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Abstract 

A modified bubble coalescence model including rheological conditions and shear 
forces in non-Newtonian fluids is evaluated using CFD (Computational Fluid 
Dynamics). Euler's model, along with population balance equations, was used to 
simulate bubble size distribution. Simultaneously, different bubble breakage and 
coalescence models were evaluated to investigate mass transfer and bubble 
diameter. A conventional aeration stirring system (Rushton turbine, ring sparger) 
was used and the results were validated by determining the experimental mass 
transfer coefficient. A 10-liter bioreactor operated under different operating 
conditions commonly used for non-Newtonian rheology was used. Xanthan Gum 
0.25% was used to resemble the rheological conditions developed during fungal 
culture. CFD results were contrasted with tested data obtained from 𝑘𝑘𝐿𝐿𝑎𝑎 
measurements at different stirring speeds using the concordance d-index. A 
reasonable prediction was obtained comparing the modified model Luo-New to the 
most used conventional models Luo-Luo and Laakkonen-Luo. Therefore, model 
Luo-New shows the highest d values at 400-700 rpm with values of 0.83, 0.95, 0.98 
and 0.69. By contrast, the model Luo-Luo showed less inaccurate values with levels 
lower than 0.62 in almost all comparisons. The latter concludes numerically that 
the inclusion of viscosity effects and shear on a bubble coalescence model improves 
the degree of prediction related to oxygen transfer. The latter being a critical factor 
in the design and testing of stirring and aeration devices. 
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1. Introduction 
Oxygen is required in many biochemical pathways. It is essential as a final electron 
acceptor in bioprocess reactions. However, in a stirred tank reactor, it is transferred 
into biological cells as dissolved oxygen, and due to its low solubility, the mass 
transfer rate is a challenge in bioreactor engineering technology.  

Mycelia cultures behave as a non-Newtonian fluid in a stirred tank bioreactor. 
The latter affects oxygen transfer and leads to a depletion process. Computational 
Simulation focused on hydrodynamics studies allows for evaluating gas-liquid 
transport since bubble breakup and coalescence models are considered.  

Mixing and oxygen transfer rate together are critical factors in industrial gas-liquid 
processes [1-3]. Therefore, oxygen transfer results from the bubble-fluid interaction. It 
is here that hydrodynamics simulation takes place since it simulates its effects on bubble 
breakup and coalescence. In such a way, CFD has been used to study stirred tanks, 
considering single rotating fluids [4-8] to use particle fluid interactions [9-15]. 

There are currently several coalescence models to simulate the bubble 
interaction with gas-liquid hydrodynamics [16]. However, the accuracy of these 
expressions is poorly studied in stirred tank bioreactors for non-Newtonian fluid 
applications. That is why the main objective of this research is to evaluate different 
coalescence models to determine their effects on mass oxygen transfer and its 
comparison with experimental data. 

2.  Bubble Breakup and Coalescence Models 
Several authors [17-22] have developed different bubble breakup and coalescence 
models. However, reports are scarce regarding non-Newtonian fluids. Even so, 
some of the few studies [23-25] related to non-Newtonian liquids, using a different 
type of bioreactors considering several limitations. 

That is why models proposed by [18] and [23] are evaluated as an initial point 
at this research. In addition to the above, a modified coalescence model is proposed 
that includes the shear rate as the main viscosity effect on non-Newtonian fluids. 
Its prediction capacity is evaluated together with those mentioned. 

