 

Testien aikana ilmeni myös ulkoisia ongelmia, jotka osaltaan toivat epävarmuutta tuloksiin. 

Erityisesti ultraäänimenetelmä kaipaisi lisää kokeita paremmin kontrolloiduissa olosuhteissa. 

 

Avainsanat    elektrokoagulaatio, elektroflotaatio, ultraäänipuhdistus 
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Definitions and abbreviations 

floc the reject sludge separated from the treated water in an electrocoagulation process 

turbidity measure for liquid clarity, the cloudiness caused by small suspended particles in 

liquids 

COD  Chemical Oxygen Demand 

CaCl2  calcium chloride 

CaCO3  calcium carbonate 

Ntot  total nitrogen 

NaCl  sodium chloride 

pH  potential of hydrogen 

 

Symbols 

Symbol  Definition       Unit 

F Faraday’s constant      [96.485 C/mol] 

k liquid conductivity. The inverse of resistivity.     [S/m] 

I  electric current       [A] 

Mw molecular weight      [g/mol] 

T  temperature       [K] 

P  pressure       [Pa] 

R  electrical resistance      [Ω] 

U  electric potential, voltage     [V] 

ρ  liquid resistivity. The inverse of conductivity   [Ωm] 
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Introduction 

 

Clean water is one of the basic requirements for all known forms of life. As water is vital to life itself, 

a sufficient supply of clean water is necessary to maintain any kind of modern civilization in terms of 

agriculture, industry and residence as well. Although water is the most plentiful liquid substance on 

earth, the supply of accessible clean water is not as self-evident as many today would like to think. 

Only a small fraction of all water is made up of the freshwater mainly used in society. In addition, 

most of this fresh water is either in frozen state or bound to soil, which are effectively inaccessible 

for human use. This is further illustrated in Figure 1. Actually, less than 0.1% of all water on earth is 

fresh water available for our everyday needs. 

 

Figure 1: Distribution of earth’s water reserves. 
[https://web.archive.org/web/20131214091601/http://ga.water.usgs.gov/edu/earthwherewater.ht
ml (public domain)] 

 

A water molecule is built up of one oxygen and two hydrogen atoms covalently bound to each other 

at an angle. The oxygen atom has a small negative charge, while the hydrogen atoms have a small 

positive charge. This asymmetric distribution of charges makes the molecule polar. Permanently 

polar molecules, such as the water molecule, are also called dipoles. Water molecules are easily 

attracted to other polar molecules or ionic compounds.  

Water is also amphoteric, meaning that it can function both as an acid or a base depending on the 

pH of the solution it is in; it can release both hydrogen ions and hydroxide ions. These properties of 

water also make it an excellent solvent: water can dissolve more substances than any other liquid.  
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Due to its abundancy, affordability, non-toxicity, and other versatile properties such as its ability to 

work as a solvent, water is in high demand for a great number of purposes. Along all its uses, water 

also gets polluted easily. The natural circulation processes of water through evaporation and filtering 

through the layers of soil is slow and cannot nearly match the rate of pollution of the current 

freshwater reserves. This in turn makes water processing and purification necessary in order to 

ensure supplies of clean water in the future. Businesses have to make some profit to remain in 

business, but doing it at too great an expense to the nature is not sustainable in the long run either. 

The environmental aspects of business operations and how to deal with them have become an 

increasingly important factor in sustainable economy. While certain regulations are in place in 

attempt to control the amount of pollutants released to nature, still up to 80% of the world’s waste 

waters are released to the environment without sufficient treatment. 

The demand for clean water is still increasing with the growth of population, economy and industry. 

The consumption of fresh water by the largest use sectors is illustrated in Figure 2 According to the 

2017 UN world water development report [1], the total yearly intake of freshwater is nearly four 

trillion cubic meters. An estimated 44% of this is consumed directly, mainly for irrigation of cropland, 

while the remaining 56% eventually ends up as waste waters. 

 

 

Figure 2: Fate of global freshwater withdrawals: Consumption and wastewater production by major 
water use sector. [1] 

 

 

The optimal water treatment methods for different kinds of wastewaters vary a lot, so it is important 

to know what pollutants are present in the water. Selecting appropriate treatment methods based 

on the composition and concentration of pollutants, as well as the possibility of recirculating the 

treated water change the requirements of the treatment process significantly. It is common to 

combine multiple steps of different physical, chemical and biological processes to reach the required 

level of purity. Significant reduction in fresh water intake in industrial processes is possible, if the 

treated water can be recirculated in the processes instead of immediate discharge.  [2] 

Based on the level and type of contamination in the waters, the industrial wastewater treatment 

processes can roughly be categorized in primary, secondary and tertiary processes, as presented by 
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Ranade and Bhandari [3], for example. The primary processes aim to function as a pre-treatment for 

further processing. Their effect is mainly based on mechanical size-based separation of particles. 

Primary treatment processes include screening, sedimentation, precipitation, centrifugation and 

macrofiltration. 

Secondary and tertiary processes further focus on the purification result and producing recyclable 

and reusable waters. These processes include for example evaporation, distillation, adsorption, 

absorption, oxidation, microfiltration, coagulation, various biological processes.  [3] 

Axolot Solutions is a company that focuses on the treatment of industrial process- and waste waters 

using a type of electrocoagulation process. Electrocoagulation uses electrolysis reactions to separate 

suspended and dissolved contaminants from water, and makes them coagulate together to form 

larger particle clusters that are possible to be separated from the processed water. The purified 

water and separated floc can then be taken for further treatment or reused in other processes. Other 

companies utilizing electrocoagulation for water purification include Power & Water, Ecolotron, 

Intereco, Powell Water, and Tesla Water. 

To improve the capacity of the electrocoagulation process, it is important to optimize the reaction 

conditions within the reactor while keeping the electrodes clean. Previous research suggests that 

sufficient mixing can improve the reaction conditions within the process reactor up to a certain limit 

[4], and it is possible that benefits could be observed in continuous flow reactors as well by improving 

mixing within the reactor through turbulence, flow adjustments or vibration. The turbulent 

conditions increase the energy of the reacting particles as well as allow the reactions to occur more 

evenly in the treated water. 

The condition of the electrodes directly affects the process efficiency, as their passivation and 

accumulated fouling restrict the flow of electricity and prevent the formation of necessary reaction 

components. In the process, gas bubbles are formed on the electrode surfaces, which in excess can 

change the electric properties of the water near the electrode surfaces and further increase the rate 

of electrode passivation. Appropriate reaction conditions and turbulence delay the passivation of 

the electrodes, but with certain types of water the passivation may eventually reach a level where 

they have to be manually cleaned to begin working effectively again.  

The typical full cleaning involves stopping the process and disassembling the reactor so that the 

surface of the electrodes could be physically cleaned using suitable brushes and cleaning solution. 

Obviously, this is labour intensive and should be avoided for economic reasons.  

Another common method is to periodically circulate a chemical solution in the reactors to dissolve 

and remove the fouling. The chemical solution requires an additional storage tank and pump for its 

circulation, and may need to be heated for optimal results. This method of cleaning allows the 

reactors to be cleaned in-place without need for disassembling, but requires the process to be 

interrupted for the duration of cleaning as well. 
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Thesis goals 

An attractive alternative would be to find an in-place solution to improve process capacity and 

availability without requiring disassembly or process interruption. Turbulence and vibration are 

important characteristics in static cleaning applications and it seems likely that they could be 

beneficially used in the electrocoagulation process reactors, although the structure of the reactors 

puts some limitations on the modifications applicable to them. Turbulence within the reactor can be 

introduced for example by changing the reactor’s inner surface geometry or pulsed flow. Vibration 

on the other hand can be externally applied on the reactor mechanically or acoustically. 

Other mixing possibilities include for example active mechanical mixing or the addition of coarse 

solids that would improve mixing through their movement, but these alternatives are not easily 

compatible with the used reactor continuous flow cylinder reactor type. Air jets could be used to 

create bubbles and improve the mixing conditions. However, large air bubbles easily break the 

consistency of floc in continuous flow reactors and have various other effects on the reaction 

environment.  Changing the properties of the processed waters by heating or through chemical or 

mechanical pre-treatment would be alternatives worth further investigation as well, but those are 

different paths that will be left outside the scope of this thesis. 

The following modifications involving turbulence and vibration will be examined in this thesis with 

the goal of evaluating their effect on the uptime and effective capacity of the purification process: 

• Contraction causing turbulence: Turbulence introduced within the reactor could be 

expected to improve chemical activity on the electrodes and slow down the fouling as the 

turbulent flow improves mixing of the water and makes it harder for contaminants to stick 

to the electrode surfaces. Turbulence can be created in various ways, for example by static 

mixers or altering the surface geometry inside the reactors. 

• Mechanical vibration. A mechanical vibrator can be externally attached on the reactor, 

which could be expected to improve reaction conditions and slow down fouling through 

vibration and turbulence. The frequency ranges of mechanical vibrators, however, do not go 

very high and the produced noise could constitute an obstacle as well.  

• Ultrasonic vibration. An ultrasonic transducer also has some benefits of both vibration and 

turbulence. In addition, a sufficiently strong ultrasonic field in liquids brings a new effect into 

play: cavitation. While electrocoagulation or ultrasonic technologies have been researched 

quite widely on their own, combining them together leads to a much less discussed topic 

with many more variables to consider. 

