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Abstract 

Maximizing profits by optimal reactor design for operating the process under the most 

efficient process has been the primary goal of all chemical process operations. Understanding the 

complex interactions among the hydrodynamics, operating conditions and chemical reactions is a 

key issue in dealing with such processes. Computational Fluid Dynamics (CFD), as a research 

tool, that can be used to analyze such interactions and gain further insights into these interactions 

by integrating chemical reactions fluid dynamics, structural mechanics, impact and safety 

analyses, customized mixing tools, control systems along with heat and mass transfer analyses in 

a variety of conditions, with minimalexperimental efforts.  

A diverse range of reactions, including gaseous and liquid, single-phase and multiphase; 

and homogenous and heterogeneous can be modeled in reliable way. CFD simulation enables the 

engineers to design and enhance reactors performance, energy usage, reactor yield and product 

uniformity by answering “what-if” questions. The reactor can be further optimized by better 

understanding of the effects and impacts of feed locations, vessel geometries and internals, 

vibrations, dead spots, shear rates, resident time distributions, hot spots, particle size 

distributions, etc. This study aims at providing further insight into the behavior of fluid dynamics 

in some of the most important multiphase contactors based on CFD simulation. To clarify the 

importance of fluid dynamic analysis and the role of CFD simulation, five different case studies 

with different applications will be focused, as follows: I) Airlift Reactors, II) Sonoreactor, III) 

Stirred Vessel, VI) Membrane Reactors, V) Anaerobic Digesters. These contactors are currently 

being used as the industrial chemical/bio-chemical reactors or will be used in the future.  
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1 Introduction: 

Computational fluid dynamics (CFD) is a Multi-Disciplinary branch of fluid mechanics 

that uses numerical and simultaneous analysis of equations (e. g. to flow of heat, mass transfer, 

phase change, chemical reaction, etc.) to solve problems that involve fluid flows.CFD is able to 

predict fluid flows, chemical reaction rates, mass and heat transfer rates and other occurrences by 

solving a set of appropriate mathematical equations [1]. CFD also provide useful information for 

regions with intense or mild turbulence zones, Reynolds stresses, vortex structures,circulation 

patterns, flow behavior and many other parameters[2]. Notwithstanding its potential, 

fundamental knowledge in multiphase flow simulations is still lacking because of its 

complexities, particularly in stirred vessels which has movable pieces. For example, CFD is still 

undeveloped to assess the non-homogeneity impact and phase property changes in stirred 

polymerization reactors [2]. 

Two approaches are available for multi-fluid model, Eulerian-Eulerian (E–E) (two fluid 

model) and Eulerian-Lagrangian (E-L). In the E-E multi-fluid method, the continuous phase and 

the different dispersed phases are treated as a continuous interpenetrating media and described in 

terms of their volume fractions. The flow fields are solved for both phases and the interactions 

between the phases are explained through the source terms[3]. In the (E-L) approach, the 

continuous phase is treated in an Eulerian frame work (using averaged equations) whereas, 

particles are tracked through the flow in a Lagrangian way [1]. A force balance is solved for each 

particle and each particle is tracked individually in the system [4].The Newtonian second law is 

also solved for each individual particle [5] and a collision model is applied to handle particle 

encounters [6]. Generally, E-L models simulate flow structures with higher spatial resolution 

compared to E-E models and show more benefits for dispersed multiphase flows.But the E-L 

approach faces three problems; first, false fluctuations of the continuous phase velocity result in 

sudden changes of dispersed phase local volume fraction; second, the amplitude of false velocity 

fluctuation increases when a small grid is applied; and third, as the volume fraction of dispersed 

phase increases, the interaction between the two phases will be increased too, which is not 

accounted for by this method due to high demand of computational cost considerably[7] so this 

approach for a 3D flow is more applicable in dilute systems [8]. More details of the E-E 

approach and of the E-L approach can be found in Ashraf Ali et al., [4] and Kitagawa et al. 

respectively[9].In all CFD simulations, continuity equation, momentum equation, turbulence and 
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mass/heat related equations along with the balance between different forces and interaction 

between different phases should be considered.  

