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Graphical abstract 
 

 

Abstract 
 

Gaslift reactors are employed in several bioapplications due to their 

characteristics of cost-effectiveness and high efficiency. However, the nutrient 

and thermal gradient is one of the obstacles that stand in the way of its 

widespread use in biological applications. The diagnosis, analysis, and tracking 

of fluid paths in external draft tube gaslift bioreactor-type are the main topics of 

the current study. Several parameters were considered to assess the mixing 

efficiency such as downcomer-to-rizer diameter ratio (Ded/Dr), the position of 

the diffuser to the height of bioreactor ratio (Pd/Lr), and gas bubble size (Db). 

The multiple regression of liquid velocity indicates the optimal setting: Ded/Dr is 

(0.5), Pd/Lr is (0.02), and Db is (400) um.  However, for technical and operational 

reasons, it was necessary to make some changes in the optimal values 

obtained from the numerical equations. The study also revealed that the size of 

gas bubbles is the characteristic that has the greatest influence on the 

dynamic efficiency of the fluid inside the bioreactor, since, reducing the bubble 

size by half can enhance the improvement rate in the circulation of the liquid 

up to 35%.  
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1.0 INTRODUCTION 
 

Gas-lift reactors (ALRs) have several advantages over 

conventional gas-liquid reactors such as bubble 

columns. Operational flexibility and scalability are 

important characteristics for many industrial 

applications [1, 2]. Therefore, this type of reactor is 

becoming more prevalent in biological wastewater 

treatment plants, chemical processes, and 

biochemical technologies [3, 4, 5, 6]. Up to now, and 

through several studies, bioreactor design 

optimization approaches have been followed to 

optimize the bioprocess's performance and reduce 

maintenance and operating costs [7– 10]. Despite 

significant scientific achievements in the design of 

gaslift reactors, it is commonly acknowledged that 

the design and scale-up of this reactor remain 

challenging due to the sophisticated multiphase flow 

regime [11, 12]. 

Internal and external circulation loop draft tubes 

are two main types of gaslift photo/bioreactors [1, 13, 

14]. In the literature, many extensive theoretical and 

simulation studies have focused on estimating these 

hydrodynamic characteristics in internal loop 

reactors [15]. While the external loop gaslift 

bioreactor is also has a good residence time of 
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cultivation media in the riser region and external 

downcomer, in addition, controlled gas-phase 

disengagement at the top of the bioreactor are 

advantages of this type of bioreactor [16]. Moreover, 

for controlling the liquid velocity in both the riser and 

the downcomer of this type of bioreactor, the two 

zones (riser and downcomer zone) can be 

connected by a straightforward valve independently 

of the gas flux input rate. It is worthwhile to point out 

that the necessary portion of this reactor's heat 

exchange and temperature control systems can be 

controlled with high efficiency. In addition, accurate 

estimates of phase and velocity impedances in the 

up and down phase are necessary to construct an 

gaslift reactor with an external circulation loop. The 

aforementioned characteristics have made this kind 

of an appealing and promising option for several 

industrial applications [16– 20]. 

The current research aims to highlight on this type 

of reactor by tracking the paths of flow and 

circulation of liquid and gas inside the reactor 

according to the parametric analysis to assess the 

effects of geometrical and operational factors on 

mixing efficiency under situations related to 

microbubbl technology.  

 

 

2.0 MATERIAL AND METHODS 
 

2.1 Methodology of Taguchi Optimization 

Methodologies 

 

It was necessary to use an effective numerical 

approach to identify the factors that have the 

greatest impact on the performance of the observed 

process and to exclude those that have less of an 

impact to comprehend how different parameters 

might alter a process's outcomes or regulate its 

efficiency. In this study, the Taguchi optimization 

methodologies as the design of modeling in Minitab 

software was employed to investigate the effect of 

various geometry variables (Bubble diameter (Db, 

m), diameter of external downcomer tube to 

diameter of bioreactor (Ded/Dr), position of bubbling 

diffuser according to height of bioreactor (Pd/Lr)) on 

the response of liquid velocity profiles in external loop 

gaslift reactor. Four levels of these variables were 

adopted in this modelling to get 16 run 

(L16_orthogonal arrays), while the velocity of 

circulation liquid in the bioreactor was taken as 

desired response as shown in Tables 1. In this 

optimization approach, while the outside and inner 

orthogonal arrays have been taken into 

consideration to lessen the noise effects in physical 

testing, multiple experiments were carried out at the 

array's center point to estimate the mean and 

standard deviation.  

