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Abstract

:

In this study, a three-dimensional CFD transient model is established for predicting species concentration distribution in the biodegradation of phenol in an airlift reactor (ALR). The gas–liquid flow in the ALR is determined by the Euler–Euler method coupled with the standard k-ε model, and the bubble size is predicted by the population balance model (PBM). A turbulent mass diffusivity model is developed to simulate the turbulent mass transfer process and to predict the species concentration distribution. No empirical methods are needed as the turbulent mass diffusivity can be expressed by the concentration variance      c 2   ¯    and its dissipation rate εc. A good agreement is found between simulated and experimental results in the literature. It is not reasonable to assume a constant turbulent Schmidt number because the calculated distribution of turbulent mass diffusivity is not identical to that of turbulent viscosity. Finally, the hydrodynamic characteristics and biodegradation performance of the proposed model in a novel ALR are compared with that in the original ALR.
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1. Introduction


Airlift reactors (ALRs) are multiphase reactors that are widely used in the chemical, environmental, and biochemical industries [1]. In an ALR, the fluid flow region is divided into a downcomer and riser by the draft tube at the center of the reactor [2,3]. The gas phase enters through a gas sparger at the bottom of the ALR, an upward flow of the gas and liquid phases occurs in the riser, and a downward flow of the liquid phase occurs in the downcomer. Generally, no gas enters the downcomer as the superficial gas velocity is low, but as the increase of superficial gas velocity, more gas would be brought into the downcomer by the liquid phase. The density difference between the riser and the downcomer would provide a driving force for the circulation of the liquid in the ALR. ALRs have attracted considerable attention in recent years due to their excellent mixing performance, low cost, low power input, and homogeneous shear stress distribution. Compared to bubble columns, ALRs can offer a more favorable culture condition for microorganisms that are susceptible to fluid turbulence-induced damage [4,5].



As one of the major organic pollutants, phenol can be found in the effluent from pharmaceutical, plastic, petrochemical, and explosive manufacturing industries [6], and it has potential environmental and health consequences even at low concentrations [7]. At present, biological degradation is the most common method to treat low-concentration phenolic pollutants in wastewater because of its low cost, low risk of secondary pollution, and high treatment efficiency and capacity [8]. The unique advantages of ALRs, such as high mass and heat transfer rate, low operating cost, and homogeneous shear stress distribution, make them an attractive option in the biological treatment process. Patil et al. studied the biodegradation of diethyl phthalate by the mixture of Micrococcus sp.KS2 and Bacillus sp.KS1 in an ALR, and they found that the ALR was capable of degrading diethyl phthalate up to 1500 mg/L [9]. Livingston et al. treated 3,4-dichloroaniline wastewater in a three-phase ALR, the microorganisms were immobilized onto earth particles, 95% degradation efficiency was obtained, and a mathematical model was established to describe the diffusion and reaction processes in the reactor [10]. Gholamia et al. developed a novel jet ALR that could provide regions with different oxidation-reduction potentials, and thus nitrogen and carbon could be simultaneously and effectively removed from soft drink wastewater in a single piece of equipment [11]. Feng et al. established a computational fluid dynamic model for the bio-treatment of phenol using yeast candida tropicalis in an ALR and explored the impact of gas–liquid flow characteristics on biodegradation behaviors [12]. Wen et al. investigated the biodegradation process of airborne toluene in a gas–liquid–solid ALR contacting immobilized cells. The results showed that the immobilized ALR had a good performance to tolerate shock loads and the maximum elimination capacity of toluene was higher than the ALR with free microorganisms [13].



