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As global water scarcity intensifies, sustainable alternatives to reverse osmosis (RO), which is an energy-intensive process, are essential, especially given the environmental risks posed by wastewater and brackish water discharge. This study explores forward osmosis (FO) as a viable alternative, using 2M MgCl2 as the draw solution (DS) and brackish water RO reject as the feed solution (FS). In the present work, a computational fluid dynamics (CFD) study is performed to model water transport through FO membranes using two thin-film flat sheet membranes—polysulfone (PSF) and polybenzimidazole (PBI)—enhanced with MWCNT additives, aiming to recover water from brackish water RO reject. This type of CFD evaluation of MWCNT-modified FO membranes is a unique aspect of the present work. A non-Darcy porous medium model was applied in CFD to simulate flow through the FS, DS, and the membrane, with pressure drop correlated to the osmotic pressure gradient. The PBI/MWCNT2 wt% membrane achieved the best overall performance with a CFD-predicted WF of 31.5 L/m2.hr or LMH, closely aligning with the experimental value of 31.2 ± 0.4 LMH. The CFD results for all the membranes are also in close agreement with the experimental data, confirming the accuracy of the model. The WF in the PBI and PBI/MWCNT membranes has a greater effect than the PSF and PSF/MWCNT membranes due to its affinity for water, the π–π bonds between PBI and MWCNT, and the interaction of nitrogen atoms on its imidazole ring with water, forming hydrogen bonds.
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1 INTRODUCTION
Water is vital for human health, economic development, and environmental sustainability. However, only 0.3% of earth’s freshwater is accessible for direct human consumption (Venkatesh et al., 2024; Grover, 2006; Porowski and LaMoreaux, 2019). Increasing demand driven by population growth, industrialisation, climate change, and pollution is intensifying freshwater scarcity (Qadir et al., 2010; Kye et al., 2023). By 2030, global water consumption is projected to rise by 53%, reaching 6.9 trillion m3 (Amarasinghe and Smakhtin, 2014). This demands innovative and sustainable water treatment solutions to ensure reliable access to clean water.
Desalination plays an important role in addressing water shortages, particularly in arid and coastal regions, with global installed capacity exceeding 100 million m3/day. Desalination technologies are broadly classified into thermal-based and membrane-based processes, each with distinct operational principles, energy requirements, and environmental impacts. Among the various desalination techniques, membrane-based processes have gained significant attention due to their effectiveness in removing contaminants and ensuring a stable freshwater supply (Aende et al., 2020; Alkaisi et al., 2017; Curto et al., 2021; Famiglietti, 2014; Gleick, 2014).
Forward osmosis (FO) is an emerging membrane-based desalination technique that utilises the natural osmotic pressure difference between a feed solution (FS) and a concentrated draw solution (DS). Water naturally migrates from the FS (e.g., seawater or brackish water) into the DS (typically containing highly osmotic solutes) across a semi-permeable membrane, leaving salts and impurities behind, as seen in Figure 1. Once the DS is diluted, pure water is recovered through secondary processes such as thermal, chemical, or membrane-based separation (Cath et al., 2006; Zhao et al., 2012a; Chung et al., 2012).
[image: Diagram of a forward osmosis system with an FO membrane separating two chambers. The left chamber shows feed solution (FS) flow with arrows indicating movement from FS_in to FS_out. The right chamber contains a draw solution (DS) leading to dilution, recovery, and regeneration of DS, ultimately producing final product water. Arrows indicate movement between the components.]FIGURE 1 | Schematic showing the process of FO.Compared to thermal desalination methods like multi-stage flash (MSF) distillation, multi-effect distillation (MED), solar still distillation (SSD), and vapour compression (VC), FO is significantly more energy-efficient. It requires minimal or no thermal input and operates without hydraulic pressure, relying solely on the osmotic gradient. This, in turn, reduces energy consumption, operational complexity, and membrane stress, leading to lower maintenance and longer membrane lifespan. FO also offers reduced pumping power, lower carbon footprint, and high water recovery and water flux (WF) (Aende et al., 2020; Shabani et al., 2021; Ghanbari et al., 2016; Parveen and Hankins, 2018).
Moreover, FO demonstrates superior fouling resistance compared to electrodialysis (ED), nanofiltration (NF), reverse osmosis (RO) and ultrafiltration (UF). Since FO does not utilise hydraulic pressure, it limits foulant compaction on membrane surfaces, reducing the need for extensive pretreatment and cleaning. FO is particularly effective for treating highly saline waters—including seawater, brackish water and wastewater—where other methods struggle to operate efficiently or economically (Parveen and Hankins, 2018; Kamel et al., 2023; Yan et al., 2023).
Despite these advantages, challenges remain in optimising FO membranes for high WF and salt rejection while mitigating internal concentration polarisation (ICP). The identification and selection of ideal DS also continues to be an active area of research (McGinnis and Elimelech, 2007; Jain and Garg, 2021). A detailed comparison of FO with other desalination technologies is presented in Table 1.