The primary objective of the current investigation is 

to maximize the liquid velocity profile value; 

therefore, the higher is best of S/N ratio analysis was 

used [21, 22]. The S/N ratio was calculated according 

to Equation (1) [23]. 
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Table 1 Geometry variables of external loop gaslift 

bioreactor 
 

Parameters Symbol Units 
Levels 

1 2 3 4 

Bubble Diameter Db m 0.0004 0.0007 0.001 0.003 

diameter of external 

downcomer tube/ 
Diameter of bioreactor 

Ded/Dr - 0.125 0.25 0.375 0.5 

Position of bubbling 

diffuser/Height of 

bioreactor 

Pd/Lr - 0.02 0.06 0.1 0.14 

 

 

Where, n and y represent the number of 

observations and the perceived response. 

 

 

2.2 The Mathematical Model 

 

In this study, the hydrodynamic characterization in 

the external loop gaslift bioreactor was evaluated 

through the circulation liquid velocity.  Two-

dimension geometry was adopted in the 

computational domain. Figure 1 shows the 

configuration of the simulated bioreactor used in the 

current investigation. In recent years, COMSOL 

Multiphysics, as computational software, has 

become widely employed in the design of chemical 

reactors, due to advancements in computer 

hardware and software, as well as advances in 

numerical algorithms and fluid dynamics theories. The 

current study's equations were based on the time-

dependent conservation of momentum of the fluid 

inside the bioreactor. The computational fluid 

model's everlasting loop gas-lift bioreactor schematic 

is shown in Figure 1. 

The laminar flow model with transport dilute 

species interface was adopted to model the mixture 

of gas-liquid regimes in an external loop circulation 

gaslift reactor according to the following dynamic 

transport Equations. 
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Where ∅L is liquid volume fraction, ρL is density of 

liquid kg/m3, uL is Velocity of liquid phase m/s, t is time 

(s), ƞL is dynamic viscosity of liquid Pa.s, g is gravity 
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m/s2, F is volume force N/m3, db is bubble diameter 

(m), Cd is viscous drag coefficient, Reb is Reynolds 

number, and uslip is relative velocity (m/s). 

The liquid boundaries condition in all walls of the 

reactor was set to no-slip conditions (i.e:  uL,-n.Nρgg,   

-n.Nn were set to zero) except for the bubble flow 

diffuser position and the top reactor's two outlets.  

In top surface of the bubbling diffuser, the gas 

mass flux was 0.009 kg/(m3.s), while the boundary 

condition of the liquid was no slip. Thus, -n.Nρgg = 

Nρgg and the number density were calculated 

according to: 
 

. n nn N N− =                                                                       (6) 
 

The slip condition was adopted as the liquid 

boundary condition on the surface of the liquid of 

the reactor, while the gas boundary condition was 

determined as the gas outlet option. 
 

. 0Lu n− =                                                                             (7) 

 

( ). 0K K n n− =                                                               (8) 
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                                    (9) 
 

 

In the current work, convection-driven transport of 

diluted species was simulated using the transport of 

diluted species interface in two dimensions model 

where the time depended was studied: 
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Where ci is Concentration of species i, Di is 

diffusion coefficient for species i, and Ri is rate of 

reaction for species i. The maximum element growth 

rate was 1.15 with the resolution of curvature being 

0.3. 
 

