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Abstract 
The use of gas permeable membranes for bubbleless aeration is of increasing 

interest due to the energy savings it affords in wastewater treatment applications. 

However, flow maldistributions are a major factor in the impedance of mass transfer 

efficiency. In this study, the effect of module configuration on the hydrodynamic 

conditions and gas transfer properties of various submerged hollow fibre bundles 

was investigated. Flow patterns and velocity profiles within fibre bundles were 

predicted numerically using computational fluid dynamics (CFD) and the model was 

validated by tracer-response experiments. In addition, the effect of fibre spacing and 

bundle size on the aeration rate of various modules was evaluated experimentally. 

Previous studies typically base performance evaluations on the liquid inlet velocity or 

an average velocity, an approach which neglects the effect of geometric features 

within modules. The use of validated CFD simulations provides more detailed 

information for performance assessment. It was shown that specific oxygen transfer 

rates declines significantly with increasing numbers of fibres in a bundle. However, 

the same trend was not observed when the fibre spacing is increased. A correlation 

was proposed for the prediction of the overall mass transfer coefficient utilizing the 

local velocity values obtained from the validated CFD model. 
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1. Introduction 

Hollow fibre gas-liquid contact membranes are of increasing interest in a wide variety 

of applications including wastewater treatment, medical devices, and de-gassing of 

process industry liquid streams. The use of such contactors as bubble-less aeration 

devices in water/wastewater treatment has been under investigation for several 

years [1–10]. Enhancing the oxygen transfer rate to the liquid is of critical importance 

in these processes. High rates of mass transfer, close to 100% transfer efficiency [4], 

good process control and ability to operate at flow rates and pressure independent of 

the bulk fluid phase are some of the reasons for their superiority over energy 

intensive bubble aeration systems [8]. A commonly used membrane material in 

these applications is Polydimethylsiloxane (PDMS), due to its high oxygen 

permeability and robustness sin the wastewater milieu. The dense or non-porous 

nature of PDMS eliminates the possibility of bubble formation above moderate 

pressures and additionally prevents intra-pore fouling and wetting, which are 

disadvantages of porous membranes in these applications. 

The rate of aeration is largely dependent on the effective surface area of the 

membrane and the driving force for permeation (the concentration gradient across 

the membrane wall) [2,3]. The total resistance to gas transfer consists of three terms, 

gas side resistance, liquid side resistance, and membrane resistance [2,9–11]. The 

gas side resistance is typically significantly smaller than that of the liquid side 

resistance. Furthermore, the mass transfer coefficient is independent of gas partial 

pressure, for partial pressures below 3 bar [1]. Thus with the membrane side 

resistance of a module being constant, the efficiency of the aeration process is most 

dependent on the liquid side resistance in submerged membrane bundles [1].  

 

Previous research has highlighted the importance of module configuration and 

hollow fibre layout on the performance of various heat and mass transfer processes 

utilizing membrane modules [7,12–23]. Hollow fibre systems with parallel flow are 

often prone to flow mal-distribution with reduced flow through the centre of the fibre 

bundle. The water velocity increases radially culminating in preferential flow or 

channelling around the outside of the membrane bundle. This flow mal-distribution is 
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influenced by the module design (membrane diameter, length, packing density or 

inter-fibre spacing , bundle diameter, Reynolds number, bundle spacing, shell 

diameter, and possible dead zones caused flow around the potted ends of the 

module etc.) in a complex way that is poorly understood. Since the local velocity and 

shear flow determine the local mass transfer coefficient, the occurrence of such 

radial flow variation across the bundle results in lower overall rates of mass transfer 

and reduced reactor performance [17,24–26].  

 

Many studies have been undertaken to understand and engineer the liquid flow field 

in membrane modules to enhance mass transfer [16,20,27–33]. Among applied 

methods, computational fluid dynamic (CFD) tools provide detailed analyses of the 

flow fields and the macro-scale diffusion of the species within the system, allowing 

for confident design and characterization of mass transfer within membrane bundles. 