This study aims at analyzing five different multiphase contactors (reactors) by using 

CFD simulation using Eulerian-Eulerian (E–E) approach. It has been tried to select different 

reactors from various categories such as:Catalytic Bed Porous Membrane, Anaerobic Digester, 

Stirred Vessel, Sono-Reactor, Airlift Reactor. The focus of this study is on application of CFD 

simulation rather than the details of simulation. 

 

2 Methodology 

2.1 Case Study 1, Airlift Reactors 

About 25% of all chemical processes such as wastewater treatment, aerobic fermentations 

and biological production (organic acids, alcohols, antifoams, alkaloids, antibiotics, proteins) 

occur between a gas phase and a liquid phase. Airlift reactors (ALRs) are one of the best 

multiphase contactors that can be applied in almost all of the aforementioned processes. They 

have different advantages such as high and flexible capacity, low shear rate, high mixing 

performance, suitable heat and mass transfer, and short reaction time. In fact, they are a special 

modified type of bubble columns. Since oxygen has a low solubility in aqueous phase and, on the 

other hand, the microorganisms need it to grow up so, a lot of researchers have focused on the 

oxygen transfer enhancement by various methods. According to the literature, the mass transfer 

coefficient increased with increasing the aeration rate although this method increases the shear 

rate, which is not suitable for the systems containing sensitive microorganisms. The other 

solution is to add a solute addition to the liquid bulk although this method increases liquid bulk 

impurities too. So, it is necessary to find an inert material for this case. 

Objective:This study aims at investigating the effect of installing a set of ordered 

packings in riser of an airlift reactor and to investigate the effect of turbulence enhancement on 

hydrodynamic and mass transfer in a packed bed ALR. CFD software is applied to simulate this 

system while the CFD results are further compared with experimental results.  

Apparatus setup:The split-cylinder airlift reactor and the flow scheme used are shown in 

Fig. 1. The reactor had a cylindrical glass column with 1.3-m height and 13.6 cmin diameter. The 

cross-section of the column was divided by a rectangular Plexiglas baffle (12.9cm width, 1.0m 

height and 5-mm thickness) to create riser and down-comer zones. The riser to down comer 



 

4 

 

The Eighth Jordan International Chemical Engineering Conference (JIChEC 2017) 

November 7-9, 2017 

cross-sectional area ratio was 2.136. The vertical baffle had a clearance space of 0.1 m from 

bottom of the reactor vessel. The gas-free liquid height was about 1.23 m. Twenty-five 

horizontal cylindrical plastic packings (with diameter of 4 cm and 11 cm of height) were 

horizontally set inside the reactor. The inverted U-tube manometers were used for hold-up 

measurement. A conductivity electrode (WTW, Model 740i, Germany) and a dissolved oxygen 

electrode (WTWCellox325) were used for measuring liquid circulation velocity and dissolved 

oxygen. Air was sparged through a sintered ceramic ball (with diameter of 2 cm) located at the 

bottom of the riser. The volumetric flow rate of air was controlled by using a regulating valve 

and a calibrated rotameter (see Fig. 1). All experiments were carried out at atmospheric pressure 

and at temperature of 25± 0.5 °C. 

 

2.2 Case Study 2, Membrane Reactor 

In recent decades, the concern over depletion of the world’s petroleum reserves and 

environmental pollution has increased the interest in developing a more renewable, 

environmental friendly and petroleum-based fuel. Fatty Acid Methyl Ester (FAME) also known 

as biodiesel is one of the best substitutes for diesel fuel.Biodiesel is traditionally produced by 

transesterification of fatty acid sources such as edible/non-edible vegetable oils or animal fats 

with alcohol in catalytic or non-catalytic systems [10].  

Poor mass transfer between the reactants due to their immiscible nature is the key 

drawback of transesterification. This problem noticeably affects the reaction yield [11]. Hence, 

severe mixing should be applied to reach a desired yield.Purification of crude biodiesel to meet 

the strict international standard specifications is another problem associated with 

transesterification. Wet washing is the most common method used for biodiesel purification. 

