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Abstract

:

Barbotage reactors such as airlift reactors (ALR) and bubble column reactors (BCR), due to their two-phase flow systems, were investigated in many research papers. In their basic design variants, they are typically used to lift, mix, and aerate liquids, while, when equipped with additional elements in hybrid variants, their individual properties, i.e., lifting, mixing, and aeration of liquids, can significantly change with the same reactor geometry. The object of this study was to develop a hybrid barbotage reactor in various structural design variants. The structure consisted of a barbotage column of 50 mm in diameter, used to transport a water–air mixture outside the reactor (so-called external loop). The installation was additionally equipped with a nozzle in order to improve mixture aeration and circulation efficiency. The nozzle was mounted at various heights of the column pump segment. Additionally, the reactor was equipped with s moving bed in two variants (20% and 40% reactor capacity) in order to determine its effect on the mixture aeration and circulation conditions. Based on the measurement results, aeration curves were prepared for various structural design and column packing variants of the reactor. Properties of the two-phase mixture were determined for both parts—ALR and BCR. Technological and energy parameters of the aeration process were calculated, and the results obtained for the individual structural design variants were compared. It was found that, for the most advantageous design, in terms of aeration efficiency, the aeration nozzle should be placed in the mid-length of the pump segment of the barbotage column, irrespective of the hybrid reactor packing rate with the moving bed. The reactor packing with the moving bed resulted in a decreased mean water velocity in the reactor. For most analyzed structural design variants, the respective packing with the moving bed had no significant effect on aeration efficiency. Only for one structural design variant did the lack of packing significantly improve oxygen levels by as much as approximately 41%.
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1. Introduction


Various factors influence water aeration processes, both directly and indirectly. Oxygen solubility in water depends mainly on water temperature and the intensity of mixing, rather than atmospheric pressure and salinity [1,2,3]. An increase in water temperature causes a significant decrease in the amount of oxygen dissolved in water. According to Fick’s equation, a larger concentration gradient of oxygen dissolved in water between the saturation concentration and the current concentration denotes a higher oxygenation capacity. In addition, an increase in circulation (mixing) intensity supports aeration and oxygen transfer [4,5].



The term barbotage refers to the flow of many gas bubbles through the liquid layer. This phenomenon is found in airlift reactors (ALR), airlift pumps (ALP), bubble column reactors (BCR), etc. If the systems are placed in a tank with additional elements promoting circulation and/or with a filling material in the form of large specific surface area profiles, they may be the main components of an ALR, providing appropriate conditions for the removal of contaminants and periodic transport of the treated liquid [6,7,8].



Although many sources present characteristics of two-phase flow and describe this phenomenon using mathematical models [3,9,10], the available literature presents limited information on research concerning liquid aeration efficiency in airlift reactors and bubble columns, particularly those retrofitted with additional circulation promoting elements and/or with a filling material increasing the transfer of oxygen to the liquid [11]. Therefore, the need arises not only for a theoretical analysis of barbotage, but also the effects of such a system, i.e., hybrid barbotage reactors (HBR).



Although the literature presents a relatively abundant body of research results, hybrid barbotage reactors were not extensively investigated. It is advisable to focus primarily on the interactions between the phases, which, in reality, are closely interdependent [5,12,13], and on the effect of the system size on the results.



Unfortunately, experimental studies on multi-phase flows are relatively difficult to conduct, as they are connected with the dynamics in turbulent flows [14]. The main problems here are related to the phenomena of large spatial and time scales [15]. Moreover, the used apparatus is burdened with its own limitations for the precision of measurement when assessing the location and velocity of particles and individual phases in the three-dimensional space within a given time point. Recently, research tools dedicated, e.g., to studies on multi-phase flows such as DNS (direct numerical simulations) were developed [16,17]. In those tools, turbulent flows are typically modeled applying Euler’s method by solving incompressible Navier–Stokes equations, while the transfer of energy adjusted to scale is executed taking into consideration Kolmogorov theory [18,19]. In turn, the development of numerical techniques in problem solving based on the multi-scale approach was proposed by Andersson et al. [20] and Grew et al. [21]. Review papers on the subject present descriptions of studies in various time and length scales, starting from atoms and molecules through single devices up to complete technological lines of entire systems [22]. The description of these phenomena is facilitated by the development of computational tools such as computational fluid dynamics (CFD), providing an analysis of mass, momentum, and energy transport, as well as evaluation efficiency of the process equipment within the length scale from 10−5 to 10 m. The CFD technique is based on the continuity theorem, which assumes that the equations of continuum mechanics may be applied to systems with a molecular structure. The phenomena of mass, momentum, and energy transport are described by non-linear, differential equations supplemented with unequivocal conditions, including boundary conditions, designed to ensure an unequivocal solution [23]. A numerical solution consists of the discretization of a differential problem, producing a system of nonlinear algebraic equations, for many years constituting an important research subject in fluid mechanics [24].



Four theories are applied to describe the mechanism of gas transfer: film, penetration, surface renewal, and film-surface renewal, thus facilitating certain model simplifications [25]. Of these, the penetration theory is most commonly used to discuss gas transfer to a liquid in bubble columns [25].



Many different proposals are presented in the literature concerning the implementation of experimental techniques to assess kLa. They include, e.g., the dynamic method developed by Dang et al. [26], the start-up dynamic method, the dynamic pressure method [27,28], and the dynamic method for fermenter systems [29]. They all rely on measuring oxygen concentration in the reactor after a step change in the input gas.



The aim of this study was to determine the effect of structural design variants and the moving bed packing in a barbotage hybrid reactor on hydraulic conditions and aeration efficiency. The performance of a hybrid barbotage reactor was tested at two heights of an additional nozzle installed to enhance mixing and aeration processes and at varying rates of the reactor moving bed packing.




2. Review of Literature


2.1. Aeration Parameters


In industrial and design practice, several parameters are most commonly used to characterize the effectiveness of aeration devices. These are technological parameters, such as oxygen capacity and standard oxygen transfer rate, and economic parameters, i.e., standard oxygen transfer efficiency and standard aeration efficiency described in the source texts: (ASCE Standard 1992) [30] and (German ATV 1997) [31].



Oxygenation capacity (OC) determines the amount of oxygen introduced into the liquid in kg O2/m3∙h at the initial oxygen deficit (Equation (1)).


