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“And so, does the destination matter? Or is it the path we take? 
 
I declare that no accomplishment has substance nearly as great 
as the road used to achieve it. We are not creatures of 
destinations. It is the journey that shapes us. Our callused feet, 
our backs strong from carrying the weight of our travels, our 
eyes open with the fresh delight of experiences lived.” 
 

Brandon Sanderson, The Way of Kings 
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Abstract 

Among the oxidation technologies, ozonation presents itself as a suitable method for both 

disinfection and oxidation due to its high efficiency to kill microorganisms, as well as its 

high redox potential to oxidize organic and inorganic pollutants. However, the gas/liquid 

mass transfer is a rate-limiting step in ozonation. As the NETmix is a novel static mixer 

technology with a high mixing efficiency, it shows itself as an adequate alternative to 

enhance the ozone mass transfer from the gas phase to the liquid phase to 100% or very 

close to it. Hence, to determine the best conditions for the dissolution of the ozone in the 

liquid as well as to understand the main flow properties intrinsic to this multiphase flow 

inside the NETmix, this work aims to develop a Computational Fluid Dynamics (CFD) model 

that describes the flow of ozone and water in the static mixer, and validate it 

experimentally. 

The proposed 2D CFD model, based on the Volume of Fluid approach, was implemented in 

two geometries, the NETmix Unit Block (NUB), and a proposed geometry which considers 

the shape of the entrance at which each phase is injected in the NETmix. The results 

obtained from the CFD simulations were compared with experimental data, which 

consisted of images of the multiphase flow at the same conditions of the simulations. 

To test and validate the model, two flow parameters were considered: the direction of 

the flow - upwards and downwards -, and the ratio of gas and liquid volumetric flowrates. 

The comparison of both numerical and experimental results showed that the model makes 

an accurate description of the multiphase flow inside the NETmix, capable of predicting 

the behaviour, shape and size of gas bubbles as they move throughout the static mixer, as 

well as simulating the phenomena related to all tested ratios and flow directions. 

Additionally, a combined analysis of the simulations and the experiments led to the 

conclusion that the downwards direction is the most favorable regarding the gas transfer 

to the liquid phase. When the two directions were compared under the same gas and 

liquid flowrate values, the downwards direction provided at least twice the gas passage 

time in relation to the upwards direction, and a higher concentration of gas inside the 

NETmix. It was also proven that the entrance shape has no influence on the formation of 

bubble shape and size if the gas phase occupies the entirety of the inlet channel 

connected to the entrance chamber of the NETmix, whereby, in this case, the decisive 

factor of bubble formation is the dimension of such channel. 

Keywords: ozone mass transfer, NETmix, computational fluid dynamics (CFD), 

experimental validation, multiphase flow.   
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Resumo 

Entre as tecnologias de oxidação, a ozonização é um método adequado para desinfeção e 

oxidação dada a sua alta eficiência para inativar microrganismos, bem como o seu alto 

valor de potencial redox para oxidar poluentes orgânicos e inorgânicos. Contudo, a 

transferência de massa gás/líquido é um passo limitante na ozonização. Como o NETmix é 

uma nova tecnologia de misturadores estáticos com uma alta eficiência de mistura, este 

apresenta-se como uma alternativa adequada para intensificar a transferência de massa 

do ozono da fase gasosa para a fase líquida para 100% ou próximo deste valor. Deste 

modo, a fim de determinar as melhores condições para a dissolução do ozono no líquido, 

assim como compreender as principais propriedades intrínsecas a este escoamento 

multifásico no interior do NETmix, este trabalho visa desenvolver um modelo em Dinâmica 

de Fluidos Computacionais (CFD) que descreva o escoamento de ozono e água no 

misturador estático, e validá-lo experimentalmente. 

O modelo 2D de CFD proposto, baseado na abordagem Volume de Fluido, foi 

implementado em duas geometrias, o NETmix Unit Block (NUB) e uma nova geometria que 

considera o formato da entrada na qual cada fase é injetada no NETmix. Os resultados 

obtidos pelas simulações CFD foram comparadas com dados experimentais, os quais 

consistiram em imagens do escoamento multifásico nas mesmas condições das simulações. 

A fim de testar e validar o modelo, dois parâmetros foram considerados: a direção do 

escoamento - ascendente e descendente -, e a razão de caudais volumétricos do gás e do 

líquido. A comparação entre resultados numéricos e experimentais mostrou que o modelo 

descreve com precisão o escoamento multifásico no interior do NETmix, sendo capaz de 

prever o comportamento, o formato e o tamanho de bolhas de gás enquanto elas se 

movem pelo misturador estático, além de simular o fenómeno relacionado a todos os 

parâmetros testados. Ademais, com uma análise combinada das simulações e dos ensaios 

experimentais, concluiu-se que a direção descendente é a mais favorável à transferência 

do gás para a fase líquida. Quando as duas direções foram comparadas sob os mesmos 

valores de caudais de gás e líquido, a direção descendente forneceu pelo menos o dobro 

de tempo de passagem do gás em relação à direção ascendente, e uma maior 

concentração de gás no interior do NETmix. Também foi provado que o formato da 

entrada não tem influência na produção da forma e do tamanho da bolha se a fase gasosa 

ocupar inteiramente o canal de entrada conectado à câmara de entrada do NETmix, em 

que, neste caso, o fator decisivo para a formação das bolhas é a dimensão de tal canal. 

Palavras-chave: transferência de massa de ozono, NETmix, dinâmica de fluidos 

computacionais (CFD), validação experimental, escoamento multifásico  
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1 Introduction 

1.1 Framing and presentation of the work 

Ozonation is an advanced oxidation technology suitable for disinfection, as well as 

degradation of inorganic and organic substances. It has a proven high efficiency and wide 

adaptability to kill microorganisms due to its high redox potential to oxidize compounds. 

The instability of ozone dictates the need for on-site generation, usually by applying the 

Corona process to pure oxygen streams [1]. One major obstacle to a general wider use of 

ozone technology is its high associated ozone generation costs stemming from the fact 

that only a small fraction of the initial high-purity oxygen feed (10-15 wt-%) is able to be 

converted into ozone. The specific power rises from 7.2 to 12.3 kW/kg O3, when the O3 

concentration is increased from 6% to 12%, which is an increase of 71% [2]. The supply of 

pure O2 is also an important cost factor. Traditionally, O3 is dispersed by bubbling a gas 

mixture of typically 6% to 12% (wt) O3 into the water via bubble diffusers, injectors, or 

static mixers [3]. While the principles of direct gas-liquid mass transfer of O3 into the 

aqueous phase are well understood, bubbling methods bear a number of disadvantages, 

such as locally inaccurate O3 dosages due to short-circuiting, low ozone mass transfer 

rates from gas to liquid phase, foam formation in treatment reactors, bubble coalescence 

and uneconomic off-gas recovery (mainly O2) [2]. 

Many mixing equipment were developed to transfer the ozone into the water, among 

which the fine bubble diffuser contactor is the most common, due to its simplicity, 

robustness and requiring no additional energy than the initial gas compression [4]. In this 

system, the ozone is injected through a porous stone diffuser below the contactor, 

creating small bubbles by which an ozone rich liquid is created. Thereafter, this ozone 

rich liquid is used inside the same chamber to perform the reactions of disinfection and 

oxidation. An alternative is to use a sidestream injection system, whereby there is a 

physical separation of the dissolution and the reaction processes. Sidestream injection 

involves splitting off a portion of the main water flow into a side stream, then, O3 is 

injected into this stream by an equipment such as a venturi injector, or, more efficiently, 

a static mixer, and the concentrated O3 side stream is mixed back into the main flow [5]. 

A static mixer consists of a series of fixed elements responsible for modifying the flow 

paths of the fluid. Besides the enhanced mixing efficiency, this system benefits from low 

equipment, energy, and operating costs, as well as small space requirements [6,7]. A 

novelty in the technology of static mixers is the NETmix [8], which is a network composed 

of identical unit cells, whereby each chamber is interconnected by two inlet and two 
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outlet half channels. In addition to the benefits intrinsic to static mixers, the NETmix 

offers other characteristics and advantages, such as the ability to control the degree of 

mixing, as well as the property of operating at lower pressure drops [9,10]. 

One of the tools used in the investigations associated with the NETmix was the 

Computational Fluid Dynamics (CFD), which is a set of numerical techniques utilised to 

solve a mathematical model developed to describe a phenomenon based on the dynamics 

of the fluid [11]. Through the resolution of the conservation and transfer equations, CFD 

simulations provide a complete picture of the flow, enabling an alternative way to both 

understand the phenomena inside the NETmix, and optimize its configurations so that 

efficient operational conditions are achieved. CFD has had success in representing the 

single phase flow in the NETmix [6,10], with recent studies showing its potential to 

describe a gas-liquid flow inside the static mixer [12]. 

Therefore, the objective of this work is to develop a multiphase model using the CFD tool, 

capable of describing the flow of ozone and water inside a NETmix unit, enabling the 

evaluation of the mixer geometry and flow parameters on the mass transfer of gas into 

liquid. This model will be a useful tool to determine the best conditions to introduce the 

NETmix as a novel ozone mixing technology for water and wastewater treatment. 

Furthermore, this work aims to validate the model through a comparison between 

numerical and experimental data, as well as to use both results to comprehend the main 

flow properties intrinsic to this two-phase flow.  

1.2 Contributions of the author to the work 

The author has developed a geometry to simulate a NETmix unit, physically available in 

the Associate Laboratory LSRE-LCM/FEUP, with which the author has constructed an 

adequate mesh where the calculations were performed. The proposed CFD model was 

created through research performed by the author, as well as discussions with the 

supervisors. Moreover, the experimental tests were done in the lab-scale facility with the 

collaboration of the PhD student Mateus Pituco. 