 
 

Figure 1 Schematic of the eternal loop gas-lift bioreactor 

used in the computational fluid model: The square dotes 

represent the dimensions of external loop draft tube that 

were dealt with in the study 

3.0 RESULTS AND DISCUSSION 
 

The existence of environmental and nutritional 

imbalances may cause bacteria to stop growing 

biologically, decreasing the overall productivity of 

the bioreactor. Several operating conditions can 

create these undesirable gradients in biological 

processes. Providing appropriate and homogeneous 

conditions with adequate provision for process 

requirements is the responsibility of mixing in the 

bioreactor. The velocity non-distribution profiles of the 

fluid inside the bioreactor are one of the reasons for 

generating the thermal and nutrient gradient.  As a 

result, the current study assessed the performance of 

the bioreactor by measuring fluid velocity inside the 

bio-system. Therefore, the effect of three geometric 

parameters (bubble diameter, external downcomer 

tube, and position of the diffuser) on the bioreactor 

performance was verified. The evaluation indicator 

was the average fluid velocity in the riser and 

downcomer area. The Taguchi optimization method 

was adopted in this evaluation study. The goal was 

not to reduce the number of experiments only but 

rather to study the interaction between these 

influences and determine which parameters have 

the most influence on the performance of the 

bioreactor. Table 2 displays the liquid velocity 

response in the external loop gaslift bioreactor using 

the Taguchi optimization approach according to 

changes in the value of suggested parameters. 

 
Table 2 Response of liquid velocity used in Taguchi 

optimization of external loop gaslift bioreactor according to 

Geometry variables 

 

  Db Ded/Dr Pd/Lr Response 

0.0004 0.125 0.02 0.0049 

0.0004 0.25 0.06 0.0057 

0.0004 0.375 0.1 0.0063 

0.0004 0.5 0.14 0.0051 

0.0007 0.125 0.06 0.0023 

0.0007 0.25 0.02 0.0029 

0.0007 0.375 0.14 0.0029 

0.0007 0.5 0.1 0.0036 

0.001 0.125 0.1 0.0014 

0.001 0.25 0.14 0.0015 

0.001 0.375 0.02 0.0021 

0.001 0.5 0.06 0.0024 

0.0013 0.125 0.14 0.000973 

0.0013 0.25 0.1 0.0011 

0.0013 0.375 0.06 0.0014 

0.0013 0.5 0.02 0.0017 

 

 

Figure 2 is the means of signal noise ratio against 

the level of factors: (bubble diameter (Dd), diameter 

of downcomer to diameter of rizer, (Ded/Dr), position 

of the diffuser to height of bioreactor (Pd/Lr)). The 

results demonstrate how each factor under study has 

an impact on the fluid velocity response of the 

bioreactor. It also shows that, in comparison to the 

diameter of the return tube (external downcomer 

tube) and the placement of the diffuser, the 

diameter of the bubbles has more of an effect on the 
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liquid velocity. In addition that the diffuser's 

placement doesn't have as much of an impact on 

the response as other factors, therefore moving it 

won't have the same impact on mixing efficiency. 

The multiple regression of liquid velocity indicates the 

optimal setting is Db is 400 um, Ded/Dr is 0.5, and 

Pd/Lr is 0.02. 

 
Figure 2 Liquid velocity graph for means signal to noise ratio 

 

 

The utilization of analysis of variance (ANOVA) by 

Taguchi method is an excellent tool to detect the 

most statically significant parameter and to conquer 

the value of the percentage contribution of each 

studied factor. This statistical analysis provides an 

opportunity to understand the interaction and 

contribution of parameters and their importance on 

the bioreactor's mixing efficiency [24, 25]. ANOVA 

analysis was addressed as a methodology for 

optimizing the outcomes of the present study and the 

results are illustrated in Table 3. Statistically, F test is a 

tool utilized to perceive which design factors have a 

significant influence on the quality characteristic. In 

other words, the F-ratio is traditionally used to 

conclude the importance of a parameter [26]. This 

importance can be concluded from high values of F 

ratio either when it is > 4 which indicates that any 

small change in this parameter would give a 

significant effect on the quality characteristic [27]. 

The data obtained from the ANOVA table show that 

the size of the bubbles has the greatest effect on the 

response of the circulation liquid velocity in the 

bioreactor if it is compared with the diameter of the 

external downcomer tube and the location of the 

diffuser. This was evident from the high contribution 

percentage of bubble diameter as well as the high 

value of F-value and very low P-value. Also, based on 

ANOVA results, the diameter of the external 

downcomer tube has the highest effect, while the 

effect of the diffuser location was the lower one.  