  O C = 2.303       10   − 3   ×    c s ′  ×    1   t n    ×        k  10      k r        × log    c s  −  c o     c s  −  c t    ,  



(1)




where    c s ′    is the oxygen concentration in the liquid in the state of saturation at a temperature of   10   ℃  , and pressure of 1013 hPa (g/m3; for clean water    c s ′    = 11.33 g/m3),    t n    is the oxygenation time (h),    k  10   ,      k r    are the oxygen diffusion constants in the liquid at a temperature of 10   ℃   and at the temperature at which oxygenation was carried out,    c s    is the oxygen concentration in the liquid saturated at the measurement conditions (g/m3),    c o    is the initial oxygen concentration in the liquid at the start of oxygenation (g/m3), and    c t    is the oxygen concentration in the liquid after oxygenation over time    t n    (g/m3).



The maximum oxygenation capacity is expressed by Equation (2).


  O  C 0  = 26.1   ×    k L  a   ×      k  10      k r      ,  



(2)




where kLa is the oxygen volumetric mass transfer coefficient for temperature T (min−1).



The methodology to determine kLa based on measurements of dissolved oxygen concentration during the time of delivery was presented by Suschka et al. [32].



Standard oxygen transfer rate (SOTR) determines the amount of oxygen in kg O2/h introduced into the liquid during the operation of the aerator (Equations (3)–(5)).


  SOTR =  k L   a  20   ×    c  s , 20     ×   V ,  



(3)




where V is the volume of the aeration chamber (m3), cs,20 is the oxygen concentration in the state of saturation for a temperature of 20 °C (g/m3), and kLa 20 is the oxygen volumetric mass transfer coefficient for 20 °C (h−1).


   c  s 20   =  c  s T    (   1  τ Ω    )   ,     



(4)






   k L   a  20   =  k L   a T    ×   1024    (  20 − T  )    ,  



(5)




where csT is the oxygen concentration under the measurement conditions (g/m3), τ is the temperature correction factor, equal to csT/cs20, where cs20 is the state of oxygen saturation for clean water at 20 °C (cs20 = 9.08 g/m3), Ω is the pressure correction factor, equal to Pb/Ps, where Pb is barometric pressure at the measurement conditions and Ps is the pressure value under standard conditions (1 atm),    k L   a T    is the oxygen transfer coefficient at the measurement temperature T (h−1), and  T  is the temperature of measurement (°C).



Standard oxygen transfer efficiency (SOTE) is the percentage amount of oxygen used in relation to the introduced oxygen stream (Equations (6) and (7)).


  SOTE = SOTR /  W  O 2   ,  



(6)




where WO2 is the mass flow of oxygen (kg/h).


   W  O 2   = 0.2765  Q p  ,  



(7)




where    Q p    is the flow rate of air supplied (m3/h).



Standard aeration efficiency (SAE) determines the energy efficiency of the aeration process, expressed in kg O2/kWh (Equation (8)).


  SAE =   O C   ×   V   P C   ,  



(8)




where PC is the energy consumption by the aerator (kWh).




2.2. Bubble Column Reactors


Bubble column reactors (BCR) used as multiphase reactors, also when filled with a bed, are frequently used in various branches of industry, as well as research, to describe a number of phenomena, particularly sewage treatment, fermentation, etc. [33,34,35]. These reactors have several advantages in terms of their operation and maintenance, e.g., high heat and mass exchange rates, compactness, and low operation and maintenance costs [36]. A number of papers were published recently to present review studies on large-scale and multiphase flows in bubble columns [37], as well as their diverse applications [36]. The above-mentioned studies investigated parameters affecting large-scale and multiphase flows, e.g., column dimensions, internal column structure, operating conditions (i.e., pressure and temperature), the effect of surface gas velocity, the type of solid, and concentration. Many experimental studies concerned the quantification of the effect of operating conditions, physical properties of the suspension, and column dimensions on the operation of bubble columns [38].



The hydrodynamic characteristics of bubble column reactors have a considerable effect on the operation and efficiency of bubble columns [19]. Three types of flow structures are commonly observed in bubble columns: homogeneous bubble flow, heterogeneous (churn-turbulent) flow, and slug flow regime [36,37]. A turbulent flow is often observed in large-diameter columns for commercial scale production [39,40]. The gas–liquid mass transfer rate is lower in turbulent (heterogeneous) flow compared with homogeneous flow. The scheme of potential flow regimes in bubble columns was presented in References [37,39,41]. Liquid phase properties, such as surface tension and viscosity, as well as the column diameter, affect the transition points of the flow regime [42]. The addition of surfactants or electrolytes stabilizes the homogeneous flow regime by suppressing bubble coalescence [39]. The surfactant (e.g., salt CaCl2) has a dual effect on both the voidage and the regime transition; a larger concentration destabilizes the homogeneous bubble bed, while a low concentration achieves the contrary [43].



The research on large-scale bubble columns using CFD was published by several scientists in 2017. They simulated large-scale bubble columns using the Eulerian multi-fluid approach. In their research, they analyzed interfacial forces, turbulence, and coalescence and decay. These aspects were selected individually for each case. In their studies, they validated a set of closure relationships that included a pseudo-homogeneous flow regime that is associated with a wide range of bubble sizes and large spray holes used in industrial applications, i.e., on large-scale bubble columns. Researchers stated, among others, that the global and local fluid dynamics of the bubble column are reasonably predicted by using the polydisperse formulation with bubble coalescence and break-up closures. In addition, they noted that the ability to predict the global and local fluid dynamics of the bubble column is strongly associated with the participation of large and small bubbles in the void fraction profiles; furthermore, the results suggested that a new closure for the lift force is necessary in order to improve the simulation results [44].



In the same year as the previous experiments, similar ones were made using a bi-dispersed Eulerian model to account for both the stabilizing and the destabilizing effects of small and large bubbles. In their research [45], scientists presented simulations of the air–water flow in an annular gap bubble column of 0.24 m internal diameter, at air superficial velocities ranging from 0.004 m/s to 0.225 m/s, in both flow regimes (i.e., homogeneous and heterogeneous). The researchers found that the relative amount of small bubbles in the models is particularly important, which can be determined as a result of empirical correlations or experimental data. As in the results discussed above [44], researchers stated that the bubble coalescence and break-up phenomena is important for the correct prediction of the heterogeneous flow regime.



In general, it may be concluded that gas holdup increases with an increase in gas velocity and operating pressure, while it decreases with an increase in liquid viscosity and concentration of solids [36,37,46]. In bubble columns, the effect of the column size on gas holdup is negligible when column diameter is greater than 0.1–0.15 m and its height exceeds 1–3 m; in other words, at height-to-diameter ratios greater than five [36], some studies failed to confirm it [47]. It is found that these scale-up criteria are valid for the air–water case in batch mode for “very coarse” spargers. Conversely, they are no longer important given the different liquid velocities and/or aqueous solutions of active agents and other sparger orifices [47]. At low gas velocities, the gas holdup also depends on the number, pitch, and diameter of nozzle orifices. In the case of a nozzle diameter greater than 1 mm, the effect of the diameter declines [36]. However, there is still a lack of experimental data on large BCRs, which makes it impossible to carry out accurate validations to assess the applicability of many current flow models [37].