However, this technique produces a huge quantity of wastewater that requires further treatment 

[6].  

On the other side, membrane systems have found industrial level application in 

production (reactor) and purification (separator) of a wide range of products. Membrane use is 

rising in biofuel purification industries such as in purification of biogas to natural gas quality, 

purification of biodiesel, purification of bio-ethanol, dewatering processes for algal biofuel 

production, etc. The numerous advantages of membrane technology over conventional 

techniques of biofuels purification processes can be summarized as:  
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 Selectivity remove the products from the reaction mixture  

 Control the addition of reactants to the reaction mixture 

 Intensify the contact between reactants and catalyst. 

Objective:The current work is aimed to simulate the production of high quality Fatty 

Acid Methyl Esters (biodiesel) from palm oil in a micro porous ceramic membrane reactor. The 

TiO2/Al2O3 ceramic membrane was used as the separator and catalytic bed. It was packed with 

potassium hydroxide catalyst supported on palm shell activated carbon. The investigation of 

components distribution within the system was not possible. Hence CFD analysis was used to 

predict the distribution of the Fatty Acid Methyl Ester and the other by-products in the 

membrane module.Apparatus setup. 

Apparatus setup: In this research, a packed bed membrane reactor containing 

heterogeneous catalyst was used with the aim of combining alkali transesterification and 

triglyceride separation. For this purpose, a tubular ceramic (TiO2/Al2O3) membrane was 

employed as both a reactor and a separator and it is filled with potassium hydroxide catalyst 

supported on activated carbon. Schematic diagram of packed bed membrane reactor to produce 

biodiesel is presented in Figure 5. 

In order to simulate this system a set of 3D model using finite element method (FEM) 

was considered for time dependent simulation of the mentioned system. The transport equations 

were described by Navier-Stokes for fluid flow, Brinkman equations for porous media and 

Stephan-Maxwell equations for conversion rate of reaction and convection-diffusion 

mechanisms. Besides, the PARDISO algorithm was applied to combine and solve the equations. 

This algorithm is a direct sparse solver which supports parallel processing. Moreover, the 

laminar fluid flow and chemical reaction through the catalytic bed and the component 

concentrations inside the ceramic membrane have been investigated. Finally, the model predicted 

results were validated with experimental data. 

 

2.3 Case Study #3, Anaerobic digestion 

Currently, over 50% of the world’s water supplies (rivers, lakes, coastal waters) are 

severely polluted with untreated domestic, industrial and agricultural wastewater. According to 

United Nations Environment Programme (UNEP), over half of the world’s population will face 

water shortages in the next 30 years [17]. Accordingly, wastewater treatment is of concern in 
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most developed and developing countries. Anaerobic digestion is a biological and economical 

process for treating organic wastes, recovering energy from waste products anddiminishing 

excess biological sludge from wastewater treatment plants. Moreover, the by-products of 

anaerobic digestion (i.e. carbon dioxide and methane) can be used for supplying electricity and 

heat to the process. However, the efficiency of this process is critically dependent on sludge 

rheological properties and mixing hydrodynamics in digesters.  

Objective:The third case study aims at investigating the mixing characteristics of non-

Newtonian flowinduced by submerged and recirculating jets to provide a detailed insight into the 

formation of cavern, its volume, growth and structure, different flow regimes in an anaerobic 

digester and the effects of rheological properties and specific power input on these parameters. 

This study attempted to find a link between the specific power input and rheological properties 

of a fluid with cavern formation as it is important to eliminate stagnant regions in a jet-mixed 

non-Newtonian fluid. In order to reach the objectives, the experimental analysis was coupled 

with the CFD simulation. 

Methodology:AComputational Fluid Dynamics (CFD) model was developed to 

investigate different flow regimes, cavern formations, cavern growths, cavern volumes and the 

effects of rheological properties and specific power input on them. The variation in the xanthan 

gum rheology due to the digestion process was considered using the power law model. CFD was 

accomplished to investigate the hidden details of the system and experimental tests were used for 

validating CFD results. 

