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Introduction: Membrane distillation (MD) is a promising technique for desalination, capable of utilizing low-grade heat. However, MD faces some challenges such as temperature polarization. To overcome these issues, direct solar MD with localized heating (LHMD) has emerged as a cost-effective and efficient solution by leveraging solar energy.
Methods: This study focuses on process optimization of LHMD using computational fluid dynamics (CFD) modeling. CFD simulation was applied to investigate the fluid behavior, heat transfer, and mass transfer within the system. Several key factors, including module geometry, process configuration, solar irradiation, feed flow rate, and feed temperature are investigated.
Results: The effects of these parameters on the distillate production rate, thermal behavior, and energy efficiency, are evaluated for optimization. At the optimal conditions, 1 m2 membrane in a module with a length of 50 cm and a channel height of 1.5 mm under a counter-current flow generates 12 L drinking water per day, which meets the basic drinking water demands for 6 people. Over 70% gain output ratio can be achieved when the feed temperature is more than 20°C, the feed velocity is 1–1.5 mm/s, and the feed salinity is less than 1000 mol·m−3. This setup can also produce 6 L of distilled water per day when a water with a salinity six times higher than seawater if the feed velocity is sufficiently low.
Discussions: The main feature of the localized heating is the reverse temperature polarization on the feed side, leading to the increase in energy efficiency and the ease of scale-up.
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1 INTRODUCTION
With the fast growing population and rapid industrialization, water desalination technologies have been playing a vital role in fresh water supply (Byrne et al., 2015). However, conventional desalination methods, such as multi-stage flash and reverse osmosis, suffer from high energy consumption (Nutakki, 2017). Recently, membrane distillation (MD) has emerged as a promising alternative for desalination due to its relatively low working temperature and potential to utilize low-grade heat or renewable energy (Karanikola et al., 2019; Bamasag et al., 2021; Samadi et al., 2023). However, MD faces some challenges, such as wetting, fouling, low energy efficiency, and temperature polarization (TP) (Martınez-Dıez and Vazquez-Gonzalez, 1999; Politano et al., 2019; Samadi et al., 2023). TP occurs when the temperatures of the bulk fluid differ from the temperatures of the membrane surfaces, leading to reduced efficiency of heat utilization and decreased membrane efficiency in terms of permeate flux (Figure 1) (Shakaib et al., 2012; Politano et al., 2019; Anvari et al., 2020). To enhance the thermal efficiency of MD, solar power has been employed in either indirect form (e.g., brine preheating in a collector) or direct form (e.g., heating brines directly in the desalination module) (Ahmed et al., 2020; Bamasag et al., 2022).
[image: Figure 1]FIGURE 1 | Concentration and temperature polarization in direct solar assisted direct contact MD (DCMD), without preheating: (A) absorber layer located above the feed channel, (B) absorber layer located above the membrane.
Direct solar MD (Wu et al., 2017), is an emerging technology that utilizes solar energy to operate the MD process more efficiently (Qtaishat and Banat, 2013; Buonomenna and Bae, 2015; Tufa et al., 2015). Unlike indirect solar powered MD, direct solar MD can be achieved through a single cost-effective collector-desalination system. However, the thermal efficiency of such a system is still relatively low (Dongare et al., 2017; Chen et al., 2021). This is because that the system requires heating of the total feed water and faces cross-membrane temperature difference for heat transfer from the absorber to the membrane surface (Figure 1A) (Said et al., 2019; Bamasag et al., 2020). To solve this problem, direct solar MD with localized heating (LHMD), in which a solar absorber is attached onto the membrane (Figure 1B), is introduced (Summers and Lienhard, 2013; Summers and Lienhard V, 2013; Politano et al., 2017; Wu et al., 2021). LHMD creates a reverse TP, which reduces all three terms of heat loss, i.e., transmembrane heat conduction, dissipation to the environment by radiation and convection, and heat discharge through the brine outlet (Cao et al., 2020; Farid et al., 2021; Li et al., 2021). The reversed TP also favors low feed velocity, which reduces pumping energy consumption (Bamasag et al., 2020). Additionally, the thermal driving force increases with increasing membrane module length, which is contrary to conventional MD systems (Gong et al., 2019; Huang et al., 2020; Mustakeem et al., 2022). Therefore, upscaling the module length can enhance the membrane flux (Dongare et al., 2017; Said et al., 2019; Bamasag et al., 2020).