Considering turbulence, bubble breakage is caused by turbulent kinetic energy. 
A variety of models have been applied, based on critical values as critical turbulent 
kinetic energy [18-26], critical inertial force [20-21] and critical velocity 
fluctuations [27]. However, models are also developed in combination with other 
bubble coalescence expressions [18, 23]. This turbulent bombarding cascade of 
eddies increases the bubble surface energy until a critical value for causing the 
breakage. The bubble breakage rate is defined as [28]: 

𝑔𝑔(𝑣𝑣′)𝛽𝛽(𝑣𝑣|𝑣𝑣′) = 𝑘𝑘 ∫
(1+𝜉𝜉)2

𝜉𝜉
11 3�

𝑒𝑒𝑒𝑒𝑒𝑒1
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�−𝑏𝑏𝜉𝜉−11 3� � 𝑑𝑑𝜉𝜉                                              (1) 
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Here 𝑑𝑑  is the bubble size, 𝜉𝜉  is the dimensionless eddy size, 𝑓𝑓  means the 
breakup frequency, 𝜎𝜎 accounts for surface tension and 𝛼𝛼 is named the air volume 
fraction. The breakup model [18] has been tested in this research to calculate its 
accuracy based on  𝑘𝑘𝐿𝐿𝑎𝑎 mass transfer. 
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The bubble breaking model [23] is also used to describe the bubble breakup 
phenomenon in non-Newtonian fluids. It is expressed as the product between the 
breakup frequency (𝑉𝑉′) and 𝛽𝛽[𝑉𝑉,𝑉𝑉′] is the bubble distribution daughters: 

(𝑉𝑉′) = 𝑐𝑐2𝜀𝜀1 3⁄ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�𝑐𝑐3
𝜎𝜎

𝜌𝜌𝐿𝐿𝜀𝜀
2 3⁄ 𝑑𝑑5 3⁄ + 𝑐𝑐4
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                       (4) 
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𝑉𝑉′
� 𝑉𝑉
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2
                              (5) 

Considering its previous applicability in non-Newtonian fluids, the breakup 
model [23] offers an alternative to breakage modelling [18]. That is why the models 
named here were selected to analyse their precision in bubble size determination. 

Bubble coalescence is modelled considering bubble collision due to turbulence, 
buoyancy and laminar cut. The coalescence rate is defined as the product between 
the collision frequency 𝜔𝜔𝑎𝑎𝑎𝑎�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� and the coalescence efficiency 𝑃𝑃𝑎𝑎𝑎𝑎�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� and 
is defined as [28]: 

𝑎𝑎(𝑣𝑣, 𝑣𝑣′) = 𝜔𝜔𝑎𝑎𝑎𝑎�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�𝑃𝑃𝑎𝑎𝑎𝑎�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�                       (6) 

The collision frequency is defined as:  

𝜔𝜔𝑎𝑎𝑎𝑎�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� = 𝑐𝑐1,𝑐𝑐  
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                           (7) 

where 𝑐𝑐1,𝑐𝑐  is a collision frequency constant between two particles with diameter 
𝑑𝑑𝑖𝑖  and 𝑑𝑑𝑗𝑗. The coalescence probability proposed by the Luo model [18] is expressed as:  

𝑃𝑃𝐶𝐶 = 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝑐𝑐𝑒𝑒
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𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖
1 2⁄ ]               (8) 

where 𝑐𝑐𝑒𝑒 is a first-order constant, 𝜌𝜌𝑙𝑙 and 𝜌𝜌𝑔𝑔 are the densities of the primary (Gum 
xanthan) and secondary (air) phases. Eqs. (7) and (8) are the basis of the 
coalescence model proposed by [18] and it is used in this investigation as a 
reference point in combination with the breakup models mentioned in Table 1. 

In addition to the breakup model [18], this research proposes a modified model 
for simulating coalescence, considering the shear rate effects on non-Newtonian 
fluids. So, Eq. (6) can be reformulated as follows: 

𝑎𝑎(𝑣𝑣, 𝑣𝑣′) = 𝜔𝜔𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�𝑃𝑃𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� + 𝜔𝜔𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�𝑃𝑃𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�             (9) 

Here 𝜔𝜔𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� is the coalescence frequency due to turbulent kinetic energy 
reached in a stirred tank, 𝑃𝑃𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�  calculates the coalescence probability, 
𝜔𝜔𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� is the coalescence frequency due to the shear rate and 𝑃𝑃𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� refers 
to the probability of the coalescence triggered by the shear rate γ ̇.  