TABLE 1 | Comparative analysis of different desalination techniques reported in the literature.	Desalination Technique	Energy Demand (kWh/m3)	Salinity Tolerance	Fouling	Advantages	Limitations	Ref(s)
	FO	0.25–1	High	Low	Energy efficient, fouling-resistant, low maintenance, high water recovery	Concentration polarisation, ideal DS and ideal FO membranes needed	Chung et al. (2012),Jain and Garg (2021),Sewilam and Al (2023)
	RO	2–6	Moderate to High	High	The most widespread technique used, ideal RO-based TFC membranes can be used to produce good quality water	Fouling issues, brine disposal is tedious, and high-pressure requirements	Alkaisi et al. (2017),Curto et al. (2021),Sewilam and Al (2023),Tayeh (2024),Shabib et al. (2025)
	NF	1–2	Low	Moderate	Removes divalent salts and organics, lower pressure than RO	Partial salt removal, not suitable for seawater desalination on its own	El-Ghzizel et al. (2024),Hawari et al. (2020)
	UF	0.2 (for low salinity water)	Low	High	Removes large solids and bacteria	Does not remove dissolved salts on its own	Hawari et al. (2020)
	ED	2.6–5.5	Low	Low	Ideal for brackish water treatment, uses low energy at low salinity levels	Inefficient for seawater, membrane degradation	Biesheuvel et al. (2022),Solonchenko et al. (2023)
	SSD	Consumes little energy	Low	Low	Eco-friendly, energy efficient	Low water output and production rates, changing climate conditions	Alkaisi et al. (2017),Curto et al. (2021),Mu et al. (2021)
	VC	1.5–2.5 (TVC)
7–12 (MVC)	High	Moderate	Compact, energy-efficient in small systems	High operational cost, fouling issues	Alkaisi et al. (2017),Curto et al. (2021),Shamet and Antar (2023)
	MSF	4–6	High	Moderate	Long lifespan, robust, handles very saline water	High energy use, large footprint, costly	Alkaisi et al. (2017),Curto et al. (2021),Aloitaibi et al. (2024)
	MED	7.7–21	Moderate	Moderate to High	Operates at low temperatures, adapts to various heat sources, reducing corrosion levels	Fouling issues, costly and energy-intensive	Orfi et al. (2025),Elsayed et al. (2019),Kariman et al. (2023),Mistry et al. (2012),Shahzamanian et al. (2024)


Effective membrane design is essential for optimal FO performance. An ideal FO membrane should exhibit high mechanical, thermal, and chemical stability, along with low ICP, low fouling propensity, high WF, and strong hydrophilicity (Shabani et al., 2021; Ghanbari et al., 2016; Krishnan et al., 2022; McCutcheon and Elimelech, 2006; McCutcheon et al., 2007; Arjmandi et al., 2020). Achieving both high WF and salt rejection is critical for FO membrane development (Morales-Torres et al., 2016; Akther et al., 2019; Sahebi et al., 2016).
Thin-film composite (TFC) and thin-film nanocomposite (TFN) membranes are widely used in FO due to their superior permeability and selectivity (Jain and Garg, 2021). TFC membranes feature an active separation layer atop a porous support layer, allowing for independent optimisation of support layer properties while maintaining robust performance across a wide pH and temperature range (Jain and Garg, 2021; Morales-Torres et al., 2016; Akther et al., 2019; Sahebi et al., 2016).
TFN membranes are advanced variants of TFC membranes, created by embedding nanoparticles into the polymer matrix. This incorporation enhances salt rejection and prevents the passage of fine contaminants (Jain and Garg, 2021). Common fabrication methods for TFC and TFN membranes include phase inversion (PI) and interfacial polymerisation (IP) (Jain and Garg, 2021; Emadzadeh et al., 2014; Park et al., 2015; Amini et al., 2013). Recent innovations in TFN membranes involve the integration of nanoparticles such as graphene oxide (GO), multi-walled carbon nanotubes (MWCNT), and metal/metal oxide particles, including aluminium oxide (Al2O3), copper (Cu), gold (Au), iron (III) oxide (Fe3O4), titanium dioxide (TiO2), zinc oxide (ZnO), silica (SiO2) and zeolites. These additives significantly improve membrane permeability, hydrophilicity, selectivity, and structural stability, while mitigating fouling and enhancing mechanical strength. Additionally, nanoparticles improve the mechanical characteristics of membranes, facilitate better water transport, and prevent hazards linked to radioactive pollutants (Shabani et al., 2021; Morales-Torres et al., 2016; Abbas et al., 2023; Darabi et al., 2018; Jang et al., 2019; Li et al., 2022).
The implementation of powerful numerical tools to analyse complex flow phenomena and to validate with the experimental data obtained in membrane processes, particularly for FO, is necessary (Akther et al., 2019; Gruber et al., 2011). The technique of using computational fluid dynamics (CFD) simulations has become increasingly popular for modelling hydrodynamics, mass transfer, and fouling behaviour in FO systems. These simulations offer detailed visualisations of solute transport and concentration polarisation (CP), which occur not only in the FS and DS but also within the porous structure of the membrane. To accurately capture these effects, CFD models require fine meshing of both the FS and DS flow domains and the internal membrane layers (Gruber et al., 2011). This allows for precise prediction of WF, mixing behaviour, and CP mitigation strategies. ICP and external concentration polarisation (ECP) tend to reduce the effective osmotic driving force, thus lowering WF. CFD helps to quantify and visualise these phenomena by solving fluid flow and solute transport equations, enabling optimisation without exhaustive experimental trials (Akther et al., 2019; Gruber et al., 2011). Researchers have employed CFD to explore strategies for mitigating CP, such as increasing cross-flow velocity, optimising module geometry, incorporating turbulence promoters, and adding spacers to disrupt boundary layers. CFD also facilitates the evaluation of membrane geometry, material modifications, and operating parameters, contributing to the design of FO membranes with enhanced antifouling characteristics, reduced CP, and improved performance. Several studies have effectively used porous media formulations in CFD models to simulate and analyse FO membrane separation behaviour (Ren et al., 2020; Toh et al., 2020; Kahrizi et al., 2020; Sahebi et al., 2021; Liang and Fletcher, 2023).