Researchers have conducted various studies to enhance the performance of LHMD by using new nanomaterial absorbers or developing new membrane modules, such as flat plate or tubular surfaces (Dongare et al., 2017; Bamasag et al., 2022). Tubular solar collectors, such as evacuated tube collectors (ETCs), have also been employed in direct powered MD (Li et al., 2019a; Bamasag et al., 2020; Bamasag et al., 2021; Zhao et al., 2022). Integrating, ETCs with a compound parabolic concentrator may further enhance their performance (Ma et al., 2018; Li et al., 2019a). However, a drawback of, ETCs is the requirement of vacuum (Dongare et al., 2017). Chen applied solar heating for a DCMD with a distillation flux of 4.1 kg m-2·h-1 (Chen and Ho, 2010). Others have studied flat plate surfaces under air gap MD (AGMD) (Summers and Lienhard, 2013) and vacuum MD (VMD) (Ma et al., 2018) configurations (Figure 2). Ma et al. developed a numerical model of small-scale flat sheet VMD and found that MD operating without feed preheating is more efficient in terms of daily water output and energy usage (Ma et al., 2018). LHMD has been successfully used for water desalination without preheating (Dongare et al., 2017; Wu et al., 2021). Dongare et al. used a bilayer membrane, made of a photothermal porous polyvinyl alcohol/carbon black nanoparticle layer deposited on a commercial polyvinylidene fluoride (PVDF) membrane, and achieved a distillate flux of 0.22 kg m-2 h-1 under 0.7 kW m-2 sunlight without feed preheating (Dongare et al., 2017). Wu et al. enhanced the permeate flux to 1.0 kg m-2 h-1 without preheating using a bacterial nanocellulose bilayer membrane (Wu et al., 2021).
[image: Figure 2]FIGURE 2 | Flat plate direct solar powered MD systems with absorber: (A) direct contact MD (DCMD), (B) vacuum MD (VMD) or sweeping gas MD (SGMD), and (C) air gap MD (AGMD) configurations.
While there are successful reports on LHMD, the research gaps must be filled to optimize the system performance based on the operating parameters (e.g., temperature, salinity, and velocity), module geometry (e.g., channel height and length), and process configurations (e.g., absorber location, and counter-current versus co-current flow). Here, we study the performance of LHMD with computational fluid dynamics modeling with simultaneous mass, momentum, and heat transfer across the membrane and throughout the channels under solar absorption on a porous layer. The COMSOL Multiphysics® software package version 6.1 was employed to simulate the system. After solving the model and data validation, the optimal productivity was determined to provide water desalination in remote regions with little access to electrical energy.
2 METHODS
2.1 Geometry and governing equations
Figure 3 illustrates the flat plate LHMD system under study state. The sunlight passes through the feed channel and is absorbed by the light-absorbing layer. The heat generated by the light absorption increases the temperature of the feed water, and this localized heat propagates throughout the system via thermal conduction and convection, resulting in water evaporation at the feed-absorber interface. The governing equations, including continuity and Navier-Stokes equations, are outlined in Table 1. The velocity, temperature, and concentration distributions in the feed channel are obtained by simultaneously solving mass, energy, and momentum conservation equations and continuity equation in the systems. The mass conservation equation is coupled with the energy conservation equation in the porous media to determine the water vapor concentration distribution and MD mass flux. Finally, the energy and momentum conservation equations are solved simultaneously in the permeate channel to determine the velocity and temperature profiles.
[image: Figure 3]FIGURE 3 | The schematic representation of the flat plate LHMD system under study.
TABLE 1 | Governing equations.
[image: Table 1]The solar assisted system relies solely on localized heating at the absorber domain to drive the vapor flux in the membrane, and therefore, feed preheating is not required. As a result, the velocity profile and water activity have a significant impact on the temperature profile. All fluid properties, including density, dynamic viscosity, diffusion coefficient, thermal conductivity, and specific heat capacity, are temperature-dependent. However, the membrane characteristics, such as porosity, and pore size were assumed to be constant. The model was solved in a steady-state mode with laminar flow in both channels. Heat was transferred through the membrane and fluids, and convective mass transfer was not considered for the porous media since the pore diameter was not in the range of Darcy flow. The mass transfer through the membranes was assumed to be a combination of molecular diffusion and Knudsen diffusion. It was also assumed that the light completely passes through the feed channel and is absorbed only in the absorber domain. Furthermore, it was assumed that no salt diffuses through the membrane, implying that the permeate side is pure water with no concentration distribution.
