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In this study, we aimed to develop a model for computing direct contact membrane distillation (DCMD) performance, taking into account capillary pressure effects at the liquid–gas interface within membrane pores. We developed a simulation model to investigate how factors such as pore radius, feed/permeate temperature, pressure, and contact angle influenced the distance of liquid intrusion into the pore, the weight flow rate in a single pore, and the temperature at the liquid–gas interface. The model predicted that the permeation rate would decrease with an increase in the feed pressure when the permeate pressure was kept constant and also when the pressure difference between the feed and permeate was kept constant. It also predicted that the permeation rate would increase with an increase in the permeate pressure when the feed pressure was kept constant. The model also indicated that partial pore wetting would be enhanced with an increase in feed pressure when the pore size was as large as 1 μm but would diminish when the pore size was as small as 0.1 μm. According to the model, partial pore wetting diminished with a decrease in the permeate pressure. The model’s predictions were in line with the trends observed in the experimental DCMD flux data by many authors, particularly those regarding the effects of feed and permeate temperature and the effect of contact angle. The model’s predictions were compared with the experimental data recorded in the literature, validating the model’s accuracy.
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1 INTRODUCTION
Membrane distillation (MD) is a thermally driven separation process utilizing microporous membranes and operating on the principle of liquid–vapor equilibrium. In this process, only the volatile component (typically water) of the feed solution evaporates at the pore inlet, transfers through the pore, and exits from the pore outlet in either vapor or condensed form. The membrane material must be hydrophobic to prevent liquid water from entering the pore.
MD finds applications in the desalination of seawater and brackish water and treating concentrated brine from the reverse osmosis (RO) process (Rácz et al., 2014; Ibrar et al., 2022). Despite its impressive performance, commercialization faces challenges due to pore wetting, causing a significant decrease in MD flux and selectivity (Peña et al., 1993; Alklaibi and Lior, 2005; Gryta, 2005; 2007; Karakulski and Gryta, 2005; Peng et al., 2005; Tun et al., 2005; He et al., 2008; Qtaishat et al., 2009; Pangarkar et al., 2011; Camacho et al., 2013; Guillen-Burrieza et al., 2013; Peng et al., 2013; Saffarini et al., 2013; Rezaei and Samhaber, 2016).
Efforts have been made to mitigate MD pore wetting, including methods like liquid entry pressure (LEP) evaluation, introducing air bubbles into the feed solution, and dewetting the pores for regeneration and reuse (Baghbanzadeh et al., 2016; Warsinger et al., 2017; Ibrar et al., 2022; Hou et al., 2023). One of the most useful methods to evaluate the membrane’s resistance against pore wetting is LEP, which is related to the contact angle and pore geometry (Rácz et al., 2014; Yazgan-Birgi et al., 2018). New devices have been designed and constructed to introduce air bubbles into the feed solution (Rezaei et al., 2018), and the pores have been dewetted to regenerate and reuse the membrane (Shin et al., 2016; Warsinger et al., 2017).
The principle of LEP is based on the following Laplace equation:
[image: image]
where [image: image] is the pressure required to make liquid (usually water) enter into a cylindrical pore of radius r, [image: image] is the surface tension of water, and [image: image] is the contact angle (CA). Note that [image: image] is usually measured on a flat surface of the material of which the membrane is made and considered intrinsic to the material.
The contact angle in MD is integral to understanding surface properties and wetting behavior and is closely linked to thermodynamics. Surface energy, a key thermodynamic concept, delineates the energy at interfaces between phases. In MD, the contact angle, a representation of equilibrium between cohesive and adhesive forces, is mathematically expressed by the Young–Laplace equation, connecting the contact angle (θ) with surface tensions (γSL, γSG, and γLG). Hydrophobic behavior, characterized by contact angles exceeding 90°, implies reduced wetting, while contact angles below 90° indicate hydrophilic behavior, signaling increased wetting. This alignment with thermodynamics underscores the tendency of systems to seek lower energy states. Hydrophobic surfaces minimize solid–liquid interfacial energy, while hydrophilic surfaces minimize liquid–gas interfacial energy. In DCMD, thermodynamics governs the vapor–liquid equilibrium. The contact angle influences membrane surface wetting, impacting mass transfer and overall MD performance. Designing and optimizing MD systems for efficiency hinges on thermodynamic principles.