The collision rate 𝜔𝜔𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� resulting from turbulence is expressed as [16]: 

𝜔𝜔𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� =
𝑐𝑐𝑐𝑐,1𝜀𝜀
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The coalescence probability 𝑃𝑃𝑐𝑐𝑐𝑐�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�  can be related to coalescence and 
contact time reached a stirred tank bioreactor. Therefore, force compressing 
bubbles must be sufficient, so that thinning film covering bubbles needs to be 
drained to a critical value, thus triggering the coalescence [29], resulting:  
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In a turbulent field, Bubbles, dominated by a circular flow pattern, can coalesce 
to lead larger bubbles. Shear rate impacts on bubble coalescence can be modelled 
according to [30]: 

𝜔𝜔𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� =  4
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2
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�𝜇𝜇𝑎𝑎𝑎𝑎

𝐾𝐾
�

1
𝑛𝑛−1              (12) 

𝐾𝐾 and 𝑛𝑛 are parameters for the viscosity power-law model. Viscosity acts as a 
resistance force to fluid deformation and also depends considerably on the shear 
rate. Based on the latter, this resistance to fluid flow is overcome by the shear rate. 
Consequently, the viscosity will be high in less mixed zones and high bubble 
coalescence will be evident. 

Shear rate impacts on bubble coalescence are calculating using Eq. (12). Based 
on previous experiments [31, 32], bubble size distribution on shear impacts can be 
represented as an empirical expression. That is why, in this research, the following 
exponential term: 

𝑃𝑃𝑐𝑐𝛾̇𝛾�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� = 𝑒𝑒𝑒𝑒𝑒𝑒
−
�
𝜇𝜇𝑎𝑎𝑎𝑎
𝐾𝐾 �

1
𝑛𝑛−1

𝐴𝐴,𝑐𝑐                (13) 
Equations (9) to (13) constitute the modified coalescence model used in this research. 

The main objective during the comparison of the proposed models was to 
determine the accuracy of the bubble breakup-coalescence model that allows 
covering a wide range of physical properties, operating conditions, and in turn, 
applicable from the point of view of hydrodynamic analysis. For the study of the 
breakup and coalescence phenomena, the following models were selected: 

Table 1. Bubble Breakup-Coalescence models evaluated. 
Cases Combination Kernel Model 
Case 1:Luo-Inv Luo and Svendsen [18]  

Luo-New 
Breakup  
Coalescence 

Case 2:Luo-Luo Laakkonen [23] 
Luo and Svendsen [18] 

Break-up Coalescence 

Case 3: Laak-Inv Laakkonen [23] 
Luo-New 

Break-up Coalescence 

Case 4:Laak-Luo Laakkonen [23] 
Luo and Svendsen [18] 

Break-up Coalescence 

3. Stirred Tank Physical Characteristics and Experiments 
For modelling in CFD and experiments, a New Brunswick stirred tank bioreactor, 
as shown in Fig. 1 was used at a laboratory scale with 10 litres as work volume. 
The tank is characterized by the following dimensions: DT diameter: 0.21 m, liquid 
HL: 0.3 m, equipped with four deflectors spaced at an angle of 90° with a width 
Wb: 0.1DT installed at a distance of the walls of 0,010 m. The equipment has a 6-
blade Rushton turbine impeller with a diameter Di: 0.075 m. Air is supplied through 
a sparger of 0.06 m in diameter.  
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Fig. 1. Rushton turbine; (a) Front view, (b) Diagonal view, (c) Cross section. 