1.3 Organization of the dissertation 

This work is divided into six chapters hereinafter described: 

Chapter 1 introduces the reader into the motivation of this work and the concepts to be 

treated, which are further developed in Chapter 2. In the second chapter, Section 2.1 

explores the ozone, its properties and characteristics, as well as applications and 

limitations of the ozonation; Section 2.2 describes briefly the most common equipment in 

solubilizing ozone into water; Section 2.3 is dedicated to the NETmix technology, 
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explaining its concept, its characteristics, and exposing some previous works and 

applications with which it is associated; Section 2.4 is a brief explanation of the CFD tool, 

and a highlight of some of its applications. Chapter 3 explains the equations and models 

used in this work, it presents the geometries used to represent a NETmix unit, the meshes 

constructed for the simulations, and the criteria for the solution of the proposed model: 

boundary and initial conditions, as well as the method of solution of the equations. The 

results obtained in this work are presented and discussed in Chapter 4, thereafter Chapter 

5 summarizes all conclusions made. Lastly, in Chapter 6, the achieved objectives and 

limitations of the work are discussed, and future works are proposed. 
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2 Context and State of the art 

2.1 Ozone 

In 1785, Martinus Van Marum identified the ozone by its characteristic odour, without 

recognizing it as a new substance. It was only in 1840 that Schönbein reported this odour 

as a new molecule which he called “ozone”, derived from the Greek word ozein, 

translating into “to smell”. 27 years later, in 1867, Schönbein himself confirmed the ozone 

structure as a triatomic oxygen molecule [13]. 

Along with its characteristic odour, ozone has the property of being a powerful oxidant 

and disinfectant, with a high value of redox potential that is reported to be one of the 

highest amongst the common oxidants [14]. Hence, it should, theoretically, be able to 

fully oxidize inorganic substances, as well as transform all organic ones into carbon 

dioxide, water and mineral acids.  

However, the oxidation provided by the ozone is selective in its nature, in which it attacks 

preferably multiple bonds, to the detriment of simple bonds, and aromatic substances. 

Additionally, the oxidation of some organic substances is slow, leading to incomplete 

oxidation of these molecules, resulting into a low mineralization efficiency, i.e., a low 

percentage of compounds that were transformed into carbon dioxide, mineral acids and 

water [14,15]. Furthermore, ozone is an unstable gas, decaying rapidly and in different 

manners, depending on the environment in which it is. This decay is measured by the half-

life of the substance, the time at the end of which the amount of the compound is 

reduced to half of its initial quantity. When dissolved in water, ozone half-life varies 

between a few seconds to a maximum of 20 minutes, dependent on the condition of the 

water, such as pH, temperature, and total organic carbon [13]. Other additional 

properties of ozone are shown in Table 1.  

Table 1 - Properties of ozone [13,15]. 

Property Value 

Molecular Weight / g·mol-1 48.0 

Boiling temperature at 1 atm / °C -112 

Density at 20  C and 1 atm / kg·m-3 2.0 

Heat of formation at 1 atm, 25 °C and 
pH=0 / kJ·mol-1 

141.7 

Redox potential / V 2.07 
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The low values of half-life for the ozone in water are a consequence of its decomposition 

into various species: Figure 1 shows a cycle of ozone decomposition initiated by ions 

hydroxide, OH-, when in pure water at pH 7. Though the simplified diagram presents only 

the main species, it is possible to illustrate the complexity of ozone decomposition in 

water: detailed information can be found in literature [4,15,16]. This instability property 

of ozone raises the possibility of an additional way of oxidation: the indirect oxidation. 

While the direct oxidation is the degradation by the ozone molecules themselves, the 

indirect oxidation is the degradation through the hydroxyl radical, OH●, produced by the 

decomposition of ozone. The hydroxyl radicals, unlike ozone, are unselective in its 

oxidative process, in addition to having a redox potential even higher than the one from 

ozone, 2.80 V. These properties rend it an important oxidant species [17,18]. 

 

Figure 1 - Simplified cycle presenting the main species involved in the decomposition of 
ozone in pure water at pH 7 (adapted from [14]).  

The solubility of ozone in water can be estimated by Henry’s law, which states that, for an 

invariable temperature, the quantity of gas dissolved in the liquid, 𝑥, is directly 

proportional to the partial pressure of the gas in equilibrium with the liquid, 𝑦. Hence, the 

law can be translated into Equation 1: 

𝑦 = 𝐻 𝑥 (1) 
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In which 𝐻 is the Henry’s law constant. Though the law has some limitations, as it can be 

seen in [19] for a more detailed explanation, it provides a good estimate of the solubility 

of ozone in water through its constant: the lower the Henry’s constant is, the more soluble 

is the gas. As a consequence of the definition of the law, 𝐻 varies with temperature and 

the species themselves. Table 2 shows values of the constant for ozone, and oxygen for 

comparison, in different conditions, for given temperatures. It can be seen that ozone is 

more soluble in water than oxygen: at 20 °C, ozone is roughly 11.5 times more soluble 

than oxygen. However, during its most common applications, ozone in the gas phase is 

usually in low partial pressures when in contact with the liquid, hence hardly a 

concentration in water of more than 100 mg·L-1 is reached [13]. 

Table 2 – Henry’s law constant for given temperatures, in which it is compared the 
species ozone, in conditions realistic to its applications, and oxygen (adapted from [13]). 

Species Temperature / °C 

Henry’s law constant / 

mggas in gas phase·Lliquid phase·mg-1
gas 

in liquid phase·L
-1

carrier gas 

Ozone 10 wt% in oxygen 

0 1.7 

10 1.9 

20 2.6 

30 3.8 

Oxygen 100% 

0 20.4 

10 25.5 

20 29.9 

30 34.2 

 

2.1.1 Applications of ozone 

Ozone is used in various domains, ranging from food processing, medical, dental, 

pharmaceutical utilizations, and mainly for water treatment [20]. The amplitude of its 

usage lies in its properties described in the previous section: however, as the focus of this 

work is its application in water treatment, the two main manners of utilization of ozone in 

this domain will be hereinafter explored. 

Due to its high redox potential, as well as great reactivity, ozone can be utilised to 

destroy microorganisms with high efficiency, wide adaptability and cause low impacts in 

the environment [21]. As such, ozone was firstly applied for drinking water disinfection. 

The year 1906 represented its first implementation in a water treatment plant in Nice, 

France. Thereafter, its usage as disinfectant for water treatment has been rising: in 1940, 

119 water treatment plants utilised ozone, and, in 1972, this number had grown to at least 

1039 [15]. 
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Moreover, the properties of ozone rend it a good candidate for an oxidant. Oxidation of 

inorganic substances such as iron, manganese, cyanide, nitrite and hydrogen sulfide; as 

well as organic substances which cause odour and undesirable tastes, represents a 

secondary application of this gas in water treatment [5]. In drinking water treatment 

plants, it can be used as pre-oxidation, main oxidation and final disinfection [22]. 

2.1.2 Limitations 

As ozone is unstable, it cannot be stored, and, as such, it must be produced in situ. 

Usually, water treatment plants use ozone generators operating through Corona discharge, 

which consume energy in a range of 8 to 27 kWh for each kg of ozone produced, excluding 

any preparation of the input gas, which can be either air or an oxygen rich gas. This high 

energy consumption is associated with an efficiency of only 10% of the input energy being 

directly used into the production of ozone: the majority of the energy is used to produce 

heat, light and sound [22,23]. Hence, producing ozone can be expensive, and energy 

inefficient. 

Furthermore, the ozone generator produces typically a gas mixture with only 8 wt% to 12 

wt% of ozone, when using an oxygen rich feed, and less when using air [5], which leads to 

a low solubility of ozone in water, as it is predicted by the Henry’s law. As a consequence, 

usually ozone has a low mass transfer rate from the gas to the liquid phase. This results in 

high ozone supply demands, long contacting times between the liquid and gas phases, and 

equipment of considerable sizes in order to achieve the necessary concentration of ozone 

in the water [2,23]. As such, several studies have been done to investigate smaller 

equipment capable of providing higher mass transfer rates, as it will be discussed in the 

following section. 

2.2 Ozone dissolution equipment 

As ozonation occurs in the liquid phase, the ozone must be transferred from the gas phase 

into the liquid phase. This mass transfer is influenced by the type of equipment utilised to 

provide the mixing between phases, as well as other factors, such as the ozone 

concentration in the gas phase, the concentration of gas inside the mixing zone, the gas 

passage time, the ratio of gas to water, the diameter of the gas bubble, the type of 

reaction, and the operating conditions [4,13]. The efficiency of the gas dissolution using 

different equipment can be measured and compared through the volumetric mass transfer 

coefficient, frequently known as 𝑘𝐿𝑎, to which the equipment is associated. The higher 

the coefficient, the higher is the transfer rate, for equal conditions of temperature, 

pressure, pH and concentration in the gas phase: consequently, the higher the efficiency 

[24]. 
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Hereinafter, it will be discussed the most common mixing equipment systems for ozone 

applications in water treatment, and, at the end of the section, Table 3 will show a range 

of typical values of the volumetric mass transfer coefficients for the equipment discussed 

in this work. 

2.2.1 Fine bubble diffuser 

The fine bubble diffuser contactor is the technology most used in water treatment 

applications due to its simplicity, robustness, and requiring no more energy than the 

necessary for the initial gas compression. It consists of a series of chambers, each 

separated by walls called baffles, in which it both dissolves ozone into the water and 

provides space for the reaction of disinfection and/or oxidation. The gas injection is made 

through a porous stone diffuser below the contactor that creates small bubbles, as it can 

be seen in Figure 2A. The quantity of chambers by which it is constituted can vary 

depending on the application and the necessity, but it is frequent to find plants using 

contactors with two or three chambers [4]. 

This equipment is of easy maintenance, as it has no moving parts, in addition to providing 

an efficient ozone transfer into the liquid phase. Values ranging from 85% to 95% of the 

input ozone is solubilized, in which the lower value comes from gas streams with low 

ozone concentrations, such as 1 wt% to 2 wt%; and the higher values, from high ozone 

concentrations, 8 wt% to 10 wt%. However, to achieve this efficiency, it must usually be 

constituted of deep chambers, from 6.0 to 7.3 m, resulting in a bulky equipment [4,5]. 

The range of values of volumetric mass transfer coefficient shown in Table 3 is wide due 

to the many possibilities of arrangement, as well as the various types of diffusers and their 

characteristics. 

2.2.2 Packed column 

The gas-liquid contact provided by a packed column is continuous, in which the counter 

current configuration is most usual, whereby the liquid flows downwards over the packing 

surface, and the gas flows upwards, as it is shown in Figure 2B. The packing can be 

random, such as rings and saddles, which are arranged randomly inside the column; or 

structured, which is arranged regularly in order to provide high surface area with a high 

void fraction [25]. These different possibilities are associated with the range of values of 

volumetric mass transfer coefficient shown in Table 3. 

In a water treatment plant, the packed column has been used in one of two possibilities. 

On the one hand, the ozone can be diffused into the water before entering the column, as 

such, the equipment would be used as a reactor to disinfect and/or oxide; on the other 

hand, the gas phase can be injected directly into the column, so that the equipment is 
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both a mixer of the two phases, and a reactor. The main advantage of the packed column 

lies in not requiring moving parts, leading to minimal mechanical maintenance. However, 

this equipment is not as common as the others described in this section, for the 

application in water treatment plants [4]. 