The working principles of these methods will be discussed and their advantages and 

disadvantages compared. Experimental tests will also be performed in order to get a better 

understanding of the functionality of the selected methods in use with the electrocoagulation 

process. The ultrasonic approach will be evaluated in somewhat more detail due to its technical 

complexity and anticipated benefits to the process.
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Theoretical examination 

 

Electrocoagulation 

Possibly the first electrocoagulation plant was built in London in 1889 for the treatment of domestic 

waste waters by mixing them with saline water. The first patents for electrocoagulation were 

received in 1906 by A. Dietrich for ships’ bilge water treatment and in 1909 by J.T. Harries for 

wastewater treatment using aluminium and iron anodes. However, the commercialization of 

electrocoagulation was at first limited due to high cost of electricity, the unreliability of early electric 

networks, and the general thought of wastewater treatment being unnecessary at the time.  [5, 6] 

The effect of electrocoagulation is based on a series of events between the electrodes and the 

electrolyte solution: The electric current causes the repulsive forces, which keep the colloidal or 

emulsified particles suspended in water, to be destabilized or neutralized. As the repulsive forces are 

neutralized, cations from the electrodes dissolve and hydrolyse with the solution, which leads to 

coagulation of larger particle clusters called flocs. Other dissolved or suspended pollutants in the 

solution can further coagulate with the flocs and then be separated from the water by sedimentation 

or flotation. [7, 8, pp. 74-87] 

Typical waters treated using electrocoagulation include waters with heavy metals, wastewater of 

tannery and textile industry, food industry, paper industry, petroleum and chemical refineries and 

produced water of oil and gas industries.  [7] 

Electroflotation is a technology similar to electrocoagulation that functions with many of the same 

principles. However, in addition to the hydrogen released at the cathodes, oxygen bubbles also form 

on the anodes. The goal then is to get the coagulated flocs bond with the hydrogen and oxygen 

bubbles and float to the top of the solution for separation. [8, pp. 93-108] 

Typically electrocoagulation units consist of electrode plates or rods that are connected to a DC 

power source. The electrodes, acting as anode and cathode, are immersed in the electrolyte solution 

to be treated. The electrolysis causes the sacrificial anodes to slowly dissolve and release positively 

charged metal cations into the solution. The rate of anodic dissolution follows Faraday’s law: 

m = ItMw / zF        (1) 

Where I is current (A), t is time (s), Mw is the molecular weight (g/mol), F is Faraday’s constant (96.485 

C/mol), z is the number of electrons involved in the reaction and m is the mass of anode dissolved. 

There are cases, where the anode dissolution is different from the amount suggested by Faraday’s 

law, which researchers have attributed to various side reactions taking place at the anode.  [6, 7] 
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The primary electrolysis reactions at an aluminium anode are: 

Al (s) -> Al3+ (aq) + 3e—       (2) 

Al3+ (aq) + 3H2O -> Al(OH)3 + 3H+      (3) 

Meanwhile at the cathode, the electrolysis releases hydrogen and hydroxide ions, which further 

evolve into various hydroxides: 

2e— + 2H2O -> H2 + 2OH—      (4) 

Al3+ (aq) + 3 OH— -> Al(OH)3      (5) 

This formation of hydroxides leads to an increase of pH in the solution in neutral or acidic starting 

conditions, while reduction in pH is typically observed in significantly alkaline conditions [7, 8, pp. 

207-211]. Many other side reactions also take place depending, for example, on the material of the 

cathode, pH and the chemical composition of the solution.  

The oxygen and hydrogen bubbles formed on the electrode surfaces can accumulate on the 

electrodes if the water flow is not strong enough to wash them off. The bubble layer acts as insulation 

between the electrodes that increases the electrical resistance and can further accelerate electrode 

passivation.  [9]  

The electrodes in an electrocoagulation reactor can be used in several configurations. In parallel 

connection each of the electrode pairs is directly connected to the power source to form identical 

anode-cathode pairs (Figure 3a). Connection in series has the power source connected to the outer 

electrodes, while the inner electrodes have an internal connection between them to form the 

electrode pairs (Figure 3b). Finally there is an option of bipolar electrodes, where the outer 

electrodes are connected to power source while the inner electrodes’ potential difference makes 

them individually function as both anodes and cathodes between each other (Figure 3c).  [9, 6] 

 

Figure 3: Electrode polarity arrangements. Parallel (a), series (b) and bipolar (c) configuration. 
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The electrode shapes and placements affect the required shape of the reactor and its maintenance. 

Probably the simplest electrocoagulation reactor arrangement consists of a tank of the treated water 

where a number of electrode plates are submerged similarly to the examples in Figure 3. However, 

the flow distribution between the electrodes and separation of untreated and treated water in this 

manner is not very effective. Sometimes it is possible to use stirring, but different geometries can 

also be used to improve the flow through the reactors. The sides of the electrode plates are 

sometimes sealed to control the flow of water.  

Various reactor geometries have been evaluated, for example, by Mollah et al. [9]. Making the 

electrodes longer in one dimension gives more time for the process reactions to take place as water 

goes through them (Figure 4a). Additionally, it is possible to stack the electrodes on alternating sides 

of the reactor with the water flowing between the gaps (Figure 4b). These arrangements can be used 

either horizontally or vertically. A slightly different approach is to use concentric cylindrical tubes as 

the electrodes (Figure 4c). The tubes are locked in place by insulating clamps with an inlet and outlet 

for water. If polarity switching is used between cylindrical electrodes, the different surface area of 

the inner and outer electrode has to be considered.  [9] 

 

Figure 4: Examples of electrocoagulation reactor shapes. 

 

Important electrocoagulation process variables 

The following factors affecting the electrocoagulation performance have been evaluated for instance 

by Moussa et al. [7], Sillanpää and Shestakova [8], Chen et al. [10] and Krystynik and Tito [11]. 

Type of power supply 

DC power supplies are typically used. However, static polarity between the electrodes has been 

found to lead to a layer of oxidation forming on the cathode. This is known as cathode passivation 

and leads to increased power consumption and reduced process efficiency over time.  [7] 
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Anode material 

Aluminium (Al) or iron (Fe) are most commonly used as the sacrificial anodes due to their 

affordability, non-toxicity and proven reliability. The exact electrolysis reactions taking place are 

different with each anode material, but the principle is the same: Cations released from the anode 

bond with hydroxide anions released in the electrolyte solution and form larger coagulated particles.  

[7] 

Ambient temperature 

Temperature in general changes the chemical activity in water, which in turn affect chemical 

solubility, pH, dissolution and release of gas and more. Sufficient water temperature has been found 

to reduce the formation of sediments on the electrodes and to enhance the dissolution of passivating 

film [8, p. 85].  

Anionic composition of electrolyte 

Presence of certain anions in the electrolyte can boost or reduce the electrode dissolution activity 

and greatly impact the reaction efficiency. Chloride ions, for example, have been found to 

significantly enhance the dissolution of Al electrodes, while their effect with Fe electrodes is more 

complicated and often adverse. [7, 8, pp. 85-86] 

Current 

Increasing the current between the electrodes proportionally increases the coagulation effect as the 

dissolution rate of coagulants from the electrodes is increased up to a certain maximum. When 

approaching the dissolution limits, the beneficial effect of increased current starts to level out until 

no more improvements can be seen. [11] 

Current density 

Changing the electrode surface area in relation to the applied current changes the current density 

of the electrodes. Certain current density is required to produce sufficient electrode dissolution and 

hydrogen release that facilitate the flotation of hydroxide flocs [8, p. 86]. Above this threshold, 

however, it has been shown that increased current density has no measurable effect on process 

performance apart from that resulting from changed passivation rate of electrodes [11]. 

Voltage 

Electrocoagulation processes are typically operated while keeping the current constant, so the 

applied voltage varies depending on the total electrical resistance of the electrolysis circuit. Studies 

on the voltage requirements of the process show that the most significant factors affecting the 

voltage requirement of electrocoagulation are electrode distance, water conductivity, current 

density and the electrode surface condition [10]. Unnecessarily high voltage accelerates the rate of 

electrode passivation that increases power consumption and can eventually lead to process 
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instability. Periodic reversal of polarity of the electrodes, for example, can be done to reduce the 

passivation effect. For this each of the electrodes would in turn act as the cathode and the sacrificial 

anode [8, pp. 86-87]. 

Distance of electrodes and water flow rate 

The distance between the electrodes affects the required voltage to maintain the desired current 

density. Unnecessarily high voltage attracts charged particles towards the electrodes more easily, 

which also increases the rate of fouling and electrode passivation. Higher water flow rate slightly 

increases the anode dissolution and reduces the rate of electrode passivation [8, p. 87]. If the flow 

rate is increased, the applied current should be increased proportionally to maintain similar 

performance [11]. 

pH 

The optimal pH in terms of electrocoagulation performance is difficult to determine because 

different substances react differently in different pH levels and the pH of the solution affects many 

other variables as well. The electrocoagulation process itself typically increases the pH of the 

electrolyte solution due to the release of hydroxides. Changes in pH alter the solubility of substances 

in the water, as well as the capability of various reactions taking place, which can lead to additional 

side reactions depending on the properties of the electrolyte.  [7] 

Conductivity 

Sufficient conductivity is required for effective electrocoagulation to be possible. Higher conductivity 

reduces the power consumption required to maintain appropriate current density. The electrolytic 

capabilities of the processed water strongly correlate with its conductivity as well. Salts such as 

sodium chloride are commonly used to increase the conductivity to desired levels if necessary.  [7] 

 

Ultrasonic cleaning 

History of ultrasonic cleaning 

Ultrasonic technologies have seen a lot of research in cleaning applications, but they are still seen as 

somewhat of an art when it comes to special applications. Ultrasound’s ability to penetrate through 

metal surface of the reactor to potentially clean the insides makes it worth investigating further in 

electrocoagulation applications.  