Stirring set-ups are tested between 200-800 rpm and air flow was evaluated at 
1.0 vvm based on commonly operational conditions for fungal applications. 
Previous research [33, 34] suggest mycelium cultures act as non-Newtonian fluid 
similar to the power-law viscosity model: 
μappar = Kγn−1                         (14) 

Viscosity model constants were calculated experimentally and coupled to 
hydrodynamic modelling. Brookfield DV-E viscometer was used, applying shear 
rates at 1-100 s-1. To validate the CFD model, the 𝑘𝑘𝐿𝐿𝑎𝑎 values were determined 
experimentally at a 10-liter scale, using 0.25% Xanthan gum to simulate the 
rheological effects of a fungal culture at the bioreactor level. For the experimental 
𝑘𝑘𝐿𝐿𝑎𝑎  determination, the tank is gasified with nitrogen for removing dissolved 
oxygen [4]. Then the air is supplied and dissolved oxygen 𝐶𝐶𝐿𝐿  is measured until 
saturation is reached using a DO sensor (InPro 6800, Mettler Toledo, Germany). 
The rate of change of oxygen is calculated using the following equation: 
𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝐿𝐿𝑎𝑎(𝐶𝐶𝐿𝐿∗ − 𝐶𝐶𝐿𝐿)                (15) 

where 𝐶𝐶𝐿𝐿∗ is the oxygen saturation level and 𝐶𝐶𝐿𝐿 is the dissolved oxygen 
concentration. Solving the eq. (15) an expression for determining 𝑘𝑘𝐿𝐿𝑎𝑎 results: 

𝑘𝑘𝐿𝐿𝑎𝑎 = 1
𝑡𝑡
�𝐶𝐶𝐿𝐿

∗−𝐶𝐶𝐿𝐿
𝐶𝐶𝐿𝐿
∗ �                              (16) 

To quantify the degree of similarity regarding 𝑘𝑘𝐿𝐿𝑎𝑎 experimental and simulated 
data, the concordance index d proposed by [35] is evaluated. 

4.  Results and Discussions 
Different bubble breakup and coalescence models were evaluated mainly to 
investigate the mass transfer in a bioreactor stirred by a Rushton turbine. Results were 
assessed experimentally by determining the mass transfer coefficient 𝑘𝑘𝐿𝐿𝑎𝑎. Xanthan 
Gum at 0.25% was used to resemble the rheological conditions developed during 
fungal culture [34, 36]. The oxygen transfer behaviour is observed experimentally 
under different stirring speeds and compared to data obtained from simulations shown 
in Fig. 2. Various scenarios are observed defined by each breakup and coalescence 
model evaluated. The latter suggests that 𝑘𝑘𝐿𝐿𝑎𝑎 is significantly dependent on bubble 
interaction generated in a stirring-aeration system.  

According to experimental data 𝑘𝑘𝐿𝐿𝑎𝑎 (Fig. 2), it is observed for cases 3 (Laak-
New) and 4 (Laak-Luo) a 𝑘𝑘𝐿𝐿𝑎𝑎 sub-prediction regarding breakup and coalescence 
models at stirring  levels greater than 600 rpm. However, mass transfer is 
overestimated at lower stirring values. This particularity is more noticeable in case 4 

(a) (b) (c) 
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(Laak-Luo), in which the coalescence rate defined by [18] was used. In comparison 
with the other studies, it is observed that 𝑘𝑘𝐿𝐿𝑎𝑎 values mostly tend to be oversized at 
case 2 (Luo-Luo). Under these conditions, the Luo-Luo model results in the 
estimation of small bubbles. This latter implies that the breakup phenomenon mainly 
dominates bubble interaction. According to the results on this case, it is observed that 
this model combination [18] tends to increase the breakup rate. The coalescence 
model effect proposed in this investigation can be analysed according to results 
obtained from 𝑘𝑘𝐿𝐿𝑎𝑎 values for case 1 (Luo-New) and case 3 (Laak-New). In such a 
way, it is observed a better accurate in Case 1 than all the evaluated models. 

The model proposed by Laakkonen [23] in case 3 tends to decrease the breakage 
rate and therefore underestimates the 𝑘𝑘𝐿𝐿𝑎𝑎 values. For this reason, the increase in 
bubble size results from the prevalence of coalescence phenomena, which can be 
observed in Figs. 3 and 4. The latter is one of the typical characteristics of non-
Newtonian fluids. However, the model (Case 3) fails to predict that behaviour, 
since this model [23], combined with the coalescence phenomenon, captures the 
breakup phenomenon to a lesser extent than the evaluated model in Case 1. 