2.2.3 Sparged or self-inducing impellers 

In this system, a vessel contains the liquid, inside which the gas is sparged underneath an 

impeller: a series of blades attached to a rotating shaft in order to create a radial flow of 

the fluid [26]. Consequently, the gas is dispersed into fine bubbles, raising the contact 

surface area of gas and liquid. Alternatively, the agitated tank can use the rotation of the 

impeller to create low pressure regions on the blade surfaces capable of inducing gas from 

the headspace into the liquid phase: an approach called the self-inducing impellers, which 

have the advantage of reducing gas compressing costs [27].  

In the two systems, baffles are used to further improve the mixing [28]: Figure 2C shows a 

baffled sparged impeller. Although a high efficiency can be achieved with both systems 

without the need of deep vessels, an external energy source is required to power the 

impeller, representing an additional operating cost in order to dissolve ozone into the 

water [29]. Different parameters, such as the quantity of baffles and the power used, 

generate the range of values of volumetric mass transfer coefficient presented in Table 3: 

only baffled systems are shown, as there are higher values associated with them, when 

compared to the unbaffled ones. 

2.2.4 Injectors and static mixers 

A viable alternative to fine bubble diffusers consists of separating the physical spaces in 

which the dissolution and the reaction occur. This approach can be done through a 

sidestream injection system, which uses either an under positive or negative pressure 

injector, to which there is a possibility of associating a static mixer, or the static mixer 

can replace the injector and be used alone. Figure 2D shows a sidestream representation 

that only uses a venturi injector: thus, a static mixer, such as the one shown in Figure 2E, 

can either be added after the injector, or replace it. Therefore, this system only provides 

a stream of ozonated water, which is then directed to another chamber, where the 

reaction of oxidation and/or disinfection occurs. As a consequence, the sidestream 

injection lowers the volume necessary for the reaction zone, in addition to having lower 

maintenance costs and more flexibility, when compared to the conventional bubble 

diffuser [5]. 

The negative pressure injection is typically made by flowing water in a pipe and 

compressing it through a small orifice in order to create a Venturi effect, i.e. creating a 
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partial vacuum, which attracts the gas into the flowing water. However, depending on 

certain factors, such as the ozonized gas pressure available, and downstream treatment 

units, additional pressuring may be necessary, such that a positive injection would be the 

adequate approach. This sidestream injection system alone provides an efficient transfer 

of ozone into the water, with values capable of reaching more than 90% [4,5]. 

On the other hand, the static mixer is able to provide similar or larger values of transfer 

efficiency when compared to other mixing methods [5,30], whilst having a series of 

benefits: it requires small space, it is a cheap equipment, no further power input is 

required besides the pumping, it does not use moving parts, among others advantages. 

This equipment can be described as a series of identical, motionless inserts, called 

elements, whose purpose is to modify the fluid flow, redistributing it in the radial and 

tangential directions [6,7]. Though there are various static mixers available, which can be 

found in literature [6]; this work will only focus on the NETmix, as it will be henceforth 

discussed. The different injector and static mixers designs are responsible for the range of 

values presented in Table 3, where it can be seen that the static mixers have the highest 

volumetric mass transfer coefficients among the discussed equipment. 

Table 3 - Range of values of volumetric mass transfer coefficients for the equipment most 
used in the dissolution of ozone in water/wastewater plants (adapted from [31,32]). 

Equipment 
Range of values of volumetric mass 

transfer coefficient / s-1 

Fine bubble diffuser 0.0001 – 0.1 

Packed columns 0.005 – 0.02 

Baffled sparged or self-inducing impellers 0.01 – 0.2 

Venturi injectors 0.06 – 0.21 

Static mixers 0.1 - 10 
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Figure 2 -A) Ozone bubble fine diffuser contactor; B) Packed column; C) Baffled sparged 
impellers; D) Sidestream configuration using a venturi injector; E) Ozone static mixer 

from Komax Systems, inc. (adapted from [7,25,29,33,34]) 

2.3 NETmix 

The NETmix is a patented static mixer composed of a network of unit cells: each cell is a 

chamber connected to two half channel inlets and two half channel outlets, which are 

oblique in relation to the direction of the flow. As such, the NETmix is a sequential 

interconnection of these identical unit cells. There are two preferential configurations of 

the NETmix unit cell, one in which the chambers are spherical and the channels are 

cylindrical; and other in which the chambers are cylinders with axis normal to the plane 

that contains the NETmix, and the channels are rectangular prisms [8]. Figure 3 shows a 

NETmix representation in three-dimensional space, in addition to examples of the unit 

cells of the two preferential configurations previously described. 

A few studies have shown the innovation and efficiency of the NETmix as both a mixer, 

and a reactor. The macromixing and micromixing capabilities of the static mixer were 

tested experimentally, and it was demonstrated that the degree of mixing can be 

controlled, resulting in an environment adequate to complex and fast reactions [9]. 

A) B) C) 

D) E) 
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Moreover, its energy performance was shown to be competitive with other static mixers 

available in the market, in which it can operate comparatively at lower pressure drops 

[10]. These characteristics, along with its versatility and high heat transfer area, have 

drawn the attention of researchers and industry alike.  

 

 

Figure 3 -A) Three-dimensional representation of a NETmix in a plate, in which the unit 
cells are composed of a cylindrical chamber, and the channels are rectangular prisms; B) 
Example of a unit cell in which the chamber is a cylinder, and the channel, a rectangular 
prism; C) Example of a unit cell in which the chamber is a sphere, and the channel is a 
cylinder. 

On the one hand, research has been done to determine innovative applications for the 

NETmix, in which it has been proven its capability as a photoreactor for homogeneous and 

heterogeneous reactions: the NETmix was validated for both homogeneous and 

heterogeneous photo-Fenton treatment of waters containing organic pollutants [35,36]. 

Additionally, its potential as a photocatalytic reactor was demonstrated for the 

degradation in liquid phase of contaminants, such as bromate, oxytetracycline, and 

arsenic [37–39]; as well as in gas phase, such as, volatile organic compounds [40]. On the 

other hand, the interest of the industry was evidenced by the implementation of a 

patented process for the production of nanocrystalline hydroxyapatite using the NETmix 

[41]. 

However, the majority of the studies have been done either in a liquid phase, or a gas 

phase, opening the opportunity to the evaluation of the performance of the NETmix as 

mixer of both gas and liquid, in a multiphase flow, as well as to the investigation of its 

A) 

B) 

C) 
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application as an alternative apparatus to processes currently applied in industry, and 

water treatment plants. 

2.4 Computational fluid dynamics and its applications 

As a third approach to the studies of fluid dynamics, computational fluid dynamics (CFD) is 

a tool developed to complement the two fundamental and classical approaches: 

experiment and theory. While CFD will never replace these two, it provides powerful 

information to aid in their understanding and interpretation. This tool was made possible 

by the advances in computer technologies, and the creation of numerical algorithms for 

solving complex equations. As such, CFD is a set of numerical techniques used to solve a 

mathematical model developed to describe a phenomenon based on the dynamics of the 

fluid: this model is centred on the equations of conservation of fundamental properties in 

nature - mass, momentum, and energy. Additionally, the model can be further 

supplemented in order to provide more information, for example transport equations, 

which describe the transport and distribution of intensive quantities, such as 

concentrations; or equations that provide the behaviour of multiple phases in the flow. 

Consequently, through the resolution of this model, CFD is capable of providing 

information of the considered phenomenon which is not easily available, such as the 

pressure, the velocity and the concentration maps associated to the simulated flow 

[11,42]. 

The success of CFD is seen through its vast applications in various domains, such as 

mechanical, naval, civil, environmental, and chemical engineering [11]. Although many of 

its applications throughout these domains can be cited, there will only be highlights of its 

uses in chemical engineering, as it is the domain of this work, whereby CFD has been 

utilised in both academy and industry. As a teaching tool, it provides students a better 

understanding of the known phenomenon studied by chemical engineering itself, such as 

the behaviour of flows inside certain reactors [43–45]. Furthermore, it is a tool embraced 

by researchers to investigate less known phenomena, taking advantage of its ability to 

give information, not easily obtainable experimentally, about the flow, without perturbing 

it. For example, it has been successfully used to contribute to understanding the influence 

of membrane spacers on the mass transfer of a membrane unit; it has become important 

in the studies of mass transfer phenomena regarding complex reactors; and it has allowed 

new approaches to the representation of the intricate phenomena of micro-mixing [46–48]. 

Lastly, the larger value of CFD to the chemical industry lies in the ease to assess the 

modification of characteristics of equipment in order to investigate its effects in the 

overall objective of the apparatus, when compared to the traditional modification through 
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experimentation. Hence, it is useful for designing, optimizing and scaling-up, leading to a 

more sustainable and flexible approach in the development of more efficient processes. 

Through a reliable CFD model, different possibilities can be tested, such as it has been 

done for the optimisation of fine bubble diffuser designs, the construction of membrane 

distillation designs, or the improvement of sparged impellers [49–51]. 

The NETmix itself has been the target of a few CFD investigations: in its inception, it was 

represented by a simple model in order to study the influence of the Reynolds number 

regarding certain properties of the mixer, in which it was found the critical Reynolds 

number – a value above which the flow attained an oscillatory behaviour – in accordance 

with experimental results [6]. Thereafter, a more sophisticated model was introduced, the 

NETmix Unit Block (NUB), consisting of 5 rows and 3 columns of the mixer, in which the 

first and third columns are composed of half chambers. It was discussed the plausibility of 

the NUB to represent a larger NETmix system through a translational periodic boundary in 

these cut surfaces of the first and third column, and this approach showed itself to be 

successful in representing the dynamics and pressure drop throughout the mixer [10]. 

Afterwards, the NUB concept was further analysed by varying the quantity of rows and 

columns, whereby the optimum configuration was found to be a geometry containing 9 

rows and 3 columns, a model named DoubleNUB [52]. Moreover, with the aforementioned 

rise in interest to use the NETmix as a photoreactor, models have been developed to 

describe the radiation field over the mixer, by which it was possible to evaluate its 

efficiency regarding the surface available to illumination sources [53]. 

Therefore, CFD is an adequate tool to model and simulate the flow inside NETmix mixers. 