 

2.4 Case Study#4 Stirred Vessel 

Stirred tanks are standard reactors which are extensively used as contactors, reactors and 

separators in a wide variety of applications in chemical, biochemical, pharmaceutical and 

mineral processing industries. It has been estimated that approximately 50% of all chemical 

processes worldwide use stirred tanks [18]. The popularity of these reactors because a well-

mixed and uniform state is easily achieved, which aids in providing necessary interfacial contact, 

pH and temperature control. These systems get also benefit from their low capital and operating 

costs. The performance of stirred tanks is identified by the impeller efficiency in generating a 

fully turbulent flow and large interfacial area among the operating phases as well as the amount 

of energy by which the impeller reached to its maximum or optimum efficiency. In systems 
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containing solid particle which is very common in bio-processes, stirred tanks are usually 

operated at the just suspended speed, Njs, which is defined the impeller speed at which no 

particles remain stationary at the bottom of the tank. In such systems lower impeller rotating rate 

which results in lower shear rate is usually preferred.   

Objective:The fourth case study aims at developing a novel stirred tank in which the 

interactive contribution between baffles and impeller was defined and designed in a way the role 

of baffles would not be only breaking the vortex and increasing the turbulent intensity but also 

orienting the fellow toward impeller so that Njs is reached in lower impeller rotating rate. The 

impact of the flow-orienting impeller is then analyzed using Computational Fluid Dynamic and 

Particle Image Velocimetry. This new flow-oriented tank may bring a new generation of stirred 

tanks with intensified performance. 

Experimental Protocol: The mixing performance of two cylindrical and flat-base stirred 

tanks was investigated in this study; i) a newly designed stirred tank equipped with flow-

orienting baffle, ii) a multi-stage impeller tank equipped with conventional baffles. The batch 

tanks consisted of a cylindrical Plexiglas container of 40 cm diameter and 70 cm height. Flow-

oriented tank contained a 4-bladed radial impeller located at 10 cm from the free surface of the 

vessel. In this system 4 baffles with equal spaces were fixed at the bottom of the tank. The 

interactive effects of the impeller and orienting baffles induce an awhirl fluid flow pattern inside 

the fluid flow toward the surface of the tank without generating any vortex at the surface. The 

height of these baffles has been selected in a way to reach the maximum efficiency.  In order to 

analyze the impact of this novel baffle designing, the second system was designed as follows.  

Two equally spaced ~0.1T wide baffles were mounted on the third tank wall. The tank was 

agitated using a 3 and 2 bladed impellers which were located near top and bottom of the third last 

stirred tank, respectively. The impellers were fixed to vertical insulated stainless steel shafts of 

0.8 cm diameter through nickel plated hub of 2cm diameter.  

Performance characteristics in this novel system equipped with flow-orienting-baffle is 

analyzed through two different methods; i: Computational Fluid Dynamic Simulation, ii: Laser-

based analysis using Particle Image Velocimetry. CFD simulations were conducted using the 

transient Sliding Mesh (SM) approach, where the mesh network was divided into two frames to 

take the rotating and stationary parts into account. Since the geometries were in semi pilot scale, 

different type and mesh sizes were tested to reach the most reliable results while keeping the 
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computational time logic. Although DNS and LES can reach to very sophisticated results on 

anisotropic 3D flows, those models are computationally intensive. Therefore, in this study the 

Reynolds average Navier-Stokes (RANS) equations along with the RNG k-ε turbulence model 

were resolved numerically using the finite volume method. The SIMPLE algorithm was 

employed for coupling the continuity and momentum equations. Second-order upwind schemes 

were also used for the momentum and the k and ε equations. The liquid free surface was defined 

was defined by pressure outlet boundary condition and no-slip boundary condition was imposed 

for all solid surfaces.  

The results were then validated by using Laser-based Particle Image Velocimetry.Particle 

Image Velocimetry (PIV) was used as a non-intrusive experimental velocimetry technique to 

investigate the hydrodynamics of the mixing systems. To maximize the accuracy of the PIV 

analysis, more than 500 images were taken for each experiment and the average of the images 

was considered as the final result. By doing so, the effect of noises and impurities was also 

ignored. 

