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Abstract: 

Due to the exceptional multiphase mixing and mass transfer performance, gas-liquid vortex 

units (GLVUs) have great potential for solvent-based applications like CO2 capture. The high 

gas flow rates needed to provide the energy input for creating the centrifugal field negatively 

influence the contact between phases and the efficiency of the GLVU. To address this issue, 

computational fluid dynamics (CFD) simulations are used to optimize the design of the GLVU 

geometry and its operating conditions. The gas-liquid flow characteristics, contact time and 

total energy consumption in different GLVU geometries are analyzed. The effects of 

geometrical changes including reactor shape, reactor volume and gas-liquid inlet configuration 

are investigated. In the optimized GLVU designs, the gas-liquid contact time is increased by 

more than a factor of 3, while the energy consumption is reduced by 85% compared to the base 

case. Structural optimization of a GLVU is an effective route to improve the gas-liquid contact 

time. The use of CFD significantly accelerates the optimization of the design of a GLVU 

geometry for subsequent manufacturing.  
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1. INTRODUCTION 

With a total emission of 35 Gt in 2021, CO2 is the main greenhouse gas1. The rise of the CO2 

concentration in the atmosphere is responsible for a substantial increase of the atmospheric 

temperature over the past decade2. One option to reduce emissions to the atmosphere is to 

capture CO2 from point sources and then store it, so-called CO2 capture and storage (CCS). 

Therefore, it is urgent and necessary to develop stable, safe and environment-friendly 

approaches for CO2 capture3. A commonly used CCS technology is the conventional 

absorber/desorber configuration, which uses amines as a solvent to capture CO2 from the point 

source and strips the concentrated CO2 from the absorbent. These gas-liquid contactors 

operating in the gravitational field require large volumes to handle enormous flows such as 

those coming from a steel mill. One of the main reasons for this is the limited mass transfer 

efficiency. In other words, mass transfer limitations hinder CO2 capture performance and 

efficiency4, 5.  

 

Process Intensification (PI) refers to the improvement of processes at the operational, 

functional, and/or phenomena levels in a unit. This can be achieved through the integration of 

unit operations, the integration of functions and phenomena, or by specifically enhancing the 

phenomena for a set of target operations6. PI technology can thus result in substantially smaller, 

cleaner and more energy-efficient processes, and is as such playing an increasingly larger role 

in the chemical industry5, 7, 8. One way to achieve PI in chemical and other industries is the 

implementation of new reactor technologies. One example is the application of vortex 

technology. Gas-solid vortex units (GSVUs) have recently been used for different gas-solid 

applications including combustion9, fluid catalytic cracking10, drying11, 12, biomass pyrolysis13, 

14 and oxidative coupling of methane15, 16. The positive PI results obtained when using vortex 

units for different gas-solid applications raise interest in extending the use of vortex technology 
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to gas-liquid applications. The resulting gas-liquid reactor is referred to as a gas-liquid vortex 

unit (GLVU). Voinov et al.17-19 studied the gas-liquid hydrodynamics in a rotating gas-liquid 

layer. The interfacial area in the vortex bubbling layer was found to vary in the range of 1800-

3000 m-1. Previous research 20 experimentally studied liquid hydrodynamics in a GLVU using 

a high-speed camera. Over a wide operating window, the formation of gas bubbles and liquid 

ligaments was observed. The micromixing characteristic time and the liquid side mass transfer 

coefficient were calculated to be in the range of 1 - 3 ms and 1×10-3 - 2×10-3 m/s, respectively20, 

21. More recently, the interphase mass transfer efficiency in a GLVU was evaluated by studying 

the chemisorption of CO2 in a NaOH solvent4. It was found that the effective specific interfacial 

area in the GLVU varies in the range of 860 - 2750 m2/m3 while the range of the volumetric 

mass transfer coefficient was 1 - 10 s-1. These values confirm the high mass transfer efficiency 

and mixing efficiency in a GLVU. In Figure 1, the original vortex chamber of the GLVU is 

presented. Tangential inlet slots are positioned on the circumferential wall of a reactor chamber 

to direct the gas flow into the reactor. The momentum of the gas is partially transferred to the 

liquid that is injected via a single liquid inlet in the top plate of the chamber creating a highly 

turbulent rotation of the liquid phase. Consequently, a highly dispersed gas-liquid layer is 

formed at the circumferential wall of the chamber. Both gas and liquid leave the reactor through 

a central exhaust. In this reactor, a large and rapidly renewed interface area is generated, which 

was observed to significantly enhance the gas-liquid mass transfer performance4, 20, 21. 
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Figure 1. Schematic diagram of the GLVU : (a) top view; (b) side view. Reproduced with 

permission from the references 20. Copyright 2021 Elsevier Ltd. Reproduced with 

permission from the reference21. Copyright 2021 John Wiley and Sons. 

In the context of CO2 capture, the large gas-liquid interface combined with a long contact time 

is essential to realize a high CO2 absorption efficiency, especially when processing large liquid 

flows in industrial processes. In some literature22-24, the low gas-liquid contact time due to large 

flows in intensified reactors was found to result in inadequate absorption of CO2 and thus a 

lower CO2 removal efficiency. Simply reducing the gas and liquid flows to enhance the contact 

time is detrimental when the goal is to realize PI since this change will decrease the vortex 

intensity in the GLVU20, 25. The operating cost of the GLVU is primarily dominated by the high 

flow rates required to create a uniform gas-liquid layer and to facilitate the rotation of the gas-

liquid layer4. Therefore, it is worthwhile to investigate how to design and optimize the GLVU 

geometry to increase the contact time and decrease the energy consumption while maintaining 

the vortex flow and achieving a large and uniform gas-liquid layer. 
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An experimental semi-empirical approach in reactor design is extremely time-consuming and 

costly26. An economical and efficient alternative is the use of computational fluid dynamics 

(CFD). CFD allows to generate data and images that give detailed insights in hydrodynamics 

to help analyze the complex flow behavior of various physical and chemical processes. Some 

studies have reported the application of CFD in the design of gas-liquid reactors with a rotating 

gas-liquid layer25, 27-30. Wu et al.31 investigated the hydrodynamics and mass transfer in a 

rotating packed bed (RPB) with multiple liquid inlets using a CFD model. It was found that the 

use of multiple liquid inlets is beneficial for PI as it improves the gas-liquid mass transfer 

efficiency. Li et al.32 implemented 3D Eulerian multiphase simulations to study the liquid 

hydrodynamics in a novel disk-distributor RPB. They found that the use of the disk-distributor 

remarkably increases the liquid holdup, residence time and wetting efficiency of a high-

viscosity liquid in the packing zone. Su et al.28 improved the circulation of a liquid flow in an 

RPB with internal circulation by structure optimization.  

 

In our previous work25, CFD simulations were already performed to study hydrodynamics and 

mixing efficiency in a GLVU. In addition, the results demonstrated that the use of multiple 

liquid inlets will result in a more uniform liquid velocity distribution in the GLVU. The applied 

CFD model was validated25 and is therefore used in the present work. The applied model assures 

that the numerical approach for problems involving complex geometries and multiphase flows 

is satisfactory and reliable. In the present work, different GLVU geometries are designed and 

studied, with the goal of improving the gas-liquid contact time and decreasing energy 

consumption. These improvements will result in an increase in gas-liquid mass transfer 

efficiency. The effects of different geometries on the gas-liquid contact time and dispersion 

inside the vortex chamber are studied using CFD simulations. Additionally, the energy 

consumption of the resulting GLVU designs is evaluated. The presented results set out the initial 
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guidelines along which new GLVU geometries can be designed and optimized before being 

built. A number of selected geometries will be constructed and used in future experimental work 

on CO2 capture. 