Though most of the studies were performed in a single phase, there are works which show 

its potential to model a flow involving both liquid and gas [12]. Hence, it is an interesting 

approach to evaluate the flow of ozone and water inside the NETmix. 
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3 Materials and Methods 

As described in the previous chapter, CFD simulations are centred on the resolution of 

equations of three conservation quantities - mass, momentum and energy. Thus, three 

equations can be solved: the mass conservation equation, or continuity equation; the 

momentum conservation equation; and the energy conservation equation. The flow 

considered in this work is isothermal, and, as such, the energy conservation equation was 

not solved. 

The multiphase flow can be described by a number of different models, each based on two 

approaches: Euler-Lagrange and Euler-Euler. The Euler-Lagrange approach is adequate for 

the simulation of dispersed systems: when one phase is of small size, such as solid or fluid 

particles, compared to the total system. The phase of small size is called the disperse 

phase, whereas the other is the continuous phase. Thus, in this approach, the disperse 

phase is modelled through the definition of particle parcels distributed appropriately to 

represent the properties of the phase, in which the position and velocities of each parcel 

is described by ordinary differential equations. Whereas the continuous phase is 

represented by continuous transport equations. On the other hand, the Euler-Euler 

approach treats every phase, both disperse and continuous, as a continuum, and, 

consequently, it utilises continuous transport equations for each phase [42,54]. 

The Lagrange-Euler approach is not appropriate for the flow of this work, as the gas and 

the liquid are both occupying considerable volume fractions inside the NETmix: 

consequently, the Euler-Euler approach was used. The commercial CFD software ANSYS 

Fluent 18.2 is utilised in this work, and it has three built-in models for multiphase flow 

simulation: Volume of Fluid (VOF), mixture model, and Eulerian model. Each model is 

differentiated only in the way that the disperse phase is treated. The VOF uses a single set 

of momentum equations for the fluids, resulting in only one velocity field shared by all 

phases; the mixture model solves a set of mixture equations derived from average 

properties of the phases, producing separate velocity fields for each phase; and the 

Eulerian model solves a separate set of equations for each phase. In this work, the VOF 

model was chosen, as it is simpler, yet adequate to track the position of the interface 

between the gas-liquid flow [54]. Therefore, the equations associated with this model will 

be hereinafter described. 
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3.1 Volume of Fluid model 

The tracking of the interface between both phases is done through the concept of volume 

fraction: it is the ratio of the volume of a phase inside a cell and the volume of the cell. In 

this work, there is only a liquid and a gas phase, and, as such, all equations will be 

denoted considering only those two terms. The volume fraction of the liquid phase, 𝛼𝐿, 

and the volume fraction of the gas phase, 𝛼𝐺, in a cell, individually, must be a value 

between 0 and 1. Additionally, the sum of volume fraction of the gas and the liquid must 

be 1 in every cell. Therefore, in most cells, the volume fraction of a phase is either 0 or 1, 

with cells containing values in between where the interface is located: through this 

information, this method reconstructs the interface [55]. 

As such, the continuity equation is defined in Equation 2: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣⃗) = 0 (2) 

in which 𝑣⃗ is the velocity vector field, and 𝜌 is a volume-fraction-averaged mixture 

density, calculated by Equation 3: 

𝜌 = 𝛼𝐿  𝜌𝐿 + 𝛼𝐺  𝜌𝐺 (3) 

in which 𝜌𝐿 and 𝜌𝐺 are the density for the liquid and gas phases, respectively. Defining the 

gas phase as the primary phase, the volume fraction of the secondary phase, 𝛼𝐿, is 

calculated by Equation 4: 

𝜕

𝜕𝑡
(𝛼𝐿𝜌𝐿) + ∇ ∙ (𝛼𝐿𝜌𝐿𝑣⃗) = 0 

(4) 

The volume fraction of the primary phase is, then, calculated by the aforementioned 

restriction, whereby the sum of the volume fractions of both gas and liquid must be equal 

to one in each cell. As a characteristic of the model, only one momentum equation, shown 

by Equation 5, is solved, resulting into a single velocity field that is shared by both phases. 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇ ∙ [𝜇(∇𝑣⃗ + ∇𝑣⃗𝑇)] + 𝜌𝑔⃗ + 𝐹⃗ 

(5) 

In which 𝑝 is the pressure; 𝑔⃗, the gravitational acceleration vector; and 𝜇 is the 

volume-fraction-averaged dynamic viscosity, given by Equation 6: 

𝜇 = 𝛼𝐿  𝜇𝐿 + 𝛼𝐺  𝜇𝐺 (6) 

In which 𝜇𝐿 and 𝜇𝐺 are the dynamic viscosities of the liquid and gas phases, respectively. 

The source term 𝐹⃗ accounts for external forces which do not originate from pressure, 

gravity or viscosity. These forces can arise from interactions between the phases, resulting 

into drag force, lift force or surface tension: in this work, only the surface tension was 
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considered, as it is indispensable for the simulation of gas bubbles [12]. Thus, the model 

used to simulate this tension was the Continuum Surface Force (CSF) [56], which consists 

in expressing the force at the surface of the interface as a volume force 𝐹𝑣𝑜𝑙 through the 

divergence theorem based on the Laplace equation, then, adding it as the source term 𝐹⃗. 

Equation 7 shows the considered volume force, adequate for two phase systems: 

𝐹𝑣𝑜𝑙 = 𝜎
𝜌 𝜅𝐺  ∇𝛼𝐺

1
2

 (𝜌𝐿 + 𝜌𝐺)
= 𝜎

𝜌 𝜅𝐿 ∇𝛼𝐿

1
2

 (𝜌𝐿 + 𝜌𝐺)
 (7) 

In which 𝜎 is the surface tension between the phases; 𝜅𝐺 and 𝜅𝐿 are the curvatures 

associated with the gas and with the liquid phase side of the interface, respectively. The 

Continuum Surface Force model computes the curvature through local gradients in the 

surface normal at the interface, such that the curvature associated to a generic phase q 

side of the interface is calculated by Equation 8: 

𝜅𝑞 = ∇ ∙ 𝑛̂ =
∇𝛼𝑞

|∇𝛼𝑞|
 (8) 

In which 𝑛̂ is a unit vector normal to the surface. As there are only two phases, by the 

definition of curvature, 𝜅𝐺 = −𝜅𝐿, such that Equation 8 gives ∇𝛼𝐺 = −∇𝛼𝐿. 

3.2 Geometry and mesh 

A geometry is the spatial domain inside which the CFD model - the set of mathematical 

equations – is implemented. The NETmix has already been simulated through a validated 

geometry, the NETmix Unit Block (NUB), and its variations, albeit not yet experimentally 

validated for a gas-liquid flow [10,52]. The NUB, as previously stated, uses a translational 

periodic boundary in order to take advantage of the symmetry and quasiperiodicity of the 

structured network of chambers and channels. Thus, the NUB enables a model 

simplification which reduces the required time to perform the simulation, without 

sacrificing the reliability of the model. In this work, the DoubleNUB configuration, shown 

to be the best NUB configuration to describe the flow inside the NETmix [52], was used. 

This configuration is shown in Figure 4, along with its characteristic dimensions, as the 

NETmix is a network generated by the repetition of unit cells constituted by a chamber 

and four half channels: 𝐷1 is the diameter of the chamber; 𝐿, the length of the channel; 

and 𝑑, the width of the channel.  

However, one limitation of the NUB is its incapability of providing information regarding 

the shape of the entrance, as, in the NUB, the entrance is a half channel, whereas in 

reality the NETmix can have other entrance shapes. Thus, it was proposed a geometry, 

named the Half Network Geometry (HNG), to represent the multiphase flow inside a 
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NETmix, shown in Figure 4, which is a sixth of the total area of a real NETmix unit used in 

this work. A symmetry plane was imposed in order to extend the capability of the model 

to simulate a third of the static mixer, as the symmetry condition allows the mirroring of 

the solution in relation to this plane. This approach opens the possibility to evaluate the 

influence of the shape of the inlet at which the working fluids make their entrance inside 

the NETmix regarding the bubble formation. Furthermore, this configuration enables to 

account for a wall effect, from the last column of chambers, which is not assessed with 

NUB. Figure 4 shows the characteristic dimensions associated with the HNG, whereby 𝐷2 is 

the diameter of the smaller chamber; and 𝐷𝑖𝑛, the diameter of the inlet. It is to be noted 

that the outlets are only half channels. Through both geometries, two 2D meshes were 

developed with quadrilaterals of element size 62.5x10-6 m, resulting in 92 541 element 

cells for the NUB, and 312 134 for the HNG. 

 

Figure 4 – Geometry, characteristic dimensions and boundary conditions for the A) 
NETmix Unit Block used in this work; B) Half Network Geometry. 

3.3 Boundary and initial conditions 

To solve the set of partial differential equations, the CFD tool requires a number of 

boundary and initial conditions, which are used to delimit the space and time at which the 

solution is computed. At the inlets, it was determined, through Equation 9, the necessary 

A) B) 
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mass flowrate 𝑚̇𝑖 associated with the volumetric flowrate 𝑄𝑖 used in the lab scale. The 

mass flowrate was divided between the inlets in such way that the values at each inlet, 

once summed, would be equal to the total input mass flowrate for the respective phase. 

𝑚̇𝑖 =
𝜌𝑖  𝑄𝑖

𝑁𝑖𝑛,𝑖
 (9) 

In which the subscript 𝑖 indicates whether the quantity calculated is for liquid or gas, 

whereby 𝑖 is 𝐿 for liquid and 𝐺 for gas; and 𝑁𝑖𝑛,𝑖 indicates the number of inlets in which 

the phase 𝑖 enters. As it is an important parameter of this work, the calculation of the 

Reynolds number Rei associated with the fluid 𝑖 was performed by Equation 10: 

𝑅𝑒𝑖 =
𝜌𝑖  𝑣𝑖𝑛,𝑖 𝐷ℎ

𝜇𝑖
 (10) 

In which 𝐷ℎis the hydraulic diameter and 𝑣𝑖𝑛,𝑖 is the velocity of the fluid 𝑖 calculated at 

the first contacting channel, which can be calculated by Equation 11:  

𝑣𝑖𝑛,𝑖 =
𝑄𝑖

2 𝑁𝑖𝑛,𝑖 𝐴
 (11) 

In which 𝐴 is the cross-sectional area of the channel. By its geometry, it is the product of 

its width by its depth. The hydraulic diameter 𝐷ℎ is given by Equation 12: 

𝐷ℎ =
4 𝐴

𝑃
=

2 𝑤 𝑑

𝑤 + 𝑑
 

(12) 

In which 𝑃 is the wet perimeter. As the depth 𝑤 in 2D simulations is infinite because there 

are no viscous stresses in the third dimension, the hydraulic diameter can be simplified 

into 𝐷ℎ = 2𝑑. 