 
Table 3 Analysis of variance (ANOVA) for circulation liquid 

velocity measurement 

 

Source DF Seq SS 
Contribu

tion% 
Adj SS Adj MS 

F-

Value 

P-

Value 

Db 3 0.000042 93.19 0.000042 0.000014 99.63 0 

Ded/Dr 3 0.000002 3.86 0.000002 0.000001 4.12 0.066 

Pd/Lr 3 0 1.09 0 0 1.16 0.399 

Error 6 0.000001 1.87 0.000001 0   

Total 15 0.000045 100.00     

Figure 3 shows the profile of liquid velocity magnitude 

at optimized values, Db (400 um), Ded/Dr (0.5), and 

Pd/Lr (0.02) at different periods. Increasing the cross-

section area of the external loop pipe offers 

adequate space for the fluid in this region of the 

bioreactor and allows it to travel freely. The liquid 

velocities in the downcomer and riser regions are 

dictated by frictional losses, which are determined by 

the shape of the gaslift bioreactor and operating 

conditions. This cross-section, on the other hand, 

creates disruptions followed by rotating motions, 

leaving comparatively lifeless zones behind. 

Therefore, by tracing the paths of the fluid in the 

return tube, Figure 3 indicates the generation of 

relatively dead areas in a specific place in the 

downcomer tube. Perhaps the widening of the cross-

section of the return pipe allowed the fluid to pass 

certain paths but not others, causing the generation 

of regions of gradual velocity, which may later result 

in a gradient in temperature and nutrient 

concentration and put the microorganisms in a state 

of famine. As a result, the current study advocated 

lowering the bioreactor's cross-section to address 

these challenges in various spots inside the 

bioreactor as shown in Figure 4. 

In another aspect, the nature of some chemical 

and biological environments can contribute to the 

accumulation of solids of different sizes on the 

surface of the diffuser at the bottom of the 

bioreactor, making it difficult to maintain the 

bioreactor and causing clogging of the micropores 

of the diffuser as well as causing a useful volume of 

the bioreactor to be out of service. Therefore, the 

present study proposes a certain location of the 

diffuser (Pd/Lr (0.04)) to facilitate the maintenance of 

the bioreactor and the diffuser, remove solids from 

the bottom of the bioreactor, and reduce the dead 

zone in the bottom part of the bioreactor as shown in 

Figure 4,B. 

 

 
 

Figure 3 Profile of liquid velocity magnitude at optimized 

values, Db (400 um), Ded/Dr (0.5), Pd/Lr (0.02) at different 

period time 

 

 

Figure 5 displays the horizontal profile of liquid 

velocity, y component, at a height of 25 cm from the 

base of the bioreactor (scale from the bottom of 
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bioreactor) with optimized values (Db (400 um), 

Ded/Dr (0. 5), and Pd/Lr (0.02)) and suggested values 

(Db (400 um), Ded/Dr (0.25), and Pd/Lr (0.04)).  

The modeling data reveals dispersion and 

turbulence in downcomer fluid routes at the values 

(Db (400 um), Ded/Dr (0. 5), and Pd/Lr (0.02)), 

compared to stability in the paths in the same region 

if the (Db (400 um), Ded/Dr (0.25), and Pd/Lr (0.04) 

were adopted. This stability adds to the regularity of 

mixing inside the bioreactor as well as the microbes' 

consistent access to food and acceptable 

ecosystems. 
 

 
Figure 4 Profile of liquid velocity magnitude (A) optimized 

values, Db (400 um), Ded/Dr (0. 5), Pd/Lr (0.02) (B) 

suggested values, Db (400 um), Ded/Dr (0.25), Pd/Lr (0.04) 
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Figure 5 Horizontal profile of liquid velocity, in y component, 

at a height of 25 cm from the base of the bioreactor (A) 

optimized values, Db (400 um), Ded/Dr (0. 5), Pd/Lr (0.02) (B) 

suggested values, Db (400 um), Ded/Dr (0.25), Pd/Lr (0.04) 

 

 

Typically, the turbulent eddies generation 

depends on the bioreactor size and Reynolds 

number. Different scales of turbulences coexist and 

are superimposed to mean flow. These turbulences 

increase in size as the fluid velocity increases inside 

the bioreactor. Inside larger turbulence eddies, 

smaller turbulence eddies usually exist.  These eddies 

can potentially result in low yield and quality of the 

final product, when producing cell and gene 

treatments, for example, weaker cells may have their 

integrity compromised by shear created by turbulent 

flow [28].  