Some characteristic parameters of the ALR, such as liquid circulation velocity, gas bubble size, gas hold up, interfacial area, and shear stress distribution should be known in order to optimize and scale up its structure. Currently, it remains difficult to characterize the complex multiphase flow induced by the dispersed phase in the ALR [14,15]. Lu et al. studied the hydrodynamic characters in a laboratory scale ALR by the experimental method, the velocity field was measured by using the particle image velocimetry technique, and the bubble size distribution was obtained by digital image analysis. The experimental results showed that the liquid flow had an unsteady structure and the wake oscillation of the bubble was asymmetrical, as the superficial gas velocity increased, the probability density function curve of bubble size changed from unimodal to bimodal [16]. Luo and Al-Dahhan adopted the CARPT technique to measure the distributions of liquid velocity, turbulent kinetic energy, and gas holdup in an ALR and observed that as the increase of the superficial velocity, the flow regime would change from bubbly flow to churn-turbulent flow [2]. Sarkela et al. investigated the mixing performance of an ALR with helical flow promoters, the pH tracer method was used for the measurement of mixing time, circulation time, and axial dispersion. The experimental results showed that the sparger aeration rate had a significant effect on the mixing efficiency, the mixing time would be shorter with the increase of the aeration rate, and the mass transfer performance of the ALR with helical flow promoters is better than that of the regular ALR [17].



It is worth noting that the correlations obtained by experiments are usually system-specific and thus less useful for some operating conditions [18]. Computational fluid dynamics (CFD) is useful for investigating complex flow and mass transfer in the ALR, and it provides detailed information on the flow and species concentration fields by solving a set of differential equations [19,20]. There are two main models used for simulating the multiphase flow in the ALR. In the Euler–Euler (E–E) model, the gas, and liquid phases are regarded as the interpenetrating continua and their motion are described by solving a set of Navier–Stokes equations. In the Euler–Lagrange (E–L) model, the gas phase is treated as individual particles and the liquid phase is treated as continuous fluid. Because every bubble is tracked in the E–L model, so it would cost much more computing resources than the E–E model. There is a growing interest in CFD simulations of the biological and chemical processes in the ALR. Wang et al. adopted CFD to simulate the biodegradation of toluene emissions in ALR, and its rate-limiting step was determined based on the relationship between mass transfer rate and bioreaction [3]. Huang et al. established a steady E–E model to characterize mass transfer and hydrodynamics in the direct coal liquefaction process in an ALR [21]. Kouzbour et al. proposed a three-dimensional CFD model to simulate the reactive flow in an ALR for removing Mn(II) from drinking water by aeration, which could correctly describe the autocatalytic effect of MnO2 on oxidation [22]. Mavaddat et al. investigated the hydrodynamics and production process of polyhydroxybutyrate in an ALR by using the CFD method, and in order to account for the effect of bubble coalescence and breakup phenomenons on the interfacial mass transfer process, a population balance model was adopted [23].



The turbulent mass diffusivity Dt should be known to predict the mass transfer process in ALR. In the studies mentioned above, Dt is obtained by experiments or assuming that the turbulent Schmidt number (Sct) is fixed. In the biodegradation of wastewater in an ALR, the prediction of the distribution of species concentration is often simplified and case-specific. Sun et al. proposed a theoretical model to calculate Dt in a distillation column by solving the auxiliary concentration variance and its dissipation rate equations [24], and it has been successfully used for simulating the turbulent mass transfer process in adsorption columns [25], circulating fluidized beds [26], and bubble columns [27].



This study proposes a three-dimensional CFD model for simulating the biodegradation of phenol in an ALR. The multiphase flow is simulated by the E–E model. The turbulence effect is calculated by the standard k-ε model and the distribution of bubble size is described by the population balance model. The      c 2   ¯   -εc model is adopted to enclose the turbulent mass transfer equations so that the distribution of species concentration in the ALR can be obtained by theoretical methods. Finally, the hydrodynamic characteristics and biodegradation performance of the proposed model in a novel ALR are compared with that in the original ALR.




