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Abstract - In this work, Finite Volume Method (FVM) is used to simulate the gas-liquid dispersion and the effect of alcohol addition 

on the gas hold-up, liquid circulation velocity and gas velocity in a bubble column using air-water system to which 0.01% 

concentration propanol was added. The model aims to describe the flow pattern of air-water system and the impact of surfactant 

addition on the local hydrodynamics in a bubble column reactor. A multiphase Euler-Euler approach with mean bubble size and a 

standard 𝑘 − 𝜀 model of turbulence are used. The 3-D Computional Fluid-Dynamics (CFD) simulations are able to predict the liquid 

circulation, the gas holdup and the effect of the surfactant addition on the flow pattern. 
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1. Introduction 
Bubble column reactors (BCR) are widely used in the chemical and biochemical industries due to their simple 

geometry, easy manufacturing, low energy consumption, easy design/scaling up and shear stress [1], [2] and [5]. In these 

sorts of multiphase reactors, gas phase is dispersed in the form of small bubbles in the liquid phase. The hydrodynamics, 

mass transfer and chemical reactions in multiphase bubble column reactors are strongly coupled as well as the two-phase 

flow structure is very complex which make their design and scale-up very difficult, see [1] and [2]. 

A main issue of two phase flow process in bubble column reactors is, therefore, to predict accurately these aspects, 

which require fundamental understanding and modeling of the underlying mechanisms. The modeling of the 

hydrodynamics is widely affected by the physico-chemical properties of the two-phase system. In particular, bubble 

coalescence inhibition, usually encountered with aqueous solutions containing surfactants or industrial non-coalescence 

organic mixtures, and may affect the gas hold-up and the hydrodynamic regime. 

The potential ofCFD for simulating hydrodynamics and gas-liquid mass transfer in the design and scale-up has been 

established by several authors, see for example [1-4]. The majority of previous experimental and numerical works aimed at 

describing the hydrodynamic parameters using air-water systems or other Newtonian and non-Newtonian liquids.For 

instance, in [5] the authors investigated the effect of small alcohol addition on hydrodynamics and bubble properties using 

different distributors. Gourich et al. [6] analyzed the mass transfer in high aspect ration column with both water and non-

coalescence inhibiting liquid mixture. Buwa and Ranade [4] carried out experiments with coalescence inhibiting 

liquid.Besagni et al. [7] conducted some experiments to consider the effect of ethanol on the global gas holdup, flow 

regime and bubble distribution. Their results indicatethat near the sparger zone, there is a large number of large bubbles 

that break into smaller bubbles, the gas holdup is increased and the homogeneous flow is stabilized. McClure et al. [8] 

carried outsome experimental measurments and CFD modelling for air/water system and analyzed the impact of 2-

propanol addition. However, very few studies and modelstackling non-coalescence organic mixtures media, have been 

reported. 

The purpose of this work is, therefore, to develop a computational fluid model to study hydrodynamics and the flow 

pattern in the air-water system and water-alcohol solutions involved in a bubble column, so that robust scale-up and 

performance can be achieved.Here, we present our first results using the experimental data from the works of Gourich et al. 

[5] to validate the CFD model. The simulationsare carried out in a cylindrical bubble column reactor of 10 cm internal 

diameter and 3 m height. The gas-free liquid height was about 1.66 m. Available data describes the respective influence of 
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superficial gas velocity from 0.6 to 8.7 cm/s and of water properties on hydrodynamics using real drinking water and 

aqueous solutions of propanol at 0.01% concentration, ambient temperature and atmospheric pressure. The initial gas 

bubble size was set by experimental data. The numerical solutions for the equations model were obtained using the 

OpenFOAM (Field Operation and Manipulation)software package [7]. The general properties inside the flow field such as 

gas hold-up and local liquid velocities were calculated and compared with experimental data. 