The beginning of discovery in ultrasonic technologies is generally agreed to date back to the 1880s, 

when piezoelectricity was discovered by French physicists Curie and Curie (1880). The piezoelectric 

properties of certain materials, such as quartz or Rochelle salt used in early experiments, mean that 

they change their shape when an electric charge is applied to them. After being cut in a specific way, 

these materials could be set into resonant vibration in electrical circuits and be used as precise 

frequency generators and to generate ultrasonic sound waves. Another discovery necessary for the 
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ultrasonics’ use in cleaning applications took place in the 1930s by researchers at RCA corporation. 

They discovered the cavitation effect as they observed bubbles forming around a crystal oscillator 

being cooled by fluorinated hydrocarbon liquid. However, it took at least another two decades 

before the effects of acoustic cavitation and ultrasonic energy were first harnessed for surface 

cleaning applications in the 1950s.  

Initially the devices used for ultrasonic cleaning operated in frequencies varying widely from one to 

several hundred kilohertz. The higher frequencies, in the hundreds of kilohertz, however ended up 

lacking the power necessary to remove significant amounts of contaminant. The lower end of the 

ultrasonic frequency spectrum, between 5-20 kHz, on the other hand contained the necessary power 

for better cleaning results, but often ended up resulting in unbearable amounts of audible noise. The 

typical frequency range for industrial ultrasonic cleaning devices has become established around 30-

100 kHz. Higher frequency ultrasonics in the range of 500 kHz and above, also referred to as 

megasonics, can also be useful in cleaning when dealing with particularly small contaminant 

particles, or when the cleaned components are sensitive such as in microchip manufacturing.  [12] 

 

Mechanism of ultrasonic cleaning  

Ultrasonic cleaning generally involves transmitting ultrasonic waves into a liquid, where the cleaned 

surfaces or items are located. Often the tank is just a container for the items being cleaned, but the 

cleaning can also be applied on the surfaces of containers or pipes, for example. The cleaning effect 

of ultrasonic vibration in liquids can be explained as the combined result of two effects: cavitation 

and acoustic streaming.  [12, 13]  

Acoustic cavitation can happen when ultrasonic vibration causes rapid, local changes in the pressure 

of a liquid. Sufficiently large pressure changes can cause microscopic bubbles to form in the low-

pressure points of the liquid. The bubbles gain size over several cycles of compression and 

rarefaction, and eventually reach a critical size that causes them to implode as illustrated in Figure 

5. It is suggested that the local pressure and temperature in the bubbles at the moment of implosion 

can reach 50-400 MPa and 2000-10000K respectively. [12, 13, 8, pp. 207-211] 

The implosions create microscopic bursts of liquid around them that can dislodge contaminant 

particles on the fouled surfaces. The minimum acoustic pressure required to initiate acoustic 

cavitation is known as the cavitation threshold. Cavitation is more likely to occur in points where the 

ultrasonic waves meet with constructive interference. The bubbles also are more likely to begin 

forming at any discontinuity points of surfaces, such as scratches or pinholes, or by solid particles in 

the water. Too strong cavitation could lead to ultrasonic erosion that causes wear and damage on 

sensitive surfaces over time particularly at the existing discontinuity points.  [12, 13, 14] 
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Figure 5: Formation and implosion of acoustic cavitation bubbles. 

 

Acoustic streaming effectively introduces bulk flow in the liquid. The ultrasonic waves cause liquid 

flow away from surfaces near the source of the vibration while equivalent flow is formed to replace 

the displaced liquid. At low frequencies the flow is more turbulent and omnidirectional, while at high 

frequencies of around 100 kHz and above the flow becomes more aligned with the direction of the 

transmitted waves [13], as shown in Figure 6. 

 

Figure 6: Effect of frequency on the directivity of acoustic streaming 

 

Acoustic streaming can carry away contaminants from the surfaces that are first dislodged by 

cavitation even in a static tank without other forms of flow. Ultrasonic cleaning always involves both 

cavitation and acoustic streaming, but the contribution of each is different based on frequency. At 

lower frequencies, cavitation is strong with large bubbles and high implosion energy, while at higher 

frequencies the effect of cavitation is smaller and acoustic streaming will do most of the work. [13, 

15] 
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Important factors in ultrasonic cleaning 

The cavitation and cleaning effect of ultrasonic cleaning are affected by the properties of ultrasound 

itself as well as various properties of water. Following are the most significant factors and how they 

relate to the cleaning process. 

Amplitude 

Sufficient vibration amplitude is required to make the pressure differentials significant enough for 

cavitation to take place. As the amplitude increases, so does the amount of cavitation bubbles. 

Eventually the effect starts to limit itself due to the bubble nucleation sites being full while the mass 

of cavitation bubbles partially obstructs the transmission of further ultrasonic waves. [12] 

Frequency 

The ultrasonic frequency is inversely proportional to the maximum size of the cavitation bubbles 

created, hence lower frequencies are able to produce larger bubbles and stronger cavitation more 

easily. With too low frequency, on the other hand, the pressure differentials are too wide and 

infrequent for cavitation bubbles to form. The cavitation threshold increases as a function of 

frequency, so more power is required to introduce cavitation at higher frequencies [14]. Different 

waveforms such as square waves have also been found to have benefits in some situations as the 

harmonic frequencies make the frequency distribution span over wider range  [16]. 

Temperature 

Temperature in general changes multiple properties of water solutions, which also affect ultrasonic 

cleaning. Up to a certain point, higher temperature typically improves the cleaning effect. Fuchs  [12] 

attributes most of this improvement to increased chemical activity and solubility in warmer water 

rather than improvements on the ultrasonic effects. Close to the boiling temperature the effect of 

cavitation is said to be low because the forming bubbles get filled with vapor and collapse before the 

pressure can cause effective implosion. In another article [16], however, he suggests that the 

formation of some vapor in the cavitation bubbles instead intensifies the effect until it is reduced 

again as the liquid starts to boil.  

 

Viscosity and surface tension 

Viscosity is also connected with several other liquid properties. Higher temperature, for instance, 

generally lowers viscosity and surface tension unless it causes additional thickening reactions. Lower 

viscosity and surface tension benefit the cleaning effect as cavitation bubbles form more easily and 

the implosion energy is freely released to the surrounding fluid. High viscosity dampens vibrations 

and does not allow the pressure differentials to reach levels required for cavitation to take place. 

Lower surface tension improves chemical cleaning properties in addition to promoting cavitation.  

[12] 

 



 
 

19 
 

Dissolved gas 

There is some dissolved gas in all water solutions, but less is better in terms of cavitation. Dissolved 

gases in liquids can diffuse into the cavitation bubbles, and make them collapse early or reduce the 

energy of the implosion. As the temperature increases, liquids are able to hold less dissolved gases, 

but the diffusion rate of those gases increases. The diffusion rate is maximized near the boiling point, 

where all of the dissolved gases are released from the liquid, but then formation of water vapor 

restricts cavitation in a similar manner.  [12] 

 

Electrocoagulation with ultrasonics 

There have been several studies examining the addition of ultrasonic technology to 

electrocoagulation processes with the aim to improve the process efficiency. The test configurations 

and conditions, however, vary a lot so it is difficult to establish a good understanding of the behaviour 

under different conditions. 

The beneficial effect of ultrasonics with electrocoagulation have been attributed to the following 

factors. [17, 18, 19]  

- Enhanced electrode activity by reducing the formation of insulating bubbles and fouling on 

the electrode surfaces. 

- Decrease in the thickness of the diffuse part of the electrical double layer created at the 

electrode surface. 

- Improving ionic reactions by activating the ions in the reaction zone near the electrodes. 

- Local augmentation of temperature at the electrode surfaces due to friction between the 

liquid and the surfaces. 

Ultrasonic activity can also have negative effects resulting from breaking up of the already 

coagulated particles and destruction of the colloidal hydroxides, which can result in them returning 

to liquid phase. The ultrasonic treatment has to be balanced in a way that maximizes benefits to the 

process without destabilizing the flocculation. 

Studies performed on ultrasonic-electrocoagulation have had somewhat mixed, but primarily 

positive results. Positive results have been obtained by Li et al. [17] with high-phosphorus 

wastewater, Dizge et al. [20] with brewery wastewaters, Jinyu at al. [21] with car-washing 

wastewater. Al-Rubaiey and Al-Barazanjy [19] also had good results with zinc wastewater, while they 

had deterioration of results with suspended bentonite and oily wastewaters. 

Each of these experiments used regular electrocoagulation as baseline reference in comparison with 

the added ultrasonic effect. They were performed with varying operating parameters in small 500-

1000 ml beaker reactors in laboratory conditions, so it is difficult to make more generalized 

conclusions from them. There are a huge number of different factors involved in the 

electrocoagulation-ultrasonic process, and full scale implementations would involve additional 

factors compared to the used laboratory conditions as well.  
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Turbulence and flow effect on electrocoagulation 

Flow characteristics is an important factor in electrocoagulation reactors. Mixing or turbulent 

environment in electrocoagulation enhances mass transfer of particles in the processed water and 

improves the reaction efficiency as there are more chances for the reactive particles to collide with 

each other  [4].  As discussed before, sticking of oxygen and hydroxide bubbles on the electrodes can 

also inhibit the electrocoagulation process and increase the rate of electrode passivation. Controlling 

the turbulence and flow help prevent excess sticking of the bubbles to the electrodes and improve 

process stability.  