2. REACTOR GEOMETRY 

The geometry of the GLVU reactor used in this work as a reference was elaborated in detail in 

the work of Ouyang et al.20, 21. As such, only a brief description of the GLVU geometry is given. 

The base case GLVU geometry, containing a cylindrical vortex chamber, a central exhaust, 12 

tangentially inclined gas inlet slots and a liquid inlet, is shown in Figure 2. The vortex chamber 

has a diameter of 80 mm and a height of 15 mm. The exhaust in the top plate has a diameter of 

20 mm. The 12 gas inlet slots have a width of 0.65 mm and are equally distributed over the 

circumferential wall of the vortex chamber, inclined tangentially at an angle of 10 °. The liquid 

is introduced through a single inlet with a diameter of 4 mm in the top plate of the chamber. A 

rotating gas–liquid layer in bubbly flow condition is formed near the circumferential wall of the 

vortex chamber. Operating in a centrifugal field was already found to result in the intensification 

of the gas-liquid mass and heat transfer in the vortex unit4, 20, 21, 25. In this work, a number of 

new GLVU geometries are proposed and studied numerically. The contact time between the 

gas phase and the liquid phase in the proposed GLVU geometries is compared with that in the 

base case GLVU. 
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Figure 2. Schematic diagram of the GLVU (base case) for CFD simulation 

3. NUMERICAL MODEL 

3.1. GOVERNING EQUATIONS 

The volume of fluid (VOF) model and the Eulerian-Eulerian two-fluid model are most often 

applied in multiphase flow simulations. The interface between a gas phase and a liquid phase 

can be effectively monitored using the VOF model33-35. However, a fine grid and a small time-

step are required to accurately describe the gas-liquid interface. The consequence is a highly 

time-consuming simulation if applied to a gas-liquid mixture in a bubbly flow rotating at a high 

velocity for which phase interaction is high36-38. In contrast, the Eulerian-Eulerian two-fluid 

model has the potential to reduce the required simulation time as a more coarse grid and a higher 

simulation time step can be used. It has already been confirmed that the Eulerian-Eulerian two-

fluid model is a powerful tool to predict the hydrodynamics of gas-liquid mixtures rotating in 

reactors such as RPBs24, 39, 40 and GLVUs25. Therefore, the Eulerian-Eulerian two-fluid model 

is applied to the numerical simulations in the present work. 
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Detailed discussions and descriptions of the Eulerian-Eulerian two-fluid model can be found in 

various recent publications25, 39, 41-43. Therefore, only a brief summary of the most relevant 

equations to be solved is given. Assuming that gas and liquid are incompressible and 

immiscible, the mass conservation equation for phase q is44: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇ ⋅ (𝛼𝑞𝜌𝑞𝑢𝑞⃗⃗⃗⃗ ) = 0                                            (1) 

where 𝛼𝑞, 𝑢𝑞⃗⃗⃗⃗  and 𝜌𝑞 are the volume fraction, velocity and density of fluid phase q, i.e., liquid 

or gas, respectively. At any spatial location, the gas volume fraction and the liquid volume 

fraction sum up to 1. 

The momentum equation for phase q is expressed as44: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑢⃗ 𝑞) + ∇ ⋅ (𝛼𝑞𝜌𝑞𝑢𝑞⃗⃗⃗⃗ 𝑢𝑞⃗⃗⃗⃗ ) = −𝛼𝑞∇𝑝 + 𝐹𝐺−𝐿⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − ∇ ⋅ 𝜏𝑞̅̅̅ + 𝛼𝑞𝜌𝑞𝑔          (2) 

where p represents pressure, g is the gravitational acceleration, 𝛼𝑞∇𝑝 is the pressure gradient 

and 𝜏𝑞̅̅̅ is the viscous stress-strain tensor. As a consequence of the high-speed rotation of the 

gas-liquid layer and the strong interactions between phases in the GLVU4, 20, 21, the overall 

interphase forces 𝐹𝐺−𝐿⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ to be considered are drag, lift, and turbulent dispersion forces between 

the gas phase and the liquid phase. The drag force is often regarded as the most important 

interphase force45-47. In this work, only the drag force is taken into consideration 46, 47: 

𝐹𝐺−𝐿⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐾𝐺−𝐿(𝑢𝐺⃗⃗ ⃗⃗  − 𝑢𝐿⃗⃗⃗⃗ )                                                 (3) 

where 𝐾𝐺−𝐿 is the interfacial momentum exchange coefficient, which are calculated by :  

𝐾𝐺−𝐿 =
3

4
𝜌𝐿𝛼𝐺𝛼𝐿

𝐶𝐷

𝑑𝑏
|𝑢⃗ 𝐺 − 𝑢⃗ 𝐿|                                       (4) 

where d  is the bubble diameter. The bubble diameter can either be imposed (as a fixed bubble 

size)48, 49 or calculated from a Population Balance Model (PBM)50, 51, which predicts the bubble 

size distribution. Scargiali et al.52 performed simulations in a gas-liquid reactor applying two 

bubble sizes, 2 mm and 4 mm. Their results indicate that bubble size had only a minor influence 

on variables like total gas holdup and its distribution. It implies that the gas-liquid 
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hydrodynamics in the reactor are not substantially affected by changing the bubble size. 

Moudoud et al.53 arrived at similar conclusions in their studies. Based on the experimental work 

of Ouyang et al.4, the bubble diameter is set at 1.5 mm in the present work. Assuming a fixed 

bubble size based on experimental data is also a conventional approach for an E-E simulation54. 

Consequently, a more in-depth exploration of the effects of bubble coalescence and breakage 

on gas-liquid hydrodynamics and mass transfer using a CFD-PBM simulation will be the focus 

of our subsequent studies. CD represents the drag coefficient. For the calculation of the drag 

coefficient, the correlation of Ishii-Zuber is used55: 

𝐶𝐷 = 𝑚𝑎𝑥 (
24

𝑅𝑒𝑏
(1 + 0.15𝑅𝑒𝑏

0.687),𝑚𝑖𝑛 (
2

3
𝐸𝑜1/2,

8

3
))                         (5) 

The Eötvös number Eo used in the drag correlation is defined as: 

𝐸𝑜 =
𝑔(𝜌𝐿−𝜌𝐺)𝑑2

𝜎
                                                       (6) 

 

The swirling flow in a GLVU is highly turbulent. There is no unified turbulence model to 

describe the turbulent characteristics of a rotating gas-liquid mixture. Different turbulence 

models, such as the k-ε model, the renormalization group (RNG) k-ε model, the k-ω model, and 

the shear stress transport (SST) k-ω model have been evaluated for simulation of a swirling 

flow by Maluta et al.56, Zhang et al.57 and Putra et al.58. The results showed that the SST k-ω 

model shows a better performance compared to other turbulence models. This is due to its 

ability to accurately predict flow separation for adverse pressure gradient conditions. Therefore, 

the SST k-ω turbulence model is adopted. The equations are found in Equations (7) and (8)59: 