Another team of researchers investigated the potential use of different correlations to scale up the bubble column reactor [46]. They conducted experiments with various parameters, i.e., the scale of operation, up to 1000 times greater than the laboratory scale, and the sparger used. The tests were carried out with air and water on a pilot scale (1.6 m diameter) using a coarse bubble sparger. They confirmed that the efficiency of the bubble column reactor depends critically on the gas–liquid mass transfer coefficient; therefore, forecasting this factor as a function of design and operational conditions is essential for increasing the BCR scale. Those researchers found that existing correlations actually describe kLa in a wide range of BCR sizes, suggesting that these correlations are relatively insensitive to scale. However, they noticed that the correlations did not provide a proper description for the role of the sparger. They suggested that the role of the sparger needs to be taken into account by well-tested performance factors for a given spray device [46].



Several earlier studies (from the 1980s) concerning the injection of an air–water mixture into a cylindrical water bath through a single-hole bottom nozzle to generate a vertical turbulent bubbling jet tested many approaches to describe phase flows and bubble characteristics. Those papers presented simplified methods of correlating axial mean velocity and root-mean-square values, among other things [48,49,50]. Experiments on various nozzle types, including diffusers with single and multiple orifices of various diameters, on hydrodynamic properties and characteristics of air–water bubbly jets discharged at the bottom of a water chamber were presented in Reference [51]. The obtained results indicated that, for identical air and water flow velocities, the total orifice surface area, irrespective of the number of these orifices, determines the initial momentum of the bubbly jets and the jet-to-plume length scale of the flow. Those researchers introduced an integral model and obtained entrainment coefficients for each test and for various water depths, which confirmed that many bubbles may be analyzed jointly using an equivalent integer model of a single jet. Those studies provided a description of entrainment described as a function of kinematic buoyancy flux, bubble slip velocity, and distance from the source, which is similar to that given in the available literature for bubble plumes, but with different constants. The most interesting outcome of these studies was provided by the constructed model, applicable in practice, e.g., for mixing and aeration of water bodies, including the potential to increase gas transfer efficiency using multiple-orifice arrangements [51]. Experiments conducted on a larger scale using state-of-the-art measuring devices, providing much better fit of the models to actual complicated systems, were presented in several recent publications [51,52,53].



For bubble column reactors (BCR) the gas holdup in a mixture εG may be established using the volumetric method based on the volume of liquid displaced by bubbles [54].


   ε G  =    V G     V L  +  V G    ,  



(9)




where VL is the volume of liquid in the reactor (m3), and VG is the volume of liquid displaced by air bubbles in the reactor (m3).



In the literature, several hydrodynamic studies on BCR columns can be found depending on the diameter and height of the reactor, gas distribution site, superficial velocity, and column filling, e.g., in the form of tubes (with plain tube internals or pin-fin tube internals) [55]. These tests determined the gas retention degree εG (gas holdup) and liquid velocity in the uL reactor depending on the r/R parameter (the measurement of the distance relative to the reactor radius—dimensionless radial coordinate) for different measurement heights and gas velocity uG of their gas distribution site. Based on the analyses carried out in the above works, it can be concluded that on overall gas holdup for various gas distributor designs (uniform aeration, central aeration, and near-wall aeration) increases with the velocity of gas uG. Fluid velocity uL and gas holdup εG decrease as the r/R parameter increases [55]. In addition, overall gas holdup for various column fillings (with plain tube internals, with pin-fin tube internals) increases with gas velocity uG, and the velocity of liquid uL decreases with the increase of the r/R parameter and the type of column filling. Pin-fin tube internals limit the velocity of liquid uL in the column to the greatest extent; in some zones, it significantly hinders internal circulation [56].



The interfacial area is another important parameter especially when designing gas–liquid reactors on a larger scale. This parameter is strongly related to the unit’s geometrical size, the work characteristics, and the physical and chemical properties of the gas–liquid mixture [57]. To assess a specific interfacial area based on the bubble size and gas retention, the following equation can be used:


   a s  =   6  ε G     d s    ,  



(10)




where ds is the Sauter mean bubble diameter (m).



For the purpose of determining the interface between bubble columns, two main methodological groups can be used—physical and chemical. Chemical methods can be used to account for interfacial area values, whereas physical measurement processes give local values [58]. Changes in the interfacial area have a significant impact on kLa in the bubble column reactor [59]. Assuming spherical bubbles, a specific gas–liquid interface is associated with the gas holdup, εG, and the Sauter mean bubble diameter, ds, can be calculated using Equation (10).




2.3. Airlift Reactors


Due to their mechanism of action and the flow of the medium Airlift reactors may vary in their design [1]. In terms of the reactor bubble column modification, airlift reactors are classified into two main types, i.e., those with internal and external circulation of the medium [1,3,60]. Four main hydrodynamic zones may be distinguished in the airlift reactor: the riser zone, where the gas–liquid mixture rises; the downcomer zone, where a completely or partially degassed gas–liquid mixture falls; the degas zone, where the gas–liquid mixture is degassed either completely or partially; and the bottom zone [61].



Gas holdup and the oxygen transfer coefficient for airlift columns with external circulation were investigated, and the influence of physicochemical properties of liquids and column geometry on oxygen permeation was analyzed by References [1,13]. It is assumed that the dimensions of the reactor have a marked effect on hydrodynamics and mass transfer rates, particularly on the oxygen transfer coefficient kLa [13,62,63]. It is generally assumed that hydrodynamics become independent of the column size only if the column diameter (D), column height (H), and aspect ratio (H/D) are greater than certain threshold values [64,65].



The analyses of oxygen mass transfer from the gas phase to the liquid phase for 20 different reactor geometries, as well as the dependence among three parts of the pneumatic reactor, i.e., the riser, the downcomer, and the gas–liquid separator, were conducted in relation to the total mass transfer in the reactor [66]. It was shown that the gas–liquid separator plays an important role in the reactor performance, and it needs to be considered when designing reactors. It was stated that the total volumetric mass transfer coefficient in the reactor kLa may be correlated with the pneumatic power of gas input per total dispersion volume (P/VD) and with the true riser superficial gas velocity [66]. In addition, it was noted that kLa is directly related to the P/VD with an exponent close to 1. “Two-sparger” systems, with a gas sparger mounted a short distance from the downcomer inlet, take higher absolute values for kLa than single-sparger system [66].