Different types of reactors may have limitations on what kind of mixing options are available, but the 

effective benefits of turbulence in continuous flow reactors are similar to those of mixing in batch 

reactors, for example. The placement of electrodes can be altered and additional flow guides 

included to change the surface geometry and optimize flow within the reactors. In reactors with 

large electrolysis reservoirs and multiple sets of electrodes, additional stirring may also be required 

for the flow to reach all electrodes evenly. Mechanical or acoustic vibration can also be used to 

introduce turbulence within the reactors. 

Hansen et al. [22] compared several electrocoagulation process designs involving turbulence with 

wastewater containing arsenic: a modified flow sedimentation basin, turbulent flow reactor and a 

batch airlift reactor. Their conclusion was that all reactor types were able to remove most of the 

arsenic, but the turbulent flow reactor was the least effective in terms of total removal. The results 

are likely not well comparable with each other, however, as the reactor layouts were significantly 

different and the flow through the turbulence reactor was much higher than the others. The inner 

surface geometry of the electrocoagulation reactor was suggested to affect various operational 

parameters such as bubble formation, effectiveness of flotation, floc formation, fluid flow and mixing 

characteristics. 

Pulsed or periodically reversed flow are often used as a form of maintenance cleaning with various 

filter or membrane-based processes [23]. Pulsed flow could be applied to electrocoagulation process 

as well, but it is not commonly used and its effects remain inconclusive. 

Using low frequency acoustic vibration with electrocoagulation has been experimented with by 

Kovatcheva and Parlapanski  [18]. The formation of iron hydroxides, which are the main reactive ions 

in electrocoagulation with iron electrodes, was evaluated at 25, 50 and 75 Hz frequencies. The results 

showed improvements in process efficiency, and it was suggested that low frequency acoustic 

treatment could be used as an alternative for ultrasonic process enhancement in electrocoagulation.  
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Experimental 

 

Introduction to the experiments 

The purpose of this research was to evaluate several turbulence and vibration introducing 

modifications on the capacity and availability of electrocoagulation process. The three evaluated test 

cases were: 

- Ultrasonic vibration 

- Mechanical vibration 

- Turbulence caused by rubber O-rings 

In addition, an unmodified reactor was used as a reference. The electrocoagulation reactors used for 

testing were coaxial cylinders in shape, similar in construction to Figure 4c. The testing equipment 

and methods are further described in their own sections before the final process tests. 

Before the full scale process tests, there were a number of preliminary lab-scale tests in order to 

ensure the functionality of the test arrangements. The tests are discussed in chronological order. 

The experiment results will be briefly discussed with the associated trials, and in the end further 

summarized along with the conclusions. The ultrasonic approach was covered in somewhat more 

detail due to its higher technical complexity and variables in integration with the process. Mechanical 

vibration and O-ring turbulence were evaluated for comparison as less expensive and technically 

simpler alternatives. 

 

Current reactor maintenance practises 

To provide further background and motivation for the performed tests, a brief explanation of the 

currently used maintenance practises of the process reactors in Axolot is in order. These involve 

several periodic and preventive cleaning options to mitigate performance degradation due to 

electrode fouling. The previous findings in this section have been made in varying operating 

conditions without detailed analysis, so they are somewhat speculative and should only be 

considered examples of the potential benefits and issues with certain maintenance procedures. 

Physical cleaning 

The most complete and the most labour-intensive procedure of reactor maintenance involves 

disassembling the reactors and manually cleaning the electrodes from the inside with an appropriate 

brush. Typically, this operation takes 10-20 min per reactor for one person. Manual cleaning has 

been performed periodically, and for example before critical pilot demos to check the cleanliness 

and the surface condition of the electrodes. Manual cleaning and examination of the reactors has 

been the only way to accurately evaluate the condition of the electrodes on the inside. 
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Chemical cleaning 

After a day or a couple of running the process it may be a good idea to circulate a cleaning solution 

through the reactors to clean them. This maintenance cleaning can be performed for a whole array 

of reactors simultaneously and it helps to keep the reactors clean enough to keep the process 

running for a longer period of time. The solution can be either base or acid depending on the 

composition of the fouling. Warming the cleaning solution also increases its effect. With some 

additional pumps and valves, it is also possible to automate the chemical circulation to occur 

periodically. There are, however, limits to the effect of the chemical cleaning, and the process still 

has to be halted for the duration of the cleaning cycle as well. 

Mechanical vibration 

A mechanical centrifugal vibrator has previously been briefly tested with slight improvements on the 

uptime of the process. The mechanical vibration on the reactors has dislodged some particles of 

fouling and made them flush away with the regular flow of the process. The 50 Hz vibration of the 

most common models comes directly from the switching frequency of the 3-phase power grid in 

Europe. 

While the amplitude of such a low frequency vibration can be quite significant, the low oscillation 

frequency has not helped much with smaller fouling particles. The fouling is slowed down as some 

of the larger particles get shaken off and washed away relatively easily, but the remaining smaller 

particles may become even more densely packed when the fouling eventually takes place. The used 

mechanical vibrators also significantly heat up in prolonged use and produce quite unpleasant noise 

as they tend to make the whole reactor frame shake and rattle. In theory, the turbulence caused by 

the vibration could also improve the purification results, but no conclusive results on this have been 

obtained so far. 

Turbulence by changing reactor geometry 

It is known that sufficient turbulence within the reactors is required for optimal process 

performance. However, it currently remains unclear whether increasing the turbulence offers 

notable additional benefit over the natural flow and mixing of water within the reactors. An O-ring 

setup to introduce turbulence was briefly tested before the process tests in this thesis as well, but 

no improvements to the purification result were found. Instead the O-rings altered the flow of 

electricity around them and made the electrode surfaces wear down unevenly around the O-rings. 

Ultrasonic cleaning 

Ultrasonic approach in process enhancement has not previously been tested in Axolot. The 

expectation is that appropriate ultrasonic transducers attached to the reactors could increase 

process capacity by keeping the electrodes cleaner and operational for longer periods of time, and 

possibly improve the chemical activity and purification result as well.  

There are multiple factors that affect the combined effect of electrocoagulation and ultrasonics in 

the process: The geometry and material of the electrodes, viscosity, temperature, solids 
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concentration and chemical composition of the processed water as well as the coupling between the 

ultrasonic transducer and the reactor to name a few. There is a possibility of negative side effects as 

well. For example, too strong ultrasonic vibration could interfere with the coagulation of 

contaminants in the water. Too many unknown elements remain to be able to make good predictions 

of the best approach. For these reasons, the integration of ultrasonics into the purification process 

was further examined and compared with the other alternatives. 

 

Trial equipment 

Power sources 

The used power sources have a maximum output of 60 V and 250 A for each reactor and can be used 

in either constant voltage or constant current mode. Constant current is typically used in the 

electrocoagulation process to keep the purification result consistent while allowing the voltage to 

vary depending on the conductivity of the processed water and wearing of the electrodes. The 

potential of the electrodes can normally be left to float, but for the purpose of these experiments, 

the outer electrode will be grounded to protect the attached ultrasonic equipment. Regular contact 

shield around the reactors will also be used. 

Ultrasonic transducers and generators 

The used ultrasonic equipment is manufactured by Harsonic and were leased for use in the 

experiments. They are primarily used in marine applications to prevent formation of biofilm and 

other fouling on surfaces in contact with water, but based on the initial discussion with the company 

representative the transducers should be usable in our application with electrocoagulation reactors 

as well. Commercial brochure attached as Appendix 3. 

The used transducers are 75 mm in diameter and have a power rating of 6 W each. The frequency 

patterns are predetermined by the generator units, and no detailed technical information was 

available for them. Based on dry testing, the generators output brief ultrasonic bursts between 20 -

100 kHz in a periodically repeating frequency pattern. There is a burst of about 0.4 s followed by a 

0.2 s break before the next burst at another frequency. The bursts go through a range of different 

frequencies over about 30 s and the cycle then repeats from the beginning. 

Mechanical vibrators 

The used mechanical centrifugal vibrators have a power rating of 40 W and a frequency of 50 Hz, 

which comes from the switching frequency of the 3-phase power network in Europe. For the 

experiments, one will be attached on the top end of one of the reactors to cause vibration and 

turbulence for a possible effect in process performance and cleaning. As all reactors used in the 

experiment will be mounted on the same steel frame, it is possible that some of the vibration energy 

is transferred to the other reactors as well. 
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Reactors 

The electrodes used in the reactors for the experiments are hollow iron cylinders approximately 100 

mm in diameter with wall thickness of 25 mm. The processed water is pumped through them from 

bottom to top. Polarity switching is not used, so the inner electrodes will always be passive while the 

outer electrodes are sacrificial anodes. The ultrasonic transducers are attached on the reactor using 

special coupling pieces. 

Coupling between the ultrasonic transducer and the reactor 

As the contact surface of the transducers is flat and the electrodes are cylindrical, a coupling piece 

is required to better transfer the ultrasonic vibration between the transducers and the reactor. The 

coupling pieces were made of aluminium as recommended by the manufacturer of the transducers. 

