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Abstract. The efficiency of membrane processes depends on the hydrodynamic conditions within the channels of membrane modules, particularly the channel curvature and spacer configuration. This study focuses on analyzing the influence of membrane module element curvature on hydrodynamic characteristics using computational fluid dynamics (CFD).
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Introduction
Membrane technologies are widely used in various industries, including food, pharmaceutical, and water treatment, due to their ability to efficiently separate mixture components [1]. However, the efficiency of these processes depends on the hydrodynamic conditions within the membrane module channels. For instance, channel curvature can significantly affect flow characteristics, which may influence mass transfer processes and the overall system performance [2].
The geometry of membrane module channels plays a crucial role in shaping hydrodynamic conditions. In particular, the presence of curvature in the channels can influence velocity and pressure distribution, as well as the flow regime (laminar or turbulent). Studies show that certain geometric configurations can enhance mixing and reduce stagnant zones, which positively impacts mass transfer processes and lowers the risk of membrane fouling [2].
Given the above, the aim of this study is to analyze the impact of channel curvature on the hydrodynamic flow characteristics in membrane modules with spacers. Specifically, the research will investigate whether variations in curvature radius and channel shape affect velocity distribution, pressure, and flow turbulence.
In this regard, numerous studies in recent years have focused on the influence of spacers on nearly all commercial membrane processes. It is important to note that most of these studies have evaluated spacer efficiency using computational fluid dynamics (CFD) methods [1-2].
Flow modeling in membrane modules is a key aspect for understanding and optimizing their performance. Several approaches to modeling exist, including mathematical modeling, computational fluid dynamics (CFD), and experimental modeling [2].
Spacers are important components of membrane modules, responsible for the flow of feed through the membrane. The spacer configuration within the channel significantly affects the hydrodynamic and mass transfer characteristics of the process, as well as fouling, and promotes flow turbulence. Their impact on hydrodynamics is considerable. A poorly selected spacer increases hydraulic resistance and can create stagnant zones. Optimizing spacer design is crucial to achieve a balance between improved mass transfer and minimizing energy consumption [3].
This work will explore methods for studying the impact of channel curvature on flow characteristics in membrane modules with spacers, focusing on the use of computational fluid dynamics (CFD).
Computational fluid dynamics (CFD) is a powerful tool for analyzing and predicting fluid behavior in complex geometries, such as membrane module channels with spacers. CFD allows for detailed investigation of velocity distribution, pressure, and other flow parameters without the need for expensive and time-consuming experiments [1].
Specialized software packages are used for modeling, solving the Navier-Stokes equations for incompressible fluids. The modeling process includes creating the geometric model of the channel, generating the computational mesh, setting boundary conditions and flow parameters, as well as performing numerical calculations followed by result analysis. In this work, the model solution was obtained using the OpenFOAM-v2212 software package, which was integrated into the FreeCAD 3D design system.
The preliminary evaluation of the impact of curvature on flow characteristics in the membrane channel was performed visually by comparing velocity field visualizations, created in the ParaView 5.10.1 software environment. Figures 1 to 3 show some of these visualizations. Specifically, the velocity field in the transverse cross-section, taken at the middle length of the channels, is shown in Figure 1. Figure 2 demonstrates the velocity field in the longitudinal section, taken at the middle cross-section of the flat channel height and the central radius of the curved channels. Figure 3 presents the pressure field. The results presented in this study were obtained for a cell size of 0.05·10⁻³ m (0.05 mm).
No significant differences were observed in the obtained results, where the discrepancies for the real and ideal spacer thread shapes were easily visible. The velocity field also corresponds to laminar flow conditions, with the maximum velocity at the center of the channel and a gradual decrease near the walls. It is worth noting that at the boundary surfaces, the velocity fields also appear similar.[image: ]
Fig. 1. Velocity fields in the transverse cross-sections of some of the studied channels.
[image: ]
Fig. 2. Velocity fields in the longitudinal cross-sections of some of the studied channels.[image: ]
Fig. 3. Velocity fields in the longitudinal cross-sections of some of the studied channels.