2.2 Model parameters
2.2.1 Heat transfer
MD involves thermally driven mass transport, and heat transfer in the LHMD module occurs through the following steps: (i) Heat is generated in the illuminated absorber and membrane domains, with power dissipation density exponentially decreasing across the thickness of these layers, as described by (Dongare et al., 2017):
[image: image]
The equation shown above includes the absorption coefficient αi (cm-1) of the absorber and BNC layers in units of cm-1, the light concentration factor (M) (which takes a value of either 1 or 9), the incident solar power intensity (Isun) of 1000 W m-2, and the z-coordinate of the photothermal coating surface (z0). BNC layers can absorb almost 98% of the illuminated light. The heat absorbed by the absorber. As a result of convective heat transfer from the absorber-feed interface to the bulk feed channel, the temperature of the feed channel increases, leading to diverse TP and enhancing the thermal efficiency of the localized heat absorption in the LHMD system, which is a significant advantage over conventional direct solar MD systems. Finally, conductive (qcond) and convective (qconv) heat transfer occur across the porous membrane and absorber (Afsari et al., 2022):
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iv) The temperature on the permeate side increases due to the convective transfer of condensed water from the permeate-membrane interface to the bulk permeate channel. The thermal conductivity of the porous media is determined by the porosity and thermal conductivity of the solid matrix, as well as the water vapor and air inside the pores (Afsari et al., 2022). Several models have been proposed to calculate the thermal conductivity of the absorber and membrane based on molecular orientation (see Table 2).
TABLE 2 | Models expressed thermal conductivity of porous media (Phattaranawik et al., 2003b).
[image: Table 2]To determine the most appropriate model, experimental data is used to compare the models and select the one with the lowest error. Since the porous media has a high porosity (0.98), the thermal conductivity model has a minor impact on the overall thermal conductivity of the porous media. Isostrain model provided the best fit with the experimental data. The thermal conductivity of a homopolymer (ks) is influenced by factors such as temperature, crystallites shape, spatial arrangement, and the degree of crystallinity (Afsari et al., 2022). However, due to the high porosity of the system, ks is temperature-independent. The thermal conductivity of the gas (kg) is calculated using the following equation (Huang and Reprogle, 2019; Harandi et al., 2021):
[image: image]
In order to solve the energy conservation equation, the evaporation and condensation heat flux ([image: image]) were incorporated as a boundary heat source at the feed-absorber interface and membrane-permeate interface, respectively, using the following equation:
[image: image]
The equation shown above includes the membrane distillate flux (J) and the specific latent heat of water, represented by λ(T). The enthalpy of liquid water is not taken into account in this equation, as it is much lower than the latent heat (Esfandiari et al., 2019). The specific latent heat of water, λ(T), is calculated using the correlation (Smith, 1950):
[image: image]
TP coefficient (TPC) is used to evaluate the thermal efficiency of the system by:
[image: image]
where f, p, b and i stand for feed, permeate, bulk and interface, respectively. Gain output ratio (GOR) is another term to measure overall energy efficiency of a system by (Dongare et al., 2017):
[image: image]
2.2.2 Mass transfer
The vapor flux (J) across the membrane is determined by (Schofield et al., 1990):
[image: image]
where [image: image] is the local mass transfer coefficient, [image: image], and [image: image] are saturated vapor pressure of water at the feed-absorber interface and membrane-permeate interface, respectively. The dusty gas model (DGM), which is based on the kinetic theory of gases, is commonly used for gas transport through porous media (Webb, 1996; He et al., 2013). According to the DGM, three transport mechanisms i.e., molecular diffusion, viscous flow, and Knudsen diffusion may occur in the membrane, depending on the physical and chemical properties of the porous media. In the Knudsen diffusion model, mass transport is expressed by the collision of molecules inside the pores. The molecular diffusion model dominates when molecules move due to concentration gradients. In the viscous flow model (Poiseuille flow), gas molecules flow continuously under the influence of a pressure gradient. The dominant mechanism is determined by the Knudsen number (Kn), which is defined as the ratio of the mean free path (L) of the transported molecules to the pore size of the membrane (d):
[image: image]
the mean free path (L) of a specie is calculated by the expression:
[image: image]
where [image: image] is the Boltzmann constant, [image: image] is collision diameter (2.641 Å for water vapour), [image: image] is the mean pressure within the membrane pores and T is the absolute temperature. The dominant diffusion mechanisms are depicted in Table 3.
TABLE 3 | The dominant diffusion mechanisms in the porous media.
[image: Table 3]Due to the distribution of pore sizes in the membrane, various mechanisms may occur at the same time (Lawson and Lloyd, 1997). The viscous diffusion model is not significant because there is no hydrostatic pressure applied to the membrane boundaries (Lou et al., 2019). As a result, by considering both the Knudsen ([image: image]) and molecular diffusion coefficients ([image: image]) (Phattaranawik et al., 2003a), the mass transfer coefficient can be determined:
[image: image]
In the DCMD with salt aqueous feed solution, the mean free path for water vapor at 50 °C under atmospheric pressure is approximately 0.14 μm (Lawson and Lloyd, 1997). Considering the pore size of the membrane used in this study, Kn > 1, and so the Knudsen diffusion model is the only dominant diffusion mechanism which is agreement with the experimental data:
[image: image]
The saturated vapor pressure at the feed-absorber interface and membrane-permeate interface ([image: image], and [image: image] in Eq. 10 could be calculated by the Antoine’s correlation:
[image: image]
[image: image]
where [image: image] is the saturated pressure of pure water at the feed-absorber interface. By considering the non-volatile salt present in the feed water, [image: image] can be determined (Phattaranawik et al., 2003b; Hitsov et al., 2015):
[image: image]
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where, b is NaCl concentration (mol·kg-1). The salt concentration at the membrane surface is higher than the bulk feed channel due to the concentration polarization according to the equation:
[image: image]
where cwif and cwbf are water concentration at feed membrane interface and bulk feed channel, respectively, and kx is the mass transfer coefficient, and ρ is the solution density.