Transport phenomena in terms of the effect of geometrical relations on gas holdup and liquid velocity and, consequently, on the gas–liquid volumetric mass transfer coefficient were investigated in a 6-L airlift bioreactor [67]. The AD/AR ratio was 0.63, where the individual surfaces are the downcomer cross-sectional area (AD) and the riser cross-sectional area (AR). In such a water–air system, the measurements of the oxygen volumetric mass transfer coefficient (kLa) taken under different conditions were examined based on varying parameters such as superficial air velocity in the riser, bottom clearance, and top clearance. According to the researchers, the two latter parameters have a remarkable effect on kLa values. This effect results from their impact on gas holdup and liquid velocity; the surface air velocity in the vertical plane ranged from 0.0126 to 0.0440 m/s, while kLa ranged from 40 to 250 h−1, while gas holdup assumed values up to 0.2. Some experimental mass transfer data of airlift loop reactors indicate that neglecting the oxygen depletion may be regarded as a reduction of the mass transfer driving force, which is closely related to the height of the reactors [68].



Based on the research results presented above, it may be generally stated that the volumetric mass transfer coefficient kLa increases with gas velocity, density, and pressure, while it decreases with an increase in the concentration of the solid and liquid viscosity and due to the effect of surfactants.



Loyless and Malone [10] performed aeration efficiency tests in 50-mm-diameter airlift pumps equipped with two air injection systems: fine-bubbled and thick-bubbled. Those experiments confirmed that the oxygen transfer capacity in airlift pumps amounts to 20% up to 50%, being much smaller than in traditional deep aeration systems. The standard oxygen transfer rate (SOTR) increases in proportion to the amount of air supplied, inversely to the standard aeration efficiency (SAE), which decreases as a result of on increased energy consumption. It turned out that both thick and fine bubble aeration provided similar values of SOTR and SAE.



The Zuber–Findlay (Z–F) slip model for a two-phase flow makes it possible to determine basic parameters describing such flow, e.g., gas holdup    α g   . [69]. That model is not based on the flow velocity of individual liquid–gas phases; it is only based on the flow velocity of one phase in relation to the other phase, expressed as relative velocity (drift).



The general form of the Zuber–Findlay model is represented by Equation (11).


     u G     α G    =  C 0    ×    u  T P   +  v  d r   ,  



(11)




where    α g    is the gas holdup, C0 is the distribution parameter, uTP is the superficial velocity of the mixture (m/s), uG is the superficial velocity of the gas (m/s), and vdr is the drift velocity (m/s).



Literature on the subject comprises numerous publications confirming the accuracy of Equation (9) [70,71,72].



Hibiki and Ishii [71,72,73] in their studies developed a set of three-dimensional constitutive equations describing the slip model in a simplified on-dimensional form of the Zuber–Findlay model. Equations describing the distribution parameter C0 were proposed.



In order to identify the flow structure in two-phase liquid–gas flows, a toll was constructed in the form of a flow map. The map developed by Ulbrich [74] was based on the analysis of 31 maps of two-phase flows in vertical pipes. This map makes it possible to identify the structure of two-phase liquid–gas flows in vertical pipes.




2.4. Influence of Moving Bed on System Aeration


In the available body of literature, we may find several sources describing the positive effect of barbotage reactor filling on liquid aeration. Results of some research papers [5,75] showed that the above-mentioned aspect is still ambiguous. Kalenik et al. [76] carried out a study on a tubular aerator filled with a moving bed of Białecki rings. Those authors showed that the efficiency of oxygenation of treated water increases with an increase in the flow of the air supplied to the system. Other kinetic studies indicate an even more important factor, i.e., biofilm diffusion in controlling the mass transfer phenomenon compared to hydraulic factors in the system [77].



Experiments carried out for conventional activated sludge (CAS) and moving bed biofilm reactors (MBBR) showed the advantage of the former in terms of the removal of organic substances and nitrogen compounds [78].



In turn, other studies compared moving bed biofilm reactors (MBBR), providing a significant carbon footprint reduction, with conventional ones (CAS), with a significant drawback noted, i.e., a low energy efficiency of aeration is observed for the use of coarse diffusers, which guarantee high reliability and low maintenance costs in relation to fine bubbles. In addition, the presence of carriers inside the reactor underlines this aspect. A 40% volume filling with biofilm carriers reduced oxygen transfer efficiency, especially when using coarse diffusers and high air flows (150 Nm3/h) [5]. In that study, oxygen transfer efficiency between the medium bubble aeration system and the fine ceramic bladder diffuser was experimentally tested, while the effect of biofilm growth on oxygen transfer was assessed as well. Several tests were carried out, including the effect of coarse and fine bubbles at different air flow rates. Additionally, the impact of carriers on aeration performance, in the case of both clean water and wastewater, was assessed in terms of the effect of bacterial growth on carriers. The main results were as follows: the presence of biomass had a positive effect on oxygen transfer efficiency, and the fine-bubble system located outside the center of a tank ensured good mixing even with no mixer being used, while the fine-bubble aeration system compared to the coarse aeration system showed no improvement in oxygen transfer efficiency. In addition, the increase in air flow had a negative effect on aeration efficiency, in contrast to the conclusions given in a study by Kalenik [76].



An important example is provided by the geometry of biofilm carriers [1,79]. A team of scientists [1] using an airlift reactor (ALR) with screw screen plates (HSP) in the vertical section intensified the gas–liquid mass transfer process. The mass transfer and mixing characteristics of the ALR unit with different HSP structures were analyzed and compared by means of gas holdup, volumetric mass transfer coefficient, bubble velocity, and mixing time as evaluation parameters. Through the optimized HSP, gas holdup and volumetric mass transfer of the reactor mass increased significantly by 38%–53% and 76%–144%, respectively, when compared to the classic ALR.



The benefits of using a biofilm (on moving bed) in wastewater technology may be enhanced by improving the parameters of the most important system components. In this case, the researchers decided to optimize the structure of the carrier that affects the strength of the mold, microbial growth, and effectiveness of the treatment, taking into account the predicted conditions under which the carriers will be used [79]. Mathematical modeling was used to facilitate the selection of the optimal geometry of the carrier, so that it had sufficient capacity to carry mass and transport oxygen.





3. Materials and Methods


3.1. Description of the Testing Station


The technological test on the physical model was carried out on a laboratory installation in the university water laboratory. The schematic diagram is presented in Figure 1.