 

2.5 Case Study 5, Ultrasono-Reactor 

Ultrasound irradiation has been proven as a reliable technique for intensifying a wide 

range of chemical and biological processes [19-21]. Ultrasound effects are generally attributed to 

its different noninvasive nature and strong acoustic effects including cavitation, micro streaming, 

shock waves or oscillating fluid motion and acoustic streaming when travelling across a medium 

[22]. Acoustic cavitation refers to the growth of nuclei in a liquid during low-pressure cycles and 

subsequent collapse of bubbles during high-pressure cycles. A large amount of energy that is 

accumulated due to gas compression in the bubbles is freed during the collapse cycle. At the 

point of the maximum compression, the liquid elements converged towards the bubble are 

reflected back from the interface creating high-pressure shock waves. 

When ultrasound energy is applied in the liquid media, the fluid flows in the same 

direction as the propagation of ultrasound waves. The steady flow induced by the absorption of 

acoustic energy during the passage of acoustic waves is usually referred as acoustic streaming 

[23, 24]. This phenomenon is identified by its transport properties: appearance of liquid motion 

without any mechanical impact. Employment of acoustic streaming in an appropriate way may 

cause high efficient mixing especially in gas-liquid systems [25]. Among different ultrasound 
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effects, cavitation phenomena have gained much attention and have been subjected to different 

research both in experimental and theoretical contexts, while acoustic streaming and its effects 

have been ignored in most studies. 

Objective:The fifth case study aims at investigating the influence of acoustic streaming 

induced by low-frequency (24kHz) ultrasound irradiation on mass transfer in a two-phase 

system. The main objective is to discuss the possible mass transfer improvements under 

ultrasound irradiation. Two analyses were conducted: i) experimental analysis of mass transfer 

under ultrasound irradiation; ii) comparative analysis between the results of the ultrasound 

assisted mass transfer with that obtained from mechanically stirring; and iii) computational 

analysis of the systems using 3D CFD simulation, as shown in Figure 14. 

Experimental setup: In this study, three glass batch reactors with a diameter of 6cm were 

used for the experiments The first reactor was an ultrasonicator equipped with a central-down 

ward horn (V-US); the second was equipped with a side ward horn placed within 15 mm from 

the vessel bottom (H-US) to investigate and clarify the possible influence that ultrasound might 

haveon the gas hold up and mass transfer. The ultrasound in both systems was emitted by a 24 

kHz cylindrical-horn equipped with a generator with the maximum power input of 400W. The 

third reactor was a stirred vessel (SV) equipped with 45 pitched-blade impellers with 6 blades 

(Diameter: 25 mm) mounted on a shaft with a diameter of 4 mm placed at the centerline of the 

contactor and located 15mm from the bottom of the contactor. 

 

3 Results and discussion 

3.1 Case Study 1, Airlift Reactors 

The distribution of velocity is shown in Figure 2. As observed, the velocity trend 

smoothly increased in the riser without packing. The Reynolds number in this section was 

around 506 to 800 (laminar flow). By one packed column installation inside the riser, some dead 

spaces are created between packings, however the rising speed of operating phases increases on 

the left side of the packings. The two column of packings performed like barriers. In one side, 

the operational phases should pass through longer distances so, their delay time increased which 

have positive effect on mass transfer. On the other side, the scape of gas and liquid phases from 

the regions between the packings increased the turbulence which again has positive effect on 

mass transfer between the operating phases.    
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The effect of packing installation in riser of the air lift reactor is presented in Figure 3. 

Turbulency and residence time can synergistically affect mass transfer. In a packed bed ALR, 

random and erratic movement of liquid bulk layers and dynamic fluctuations increased mass and 

momentum transfers. Packing existence in an ALR increased gas hold-up and decreased liquid 

velocity. One the other hand, low liquid velocity increased delay time (residence time) for 

bubbles inside the liquid bulk and finally increased the mass transfer.  