Brackish water RO reject has been treated using hybrid systems such as FO/RO/NF, FO/RO/UF, and FO/NF processes (Zhao et al., 2012b; Altaee and Hilal, 2015; Khanzada et al., 2017). However, the application of polymeric TFC and TFN membranes for FO process through CFD modelling validated with the experimental results are not available in the literature, which is the uniqueness of the present work. The present study aims to recover water from brackish water RO reject and involves the development of a simplified, suitable non-Darcy porous medium model to simulate water transport across polysulfone (PSF), PSF/MWCNT, polybenzimidazole (PBI), and PBI/MWCNT membranes. The CFD analysis was performed by providing property values of the membranes and the porosity values measured and previously reported by the same research group in (Venkatesh et al., 2024). The CFD results were then validated with the experimental data.
2 MATERIALS AND METHODS
Initially, suitable DS and membranes were identified for the FO process. CFD analysis was conducted to evaluate WF and osmotic pressure gradients across the membranes, and the results were validated with the experimental results. This section outlines the selection criteria for DS and membranes, a summary of the experimental procedure, and the CFD analysis.
2.1 Selection of DS and membrane
The selection of the DS is crucial for the efficient performance of the FO process, which establishes the osmotic pressure gradient necessary for water transport. An ideal DS should possess high osmotic pressure, low viscosity, and promote high WF while minimising ICP. Additionally, the DS should be cost-effective, abundant, non-toxic, and easily regenerable (Johnson et al., 2017). Magnesium chloride (MgCl2) was selected as the DS in this study due to its high osmotic pressure, low diffusion coefficient in water, and ease of recovery via NF. The divalent nature of MgCl2 promotes greater osmotic driving force and reduced ICP, making it a suitable candidate over other salts such as calcium sulphate (CaSO4), potassium bromide (KBr), potassium chloride (KCl), magnesium sulphate (MgSO4) and sodium chloride (NaCl) (Morales-Torres et al., 2016; Akther et al., 2019; Johnson et al., 2017; Suwaileh et al., 2018; Salih and Al-Alawy, 2022).
Pertaining to the membrane selection, commercial membranes such as cellulose triacetate (CTA), though widely used, suffer from low permeability, thermal instability, and high structural resistance (Cath et al., 2006; McCutcheon and Elimelech, 2006; Ding et al., 2020). To address these limitations, polymeric materials such as PSF and PBI were selected due to their superior chemical, thermal, and mechanical stability. PSF, commonly used as a substrate polymer in TFC and TFN membranes, exhibits strong resistance to chemical and biological degradation due to its sulfonyl groups, as well as high salt rejection resulting from its dense structure (Jain and Garg, 2021; Morales-Torres et al., 2016; Park et al., 2015; Amini et al., 2013; Febriasari et al., 2021; Rashed et al., 2020). PBI, known for its imidazole ring structure, becomes self-charged in aqueous environments due to proton delocalisation, making it suitable for FO and other water separation processes (Akther et al., 2019; Rashed et al., 2020; Daer et al., 2020; Suryani et al., 2011; Datsyuk et al., 2013). To enhance membrane performance, MWCNTs were incorporated into both PSF and PBI membranes. MWCNTs improve membrane hydrophilicity, salt rejection, and antifouling properties, and contribute to higher WF by enhancing water transport pathways and reducing the contact angle (Jain and Garg, 2021; Morales-Torres et al., 2016; Akther et al., 2019; Amini et al., 2013; Sirinupong et al., 2017; Shah et al., 2019; Koutahzadeh et al., 2016). In this study, PSF, PBI, PSF/MWCNT, and PBI/MWCNT membranes were selected and systematically evaluated using CFD simulations, and the results were validated with the experimental data.
2.2 Experimental methods
2.2.1 Membrane fabrication
A summary of the membrane fabrications done in (Venkatesh et al., 2024) is as follows: The PSF dope casting solution was prepared by dissolving 18 wt% PSF in a mixture of dimethylformamide (DMF) and polyvinylpyrrolidone (PVP). DMF served as an effective solvent, helping PSF to dissolve easily and aiding in the formation of a uniform support layer. Similarly, the PBI dope casting solution was prepared by dissolving 18 wt% PBI in dimethylacetamide (DMAc) with the addition of lithium chloride (LiCl) to enhance solubility. DMAc, a polar aprotic solvent, was chosen for its compatibility with the chemical, thermal, and mechanical stability of PBI, thereby assisting in the facilitation of the membrane casting process. MWCNTs, with diameters ranging from 20 to 80 nm and lengths of 3–8 μm, were incorporated into the PSF and PBI dope solutions at concentrations of 0–3 wt%. To fabricate the active polyamide layer, IP reaction was performed using 0.2 wt% trimesoyl chloride (TMC) and 4 wt% m-phenylenediamine (MPD). The IP reaction was completed within 3 min. Before this, MWCNTs were ultrasonically dispersed in the 4 wt% aqueous MPD solution for 4 h using a Branson® ultrasonic bath (Danbury, Connecticut, United States).
PSF/MWCNT and PBI/MWCNT casting solutions were prepared by dispersing MWCNTs (1, 2, and 3 wt%) in appropriate solvents—DMF for PSF and DMAc for PBI. Correspondingly, the PSF and PBI concentrations were adjusted to 17, 16, and 15 wt% to accommodate the added MWCNTs. The mixtures were homogenised, stirred, and degassed for 24 h (Akther et al., 2019; Rashed et al., 2020). The flat-sheet membranes were then fabricated using a casting knife equipped with a heating system. The compositions of PSF and PBI membranes with varying MWCNT content are given in Tables 2, 3, respectively.