The breakup Luo model [18], based on the gas kinetic theory, allows a better 
approximation of bubble breakup and coalescence phenomena in non-Newtonian 
fluids (Luo-New). The breakup Luo model [18] has been the basis of numerous 
modeling studies in Newtonian and non-Newtonian fluids [23, 37, 38]. So it has an 
advantage compared to the breakup Laakkonen model [23] since the daughter 
bubble distribution function can be calculated directly from the breakup model. The 
latter allows a lower computational time, while the Laakkonen break model [23] 
requires an additional function for the daughter bubble distribution. 

It is possible to state that breakage rates prevail over coalescence rates, 
regarding case 2 [Luo-Luo]. The above-explained by the high 𝑘𝑘𝐿𝐿𝑎𝑎 values and also 
the small bubble diameters calculated (Fig. 3). The latter indicates that the 
coalescence model proposed by Luo [18] does not take into account the shear rate 
effect on fluid bubble interaction. The latter is a significant phenomenon for 
mechanical design, which considers the rheology in a stirring-aeration system. 

When comparing the coalescence model, it is observed the best prediction related 
to experimental and simulated 𝑘𝑘𝐿𝐿𝑎𝑎 values in case 1 [Luo-New.]. The model proposed 
in this study includes the shear rate effect on bubble coalescence. That is why the 
breakup rate increases with increasing dissipation energy, mainly due to the stirring 
speed. The latter also induces an increase in bubble collision frequency and kinetic 
energy [39]. According to [37], bubble breakup and coalescence phenomena vary in 
mild turbulence conditions, such as non-Newtonian fluids. 

In non-Newtonian fluids, the shear force τ depends on the rheological properties 
and stirring rate [40-46]. That is why this research proposes a modified semi-
empirical model that considers the shear rate effect on bubble coalescence.  The 
latter is an important phenomenon that must be taken into account during the design 
focuses on improving 𝑘𝑘𝐿𝐿𝑎𝑎 . In an aerobic fermentation, air flows continuously 
through the stirred tank reactor. For this reason, the bubble size distribution results 
from the interaction of physical mechanisms such as breakup and coalescence. The 
most important parameter to analyse these hydrodynamic mechanisms is the mean 
Sauter diameter [14]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 2. 𝒌𝒌𝑳𝑳𝒂𝒂 Determination at different stirring rates [EXP:  

Experimental data]. (a) Luo-New; (b) Luo-Luo; (c) Laak-New; (d) Laak-Luo. 
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This parameter is essential in Bioreactors' design since it is essential to 
understand the mechanism of oxygen mass transfer performance through bubble 
behaviour. Bubble diameter was evaluated at different coalescence and breakup 
models. Figure 3 shows the behaviour of bubble diameter at different radial 
positions [r/R]. For case 2 [Luo-Luo], the model tends to increase the breakup rate. 
The bubble diameters are smaller [<4.5 mm] compared with the other models, 
resulting in high oxygen transfer values, as seen in Figs. 2 and 3. 