The primary element in the physical model was an airlift of 50 mm in diameter, installed in the main tank (8). The tank was a cylinder of 100 cm in diameter and 150 cm in height. In the tank axis, an airlift (9) was installed with a pipe element (H) to ensure circulation and water aeration H. The pipe was a four-way piece, differing in the arm lengths (25 and 45 cm), with nozzles of 32 mm in diameter. The diffusor (6), i.e., a water and air mixer, was the main element in the airlift. In view of the free inflow of water into the airlift, the inlet was mounted 22 cm above the tank bottom. The airlift was fed by two membrane blowers (1) arranged in a serial connection and equipped with a release valve (3) and a valve regulating the intensity of air inflow supplied to the installation (2). The amount of supplied air Qp was measured using a cone-and-float rotameter (4) and determined at the required level using valves (2, 3). The water level in the tank was measured using an analog measuring rod (5) and a hydrostatic liquid level probe coupled with a microcontroller (10).



Aeration was analyzed for six structural design variants of the reactor, differing in the location of the nozzle pipe over the tank bottom (H = 34 cm and H = 84 cm), as well as the moving bed filling with cylindrical, goffered plastic fittings of 16 mm in diameter and height (0%, 20%, and 40% reactor volume), whose structural design variants are given in Figure 2.



The reactor was filled with fresh tap water up to the level marked on the measuring rod (5). For the H34 design variant, it was 84 cm, while, for variant H84, it was 124 cm. Each time, fresh water was subjected to 30-min aeration in order to expel contained chlorine; additionally, salinity was also measured using a salinometer, and pH was controlled on an ongoing basis over the course of the tests. Next, water was deoxygenated using sodium sulfate (following the ASCE guidelines) applying Na2SO3 at 100 g/1000 dm3 water at the initial dissolved oxygen concentration of 8 mg/dm3. In order to ensure adequate water and reagent mixing, a mobile impeller pump was used. After complete water deoxygenation, the blowers were turned on together with a multimeter equipped with an liquid dissolved oxygen (LDO) probe (11) placed at an adequate depth in the reactor. Measurements were taken at every 20 cm starting from the water surface level as the 0 level at five depths P for H = 34 cm and at seven depths P for H = 84 cm (Figure 3). The measuring probe was installed along the reactor axis, as the preliminary aeration analyses at a given level P showed identical oxygen concentrations irrespective of the distance from the reactor axis. Liquid dissolved oxygen concentration was measured in the water at 1-min intervals until approximately 90% saturation concentration was reached at the current water temperature. That enabled obtaining the oxygen concentration in the water at approximately 9 mg/dm3. Next, water was pumped out of the reactor (8) to a sewer system. After the thorough rinsing of the elements inside the reactor (8) (fittings/moving bed, structural elements), it was refilled with fresh tap water. For each structural design variant in Figure 2 and level P, the measurements were taken in three replications applying the above methodology; thus, a total of 108 replications were made. The obtained results were averaged.



Circulation velocity of the liquid in the reactor vcr was analyzed for two measuring points, denoted as M1 and M2, for different depths P (Figure 3). Three replications of each were made. The measurements were taken using an electromagnetic measuring probe for all six structural design variants of the hybrid barbotage reactor.



Values of flow volume intensity Qp and Qw1 at the section from the diffuser (6) to the pipe element H (Figure 1) were determined using an air flow meter (4) and a liquid velocity sensor (LVS), installed in front of the diffuser (6). Flow Qw1 was determined based on the value of the measured velocity of liquid inflow and the pipe diameter. Ten replications were made for each design variant H and W.



The scheme of hydraulic and technological tests (aeration) is presented in Figure 3 and Figure S1 (Supplementary Materials).




3.2. Calculation of Mixture Parameters in the Reactor


Parameters of a two-phase mixture in part A (ALR) at the section from the diffuser (6) to nozzle pipe element H were determined applying the Zuber–Findlay flow [69]. Knowing the values of flow jets Qw1 and Qp, superficial velocities uG and uL were determined for both phases: water and air. The model coefficient C0 was calculated from the equation given by Hibiki and Ishi [71]. The flow structure was established using the flow map according to Ulbrich [74]. The drift velocity equation vdr was applied for the identified flow structure following the method proposed by Hibiki and Ishi [71]. Gas and liquid holdup of a given phase αG and αL, as well as real velocity of a given phase vG and vL, were determined with the use of the Zuber–Findlay model [69].



For part B (BCR), the gas holdup εG was established applying the volumetric method, Equation (9).



Gas flow Qp was controlled using a rotameter (4). The separation of air jets Qp1 and Qp2 in the hybrid reactor was determined using measured flow volume Qp2 (Figure 1).


   Q  p 1   =  Q p  −  Q  p 2   ,  



(12)




where Qp is the supply air flow rate (m3/h), Qp1 is the flow rate of air from nozzle H (m3/h), and Qp2 is the flow rate of the exhaust airlift pump (m3/h).




3.3. Calculation of Aeration Parameters


Parameters of the aeration process were calculated using the above-mentioned equations. Oxygenation capacity OC was determined for all the structural design variants H and reactor packing W (Equation (1)). The calculations were performed at 3-min intervals and for all the pre-determined measurement levels P. Values of diffusion constants were interpolated for the measured temperature according to the table given by Suschka et al. [32]. Measured oxygen concentrations were used to plot the oxygen volumetric mass transfer coefficient kLa, following the methodology presented by Suschka et al. [32]. Using Equation (2), the value of OC0 was calculated for each design variant.



The standard oxygen transfer rate (SOTR) was calculated based on Equation (3) in relation to standard conditions (temperature 20 °C). Values of temperature T and pressure Pb under measurement conditions were used in Equations (3) and (4).



The standard oxygen transfer efficiency (SOTE) was calculated based on Equation (6). The mass oxygen jet from air WO2 was established from Equation (7).



The standard aeration efficiency (SAE) was determined for each variant of pipe nozzle position H and moving bed filling W (Equation (8)). The liquid volume in the aeration chamber VL for pipe nozzle position H34 was 0.660 m3, while that for H84 was 0.974 m3. The energy consumption by two blowers feeding the reactor was 2 × 45 = 90 W.



Within the framework of statistical analysis, standard deviations were calculated for the values of dissolved oxygen concentrations in the reactor. Moreover, tests were conducted to determine the significance of differences in the mean aeration parameters for various positions of the aerating pipe. The analysis of variance in simple classification was applied. The assumed significance level was α = 0.05.





4. Results and Discussion


4.1. Parameters Describing Hydraulic Conditions


Using measured flows Qw1 and Qp, superficial velocities were calculated for gas uG and liquid uL at the pumping segment of part A in the reactor. Parameters of mixture αG and αL, as well as actual velocities of gas and liquid vG and vL, were calculated applying the Zuber–Findlay model [69] (Figure 4).