TABLE 2 | The wt% of components in the PSF membrane for various MWCNT concentrations.	Components	Composition (wt%)
	PSF	PSF/MWCNT1 wt%	PSF/MWCNT2 wt%	PSF/MWCNT3 wt%
	MWCNT	0	1	2	3
	PSF	18	17	16	15
	DMF	80	80	80	80
	PVP	2	2	2	2


TABLE 3 | The wt% of components in the PBI membrane for various MWCNT concentrations.	Components	Composition (wt%)
	PBI	PBI/MWCNT1 wt%	PBI/MWCNT2 wt%	PBI/MWCNT3 wt%
	MWCNT	0	1	2	3
	PBI	18	17	16	15
	DMAc	80.5	80.5	80.5	80.5
	LiCl	1.5	1.5	1.5	1.5


2.2.2 Experimental setup and procedure
Figures 2a,b illustrate the schematic and experimental setup for the FO process, as described in (Venkatesh et al., 2024). The system consisted of two rectangular flow channels (30 × 15 × 10 cm in the order of length, width and height/thickness) separated by a flat-sheet membrane (30 × 15 × 0.4 cm in the order of length, width and height/thickness).
[image: Diagram illustrating a forward osmosis system with a schematic (a) and experimental setup photo (b). The schematic displays flow directions with elements like peristaltic pumps, flow meters, and FO chamber labeled for both feed solution (FS) and draw solution (DS). The experimental setup image highlights the physical arrangement of components, including an ultrasonic water bath, pressure pump, FS, flow meter, FO chamber, and locations for DSin and DSout, with arrows pointing to each element.]FIGURE 2 | (a) FO process flow diagram for the experiment. (b) Photographic view of the experiment setup.FO experiments were conducted using 2M MgCl2 as the DS and brackish water RO reject as the FS. Both solutions were circulated at a flow rate of 0.0067 m/s in a closed-loop configuration to maintain constant concentrations. The membrane was oriented in an active layer facing the feed solution (AL–FS) configuration, with the FO chamber arranged horizontally, FS in the upper channel and DS in the lower channel. Each experiment was carried out at room temperature for 30 min. The equations used to evaluate membrane performance were consistent with the equations reported in (Venkatesh et al., 2024).
2.2.3 Membrane characterisations and performances
The X-ray diffraction (XRD) (XRD-2kW-RIKAGU Miniflex 600 model, Japan) patterns for the PSF and PBI membranes are presented in Figure 3. Diffraction peaks appear within the 2θ range of 12°–20° for PSF and 14°–25° for PBI, while distinct peaks at 2θ = 26° confirm the presence of MWCNTs. These sharp peaks indicate enhanced crystallinity and improved molecular orientation in the PSF/MWCNT2 wt% and PBI/MWCNT2 wt% membranes. Mechanical and thermal stability are improved due to the crystalline nature of MWCNT. The increased crystallinity also enhances both porosity and WF. The CFD simulations incorporate the measured porosity values and validate the WF values with the experimental data WF values (Shah et al., 2019; Koutahzadeh et al., 2016; Sulaiman et al., 2022).
[image: X-ray diffraction (XRD) patterns show intensity versus 2-theta degrees for different materials: PBI 0 wt% (blue), PSF 0 wt% (black), PBI 2 wt% (red), and PSF 2 wt% (green). Peaks indicate crystal structures, with intensity variation reflecting structural changes at varying weights.]FIGURE 3 | Intensity counts from the XRD analysis for PSF, PBI, PSF/MWCNT2 wt% and PBI/MWCNT2 wt% membranes.The water contact angles (Drop Shape Analyser 25 model, Krüss, Germany) for both PBI and PSF membranes are displayed in Figures 4a,b. A general decrease in contact angle upon MWCNT incorporation indicates enhanced hydrophilicity. However, at 3 wt% MWCNT loading, a slight increase in contact angle is observed due to nanoparticle agglomeration on the membrane surface, consistent with previous studies (Daer et al., 2020; Akhtar et al., 2017; Wang et al., 2022; Park and Jeong, 2015; Wang et al., 2015). PBI membranes exhibit greater hydrophilicity than PSF, attributed to hydrogen bonding between PBI and water as well as intermolecular π–π bonds between PBI and MWCNT. These characteristics correlate with the higher WF and porosity observed in both experimental and CFD results.
[image: Bar charts labeled (a) and (b) display the contact angles of different polymer composites. Chart (a) shows PBI and its mixtures with MWCNTs at 1%, 2%, and 3%, with contact angles of 65±5, 60±4, 57±3, and 61±2.5 degrees, respectively. Chart (b) displays PSF and its mixtures with MWCNTs at 1%, 2%, and 3%, with contact angles of 68±5, 66±4, 64±2.5, and 67±3 degrees, respectively.]FIGURE 4 | Water contact angles (a) with PBI membranes; (b) with PSF membranes.The porosity values of PSF and PBI are presented in Table 4. Despite the decrease in pore size, the inclusion of MWCNT results in an increase in porosity for PBI and PSF. Up to 2 wt%, the addition of MWCNT effectively increases porosity (by increasing the number of pores per unit volume); after that, MWCNT agglomeration takes place. The inclusion of MWCNT alters the morphological properties of the membrane, which has positive impacts on WF enhancement. Together with increased hydrophilicity, reduced pore size, and increased porosity, these enhancements improve the performance of the PSF/MWCNT and PBI/MWCNT membranes compared to plain PSF and PBI. After 3 wt%, the MWCNT particles appear to agglomerate, which lowers the porosity (Morales-Torres et al., 2016; Akther et al., 2019; Amini et al., 2013; Li et al., 2022; Daer et al., 2020). The values of the porosities are implemented in the CFD analysis to calculate the velocity, which determines the WF. Performance-wise, PBI/MWCNT2 wt% outperformed the other membrane samples with a porosity value of 70 ± 4.