he tortuosity factor ([image: image]) of a porous media is the deviation of the pore structure from cylindrical shape. Various correlations have been introduced in Eq. 20 (MacGregor and Emery, 1969; Essalhi and Khayet, 2013; Alawad and Khalifa, 2019), (21) (Iversen et al., 1997; Chen et al., 2009), and (22) (Bruggeman, 1935) to calculate [image: image] based on the porosity ([image: image]).
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The correlation in Eq. 20 best fitted with the experimental data in this work. The water-salt binary diffusion coefficient of the saline feed water (Dw-s) is also obtained by the Wilke-Chang correlation (Wilke and Chang, 1955) in order to solve the mass conservation equation in the feed channel:
[image: image]
where [image: image] is the association parameter stating the molecular weight of solvent in the diffusion process which is 2.6 for water. M (kg·mol-1) is the molecular weight of seawater. T (K) is the temperature. μ is the kinematic viscosity of seawater (centipoise), and V (cm3·gmol-1) is the molar volume of water in normal boiling point.
2.3 Meshing and solving methods
2.3.1 Grid independence analysis
A 3D cylindrical system was discretized according to the physics and geometry of the system (Figure 4). After validation of the 3D model using experimental data, a 2D planar CFD system was discretized based on its physics and geometry and used for simulation and optimization (Figure 5). The impact of switching from a 3D to a 2D system was assessed. For both systems, the meshing was done using physic-controlled mesh in COMSOL Multiphysics. To examine the effect of mesh size on the error between the predicted and experimental membrane fluxes, different levels of mesh size ranging from “extra-coarse” to “extra-fine” were used. The results of the mesh independence analysis for different experimental conditions are shown in Tables 4 and 5. The “finer” and “extra-fine” grid size were chosen for 2D and 3D CFD simulations, respectively, because smaller grids do not significantly improve accuracy but increase computation time.
[image: Figure 4]FIGURE 4 | Qualitative mesh representation for 3D system according to experimental setup. The right figure is the whole 3D setup used to simulate the experimental verification. The left figure shows meshing in the focused part of the system such as feed entrance and membrane/absorber interface.
[image: Figure 5]FIGURE 5 | Qualitative mesh representation for the 2D system. The upper figure depicts the side view of membrane module. The left and right figures illustrate how the 2D system is meshed for different layers (i.e., feed and permeate channels, membrane, and absorber layer).
TABLE 4 | Results of grid independence analysis and model validation for 3D system.
[image: Table 4]TABLE 5 | Results of grid independence analysis and model validation for 2D system.
[image: Table 5]2.3.2 Solutions of governing equations
The CFD module in COMSOL Multiphysics® software package version 6.1 was used to solve the governing equations for the entire geometry and the corresponding initial and boundary conditions. The Geometrical Optics module with Ray Tracing study and generalized minimal residual (GMRES) algorithms were used to simulate light absorption in the absorber and membrane domains. The steady-state momentum, energy, and mass equations were solved using the parallel sparse direct solver (PARDISO). Convergence criteria in COMSOL Multiphysics, mainly defined by Relative Tolerance, determine the stability, accuracy, and reliability of numerical simulations, indicating that further iterations will not significantly change the results. The convergence criteria were set at 10–5.
3 RESULTS AND DISCUSSION
3.1 Model validation
The experimental results reported by Wu et al. (Wu et al., 2021) for a cylindrical solar-powered DCMD system with a 5-cm-diameter membrane cell and an absorbing layer above the membrane surface (Figure 3) were compared to the 3D model results at two operating points, i.e., solar intensities of 1000 (M = 1) and 9000 (M = 9) W·m-2. Feed (0.5 M NaCl at 20°C) with a velocity of 3.6 mL˖min-1 enters the top side of the cylinder, while the permeate (DI water at 20°C) flows with a velocity of 3.6 mL min-1 in the bottom side in a counter current direction. The hydrophobic porous membrane consists of a thin BNC hydrogel layer (∼220 µm), deposited by PDA particles to form a PDA photothermal absorber layer (∼30 µm) on the membrane surface. For the 3D system, the relative error for the membrane flux is about 5.5% and 0.53% for solar intensities of 1000 and 9000 W m-2, respectively.