Typically to reduce computational costs and time, single fibres or a section of the 

module geometry is modelled and simplifying assumption are applied [17,28,31,34–

36].  Previous studies have utilized CFD modelling to, for example, predict the 

effects of operating parameters on the performance of various hollow fibre 

membrane processes [17,18,30,37]. The impact of module packing density on 

filtration efficiency, as well as fouling and cake growth, have been assessed using a 

finite element approach [38,39]. The results showed the significance of packing 

density on the flow distribution and filtration rate, with a 30% increase in membrane 

packing density leading to a 50% reduction in filtration flux.  

 

In this paper we extend this approach to develop a validated CFD model of flow 

distribution in the modules followed by experimental gas transfer performance 

studies in order to better inform the analysis and design of hollow fibre modules.  

Flow distributions in different hollow-fibre modules, having different numbers of fibres 

and fibre spacings, were characterised experimentally using a tracer-response 

approach, and the residence time distribution (RTD) curves obtained were compared 

with those predicted by a CFD model; allowing validation of the CFD model. To 

evaluate the significance of the hydrodynamic conditions on the overall mass 

transfer performance, specific oxygen transfer rate (OTR) tests were performed with 

the same modules. The novelty of this research is the robust experimental validation 

of the CFD model, thus allowing for more confident assessment of the effect of 



4 
 

localised flow patterns in the module and subsequent analysis of the impact of these 

patters on gas-transfer performance. 

 

 

2. Materials and Methods 
2.1. Membrane Bundle Fabrication 

Hollow fibre membrane modules typically consist of parallel fibres packed in an 

external shell. This provides a very large specific surface area for transfer. It has 

been shown that structured fibre configurations cause less flow mal-distribution and 

enhance mass transfer efficiencies [36,40,41]. In this study, homogeneous dense 

PDMS hollow fibre membranes were used. Fibre bundles were assembled using a 

predetermined hexagonal spacing, held in place by two plastic disk spacers on each 

end of the bundle.  Details of the module designs are summarized in Figure 1 and 

Table 1.  

 

Modules were fabricated with 4, 7, 19 and 37 fibres of the same length and 

assembled in 2mm, 4mm, and 6mm spacing configurations (due to design 

restrictions and the small column diameter, bundles of 19 fibres with 6mm spacing, 

and 37 fibres with 4 and 6 mm spacings, could not be tested). In all, nine fabricated 

bundles were used to study effects of geometry on hydrodynamics of the shell side 

flow and mass transfer efficiency.  

 

The membrane bundles were potted into 6mm OD (4mm ID) polyethylene tubing at 

each end, using polyurethane potting agent (RS Components, Dublin Ireland). This 

potting material reduces the risks of gas or liquid leaks and can endure high 

pressures of up to 3 bar gauge. Spacers were placed at the ends of the bundle, 

keeping the effective fibre length of all fibres 42cm, from spacer to spacer. Each 

potted bundle was inserted in an 80cm vertical glass tube with an inner diameter of 

25mm. Two stainless steel 6mm OD pipes held the bundle at a fixed vertical position 

(figure3) and provided the air flow to the membranes.  

 

2.2. Computational Fluid Dynamics 
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the literature, mainly depending on the range of Reynolds calculated from the inlet 

velocity.  

In these studies, apart from module inlet velocity, the packing density is the primary 

controlling factor in the rate of transfer. If localised velocity distributions (obtained 

from the CFD model) for each module configuration are utilized instead of inlet 

velocity, the packing density can removed as its contribution is incorporated 

intrinsically in the velocity profile.  

 

Previous studies have oftern employed correlations that use Reynolds number 

estimates based on the inlet velocity. As shown previously the local velocity values 

have a profound impact on boundary layer thickness and the mass transfer 

coefficient, which directly influences the aeration efficiency [31]. However, unlike 

previous studies, where a uniform average velocity across the module cross-

sectional area was used, here, the average velocity within the hollow-fiber bundle 

(the space occupied by hollow fibres) is utilised. For all computational cells existing 

in the cylindrical region occupied by the hollow fibre membranes, with radius of rbundle 

and length of the fibres (42cm), local velocities are extracted and the bundle region 

average velocity is obtained. More information on the cylindrical area of focus and 

rbundle of different hollow fibre configurations are provided in the supplementary 

information table S4. The bundle area average velocity is used to calculate effective 

Reynolds numbers for all bundles of study at various inlet velocities. The diameter of 

the bundle area is also used as the effective diameter when calculating 

corresponding Reynolds numbers. Schmidt number is independent of the fiber 

number or spacing employed in the modules and is the same for all operating 

conditions and module configurations. The exponent y in Equation 14, is typically 

0.33 in the literature and the same value is assumed here. The calculation of 

exponent x requires comparisons of the right hand side of the equation with a 

previously obtained and confirmed Sherwood number on the left hand side of the 

equation, i.e., experimentally calculated Sherwood number for each bundle.  