In the present model, and under the operational 

conditions used, the central velocity in the riser 

region also contributed to the generation of turbulent 

vortices in the fluid paths, which may somewhat 

resemble a bubble column bioreactor. Therefore, the 

draft tube may be the key to solving these vortexes. 

The stability of the tracks of the fluid in the rizer area 

was observed when installing this inner tube in this 

area, as shown in Figure 6. In addition, it can be 

observed that multiple paths have been formed with 

good flow inside the bioreactor (One rizer, and two 

downcomer regions). Where the fluid passes into the 

riser area, it will go either to the internal downcomer 

area or to the external downcomer area with a 

smooth and stable path. This may significantly 

reduce the feed and operational gradients in the 

bioreactor. In photobioreactors, for example, the 

living organisms that need light as an essential 

element in self-photosynthesis, this design will ensure 

that the largest number of living cells receive a 

sufficient amount of light source. 

The agitation resulting from rising air bubbles inside 

the bioreactor represents a driving force towards 

strengthening the turbulence of the liquid, enhancing 

transfer phenomena and providing sufficient contact 

time for gas bubbles and biomedium. As a result, the 

current study emphasized the surface area covered 

by microbubbles, while keeping their size constant on 

the fluid paths and agitation efficiency. 
 

 
 

Figure 6 Profile of liquid velocity magnitude under 

suggested values, Db (400 um), Ded/Dr (0.25), Pd/Lr (0.04) 

(A) with internal-external draft tube at 400 um bubble 

diameter, (B) with internal draft tube at 200 um bubble 

diameter 
 

 

Figure 7 displays the horizontal profile of liquid 

velocity, in y component, at a height of 25 cm from 

the base of the bioreactor at optimized values (Db 

(400 um), Ded/Dr (0.25), and Pd/Lr (0.04)) and 

suggested values (Db (200 um), Ded/Dr (0.25), Pd/Lr 

(0.04)). The modeling data show consistency and 

organization in the paths of the fluid with 

microbubbles diameter of (400 microns) and with 



40                                        Al-Mashhadani et al. / Jurnal Teknologi (Sciences & Engineering) 87:1 (2025) 35–42 

 

 

smaller ones with a diameter of 200 microns, which 

reflects the effect of the inner tube on organizing the 

paths according to high coordination, as well as 

increasing the mixing efficiency. The force generated 

at the riser area results from the rising microbubbles, 

and although most of its strength is lost at the top of 

the bioreactor, it causes three paths to be generated 

in opposite directions. It ensures a homogeneous 

distribution of the liquid over all parts of the bioreactor 

as well as improved transfer processes. However, there 

may be limitations in the positive effect of 

microbubble diameter on mixing efficiency in the 

bioreactor. The findings of the study by Al-Mashhadani 

et al. (2015) [14] showed that when the bubble 

diameter is lowered to less than 100 microns, the fluid 

velocity drops regardless of the kind of bioreactor 

employed. However, a well-selected diffuser material 

that offers superior wettability can provide a significant 

reduction in bubble size. Additionally, the 

characteristics of the liquid medium are crucial in 

determining the size of the bubble that is formed [29]. 
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Figure 7 Horizontal profile of liquid velocity, y component, at 

a height of 25 cm from the base of the bioreactor with 

suggested values, Db (400 um), Ded/Dr (0.25), Pd/Lr (0.04) 

(A) with internal draft tube at 400 um bubble diameter, (B) 

with internal draft tube at 200 um bubble diameter 

 

 

The current investigation has also explained this 

situation through the concentration of gas bubbles in 

the lower section of the bioreactor preventing the 

recirculation of liquid around the internal draft tube 

due to the buoyant force of the bubbles being 

greater than the force pushing the liquid downward in 

the bioreactor. Therefore, the diameter of the gas 

bubbles used in the bioreactor may target a specific 

type of application [30, 31].  