The 2D simulation of a rectangular system with appropriate dimensions is shown in Table 5. Optimization tests and scale-up studies were not possible using the cylindrical geometry of the experimental data. Therefore, a rectangular system was used for simulation studies. This system was studied using 2D CFD as shown in Figure 5. For an average length and width of 4cm, the results of the 2D system were compared to the experimental data. The relative error for the membrane flux is about 6.4% and 5.5% for solar intensities of 1000 and 9000 W m-2, respectively. This indicates that 2D simulation can be used for optimization studies and to determine the preferred operational and module characteristics of LHMD setup.
3.2 Temperature, velocity and concentration profiles
The flux of the LHMD under irradiation condition of 1 kW m-2 and 9 kW m-2 is 0.94 and 9.9, respectively. The temperature profiles of the 3D system are depicted in Figures 6, 7 while the average temperature values at any part of the system are represented in Table 6. The simulation results revealed that the average temperature of the membrane surface is higher than the bulk feed side temperature (Table 6). Consequently, the overall energy efficiency of the system (GOR) is 62% and 73% for membrane under 1 and 9 kW m-2, respectively, which is higher than the efficiencies of co-current process (57.5% and 67% under 1 and 9 kW m-2) and common direct solar powered MD (29% under 1 kW m-2) (Ni et al., 2018; Li et al., 2019b). The reverse TP (Figure 1B) makes low feed velocity more favorable, reducing the pumping energy (discussed later in this paper) (Dongare et al., 2017; Said et al., 2019). Since the energy source is the photothermal layer, which is located inside the membrane module, the heat loss is minimized. In addition, the higher membrane length increases thermal efficiency which is in contradiction with conventional MD systems (discussed later in this paper). As a result, scale-up of this system is easy (Dongare et al., 2017; Said et al., 2019).
[image: Figure 6]FIGURE 6 | The results of MD test with localized heating at 1 kW m-2 illumination, (A) temperature profiles, (B) velocity streamlines, and (C) vapor concentration across the membrane.
[image: Figure 7]FIGURE 7 | The results of MD test with localized heating at 9 kW m-2 illumination, (A) temperature profiles, (B) velocity streamlines, (C), and vapor concentration across the membrane.
TABLE 6 | The average temperature (K) and vapor concentration values (mol·m-3) based on the 2D CFD simulation (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate is 3.6 mL˖min-1. Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 and 9 kW m-2).
[image: Table 6]The vapor concentration profiles in the membrane are depicted in Figures 6C, 7C. The lower temperature of the permeate side (Tp,m) versus feed side (Tf,m) overcomes the effect of salt concentration on decreasing saturation pressure according to Eqs 17, 18. Thus, the vapor pressure (i.e., concentration) in the membrane-permeate interface (Cp,m) is lower than the feed side (Cf,m) as seen in Figures 6C, 7C and Table 6. As a result, water vapor passes the hydrophobic membrane and condenses in the permeate side, providing pure distilled water.
The velocity streamlines for feed and permeate side are depicted in Figures 6B, 7B. Velocity profile for 2D simulation is depicted in Figure 8. The parabolic nature of the velocity profile can be easily observed in the velocity profiles of 2D simulation as depicted in Figure 8. The permeate side velocity was higher than the feed side to minimize any temperature profile in the permeate side. The parabolic profiles are due to the boundary conditions applied to solve the CFD model. In the proposed MD system, only water passes through the membrane in the vapor form according to the difference in the water saturation pressure across the membrane.
[image: Figure 8]FIGURE 8 | (A) Velocity profile in 2D simulation; (B) Cross membrane velocity profile at 2D system.
Permeate flux and GOR of the system of study are among the highest numbers for previously reported membranes treating ambient temperature feed water under similar irradiations and localized heating (Wu et al., 2021). For instance, PTFE membrane modified with photothermal layer exhibited distillate flux of 0.78 kW m-2 and 55% GOR under 1 kW m-2 (Gong et al., 2019). There are 3 reasons for the high permeate flux and GOR of the system of study. Firstly, PDA provides outstanding light absorption and photothermal conversion (Liu et al., 2014). Not to mention that PDA is a biocompatible material (Liu et al., 2013; Liu et al., 2014) with high chemical and mechanical robustness (Lee et al., 2007). Secondly, high porosity (98%) and highly interconnected pore space provides high permeability. Finally, the high porosity reduces thermal conductivity of the membrane. The thermal conductivity of BNC aerogel (0.027 W m-1·K−1) is very close to the thermal conductivity of the air (Jiang et al., 2017).
3.3 The effect of parameters
2D simulation was applied to evaluate the effect of geometric and operating parameters on the performance of MD membranes. For this system the light intensity was selected to be 1 kW m-2 because the higher intensity of Sun is not applicable an easily available in reality and in large-scale applications.