 

3. Results and discussion 
3.1. Flow mixing (assessed by CFD) 
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The shell side flow field was numerically solved at three inlet velocities for all bundles 

of study using the FLUENT CFD code. The power of using a validated CFD model is 

the access to features of shell-side hydrodynamics, particularly when there may be 

geometric features (for example, spacers) in the modules that are significant enough 

to affect the hydrodynamics. A sample of the velocity contour plots is presented in 

figure S3 in the supplementary information. As expected, the results show that, at 

the higher membrane packing densities (smaller spacings), the inter-fibre velocity 

was significantly lower than the bulk liquid velocity. (The term “bulk liquid” refers to 

liquid outside of the fiber bundle). At higher packing densities the boundary layers 

surrounding each fiber impose a greater effect on the flow within the bundle, which 

slows the local velocity and encourages preferential flow around the outside of the 

membrane bundle (see Figure S3 in supplementary information). 

 

Water flows parallel to the hollow fibers, with small disturbances in the axial flow 

mainly around the spacers bounding the membrane module. Comparisons between 

the axial and radial velocities plotted in Figures S4 to S6 in the supplementary 

information shows that the flow disturbance caused by the spacers occurs in a larger 

area for higher inlet velocities and dampens more quickly in lower velocities. At an 

inlet velocity of 2.7cm/s the flow is laminar with an average 0.015% probability of 

local turbulence in the column. This probability increases to between 5 and 20 

percent for water velocities of 4.8 and 6.9 cm/s respectively. Further details on local 

Reynolds numbers are provided in Table S2 in the supplementary information 

section.  

 

The transport of an inert tracer was simulated using CFD for the same set of 

conditions under which experimental tracer experiments were conducted, and the 

results were then used to validate the CFD model. The time-dependent tracer 

response curves were compared for all packing densities and inlet velocities. 

Representative data for a water inlet velocity of 6.9 cm/s are shown in figure 5. It is 

clear that there is a good agreement between the experimental and modelled 

response curves, which validates the use of the CFD model to further analyze the 

hydrodynamics in the hollow fibre configuration.  
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with inlet velocity even for the same module. At higher inlet velocities, i.e. transitional 

flow, larger regions of turbulence influence the dispersion of the tracer. The resulting 

complex flow paths increase the chance of secondary flows that influence the 

behaviour of the bundle. Hence, the overall trends are similar for the experiments 

performed at 4.8m/s and 6.9 m/s, while the same bundles show different trends at 

lower inlet velocities. In both transitional flows, the 7 fibre bundle with 6mm spacing 

has the lowest residence time and the 37 fibre bundle with 2mm spacing has the 

highest residence time. For ease of comparison, the variance and skewness of the 

RTD curves for all bundles tested are depicted in Figure 7-right. The skewness of the 

curves is stacked on top of the variance in a lighter colour for ease of comparison. 

 

The variance shows similar trends to the mean residence times for bundles tested at 

the same inlet velocity; the spread of the tracer peak becomes smaller as the water 

velocity increases and residence time drops. Non-zero skewness of the curves is an 

indication of deviation from plug flow. Generally the skewness of the graphs 

decrease with velocity and are very smaller than the variances of the curves. Smaller 

skewness and variance of the curves is an indication of better mixing in the column 

and uniform flow field. Although at higher velocities these indexes are smaller, the 

same trend is not observed when increasing fibre spacing. Due to the complexity in 

these observations, a conclusion on the optimal bundle configuration is only possible 

by directly assessing the velocity field. Fundamental studies of the velocity 

distribution in the cross section of the column can provide valuable information, 

which helps to explain this behaviour.  

 

3.3. Specific oxygen transfer rate prediction 

The CFD model provides the basis for a more in-depth analysis of the water velocity 

distribution in the membrane module. An example of local velocity profiles for 

modules employed in this study are shown in figures S7 and S8 in the 

supplementary information. The velocity profiles clearly show, lower water velocities 

within the fiber bundles compared to the bulk liquid, and the drop is more marked as 

the inter-fiber spacing decreases. 