2. Simulated Case


The bioreactor simulated in this work is a rectangle ALR reported by Feng et al. [12], where the cross-section of the outer column is 0.2 m × 0.2 m, and the liquid level is 0.6 m. A draft tube is fixed coaxially to the column and 50 mm above the column bottom and it is 0.14 m × 0.14 m × 0.45 m. A square gas distributor of 50 mm in width is fixed at the center of the column bottom (see Figure 1a). The air acts as the gas phase and the phenol wastewater with biomass acts as the liquid phase. The air enters the ALR through a gas distributor and is released from the top of the ALR. The airflow rate is measured by a rotor flowmeter. The range of the superficial gas velocity is 0.01 to 0.02 m/s, which could ensure the dissolved oxygen is excessive for the biodegradation process. The local gas holdup is measured by a conductivity probe, the output signals are acquired by using an A/D converter, and the data after digitization are stored and analyzed by a computer. As the superficial gas velocity is low, the gas fraction in the gas–liquid flow is lower than 20%, so the liquid velocity distributions are measured by an LDA system.



The phenol in wastewater can be degraded by using the microorganism yeast candida tropicalis, and the biodegradation products are CO2, H2O, and microbial cells. The batch biodegradation experiments are carried out in the ALR, the initial concentrations of phenol are 800 to 1600 mg/L, and the initial concentrations of cells are 34 to 102 mg/L. The temperature is maintained at 30 °C, and the initial pH of the liquid phase is 6.0. The liquid phase is sampled periodically to measure the concentrations of phenol and cells. The concentration of phenol is determined by high-performance liquid chromatography. The proposed model is verified by experimental results.



Additionally, a novel structure of ALR is proposed and the hydrodynamics and biodegradation behaviors are also characterized (see Figure 1b). The outer cylinder is 0.24 m in diameter and the liquid level is kept at 0.6 m. The outer cylinder has six cylindrical draft tubes of 0.05 m in diameter and 0.45 m in height. Six circular gas distributors of 0.03 m in diameter are installed at the ALR bottom. The draft tubes are fixed 0.03 m above the gas distributors coaxially.




3. Model Equations


The proposed model for predicting the biodegradation of phenol in wastewater assumes (1) uniform initial cell and phenol concentrations in the liquid phase; (2) as the size of the cell is small and the density of the cell is close to the culture medium, the cells, and culture medium are regarded as one phase; (3) the biodegradation and cell growth processes are only limited by cell and phenol concentrations in the liquid phase without considering other nutrients, such as oxygen and mineral salts.



3.1. Continuity Equations


As the quantity of oxygen mass transfer between gas and liquid phases is very small, the influence of interphase mass transfer on the mass balance can be negligible; the continuity equation is given below:


     (   α k   ρ k   )    ∂ t   + ∇ ·  (   α k   ρ k    u  k   )  = 0  



(1)




where k represents the phase (G: gas phase; L: liquid phase) of interest, ρ represents the density, α represents the phase volume fraction, and u represents the velocity vector.




3.2. Momentum Conservation Equations


The momentum conservation equation is given below:


   ∂  ∂ t    (   α k   ρ k    u  k   )  + ∇ ·  (   α k   ρ k    u  k    u  k   )  = −  α k  ∇ p +  α k   ρ k   g  + ∇ ·  [   α k   μ  k , e f f    (  ∇   u  k  +    (  ∇   u  k   )   T  −  2 3  I ∇   u  k   )   ]  +  M k   



(2)




where μk,eff is the effective viscosity consisting of the turbulence-induced viscosity μt and the molecular viscosity μlam, and p is the pressure. μt can be calculated by:


   μ t  =  C μ  ρ    k 2   ε   



(3)







The standard k-ε model is used to model the turbulence. Mk in Equation (2) accounts for the liquid–gas interfacial forces, including the lift force, drag force, and turbulent dispersion force. The drag force is caused by viscous stress and pressure distribution around the moving bubble in the liquid phase, which plays a major role in the interfacial forces [28]. The lift force arises from the rotation of the bubble in the liquid phase, which is perpendicular to the relative velocity. This study considers only drag and lift forces:


   M L  = −  M G  =  M L D  +  M L L   



(4)




where the superscript L is the lift force and the superscript D is the drag force, which are calculated as follows:


   M L D  =  3 4     C D     d  32      α G   ρ L   |    u  G  −   u  L   |   (    u  G  −   u  L   )   



(5)






   M L L  =  α G   ρ L   C L   (    u  G  −   u  L   )  ×  (  ∇ ×   u  L   )   



(6)




where d32 is the Sauter bubble diameter, CL is the lift coefficient (CL = 0.5 in this study) [3], and CD is the drag coefficient, which is related to the flow structure and liquid property and is calculated as follows [29]:


    C D  = 24  (  1 + 0.15 R  e  0.687    )  / R e     R e < 1000     C D  = 0.44                                       R e > 1000   



(7)








3.3. Bubble Size Distribution (PBM)


As the interfacial area depends strongly on the bubble size distribution as a result of bubble coalescence and breakup, the distribution of bubble size is expected to have an impact on the hydrodynamic and mass transfer process. Here, we adopt PBM [24] to predict the distribution of bubble size, and the class method described by Troshko and Zdravistch [30] and Zhang et al. [31] is used to solve the model equations. In this study, the bubble population of 1.2~12.5 mm in diameter is divided into ten classes and each class can be described by the following expression:


   ∂  ∂ t    (   α G   ρ G   f j   )  + ∇ ·  (   α G   ρ G    u  G   f j   )  =  S j   



(8)




where Sj is the source term related to bubble breakup and coalescence, and fj is the volume fraction of bubble class j:


      S j  =        ∑      m ≥ n         m , n        v  j − 1   ≤  (   v m  +  v n   )  ≤  v  j + 1            (  1 −  1 2   δ  m , n    )  η c  (   v m  ,  v n   )     α G   f m     v m       α G   f n     v n     v j  −  α G   f j         ∑     M    m = 1   c  (   v j  ,  v m   )     α G   f m     v m           +        ∑     M    m = j    γ  j , m   b  (   v m   )     α G   f m     v m     v j  − b  (   v j   )   α G   f j      



(9)




where c(vm,vn) and b(vj) are the frequencies of bubble coalescence and breakup. Several mechanisms have been proposed to describe the bubble coalescence process, such as turbulent fluctuation, wake effect, eddy capture, and so on. In this work, only the turbulent fluctuation is considered and c(vm,vn) is determined by the model of Luo et al. [32]. The turbulent collision between bubbles and turbulent eddies is considered the major contributor to bubble breakup, and the b(vj) is calculated by the model of Luo et al. [33]. Then, the equation for the Sauer bubble diameter d32 is:


   1   d  32     =      ∑    10     j = 1    (     f j     d j     )   



(10)




where dj represents the diameter of each class.




3.4. Species Conservation Equations


The concentration of phenol and biomass is indicated by the mass fraction   C ¯  .


   ∂  ∂ t    (   ρ L   α L     C L i   ¯   )  + ∇ ·  (   ρ L   α L    u  L     C L i   ¯   )  = ∇ ·  (   ρ L   α L   (   D L i  +  D  L , t  i   )  ∇    C L i   ¯   )  +  S i   



(11)






   ∂  ∂ t    (   ρ L   α L     C L x   ¯   )  + ∇ ·  (   ρ L   α L    u  L     C L x   ¯   )  =  S x   



(12)




where the superscripts i and x represent phenol and biomass, respectively. Di and    D t i    represent the molecular and turbulent mass diffusivity, respectively:


   D t i  =  C  c 0   k    (    k    c i 2   ¯    ε  ε  c i      )    0.5    



(13)







The concentration variance      c i 2   ¯    and concentration variance dissipation rate εci are calculated as follows [34,35]:


   ∂  ∂ t    (   α L   ρ L     c i 2   ¯   )  + ∇ ·  (   α L   ρ L    u  L     c i 2   ¯   )  = ∇ ·  [   α L   ρ L   (   D L i  +    D  L , t  i     σ c     )  ∇    c i 2   ¯   ]  + 2  α L   ρ L  ∇    C L i   ¯  ∇    C L i   ¯  − 2  α L   ρ L   ε  c i    



(14)






   ∂  ∂ t    (   α L   ρ L   ε  c i    )  + ∇ ·  (   α L   ρ L    u  L   ε  c i    )  = ∇ ·  [   α L   ρ L   (   D L i  +    D  L , t  i     σ   ε c       )  ∇  ε  c i    ]  +  C  c 1    α L   ρ L  ∇    C L i   ¯  ∇    C L i   ¯     ε  c i        c i 2   ¯    −  C  c 2    α L   ρ L     ε  c i  2       c i 2   ¯    −  C  c 3    α L   ρ L     ε L   ε  c i      k L     



(15)




where σc = 1.0, σεc = 1.0, Cc0 = 0.11, Cc1 = 1.80, Cc2 = 2.20, and Cc3 = 0.80 [27].




3.5. Microbial Kinetics


S in Equations (11) and (12) is the source term related to bioreaction (S = αLr). The bioreaction rates of phenol ri and biomass rx are calculated by:


   r x  =   d  ρ L     C L x   ¯    d t   =    μ  m a x    p L     C L i   ¯     K s  +  p L     C L i   ¯  +    (   P L     C L i   ¯   )   2  /  K I    ×  ρ L     C L x   ¯   



(16)






   r i  = −   d  ρ L     C i   ¯    d t   = 0.823  r x  + 0.277  ρ L     C L x   ¯   



(17)







The model constants (μmax = 0.48 h−1, KI = 207.9 g/m3, and Ks = 11.7 g/m3) are determined by the batch experiments of Feng et al. [12].





4. Simulation Setup


The above differential equations are solved using Ansys Fluent 19 transient solver by the finite volume method. The velocity and pressure are coupled using the SIMPLE algorithm. The second-order discretization method is considered for the differential equations and the convergence is obtained when all the scaled residuals reached a minimum of 10−4. The velocity inlet condition is prescribed to the ALR gas distributor. The gas-phase velocity is specified based on experimental conditions. The degassing condition is prescribed to the outlet of the ALR [6,36]. A no-slip condition is ascribed to the walls for both gas and liquid phases. The initial values for      c 2   ¯    and εc are described as follows [26]:


     c 2   ¯  =    (  0.082    C  i n    ¯   )   2  ,  ε c  = 0.73  (   ε k   )     c 2   ¯   



(18)




where      C  i n    ¯    is the initial liquid-phase phenol concentration.



After the grid independence tests, a structured mesh system with 37,328 cuboids for the rectangle ALR and a structured mesh system with 58,636 hexahedrons for the cylinder ALR with six cylindrical draft tubes are adopted in simulations, and the schematic view of the grids is displayed in Figure 2.




5. Results and Discussion


In this section, the developed CFD-coupled model was first employed to evaluate the hydrodynamic and mass transfer performance of rectangle ALR. The CFD-coupled model was validated by the comparison of the simulation results and experimental data in terms of gas holdup, liquid velocity, cell concentration, and dissolved phenol concentration. Additionally, the Sauter mean bubble diameter, shear stress, and turbulent mass diffusivity were investigated. The validated model was also employed to study the effect of the structures of ALRs on the hydrodynamic performance.