Aluminium couplings would also be optimal in use with aluminium electrodes to minimize the 

acoustic impedance between the materials, but no significant attenuation in use with iron electrodes 

was found either. The shapes of the coupling pieces are illustrated in Figure 7. 

 

Figure 7: The coupling between the ultrasonic transducers and the reactor. 

 

Preliminary tests 

Before the full scale process testing, the effects of several factors were briefly evaluated in laboratory 

scale tests without the full process equipment. These tests included testing of the efficiency of the 

coupling between the transducers and the reactor, the ultrasonic activity in the evaluated waste 

waters and the ultrasonic activity within the reactor. 

Glue for the couplings 

A two-component epoxy adhesive was used to secure the transducer, the coupling piece and the 

reactor together. The adhesive should be strong and hard enough to provide sufficient fixing and to 

not significantly dampen the ultrasonic vibration. In addition, it should not be unnecessarily difficult 

to remove; peeling off as larger slices would be preferable to having to chisel or grind off the 
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leftovers. Several two-component epoxy adhesives were tested for the desired qualities, and one of 

them was selected for use in further tests. 

Foil test for ultrasonic activity 

The effect of acoustic cavitation in an ultrasonic bath can be roughly evaluated using an aluminium 

foil test, as described for example in [12]. In the test, a piece of aluminium foil is submerged into the 

liquid of an ultrasonic bath. The acoustic cavitation occurring on the surface of the foil results in 

pinholes and tearing on the foil over time. After a time, the foil is removed and examined. The 

resulting pattern of holes and tearing indicates the strength and distribution of the ultrasonic field 

within the container.  

The results of a foil test are sensitive to the exact placement of the foil. During the test, the broken 

off aluminium particles from the foil also contaminate the bath, reducing the effect of cavitation over 

time. Despite its problems, the foil test remains a very practical way of visualizing the effects of 

cavitation. 

Several foil tests were done to evaluate the effect of fluid viscosity and solids concentration on 

ultrasonic cavitation intensity as well as to ensure sufficient transfer of ultrasonic energy from the 

transducers into the reactors. 

Foil test 1 

In the first foil tests the ultrasonic transducers were attached on the bottom of steel measurement 

cups. A sample of the evaluated paperboard coating water was taken and diluted into various 

concentrations of suspended solids. Foil tests were then conducted in pairs with clean water in one 

cup and process water in another. To minimize the effect caused by differences between the 

transducers and their coupling with the cups, the foil pieces were first left in the ultrasonic bath for 

15 min, then the foil and water samples were exchanged between the cups and left to the bath for 

another 15 min to minimize the possible difference caused by the transducer. 

It was found as expected that a higher viscosity and concentration of suspended particles reduces 

the effect of cavitation on the foil surface. In the typical treatment concentration of 1-2% total solids 

the cavitation effect was already significantly weaker, but some cavitation activity was still left. 

Pictures of the foil test results can be seen in Appendix 1. 

Foil test 2 

Another foil test was done with ultrasonic transducers attached on a reactor filled with clean water. 

This was done to evaluate the coupling between the transducers and the reactors and to confirm 

that enough ultrasonic energy can be transferred through the electrode into the water inside. 

The side of one of the aluminium electrodes was milled flat so that the transducer could be directly 

attached to it as shown in Figure 8a. With a single transducer attached, minor tearing on the foil 

could be observed at the point directly in front of the transducer. 
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When two transducers with the same frequency pattern were attached, as shown in Figure 8b, more 

significant tearing occurred at the middle point between the two transducers. This can be explained 

by the constructive interference of the ultrasonic vibration being at its strongest at the middle point 

between the transducers if the distance between them is short enough. 

 

Figure 8: Placement of ultrasonic transducers in reactor foil test 

 

The ultrasonic intensity inside the reactor was also measured with the special coupling pieces using 

a provided ultrasonic signal detector. The signal level was roughly equivalent to the direct connection 

and no significant additional attenuation was found. The detector was an analogue indicator used as 

a rough comparison of the signal levels, but for this purpose the accuracy was assumed sufficient. 

A test was also performed on whether there was any effect on the bare aluminium reactor surfaces 

under ultrasonic activity alone. The aluminium electrode was filled with clean water and the two 

transducers were left to operate for 24 h. No visible effect on the surface of the electrode was 

observed and there were no leftover aluminium particles found in the water either. 

 

Process tests 

Testing methods and metrics 

As the process performance is highly dependent on the condition of the electrodes, some metrics 

for evaluating the condition and resulting performance are important. Some of the used indicators 

are not well quantifiable, but in combination with each other should give a good understanding of 

the situation. 

The cleanliness of the reactors can be visually inspected as the reactors are opened for manual 

cleaning. While this cannot offer real time information, it can give a better understanding on what 

kind of fouling accumulates on the surface of the reactors over time. Detailed analysis on the 

composition of the accumulated fouling has not previously been performed. 

The consistency and weight of the fouling accumulated on the reactors can be measured upon 

inspection. This could be a more relevant metric in batch type reactors with small or no water flow. 
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In constant flow reactors, part of the fouling is flushed away by the water flow so it could be more 

difficult to find a relevant correlation between the density, thickness and overall quality of the 

accumulated fouling. 

The output voltage will typically increase as insulating fouling accumulates on the electrode surface 

and increases the electrical resistance through the reactor. This can be a good indicator of fouling if 

it occurs relatively quickly. However, the required voltage also naturally increases over time as the 

distance between the electrode surfaces increases as the electrodes wear down. Because of this it 

can sometimes be difficult to differentiate between the voltage increase caused by fouling and 

natural electrode wear especially if the fouling accumulates slowly. In the trials. the voltage over 

time for each reactor was recorded so that the differences in fouling behaviour could be evaluated. 

Changes in the overall purification result and the consistency of the floc in the separation container 

can also indicate problems with electrode fouling. There are other variables affecting the purification 

result as well, but if there have been no other changes in the process and the purification result or 

floc consistency significantly degrades, it is likely the result of fouling. 

The purification result can further be evaluated by water cleanliness metrics such as turbidity or COD 

measurements, or in laboratory analysis for specific substances for more detailed information. For 

the purpose of this research, Hach LCK series COD cuvette test kits were used for measuring the 

purification result at the end of the trials. 

Process test setup 

The full scale test setup included four identical purification units with different modifications to 

compare in terms of purification result and electrode fouling during the process. The first reactor 

was used without modifications as the reference. Reactor 2 had the mechanical vibrator attached to 

it, reactor 3 used the ultrasonic transducer to provide vibration, while reactor 4 used O-rings for 

turbulence effect. 

The units were operated in parallel using the same water for each of them to ensure equal testing 

conditions. The process pumps all took in water from the same wastewater tank, and the polymer 

pumps took in polymer solution from the same polymer tank. 

The modifications were made on process equipment that is used for treating various paperboard 

coating wastewaters at one of the company’s customers. Because of this, the process tests had to 

be performed in a way that would not significantly compromise the capacity of the process for 

extended periods of time. The treated water was the washing water of a paperboard coating 

machine. The dispersion coating pastes typically consist of binder, pigment and additives. Commonly 

used binders are for example acrylics, styrene-butadiene, PVOH and starch. Certain additives can be 

used as dispersants, de-foaming agents and rheology modifiers. The raw coating pastes typically have 

solids concentration of 45 – 55% and viscosity of 200 – 1200 mPas. The washing waters taken in for 

purification typically have 2 – 5% total solids remaining depending on how much fresh water is used 

for the washing of the coating lines. For treatment, this water is further diluted to 1 – 2% solids if 

necessary and its conductivity is adjusted with sodium chloride.  
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Various other kinds of coatings are occasionally used as well, the composition of which often cannot 

be fully disclosed. This sometimes makes it challenging to find suitable operating parameters if the 

processed waters change regularly. Iron electrodes were used because they have previously had 

better purification results with the typical paperboard coating wastewaters.  

The parts of the process equipment are illustrated in Figure 9. The process water is pumped through 

the reactor with constant electric current applied. After the reactor, a polymer solution is pumped 

in and mixed with the process water to help coagulate the contaminants. Finally, the water comes 

into a separation tower, where the coagulated floc particles separated from the water are freely 

allowed to float to the top and poured into a separate container. A part of the cleaned water can be 

directed back to the process water container to regulate the dilution level of the treated water, and 

the rest are drained. 

 

Figure 9: Process diagram of the system used in the purification process and experiments. 

 

Many of the process variables were kept constant for the duration of the test period, although there 

is some variance due to measurement intervals and practical limitations. The flow from the pumps 

is relatively constant with very little fluctuation. The process unit used for the tests only has manual 

control option, so the process water slightly changed over time due to manual dilution and addition 

of salt to maintain appropriate level of solids and conductivity. The pH level was not actively 

controlled but it remained within reasonable range for the process and it would have been difficult 

to accurately regulate manually during operation. The electric current from the power sources was 

kept constant, while the voltage was free to vary depending on the conductivity of the water. 

The target process parameters during the experiments were: 

Process water conductivity: 7 – 10 mS/cm 

Process water total solids: 1.5 – 2.0% 

Process flow (for each pump): 1000 l/h 

Polymer flow (for each pump): 40 l/h 

Electric current (for each reactor): 200 A 
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Baseline fouling trial 

The first process test was running the four reactors with no modifications to get a baseline result for 

fouling over time. The electrodes were fully cleaned before this trial, although they had already been 

used in the process for some time, so it is possible that the worn electrodes had some contribution 

to their fouling over time as well. The test only lasted for 2 days before the electrodes became too 

fouled and the purification result had declined too much to continue. 