TABLE 4 | Porosity values for PSF and PBI FO membranes.	Membrane	Porosity (%)
	PBI	64 ± 2
	PBI/MWCNT (1%)	66 ± 2
	PBI/MWCNT (2%)	70 ± 4
	PBI/MWCNT (3%)	67 ± 3
	PSF	61 ± 2
	PSF/MWCNT (1%)	63 ± 3
	PSF/MWCNT (2%)	66 ± 2
	PSF/MWCNT (3%)	64 ± 2


2.3 Procedure for CFD simulation
The FO water separation process involves complex physicochemical phenomena. However, a simplified computational model was developed by adopting the following assumptions to focus solely on water transport driven by osmotic pressure differences: –
	• Steady-state
	• Isothermal conditions
	• Incompressible flow
	• Negligible gravity
	• Constant density and viscosity
	• FS and DS areas show laminar flow (Re < 2000)
	• Thermodynamic equilibrium is present at the interfacial parts of the active layer of FO membranes.

In the ANSYS Fluent model, the pressure-based solver under steady state and viscous laminar flow model were chosen as per the assumptions. A generalised non-Darcy porous medium model was developed and employed to account for variable porosity conditions, ranging from Darcy flow in densely packed media to free fluid flow in the absence of a solid matrix. All cell zones in the CFD model were defined as fluid domains. The membrane region was modelled as a saturated porous medium, with membrane-specific properties and experimentally obtained porosity values from (Venkatesh et al., 2024) applied to each sample. Permeability was defined based on porosity and particle size. In this study, solid matrix drag effects were neglected in both the DS and FS regions. Within the membrane, where pore sizes are small, a linear drag term was applied. Consequently, the standard Navier–Stokes equations were solved in the FS and DS domains, while flow within the membrane was governed by the non-Darcy-based model. The osmotic pressure across the membrane was equated to the static pressure difference between FS and DS. The governing equations of continuity for the FS and DS are given as follows (Nithiarasu et al., 1996; Nithiarasu et al., 1997; Nithiarasu et al., 2002; ANSYS Inc, 2009):
∂ρfs∂t+∇.ρfs.v→fs=0(1)
∂ρds∂t+∇.ρds.v→ds=0(2)
Where,
ρfs = density of the FS
v→fs = velocity field of the FS
ρds = density of the DS
v→ds = velocity field of the DS
The equations of momentum (Navier-Stokes equations) for the FS and DS are as shown below (Nithiarasu et al., 1996; Nithiarasu et al., 1997; Nithiarasu et al., 2002; ANSYS Inc, 2009):
∂ρfs.v→fs∂t+∇.ρfs.v→fs.v→fs=−∇p+∇.μfs∇v→fs+∇v→fsT(3)
∂ρds.v→ds∂t+∇.ρds.v→ds.v→ds=−∇p+∇.μds∇v→ds+∇v→dsT(4)
Where, μds and μfs are the dynamic viscosities of the DS and FS, respectively.
In Fluent, the addition of a source term related to pressure drop due to the solid matrix is often implemented to model porous media. This source term, which is included in the standard equations of fluid flow, comprises two parts: (1) a viscous loss term representing the Darcy law model pressure drop; (2) an inertial loss term. The complete form of the source term is shown below (Nithiarasu et al., 1996; Nithiarasu et al., 1997; Nithiarasu et al., 2002; ANSYS Inc, 2009):
Si=−μαvi+12ρC2vi2(5)
Where Si (Pa/m) represents the ith momentum equation source term, ρ (kg/m3) is the FS density, μ (kg/m.s) represents the FS viscosity, α (m2) represents the membrane permeability, C2 (m−1) denotes the factor denoting the inertial resistance (Nithiarasu et al., 1997). In laminar seepage flow through densely packed porous media, the velocity and pressure drop are directly proportional, and the constant C2 is taken as zero. The Darcy model for porous medium estimates pressure drop per unit length across the medium as shown below (Nithiarasu et al., 1996; Nithiarasu et al., 1997; Nithiarasu et al., 2002; ANSYS Inc, 2009):
Si=∆πL=−μC0v(6)
Where,
1α=C0 in m−2
C2 = 0.
v = superficial normal flow velocity across the membrane (in m/s).
CFD simulations were performed using ANSYS Fluent 18.1. The geometric model (Figure 5a) comprises FS and DS chambers separated by a flat FO membrane of the same dimensions as in the experimental setup. Meshing was carried out using the ANSYS meshing module (Figure 5b) with two mesh interfaces defined between the membrane and the FS/DS domains. All 8 membrane samples were simulated, and their properties are summarised in Table 5. The velocity inlet boundary conditions were assigned to both the FS and the DS at a uniform flow velocity of 0.0067 m/s, matching the experimental setup. Pressure outlet conditions were used at the exits of both channels. Non-membrane walls were treated as no-slip surfaces, while the membrane surface was modelled as a permeable wall allowing flow in the Y-direction (normal to the membrane).