∂

∂𝑡
(𝜌𝑞𝑘𝑞) +

∂

∂𝑥𝑗
(𝜌𝑞𝑘𝑞𝑢𝑗,𝑞) =

∂

∂𝑥𝑗
(Γ𝑘,𝑞

∂𝜔𝑞

∂𝑥𝑗
) + 𝐺̃𝑘,𝑞 − 𝑌𝑘,𝑞 + 𝑆𝑘,𝑞                    (7) 

∂

∂𝑡
(𝜌𝑞𝜔𝑞) +

∂

∂𝑥𝑗
(𝜌𝑞𝜔𝑞𝑢𝑗,𝑞) =

∂

∂𝑥𝑗
(Γ𝜔,𝑞

∂𝜔𝑞

∂𝑥𝑗
) + 𝐺𝜔,𝑞 − 𝑌𝜔,𝑞 + 𝐷𝜔,𝑞 + 𝑆𝜔,𝑞           (8) 
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In these equations, 𝑘 and 𝜔 denote the turbulence kinetic energy and specific dissipation rate, 

respectively. 𝛤, 𝐺, 𝑌 and 𝑆 represent the generation, diffusivity, dissipation and source terms, 

respectively. 𝐷𝜔,𝑞 represents the cross-diffusion term. The subscript q refers to both phases. 

The effective diffusivities used in the SST k-ω turbulence model are calculated by: 

Γ𝑘,𝑞 = 𝜇𝑞 +
𝜇𝑡,𝑞

𝜎𝑘,𝑞
                                                     (9) 

Γ𝜔,𝑞 = 𝜇𝑞 +
𝜇𝑡,𝑞

𝜎𝜔,𝑞
                                                    (10) 

where 𝜎𝑘,𝑞 and 𝜎𝜔,𝑞 are the turbulent Prandtl numbers for 𝑘 and 𝜔, respectively. The turbulent 

viscosity, 𝜇𝑡,𝑞, is computed as follows: 

𝜇𝑡,𝑞 =
𝜌𝑘𝑞

𝜔𝑞

1

max[
1

𝛼∗,
𝑆′𝐹2
𝑎1𝜔𝑞

]
                                               (11) 

where 𝛼∗ is a coefficient that dampens the turbulent viscosity causing a low-Reynolds number 

correction; 𝑎1 is the model constant and equals 0.31; 𝐹2 is a function that is 1 for boundary-

layer flows and 0 for free shear layers, respectively. The strain rate magnitude 𝑆′is defined as: 

𝑆′ = √2𝑆𝑖𝑗𝑆𝑖𝑗                                                    (12) 

𝑆𝑖𝑗
′ =

1

2
(
∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
)                                                  (13) 

The Troshko-Hassan formulation60 is used to incorporate the effect of the gas turbulence on the 

hydrodynamics as suggested by Zhang et al.61. The formulation can be expressed as follows: 

𝑆𝑘,𝑞 = 0.75 𝛼𝑞𝐾𝐺−𝐿|𝑢⃗ 𝐺 − 𝑢⃗ 𝐿|
2                                       (14) 

𝑆𝜔,𝑞 =
0.45

1

𝜏𝑝
𝑆𝑘,𝑞

𝐶𝜇𝑘𝑞
−

𝜔𝑆𝑘,𝑞

𝑘𝑞
                                              (15) 

where the model constant 𝐶𝜇  equals 0.09 and 𝜏𝑝  is the characteristic time of the induced 

turbulence defined as: 

𝜏𝑝 =
𝑑𝑝

3𝐶𝐷|𝑢⃗⃗ 𝐺−𝑢⃗⃗ 𝐿|
                                                      (16) 
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The numerical model was previously found to accurately simulate the base case GLVU used in 

this work25. The validation was performed through a comprehensive comparison of 

experimentally and numerically obtained values for the pressure drop over the gas-liquid layer 

and the liquid velocity on the bottom plate of the chamber. A good quantitative agreement was 

observed over a wide range of GLVU operating conditions. The validated numerical model is 

applied in this study. 

3.2. BOUNDARY CONDITIONS AND NUMERICAL SETTINGS 

The simulated geometry (Base case) shown in Figure 2 is a slightly simplified representation 

of the complete experimental setup. To save calculation time and cost, the simulated geometry 

contains only the vortex chamber, the liquid inlets, the gas inlets and the exhaust. The results 

of previous work25 have proven that this simplified approach is feasible. At the outlet of the 

GLVU, atmospheric pressure is imposed. A no-slip boundary condition is specified for all 

chamber walls. The velocity-inlet type condition is adopted for the gas inlet flow and liquid 

inlet flow with αG=1.0 and αL=1.0, respectively. Table 1 summarizes the boundary conditions 

and the physical properties of both phases used in the simulations.  

 

The computational domain is discretized using hexahedral structured grid cells. A grid 

selectivity study, which is discussed in previous work25, was conducted. The selected grid size 

of 2 mm remains unchanged for all GLVU geometries used in the optimization study.  

 

All simulations are performed using the commercial software, ANSYS Fluent 2021R2®. The 

Phase Coupled Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) scheme62 is 

employed to solve the pressure-velocity coupled equations. A first-order upwind algorithm is 

adopted to solve all equations. The convergence criterion for all equations is set at 10-3. The 

simulation is initialized by feeding only gas (air) to the empty chamber. Once a steady gas flow 
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field is obtained, the liquid phase (water) is fed to the chamber too. Both the gas and liquid 

leave the vortex chamber via the central exhaust. During a simulation, the volume-averaged 

liquid volume fraction in the grid cells of the vortex chamber is monitored as a function of time. 

When the monitored value remains constant or fluctuates regularly over time, the simulation is 

stopped and a time-averaging of all flow characteristics is performed. 

 

Table 1. Boundary conditions and fluid physical properties 

Description Value 

Wall boundary condition No slip 

Inlet boundary condition Velocity inlet  

Outlet boundary condition Pressure outlet 

Gas phase  Air 

Gas density (kg/m3) 1.225 

Gas viscosity (mPa·s) 1.78×10-2 

Liquid phase  Water 

Liquid density (kg/m3) 998 

Liquid viscosity (mPa·s) 1 

Temperature (K) 293.15 

3.3. ASSESSMENT OF HYDRODYNAMIC PERFORMANCE 

3.3.1. Contact time assessment 

A schematic representation of the gas-liquid layer in the vortex chamber is given in Figure 3. 

This bubbly flow was experimentally observed20. The gas-liquid mass transfer inside the 

chamber was already confirmed to mainly occur in the gas-liquid layer4, 20, 25. In the present 

study, the range of the gas-liquid volumetric flow ratio is between 70 and 700 (with a gas flow 
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rate of 25 to 75 Nm3/h and a liquid flow rate of 110 to 330 kg/h). In the region between the gas 

inlet and the central outlet, a stable rotating gas-liquid layer is formed due to the momentum 

transfer from the gas phase to the liquid phase. As a result, the liquid volume fraction in this 

area is high. However, near the outlet, this stable gas-liquid layer disappears, leading to the 

liquid volume fraction falling within the range of 0 to 0.1. This behavior is directly related to 

the aforementioned range of the gas-liquid volumetric flow ratio. This observation is also in 

alignment with the experimental findings20. Therefore, employing the contact time as a metric 

to evaluate the hydrodynamic performance of the GLVU is justified. The contact time, 

representing the time needed for the gas to flow through the gas-liquid layer, can be calculated 

from the following equation. 