Voltage and current were only recorded from one of the power sources in this trial, but the readings 

were consistently very close to each other during the test period. The recorded test data is shown in 

Table 1, and the corresponding graph in Figure 10. The effective reactor resistance was calculated 

for the purposes of the graph because the output voltage reached the set limit at some points and 

the power source then reduced the current accordingly. The calculated cable resistance was <2 mΩ, 

which is low enough to have minimal contribution to the results.  

The reactor voltage consistently increased over time although the water conductivity remained 

relatively constant. After the first day, clean water was left in the reactors which cleaned them a 

little, but on the second day the purification results started to get worse and the process had to be 

stopped for cleaning. Pictures of the resulting fouling can be seen in Figure 11. The pictures are 

shown from only one reactor, but the fouling accumulated on the other reactors was very similar as 

well. 

The electrode voltage in relation to its surface radius is inversely proportional to ln(b/a), where b 

and a are the outer and inner radius of the cylindrical electrode. This has some effect on the voltage 

increase over long test periods as the electrode surface wears down. There was, however, no good 

method at hand for accurately measuring the electrode surface thickness between trials. The 

wearing can be estimated based on previous process data, where the rate of electrode dissolution 

has been about 0.07 mm/h at 200 A current with electrode length of 700 mm. 

 

Process  flow: 1000 l/h

Polymer flow: 40 l/h

Output current: 200 A res is tance

Date Time Runtime (h) pH k  (mS/cm) ρ  (Ω ) U1  (V) I1  (A) R  (Ω) = U1 /I1

23/3 10.00 0 7.5 15.9 0.63 26.7 200 0.13

11:00 1 7.2 13.1 0.76 30.0 200 0.15

12:00 2 6.9 12.7 0.79 34.3 200 0.17

13.00 3 7.1 13.6 0.74 39.4 200 0.20

14:00 4 7.4 12.8 0.78 40.0 185 0.22

24/3 10:00 5 7.1 12.5 0.80 34.8 200 0.17

11:00 6 7.0 12.9 0.78 36.7 200 0.18

13:00 7 7.0 13.3 0.75 35.8 200 0.18

14:00 8 7.0 13.5 0.74 40.0 179 0.22

Process  water voltage / current

 

Table 1: Measurement data of the initial fouling evaluation trial. 
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Figure 10: Initial fouling test results. Measured water resistivity and calculated reactor resistance as a 
function of time. 

 

 

 

Figure 11: The fouling of the reactors at the end of the initial fouling test. A: Top of the reactor. B: The 
inner electrode. C: the inside of the outer electrode. 

 

Main process trials 

Tests with the process equipment were performed using the 4 different test cases during a period 

of 4 weeks. The aim of the tests was to evaluate how the tested modifications affect the process in 

terms of purification result and reactor fouling. There were several unexpected occurrences and 

setbacks during the testing. The issues and their effects will be discussed further after the 

experiments. 
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First trial 

The first test period used the following reactor configuration: 1. No modification (control), 2. 

Mechanical vibrator, 3. Ultrasonic vibrator, 4. O-rings. Test measurements and the corresponding 

graph are shown in Table 2 and Figure 12. 

The voltages recorded from the power sources closely followed the measured resistivity of the 

processed water, and there were no significant differences between the voltages apart from the O-

ring reactor. The voltage of the O-ring reactor was already higher than the others from the beginning, 

and the difference increased over time. There were no visually noticeable differences in the 

purification result between the reactors apart from the O-ring reactor, where the floc started 

becoming unstable and getting mixed with at the purified water outlet quite early. 

Between the trial days, clean water was left in all reactors overnight and the ultrasonic vibrator was 

kept activated. When the process was started again on the next day, there was a cloud of dark 

particles released from the reactor with the ultrasonic transducer. This phenomenon was not shown 

in other reactors.  

 

Process flow: 1000 l/h Reactor configuration:

Polymer flow: 40 l/h 1 = reference

Output current: 200 A 2 = vibrator

3 = ultrasound

4 = O-rings

Date

Runtime 

(h) pH k (mS/cm) ρ (Ωm) U1 (V) U2 (V) U3 (V) U4 (V)

10/06/2020 0.0 9.2 17.4 0.57 11.9 11.6 11.7 12.4

0.7 9.4 13.3 0.75 12.9 12.3 12.5 13.3

1.3 9.4 10.9 0.92 14.9 14.3 14.6 15.6

2.0 9.4 9.4 1.06 16.8 16.1 16.4 17.8

11/06/2020 2.7 9.2 10.8 0.93 15.9 15.2 15.6 16.3

3.3 9.4 9.2 1.09 17.8 17.0 17.4 19.1

4.0 9.3 9.7 1.03 17.1 16.2 16.7 18.3

4.7 9.1 9.7 1.03 17.0 16.5 16.8 18.2

5.3 9.3 9.7 1.03 17.1 16.5 16.8 18.6

6.0 9.2 9.4 1.06 17.6 16.9 17.2 19.2

6.7 9.3 9.7 1.03 17.6 17.0 17.2 19.7

7.3 9.2 9.3 1.08 17.8 17.4 17.6 20.4

8.0 8.8 10 1 17.8 17.1 17.4 20.4

15/06/2020 8.7 8.2 9.3 1.08 19.6 18.7 19.6 21.7

9.3 8.8 8.8 1.14 20.6 19.4 20.0 23.4

10.0 8.6 8.9 1.12 20.6 19.4 20.0 23.5

10.7 8.7 9.2 1.09 20.5 19.2 19.8 23.3

11.3 9.2 9.1 1.1 21.1 19.7 20.6 24.7

12.0 9.3 9.1 1.1 20.4 19.0 20.1 24.3

16/06/2020 - - - - - - electrode condition check and cleaning

solids 1.47%

solids 1.25%

notes

solids 1.47%

solids 1.28%

Reactor vo ltage (V)

 

Table 2: Numerical data gathered from Trial 1. 
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Figure 12: Measured resistivity and reactor voltage as a function of runtime in Trial 1.     
U1 = reference, U2 = vibrator, U3 = ultrasonic, U4 = O-rings 

 

The floc level remained slightly higher in the separation tower with the ultrasonic reactor 

modification which typically indicates better flotation performance. This was particularly the case 

briefly after the process was started again after nightly downtime. Over a longer period of time, the 

differences between the ultrasonic- and mechanical vibration reactors and the reference reactor 

remained small, however. Pictures of the floc levels in the separation towers at certain parts of trial 

1 can be seen in Appendix 2.  

Since the mechanical vibrator heated a lot over time, it was decided to keep it inactive during the 

night to ensure no accidents would happen while the device was unattended. 

The reactors were then opened and cleaned after the first trial period. The condition of the reactors 

at this point is shown on Figure 13. The O-ring reactor was the most fouled inside with many 

significant clumps of fouling stuck by the O-rings. The control reactor was the next dirtiest, followed 

by the mechanical vibrator reactor, while the ultrasonic reactor remained the cleanest at the end of 

the trial.  

The O-rings also caused uneven wearing on the outer electrode. As the electric current flows around 

the insulating rubber rings, circular bands of less worn areas were left around the O-rings. This 

behaviour is illustrated in Figure 14. 
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Figure 13: Condition of the reactors at the end of Trial 1.  
A) reference, B) vibrator, C) ultrasonic, D) O-rings 

 

 

Figure 14: Electrode wearing at the end of Trial 1 after cleaning.  
A) smooth electrode surface of the ultrasonic reactor. B) ridged electrode wearing of the O-ring 
reactor. 

 

The purification sample results were taken at the end of trial 1. The floc from the O-ring reactor had 

been very unstable for some time at this point and part of it was getting mixed with the purified 

water, which could clearly be seen in the purification result as well. The purification samples were 

also measured for COD using Hach LCK series cuvette measurement sets.  

The processed wastewater had a COD of about 8000mg/l. Other results from the purified samples 

were: 

Reactor 1 (O-rings):    1570 mg/l 

Reactor 2 (mechanical vibrator):  123 mg/l 

Reactor 3 (ultrasonic):   105 mg/l 

Reactor 4 (control):    130 mg/l 

The floc inconsistency of the O-ring reactor can clearly be seen in the measured results, as part of 

the floc was not rising properly and was getting mixed with the purified water. The reported standard 

deviation of the cuvette COD test is 7.3mg/l, so the results from reactors 2-4 fall within a reasonable 

margin of error. 
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Second trial 

The second trial period was done without the O-ring modification, as it seemed to actively reduce 

process performance and the full capacity of the reactors was needed at the time. Reactors 1 and 4 

are both reference reactors with no modifications this time. The reactor configuration, measurement 

data and related graph are shown in Table 3 and Figure 15. 

The incoming process water was also different this time, having changed to a black coating water 

with activated carbon dust mixed in. At the start there was some of the previous white washing water 

left in the process tank, so at first the water was mostly the same that had been processed before. 

After about two hours, however, the processed water had completely changed into the black coating 

water. The process was attempted to keep running for some time, but it did not work correctly with 

the new type of water. As the water had changed unexpectedly, there was no time to perform 

preliminary trials to find the correct process settings for it. The floc quickly became unstable in all 

separation towers and the process was stopped for cleaning. 