[image: Diagram showing two three-dimensional models of a membrane system. Panel (a) illustrates a two-layer structure with labeled inflows and outflows for FS (Feed Solution) and DS (Draw Solution), separated by a membrane. Panel (b) displays a detailed grid representation of the same structure, emphasizing the layered configuration. Both panels have measurement scales in centimeters.]FIGURE 5 | FO chamber (a) Geometric model for the CFD analysis; (b) Model with mesh.TABLE 5 | Properties of PBI and PSF membranes used for the CFD analysis (MatWeb, 2025; AZOMaterials, 2003; NETZSCH, 2025; Kern, 2025).	Membrane	Density (kg/m3)	Thermal Conductivity (W/m.K)	Specific Heat Capacity (J/kg.K)
	PBI	1,300	0.41	1,130
	PBI/MWCNT1 wt%	1,307	25.4059	1,124.2
	PBI/MWCNT2 wt%	1,314	50.4018	1,118.4
	PBI/MWCNT3 wt%	1,321	75.3977	1,112.6
	PSF	1,240	0.24	1,300
	PSF/MWCNT1 wt%	1,247.6	25.2386	1,292.5
	PSF/MWCNT2 wt%	1,255.2	50.2362	1,285
	PSF/MWCNT3 wt%	1,262.8	75.2338	1,277.5


The Reynolds numbers (ReL) for the CFD analysis were calculated for both FS and DS using the formula ReL = ρvLμ. The length (L) used in the formula is the characteristic dimension (Dh) for both FS and DS. The value for Dh = 2 W×HW+H= 12 cm. The results, along with the properties of the FS and DS as seen in Table 6, imply that the simulation was carried out in laminar flow with both Re < 2000.
TABLE 6 | Properties of brackish water RO reject, MgCl2, inlet velocity and the estimated Reynolds number values (ToolBox, 2025a; ToolBox, 2025b; North American Salt Company, 2025; Wang et al., 2024).	Solution	Density (kg/m3)	Viscosity (kg/m.s)	Inlet velocity (m/s)	Reynolds number (ReL)
	Brackish water RO reject (FS)	1,023	0.00097	0.0067	847.9299
	Magnesium Chloride (MgCl2) (DS)	2,325	0.0019	0.0067	983.8421


The simulation used the SIMPLE algorithm with a least-squares cell-based gradient method. Convergence criteria were set with residuals of 10−5 for the velocity and continuity components, and 10−8 for the energy component. For incompressible flow, the pressure field was resolved by setting a reference pressure; in this case, the FS reference pressure was set higher than that of the DS, with the pressure difference representing the osmotic pressure. The osmotic pressure differential drives water transport across the membrane from FS to DS. Experimentally determined porosity values from (Venkatesh et al., 2024) were incorporated to estimate WF. Salt transport was not considered for the sake of simplicity.
3 RESULTS AND DISCUSSIONS
The values of porosity obtained from the experimental study and the properties of the membrane samples presented in the previous section are used in the CFD analysis. The results of the CFD analysis and their validation with the experimental data are presented in this section.
3.1 Mesh independence test
In the CFD analysis, the mesh independence test was conducted by varying the number of mesh volume elements from 78,592 to 177,892, as given in Table 7, with mesh refinement applied primarily in the direction normal to the membrane. Figures 6a,b show the variation in velocity output of the FS and DS, respectively, as a function of the number of mesh volume elements. The input parameters used for the mesh independence test are listed in the figure itself. Significant changes in the output velocity of the DS were observed up to Mesh 3 (113,657 volume elements), beyond which further refinement (Mesh 4 and Mesh 5) yielded negligible differences. Thus, Mesh 3 was selected as the optimal mesh, balancing computational accuracy, efficiency and economy.
TABLE 7 | Mesh independence test results for PBI/MWCNT2wt% membrane listing the values of the mesh volume elements, and velocity outlets of FS and DS.	Mesh type	Mesh Volume Elements	Velocity outlet (FS) (m/s)	Velocity outlet (DS) (m/s)
	Mesh 1	78592	0.005138	0.007612
	Mesh 2	99792	0.006114	0.009582
	Mesh 3	113657	0.006254	0.009803
	Mesh 4	149556	0.006283	0.009725
	Mesh 5	177982	0.006231	0.009805


[image: Graph showing mesh independence tests for feed and draw solutions. Chart (a) has a red curve indicating velocity output stabilization at higher mesh volume elements. Chart (b) uses a blue curve with similar behavior. Both tests use a PBI/MWCNT membrane, brackish water RO reject as the feed solution, and MgCl₂ as the draw solution, with inlet velocities of 0.0067 meters per second.]FIGURE 6 | (a) Velocity output of the FS for various mesh volume elements. (b) Velocity output of the DS for various mesh volume elements.3.2 Velocity contours
The post-processed CFD velocity contours for the PBI membranes are shown in Figures 7a–d, while the velocity contours for the PSF membranes are shown in Figures 8a–d. These figures reveal that the direction of the flow is from the brackish water RO reject (FS) to 2M MgCl2 (DS) solution and that the FS travels normal to the membrane (Y-axis). It is evident from this observation that as the brackish water RO reject flows from the inlet to the outlet in the top FS portion, there is a gradual decrease in velocity. This is due to the uniform normal flow of the water through the membrane into the DS. Similarly, as MgCl2 flows from the inlet to the outlet in the bottom DS portion, a continuous uniform increase in velocity is observed, which is due to the osmotic flow of water drawn from the FS through the membrane.