Therefore, the flat model can be considered a reasonable approximation of the spiral module channel. However, all these studies were conducted for hypothetical channels without spacers. Since the curvature of the spacer can affect the magnitude of hydraulic resistance, this issue is considered the objective of our further research.
To verify the impact of spacer curvature, trial simulations of flow were conducted in both the flat and curved models, with the visualization of the results shown in Figures 4 and 5. As in the case with hypothetical channels without spacers, the velocity fields appear very similar in this case. However, for final conclusions regarding the acceptability of the flat model, further research and analysis of quantitative parameters, particularly hydraulic resistance, are required. 
[image: ]
Fig. 4. Visualization of the velocity field in the curved membrane channel model with spacers.
[image: ]
Fig. 5. Visualization of the velocity field in the flat membrane channel model with spacers.
Conclusions
The study showed that the flat model can be considered a reasonable approximation of the spiral module channel. However, all these studies were conducted for hypothetical channels without spacers. Since the curvature of the spacer can influence hydraulic resistance, this issue is considered the objective of our further research. The preliminary results obtained show that the velocity field visualizations appear very similar. However, for final conclusions regarding the acceptability of the flat model, further research and analysis of quantitative parameters, particularly hydraulic resistance, are necessary.
References 
[1]	Liang, Y., Toh, K., & Weihs, G. F. (2019). 3D CFD study of the effect of multi-layer spacers on membrane performance under steady flow. Journal of Membrane Science, 580, 256–267. https://doi.org/10.1016/j.memsci.2019.02.015 
[2]	Huliienko, S., Korniyenko, Y., & Yasenchuk, V. (2024). Evaluation of the Influence of the Channel Curvature on the Flow Characteristics in the Channel of Spiral Wound Membrane Modules Using CFDOF. In Lecture notes on data engineering and communications technologies (pp. 441–453). https://doi.org/10.1007/978-3-031-71801-4_32 
[3]	Park, C., & Kim, J. (2022). Performance of biofouling mitigating feed spacer by surface modification using quorum sensing inhibitor. Desalination, 538, 115904. https://doi.org/10.1016/j.desal.2022.115904
image1.jpeg
UMagnitude
00400 0002 0004 0006 0008 001 0012 0014 16802

——— | o—

Flat model, /=10 mm

UMagnitude
000400 D002 0004 0006 0008 001 0012 0014 16002

[ —

U Mognitude
000400 0002 0004 0006 0008 001 0012 0014 l6e02

——— | sle—
R =25 mm; /=10 mm

UMagnitude
000400 0002 0004 0006 0008 001 0012 0014 16em2

———— ' osle—

R=25mm; /=10 mm




image2.jpeg
* <

UMagnitude UMagnitude
00e+00 0002 0004 0006 0008 001 0012 0014 1.6e-02 00e+00 0002 0004 0006 0008 001 0012 0014 1.6e02
Flat model, /= 10 mm R=25mm; /=10 mm
UMagnitude UMagnitude
00e+00 0002 0004 0006 0008 001 0012 0014 16e02 00e+00 0002 0004 0006 0008 001 0012 0014 16602

R=15mm; /=10 mm R=25mm; /=10 mm




image3.jpeg
o o

P P
100400 10024 10026 1.0028 1003 1.0032 1.0034 1.0036 10e+00 100400 1.0024 1.0026 1.0028 1003 10032 10034 10036 10e+00
Flat model, /=10 mm R=25mm; /=10 mm

P P
1.0e+00 1.0024 10026 1.0028 1.003 1.0032 1.0034 1.0036 1.0e+00 1.0e+00 1.0024 1.0026 1.0028 1003 10032 10034 10036 1.0e+00

| sle— ' se—
R=15mm; /=10 mm R=25mm; /=10 mm




image4.png




image5.png