The remaining black water was disposed of, the reactors were cleaned, and the process was 

restarted once more of the regular white coating water was available again. Reactor 4, which 

previously had the O-ring modification, worked without additional problems this time with no 

modifications. The ridges left on the inner surface of the electrode by the O-rings did not seem to 

have further effect on process performance. The reactor with the ultrasonic transducer let out a dark 

particle cloud at the start of each day as the process was started like in the first trial. The floc 

produced in the ultrasonic reactor flotated slightly better than the others for some time after the 

nightly downtime, but the difference was reduced after a longer period of continuous operation. 

This batch of process water ran out at about 10 hours of runtime. 

The new batch of coating water turned out to contain high concentration of calcium chloride. This 

was another unexpected change in the used coating, and it was only discovered after the process 

had been destabilized again. The water conductivity increased due to the calcium chloride in the 

incoming water, but the reactor voltage also started rapidly increasing due to cell fouling. This effect 

can be seen on the graph as the changes in water conductivity and voltage after 11 hours of runtime. 
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Reactor configuration:

1 = reference

2 = vibrator

3 = ultrasound

4 = reference

1 2 3 4

Date

Runtime 

(h) pH k (mS/cm) ρ (Ωm) U1 (V) U2 (V) U3 (V) U4 (V)

17/06/2020 0.0 9.4 8.7 1.15 21.0 20.2 20.5 20.6

0.7 9.7 8.3 1.21 21.9 21.0 21.4 21.5

1.3 10.0 8.0 1.25 21.7 20.8 21.5 21.4

2.0 10.0 8.1 1.24 20.6 19.7 20.4 20.2

2.7 9.9 9.8 1.02 19.8 18.9 19.5 19.6

23/06/2020 3.0 7.7 7.3 1.37 22.9 21.8 22.7 22.3

4.0 8.5 7.6 1.31 22.4 21.3 22.3 22.0

5.0 8.0 8.7 1.15 20.7 19.7 20.4 20.2

24/06/2020 6.0 7.9 6.9 1.45 23.6 22.6 23.6 23.1

7.0 7.9 8.0 1.26 23.5 22.0 23.0 22.6

8.0 8.1 7.4 1.35 24.7 23.5 24.2 24.0

9.0 7.8 7.3 1.38 25.2 24.0 24.6 24.7

10.0 7.7 7.6 1.31 24.3 23.2 23.7 23.7

26/06/2020 11.0 7.1 9.1 1.1 21.1 20.0 21.0 20.4

12.0 7.2 14.8 0.68 27.5 24.0 22.3 26.0

13.0 7.2 17.2 0.58 28.7 24.7 25.6 25.4 Floc unstable in all towers. Cleaning and evaluation

Out of process water for the day

Continuing with regular coating paste water

Black water with carbon dust

Purification for the black water did not work

Reactor vo ltage (V)

notes

Process flow: 1000l/h

Polymer flow: 40l/h

Output current: 200A

 

Table 3: Numerical data gathered from Trial 2 

 

 
Figure 15: Measured resistivity and reactor voltage as a function of runtime in Trial 2.  
U1 = control, U2 = vibrator, U3 = ultrasonic, U4 = control 

 

After the process had destabilized completely with the calcium chloride water, the reactors were 

opened for cleaning. All of the cathode rods were thoroughly covered in scaling with no notable 

differences between them. Purification result samples were not taken in trial 2 due to the process 

instability towards the end of the trial. 
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Third trial 

The third trial period had the regular white coating water for the process again. O-rings were taken 

back as one of the test cases, this time on reactor 1. The reactor configuration, test data and graph 

are shown in Table 4 and Figure 16. 

The O-ring reactor was again the first to show significant decline in results shortly after the trial had 

started. At the same time the pump for reactor 1 started leaking and drawing in air from its rotor 

seal, causing insufficient water to get pumped through the reactor. The pump was replaced and the 

O-rings removed from the test again. The reactors were cleaned and the process continued with 

reactors 1 and 4 having no modifications again. 

The replacement pump for reactor 1 started leaking as well the following day. At first it did not seem 

to affect the process performance, but eventually the floc from reactor 1 became increasingly 

unstable, and the reactor voltage started to increase. Reactor 1 was shut down from the process 

after 14 hours of runtime when the floc from the reactor had become completely destabilized and 

the pump was still leaking. There was no other replacement pump at hand at the time. 

Yet another issue emerged around the 20-hour runtime mark, when the used conductivity probe 

suddenly stopped working. It was changed into another one with factory calibration, but the new 

probe had problems of its own as well. The readings from the new probe seemed to be erratic, 

sometimes varying around +-15% for an unknown reason. It is possible that there was some 

underlying problem with the pH/conductivity unit itself rather than just the probe, as it seems 

unlikely that the new probe would be malfunctioning straight out of the box. It took some time to 

notice the unnaturally large variance in the conductivity readings and the problem was only fully 

confirmed after the results had already been recorded. 

The unreliable conductivity readings made it difficult to establish a relevant correlation between the 

measured conductivity and reactor voltage readings. However, the voltage readings of the reactors 

that were in use until the end of the trial were consistently very close to each other with no significant 

signs of performance degradation or fouling during the later parts of this trial. 
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Reactor configuration:

1 = O-rings until 1/7, reference afterwards

2 = vibrator

3 = ultrasound

4 = reference

1 2 3 4

Date

Runtime 

(h) pH

k 

(mS/cm)

ρ 

(Ωm) U1 (V) U2 (V) U3 (V) U4 (V)

01/07/2020 0 8.6 7.5 1.34 28.9 27.5 27.6 27.9

1 8.8 6.7 1.48 35.0 26.0 26.2 26.5

2 8.9 6.2 1.61 40.0 29.4 29.3 29.5

02/07/2020 3 8.9 5.9 1.71 30.0 28.6 28.9 28.8

4 9.3 7.4 1.35 25.1 23.1 23.6 23.5

5 9.7 6.4 1.56 25.6 24.4 24.9 25.0

6 1.5 6.2 1.62 26.5 25.3 25.8 25.8

03/07/2020 7 1.4 7.3 1.37 25.8 25.0 25.6 25.5

8 9.6 7.1 1.42 26.5 25.5 26.1 26.0

9 9.6 6.7 1.49 26.9 26.0 26.5 26.5

10 9.6 7.0 1.44 26.5 25.3 25.8 25.8

11 9.6 7.3 1.37 26.6 24.7 25.3 25.3

12 9.6 7.6 1.32 27.4 24.8 25.2 25.3

06/07/2020 13 9.5 8.0 1.25 26.5 24.1 24.9 25.0

14 9.6 7.9 1.27 29.5 25.6 26.1 26.1

15 9.7 8.8 1.14 24.0 24.2 24.1

16 9.5 7.7 1.30 26.1 26.3 26.0

17 9.6 8.9 1.13 24.7 24.3 24.2

07/07/2020 18 9.6 8.3 1.21 25.6 26.2 26.2

19 10.0 8.7 1.15 24.9 25.5 25.5

20 10.3 7.9 1.27 25.6 25.9 25.9

21 9.8 10.4 0.96 26.6 27.1 27.1

22 10.0 9.1 1.10 27.8 28.1 28.3

08/07/2020 23 10.0 6.5 1.55 26.7 27.2 27.1

24 10.3 6.3 1.59 26.1 26.6 26.6

25 10.2 6.2 1.62 26.2 26.5 26.7

26 10.0 6.6 1.52 25.7 26.1 26.2

27 10.2 6.6 1.51 25.4 25.8 25.9

28 10.2 6.7 1.50 25.3 25.6 25.9

29 10.3 6.5 1.55 26.1 26.4 26.5

30 10.2 6.6 1.53 26.5 26.7 27.0

09/07/2020 31 10.0 7.1 1.41 27.0 27.5 27.4

32 10.3 6.8 1.48 28.3 28.6 28.8

33 9.9 7.2 1.40 27.2 27.4 27.7

34 9.9 6.8 1.48 27.5 27.6 28.0

35 9.6 6.7 1.49 27.3 27.2 27.6

36 9.5 6.5 1.54 26.8 26.9 27.2

37 9.6 6.9 1.45 25.2 25.3 25.7

10/07/2020 38 9.7 7.5 1.34 26.2 26.5 26.7

39 9.7 6.4 1.56 26.4 27.0 27.0

40 9.1 6.8 1.48 27.1 27.7 27.7

41 9.1 6.2 1.63 27.6 28.1 28.1 Out of process water

so lids 1.9%

Conductivity probe inoperative, new one switched

solids 1.8%

Reactor 1 floc unstable. Cleaned and resumed without it.

so lids 2.1%

solids 1.6%

notes

Floc unstable with O-rings

Pumps leaking. M aintenance and cleaning.

O-rings removed. Reactor 1 as contro l again. so lids 1.6%

Process flow: 1000 l/h

Polymer flow: 40 l/h

Output current: 200 A

Reactor vo ltage (V)

 

Table 4: Numerical data gathered from Trial 3 
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Figure 16: Measured resistivity and reactor voltage as a function of runtime in Trial 3. U1=Initially O-
rings, control after 3 hours, U2=vibrator, U3=ultrasonic, U4 = control 

 

The setbacks during trial 3 make it difficult to reasonably interpret the results. After the O-ring and 

pump problems, all of the reactors seemed to work reasonably well until the end of the trial period 

with no signs of significant fouling. As the reactors were opened for cleaning, there was some fouling 

accumulated on each of the electrodes and none were notably cleaner than the other. 