5.1. The Hydrodynamic and Mass Transfer Performance of Rectangle ALR


Figure 3a displays the radial profiles of simulated time-averaged gas holdup when the superficial gas velocity is 0.02 m/s, where r is the distance from the ALR axis, R is 0.1 m, and Z is the ALR height. As can be seen, the simulated results agree well with the experimental data. Generally, the gas holdup is maximized at the center of the riser. As the height increased, the profiles become flatter. Specifically, the gas holdup in the riser decreases and it meets an increase in the downcomer. The simulated time-averaged liquid velocities are compared with experimental results, as shown in Figure 3b. It is also found that the profiles obtained at different axial positions become flatter with increasing ALR height, and the negative liquid velocities in the downcomer indicate downward flow directions there. From Figure 3, the simulation results agree well with the experimental data of the gas–liquid two-phase flow, thus validating the proposed CFD coupled model.



Figure 4 displays the contours of gas holdup in the ALR when the superficial gas velocity is 0.01 m/s and 0.02 m/s, respectively. It is seen in Figure 4 that a high superficial gas velocity is responsible for the high gas holdup in the ALR and more gas bubbles could be kept in the downcomer. However, it is noted that the gas holdup is still very low in the lower downcomer, indicating that no recirculation of the gas phase is formed.



Figure 5 reveals that the bubble diameter increases with the increase of ALR height and larger bubbles are observed in the upper downcomer. That is because no gas bubble recirculation is formed between the riser and downcomer, and bubble coalescence would be more pronounced in the upper downcomer.



In the biodegradation process, most species of microorganisms are shear stress sensitive, and high shear stress would damage the cell morphology and reduce the reaction efficiency. So the shear stress distribution has been suggested to have an impact on microbial cultivation and thus it should be seriously considered in the design of ALR [37]. Figure 6 displays the calculated distributions of the shear stress in the ALR. The shear stress is found to increase as the superficial gas velocity increases and the maximum appears at the middle of the riser, implying the formation of a liquid-phase eddy. The shear stress in this downcomer is much smaller than that in the riser because of the very low gas holdup in the downcomer and the gas–liquid interaction should be negligible.



The simulated local cell concentrations and dissolved phenol concentrations under different initial cell concentrations are compared with the findings reported in the experimental study of Feng et al. [12]. Figure 7 and Figure 8 show a good agreement between them, indicating that the model proposed in this work is able to characterize the biodegradation of phenol in the ALR. As the initial cell concentration increases, substrate inhibition has a weaker effect on microbial growth, more cells would be generated by the nutrient substance in the liquid phase, and the biodegradation rate would increase. The dissolved phenol is biodegraded totally within 13 h at the initial cell concentration of 102 mg/L, which is about 10 h faster than that at the initial cell concentration of 34 mg/L.



Figure 9a,b show the contours of Dt of dissolved phenol and liquid phase turbulent viscosity, respectively. Similar distribution patterns are observed for Dt and turbulent viscosity, and both Dt and turbulent viscosity increase with increasing ALR height. At a fixed ALR height, Dt decreases quickly in the near-wall region. This could be attributed to the constraint of turbulence in this region. In the previous works, Dt is often calculated by using Sct and assuming that Dt is proportional to the turbulent viscosity. Huang et al. adopted Sct = 0.75 to simulate the direct coal liquefaction process in an ALR [21], while Talvy et al. predicted the absorption process in an ALR by assuming Sct = 1 [38]. Figure 10 displays the profiles of calculated Sct at different heights, which shows that Sct varies throughout the ALR. So the traditional Sct method may not be feasible for the wastewater biodegradation process in the ALR. The      c 2   ¯   -εc model proposed in this work is more rigorous, as it takes into account the impact of concentration fluctuation on the turbulent mass transfer.




5.2. Comparison between Different Structures of ALRs


Figure 11 displays the contours of simulated distributions of the gas holdup, Sauter bubble size, and shear stress in the novel ALR when the superficial gas velocity is 0.02 m/s. By comparison, it is found that gas holdup is more uniformly distributed in the novel ALR. Additionally, Figure 11b reveals that bubble size increases with increasing ALR height and the largest bubble size appears in the upper part of the downcomer. Figure 11c shows the contour of shear stress distribution in the novel ALR. The largest shear stress appears in the lower part of the riser and the shear stress is rather small in other regions of the ALR, which are different from that in the original ALR. Table 1 compares volume-averaged gas holdup, bubble size, and shear stress between original and novel ALR. As shown, the novel ALR is characterized by smaller bubble size and higher gas holdup and thus it can provide more gas–liquid interfacial areas, which means greater mass transfer performance. Additionally, smaller volume-averaged shear stress is observed in the novel ALR, which is favorable for the biodegradation process.