Finally, Figure 4 shows the simulated and experimental volumetric mass transfer data at 

various superficial gas velocities. Both data were in good agreement, though there are some 

deviations. In other words, the “two-fluid model” could predict hydrodynamics behavior of 

bubbly flows; however, bubbles coalescence and break-up rates were two important factors 

which were ignored in this model. Therefore, it is necessary to use real experimental bubble 

diameter or/and use a more suitable model for the prediction. It could be concluded that, 

packings increased turbulency (about 20%) and gas hold-up (about 49%) while they decreased 

liquid velocity. These parameters increased mass transfer (more than 43%). 

 

3.2 Case Study 2, Membrane Reactors 

The contour plot for velocity magnitudes at different times is depicted in Figure 6. Higher 

velocity magnitudes were observed at the centre of the catalytic bed due to higher porosity. The 

velocity contours also indicate that there was no generation of local high velocity magnitude to 

increase the scouring force on the membrane wall. However, this situation only exists in the first 

minutes when the membrane is still fresh. The feed phase has a fully developed laminar velocity 

profile in the catalytic bed. In order to determine the accuracy of the simulation result, two 

representative points were selected to be compared with experimental data; one at the catalytic 

bed outlet, and the other outside the membrane surface. The superficial velocity at these points, 

was defined as the volumetric flow rate divided by the frontal surface area and it was observed 

that the outlet velocities of the catalytic bed at 60 and 50 
°
C were 0.0195 and 0.0179 m/s, 

respectively, which had a difference about 8% averagely compared to the experimental values. 

Figure 7 also shows that the methanol ratio at first section of the reactor was higher, and 

after its consumption concentration reduced but did not finish. The graphic pictures also show 

the similar pattern for both DG and MG, which are intermediate productions. Since these 

components were produced by two separated reactions, one after the other, the highest 
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concentration of DG was in upper middle of reactor and the highest concentration of MG was in 

the downer middle of reactor. This means that increasing the residence time will result in higher 

production within the reactor and increasing the reactor length can be an optimal choice in this 

system. Having used this simulation file, it is easy to find the optimum length of the reactor to 

reach the highest conservation rate. 

 

3.3 Case Study 3, Anaerobic Digestion 

The cavern structure in the system that contained XGKT solution of 0.3% at different 

times is presented in Figure 8. According to the CFD and experimental images, the active 

volume organized a spherical form (cavern structure) in the first flow regime that behaved 

symmetrically with the axis of the sphere coinciding with the axis of the propagation of the jet. 

The symmetrical spherical structures of the cavern were decomposed before touching the tank 

bottom in both systems. 

The volume of active liquid exhausted from the outlet and its interactive rheological 

properties were not easily measureable with optical techniques. As shown in Fig. 9, activated 

liquid reached the outlet at Nt of 0.27 and 1.6 for the systems of XGKT 0.3% and 0.4%, 

respectively. It involved the maximum value of 22.1% and 33.5% in the same systems, which are 

the main drawbacks in such systems. It was also found that active materials constituted more 

than 80% of the outlet flow while only half of the digesters were filled with active materials. 

According to the CFD simulation results, the design of the anaerobic system, especially the 

locations of the inlet and outlet should be designed in such a way that the amount of activated 

liquid leaked from the system reaches to the minimum value. 

 

3.4 Case Study 4, Stirred Vessel 

The turbulent fluid flow pattern recorded by both PIV and CFD analysis in the cases of 

the RB mixing system and conventional system are presented in Figures 11 and 12. In general, 

the main objective of designing flow orienting baffles is to help the impeller in rising the fluid 

(along with any solid particles) and to change the fluid pattern with lower rotating rate and power 

consumption. Analysis both PIV and CFD results showed that this objective was obtained. Flow 

orienting baffles creates a spiral flow in the center of the tank imprisoning the liquid and pulling 

it upward. This type of flow pattern behaves similar to an internal draft tube in an internal airlift 
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reactor with this exception that herein the flow is rotating as well. In flow-oriented tank, the flow 

is oriented toward impeller by which the liquid is then spread in radial direction within whole 

system. This type of flow pattern is beneficial especially for decreasing the Njs in solid 

suspension. The accuracy of the CFD simulation results in prediction of fluid flow pattern is 

easily recognized by comparing the similar patterns of the vectors heighted using white-outlined 

squares. 