𝑡𝑐 =
𝑉𝐺−𝐿 𝜀𝐺

𝑄𝐺
                                                             (17) 

VG-L is the volume of the gas-liquid layer near the wall of the vortex chamber, indicated by the 

colored zone in Figure 3. The average gas volume fraction in the gas-liquid layer (𝜀𝐺 ) 

corresponds to the fraction of gas bubbles in that layer, indicated in yellow in Figure 3. 𝑄𝐺 

represents the rate of the gas flow fed to the GLVU. The calculated value (tc) is used to evaluate 

the gas-liquid contact time in the GLVU. The values of VG-L and 𝜀𝐺  used in Eq. (6) are 

determined based on the simulation results that provide the liquid volume fraction value in each 

grid cell. When the (time-averaged) liquid volume fraction of a grid cell is calculated to have a 

value between 0.1 and 0.9, the cell is assumed to be part of the gas-liquid layer. Theoretically, 

these specific criteria will not affect the comparison of different GLVU designs as long as the 

same criteria are used for all cases. For one of the simulated geometries, the result of this 

approach is presented in Figure 4, where the calculated liquid volume fractions (Figure 4(a)) in 

the different cells are processed to the liquid layer volume (VG-L) as shown (the colored region 

in Figure 4(b)). The average gas fraction (𝜀𝐺 = 1 − 𝜀𝐿) in the gas-liquid layer is the volume-

averaged value over all selected cells. 
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The gas residence time distribution stands as one of the crucial metrics in evaluating the 

hydrodynamic performance of reactors. For all the cases studied in this work, a detailed 

comparison between the mean gas residence time and contact time is found in the Supporting 

Information. Additionally, it is discussed why the contact time rather than the mean gas 

residence time is preferred as the primary assessment criterion to evaluate the reactor 

hydrodynamic performance. In short, the mean gas residence time is higher than the contact 

time because it considers gas flow through the entire reactor, while the contact time measures 

gas flow through the gas-liquid layer only. The gas-liquid volume is always smaller than that 

of the whole reactor because there is no stable gas-liquid layer in the center of the vortex 

chamber (see Figure 4). Furthermore, the contact time more accurately reflects the state of gas-

liquid flow within the chamber. Therefore, the selection of the contact time as the principal 

metric better aligns with this study's focus on gas-liquid flow behavior. 

 

Figure 3. Schematic representation of the gas-liquid layer in the vortex chamber. Blue 

represents the liquid phase in the gas-liquid layer, while yellow represents the gas bubbles in 

the gas-liquid layer. 
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Figure 4. Processing of a liquid volume fraction contour: (a) before data processing, (b) 

visualization of cells with a liquid volume fraction between 0.1 and 0.9, i.e. the so-called gas-

liquid layer volume used in this work 

3.3.2. Energy consumption assessment 

It is important to examine the energy efficiency of the designed GLVR. The gas flow serves as 

the primary source of energy input in the vortex chamber, driving the rotation of the gas-liquid 

layer. The total energy consumption per unit liquid holdup volume can be calculated as follows: 

𝐸total =
𝑊input

𝑉𝐺−𝐿𝜀𝐿
                                                        (18) 

Where 𝑊input represents the total energy input power. Based on the concept that the gas flow 

is the primary energy input to the system, 𝑃input can be determined as: 

𝑊input = 𝑄𝐺Δ𝑃 + 𝑄𝐺𝜌𝐺 (
1

2
𝑣in

2 −
1

2
𝑣out 

2 )                                         (19) 

In this equation, ΔP represents the pressure drop, ρG is the density of the gas phase, vin is the 

superficial gas velocity at the circumferential wall, and vout is the superficial gas velocity near 

the center of the chamber. In Figure 5, positions I and II are measurement points for pressure 

and gas velocity. Position I is located near a narrow gas slot injection, while Position II is at the 

center of the chamber. Point I is positioned at the middle of the reactor with a radial location of 

(rR -0.0005m), while Point II is located at ro. The pressure contours for each studied cases can 

be found in Figure S2 in the Supporting Information.  
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Figure 5. (a) Pressure contour in a GLVU, (b) gas velocity contour in a GLVU; I, II represent 

the measure points of pressure and gas velocity. 

4. RESULT AND DISCUSSION 

4.1. SIMULATION CASES 

Multiphase flow behavior, gas-liquid contact time and energy consumption in a GLVU depend 

on different variables, including geometric variables, gas and liquid flow rates and physical 

properties of the gas and liquid phases. In this work, mainly the effects of changing geometric 

variables and gas-liquid flow rates are studied. The results of a selected number of all performed 

simulations are presented in this paper to provide guidelines for the design of a GLVU and its 

operating conditions. Figure 6 visualizes the GLVU geometries for which simulation results are 

presented in this work. The design details are summarized in Table 2. The outlet radius (ro) for 

all designed GLVUs is 7.5mm. The geometric variables that are considered in the optimization 

study include the diameter and height of the reactor chamber (chamber shape and size) and the 

gas and liquid inlet configurations (gas and liquid inlet height and liquid inlet position). In our 

previous work, it was already demonstrated that the use of multiple liquid inlets results in a 

more uniform liquid velocity distribution in the vortex chamber25. Therefore, multiple liquid 
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inlets are used for each GLVU geometry in our optimization study. These tangentially inclined 

inlets are located in between the 12 gas inlets.  

 

A series of transient simulations are performed, meanwhile progressively adjusting the design 

and/or operating conditions of the GLVU. The case-to-case modifications are carried out to 

improve the overall performance of GLVU. They are based on the evaluation of the results from 

the previous simulation cases. With a progressing number of simulation results, the gas and 

liquid flow rate, and the chamber volume converge towards optimal values. The performance 

of the original GLVU geometry (Base case) is studied first. The performance of the newly 

designed geometries with changing chamber size and inlet configurations is compared with the 

performance of the Base case. To discuss the simulation results clearly and efficiently, 

geometrical parameters are processed in the sequence described below. Different operation 

conditions are considered for changing geometries as well. 

 

1. Chamber shape: In Cases 1.I, 1.II, 1.III and Cases 2.I, 2.II, 2.III, the chamber shape varies. 

In Cases 1.I, 1.II, 1.III, the chamber has a pancake shape, whereas in Cases 2.I, 2.II, 2.III, it has 

a cylindrical shape. It should be noted that both chambers have the same volume. 

 

2. Chamber volume (chamber height): In Cases 2.I, 2.II, 2.III and Cases 3.I, 3.II, 3.III, the 

chamber height is varied. Both chambers are cylindrical and have the same diameter. The 

change in height results in a change in chamber volume. 

 

3. Gas inlet height: The variation in gas inlet height and its effects are investigated in Case 3.III 

and Case 4. A “full gas inlet height” is set in Case 3. At “full gas inlet height”, the height of the 

slot equals the height of the chamber. A “partial gas inlet height” is set in Case 4. The results 
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of Case 3.III and Case 4 show that a full gas inlet height is necessary to have a good gas-liquid 

dispersion. Consequently, it is used for the subsequent geometries (Cases 5.I, 5.II and 5.III and 

Case 6). 