[image: Four panels labeled (a) to (d) show velocity contour plots from simulations in ANSYS. Each plot features a color gradient from blue to pink representing velocity changes, with flow paths streamlined across each section. The scale on the left of each panel indicates velocity values in meters per second, ranging from zero to approximately 0.01 meters per second. The background is light blue, with axis directions marked in the lower right corner.]FIGURE 7 | Velocity contours in the region of analysis using PBI membranes (a) with 0 wt% of MWCNT; (b) 1 wt% of MWCNT. Velocity contours in the region of analysis using PBI membranes (c) with 2 wt% of MWCNT; (d) with 3 wt% of MWCNT.[image: Four-panel diagram showing velocity contours from computational fluid dynamics simulations using ANSYS. Each panel, labeled a to d, depicts velocity distributions with color gradients from blue to red, indicating varying flow velocities. The contour scale ranges from near zero to approximately 0.9 meters per second. Each panel includes a coordinate axis and displays similar flow patterns with minor variations.]FIGURE 8 | Velocity contours in the region of analysis using PSF membranes (a) with 0 wt% of MWCNT; (b) with 1 wt% of MWCNT. Velocity contours in the region of analysis using PSF membranes (c) with 2 wt% of MWCNT; (d) with 3 wt% of MWCNT.The velocity increase in PBI is observed to be marginally higher than PSF, indicating the effect of the better hydrophilicity of PBI due to its affinity for water, high intermolecular π–π bonds between PBI and MWCNTs, and the interaction of the nitrogen atoms on its imidazole ring with water, thereby forming hydrogen bonds. This indicates that the FO process is taking place due to osmotic pressure difference, and it is also clearly depicted by the velocity orientations in the predicted results.
3.3 Osmotic pressure gradient
The osmotic pressure differences obtained from the CFD simulations, the values of C0 from Equation 6 of the CFD analysis used for calculating WF and the maximum penetration depth (Δ) of the FS into the DS domain are presented in Table 8. As the wt% of MWCNT increases, the values of C0 decrease while the values of Δ slightly increase. As a result of higher hydrophilicity, the osmotic pressure gradient slightly decreases with an increase in MWCNT concentration; consequently, an enhanced amount of water transport occurs through the membrane, with PBI having more effect than PSF due to the hydrogen bonding and π–π interactions between PBI and MWCNT.
TABLE 8 | Values of osmotic pressure gradient, C0 and maximum penetration depth (Δ) for the various PSF and PBI membranes.	Membrane	∆π (Pa)	C0 (for CFD) (m−2)	Penetration depth from membrane to DS (∆) (m)
	PBI	3.3	115979381443.2990	0.0223
	PBI/MWCNT (1%)	3.5	113150616042.2430	0.0228
	PBI/MWCNT (2%)	3.3913	100851636037.6510	0.0241
	PBI/MWCNT (3%)	3.1743	85122481793.2469	0.0254
	PSF	2.9740	120498058642.3890	0.0215
	PSF/MWCNT (1%)	3.0127	117447474879.2900	0.0221
	PSF/MWCNT (2%)	2.9804	105435801312.0900	0.0232
	PSF/MWCNT (3%)	2.9773	90964220739.8423	0.0247


The osmotic pressures are plotted along the direction of the flow of the FS and DS (denoted as X) in Figures 9a–d for PBI membranes and Figures 10a–10d for PSF membranes. The figures show that the pressure gradient is well-represented in the simulations. A marginally higher osmotic pressure gradient is seen when PBI membranes were tested as compared to when PSF membranes were tested, which signifies a greater tendency for water recovery from brackish water RO reject as it travels from FS to DS through the membrane. Despite using a simplified porous medium model for the FO domain, the CFD results show good agreement with the experimental data, validating the approach of the model.
[image: Four pressure plots are presented: (a) Pressure for PBI, showing a drop from 5 Pa to approximately 1.5 Pa around 0.1 m. (b) Pressure for PBI/MWCNT (1%), with a similar pattern. (c) Pressure for PBI/MWCNT (2%), and (d) for PBI/MWCNT (3%), both also mimicking the trend, indicating the presence of fluctuations as the pressure decreases. All plots display pressure in Pascals against distance in meters.]FIGURE 9 | Variation of osmotic pressure along the direction of the flow (denoted as X) for PBI membranes (a) with 0 wt% of MWCNT; (b) with 1 wt% of MWCNT. Variation of osmotic pressure along the direction of the flow (denoted as X) for PBI membranes (c) with 2 wt% of MWCNT; (d) with 3 wt% of MWCNT.[image: Four pressure plots are shown, labeled (a) to (d). Each graph displays pressure in Pascals versus X in meters. Plot (a) is for PSF, while (b), (c), and (d) are for PSF/MWCNT with 1%, 2%, and 3% concentration, respectively. All plots exhibit a steep pressure drop near X equals 0.1 meters, with varying amplitudes of oscillation before stabilizing to lower values.]FIGURE 10 | Variation of osmotic pressure along the direction of the flow (denoted as X) for PSF membranes (a) with 0 wt% of MWCNT; (b) 1 wt% of MWCNT. Variation of osmotic pressure along the direction of the flow (denoted as X) for PSF membranes (c) with 2 wt% of MWCNT; (d) with 3 wt% of MWCNT.3.4 Validation of CFD results
The CFD-predicted WF values for PSF and PBI membranes are compared with the experimental data from (Venkatesh et al., 2024) in Figures 11a,b, respectively. Considering the assumptions made and the incorporation of effective parameters such as porosity, the CFD results closely align with the experimental values. Given that the experimental data were derived from multiple repetitions, the CFD model reliably and accurately captures the FO process. It is seen from Figure 11a that the WF increases from 22.9 to 30.4 L/m2.hr or LMH as the concentration of MWCNT increases from 0 to 3 wt% for PSF membranes. In all the cases, the CFD results are marginally higher than the experimental results, with the WF values increasing from 23 to 30.7 LMH. The maximum variation is 0.4 LMH for the case with PSF/MWCNT2 wt% membrane.