Superficial velocity of gas uG was constant for each structural design variant and amounted to 0.71 m/s; the calculated real velocity of gas vG for variant H34 was approximately 50% greater and ranged from 1.45 to 1.47, while, for variant H84, it was approximately 300% greater and ranged from 2.11 to 2.15 m/s. Superficial velocity of liquid uL also varied; for structural design variant H34, it was from 0.26 to 0.28 m/s and, for H84, it was from 0.82 to 0.85 m/s. The calculated real velocity of liquid vL was almost two-fold greater; for variant H34, it ranged from 0.5 to 0.54 m/s, while, for variant H84, it was from 1.24 to 1.27 m/s. For variant H34, the gas holdup αG, in the segment from the diffuser (6) to the nozzle pipe H, was approximately 30% greater than for the alternative variant H84. This value was approximately 0.48. The value of αL was inversely proportional to αG for all six structural design variants of the hybrid reactor. The location of nozzle pipe H at the pumping segment of the airlift (9) considerably altered proportions of the two-phase liquid–gas mixture at the segment from the diffuser (6) to the pipe element (H) and flow velocity for both mixture phases. The higher position of the nozzle pipe H (H84) increased the share of liquid in the mixture and superficial velocity, as well as actual flow of liquid.



Based on the conducted laboratory analyses for part A of the reactor, the value of αG was calculated from Equation (11); for part B, the volumetric method and Equation (9) were applied. The value Qp = 5 m3/h was constant for each structural design variant. The gas holdup εG for part B was several dozen times lower than in part A. Coefficients αG and εG were almost two-fold lower for the position of nozzle pipe H84 than in variant H34. For the position of nozzle pipe H84, the liquid holdup αL and the flow Qw1 took the greatest values (Figure 5).



Figure 6 and Figure 7 present circulation velocity of the liquid vcr depending on the measurement point P, position of nozzle pipe H, and moving bed filling W. The vcr for the liquid in the airlift zone S1 (Figure 3) reached maximum values thanks to the raising of large air bubbles. Circulation velocity of liquid vcr was much greater at measurement point M2. Considerable flow turbulences occurred because of the tank shape, the amount of the moving bed, and the character of flow in the liquid (Figure 6 and Figure 7).



Figure 8 presents a graph for the mean circulation velocity of the liquid in reactor vcrs. Values of vcrs for H34 and H84 decrease with moving bed filling W. For structural design variant H84W0, the maximum circulation velocity vcrs was 4.4 cm/s and it was almost two-fold greater compared to H34W0.



Based on the flow regime map for bubble columns, the flow regime was identified as the churn-turbulent regime [80]. Velocity of the gas flowing from the nozzle H ranged from 0.26 to 0.36 m/s. Bubbles showed very strong coalescence.



Non-dimensional parameters were calculated for all hybrid reactor designs. For the variant H34, the values were as follows: Eo = 2296–2298; Fr = 0.17–0.18; log10Mo = −1038 to −1039; Re = 9597–9846; We = 3899–4105; εg = 109%; ρw = 9992–9998. For variant H84, the values were as follows: Eo = 2296–22,977; Fr = 0.31–0.314; log10Mo = −10,385; Re = 13,030–13,055; We = 7186–7215; εg = 0.59%; ρw= 9989–9995. These results are consistent with the literature [81]. The aspect ratio (taking into account the shape of bubbles and spherical cap) was about 0.4 and 0.3 for variants H34 and H84, respectively.



Using measurements of concentration of liquid dissolved oxygen (LDO) depending on time, measurement depth (P), and structural design variant (H, W), the mean LDO concentrations were calculated for the entire reactor volume for 5-min intervals (Figure 9).



The analysis of measured dissolved oxygen concentrations in the reactor depending on aeration time showed that the airlift with a nozzle pipe installed at height H84 at the 40% reactor volume reactor filling with the moving bed provided the highest oxygen concentration in the successive time intervals. Results for the 20% moving bed filling and no reactor filling were very similar. In structural design variant H34, the best results were obtained for the 20% reactor filling with the moving bed. Values for the 40% filling and no filling in the reactor were comparable.



At various stages of the tests, pH values were monitored on an ongoing basis. The pH value of water increased during the preparation of tests from 7.2 to 8.0. The initial aeration of water removed CO2 and increased the pH value. The use of Na2SO3 caused anionic hydrolysis and an increase in pH from 8.0 to 8.3.




4.2. Parameters Describing the Aeration Process


In order to determine aeration conditions for water in a hybrid barbotage reactor, various energy and technological parameters were determined.



The oxygen volumetric mass transfer coefficient kLa was established as one of the basic technological parameters describing oxygen conditions in a hybrid barbotage reactor. For this purpose, the graphic method was applied. Lines on the graph assume a shape comparable to straight lines at slope α to the axis of the abscissa, which confirms a correct determination of saturation concentration cs. The tangent of slope α of the line to the axis of the abscissa corresponds to values of aeration rate kLa by Suschka et al. [32]. Values of kLa for H34 ranged from 0.02 to 0.97, while those for H84 ranged from 0.06 to 1.46 (Figure 10).



Next, the oxygenation capacity OC was calculated using Equation (1). Figure 11 presents results of calculations for oxygenation capacity for a hybrid barbotage reactor depending on aeration time. Values of OC were calculated at 3-min time intervals. The provided OC value is a value averaged for all measurement levels P of the reactor, obtained at the same time point.



The values of OC for all the variants except for H84W40 increased with time after the initiation of aeration, with the greatest increases observed until 21 min. For variant H84W40, the initial value of OC was greatest (28 g O2/m3∙h); after 21 min, it gradually decreased to 24–22 g O2/m3∙h. Due to large amount of the moving bed, which hindered circulation of the liquid in the reactor (vcrs = 1.28 cm/s), marked differences in OC were found between the P levels, as confirmed by values of standard deviation from the mean in the form of error bars. Curves for the structural design variants with nozzle pipe position H34, with no moving bed filling (W0) and with the 40% filling rate, took very similar shapes in measurement ranges. In turn, the mean OC was 1.6 g O2/m3∙h greater at the same time point for H34W20 than for variants H34W0 and H34W40. Curves for all the reactor filling variants with nozzle pipe position H84 deviated markedly from the system for design variant H34. In the reactor with no moving bed filling and with the 20% filling, the values of OC up to 27 min of aeration were very similar, while, after that time in the reactor with no bed filing, mean OC values increased steadily, reaching a maximum of 26 g O2/m3∙h. In the reactor with the 20% moving bed filling rate, after 27 min, the value of OC did not change and amounted to approximately 20 g O2/m3∙h.