3.3.1 Absorber location
One of the main features of the system of study is the localized heating due to the locating of the absorber below the feed channel. For comparison, a system with the same geometry and operating condition was considered with an absorber layer located at the top of the feed layer. It was considered that the Sun passes a vacuum and is absorbed completely at the absorber before entering the feed layer. The low permeate flux of 0.43 kg m-2 h-1 is observed and reached a maximum value of 0.70 kg m-2 h-1 at 15–20 cm membrane length. The localized heating increased the permeate flux by 119% (0.94 kg m-2 h-1 at 4 cm membrane length). The temperature profile at the feed side is completely different from the same profile for the localized heating system as shown in Figure 9 and Figure 10C. For localized heating system, the maximum temperature is on the membrane-feed interface that decreases in both sides. Thus, the feed-membrane interface has the highest temperature, increasing the driving force for vapor transport through the membrane. Moreover, the thermal losses at the feed top surface are less for localized heating system due to the lower temperature of the feed top surface, as compared with conventional system.
[image: Figure 9]FIGURE 9 | The temperature profile across the membrane in direct solar MD, which the absorber is located at (A) Top of the feed channel and (B) Attached to the membrane surface (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate is 3.6 mL˖min-1. Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
[image: Figure 10]FIGURE 10 | Temperature profiles for (A) co-current flow, (B) counter-current flow, and (C) counter-current flow with absorber located on the top.
3.3.2 Co-current versus counter-current configuration
The effect of co-current and counter-current flow modes on the transmembrane heat transfer and vapor pressure difference was studied. As seen in Figure 10, the different temperature difference regimes are obtained which affect vapor flux and membrane performance. The vapor flux for co-current and counter-current flow modes were calculated for the modules with different membranes length from 4 cm to 100 cm. According to Table 7, countercurrent mode is more effective than co-current mode (about 10% higher flux), in most of the membrane lengths and they reach almost to the same value at the 100 cm membrane length. Accordingly, most of the DCMD setups operate at counter-current mode (Dongare et al., 2017; Esfandiari et al., 2019; Gong et al., 2019; Said et al., 2019). The consistent performance observed with an extended membrane length can be attributed to the gradual rise in bulk feed temperature along the membrane, leading to damping of the reverse TP. In conventional DCMD setup, the counter-current mode exhibited higher performance than co-current mode except when the module length is too high which is an inherent problem of conventional DCMD (Ni et al., 2020). As the temperature profiles in localized heating are different from conventional heating model, counter-current is preferred to co-current operation in the recent publications about the localized heated nano-enabled DCMD (Dongare et al., 2017; Gong et al., 2019; Said et al., 2019; Wu et al., 2021). This is verified by the data in Table 7.
TABLE 7 | The distillate flux (kg·m-2·h-1) at different system design (co-current, counter-current, and absorber at top) versus module length (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate is 3.6 mL˖min-1. Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
[image: Table 7]3.3.3 Channel length and height
Channel length has a major effect in the performance of heat transfer-based systems such as MD because it affects the transmembrane heat transfer and the driving force for permeation (Afsari et al., 2022). At the optimum membrane length, the average driving force, i.e., vapor pressure difference across the membrane is the highest. However, the saturated vapor pressure of water has a nonlinear dependence on temperature according to Antoine equation. The heat convection in the feed side increases the feed solution temperature which acts as heat recovery. However, the heat conduction and convection across the membrane and the evaporation/condensation in the membrane sides increases the temperature in the permeate side. Thus, it is required to determine the optimum length where the balance of all the aforementioned heat transfer terms leads to the highest average vapor pressure difference across the membrane.
In conventional MD, the increase of the length decreases the transmembrane temperature difference (Esfandiari et al., 2019). This leads to a zero distillate flux at a high membrane length (Dongare et al., 2017). So, there is an optimum length with the highest distillation flux (Afsari et al., 2022). In contrary, in localized heating system, the high membrane length mostly benefits the MD performance (Dongare et al., 2017; Said et al., 2019). This is mainly attributed to the reverse TP in the localized heating MD. Thus, by increasing the membrane length, only a part of the accumulated heat passes the membrane and increases the permeate side temperature, while the main portion of this heat will transfer upside and warm the heat channel which consequently acts as a preheating and increases the distillation driving force. The result of the 2D simulation (Table 7) shows that by increasing the membrane length, the permeation flux is enhanced or kept constant which until 75 cm membrane length and an slight decrease is observed at 1 m membrane length (Dongare et al., 2017; Said et al., 2019). This is the main feature of localized heating DCMD which enables commercialization of the technology.