 

Many studies base their mass transfer performance evaluations on the liquid inlet 

velocity or an average shell-side velocity, an approach which neglects the effect of 
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geometric features within the modules that may influence hydrodynamics. However 

the use of a validated CFD simulation, allows the flow field within the bundles to 

provide more information when assessing mass transfer performance. Here, the 

velocity profiles for the different membrane modules are utilized to help predict the 

specific oxygen transfer rates in those bundles. In an attempt to compare CFD 

predictions with the correlations in the literature, the general form of equation 14 is 

utilized. The model Sherwood number is calculated for all investigated cases, 

different membrane configurations and inlet velocities, by incorporating the bundle 

area average velocities and the bundle area diameter in the right hand side of 

equation 14 as previously explained in section 2.5.  Exponents x and y are to be 

obtained by comparing model predicted Sherwood numbers with the values 

experimentally measured. 

 

To obtain the experimental Sherwood numbers, the shell-side mass transfer 

coefficient (K) is required. Thus, OTR tests were performed for all 9 bundles at three 

inlet velocities. Fibre bundles of 2mm spacing were twisted to mimic zero spacing 

bundles with adjacent fibres touching. Experiments were repeated to confirm 

reproducibility. The water recirculation rate was fixed at 12.3, 21.8 and 31 ml/min for 

the three inlet velocities of 2.7, 4.8 and 6.9 cm/s respectively. OTR results for the 

studied fibre arrays at the highest inlet velocity are presented in Figure 8.  
 

The results show an average decrease in the specific rate of oxygen transfer with an 

increasing number of fibres in a bundle. As expected, bundles with no spacing 

between the fibres have the lowest overall transfer of oxygen compared to loosely 

packed bundles, where a 2mm increase in spacing can lead to up to two-fold 

improvement in the performance. However, further increases in the spacing seem to 

have diverse effects on the aeration rate. The OTR rises only by 3% for the 19 fibre 

bundle when increasing the intra-fibre spacing from 2mm to 4mm. The 7 fibre bundle 

transfers 8% less oxygen when put together with 6mm spacing rather than 4mm, 

while the same procedure reduces the OTR for the 4 fibre bundle by almost 3%.  

 

The experimental mass transfer coefficient, and therefore the experimental 

Sherwood number is calculated from the temporal dissolved oxygen concentration 

data from the OTR experiments. As the Sc number is constant, Sh/Sc0.33 is plotted 
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spacing did not result in an increase in specific OTR in all cases as the wall effects 

greatly interfered with the velocity distribution in the inter-fibre areas as well as the 

bulk of the liquid. Good agreement was obtained between model-calculated and 

experimental Sherwood numbers. Previously published correlations for membrane 

contactors are generally system specific. This limitation can be overcome by 

employing CFD, which provides a number of benefits including analysis of localised 

hydrodynamic effects within complex geometries and the ability to optimise the 

design membrane modules in a less time-consuming manner than experimental 

tests. 
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Figure legends 

 

Figure 1 - Left - Schematic of a sample fibre bundle, Right- The hexagonal fibre 

orientation with I) 4, II) 7, II) 19 and IV) 37 fibres 
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Figure 2- Cross sectional image of the computational domain I) 4, II) 7, II) 19 and IV) 

37 fibres 
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Figure 3- Schematic of the tracer response and specific oxygen transfer rate 

experimental set-ups 
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Figure 4- Tracer concentration vs. time for pulse injection, left-pulse injection, right-

response curve 
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Figure 5 – Experimental and modelled tracer concentration for various bundle 

configurations at water inlet velocity of 6.9cm/s, y-axis: tracer molar concentration 

(mol/lit), x-axis: time (sec) 

  model, experimental data  
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Figure 6 – Model and experimental mean residence time comparison for all bundle 

configurations, at inlet velocity of a) 2.7cm/s, b) 4.8cm/s, c) 6.9cm/s 
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Figure 7- Experimental Mean residence time (left) and dimensionless variances 

(right) for various bundle configurations  at inlet water velocities of a)2.7cm/s, 

b)4.8cm/s, c)6.9cm/s 