Additionally, the outlets utilised an assumption of manometric pressure equal to 0 Pa. For 

the wall of the geometry, it was established a no-slip condition, whereby the fluid has no 

velocity when it touches it, except for the wall to the left of the HNG, where it was used a 

symmetry condition in order to rend faster the calculation procedure. Moreover, the wall 

adhesion angle was modelled through the computation of the surface normal at the live 

cell next to the wall by Equation 13:  

𝑛̂ = 𝑛̂𝑤  𝑐𝑜𝑠𝜃 + 𝑡̂𝑤  𝑠𝑖𝑛𝜃 (13) 

In which 𝑛̂𝑤 and 𝑡̂𝑤 are, respectively, the unit vectors normal and tangential to the wall, 

and 𝜃 is a given contact angle. This result, when combined with the calculations 

performed by the CSF model to determine the surface normal one cell away from the wall, 

is capable of computing a curvature with which the surface tension is adjusted in Equation 

7. This approach develops a dynamic boundary condition for the wall adhesion 

phenomenon [56]. 
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For simulations with Reynolds number larger than the critical value of 200, an initial 

condition was created by the development of a steady state flow field through a 

simulation whereby shear free walls were defined at the middle of each complete 

chamber, parallel to the y axis. After a steady state was achieved, the walls at the middle 

of the chambers were removed, and the desired simulation was performed. If the Reynolds 

number is less than 200, and for this simulation with shear free walls, the adopted initial 

conditions were a zero velocity and manometric pressure field, and liquid filled geometry 

[6,12,57]. 

3.4 Solution methods 

The CFD tool solves the set of differential equations through an approximation by the 

discretisation of the equations themselves. While there are various methods of 

discretisation [55], each adequate for the different quantities computed, the chosen ones 

for the spatial discretisation are presented in Table 4. Furthermore, the method of 

coupling of pressure and velocity, which represents the coupling of the mass and 

momentum conservations, was the SIMPLEC scheme. All simulations in this work were 

performed in ANSYS Fluent 18.2. 

Table 4 - Chosen spatial discretisation for the indicated quantities. 

Quantity Discretisation 

Gradient Least squares cell based 

Pressure PRESTO! 

Momentum Third-order MUSCL 

Volume fraction Geo-reconstruct 

 

As the calculations performed were transient, the first order implicit time discretisation 

was selected. Moreover, the adequate time step size ∆𝑡 was estimated through the 

Courant-Friedrichs-Lewy (CFL) condition [58], represented by the Courant number Co, 

shown in Equation 14: 

𝐶𝑜 =
𝑣𝑀𝑎𝑥 ∆𝑡

∆𝑥
 (14) 

In which 𝑣𝑀𝑎𝑥 is proportional to the maximum fluid velocity, whether it is from the gas or 

the liquid, and it was calculated by 𝑣𝑀𝑎𝑥 = 1.5𝑀𝑎𝑥(𝑣𝑖𝑛,𝑖); ∆𝑥 is the mesh element size, 

which was 62.5x10-6 m. As such, it was determined a time step size that resulted in a 

Courant number equal to 0.05. The duration of the simulation was based on a proportional 

value of the passage time 𝜏, calculated by Equation 15: 
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𝜏 =
𝐴𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦

(𝑁𝑖𝑛,𝐺  𝑣𝑖𝑛,𝐺 + 𝑁𝑖𝑛,𝐿  𝑣𝑖𝑛,𝐿) 𝑑
 (15) 

In which 𝐴𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 is the area of the used geometry, approximately 1 183 mm2 for the 

HNG, and 335 mm2 for the NUB. It is to be noted that, in the HNG, the half channel to the 

rightmost entrance chamber must be counted as two half channels in order to reliably 

calculate the passage time. 
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4 Results and discussion 

4.1 Preliminary study of flow properties 

In addition to the validation of the simulation model, experiments were performed to 

identify different characteristics of the flow regarding the variation of two parameters: 

the direction of the flow, and the ratio of the value of gas volumetric flowrate and liquid 

volumetric flowrate. As the NETmix unit was used vertically, there were two possibilities 

of flow direction: upwards, whereby both gas and liquid flow against gravity; or 

downwards, whereby the gas and the liquid flow in the same direction as gravity. In this 

work, only co-current flow was tested, that is, both fluids flow in the same direction. For 

simplification, in this chapter, the upwards flow will be called upflow, and the downwards 

flow, downflow. Hence, for both flow directions, 6 volumetric flow ratios were tested in 

order to identify the main flow properties that are affected by the variation of the two 

parameters. Table 5 shows each ratio value tested, along with the corresponding Reynolds 

number associated with the liquid phase and the gas phase as calculated by Equation 10. It 

can be seen that the liquid Reynolds number was maintained fixed, corresponding to a 

volumetric flowrate of 28.8 L·h-1, while the gas volumetric flowrate was varied so that the 

desired ratio could be attained. For this experiment, oxygen was used as the gas phase 

instead of ozone because it was easier to control the values of flowrate injected in the 

mixer with the available equipment. This could be done as, with regard to the objective of 

this work, the difference of properties between both gases can be neglected, when within 

the same conditions. The liquid phase was composed of water. Additionally, there was no 

pressurisation of the NETmix, and the experiment was performed at room temperature of 

around 18 °C.  

Table 5 -Values of ratio of gas volumetric flowrate and liquid volumetric flowrate tested 
in the experiment, along with corresponding Reynolds number for each phase.  

 Reynolds number 

Ratio of gas volumetric 
flowrate and liquid 
volumetric flowrate 

Liquid phase Gas phase 

0.1 

500 

3 

0.25 8 

0.5 16 

1 32 

2 64 

4 128 
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In all experiments, the injection of the fluids was alternated between the chambers, that 

is, the rightmost chamber is injected with liquid, and the next chamber to the left, with 

gas, after which this pattern is repeated until the two chambers at the centre. 

Additionally, the leftmost chamber is also injected with liquid, and this pattern follows to 

the right, until the two chambers at the centre, resulting in a symmetry of injection, 

whereby the symmetry plane is the centre of the NETmix. This injection pattern, 

illustrated in Figure 5, was chosen so that the simulations performed by the HNG, which 

contains a symmetry plane, could also be compared to the experimental data. Thus, the 

experiment consisted of photographing the flow inside the NETmix with the 

aforementioned conditions at different times: the photographic camera used was a Nikon 

D34000, with lens Sigma 105 mm F2.8 EX DH. Information about the experimental setup 

used in this work can be found in Appendix A.  

 

Figure 5 - Pattern of injection of both phases inside the NETmix for all experiments. 

The results of the experiment for the upflow direction at ratios 0.1, 0.25 and 0.5 are 

displayed in Figure 6, whereas Figure 7 shows the ratios 1,2 and 4 for the same direction. 

The downflow direction is displayed in Figure 8 for ratios 0.1, 0.25 and 0.5, and in Figure 9 

for ratios 1, 2 and 4. In each of these figures, the value of the ratio is indicated by the 

symbol 
𝐺

𝐿
, and the gas phase is seen by the contours in contrast.  
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Figure 6 – Flow images for the upflow direction, for the ratio of gas volumetric flowrate 

and liquid volumetric flowrate (
𝐺

𝐿
) of values 0.1, 0.25 and 0.5. 
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Figure 7 - Flow images for the upflow direction, for the ratio of gas volumetric flowrate 

and liquid volumetric flowrate (
𝐺

𝐿
) of values 1, 2 and 4. 
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Figure 8 - Flow images for the downflow direction, for the ratio of gas volumetric 

flowrate and liquid volumetric flowrate (
𝐺

𝐿
) of values 0.1, 0.25 and 0.5. 
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Figure 9 – Flow images for the downflow direction, for the ratio of gas volumetric 

flowrate and liquid volumetric flowrate (
𝐺

𝐿
) of values 1, 2 and 4. 
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From the flow images for the upflow direction, it can be observed a characteristic 

accumulation of the gas phase at the upper part of the chambers of the NETmix for each 

flowrate ratio value tested, whereas the accumulation of the bubbles tends to be at the 

centre of the chamber at the downflow direction. Moreover, for upflow, a flow regime 

transition from bubbly to slug flow is observed. The bubbly flow regime is noted for the 

smallest gas-liquid ratios - 0.1, 0.25 and 0.5, in which the distribution of bubble sizes is 

almost uniform, while the slug flow occurs for the highest values of ratio, in which this 

distribution is non-uniform. Comparatively, the downflow provides an irregular distribution 

of bubble sizes for all flowrate ratio values tested, whereby it tends to produce larger 

bubbles than the upflow. The photographs also show that the downflow seems to have 

more gas inside the NETmix than the upflow, even when the same gas and liquid flowrate 

is used for both directions, that is, even though the same amount of gas is injected, there 

seems to have a higher concentration of gas inside the static mixer when the downflow 

direction is chosen.  

Therefore, through the taken photographs, the main flow characteristics for each tested 

property of the flow (ratio of gas volumetric flowrate and liquid volumetric flowrate, and 

the flow direction) were identified, of which a more thorough analysis is performed in the 

next section. As the numerical simulations require a long time to be accomplished, it was 

chosen only four experiments to be simulated, with which a validation of the numerical 

model is performed by a comparison of the photographs with the simulation results. 

Although simulation and experimental results will not be at the same time of the flow, the 

hydrodynamic characteristics of the flow can be compared. The chosen experiments were 

the gas-liquid ratios of 0.1 and 1 for each flow direction, thus enabling to capture and to 

analyse the characteristics of the multiphase flow of gas and liquid inside the NETmix, 

taking into account the perspective of both experimental and numerical data. 
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4.2 Analysis of flow properties and simulation validation 

As a result of the preliminary study, the chosen parameters to be simulated are 

summarized in Table 6. Hence, for each selected ratio value, both upflow and downflow 

were simulated. It is to be noted that Figure 4 displays both geometries at a downflow 

configuration, in which the upflow consists of swapping the inlets with the outlets for the 

NUB, and rotating 180º for the HNG. The simulations were done at the exact conditions of 

the corresponding experiment. It was considered every condition detailed in the previous 

section, as well as displayed in Table 5.  

Table 6 – Selected experiments to be simulated, for which a name is given to the 
corresponding parameters of the experiment. 