The channel height is a parameter that influences TP in the conventional MD process (Rabie et al., 2021). Accordingly, the Rabie et al. decreased the channel height from 2.5 mm to 1.5 mm and reported 21% increase in permeate flux due to the reduced TP (Rabie et al., 2021). The effect of channel heigh on the membrane performance was studied in two modes: (1) fixed channel flow-rate where the fluid velocity decreases with the increase in channel height and (2) fixed channel velocity where the channel flow-rate increases with the increase in channel height. The same approach is observed in this study (Table 8), where any decrease in the channel height leads to higher distilled flux values. Higher cross velocity eliminates fouling, but decrease the hydraulic retention time of the fluid in the membrane, leading to more heat loss and lower thermal efficiency. In determining the ideal channel height, it is essential to consider both the energy required for pumping and the potential for channel blockage. Consequently, higher channel heights are discouraged due to increased fluid pumping energy demands and reduced distilled flux. Conversely, channel heights less than 1 mm are not advisable because they may lead to blockage issues and boundary layer complications. As a result, a channel height of 1.5 mm is recommended for achieving optimal performance.
TABLE 8 | The distillate flux (kg·m-2·h-1) at different channel heights (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate (Q) is 3.6 mL˖min-1 for constant channel flow rate test. Channel depth (W) and length are 4 cm. So, the feed flow velocity can be calculated by Q/(W×H), where H is the channel height. Irradiation intensity is 1 kW m-2).
[image: Table 8]The simultaneous effect of membrane length and channel height on the membrane productivity and GOR is examined by the means of the contour plots as shown in Figure 11. In a constant feed flow, an increase in the channel height decreases the feed velocity. Thus, the effect of channel height was discussed in two modes of constant feed flux and constant feed velocity. The graphs of distillate flux and GOR are exactly the same according to Eq. 9. In constant feed flow, the highest GOR achieved at moderate height (1–2 mm) and slight decrease in flux observed at high membrane length. In contrary, in constant feed velocity, any increase in height enhances GOR and productivity (Figure 11B). However, this requires higher pumping energy since the feed flux increases linearly with the increase in height. Moreover, Figure 11A implies that GOR higher than 60% is available when the channel height is higher than 1 mm in any membrane length, representing the easy scale-up of this technology.
[image: Figure 11]FIGURE 11 | The contour plots of distillate flux and gain output ratio (GOR) as a function of membrane length and channel height; (A) constant feed flux and (B) constant feed velocity (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate (Q) is 3.6 mL˖min-1 for constant channel flow rate test. Channel depth (W) is 4 cm. So, the feed flow velocity can be calculated by Q/(W×H), where H is the channel height. Irradiation intensity is 1 kW m-2).
3.3.4 Feed temperature, velocity, and salinity
In this study, it is assumed that the feed and permeate channels have the same temperature with the ambient. Thus, the change in distilled flux with the ambient temperature in localized heating MD is studied. The feed and permeate side have the same temperature in all cases. However, the membrane performance increases due to the exponential dependence of water vapor concentration on temperature according to the Antoine equation. At the highest temperature of 50°C, the distillate flux is 1.01 kg m-2 h-1 (7% increases compared with 0.94 kg m-2 h-1 at 20°C). In the same way, the distilled flux is reached to 0.87 kg m-2 h-1 when the temperature declined by ten degrees, which exhibits 9% decrease, compared with 0.94 kg m-2 h-1 at 20°C (Table 9).
TABLE 9 | The distillate flux (kg·m-2·h-1) at different temperatures (Feed salinity is 0.5 M NaCl. Feed flowrate is 3.6 mL˖min-1. Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
[image: Table 9]Cross velocity of the feed has a significant effect on the MD performance (Eykens et al., 2016; Dongare et al., 2017; Said et al., 2019; Afsari et al., 2022). In conventional MD, high cross velocity decreases boundary when the Reynolds number increases (Lawson and Lloyd, 1997; Hwang et al., 2011). This leads to reduce the TP and decrease the heat loss in the MD process (Eykens et al., 2016). Consequently, in Conventional DCMD, the distillate flux increases by the feed cross velocity (Hwang et al., 2011; Eykens et al., 2016; Afsari et al., 2022). However, the energy consumption of the pumps increases with the increase in cross velocity. Therefore, the feed cross velocity in conventional MD must be determined regarding both distillate flux and pumping energy. Although both conventional and localized heating MD techniques result in increased distillate flux due to lower membrane thermal conductivity and higher diffusion coefficients arising from greater membrane porosity, their reliance on feed flow velocity exhibits opposing characteristics (Dongare et al., 2017).