The effect of impeller rotating rate in the mentioned system at time of 40 sec was also 

provided in Figure 13. Three different speeds of 30, 50 and100 were considered for the RB 

mixing system. As observed, the minimum impeller speed in this type of design was able to raise 

the particle within 40 sec, Complete mixing was obtained within 40 sec by increasing the 

impeller speed up to 50 and 100 RPM. However, in the case of 100 RPM, complete suspension 

was observed even sooner (22.5 sec according to previous figure). In conventional system, the 

impeller rotating rate of 100 RPM was considered as the starting point by which the solid 

particles just rotate near the bottom of tank and a few of them were suspended. Although the 

cloud height increased with impeller rotating rate, complete suspension was not achieved even at 

rotating rate of 250 RPM.  

 

3.5 Case Study 5, UltraSono-Reactors 

Fig. 15 shows the fluid flow pattern dominating the two ultra-sonicators compared to that 

in the mechanically stirred vessel. Generally, the rotating impeller generated a strong convective 

flow in the mechanically agitated contactor, whereas ultrasound energy mostly produced 

oscillatory (vibratory) flow. However, an overall fluid movement dominated the systems (as 

presented in Fig 15). In other words, acoustic streaming caused by high-power generated strong 

convective flow in both ultra-sonicators. Although the streamlines were deformed by gas 

injection, the flow in the VP-sonicator was mainly axial. Besides, acoustic streaming conducted a 

strong recirculation flow from the probe surface toward the bottom of the contactor and then to 

the surface of the contactor. This type of flow pattern dragged the gas bubbles toward the wall of 

the contactors, which increased gas bubbles spreading while speeding up the release of bubbles 

from the system. The same flow pattern, although in horizontal direction, dominated in the 

system of the HP-sonicator, generating a circulating flow which kept gas bubbles in the HP-

sonicator for a longer residence time and increased the gas-liquid contact time and mass transfer 
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eventually. However, the increment of mass transfer in this flow pattern depends on the number 

of bubbles imprisoned in the circulating flow.  

The CFD results of the flow patterns in the investigated system are demonstrated in Fig. 

16. As observed, in the system of VP-sonicator, acoustic jet improved the gas volume fraction by 

creating a flow pattern in which gas bubbles were significantly spread along the wall. In parallel, 

this flow pattern had an antagonistic effect through which the gas bubbles were directly 

conducted to the free surface of the system. In contrast, HP-sonicator exploited of two 

advantage: i. acoustic streaming imprisoned the gas bubbles in the HP-sonicator (Fig.16. b2), 

which increased the residence time and subsequent mass transfer, ii) a section of the bubbles 

followed the flow pattern circulating within the system. However, this flow pattern suffered from 

the weak spreading of the gas bubbles in the system and most of which got rid of the acoustic jet 

streaming and moved to the free surface of the system.  

The volumetric mass transfer coefficient (KLa) simulated under 12 different operating 

conditions, at different positions above the sparger, middle of the reactor and close to the free 

surface, is demonstrated in Fig. 17. It should be noted that only regions in which gas bubbles 

exist can contribute to the transfer phenomenon. Therefore, the area with zero value of KLa 

demonstrated no presence of gas bubbles. Generally, the volumetric mass transfer coefficient in 

the sonicators almost doubled that in the mechanically stirred system. Similar  was reported by 

Coleman and Roy in their study on mass transfer under ultrasound irradiation who reported that 

agitation provided by ultrasound significantly increased the mass transfer rate by about 10 times 

[26]. Although gas hold-up in the stirred vessel was greater than in the sonicators, the volumetric 

and overall mass transfer rate were prominently less than that in both the sonicators due to lower 

turbulent kinetic energy. 