 

2. Simulation Set-up 
 

2.1. Two-phase flow model 
The model used in this work considers a three-dimensional gas-liquid flow with a single bubble size distribution. An 

Euler-Euler approach was used, where both phases (the continuous liquid phase and the dispersed gas phase) are modeled 

as two interpenetrating continua. The volume-averaged Navier-Stokes equations are used to describe the motion of each 

phase. Assuming no mas mass transfer between phases, the continuity equation for each phase is introduced as: 

 

𝜕(𝜌𝑘)

𝜕𝑡
+ ∇ ∙ (𝛼𝑘𝐔𝑘) = 0 (1) 

 

where the subscript 𝑘 denotes the 𝑘th phase (𝐿 for the liquid and 𝐺 for the gas), 𝜌 is the phase density, 𝛼 is the volume 

fraction, and 𝐔 = (𝑢, 𝑣, 𝑤)  is the averaged phase velocity vector. The equations of concervation of momentum for each 

phase are defined as: 

 

𝜕(𝛼𝑘𝜌𝑘𝐔𝑘)

𝜕𝑡
+ ∇ ∙ (𝛼𝐾𝜌𝐾𝐔𝐾𝐔𝐾) = −α𝐾∇𝑝 + 𝛼𝐾𝜌𝐾𝐠 − ∇ ∙ (𝛼𝐾𝜌𝑘𝐑𝐾) + 𝐅𝑘 (2) 

 

where 𝑝 is the pressure, 𝐠 is the gravitational acceleration, 𝐑𝑘 is the kth phase Reynolds stress tensor, and 𝐅𝑘 represents 

the inter-phase momentum exchange between phase 𝑘 and phase 𝑙.The interfacial forces acting on two phases include the 

interphase drag, lift, virtual mass, wall lubrication, and turbulence dispersion forces. In the present study, the drag force 

contribution to 𝐅𝐷 for the dispersion phase is taken to be: 

 

𝐅𝐷 =
3

4

𝜌𝐿𝛼𝐺

𝑑𝑏
𝐶𝐷|𝐔𝑟|𝐔𝑟  

(3) 

 

where 𝐔𝑟 is the relative velocity, which is the mean velocity difference between the phases, 𝑑𝑏 is the equivalent 

diameter of the bubbles, and 𝐶𝐷 is the drag coefficient. A single bubble size estimated from experimental data was used. 

The inter-phase drag coefficient is computed using from Schiller-Naumann and Ishii-Zuber [10] assuming spherical 

bubbles. The lift force is introduced as: 

 

𝐅𝐿 = 𝛼𝐺𝜌𝐿𝐶𝐿𝐔𝑟 × (∇ × 𝐔𝐿) (4) 

 

where 𝐶𝐿, 𝜌𝐿 and 𝛼𝐺  are lift coefficient, liquid density as well as gas volume of fraction respectively. The correleation 

of Tomiyama et al. (see [3]) is adopted in this work. The virtual mass force is indicated as: 

 

𝐅𝑣𝑚 = −𝛼𝐺𝜌𝐿𝐶𝑣𝑚 (
𝐷𝐔𝐿

𝐷𝑡
−

𝐷𝐔𝐺

𝐷𝑡
) 

(5) 

 

Where 𝐶𝑣𝑚 is the virtual mass coefficient and assumed to be 0.5. The turbulent dispersion force is introduced as: 

 

𝐅𝑇𝐷 = 𝜌𝐿𝑘𝐿𝐶𝑇𝐷∇𝛼𝐺 (6) 
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The coefficient of the turbulent dispersion force 𝐶𝑇𝐷 is assumed to be in the range of 0.1-1.0. 

Flow conditions were assumed to be turbulent. Therefore, the stress tensor in the liquid phase was computed by means 

of the dispersed 𝑘– ɛ turbulence model, accounting for the additional bubble-induced turbulence and gas dispersion force 

(see, e.g., Bannari et al., 2011). This uses the standard 𝑘– ɛ equations for the continuous phase and includes additional 

source terms to incorporate effects of the dispersed phase on turbulence with the standard single-phase parameters, 𝐶𝜇 =

0.09,  𝐶1𝜀 = 1.44,  𝐶2𝜀 = 1.92, 𝜎𝑘 = 1, and 𝜎𝜀 = 1.3. 
 

2.2. Numerical discretization and boundary conditions 
The numerical solutions for the equations model in the bubble column reactor were obtained using the open source 

package OpenFOAM (Field Operations And Manipulations) [12]. The model described in this work is based on the 

existing twoPhseEulerFoam solver of version 2.2.x. The schematic view of the reactor and the corresponding 

computational domain used in the present 3-D CFD simulations are shown in Fig. 1. 