At low feed flow rates, localized heating MD exhibits the highest efficiency (Table 10), whereas flux of conventional MD reaches its maximum only at higher flow rates. The reason behind these trends can be explained by the different temperature gradient that exists across the membrane. In the case of localized heating MD, slower feed velocities allow for the creation of a larger temperature gradient between the feed and distillate sides of the membrane, leading to an increased distillate flux. On the other hand, for conventional MD, where the feed is heated before entering the module, higher feed velocities reduce heat loss for the feed flow along the membrane (Dongare et al., 2017; Said et al., 2019; Wu et al., 2021). Operating efficiently at low flow velocities would give localized heating MD a notable edge over MD in off-grid locations, as it would allow the use of solar-powered water pumps (Dongare et al., 2017). As a result, the energy required for brine recirculation, a significant factor in the overall energy consumption of conventional MD processes, would be significantly reduced. Extremely low feed velocities are not advisable as they increase the likelihood of concentration polarization and membrane fouling. Therefore, taking into account factors such as pumping energy, membrane fouling, and distillate flux, a feed flux of 3.6 mL min-1 (with a feed cross velocity of 0.1 cm s-1) was utilized for this simulation.
TABLE 10 | The distillate flux (kg·m-2·h-1) at different feed velocities (cm/s) (Feed salinity is 0.5 M NaCl at 20°C. Feed flowrate is 3.6 mL˖min-1. Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
[image: Table 10]MD is driven by the difference in saturated vapor pressure of water across the membrane, which is determined by water temperature and salinity, as described in Eqs 15–18. On the permeate side, it is pure water, and only the temperature affects the water vapor pressure. However, on the feed side, salinity (i.e., salt concentration at the membrane-feed interface) also influences water activity, causing a reduction in vapor pressure. In the case of solar-powered MD without preheating, this factor plays a significant role in distillate flux due to the lower temperature gradient across the membrane, as compared to conventional MD with feed preheating. Figure 11 demonstrates an almost a linear correlation between membrane salinity and distillate flux. In the case of a 4 cm membrane length (gray points in Figures 12A, B), the distillate flux declines and ultimately ceases at a salt concentration of 3600 mol m-3. However, since longer modules have a positive impact on membrane performance, they can handle higher salt concentrations (e.g., up to 4800 mol m-3 at 50 cm membrane length) as in Figure 12B. Moreover, Figure 12A implies that the lower feed velocities provide condition to produce distilled water from high saline feed solutions. According to the simulation results, at a feed velocity ten times lower (i.e., 0.01 cm s-1), the membrane productivity is still positive until the feed salinity of 5500 mol m-3.
[image: Figure 12]FIGURE 12 | The linear relation between distillate flux (kg·m-2·h-1) and feed salinity (mol·m-3) at (A) various feed velocities and (B) membrane lengths (Feed temperature is 20°C. Feed flowrate is 3.6 mL˖min-1. Channel depth is 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
Analysis of the effect of operating parameters on the GOR has been investigated in the contour plots of Figure 13. As seen, high temperature (Figure 13A), low feed velocity (Figures 13A, B) and low feed salinity (Figure 13B), enhances the GOR up to 80%. As mentioned before, very low feed velocities may cause blocking or fouling. Thus, a GOR of 70% is practically anticipated when the temperature is more than 20°C, Feed velocity is 1–1.5 mm/s, and feed salinity is less than 1000 mol m-3.
[image: Figure 13]FIGURE 13 | The contour plots of distillate flux and gain output ratio (GOR) as a function of feed velocity and (A) temperature and (B) feed salinity. (Channel depth and length are 4 cm. Channel height is 1.5 mm. Irradiation intensity is 1 kW m-2).
4 CONCLUSION
The results showed that localized heating increased the permeate flux by 119%. The temperature profile on the feed side was completely different from common MD systems, driving vapor transport through the membrane. The reverse temperature polarization resulted in an overall system energy efficiency of 62% and 73% under 1 and 9 kW m-2, respectively. The counter-current mode is more effective than the co-current mode, with ∼10% higher flux in most membrane lengths. Contrary to conventional MD, the high membrane length mostly benefits the LHMD performance. By increasing the membrane length, the permeation flux is enhanced or kept constant until 75 cm membrane length. This is the main feature of LHMD, which enables commercialization of the technology. At the highest temperature of 50°C, the distillate flux is 1.01 kg m-2 h-1, which is a 7% increase compared to 0.94 kg m-2 h-1 at 20°C. At lower feed flow rates, LHMD exhibits higher efficiencies. The simulation results revealed that, at the satisfactory range of operating condition (i.e., a temperature more than 20°C, a feed velocity below 1.5 mm/s, and a feed salinity of less than 1000 mol m-3), a GOR of more than 70% can be obtained. One of the objectives of the study is to determine the operating and geometrical parameters for a one-square-meter-membrane setup for off-grid water distillation for remote families. By choosing 50 cm length it is possible to design a membrane module with 1 m in width and 2 50-cm-length, adjacent to each other to easily fed and operate. Overall, a membrane length of 50 cm and channel height of 1.5 mm in a counter-current flow might be the optimal condition. With this geometry, 1 m2 membrane produces 12 L distilled water per day, which meets the basic drinking water requirements for 6 people.
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