 

4 Conclusion 

Currently, there is a high degree of empiricism in the design process of such reactors owing to 

the complexity of coupled flow and reaction mechanisms. Understanding the geometrical, 

hyrodynamical and operational parameters and their interactive synergistic and antagonistic 

effects are key challenges that were traditionally addressed through pilot scale experiments, but 

now can be addressed through advanced modeling. In this study, to clarify the importance of 

fluid dynamic analysis and the role of CFD simulation, five different case studies with different 
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applications including I) Airlift Reactors, II) Sonoreactor, III) Stirred Vessel, VI) Membrane 

Reactors, V) Anaerobic Digesters; were analyzed. Both experimental work and model 

development were carried out, though the focus was on highlighting the role and applications of 

CFD simulation. The achieved results show that CFD can predict and simulate the behavior of a 

system. However, the accuracy of the results should always be validated with partial 

experimental analysis. Moreover, the accurate models, simplification assumptions and the 

solution strategy play the key roles in increasing the accuracy of simulation.  
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Figure 1. (a) Schematic diagram of the split-cylinder airlift reactor. 
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Figure 2. Fluid Flow Pattern in the reactor at superficial gas velocity of Ug= 0.6 (cm/s) 
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Figure 3. Mass transfer distribution in the reactor at superficial gas velocity of Ug= 0.6 (cm/s) 
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Figure 4. Experimental and CFD simulation of packing installation on mass transfer in a packed bed 

airlift internal loop reactor 
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Figure 5. Schematic diagram of packed bed membrane reactor to produce biodiesel. 
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Figure 6. Contours of velocity magnitude (m/sec) within the catalytic bed and ceramic membrane 
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Figure 7. Concentration distribution of different components (mol/m
3
) within the catalytic bed and 

ceramic membrane. (a),Triglyceride; (b), Methanol; (c),Diglyceride; (d),Monoglyceride; (e), 

Gelycerol; (f),Fatty Acid Methyl Ester. 
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       (c1)                   (c2)                  (c3)                 (c4)                   (c5)                     (c6)                   (c7) 
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Figure 8.Cavern structure in the 0.3% XGKT solution as a function of Nt. a: Experimental results: Front view, b: 

CFD Contour: Front view, c, CFD Contour: Center view, d: CFD Contour: Bottom view. 
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Figure 9.  Rheological effects on the volume ratio of active simulate sludge existing from the outlet as a function of 

Nt, ⃟: CFD results for XGKT solution of 0.4%, ⎕: CFD results for XGKT solution of 0.3%. 
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(a) 

 

 

 
(b) 

Figure 10: Plane of measurement for a) RB system, b)conventional system. 
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A                                                           (B) 

Figure 11. Flow measurements for conventional system – A: A, C Plane, B: B Plane 

 

 

 
A                                                           (B) 

Figure 12: Flow measurements for RB system – A: A or C plane B: B plane 

 

 



 

27 

 

The Eighth Jordan International Chemical Engineering Conference (JIChEC 2017) 

November 7-9, 2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) 30RPM               (b) 50 RPM             (c) 100 RPM 
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(a) 100 RPM             (b) 150 RPM             (c) 200 RPM              (d) 250 RPM 

(B) 

Figure 13.Solid suspension inA) RB system, B)conventional system after 40 Sec. 
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Figure 14.  Computational domains of (a) Stirred vessel (b) HP-ultrasonicator, (c) VP-ultrasonicator 

geometries. 
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                                          (a) Power: 200 W                                                       (a) Power: 400 W 
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(b) Power: 200 W         (b) Power: 400 W

 
  (c) Impeller rotating rate: 180 RPM                          (c) Impeller rotating rate: 300 RPM 

 

Figure 15. Fluid flow pattern and velocity profiles induced by a) VP- Sonicator, b) HP- Sonicator, c) 

mechanically stirring. 
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Figure 16. Flow pattern ofgas bubbles distribution within the a) VP-Sonicator, b) HP-Sonicator, c) 

mechanically stirring. 
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c) Mechanically Stirrer 

 

Figure 17.Volumetric mass transfer coefficient within the a) VP-Sonicator, b) HP-Sonicator, c) 

mechanically stirring. ●: Above sparger, ●: Middle of the reactor, ○: Close to the free surface. 
 