Figure 12 displays the variation in the concentration of dissolved phenol during the biodegradation in the novel ALR. A comparison of Figure 12 with Figure 8b reveals that dissolved phenol would be totally degraded within about 11 h and the biodegradation rate is greater in the novel ALR, which may be due to its excellent hydraulic performance.





6. Conclusions


This study proposes a 3D CFD model to characterize the dynamic biodegradation of phenol in the ALR. The turbulent effect is determined by the standard k-ε model and the bubble size distribution is predicted by the population balance model. The turbulent mass diffusivity Dt is decided by the      c 2   ¯   -εc model, so the empirical methods for simulating the turbulent mass transfer process can be avoided. The simulation results agree well with the experimental data, indicating that the proposed model is able to characterize the biodegradation of phenol in the ALR. The predicted distributions of Dt and turbulent viscosity are not identical, which indicates that it may not be reasonable to assume a constant Sct in the ALR. Additionally, a novel structure of ALR is proposed and it has better hydraulic and biodegradation performance than the original one.
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Figure 1. A schematic of the simulated ALRs: (a) rectangle ALR; (b) cylinder ALR with six cylindrical draft tubes. 
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Figure 2. Schematic view of the grids: (a) rectangle ALR; (b) cylinder ALR with six cylindrical draft tubes. 
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Figure 3. The profiles of (a) gas holdup and (b) liquid axial velocity in the XZ−plane at Y = 0.1 m in the ALR when the superficial gas velocity is 0.02 m/s. 
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Figure 4. The contours of gas holdup obtained at different superficial gas velocities in the XZ−plane at Y = 0.1 m in the ALR: (a) ug = 0.01 m/s, (b) ug = 0.02 m/s. 
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Figure 5. The contours of the Sauter bubble size distribution (m) in the XZ−plane at Y = 0.1 m in the ALR at ug = 0.02 m/s. 
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Figure 6. Distributions of shear stress (kg m−1s−2) in the XZ−plane at Y = 0.1 m in the ALR at (a) ug = 0.01 m/s and (b) ug = 0.02 m/s. 
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Figure 7. Comparison between simulated cell concentrations and experimental results: (a) initial cell concentration: 34 mg/L; (b) initial cell concentration: 102 mg/L. 
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Figure 8. Comparison between simulated dissolved phenol concentrations and experimental results: (a) initial cell concentration: 34 mg/L; (b) initial cell concentration: 102 mg/L. 
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Figure 9. The contour of (a) turbulent mass diffusivity of dissolved phenol (m2/s) and (b) turbulent viscosity (kg/(m·s)) in the XZ−plane at Y = 0.1 m in the ALR. 
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Figure 10. Profiles of Sct in the XZ−plane at Y = 0.1 m at different ALR heights. 
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Figure 11. The contour of the (a) gas holdup, (b) Sauter bubble size distribution (m), and (c) shear stress in the XZ−plane at Y = 0.12 m in the novel ALR at ug = 0.02 m/s. 
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Figure 12. The variation of dissolved phenol concentration at an initial cell concentration of 102 mg/L. 
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Table 1. Comparison of bubble size, volume-averaged gas holdup, and shear stress between original and novel ALR.
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	Type of ALR
	Volume-Averaged Gas Holdup
	Volume-Averaged Sauter Bubble Size (m)
	Volume-Averaged

Shear Stress (kg·m−1s−2)





	original
	0.053
	0.0092
	3.798



	novel
	0.073
	0.0079
	1.370
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