The purification result samples were taken on the last day of the trial period shortly before the 

processed water ran out. There was a small amount of tiny floating particles in the samples from all 

reactors, but visually they looked the same again. The COD of the processed water was about 

9000mg/l, while the purified sample results were: 

Reactor 1: no sample due to process issues. 

Reactor 2 (mechanical vibrator):  170 mg/l 

Reactor 3 (ultrasonic):   173 mg/l 

Reactor 4 (control):    165 mg/l  

The results are even closer together this time and fall within the test error margin so no clear 

conclusions can be made especially with so many unexpected variables during this test period. 
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Results discussion 

The O-ring reactor performed poorly in both tests it was used in. At the end of the trials the O-ring 

reactor had gathered the most substantial fouling, and the purification results started declining much 

faster than the other reactors. The O-rings also caused uneven wearing on the outer electrode 

because electricity has to flow around them. This also reduces the material use efficiency of the 

electrodes as more unused material will be left over at the end of their lifespan. 

The ultrasonic reactor remained the cleanest in the first trial, and seemed to perform slightly better 

for some time after the nightly downtime. The mechanical vibrator was the next cleanest, followed 

by the reference reactor, while the O-ring reactor had gathered the most substantial fouling. The 

other trials ended up having more uncontrollable factors that could make their results unreliable. 

There were no significant differences in the purification results between the ultrasonic, mechanical 

vibration and reference reactors. Their purification samples were all equivalent within a reasonable 

margin of error. It could have a good idea to take more samples during the trials instead of only those 

at the end of the intended trial periods, but this was not focused on so heavily because it was 

expected that the reactor voltage comparison would have provided better measurable differences. 

The unexpected complications added to the uncertainty of the results and the reactor fouling 

behaviour itself was somewhat unexpexted as well. 

The three better performing reactors all kept working surprisingly well until the end of the test 

periods without significant signs of performance degradation, with the exception of the sudden 

scaling at the end of trial 2. On typical process runs without reactor modifications in place, the 

process performance has started declining due to electrode fouling after several hours of operation. 

This was the case in the initial fouling trial as well. It is possible that the mechanical vibrator had 

some effect on this because all of the reactors used the same frame: some of the low frequency 

vibration could have been transmitted through the frame and affected the other reactors as well. 

However, previously the mechanical vibrator has not been sufficient to fully prevent fouling but only 

slightly delay it. Another explanation is that the varying qualities of the waters processed during the 

trials or other uncontrollable circumstances caused the unexpected fouling behaviour. 

The ultrasonic reactor seemed to perform better than the others briefly after the nightly downtime. 

Unless the reactors have just been fully cleaned, the process typically takes some time to stabilize 

and produce well separating floc, but the ultrasonic reactor was fully operational immediately after 

startup. The differences between the reactors got smaller after a longer period of continuous 

operation, however. The dark fouling cloud emerging from the ultrasonic reactor on process startup 

would also indicate that the vibration and cavitation loosen the fouling on the electrodes during 

process downtime so that the fouling then comes out with water flow once the process is started 

again. These observations suggest that although the ultrasonic transducer did not notably improve 

process performance in continuous process, it improved the cleaning of the electrodes during 

process downtime. 

The purification process remained operational for the duration of the trials on all reactors with the 

exception of the O-ring reactor and some unexpected changes in the treated waters. There were no 
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significant long term differences in the voltage curve of the ultrasonic, mechanical vibration and 

control reactors. The small differences in fouling in trial 1 were not identifiable from the reactor 

voltage, and no notable differences in fouling were made in other trials either. 

The high concentration of CaCl2 in the processed water towards the end of the second trial quickly 

formed a layer of scaling on the cathode and destabilized the process. The scaling restricted the flow 

of electricity so that the voltage kept increasing although the water conductivity also was higher than 

usual. Similar behaviour with calcium chloride has been previously observed in our process. The 

composition of the scaling has not been analysed in more detail, but it is expected to primarily consist 

of calcium carbonate, CaCO3. 

The pumps leaking during trial 3 was yet another unexpected issue. One possible cause is that fouling 

accumulated around the O-rings restricted flow in the reactor that caused the pressure in the 

process line to increase causing to the pump starting to leak. On the other hand it is also possible 

that the pump started to leak first for another reason, which then led to the reactor becoming 

increasingly fouled due to insufficient water flow into the reactor. 

In terms of implementation costs, the ultrasonic approach is the most expensive one. The evaluated 

low-power ultrasonic transducer was not sufficient to offer significant benefits to the continuous 

process, but if a transducer with higher power output or different frequency pattern could keep the 

electrodes clean without process interruption it could well justify the cost of implementation. 

In comparison with the chemical circulation cleaning, which was not evaluated as one of the test 

cases but has been used in some prototype units, the implementation cost of the ultrasonic 

transducer cleaning is quite similar. A chemical cleaning cycle, however, periodically interrupts the 

process so an ultrasonic implementation remains an interesting alternative worth examining further. 

The mechanical vibrator option is somewhat cheaper, but it had no observable effect on process 

performance and comes with various downsides such as the produced noise and mechanical stress 

applied on the reactors. Mechanical vibration can sometimes delay the fouling and may be an option 

worth considering in some cases. 

The O-ring implementation cost is very low, but it also had poor performance at least with the 

current experiment setup. The potential benefits to the mixing characteristics inside the reactor did 

not seem to help the results in this case. It is likely that the regular reactor structure without 

modifications already causes sufficient turbulence so that further mixing does not further improve 

process performance even if the fouling behaviour is disregarded. 
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Conclusions 

The O-ring modification for turbulence clearly had the worst effect on both the purification result 

and electrode fouling over time. Fouling started to accumulate near the O-rings relatively quickly, 

which resulted in decline of the purification result and eventually complete destabilization of the 

process.  In addition, as the insulating O-rings alter the flow of electricity within the reactors, the 

wearing of the electrodes becomes uneven which results in more electrode material being wasted 

at the end of their lifespan. It is possible that different methods of introducing turbulence would not 

have the downsides of the O-ring method, but it remains unclear whether the increased turbulence 

would actually have benefit on the process over the regular flow of water within the reactor and the 

piping. 

The ultrasonic vibration had some improvement on the floc formation in the first trial, although the 

differences remained small and the other trial results were inconclusive. The ultrasonic reactor was 

also clearly the cleanest of them at the end of the first trial, while in other trials the conditions made 

reliable comparison difficult. The black particle dust coming from the ultrasonic reactor after nightly 

downtime seems to indicate that the ultrasonic transducer removes some fouling particles from the 

reactor and helps in cleaning it at least while the process is not running. The floc consistency in the 

ultrasonic reactor seemed to be at its best briefly after the process was started on each trial day, 

which also supports the ultrasonic cleaning effect. 

Over a longer period of runtime the differences were less significant. While it seems clear that the 

ultrasonic vibration helped in keeping the reactors clean during process downtime, the tested 

modification was not sufficient to significantly improve process performance or prevent fouling 

during continuous operation. It is possible that a transducer with higher output power or different 

frequency pattern could have a more significant effect during the process as well. 

The mechanical vibration did not have notable difference compared to the reference reactor with 

no modifications in terms of process performance. The reactor seemed somewhat cleaner than the 

reference reactor at the end of the first trial, but other trials were not able to confirm any difference. 

If the mechanical vibration was kept operational overnight between the trial days, it is possible that 

it would have had a more significant cleaning effect as well. 

Because the vibration and turbulence effects did not seem to affect process performance during 

operation, it seems likely that the turbulence and mixing characteristics within the reactors are 

already sufficient without modifications, and further increase in turbulence does not notably 

improve reaction conditions apart from the electrode cleaning effect. 

Due to the high number of variables and some unexpected circumstances, it is difficult to evaluate 

the results and make reliable conclusions. The original plan to get comparable samples from the end 

of all trials did not result in very good comparability due to the high number of uncontrollable factors. 

Additional experiments in more controlled test environment would be necessary to better evaluate 

the performance differences between the ultrasonic- and mechanical vibration modifications. 
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For future experiments it would be interesting to try out a higher-powered ultrasonic transducer 

capable of producing more significant cavitation inside the process reactors to further evaluate its 

effect on process performance. It would also be important to find out more about the qualities of 

the processed waters and which other factors typically contribute to the reactor fouling and process 

performance the most. 
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Appendix 1: Ultrasonic foil test results 

 

 

Samples on the left are control samples with 

clean water.  

Samples on the right have raw process water 

diluted into different concentrations of total 

solids. 

As the water gets thicker, the effect of ultrasonic 

cavitation is significantly reduced until the effect 

becomes too weak to cause any tears in the foil. 
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Appendix 2: Floc level comparison in trial 1. 

 

 

 
11/6/2020 13:56.  
 
The O-ring reactor performance is 
starting to decline significantly. Other 
reactors working similarly, with the 
ultrasonic floc level slightly above the 
rest 

 
15/6/2020 8:45.  
 
Floc levels right after starting the 
process in the morning. The ultrasonic 
reactor seems to work better shortly 
after the nightly cleaning. 

 
10/6/2020 14:14.  
Reactor order from the left: 4,3,2,1. 
 
All reactors working similarly, but the 
floc level of the O-ring reactor is 
already slightly lower.  
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Appendix 3: Harsonic ultrasonic cleaning transducer brochure  