Table 1 presents the maximum oxygenation capacities of the hybrid barbotage reactors. Values of OC0 for H34 and with different filling rates W were very similar. When the nozzle pipe was installed at height H84, the greatest value of OC0 was recorded in the reactor with no moving bed filling, while, at the 20% and 40% filling, measured values of OC0 were comparable. The results of calculations presented in Table 1 were close to OC values obtained after 78 min under conditions close to the water saturation point with oxygen (Figure 11 and Figure S2 (Supplementary Materials)).



The next parameter to be calculated based on Equations (3)–(5) was the standard oxygen transfer rate SOTR20 (Figure 12). For H34, the SOTR20 for different reactor bed filling was comparable and amounted to approximately 5 g O2/h. For H84, SOTR20 in the reactor with no moving bed filling (W0) was on average 22% greater than filling variants W20 and W40. The mean value of SOTR20 for variant H84 was almost 50% greater than the results for variant H34.



Based on Equations (6) and (7), the standard oxygen transfer efficiency (SOTE) was calculated under standard conditions (Figure 13). Values of SOTE for the six tested structural design variants were comparable, with the highest SOTE of 8.48% obtained for the reactor with nozzle pipe position H84 with no moving bed filling. In contrast, the lowest oxygen transfer efficiency was found for the reactor with nozzle pipe position H34 and no bed filling. The air jet flow Qp1 was determined in hydraulic tests applying the volumetric method (Figure 1). Using measured values of air flow Qp1 supplied by the aerator (in this case, the nozzle for mixture circulation and aeration), the oxygen mass jet flow WO2 was calculated. Despite considerable difference in jet volume, differences between SOTE for design variants H34 and H84 cm were small. This was the result of nozzle depth Hd, greater than 10 cm, thanks to which the contact time of the air–water mixture with structure H34 increased by approximately 20%.



Standard aeration efficiency (SAE) was determined for each variant of nozzle position H and moving bed filling W (Equation (8)). The consumption of electric energy by the two blowers supplying the reactor was 2 × 45 = 90 W. Values of energy efficiency for individual variants of a hybrid barbotage reactor were analogous to those of the standard oxygen transfer efficiency (Figure 14).




4.3. Statistical Analysis of Research Results


Statistical analysis of the results was conducted in order to confirm the significance of observed differences between individually tested design variants of the hybrid reactor and the reactor filling rate with the moving bed. The analysis of variance in simple classification was applied to confirm the effect of nozzle position H and moving bed filling W on aeration conditions by testing the significance of differences in the means (Table 2). In the statistical analysis of the results, the significance level was adopted at α = 0.05.



Based on the results from the analysis of variance, the height of the aerating nozzle H above the reactor bottom at an identical moving bed filling rate W had a significant effect on oxygenation capacity OC (Table 2). For the nozzle located at H34 and for all the analyzed moving bed filling variants W, the OC values did not differ significantly; for the nozzle pipe at height H84, there were no differences between the reactor filling with the moving bed W = 0% and 20%.




4.4. Concluding Remarks


Based on the conducted hydraulic tests and aeration in a hybrid barbotage reactor, the effect of nozzle position H and bed filling variant W on aeration efficiency in the reactor was investigated. It was found that the structural design variant of the reactor with an airlift and with a nozzle installed at height H84 and the moving bed filling 40% reactor volume provided the greatest oxygen concentration during aeration compared to other filling variants (0% and 20%). Values of oxygen concentrations in the reactor for this design variant at different measurement depths P varied greatly. A large volume of the moving bed considerably reduced circulation of the liquid in the reactor, with the mean circulation velocity of the mixture being the smallest among all the structural design variants of the hybrid reactor (vcrs = 1.28 cm/s). Values of oxygen concentrations in the reactor for the 20% moving bed filling and without it were very similar. In structural design variant H34, the most advantageous oxygen concentrations were obtained for the 20% reactor filling with the moving bed due to bed circulation in the reactor. Values of oxygen concentration for the 40% filling and absence of filling were similar; the reduction of bed circulation for the 40% filling rate and a shorter air and water contact time at the absence of the bed (W0) resulted in a deterioration of oxygen conditions.



This is confirmed by the results of Reference [56]. The liquid flow rate at point M1 of the hybrid reactor was much lower than the speed at point M2. This was due to a different length of the nozzle and proximity to the tank wall, which was confirmed by References [55,56,82].



Values of maximum oxygenation capacity OC0 for the structural design variant with the aeration nozzle installed at height H34 were very similar, irrespective of the filling rate with the moving bed W. The highest OC0 value (27.9 g O2/m3∙h) was obtained in the structural design variant with no moving bed filling, when the nozzle was installed at height H84. For the 20% and 40% filling rates with the moving bed, OC0 values were similar.



Values of SOTR and SOTE for the structural design variant of the reactor with the nozzle installed at height H34 were very similar irrespective of the moving bed filling rate W. The greatest values of SOTE and SOTR were found for the design variant H84. In comparison to the most frequent aeration systems using compressed air most commonly found in practice (immersion, using fine-bubble column diffusors), values of SOTR and SOTE for the H84W0 design variant were two-fold lower (NOPON PIK300). The SAE of 0.3 kg O2/kWh for the H84W0 variant was three times lower than that found in literature; for example, Collivignarelli et al. [5] gave an SAE of approximately 1.09–1.59 kg O2/kWh, while others gave an SAE of 2.5 kg O2/kWh [83]. Values reported in this study resulted from a small interphase surface in the mixture in relation to a considerable reactor volume and a limited immersion of the nozzle used for circulation and aeration (under standard conditions, aerators are tested at a depth of 4 m). Additionally, considerable flow losses (approximately 30%) were observed in the installation supplying air to the nozzle, which were caused by the rotameter. The results of the conducted experiments were very similar to those reported by Loyless and Malone [10], who stated that the parameter values describing the aeration process for airlift were much lower than for aeration in the fine-bubble column using compressed air. The value of kLa increases with gas velocity, while it decreases with an increase in the concentration of the solids (moving bed) and with liquid viscosity [84,85,86].



The previously mentioned scaling effect was indicated in studies by, e.g., Benyahia and Jones [62]. During the experiments, in which they studied gas retention and oxygen transfer, they noticed significant differences depending on the scale of the reactor. Two geometrically similar systems were tested, with the difference that, in the large one, the liquid height in the gas–liquid separator was 20 cm, while, in the small variant, it was 10 cm, meaning that the total liquid volume (dm3) was about 108 and 13.5, respectively. Based on mass transfer studies, two important aspects were noted. Firstly, the sampling position is important because significantly different kLa values may be obtained. Changes in kLa with the location of the probe were explained in terms of heterogeneous hydrodynamic properties, with the results obtained being confirmed by recordings from a high-speed video camera. The other aspect showed that, at higher gas flows, gas retention was much higher in the large-scale reactor. In order to keep the gas retention or kLa constant in both reactors, the small-scale reactor required 25% to 27% more power per unit volume of liquid.