 

4. Liquid inlet configuration (liquid inlet height and position): The effect of the liquid inlet 

height is investigated by comparing Case 2.III and Cases 5.I, 5.II and 5.III. A “full liquid inlet 

height” is used in Case 2.III while a “partial liquid inlet height” is applied in Case 5.I, Case 5.II 

and Case 5.III. Additionally, the position of the liquid inlet varies in Cases 5.I, Case 5.II and 

Case 5.III. They are positioned in the top, middle and bottom of the chamber in Case 5.I, Case 

5.II and Case 5.III respectively. 

 

5. Gas and liquid inlet width: The effect of inlet width is investigated in Case 5.I and Case 6. 

The inlet width is 1 mm in Case 5.I, while in Case 6 it is reduced to 0.5 mm, both for gas and 

liquid inflow. 

For Cases 1, 2 and 3, the gas and liquid flow rates are varied. Based on the obtained results, a 

set of gas and liquid flow rates is selected to be used in Cases 4, 5 and 6. A complete overview 

is given in Table 2. 
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Figure 6. Schematic diagram of the optimized GLVU geometries used in different simulated cases 
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Table 2. Chamber geometry parameters and inlet feed rates for different GLVU geometries  

Case 
Chamber 

diameter/mm 

Chamber 

height/mm 

reactor 

volume/mL 

Gas inlet 

height/mm 

Liquid inlet 

height/mm 

Liquid inlet 

position 
Inlet width/mm 

Gas flow 

rate/(m3/h) 

Liquid flow 

rate/(kg/h) 

B.I 

80 15 76 15 4* Top plate 0.65 

25 110 

B.II 75 110 

B.III 25 330 

1.I 

218 7 263 7 7 Full height 1 

25 110 

1.II 75 110 

1.III 25 330 

2.I 

60 93 263 93 93 Full height 1 

25 110 

2.II 75 110 

2.III 25 330 

3.I 

60 50 181 50 50 Full height 1 

25 110 

3.II 75 110 

3.III 25 330 

4 60 93 263 46.5 93 Full height 1 25 330 

5.I 

60 93 263 93 4 

Partial height,  

Top 
1 

25 330 

5.II 
Partial height, 

middle 
1 
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5.III 
Partial height, 

bottom 
1 

6 60 93 263 93 4 Partial height, Top 0.5 25 330 

*: For base case GLVU geometry, the liquid inlet diameter is 4 mm. 
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4.2. GLVU DESIGN (BASE CASE) 

4.2.1. CONTACT TIME 

Simulation results for the base case GLVU, with the geometry shown in Figure 2, are evaluated 

first as they form the starting point for the optimization of the GLVU. The geometric variables 

and operating conditions for Base cases B.I, B.II and B.III can be found in Table 2. As 

discussed, the gas-liquid dispersion and contact time determine the performance of the GLVU. 

Figure 7 shows the liquid volume fraction contours in the top, middle (h = 0.5HR) and bottom 

of the chamber, as well as in a vertical cut of the base case GLVU, for different gas and liquid 

flow rates. Due to the tangential injection of air into the vortex chamber, a highly turbulent and 

dispersed gas-liquid mixture is formed in a strong centrifugal field. An increase in the liquid 

volume fraction is observed at the position of the single liquid inlet in the top plate of the 

chamber, resulting in a lower local circumferential uniformity of the gas-liquid layer. The non-

uniformity of the liquid volume fraction contour at the top plate becomes more obvious as the 

liquid flow rate increases. The initial conclusion is that a GLVU with the base design is not 

suitable for conditions requiring a high liquid flow rate, especially those exceeding 110 kg/h. 

This observation aligns with previous experimental results20. 

 

The results for the presented Base cases, gathered in Figure 7(d), show the effect of changing 

the gas and liquid flow rates on the gas-liquid contact time for the base case GLVU design. 

When increasing the gas flow rate (𝑄𝐺) from 25 m3/h to 75 m3/h and keeping the liquid flow 

rate (𝑄𝐿) constant at 110 kg/h, the contact time decreases from 6.31 ms to 2.14 ms. It can be 

explained by the decrease in the gas-gas-liquid layer volume and the increase of the gas velocity 

in the vortex chamber with increasing gas flow rate. The increase in the gas flow rate by a factor 

of three causes a huge increase in the denominator in Eq. (6). The latter is the major contribution 

to the decrease in contact time. A decrease of the gas-liquid layer volume is observed in Base 
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case B.II compared to Base case B.I and Base case B.III. As explained by Ouyang et al.20, the 

consequence of an increase in the gas flow rate is the formation of a strong centrifugal field and 

an increase of the drag force exerted on the gas-liquid layer. The competition between the 

centrifugal force and the drag force is found to result in a thinner gas-liquid layer. The low gas-

liquid contact time in the chamber will result in issues for certain applications, such as a low 

CO2 capture efficiency in the context of CCS 22-24. When the gas flow rate is maintained constant 

at 25 m3/h and the liquid flow rate is increased from 110 kg/h to 330 kg/h, the contact time 

increases from 6.31 ms to 6.44 ms due to an increased gas-liquid layer volume (VG-L). 

 

Figure 7. Liquid volume fraction contours for base case GLVU design: (a) regular flow 

(B.I), (b) increased gas flow (B.II), (c) increased liquid flow (B.III); (d) gas-liquid contact 

time and total energy dissipation for base case GLVU design. 

4.2.2. ENERGY CONSUMPTION 

Table S1 shows the pressure drop and energy consumption for the Base cases under various 

combinations of gas and liquid flow rates (see Supporting Information). It is noticeable that the 

ΔP increases as both the liquid and gas flow rates increase. The influence of the gas flow rate 

on ΔP is greater than that of the liquid flow rate. These results are in good agreement with 
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experimental data. When the gas flow rate is 25 m3/h and the liquid flow rate is 110 kg/h, the 

simulation result quantitatively agrees with the experimental result. Increasing the gas flow rate 

leads to an increase in gas drag force and a higher momentum transfer from the gas phase to the 

liquid phase in the rotating gas-liquid layer, leading to a greater pressure drop. Additionally, 

increasing the liquid flow rate increases liquid holdup and the thickness of the gas-liquid layer 

in the GLVR. It implies that the gas phase needs to pass more liquid volume elements and 

consumes more gas momentum energy. A high-pressure drop requires more energy to overcome 

it. Energy consumption increases as both the liquid and gas flow rates increase, as shown in 

Figure 7(d). 

4.3. GLVU GEOMETRY OPTIMIZATION  

4.3.1. EFFECT OF CHAMBER SHAPE 

The gas and liquid flow rates and the chamber volume are variables affecting the gas-liquid 

contact time. The chamber volume is determined by chamber height (DH) and chamber diameter 

(DR). When the chamber volume is fixed, the chamber diameter to chamber height ratio (DR/DH) 

is a good measure for the chamber shape, which will influence the hydrodynamics. The first 

step in the geometrical optimization of the GLVU is taken by investigating the effect of a 

varying chamber shape, as shown in Figure 8. In Case 1 and Case 2, two chambers with a 

volume higher than that of the base case design are proposed to prolong the gas-liquid contact 

time. The volumes of the two chambers are equal, but the chamber diameter to chamber height 

ratio (DR/DH) is 31.1 for Case 1 (pancake shape) and 0.645 for Case 2 (cylinder shape). The 

geometric variables and the operating condition for Cases 1.I, 1.II, 1.III and Cases 2.I, 2.II, 2.III 

are listed in Table 2. The dispersion of the gas-liquid layer and of the gas-liquid contact time in 

both chambers are compared to evaluate the efficiency of the different shapes.  
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Figure 8 shows the liquid volume fraction contours for the pancake-shaped chamber Cases 1.I, 

1.II, 1.III and cylinder-shaped chamber Cases 2.I, 2.II, 2.III, and In Table S1 the gas-liquid 

layer volume and contact time for both chambers at different gas-liquid flow rates are given. 