[image: Two line graphs display water flux versus MWCNT concentration for PSF and PBI membranes. The PSF graph (a) shows increasing water flux from 22.9 to 30.7 as concentration rises. The PBI graph (b) displays a similar trend, with flux rising from 26.6 to 35. Both graphs compare experimental data, marked in blue, with CFD predictions, shown by an orange dashed line.]FIGURE 11 | (a) Comparison of WF in the PSF membranes. (b) Comparison of WF in the PBI membranes.In the case of PBI membranes in Figure 11b, the WF increases from 26.4 to 34.6 LMH as the concentration of MWCNT increases from 0 to 3 wt%. Similar to the PSF membranes, the CFD results are marginally higher than the experimental results, with the WF values increasing from 26.6 to 35 LMH for PBI membranes. The maximum variation is 0.4 LMH for the case with PBI/MWCNT3 wt% membrane. The minor variations between the experiment and CFD values for the PSF, PSF/MWCNT, PBI and PBI/MWCNT membranes could be attributed to the fact that the CFD model considers only water transport across the membrane and does not take into account the salt transport.
The incorporation of MWCNTs enhances the hydrophilicity of both PSF and PBI membranes. However, the increase in porosity and decrease in contact angle values reported earlier in the membrane characterisation section confirm that PBI exhibits better hydrophilicity and WF than PSF. Furthermore, the effects of hydrogen bonding and strong π–π bonds between PBI and MWCNTs lead to a gradual increase in WF, making PBI and PBI/MWCNT membranes better-performing membranes than PSF and PSF/MWCNT membranes. Thus, the CFD results are validated with the experimental results.
The CFD results are validated with the experimental data by showing that the velocity and WF increase uniformly with the addition of MWCNT wt%. The effect of increasing hydrophilicity and osmotic pressure gradient signifies a greater tendency for the PSF and PBI membranes to facilitate water transport from FS to DS. PBI and PBI/MWCNT membranes are found to exhibit better performance than PSF and PSF/MWCNT membranes since PBI displays a high affinity for water, strong intermolecular π–π bonding between PBI and MWCNTs, and the interaction of its nitrogen atoms on its imidazole ring with water forming hydrogen bonds, making it more effective.
4 CONCLUSION
In this study, TFC and TFN FO membranes based on PSF and PBI, incorporated with different concentrations of MWCNT (0–3 wt%), were already developed in an experimental study by the same research group in (Venkatesh et al., 2024). These results were reported, and their performances were evaluated using CFD analysis. Brackish water RO reject and 2M MgCl2 were used as FS and DS, respectively. The key observations and the major outcome of the present research are presented below:
	1. The mesh independence test revealed that Mesh 3 (with 113,657 volume elements) yielded optimal results, balancing the computational accuracy and efficiency.
	2. The WF through the membrane is captured well in the CFD analysis, which is evident from the gradual decrease in FS velocity and gradual increase in the DS velocity.
	3. The values of C0 decrease, and the values of Δ slightly increase with an increase in MWCNT concentration. In the case of osmotic pressure gradient, an increase is observed until 1 wt% of MWCNT, and then it decreases with an increase in MWCNT concentration. However, as a result, the WF increases with an increase in MWCNT concentration in both PSF and PBI membranes due to effective hydrogen bonding.
	4. The WF in the PBI and PBI/MWCNT membranes have more effect than the PSF and PSF/MWCNT membranes due to its affinity for water, the π–π bonds between PBI and MWCNT, and the interaction of nitrogen atoms on its imidazole ring with water, forming hydrogen bonds.
	5. The PBI/MWCNT2 wt% membrane showed the overall best performance, with a simulated WF of 31.5 LMH, closely matching the experimental value of 31.2 ± 0.4 LMH. The maximum error in WF is 0.4 LMH for both PSF and PBI membranes (which is 1.15% of its maximum value). Hence, it is ensured that the procedure adopted in the CFD analysis can be extended for any FO membrane analysis with good accuracy.

The results presented in this research are useful in FO–RO hybrid integration, wastewater and saltwater treatment, and other industrial applications. However, the commercial acceptance depends on the cost, scalability and integration challenges for the particular application. The limitations in the CFD analysis due to the assumptions such as laminar flow, steady state, isothermal system, incompressible fluids and no salt transport may be minimised in future works by increasing the complexity of the CFD model.
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NOMENCLATURE
Symbols
π Osmotic pressure
π–π Pi bonding interactions
Δπ Osmotic pressure gradient/difference
Si Source term for the ith momentum equation
μ Viscosity
ρ Density
α Membrane permeability
C2 Inertial resistance factor
v Superficial normal flow velocity across the membrane
ρfs Density of the FS
ρds Density of the DS
Jw Water flux
Js Reverse solute/salt flux
F→ Body force
v→fs Velocity of the FS
v→ds Velocity of the DS
μfs Viscosity of the FS
μds Viscosity of the DS
∆ Maximum penetration depth from membrane to DS
Abbreviations
AL–FS Active layer facing the feed solution
CFD Computational fluid dynamics
CP Concentration polarisation
DI Deionised
DSC Differential scanning calorimetry
DMAc n-dimethylacetamide
DMF n, n-dimethylformamide
DS Draw solution
EDS Electrodialysis
ECP External concentration polarisation
FO Forward osmosis
FS Feed solution
ICP Internal concentration polarisation
IP Interfacial polymerisation
MED Multi-effect distillation
MSF Multi-stage flash distillation
MWCNT Multi-walled carbon nanotubes
NF Nanofiltration
MPD m-phenylenediamine
PBI Polybenzimidazole
PI Phase inversion
PSF Polysulfone
PVP Polyvinylpyrrolidone
RO Reverse osmosis
SEM Scanning electron microscope
SSD Solar still distillation
TEM Transmission electron microscope
TFC Thin-film composite membranes
TFN Thin-film nanocomposite membranes
TGA Thermogravimetric analysis
TMC Trimesoyl chloride
UF Ultrafiltration
VC Vapour compression
WF Water flux
XRD X-ray diffraction
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