While analyzing the effect of the structural design variant on aeration, it was observed that nozzle position H affects aeration efficiency to a greater extent than moving bed filling rate W. For the H84 structural design variant with no moving bed, the circulation velocity of liquid vcrs in the reactor was greatest. The reactor filling rate using moving bed W may considerably reduce the circulation of the mixture and affect mixing of the water–air mixture in the reactor.



When analyzing parameters of the two-phase mixture for parts A and B of the hybrid barbotage reactor, the most intensive aeration of the liquid was observed in part A of the reactor. This was confirmed by gas holdup αG (part A), which was greater than εG (part B). Additionally, the flow distance for the mixture from the diffuser (6) to nozzle H was longer; in variant H34, it was 12 cm, while, for H84, it was as much as 62 cm, while the oxygen retention time in the mixture increased.



The identified air bubble flow structure for BCR was a turbulent flow, for which the mass transfer rate kLa is markedly lower than for homogeneous flows [37,39,40,41]. The use of a moving bed reduced the liquid–gas interphase surface. Additionally, it caused coalescence of air bubbles and the formation of a preferential flow path for the mixture in the moving bed, i.e., the channeling effect. Vandu and Krishna [87] observed that an addition of solid particles at a high concentration caused a decrease in kLa/ɛG values due to the increased bubble size.



For ALR, the mass transfer rate kLa increased with velocity of gas vG,, which is consistent with literature data [58,59].



It was found that, in terms of aeration effects, the most advantageous variant was structural design variant H84 in all analyzed filling variants with the moving bed. A greater volume of the bed increased the air and liquid contact time on the condition that it facilitated circulation in the reactor.



The use of a moving bed reduced the mean circulation velocity of the mixture in the reactor vcrs. Among the six analyzed structural design variants, the moving bed filling rate had no significant effect on oxygenation capacity; for one structural design variant, the absence of bed filling considerably improved oxygen conditions by as much as approximately 41%.





5. Conclusions


Based on the conducted hydraulic tests and aeration in a hybrid barbotage reactor, that the following results were found:




	
A specially designed additional nozzle H, installed at the pumping segment of the airlift behind diffuser (6), influences circulation and mixing of the water–air mixture in the reactor;



	
Due to the variation in the two-phase structure in the pumping segment of the airlift and decompression of air bubbles, in structural design variant H84, flows Qw1 and Qp1 were much greater than for the H34 design variant;



	
The analysis of aeration in a hybrid reactor showed that, in each of the six structural design variants, part A (airlift reactor) affected aeration efficiency to a greater extent than part B (bubble column reactor), which was mostly influenced by the internal circulation in part A;



	
The use of a moving bed may improve aeration efficiency in the reactor, provided that conditions for free circulation inside the reactor are maintained.
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Figure 1. Scheme of the installation: 1—air blower, 2—control valve, 3—blow off valve, 4—rotameter, 5—scale, 6—diffuser, 7—recirculation tank, 8—main tank, 9—airlift pump with nozzle, 10—hydrostatic liquid level sensor, 11—liquid dissolved oxygen sensor (LDO), Qp—supply air flow rate, Qp1—flow rate of air from nozzle H, Qp2—flow rate of the exhaust airlift pump, Qw1—flow rate of water in the section 6-H, H—nozzle, Hs—immersion height, cm, Ht—lifting height, cm. 
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Figure 2. Structural design variants of a hybrid barbotage reactor. 
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Figure 3. Diagram of hydraulic and technological tests: I—section, II—view from above, P—measurement level of LDO, Qp—supply air flow rate, Qw1—flow rate of water in the section 6-H, LVS—liquid velocity sensor of LVS, αG—gas holdup for ALR, αL—liquid holdup for ALR, εG—gas holdup for BCR, uG—superficial gas velocity in the mixture, uL—superficial liquid velocity in the mixture, S1—air bubble rising zone, S2—mixture circulation zone, S3—bottom zone, A—airlift reactor, B—bubble column reactor. 
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Figure 4. Superficial velocity, real velocity, and gas/liquid holdup in mixture for different variants of the reactor design: αG—gas holdup for ALR, αL—liquid holdup for ALR, uG—superficial gas velocity in the mixture for ALR, uL—superficial liquid velocity in the mixture for ALR, vL—real liquid velocity in the mixture, vG—real gas velocity in the mixture. 
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Figure 5. Gas holdup αG and εG and oxygen volumetric mass transfer coefficient kLa for different structural design variants of the reactor. 
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Figure 6. Circulation velocity of liquid vcr in the reactor in different measurement zones; point M1. 
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Figure 7. Circulation velocity vcr of liquid in the reactor in different measurement zones; point M2. 
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Figure 8. Mean circulation velocity vcrs of liquid in the reactor. 
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Figure 9. Mean liquid dissolved oxygen concentrations for the entire reactor volume for all structural design and filling variants. 
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Figure 10. Determination of kLa using the graphic method. 
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Figure 11. Oxygenation capacity of a barbotage reactor depending on aeration time for different structural design and reactor filling variants. 
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Figure 12. Standard oxygen transfer rate (SOTR20) in the tested barbotage reactor. 
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Figure 13. Standard oxygen transfer efficiency (SOTE) in the tested barbotage reactor. 
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Figure 14. Standard aeration efficiency (SAE) in the tested barbotage reactor. 
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Table 1. Maximum oxygenation capacity of a barbotage reactor depending on nozzle pipe position H and moving bed filling W.
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OC0




	
g O2/m3∙h






	
H34 W0

	
H34 W20

	
H34 W40

	
H84 W0

	
H84 W20

	
H84 W40




	
16.57

	
17.67

	
17.97

	
27.93

	
20.51

	
21.88
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Table 2. Analysis of variance for means: a comparison of the effect of reactor structural design on oxygenation capacity OC. “Yes”—statistically significant effect; “No”—statistically non-significant effect; MS—mean square; df—degrees of freedom.
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Tukey’s HSD Test; α = 0.05

Approximated Probabilities for Post Hoc Tests

Error: Intergroup MS = 16.965, df = 84.000




	
Structural Design Variant

	
H34

W0

	
H34

W20

	
H34

W40

	
H84

W0

	
H84

W20

	
H84

W40
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Yes




	
H84 W20
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No

	

	
Yes
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Yes

	
Yes

	
Yes

	
Yes

	
Yes
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