For the pancake shape chamber (Figures 8(c)-7(e)), a gas-liquid layer is formed on the bottom 

of the chamber over the full radius. When increasing the gas flow rate from 25 m3/h to 75 m3/h, 

the liquid accumulation on the bottom of the chamber disappears due to the increased inflow of 

momentum. However, when increasing the liquid flow rate from 110 kg/h to 330 kg/h and 

maintaining the gas flow rate at 25 m3/h, the liquid accumulation at the bottom reappears due 

to the increased liquid inflow. Nevertheless, the gas-liquid layer (0.1<εL<0.9) remains uniform. 

The increase of liquid inflow leads to an increase in the gas-liquid layer volume and contact 

time. This is explained by the fact that the gas-liquid drag force is lower than the centrifugal 

force of the liquid phase, thus increasing the gas-liquid layer volume in the chamber. Overall, 

it must be concluded that the values of the gas-liquid layer volume and gas-liquid contact time 

in the pancake-shaped chamber are higher than the values in the base case GLVU. 

 

For the cylinder-shaped chamber, the liquid phase accumulates in the bottom plate of the 

chamber at 𝑄𝐺 = 25 m3/h, as shown in Figures 8(f) and 7(h). When increasing the liquid flow 

rate from 110 kg/h (Case 2.I) to 330 kg/h (Case 2.III), the thickness of the pure liquid layer in 

the bottom of chamber decreases. The latter results in a decrease of the gas-liquid layer volume 

and contact time as compared to the base case. When increasing the gas flow rate to 75 m3/h 

(Case 2.III), the momentum provided by the gas increases and the liquid no longer accumulates 

on the bottom plate of the chamber (see Figure 8(h)). However, the gas-liquid contact time 

becomes lower as found in Table S1. From a full comparison of the simulation results for Cases 

1.I, 1.II, 1.III and Cases 2.I, 2.II, 2.III (Table S1), it is concluded that, for corresponding gas 

and liquid flow rates, both the gas-liquid layer volume and contact time of the pancake-shaped 
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chamber are higher than the values for the cylinder-shaped chamber. This is most likely 

explained by the fact that the low height and thus small cross-sectional area of the gas and liquid 

inlet slots in the pancake-shaped chamber result in very high gas and liquid injection velocities. 

At higher velocities the momentum input increase, resulting in a more uniform dispersion of 

gas and liquid in the chamber. Due to the more uniform distribution, the contact time in the 

pancake-shaped chamber is approximately four times longer than the contact time in the base 

case GLVU. When a pure liquid layer is formed on the bottom of the cylinder-shaped chamber 

the gas-liquid contact time is lowered, as observed when comparing Cases 2.I and 2.III to Cases 

1.I and 1.III. The intensification caused by the small cross-sectional area of the gas and liquid 

inlet slots in Cases 1.I, 1.II and 1.III will result in a study of the gas-liquid inlet configuration 

on the gas-liquid layer volume and the gas-liquid contact time for the cylinder-shaped geometry, 

as discussed in sections 4.3.3 and 4.3.4. 

 

The values of the pressure drop of Cases 1.I, 1.II, 1.III and Cases 2.I, 2.II, 2.III are presented 

in Table S1, while their energy consumption is depicted in Figure 8(i). It can be observed that 

the pressure drop in the pancake-shaped chamber is higher than that in the base case GLVU 

under the conditions of 𝑄𝐺= 25m3/h and 𝑄𝐿=110kg/h, as well as 𝑄𝐺 =25 m3/h and 𝑄𝐿 =330 kg/h. 

This is due to the fact that the thickness of the gas-liquid layer within the pancake-shaped 

chamber is much greater compared to the other GLVUs, requiring the gas phase to consume 

more energy in order to pass through the thick gas-liquid layer. However, when the gas flow 

rate is increased to 75 m3/h, the pressure drop in the base case is greater than in the pancake 

chamber. This is due to the increased volume of the pancake-shaped chamber, which results in 

a decrease in the gas velocity within the chamber and a decrease in the drag force between gas 

and liquid, leading to a lower pressure drop. Overall, the pressure drop is impacted by a 
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combination of factors such as the drag force, the centrifugal force, gas-liquid layer thickness 

and others.  

 

The pressure drop within the cylinder-shaped chamber is lower than the base case GLVU for 

all gas and liquid flow rate combinations, this is due to the cylindrical chamber having a 

relatively large volume. Pancake-shaped chambers have a thicker gas-liquid layer, which leads 

to a significantly higher pressure drop compared to cylinder-shaped chambers. This increased 

pressure drop results in higher energy consumption (Etotal). Additionally, the high thickness of 

the gas-liquid layer in pancake-shaped chambers is an inherent property and difficult to 

optimize. As a result, the cylindrical chamber design is further optimized in subsequent 

simulations to enhance the gas-liquid contact time. 

 

Figure 8. (a) GLVU geometry for Case 1, (b) GLVU geometry for case 2; liquid volume 

fraction contours for GLVUs with different shapes (c) case 1.I, (d) case 1.II, (e) case 1.III, 

(f) case 2.I, (g) case 2.II, (h) case 2.III; (i) gas-liquid contact time and total energy 

dissipation for Cases 1 and Cases 2. 
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4.3.2. EFFECT OF CHAMBER VOLUME (CHAMBER HEIGHT) 

As discussed in section 4.3.1, possible liquid accumulation on the bottom plate of the cylinder-

shaped chamber (see Figures 8(f) and (h)) results in a decrease in the gas-liquid contact time 

due to the non-uniformity of the gas-liquid layer. A good gas-liquid dispersion (see Figure 8(g)) 

can be obtained by an increase of the gas flow rate as the increased momentum transfer results 

in higher liquid velocities in the vortex chamber4, 20, 25. Some literature on gas-liquid reactor 

geometry optimization claims that the reactor size affects the gas-liquid velocity inside the 

reactor63-65. The cylinder-shaped chamber with a lower chamber height but with the same 

chamber diameter (as shown in Case 3 in Figure 6) is designed to study the effect of chamber 

volume (chamber height). It should be noted that the chamber volume of Case 3 is still larger 

than that of the Base case. As mentioned previously the geometry and operating condition of 

Cases 3.I, 3.II and 3.III are summarized in Table 2.  

 

The simulation results for Cases 3.I, 3.II and 3.III are presented in Figures 9(b)-9(d). In Figure 

9(e), the results for Case 2.III are added as a reference (for Case 3.III). A well-dispersed gas-

liquid layer is formed at the outer wall of the chamber for each set of operating conditions. Due 

to the lower chamber volume (chamber height) as compared to Case 2, the injection velocity of 

liquid and gas increases resulting in the formation of this more uniform gas-liquid layer. This 

is observed when comparing Figures 9(d) and 9(e). The thick liquid layer on the bottom plate 

has disappeared.  