Through efficiency monitoring, the most crucial 

fundamental components influencing bioreactor 

design were the focus of the current study. 

Nonetheless, the gas flow rate may also have an 

impact on the bioreactor's liquid distribution velocity. 

The impact of momentum imparted to the liquid and 

its intimate relationship to the gas rate fed to the 

bioreactor were covered by [16]. In addition to 

lowering the momentum transmitted to the biological 

fluid, increasing the gas velocity also modifies the size 

of the gas bubbles, which will have an adverse effect 

on the transfer phenomena (mass and heat transfer). 

The current study thus made an effort to steady the 

flow rate to avoid interfering with other variables, 

particularly the bubble width.   

The tracer injection was also addressed in the 

current study as an approach for evaluating dye 

delivery and analyzing the residence time distribution 

in tubular bioreactors. The dynamic study of this type 

of bioreactor dealt with the concentration of the 

substance that is injected from the diffuser area. The 

speed of sensing the concentrated material in the 

fluid was another measure of the mixing 

performance in the bioreactor. Figure 8 shows that 

the speed of sensitization of the concentrated 

substance in the fluid under the optimization 

conditions was faster than the optimal conditions. For 

example, at a certain area of the bioreactor, 

reducing the diameter of the gas bubble from 400 

microns to 75 um improves the mixing efficiency to 35 

%. 

 
 

Figure 8 Tracer injection concentration of the liquid (A) 

optimized values, Db (200 um), Ded/Dr (0.5), Pd/Lr (0.02) (B) 

suggested values, Db (200 um), Ded/Dr (0.25), Pd/Lr (0.04) 

and Db (75 um), Ded/Dr (0.25), Pd/Lr (0.04) 

 

 

Figure 9 displays the influence of the external 

return pipe cross-section on fluid velocity for all cases 

considered. Under the operational and design 

conditions deduced from the equations of numerical 

methods, the fluid velocity profile appears to have 

irregular paths. The response shows a noticeable 

variation in the maximum fluid velocity at the same 

cross-section and for the same design and operating 

conditions as previously mentioned. The results also 

demonstrated that sticking to particular pathways 

through the decreasing cross-section enhances the 

homogeneity of the fluid velocity inside the outer 

tube. It also appears that the suggested internal draft 

tube in the area of the riser to be inserted to improve 

the paths in that area did not affect the regularity of 

the paths in the external tube, except for a decrease 
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in the central velocity of the fluid. This is due to the 

reduced driving force as a result of its distribution 

between the internal and external downcomer as 

illustrated in Figure 6. 

However, the effective variable in the story of 

mixing efficiency in the bioreactors (meaning the 

diameter of the air bubbles) has a role in modifying 

this situation, since lowering the diameter of the 

bubbles enhances the central velocity of the fluid in 

the external downcomer zone. 
 

 
 

Figure 9 Liquid velocity in the downcomer region at 

optimized value (Db (200 um), Ded/Dr (0.5), Pd/Lr (0.02)), 

Suggested value (Db (400 um), Ded/Dr (0.25), Pd/Lr (0.04)) , 

Suggested value at with draft tube  at (Db (400 um), Ded/Dr 

(0.25), Pd/Lr (0.04), Suggested value at with draft tube at Db 

(200 um), Ded/Dr (0.25), Pd/Lr (0.04) 

 

 

4.0 CONCLUSION 
 

The current research investigated the fluid dynamics 

inside the bioreactor under different operational and 

structural conditions. Takeuchi's method was used to 

determine the optimum boundary conditions and 

structural conditions that have an impact on the 

mixing performance of the bioreactor. This method 

was integrated with COMSOL Multiphysics simulation 

through mathematical equations for fluid transfer 

within the bioreactor as a valuable tool for examining 

and analyzing fluid tracking, residence time 

distribution, and mixing efficiency. The current 

comprehensive method aided in the study of fluid 

tracking within the bioreactor, offering thorough 

process knowledge of basic transport processes. The 

tracer injection process as an analysis approach has 

shown the improvement of mixing efficiency by 35% 

with 75 um bubble diameter compared with 400 um 

bubble diameter in the same operating conditions.  
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