Condition 
Ratio of gas volumetric 

flowrate and liquid 
volumetric flowrate 

Flow direction 

A 
0.1 

Upflow 

B Downflow 

C 
1 

Upflow 

D Downflow 

  

Furthermore, the geometry used for the simulation at the conditions displayed in Table 6 

was the NUB and Table 7 shows the fluid properties for both oxygen and water considered. 

As the CSF model enables the consideration of the surface tension between the phases, a 

value of 73 mN·m-1 was utilised. The total simulation time was twice the passage time 

calculated from Equation 15, the time step size was found to be 8.3x10-6 s for the four 

conditions, and, for each simulation, a residual of 1x10-5 and a maximum of 40 iterations 

per time step was used as convergence criteria.  

Table 7 - Fluid properties used in the simulations of conditions A to D. The decimal places 
were kept unchanged to indicate the precision used in the simulations. 

Fluid Density / kg·m-3 Viscosity / Pa·s 

Oxygen 1.2999 1.919x10-5 

Water 998.2 1.003x10-3 

 

4.2.1 Condition A 

In this condition, the lower ratio leads to the formation of small bubbles whose size is 

almost uniformly distributed, resulting in a regime known as bubbly flow. Figure 10 shows 

the results from the simulation at different indicated times, all of which are compared to 
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two photographs taken from the experiments performed at the same condition. The 

passage time for the simulation was calculated to be 1.22 s. 

 

Figure 10 - A) Results, at different indicated times, of the simulation performed at 
condition A. The gas phase is indicated by the red colour, whereas the blue colour is the 
liquid phase; B) Two photographs taken from the experiment performed at condition A. 

The comparison shows that the shapes of the bubbles are well predicted by the CFD 

model, which is also successful to represent the stretching of the bubbles when moving 

from one chamber to the next, as well as the size of the bubbles themselves. A 

characteristic of the upflow is an accumulation of the gas at the upper part of the 

chamber, caused by the natural tendency of the gas to flow upwards due to buoyancy. The 

liquid is able to break the gas into bubbles, in which buoyancy naturally leads these 

bubbles into the upper part, where there is a possibility of getting trapped by the flow of 

liquid. Figure 11 shows a highlight of the main trajectory of the water, and it can be seen 

that the gas can be trapped in the region indicated by the red circle, between the two 

highlighted paths, while it moves upwards. This phenomenon can lead to an increase in 

the coalescence of the bubbles, as the gas bubbles coming from the channels below can 

collide with the gas accumulated in this part of the chamber. This coalescence can reduce 

B) 

A) 
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the efficiency of the mixture, as it can create bigger bubbles, reducing the available area 

of mass transfer between the phases. 

 

Figure 11 – Velocity contour displaying the main trajectory taken by the liquid, 
highlighted in green, and the region where the gas bubbles can be trapped, highlighted 

by the red circle. 

As the gas is accumulated, there are bubbles which interact with the surface of the 

NETmix during a longer period of time, when compared to the bubbles that only travel 

through the core region of the mixer. Consequently, this longer interaction leads to a full 

development of bubbles in contact with the surface: this detail is relevant in order to 

define the considered values of the parameters of the model. To successfully simulate this 

behaviour, the contact angle between the liquid, the gas, and the solid surface of the 

NETmix was considered by the model. The contact angle value was experimentally 

measured, through which the value 88º was implemented, considering the liquid as the 

secondary phase. Appendix B shows more information about the contact angle 

measurement utilised in this work. 

The CFD model is able to provide a complete picture of the flow, consequently rendering 

available information about the flow that is difficult to be obtained experimentally. One 

of this information is the volume fraction of each phase, gas and liquid, inside the overall 

volume of the NETmix, that is, the ratio of the volume of a phase inside the mixer in 

relation to the total volume of the mixer. Figure 12 shows the evolution of this quantity 

during the simulation time, whereby it can be observed that it increases until it is reached 

a constant behaviour around the value 0.07 for the gas volume fraction, where the 
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multiphase flow can be considered fully developed. It can be noted that the gas volume 

fraction is, by definition, the gas hold-up, an important quantity used to describe the 

multiphase flow in well-known equipment such as a bubble column [59]. In the NETmix, 

the gas volume fraction is directly related to the mass transfer capabilities of the mixer. 

 

Figure 12 - Evolution of volume fraction of gas and liquid phases for the condition A as a 
function of time divided by the passage time. 

4.2.2 Condition B 

When compared with the parameters of condition A, the only difference is the direction of 

the flow: the same direction as gravity. This is enough to eliminate the accumulation of 

the gas at the upper part of the chamber, which happened in condition A. As the liquid 

comes from the channels at the top of the chamber, instead of the bottom, it is able to 

drag the gas bubbles before they are able to accumulate at the upper part. However, for 

the downflow, there is a possibility of the bubbles, instead of exiting directly, bouncing at 

the bottom part of the chamber, which briefly impedes them to move, creating an 

obstacle to the following bubbles coming from the top: consequently, a brief coalescence 

situated at the centre of the chamber is possible. The two images in Figure 13 show this 

flow behaviour. 

Moreover, the natural tendency of the gas to move upwards due to buoyancy leads to an 

additional resistance to its movement downwards, resulting in a slower flow of the gas 

phase, when compared to condition A, such that the gas is withheld longer inside the 

NETmix. This result is displayed by the simulations in Figure 13, whereby, at time 2𝜏, the 

gas phase still has not reached the end of the mixer, whereas in condition A, the gas 

reached the outlet by time 𝜏. On the one hand, this longer time in which the gas is held 

inside the mixer enables a longer gas passage time, favouring the mass transfer of gas into 

the liquid. On the other hand, this resistance of movement facilitates the aggregation of 
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the gas phase, which, along with the aforementioned accumulation of the gas at the 

centre of the chamber, creates larger bubbles, disfavouring the mass transfer, in addition 

to creating a distribution of bubble sizes less uniform than what was found in condition A. 

The passage time for this simulation was the same as for condition A, that is 1.22 s. 

 

Figure 13 - A) Results, at different indicated times, of the simulation performed at 
condition B. The gas phase is indicated by the red colour, whereas the blue colour is the 
liquid phase; B) Two photographs taken from the experiment performed at condition B. 

As the gas no longer accumulates at the upper part of the chamber, and, instead, 

accumulates at the middle, the bubbles interact only briefly with the surface of the 

mixer. Thus, it was required to adapt the model to account for such brief interaction, such 

that the contact angle for the downflow simulations was taken as 0º, considering the 

liquid as the secondary phase, meaning that the gas will not adhere to the surface of the 

NETmix. Hence, the simulation was capable of capturing the sizes and the shapes of the 

bubbles, as well as the phenomena related to the movement of the bubble throughout the 

NETmix, such as the stretching of its shape when it moves between chambers. 

An evolution of both gas and liquid volume fractions is shown in Figure 14, in which it is 

visible that the system has not yet reached a fully developed flow, as the value of gas 

A) 

B) 
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volume fraction is still growing. This is consistent with Figure 13, whereby the gas phase is 

yet to reach the outlet. However, a comparison of value of gas volume fraction can still be 

made between conditions A and B, in which the gas volume fraction is larger for the 

condition B, and this condition will be stabilised around an even higher value. This result 

is a consequence of the gas retention characteristic of the downflow direction, whereby 

the slower flow of the bubbles leads to a larger accumulation of the gas inside the 

NETmix, or, in other words, a larger concentration of gas. At 2𝜏, the value of gas volume 

fraction for condition B is 0.18, which is more than double the value around which the 

condition A is developed, 0.07. Such result leads to the conclusion that the downflow 

direction is more adequate to the dissolution of gas into the liquid inside the NETmix. For 

the same amount of gas injected into the mixer, the downflow provides a higher gas 

passage time and a larger concentration of gas, albeit the formed bubbles tend to be of 

larger diameter. Additionally, this result explains the motive behind the apparent 

presence of more gas when the photographs for the downflow are compared with the 

upflow, within the same value of flowrate ratio. Due to the gas retention, the higher 

concentration of gas feigns the behaviour of the injection of more gas, when the two 

directions are compared.  

Although the results at 2𝜏 have not reached a steady state, they were herein displayed so 

that they could be directly compared with the results obtained for the other conditions. 

However, in order to further investigate condition B, the results were extended to reach 

time 5𝜏: these results are shown and evaluated in Appendix C. 

 

Figure 14 - Evolution of volume fraction of gas and liquid phases for the condition B as a 
function of time divided by the passage time. 
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4.2.3 Condition C 

By increasing the ratio of gas flowrate and liquid flowrate of condition A by tenfold, the 

flow regime changes visibly from bubbly flow to slug flow in condition C, which is a flow 

whose distribution of bubble size is non-uniform, as it is seen in the photographs in Figure 

15. The bubbles formed are larger, when compared to the condition A, and the gas visibly 

occupies larger fractions of the mixer. Moreover, it can be observed that the same 

phenomenon of gas accumulation at the upper part of the chamber from condition A is 

still present.  

The results from the simulation displayed in Figure 15 show that the model is still capable 

of predicting the small details of the hydrodynamics of the flow, even though the regime 

has changed: it is capable of representing from the smallest bubbles to the angular shape 

of some gas aggregates. It also modelled the bubble formation when the gas moves from 

one chamber to the next, the size distribution of the bubbles, and the gas accumulation at 

the upper part of the chamber, for which the same contact angle parameter of condition A 

was used, 88º. For condition C, the calculated passage time was 0.67 s. 

Additionally, the simulation was capable of providing the evolution of volume fraction of 

both phases, as it is shown in Figure 16. As expected, the injection of more gas leads to an 

increase of the gas volume fraction, from a value of 0.07 in condition A to 0.27 in 

condition C, which should increase the mass transfer of the gas into the liquid, although 

the bubbles that are formed in this condition are larger, and, therefore, provide less 

surface area to the gas transfer. This suggests that there is a trade-off to be considered, 

in which the injection of more gas both increases the gas hold-up, and decreases the 

available specific transfer area per volume of gas, whereby the former favours the mass 

transfer, whereas the latter is detrimental to this phenomenon. As such, it is expected 

that there is an optimal value of ratio of gas volumetric flowrate and liquid volumetric 

flowrate, which maximizes the transfer of gas into the liquid while keeping the injection 

of gas at the minimum, minimizing the costs associated with it. 
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Figure 15 – A) Results, at different indicated times, of the simulation performed at 
condition C. The gas phase is indicated by the red colour, whereas the blue colour is the 
liquid phase; B) Two photographs taken from the experiment performed at condition C.  

 

Figure 16 - Evolution of volume fraction of gas and liquid phases for the condition C as a 
function of time divided by the passage time. 