Case 3 [Laak-New] shows high bubble diameters [> 5.5mm] at shaking speeds 
of 400, 600 and 800. This model tends to over-predict the bubble coalescence rate 
because larger bubble diameters are observed. Therefore, the breakup phenomenon 
is low in this combination of models. Case 4 [Laak-Luo] sub-predicts the diameter 
of the bubbles at 200 and 400 rpm [<5.5 mm]. Therefore, the model maximizes the 
breakup phenomenon, showing higher 𝑘𝑘𝐿𝐿𝑎𝑎  values , while it over-estimates the 
bubble diameter [> 5.5mm], at 600 and 800 rpm maximizing the coalescence 
phenomenon and resulting in low 𝑘𝑘𝐿𝐿𝑎𝑎 values. For case 1 [Luo-New], it is observed 
that the model calculates consistently the bubble diameter. As seen in Fig. 3, 
rheology effects influence the average bubble size. Coalescence phenomena 
predominate bubble dynamics in non-Newtonian fluids. According to [23], the 
dissipation energy decreases, and bubble size is large by increasing the liquid 
viscosity, resulting in a smaller interfacial area and therefore, the oxygen transfer 
decreases. In Fig. 3, it is observed that bubble diameter tends to be short at areas 
closed to the blade and large in the middle part of the bioreactor. That is, the 𝑘𝑘𝐿𝐿𝑎𝑎  
mass transfer is more significant near the area where the stirrer is located, due to 
more substantial bubble breakage. Turbulent energy originates mainly from the 
movement of the agitator. That is why turbulence controls the breakup and 
coalescence phenomena and hence mass transfer [23]. This behaviour is because 
the bubble size is dependent on turbulence scales and flow patterns. The latter, due 
to the relationship between the local energy dissipation rates, the bubble residence 
time, breakage and coalescence rates [2, 3].  

To quantify the degree of similarity between the experimental data and the 
simulated data, the concordance index developed by Willmott et al. [35] was 
evaluated. The concordance indexes reflect the degree to which the observations' 
variance is estimated accurately by the prediction variance. Its range can vary 
between 0.0 and 1.0, where 1.0 indicates a perfect match between observations and 
simulated data.  

In Fig. 5, the concordance indexes calculated for the experimental and 
simulated 𝑘𝑘𝐿𝐿𝑎𝑎  data at different stirring rates are observed. It is observed a 
consistency related to the accuracy, according to the analysed observations. Figure 
4 shows that cases 2 and 4 [Luo-Luo and Laak-Luo] present the lowest concordance 
rates for each stirring speed. For case 3 [Laak-New], it is observed that the 
concordance index was higher only at 400 rpm. The index was lower for other 
cases. Case 1 [Luo-New] shows the highest concordance values at all stirring 
speeds than the other models evaluated. At low velocities (200, 300 rpm), the 
concordance values are lower (0.39; 0.58). While at (400, 500, 600, 700 and 800 
rpm) the concordance indexes are those that present the higher values (0.83; 0.95 
and 0.98; 0.69 and 0.56). The above reveals the importance of including the shear 
velocity effect on bubble coalescence, as proposed in the new model described in 
this investigation. 
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Fig. 3. Bubble diameter vs [r/R]. 
(a) 200 rpm, (b) 400 rpm, (c) 600 rpm and (d) 800 rpm. 
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Fig. 4. Bubble diameter simulations at different stirring speeds and  

axial position [z / H], (a) 200 rpm, (b) 400 rpm, (c) 600 rpm and (d) 800 rpm. 
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Fig. 5. Concordance indexes calculated for experimental and simulated 𝒌𝒌𝑳𝑳𝒂𝒂 data. 

The coalescence model proposed in this research allows an acceptable 
approximation based on experimental 𝑘𝑘𝐿𝐿𝑎𝑎  data. It is important to highlight the 
applicability of this model since it allows the dissipation energy to be related to the 
shear rate effect on the influence of stirring speed. These parameters are of 
paramount importance in the improvement of stirring-aeration devices in non-
Newtonian fluids.  

5.  Conclusions 
In this study, a modified model based on the shear rate is proposed to capture 
coalescence and bubble breakup phenomena compared to experimental data. Based 
on the results, the modified model considerably increases accurate predictions. The 
latter showed the highest concordance index values calculating an acceptable 
approximation related to results obtained through simulations by CFD and the 
experimental 𝑘𝑘𝐿𝐿𝑎𝑎 data. A significant effect of the shear rate was found. The latter 
also explained by the simulation of 𝑘𝑘𝐿𝐿𝑎𝑎  and bubble sizes by demonstrating 
numerically that the inclusion of viscosity effects and shear on a bubble coalescence model 
improves the degree of prediction related to oxygen transfer. 
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