 

The values of the gas-liquid layer volume and the pressure drop of Case 3.I, Case 3.II and Case 

3.III are gathered in Table S1, with their gas-liquid contact time and total energy consumption 

illustrated in Figure 9(f). Comparing the results of Case 1, Case 3 and the Base case for the 

three sets of operating conditions, it is found that the gas-liquid layer volume and contact time 
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for Case 3 are higher than the values for the Base case but lower than the values for the pancake-

shaped chamber (Case 1). It is thus concluded that an increase in the chamber volume will result 

in increasing the gas-liquid layer volume and contact time. The same conclusion is drawn when 

comparing Case 2.II and Case 3.II. By comparing the results of Cases 3.I, 3.III with the results 

for Cases 2.I, 2.III, the opposite conclusion is drawn. An increase of the chamber volume 

(chamber height) decreases the uniformity of the gas-liquid layer and thus decreases the gas-

liquid contact time. Therefore, the cylinder-shaped chamber with a larger volume (higher height) 

(Case 2) is further optimized to obtain a well-dispersed gas-liquid layer with a higher volume. 

Table 2 displays the pressure drop and energy consumption for Cases 3.I, 3.II and 3.III. It is 

evident that the pressure drop and total energy consumption of Cases 3 are lower than those of 

the base case, but slightly higher than those in Cases 2 under all operating conditions. This is 

because the chamber volume in Case 3 is larger than the base case but smaller than that of Case 

2. 

 

When comparing the results for Case 3.I, Case 3.II and Case 3.III, it is concluded that a higher 

liquid flow rate increases the gas-liquid layer volume and contact time, as explained in section 

4.3.2. Furthermore, in general, increasing the liquid phase flow rate increases the gas-liquid 

absorption efficiency. Thus, the operating conditions for all subsequent designs are set at a gas 

flow rate of 25 m3/h and a liquid flow rate of 330 kg/h. 
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Figure 9. (a) GLVU geometry for Case 3; liquid volume fraction contours for GLVUs with 

different chamber heights: (b) Case 3.I, (c) Case 3.II, (d) Case 3.III, (e) Case 2.III; (f) gas-

liquid contact time and total energy consumption for Cases 3 and Case 2.III 

4.3.3. EFFECT OF GAS INLET HEIGHT 

As mentioned in section 4.3.2, the gas and liquid inlet configurations affect the gas-liquid flow 

behaviors in the vortex chamber. Both the gas and liquid inlet flow provide momentum to the 

vortex chamber. Reducing an inlet height reduces the cross-sectional area and hence increases 

the initial momentum of the gas and/or liquid entering the chamber. The GLVU geometry with 

a partial gas inlet height is proposed in Case 4 (see Figure 6). Table 2 provides all dimensional 

information and operating conditions of the optimized GLVU for Case 4. 

 

The liquid volume fraction contours for Case 4 are presented in Figure 10 (b). With a reduced 

gas inlet height, limited to the lower half of the chamber, the liquid accumulates in the top half 

of the chamber. Figure 10 (c) shows the contours for Case 2.III which is used as a reference. 

Results are discussed in section 4.3.1. In Figure 10 (d), the values for the gas-liquid contact time 

and total energy consumption for Case 4 are found. Due to the liquid accumulation in the bottom 

of the chamber (Case 2.III) or in the top half of the chamber (Case 4), the values of contact time 
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of Case 2.III and Case 4 are very low. A full gas inlet height is thus considered for all subsequent 

designs. 

 

 

Figure 10. (a) GLVU geometry for Case 4; liquid volume fraction contours for GLVUs with 

different gas inlet heights: (b) Case 4, (c) Case 2.III; (d) gas-liquid contact time and total 

energy consumption for Case 4 and Case 2.III (𝑄𝐺= 25 m3/h, 𝑄𝐿 = 330 kg/h). 

4.3.4. EFFECT OF LIQUID INLET CONFIGURATION 

As noted previously, the liquid inlet configuration can affect the gas-liquid flow behavior in the 

vortex chamber. Cylinder-shaped chambers with a partial liquid inlet height placed in different 

positions on the circumferential wall, as shown in Case 5.I, Case 5.II and Case 5.III in Figure 

6, are proposed to improve the gas-liquid flow behavior.  

 

Figure 11 displays the liquid volume fraction contours for Case 5.I, Case 5.II, Case 5.III and 

Case 2.III. When shifting the position of the partial liquid inlet from the top to the bottom of 
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the chamber, some liquid phase accumulates at the bottom of the chamber, as seen by comparing 

Figures 11(a) and 11(c). This observation can be explained by the limited upward rotation of 

the liquid phase in the chamber with a partial liquid inlet in the bottom of the chamber (see 

Figure 12(c)). When the partial liquid inlet is positioned in the middle of the chamber, some 

liquid accumulates near liquid inlets. This observation is consistent with Figure 12(b) which 

shows that the liquid streamlines concentrate near the liquid inlets. The latter is also observed 

for the liquid inlet in the bottom (see Figure 12(c)). When positioning the partial liquid inlet in 

the top of chamber, the liquid streamlines are evenly distributed in the vortex chamber. When 

the liquid inlet height is decreased from 93 mm (Case 2.III)(see Figure 11(d)) to 7 mm (Cases 

5.I, 5.II and 5.III)(see Figures 11(a-c)), the liquid accumulation in the bottom of the chamber 

decreases, which will result in better gas-liquid contact.  

 

Simulation results with information on contact time and total energy consumption of Case 5.I, 

Case 5.II, Case 5.III are compared in Figure 11(e). The contact time in the gas-liquid layer 

increases from 6.4 ms for Case 2.III to about 21 ms for Case 5.I. From this, it can be concluded 

that momentum input by both phases, and not by the gas phase only, has a positive effect on the 

GLVU operation. The latter coincides with our previous findings on the gas-liquid 

hydrodynamics in the vortex chamber4, 20, 21. With a partial liquid inlet positioned in the top of 

the chamber, the contact time has the highest value for Case 5.I. When the partial liquid inlet is 

shifted to a lower position, liquid accumulates on the bottom of the chamber, thus negatively 

influencing the contact time, as found for Case 5.II and Case 5.III. Moreover, the total energy 

consumption is the lowest when the liquid phase inlet is positioned at the top of the chamber. 

