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Abstract: The gas-liquid mixing phenomenon in a mixing tank containing a non-Newtonian fluid is 

an important process in many industrial applications, such as chemical and biochemical processing. 

The design and optimization of the aerated mixing tank with such characteristics is a challenging 

task. Most of these challenges are due to the non-Newtonian behavior of the fluid, which can lead 

to compartmentalization of the mixing tank, and formation of oxygen segregated zones. These is-

sues become more pronounced at larger scales. Therefore, the primary objective of this study was 

to identify the mixing dead zones and determine their impact on the overall mixing process for the 

coaxial mixing system at two different scales. This research focused on the evaluation of the hydro-

dynamics attained by a coaxial gas-liquid mixing tank through numerical and experimental meth-

ods. The study was conducted using computational fluid dynamics (CFD) and the electrical re-

sistance tomography (ERT) method. The effects of the aeration rate, inner impeller speed, and rotat-

ing mode on the creation of dead zones were investigated. 

Keywords: multiphase flow; coaxial mixing system; computational fluid dynamics; gas hold-up; 
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1. Introduction 

Gas-liquid mixing systems play a crucial role in chemical and biochemical industries 

specifically at a large scale. Due to the high operational costs, it is essential to achieve an 

optimal mixing and better productivity in the gas-liquid mixing systems [1]. The occur-

rence of mixing segregation zones inside a mixing vessel can have detrimental effects on 

the mass transfer efficiency, energy dissipation rate distribution, and apparent viscosity 

of the fluid. This is particularly significant for a mixing tank containing fluids that exhibit 

shear-thinning behavior. As a result, the presence of such zones must be minimized to 

ensure optimal performance of the mixing vessel [2,3]. 

Recent studies have been demonstrated that the gas dispersion in coaxial mixing 

tanks provides a desirable performance for achieving uniform hydrodynamics in non-

Newtonian fluids [4–6]. A coaxial mixing system comprises a vessel furnished with a cen-

tral impeller and an anchor impeller. According to the comprehensive literature review, 

the effect of the mixing segregation zones on efficacy of the coaxial system has not been 

reported. Hence, the primary objective of this study was to explore the gas hold-up and 

hydrodynamics obtained by the coaxial mixer at various aeration rates, impeller speeds, 

rotating mode, and the vessel sizes. 
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2. Material and Methods 

2.1. Experimental Method 

In our research laboratory, two cylindrical coaxial mixing vessels with flat bottoms 

were fabricated. The diameters of the vessels were 0.4 and 0.6 m. The aspect ratio, which 

is the ratio of the fluid height inside the vessel to the diameter of the vessel, was main-

tained at one for both aerated mixing vessels. Both large-scale and small-scale vessels were 

fitted with an anchor impeller and a central impeller. The Scaba impeller was used as a 

central impeller in this study. The central impeller diameters for the small-scale and large-

scale mixer were 18 and 27 cm, respectively. Additionally, a ring sparger was employed 

to supply air into the mixing vessel. Operating conditions of the experiments are listed in 

Table 1. 

Table 1. Operating conditions. 

Vessel 
Aeration Rate 

(vvm) 

Central Impeller Speed 

(rpm) 

Anchor Impeller Speed 

(rpm) 

Small-scale 0.12 350 10 

Large-scale 0.12–0.20 230–450 10 

The research utilized a non-Newtonian fluid consisting of a 0.5 wt% concentration of 

carboxymethyl cellulose (CMC) solution. The rheological behavior of the prepared solu-

tions was examined using a Bohlin C-VOR Rheometer 150, manufactured by Malvern In-

struments, UK. The rheological properties of the CMC solution at an ambient temperature 

of 22 ± 1 °C followed the power-law model. The consistency index and power law index 

were found to be 0.387 Pa.sn and 0.8591, respectively. 

The study utilized a non-invasive electrical resistance tomography (ERT) technique 

to measure the gas hold-up profile within the coaxial mixer. The adjacent measurement 

protocol was employed, with a predetermined frequency of 38.4 kHz and a current of 75 

mA. This involved applying a current to electrodes attached to the mixing tank wall, and 

acquiring voltage measurements that were translated into quantitative data of the con-

ductivity profile inside the coaxial mixer. The simplified Maxwell equation was then used 

to calculate the gas hold-up inside the mixer based on the conductivity data. Four sensor 

planes were installed in the mixing vessels at specific heights, with the small-scale mixing 

tank having planes at heights of 330 mm, 275 mm, 220 mm, and 165 mm, and the large-

scale mixing vessel having planes at heights of 460 mm, 350 mm, 230 mm, and 120 mm, 

from the bottom of mixing tank. Each plane was equipped with 16 rectangular stainless 

steel electrodes. 