 

A) 

B) 



 
A low footprint ozone mixer based on the NETmix technology: CFD modelling and experimental validation 

Results and discussion    37 
 

4.2.4 Condition D 

Due to the phenomenon of gas accumulation at the centre of the chamber described in 

condition B, the formed bubbles naturally tended to be larger for the downflow, when 

compared to the upflow. From condition B to condition D, only the gas flowrate and liquid 

flowrate ratio was changed, increasing tenfold, which led to the distribution of size of 

bubbles in condition D averaging at the larger gas aggregates, as it is seen in the 

photographs of Figure 17: there are, in average, more bubbles capable of filling the entire 

chamber. The presence of these larger bubbles, when in comparison with condition C, 

shows that, for the downflow configuration, the gas phase is not broken up by the liquid 

phase into smaller bubbles as easily as in the upflow configuration. In addition to the gas 

accumulation at the centre of the chamber phenomenon, the increase in the difficulty to 

break the gas into small bubbles is also a consequence of the gas retention inside the 

static mixer, intrinsic to the downflow direction, which raises the concentration of gas.  

 

Figure 17 - A) Results, at different indicated times, of the simulation performed at 
condition D. The gas phase is indicated by the red colour, whereas the blue colour is the 
liquid phase; B) Two photographs taken from the experiment performed at condition D. 

These larger bubbles are well predicted by the simulation, as it can be observed by the 

results displayed in Figure 17, along with the size distribution of the bubbles, their shape, 

A) 

B) 
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as well as the stretching, growth and deformation of the bubbles associated with the 

movement of the gas throughout the static mixer. Moreover, when comparing the 

numerical results of all four conditions, it can be observed that the gas requires more time 

to reach the outlet of the mixer when the downflow direction is used: the condition D 

required a time of simulation of 𝜏 so that the gas could start to leave the mixer, whereas 

only 0.5𝜏 was needed for condition C. This indicates that globally the downflow direction 

provides a larger gas passage time, doubling this time when comparing conditions C and D, 

and more than doubling when comparing A and B. For more precise values in this increase 

in gas passage time, a more rigorous calculation was performed in Appendix D. As a larger 

gas passage time favours the mass transfer of gas into liquid, the downflow direction 

shows itself to provide an advantage over the upflow direction with regard to gas/liquid 

mixing through the NETmix. The calculated passage time for the condition D was the same 

as condition C, that is, 0.67 s. 

A higher concentration of gas inside the NETmix is observed through the evolution of the 

volume fraction of gas and liquid phases along the total time simulated, seen in Figure 18. 

The gas hold-up for the condition D stabilises around the value 0.47, almost double the 

value around which condition C stabilizes. This further agrees with the conclusion that the 

downflow configuration favours the mass transfer to the detriment of the upflow 

configuration, as downwards is the direction by which the injected gas is more efficiently 

utilised. 

 

Figure 18 - Evolution of volume fraction of gas and liquid phases for the condition D as a 
function of time divided by the passage time. 
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4.3 Analysis of entrance shape influence on the bubble formation 

One limitation of the NUB geometry is the incapability of evaluating the shape of the 

entrance with regard to the bubble formation, as the entrance of the NUB is already a 

channel. In reality, for the experimental setup used in this work, the entrance was a 

chamber, in which either phase was injected at the centre of the chamber by a tube of 

diameter 1 mm positioned perpendicularly to the flow. Hence, the fluids are injected in a 

direction perpendicular to the ones in which they flow.  

On the one hand, the previous results may suggest that there is no influence of the shape 

of the entrance on the bubble size distribution, and bubble shape, as the entrance shape 

was not considered, and the simulations still agreed with the experimental data. On the 

other hand, this conclusion cannot be confirmed until the entrance shape is indeed 

considered, and its effects, evaluated. Thus, the proposition of the geometry which 

considers the entrance shape is performed in this work, and its utility in representing the 

multiphase flow is hereinafter tested. 

In order to perform the simulation with this geometry, it was chosen ozone as the gas 

phase and water as the liquid phase, of which Table 8 shows the fluid properties 

considered. The Reynolds number of the liquid phase was chosen to be 50, whereas, for 

the gas phase, it was 9, resulting in a value of ratio of gas volumetric flowrate and liquid 

volumetric flowrate of 1.5. Due to such low values of Reynolds number, it was chosen the 

upflow direction, because downflow would result in a divergence error as a consequence 

of the gas being unable to flow downwards, whereby its buoyancy would prevail over 

gravity, requiring additional pressurisation of the system, which was undesired. Thus, as 

seen in conditions A and C, both in upflow direction, for which the contact angle played 

an important role in the simulations, the contact angle was also accounted at the value 

88º, however considering the gas phase as the secondary phase. The surface tension was 

also considered 73 mN·m-1. Furthermore, as the geometry, comparatively to the NUB, is 

larger, the passage time calculated was 4.72 s, hence, it was chosen to simulate only one 

passage time, considering the residuals at 1x10-4, with a maximum number of 40 iterations 

per time step, and a time step size of 5x10-6 s to guarantee convergence with each time 

step. 

Table 8 - Fluid properties used in the simulation with the HNG. The decimal places were 
kept unchanged to indicate the precision used in the simulations. 

Fluid Density / kg·m-3 Viscosity / Pa·s 

Ozone 1.996 1.172x10-5 

Water 998.2 1.003x10-3 
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Two photographs taken from the experiment, performed at the same conditions of the 

simulation, are displayed in Figure 20, whereby it can be seen that the flow is dominated 

by large bubbles: this is consequence of the lower Reynolds number of the liquid phase, 

resulting in a low capacity to break the gas into smaller bubbles. Additionally, as expected 

for the upflow direction, these bubbles are accumulated at the upper part of the 

chamber. 

Furthermore, results from the simulation at four different selected flow times are seen in 

Figure 20, in which the comparison with the photographs shows that the model with the 

HNG is capable of representing the multiphase flow and its phenomena, in addition to 

considering the entrance shape. Consequently, additional information regarding the 

entrance can be obtained, such as pressure distributions that may indicate the presence of 

preferential paths of the gas phase during its movement throughout the NETmix. On the 

other hand, it is visible that the photographs show chambers more filled with gas than 

what is presented in the simulations: the results shown for the numerical solution are not 

at the same flow state of the photographs, requiring more time performing the simulation 

to reach such state. This highlights the biggest disadvantage of using the HNG approach, in 

which the consideration of additional information for the simulation led to the 

requirement of more than fourfold the necessary time to conclude the simulations 

performed with the NUB using the same computer. Therefore, such high computational 

cost indicates that the HNG needs to be simplified further to be realistically useful, as it is 

unable to provide results within reasonable simulation time, even if a powerful computer 

is used. 

Though more simulation time would be necessary to fully compare the experiment with 

the numerical solution, one result can already be obtained through the analysis of the 

performed simulation alone. When the entrance chamber is partially filled with one phase, 

such that the phase occupies the entirety of a channel associated with the entrance 

chamber, the behaviour of this phase, in the entrance, is identical to that obtained by the 

NUB geometry. Hence, when this occurs, the entrance shape can be removed, as it is done 

by the NUB approach, and the simulation can be performed independent of the entrance 

shape. This result is illustrated in Figure 19, whereby it is shown a comparison of the 

entrance behaviour between the HNG when the entrance chamber is removed, and the 

NUB, which already does not consider the entrance shape. 
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Figure 19 - Comparison of the behaviour of the phases at the inlets between the HNG 
without the entrance chamber, and the NUB geometry. The picture from the HNG comes 
from the Figure 20, at time 𝑡 = 0.25𝜏; whereas the NUB picture, from Figure 10, at time 

𝑡 = 2𝜏. 

Consequently, the limiting factor of the entrance of the NETmix, regarding the bubble 

shape formation, is not the shape of the entrance itself, but the dimension of the channel 

to which the entrance is connected: if the channel is filled with a phase, then the shape of 

the bubble it produces will not be affected by the shape of the entrance. In other words, 

the only way that the entrance shape influences the shape of the bubbles is if the phase 

does not occupy the entire channel, and instead occupies less of it, for example, if the 

bubble coming from the inlet has a diameter value of less than the width of the channel. 
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Figure 20 - A) Results, at four different indicated times, of the simulation performed 
with the HNG. The gas phase is indicated by the red colour, whereas the blue colour is 
the liquid phase; B) Two photographs taken from the experiment performed at conditions 
equivalent of the simulation done with the HNG. 

 

B) 

A) 
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5 Conclusion 

With the objective of describing the multiphase flow of ozone and water inside the 

NETmix, this work proposed a CFD model based on the Volume of Fluid approach, which 

was implemented in two geometries, the NUB as well as a proposed geometry, the HNG. 

Additionally, experiments were performed to both validate the proposed model and 

comprehend the main properties and characteristics of the flow of gas and liquid inside 

the static mixer. 

The experiments performed with the variation of the two flow parameters considered 

(ratio of gas volumetric flowrate and liquid volumetric flowrate, and flow direction) 

indicated that there is a significant difference between flowing the two phases upwards or 

downwards. The flow upwards leads to an accumulation of gas at the upper part of the 

chamber as a consequence of the natural tendency of the gas to move upwards due to 

buoyancy. In contrast, the gas tends to accumulate at the centre of the chamber for the 

downwards flow, due to the bubbles which do not exit the chamber directly hitting the 

bottom part of this chamber, then stopping at the centre of it. Consequently, an obstacle 

is created for the following bubbles coming from the top, resulting in a collision of bubbles 

at this region, which generates larger bubbles for the downwards flow, when compared to 

the upwards flow. Moreover, the variation of the ratio indicated that, for the upwards 

flow, the regime is transitioned from bubbly flow to slug flow when the ratio is increased, 

whereas the downwards flow provided a non-uniform distribution of bubble sizes already 

from the lower values of the ratio tested. 

In addition to identifying the main flow properties, the experiments were utilised to 

comprehend the phenomena associated with the flow and validate the proposed model. 