This is due to the fact that the gas-liquid layer volume is highest in this configuration, resulting 

in the highest liquid holdup within the chamber. Based on these simulation results, the partial 

liquid inlet will be placed in the top of the chamber for the next simulation. 
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Figure 11. Liquid volume fraction contours for GLVUs with different liquid inlet position: 

(a) Case 5.I, (b) Case 5.II, (c) Case 5.III, (d) Case 2.III; (e) gas-liquid contact time and total 

energy consumption for Cases 5 and Case 2.III (𝑄𝐺= 25 m3/h, 𝑄𝐿 = 330 kg/h) 

 

Figure 12. Liquid streamlines in the vortex chamber for Cases 5.I (a), 5.II (b) and 5.III (c), 

studying the effect of the liquid inlet position (𝑄𝐺= 25 m3/h, 𝑄𝐿 = 330 kg/h) 

4.3.5. EFFECT OF SLOT INLET WIDTH 
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The slot inlet width is one of the geometrical options that affect the momentum input from 

the gas and liquid injection. In Case 6, the inlet width of all injection inlets is decreased 

from 1 mm to 0.5 mm. Consequently, the gas and liquid inlet velocities are doubled, 

increasing the momentum input in the chamber by both phases. The effect of the inlet width 

on gas-liquid layer volume and gas-liquid contact time is studied by comparing Case 5.I 

and Case 6. Figures 13(b) – 13(c) illustrate that a uniform gas-liquid layer is formed in the 

chamber for both cases, with the gas-liquid contact time and total energy consumption for 

Case 6 and Case 5.I depicted in Figure 13(d). When comparing the contact time for Case 

5.I and Case 6, similar values of about 22 ms are obtained. The latter is probably explained 

by the fact that for Case 5.I an evenly distributed gas-liquid layer at the wall is already 

realized. Further reduction of the inlet cross-sectional area is found to have a limited effect 

on the gas-liquid contact time (not shown). Additionally, the increase of gas inlet velocity 

caused by decreasing slot width results in a higher pressure drop in Case 6. This results in 

an increase in energy consumption. Therefore, the width of the gas-liquid inlet remains fixed 

at 1 mm.  
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Figure 13. (a) GLVU geometry for Case 4; liquid volume fraction contours for GLVUs with 

different inlet widths: (b) Case 6, (c) Case 5.I; (d) gas-liquid contact time and total energy 

consumption for Case 6 and Case 5.I (𝑄𝐺= 25 m3/h, 𝑄𝐿 = 330 kg/h) 

4.4. SELECTION OF CHAMBER GEOMETRY 

Figure 14 compares the gas-liquid contact time for all the studied geometries and operating 

conditions. The contact time of Case 5.I is about 3 times longer than the contact time of the 

base case GLVU, while reducing total energy consumption by roughly 85 %. Although the total 

energy consumption in Case 1.III is significantly higher than in Case 5.I, it has the longest gas-

liquid contact time, making it of interest for further research. Based on the simulation results, it 

is decided that the pancake-shaped chamber (Case1.III) and cylinder-shaped chamber with 

partial liquid inlets in the top of chamber (Case 5.I) will be constructed for further experimental 

research. In the experimental setups, the simulation results will be validated by experimental 

data for changing gas and liquid flow rates.  

 

Figure 14. Gas-liquid contact time and total energy consumption for all the studied cases 
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In our previous study4, the GLVU was found to exhibit a higher total energy consumption (often 

referred to as the energy dissipation rate66, 67) compared to stirred tanks, bubble columns and 

micro-packed beds, while aligning closely with rotor-stator spinning disc reactors. High energy 

dissipation rates typically denote better mixing and mass transfer characteristics, which are 

important for a variety of industrial applications including CO2 capture. While these higher rates 

offer enhanced performance, the associated increase in operational costs must be considered as 

well. Achieving an optimal balance between mass transfer efficiency and cost-effectiveness is 

crucial. In essence, for CO2 absorption efficiency, key elements like contact time, gas-liquid 

distribution, and the volumetric mass transfer coefficient play important roles. To clarify the 

relationship between these factors and CO2 absorption efficiency, CFD simulations coupled to 

interphase mass transfer will be conducted in our future work. 

5. CONCLUSIONS 

In this study the gas-liquid contact time in the gas-liquid vortex reactor (GLVU) is improved 

by geometrical optimization using CFD. An increase of the liquid flow rate increases the gas-

liquid layer volume and thus prolongs the gas-liquid contact time. Pancake-shaped chambers 

result in longer contact time than a cylinder-shaped chamber as the small gas and liquid inlet 

heights increase the injection of momentum by both phases. To realize a good gas-liquid contact 

in a cylinder-shaped GLVU, the gas and liquid need to be fed through a full height gas inlet and 

a partial height liquid inlet. Positioning the partial liquid inlet height in the top of the vortex 

chamber is advised. Under the selected operating conditions (G = 30 m3/h, L = 330 kg/h), when 

the slot inlet width is 1 mm, a uniform gas-liquid layer can be achieved. Further reduction of 

the slot inlet width has a limited effect on the gas-liquid contact time. Compared to the base 

case GLVU design, the gas-liquid contact time is increased by a factor of 3 on average and the 

total energy consumption rate is reduced by 85%. A pancake-shaped chamber (DR = 218 mm, 

HR = 7 mm, HG = 7mm, HL = 7 mm, WI = 1 mm) and a cylinder-shaped chamber with partial 
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liquid inlet in the top of the chamber (DR = 60 mm, HR = 93 mm, HG = 93mm, HL = 7 mm, WI 

= 1 mm) are selected to be constructed for the experimental research of gas-liquid processes 

like CO2 capture.  
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SUPPORTING INFORMATION 

Comparison of contact time and mean gas residence time for all studied cases, table of the 

overview of the geometric parameters, gas-liquid layer volume, pressure drop, gas-liquid 

contact time and energy consumption for all studied cases, and pressure contours for GLVUs 

studied in this work. 
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NOMENCLATURE 

a1   Model constant, - 

CD   Drag coefficient, - 

DR   Chamber diameter, mm 

𝐷𝜔   Cross-diffusion term, - 

Eo  Eötvös number, - 

Etotal  Total energy consumption per unit liquid holdup volume, W/m3 

𝐹   The interaction force between phases 

𝐹2  Model constant, - 

𝐺  Diffusivity term, J/(m3·s) 

g  Gravity acceleration, m/s2 

HG  Gas inlet height, mm 

HL  Liquid inlet height, mm 

HR  Chamber height, mm 

KG-L  Interfacial momentum exchange coefficient, kg/(m3·s) 

k  Turbulent kinetic energy, m2/s2 

𝛥𝑃   Pressure drop Pa 

𝑃   Pressure, Pa 

𝑄𝐺  Gas flow rate, m3/s 

𝑄𝐿  Liquid flow rate, kg/s 
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𝑞   Phase index, G or L 

r  Radial position, m 

ro  Outlet radius, m 

rR  Radius of GLVU chamber, m 

S  Source term, J/(m3·s) 

S’  Strain rate magnitude, - 

𝑡  contact time, s 

𝑉𝐺−𝐿  Gas-liquid layer volume, m3 

WI  Inlet width, mm 

𝑊𝑖𝑛𝑝𝑢𝑡   Total energy input, W 

𝑌   Dissipation term, J/(m3·s) 

 

Greek symbols 

𝛼  Volume fraction, - 

𝛼∗  Coefficient to damp the turbulent visocity, - 

𝛤  Generation term, - 

𝜀  Turbulence dissipation rate, 1/s 

𝜀𝐺  Average gas volume fraction in the gas-liquid layer, - 

𝜂  Molecular viscosity, kg/(m·s) 

𝜌  Density, kg/m3 
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𝜎  Surface tension, N/m 

𝜎𝑘  Turbulent Prandtl number for turbulence kinetic energy, - 

𝜎𝜔  Turbulent Prandtl number for specific dissipation rate, - 

𝜏𝑝  Characteristic time of induced turbulence, s 

𝑢⃗   Reynolds-averaged velocity, m/s 

ω  Specific turbulence dissipation rate, 1/s 

 

Abbreviations 

CFD  Computational fluid dynamics 

GLVU  Gas-liquid vortex unit 

GSVU   Gas-solid vortex unit 

SST  Shear stress transport 

VOF  Volume of Fluid 
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