2.2. Numerical Method 

To simulate the gas-liquid hydrodynamics inside the coaxial mixer, the Eulerian-Eu-

lerian multiphase model was utilized. The k-ε turbulence model was employed to account 

for the turbulence nature of the liquid phase. The Sato and Sekoguchi [7] model was used 

to describe the effect of bubble-induced turbulence on the hydrodynamics of the gas 

phase. The momentum balances for the gas and liquid phases were coupled by consider-

ing the modified Brucato et al. [8] drag force. The other forces had a negligible effect on 

the simulation results. 

The momentum and volume fraction were discretized using second-order upwind 

and QUICK techniques. Unstructured tetrahedral meshes were used to create the solution 

domain grid. The sparger area was designated as stationary while the area close to the 

central impeller was treated as a moving zone. The remaining areas were classified as a 

moving zone influenced by the anchor impeller. The degassing boundary condition was 

applied to the surface of the working liquid, while no-slip boundary conditions were used 

for the other walls. To add air to the mixing tank, a mass flow rate boundary condition 

was applied to the upper surface of the sparger. The governing equations were solved 
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using ANSYS FLUENT software (2020 R1). After conducting a grid independence test, it 

was determined that the CFD model with 1,673,962 grids and 4,673,692 grids could be 

used with reasonable accuracy for the small-scale and large-scale models, respectively. 

3. Results and Discussion 

The gas hold-up profile obtained from the ERT method for the coaxial mixer 

equipped with 50 L vessel is shown in Figure 1. This coaxial mixer was furnished with a 

Scaba and an anchor impeller. It was found that the flow regime obtained by the co-rotat-

ing coaxial mixer at a central impeller speed of 350 rpm, anchor impeller speed of 10 rpm, 

and an aeration rate of 0.12 vvm was under the complete gas dispersion condition. In fact, 

as can be seen in Figure 1, under these operating conditions the gas hold-up was uni-

formly distributed inside the mixing vessel. 

 

Figure 1. 3D tomogram obtained from the ERT method for gas dispersion inside the small-scale 

coaxial mixer equipped with the Scaba impeller at the co-rotating mode (central impeller speed = 

350 rpm, anchor impeller speed = 10 rpm, and aeration rate = 0.12 vvm). 

To evaluate the performance of the large-scale coaxial mixer, the gas hold-up and 

hydrodynamics inside the 170-L coaxial mixing vessel were investigated. It was discov-

ered that the gas hold-up obtained in the co-rotating mode was higher than that attained 

in the counter-rotating mode. In addition, it was observed that by increasing the aeration 

rate the gas phase retention inside the mixing vessel increased. 

In addition, the present study aimed to maintain similar performance between the 

small-scale and large-scale coaxial mixers. Therefore, the gas dispersion in the large-scale 

mixer was examined using the same aeration rate per working fluid volume and central 

impeller tip speed as those used in the small-scale mixer. It was discovered that under this 

condition the gas hold-up profile was not uniform. In fact, under this condition the mixing 

was not efficient and stagnant zones were observed as per result shown in Figure 2a. In 

this figure, the areas in which the fluid velocity is less than 10 percent of the maximum 

fluid velocity are depicted in gray color. The gray regions represent areas of low mixing 

intensity, indicating the creation of dead zones inside the coaxial mixer. However, a fur-

ther increase in the central impeller speed reduced the dead zones inside the mixing tank 

significantly (Figure 2b). Therefore, more uniform gas hold-up obtained under this cir-

cumstance. 
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(a) (b) 

Figure 2. Fluid velocity distribution obtained by the large-scale coaxial mixer containing a 0.5 wt% 

CMC solution: (a) central impeller speed = 235 rpm, anchor impeller speed = 10 rpm, and aeration 

rate = 0.12 vvm, and (b) central impeller speed = 330 rpm, anchor impeller speed = 10 rpm, and 

aeration rate = 0.12 vvm. 