Through a comparison of experimental and numerical results, the model was 

demonstrated to enable an accurate representation of the multiphase flow. This model 

simulates correctly the phenomena related to all selected ratios and flow directions, as 

well as predicts the behaviour, shape and size of gas bubbles as they flow throughout the 

NETmix. Furthermore, the simulations provided additional information about the flow, 

with which it was possible to conclude that the downwards flow direction is more 

advantageous to the mass transfer of gas into liquid, as it is associated with a larger gas 

passage time, as well as a larger concentration of gas inside the mixer. These two results 

are related to the phenomenon of gas retention intrinsic to this flow direction, 

consequence of the resistance of the gas to move downwards due to buoyancy. Lastly, the 

simulation with the HNG showed that the entrance shape has no influence on the 
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formation of bubble, shape, and size, as long as the gas phase occupies the entirety of the 

channel associated with the entrance chamber. This means that, if such conditions are 

met, the decisive factor of bubble formation is the dimension of the channel instead of 

the entrance chamber. Hence, in this case, the NUB, which does not consider the entrance 

shape, is a more appropriate geometry for the representation of the multiphase flow, as it 

provides results in a shorter period of time, comparatively to the HNG.  

Therefore, this work proposed a CFD model that can be used to modify operational and 

geometrical parameters of NETmix units in order to improve its usage to dissolve ozone 

into water. It is clearly shown the capabilities of the CFD tool in the optimisation of the 

static mixer with the objective of introducing an alternative mixing method, to be used in 

ozonation processes in water and wastewater treatment plants, which benefits from the 

advantages associated with the NETmix to achieve a higher efficiency of ozone utilization. 
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6 Assessment of the work done 

6.1 Objectives achieved 

The objectives of this work were successfully accomplished, whereby a multiphase CFD 

model was developed, and validated with experimental data. This indicates that the 

model can be used to represent a NETmix unit, as well as to perform further investigations 

in order to optimise the mixer regarding the dissolution of ozone into water. Furthermore, 

both experimental and numerical results were utilised to analyse the behaviour of the 

two-phase flow, through which the main flow phenomena were identified, comprehended, 

and discussed, leading to conclusions that already aid to determining the best conditions 

to transfer gas into liquid using the NETmix. 

6.2 Final assessment 

While the NETmix is the focus of many studies in recent years, only a few were done in a 

two-phase arrangement, whereby gas and liquid flow, and even fewer were focused on the 

comprehension of this gas-liquid flow phenomena. As such, this work is a contribution to 

understanding the potential of this static mixer and is looking to extend the current 

applications of this technology. Additionally, the developed model enables the possibility 

to test different designs of the NETmix without building a new physical unit, bringing an 

advantage into the effort of finding an optimised NETmix unit to dissolve ozone into 

water. 

On the other hand, the numerical results require a lengthy amount of time to be acquired, 

needing powerful computing machines to provide results within reasonable time. 

Moreover, the proposed model approach does not consider the concentration of the 

species, and, therefore, is unable to provide more specific mass transfer information 

about the flow, such as the volumetric mass transfer coefficient. 

Hence, it is proposed as future works the utilisation of the proposed model to investigate 

different geometric and physical parameters regarding the optimisation of the NETmix to 

transfer ozone into water. Additionally, whilst the model as proposed in this work does not 

consider concentrations of species in each phase, it can be extended so that they are 

considered, which could be interesting to evaluate if such extension is indeed valuable by 

enabling the determination of mass transfer rates, or if it is reasonable to be neglected. 
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Appendix A – Experimental setup 

A diagram of the experimental setup used in this work is provided in Figure 21. The oxygen 

was supplied directly from a cylinder, whereby the mass flow controller adjusted the gas 

flowrate value injected in the NETmix, whereas the water was injected by a gear pump, in 

which the rotation of the pump was calibrated, previous to the experiment, with the 

desired liquid flowrate. Moreover, the liquid containing the gas was recirculated into the 

NETmix, which would not affect the hydrodynamics of the flow and would require less 

water to perform the experiment. The configuration displayed in Figure 21 is at a 

downwards direction, in which both fluids are injected at the top: for the upwards 

direction, the distributors are connected at the bottom of the NETmix. The author would 

like to thank Mateus Pituco who kindly provided a diagram from which Figure 21 could be 

adapted.  

 

Figure 21 - Diagram with the experimental setup used in this work. 
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Additionally, a photograph of the NETmix  unit, the distributor and the mass flow 

controller used in this work is displayed in Figure 22. 

 

Figure 22 - The NETmix unit, the mass flow controller and the distributors which compose 
the experimental setup utilised in this work. 
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Appendix B – Contact angle measurement 

As the proposed models included the simulation of the contact angle between the phases, 

it was necessary to perform the measurement of this quantity. In order to obtain a good 

approximation, it was used a slab constituted of the same material of the NETmix unit 

utilised in this work for the experiments – stainless steel 316. Then, this slab was inserted 

in the equipment Theta Lite, whereby a drop of water, with a volume of approximately 

5 µL, is dropped onto the surface of the slab, after which the measurement is performed 

by a camera linked to a software in a computer. The contact angle is measured by the 

Young-Laplace method, in which a line of reference is adjusted either manually or 

automatically through the software: the camera allows a recording of the first 10 s of the 

fall of the drop of water, during which the contact angle is measured multiple times. 

However, in this work, only the measurements done at the 10 s were considered, in which 

it was supposed that the system had attained a steady state. Figure 23 shows four 

measurements performed by the equipment, whereby, in this work, it was used the mean, 

rounded up, of all the displayed values. As such, the value of contact angle used is of 

phases air, water and stainless steel 316, which is a good approximation of what is present 

in the multiphase flow studied. 

 

Figure 23 - Picture of each of the four contact angle measurements at 10 s after the drop 
of water droplet on the surface of the stainless steel 316 slab, containing measurements 

performed by the software.
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Appendix C – Extention of Condition B results 

Condition B consisted of selecting the downwards flow direction and the gas/liquid 

volumetric flowrate ratio value of 0.1. As it was previously discussed in Section 4.2.2, for 

this condition, the results obtained showed that the gas had not yet reached the outlet at 

the end of the simulation, which was twice the respective passage time (1.22 s). This 

displayed the increase in gas passage time when the downwards flow direction was 

chosen. In order to observe the flow behaviour of condition B in its steady state, it was 

increased the time during which this condition was simulated to fivefold the respective 

passage time, for which the results are shown in Figure 24. It can be seen that the gas 

phase only exits the geometry at around 3𝜏, which is thrice the necessary time for when 

the same ratio value is used, but the flow direction is upwards. In other words, the 

downwards flow direction tripled the gas passage time in the reactor. 

Additionally, the volume fraction of both phases as a function of time divided by the 

passage time was also calculated until fivefold the passage time, as it is shown in Figure 

25. From this result, it can be observed that the gas volume fraction averaged around 0.25 

when the steady state is reached, which is more than three times that obtained in 

condition A, 0.07; and almost as high as what was obtained in condition C, 0.27, in which 

a gas/liquid volumetric flowrate ratio value of 1 was considered. Therefore, the fraction 

of gas of the condition in which the flow direction was downwards and the least amount of 

gas was injected was almost as equivalent as when 10 times more gas was injected inside 

the NETmix when the upwards flow direction was used. 
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Figure 24 - A) Results, at different indicated times, of the simulation performed at 
condition B, extended to 5𝜏. The gas phase is indicated by the red colour, whereas the 
blue colour is the liquid phase; B) Two photographs taken from the experiment 
performed at condition B. 

 

Figure 25 - Evolution of volume fraction of gas and liquid phases for the condition B, 

extended to 5𝜏, as a function of time divided by the passage time. 

 

B) 

A) 
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Appendix D – Rigorous calculation of the 

increase in gas passage time from upwards flow 

to downwards flow 

As seen in Chapter 4.2, and Appendix C, when the gas/liquid flowrate ratio is maintained 

constant, and the flow direction is changed from upwards to downwards, there is an 

increase in the gas passage time, which was estimated through the numerical results. It 

was observed roughly when the gas bubble first reached the outlet of the geometry for 

each condition, and then these observations were compared, which resulted in the 

conclusions that for the ratio 0.1, the gas passage time was increased about threefold, and 

for the ratio 1, it was about twofold. However, these increases can be calculated more 

precisely, as it will be done hereinafter. The gas passage time 𝜏𝐺
𝑗
 associated to a flow 

direction 𝑗 – D for downwards and U for upwards – can be calculated by Equation 16: 

𝜏𝐺
𝑗

=
𝛼𝐺

𝑗
 VNETmix

𝑄𝐺
𝑗

 (16) 

In which 𝛼𝐺
𝑗
 is the overall gas volume fraction, as discussed in Section 4.2.1; 𝑉𝑁𝐸𝑇𝑚𝑖𝑥 is the 

volume of the NETmix; and 𝑄𝐺
𝑗
 is the gas volumetric flowrate being injected inside the 

mixer. As the volume of the NETmix is a constant, and the gas volumetric flowrate was 

invariant with the flow direction, changing only when the ratio value was varied, then, for 

a given ratio value, the ratio of downwards flow and upwards flow gas passage time 𝜏𝐺
𝐷/𝜏𝐺

𝑈 

is calculated by Equation 17: 

𝜏𝐺
𝐷

𝜏𝐺
𝑈 =

𝛼𝐺
𝐷 VNETmix

𝑄𝐺
𝐷

𝛼𝐺
𝑈 VNETmix

𝑄𝐺
𝑈

=
𝛼𝐺

𝐷

𝛼𝐺
𝑈 (17) 

Hence, the averages of the overall gas volume fractions estimated for the steady state of 

the flow for each condition in Chapter 4.2, summarised in Table 9, can the used to 

calculate the increase, at the steady state of the flow, in the gas passage time when the 

flow is changed from upwards to downwards. It can be seen from Table 6 that, from 

condition A to B, the ratio value was maintained at 0.1, and the flow changed from 

upwards to downwards; similarly, from condition C to D, the ratio value was maintained at 

1, and the flow direction was altered from upwards to downwards. As such, these two 

pairs, A/B and C/D can be directly compared by Equation 17, resulting in the values 

displayed in Table 10. 
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Table 9 - Results obtained for the steady state average value of the overall gas volume 
fraction for each condition tested in this work. 

Condition 
Steady state average value of the overall 

gas volume fraction 

A 0.07 

B 0.25 

C 0.27 

D 0.47 

  

Table 10 - Results of the increase in gas passage time when the flow directions is changed 
from upwards to downwards, for each ratio value tested. 

Condition pair 
Ratio of gas volumetric 

flowrate and liquid 
volumetric flowrate 

Ratio of downwards flow 
and upwards flow gas 

passage time 

A/B 0.1 3.57 

C/D 1 1.74 

 

Therefore, it is verified that the downwards flow, when the steady state is reached, more 

than triples the gas passage time in relation to the upwards flow for the ratio value 0.1, 

and almost doubles this gas passage time for the ratio value 1, agreeing with the 

estimations performed in Chapter 4.2 and Appendix C. 