The geometry and the grid used in the simulations were created using the Gmsh software, see Fig. 2.  Very fine cells 

where created near the walls to solve the boundary layer. Then,  the mesh sensitivity analysis was carried out using three 

different meshes and yielded quantitavely grid-independent results using 123700 computational cells as illustrated in Fig. 3 

and 4.The boundary conditions used in the simulations are listed in Table 1. Initially, the reactor is filled with water at a 

height of 1.66 m with air above and the flow is at rest in both phases.The equations were integrated with the finite-volume 

approach. The convective terms of the momentum and turbulent quantities equations were descritized with the second-

order upwind scheme. The convective term of the equation fot the phase fraction were descritized with a second-order total 

variation diminishing (TVD) scheme. Time integration was performed with the first-order Euler scheme. All the other 

terms were discretized with a second-order central scheme. The calculations are started with a time step of 10-4 s for the 

first 1000 steps and then 10-3 s for the remaining time steps. The simulations are carried out for 50 s. Afterwards, the 

fluctuations on the liquid velocity are stabilized and the time-averaged results over the last 120s are obtained. 

 

 

A  

 

B 

Fig. 1: Schematic view of the BCR geometry, 𝐔𝐺 = 0.06 m/s. (A), Mesh geometry of the bubble column in the vertical and radial 

direction (B). 
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Table 1: Boundary conditions for inlet, outlet and wall patches. 

 

Variable Inlet Outlet Wall 

Gas volume fraction Dirichlet Neumann Neumann 

Gas Velocity Dirichlet Neumann Slip 

Liquid Velocity Dirichlet Neumann No-slip 

Pressure Neumann Dirichlet Neumann 

 
 
 

 
A 

 
B 

 
C 

Fig. 2: Schematic of three different meshes used for the gas sparger (A: 79348 elements, B: 123700 elements, and C: 136372 

elements). 

 

 
 

Fig. 3: Comparaison of the gas hod-up and liquid velocity for three diffrent meshes. 

 

3. Results and discussions 

In this reseach, firstly, local flow structure for gas-water system for intial superficial gas velocity 𝐔𝐺 = 0.06 m/s is 

studied. Afterward, the role of different liquid system on flow pattern on BCR is examined. Figure 4 compares the CFD 

results and experimental measurements of the local hold-up and liquid velocity of Camarasa et al. [5]. Their experiments 
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were conducted in the column having the same cross section diameter (100 mm)as this numerical study, using the same gas 

distributor and at a superficial velocity of 0.06 m s-1.  

It was realized that there is good agreement between the experimental data and CFD preditions using a mean bubble 

size of 4 mm, however, the CFD model underestimates the gas holdup at the zone near the wall. The similar behaviour was 

observed when comparing the simulations performed with 2 mm and 5 mm bubble diameters.  

It is well known that the aqueous alcohol systems reduce the mean bubble size and the bubbly flow is characterized by 

the presence of uniform bubbles. From the experimental work [5], a mean size bubble of 2 mm is considered in this CFD 

model. Figure5 displays a comparaison between the predicted time-averaged gas holup-up for pure water and water alcohol 

system for the xy-plane and yz-plane.At the superficial velocity 𝐔𝐺 = 0.06 m/s, the flow become unstable in air/water 

system and the transition regime appears as observed experimentally by Gourich et al. [6]. In the presence of the alcohol 

the flow become stable.As it is expected, the addition of propanol to air/water system leads to an increase of gas hold-up 

toward the top of the column. 

The height of free surface increases from almost 1.857 m for air/water system to almost 2 m for air/water-alcohol 

solution. Since the coalescence is inhibited, the overall gas hold-up increases due to the presence of small bubbles in the 

column. Similar results were obtained in [5,6,8]. A comparaison between the simulated liquid velocity profiles for both 

air/water and air/water alcohol systems is displayed in Fig. 6.  It is illusterated that upward liquid velocity for air/water 

system has small difference with air/water-alcohol solution. 

 

 
Fig. 4:  Comparaison of CFD results and experimental data. 
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Fig. 5: Averaged gas hold-up contour plot for Air-Water system in Z-X and Y-X in BCR. 

 

 
Fig. 6: Comparision of Air_Water with Air_Water+Propanol(0.01%). 
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4. Conclusion 
In this perspective, numerical study of gas-liquid dispersion as well as the effect of alcohol addition (0.01% propanol 

addition) on gas hold-up, liquid circulation velocity and gas velocity in flow structure within BCR are examined. in this 

research, a multiphase Euler- Euler method with mean bubble size and standard 𝑘 − 𝜀 turbulent model are utilized. The 

accuracy of the CFD model was validated by exprimental data. As it is indicated numerically, the addition of propanol 

(0.01%) to air/water system leads to an increase of gas hold-up toward the top of the column. The upward liquid velocity 

has small difference. Further numerical experiments for heterogeneous flow regime is under way and will be reported in a 

future work. 
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