4. Conclusions 

This research focused on the evaluation of hydrodynamics generated by an aerated 

coaxial mixing system through the numerical and experimental methods. The effect of the 

aeration rate, inner impeller speed, and rotating mode on the creation of dead zones were 

investigated. The location and the size of the dead zones were greatly dependent on the 

rotating mode and the size of the mixing vessel. Furthermore, the research outlined the 

relationship between the gas phase retention and the flow hydrodynamics inside the co-

axial mixing tank. This study highlighted the importance of considering the flow hydro-

dynamics and gas hold-up when designing the coaxial mixers containing a non-Newto-

nian fluid. 

Author Contributions: A.R.: Conceptualization, Methodology, Software, Validation, Formal analy-

sis, Investigation, Writing—original draft. F.E.-M.: Conceptualization, Resources, Methodology, 

Writing—review & editing, Supervision, Project administration, Funding acquisition. A.L.: Concep-

tualization, Resources, Methodology, Writing—review & editing, Supervision, Project administra-

tion, Funding acquisition. All authors have read and agreed to the published version of the manu-

script. 

Funding: This research was funded by Natural Sciences and Engineering Research Council of Can-

ada grant number RGPIN-2019-04644. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: The financial support of the Natural Sciences and Engineering Research Coun-

cil of Canada (NSERC) is gratefully acknowledged. Computations were performed on the Niagara 

supercomputer at the SciNet HPC Consortium. SciNet is funded by: the Canada Foundation for 

Innovation; the Government of Ontario; Ontario Research Fund—Research Excellence; and the Uni-

versity of Toronto. Deeply grateful to ANSYS for providing us with a high performance computing 

license for ANSYS FLUENT software. 

Conflicts of Interest: The authors declare no conflict of interest. 

  



Eng. Proc. 2023, 37, x FOR PEER REVIEW 5 of 5 
 

 

References 

1. Rahimzadeh, A.; Ein-mozaffari, F.; Lohi, A. Scale-up study of aerated coaxial mixing reactors containing non-new-

tonian power-law fluids: Analysis of gas holdup, cavity size, and power consumption. J. Ind. Eng. Chem. 2022, 113, 

293–315. 

2. Sadino-Riquelme, M.C.; Rivas, J.; Jeison, D.; Donoso-Bravo, A.; Hayes, R.E. Investigating a Stirred Bioreactor: Im-

pact of Evolving Fermentation Broth Pseudoplastic Rheology on Mixing Mechanisms. Fermentation 2022, 8, 102. 

https://doi.org/10.3390/fermentation8030102. 

3. Senouci-Bereksi, M.; Kies, F.K.; Bentahar, F. Hydrodynamics and Bubble Size Distribution in a Stirred Reactor. 

Arab. J. Sci. Eng. 2018, 43, 5905–5917. https://doi.org/10.1007/s13369-018-3071-z. 

4. Sharifi, F.; Behzadfar, E.; Ein-Mozaffari, F. Intensified gas-liquid mixing in bioreactors equipped with a dual coaxial 

mixer containing biopolymer solutions. Chem. Eng. Res. Des. 2023, 191, 109–126. 

https://doi.org/10.1016/j.cherd.2023.01.026. 

5. Rahimzadeh, A.; Ein-Mozaffari, F.; Lohi, A. Investigation of power consumption, torque fluctuation, and local gas 

hold-up in coaxial mixers containing a shear-thinning fluid: Experimental and numerical approaches. Chem. Eng. 

Process.-Process. Intensif. 2022, 177, 108983. https://doi.org/10.1016/j.cep.2022.108983. 

6. Rahimzadeh, A.; Ein-Mozaffari, F.; Lohi, A. New Insights into the Gas Dispersion and Mass Transfer in Shear-

Thinning Fluids Inside an Aerated Coaxial Mixer via Analysis of Flow Hydrodynamics and Shear Environment. 

Ind. Eng. Chem. Res. 2022, 61, 3713–3728. https://doi.org/10.1021/acs.iecr.1c04586. 

7. Sato, Y.; Sekoguchi, K. Liquid velocity distribution in two-phase bubble flow. Int. J. Multiph. Flow 1975, 2, 79–95. 

https://doi.org/10.1016/0301-9322(75)90030-0. 

8. Brucato, A.; Grisafi, F.; Montante, G. Particle drag coefficients in turbulent fluids. Chem. Eng. Sci. 1998, 53, 3295–

3314. https://doi.org/10.1016/s0009-2509(98)00114-6. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