Consideration of small capillaries introduces confinement effects that alter water behavior. While thermodynamics still governs wetting, capillary size, roughness, and confinement modify equilibrium conditions. The meniscus formed in capillaries may deviate from the flat surface scenario due to these effects. The Young–Laplace equation (ΔP = [image: image] + γLG/Rs − γSLG/Rl) elucidates the equilibrium of forces at a curved liquid interface. Regarding changes in the meniscus at high pressure in trapped air, an increase in pressure (ΔP) impacts the curvature of the liquid–gas interface (ΔR), potentially altering meniscus shape. The specific impact depends on factors like material interfaces, trapped air characteristics, and system geometry, emphasizing the need for experimental validation to comprehensively understand these interactions.
In DCMD, a capillary is in contact with the feed and permeate water stream at the pore entrance and exit, respectively, and gas is trapped in between. When a capillary made of hydrophobic material is placed between two water phases, both at room temperature (see Figure 1A), the meniscus formed at the pore entrance is convex rightward, and the meniscus at the pore exit is convex leftward (Ashoor et al., 2016). The liquid phase pressure is slightly higher than the gas phase pressure to counterbalance the capillary pressure. If the temperature of the feed water is gradually increased, the gas phase pressure near the pore entrance will increase due to the evaporation of water, and it may surpass that of the liquid pressure when the feed water temperature is high enough. Then, in order to counterbalance the pressure difference, the meniscus at the pore entrance should change to concave leftward (Figure 1B); otherwise, the gas would appear in the feed water as gas bubbles. Thus, it is possible for the meniscus to change from the convex right (Figure 1A) to the concave left (Figure 1B), particularly at the pore entrance (Biswas and Kartha, 2019). This effect is negligible at the pore exit because the permeate stream is maintained at room temperature.
[image: Figure 1]FIGURE 1 | Meniscus change under high-pressure in the trapped air. (A) Pore entrance: convex right; exit: convex left. (B) Entrance shifts to concave left; exit to concave right.
Based on this conceptual experiment, the discussions in this work use contact angles below 90o in the pore, in most cases, which allows drawing water into the capillary pore at the feed side of the pore, even when the pore is made of hydrophobic material.
Indeed, Gryta (2007) reported the possibility of partial pore wetting based on experiments conducted using hydrophobic MD membranes. Gryta’s comprehensive investigation identified a spectrum of pore-wetting phenomena encompassing four distinct categories:
1) Non-wetted: The entire membrane pore is filled with gas/vapor.
2) Surface-wetted: The pore is partially filled with liquid. A gas/vapor layer remains between the liquid layers at the entrance and exit of the pore.
3) Partial-wetted: As pore wetting proceeds, some pores are completely filled with liquid.
4) Wetted: The pore is completely filled with liquid, and the feed solution leaks to the permeate.
Confirmation of the concept of partial pore wetting is supported by Gryta’s work, where SEM/EDX analysis revealed concentration profiles of magnesium and calcium within the membrane pore (Gryta, 2007). Zhu et al. (2015) also observed the partial pore wetting of the PVA/PVDF composite hollow fiber membrane used for DCMD by applying SEM/EDX.
In wetting experiments involving PVDF, understanding channel geometry is paramount for grasping the interaction dynamics between liquids and PVDF membranes, as well as the influence of different geometrical features on wetting behavior. Research on PVDF hollow fiber membranes immersed in various solutions has yielded valuable insights into wetting behavior (Ritter, 2022). Moreover, investigations into the impact of channel wettability and geometry on water plug wetting underscore the importance of these factors in wetting phenomena (Pfeiffer et al., 2017). Consequently, examining the channel geometry of PVDF in wetting experiments becomes crucial for comprehending liquid–membrane interactions, understanding the influence of geometrical features on wetting behavior, and discerning how membrane properties are influenced by channel geometry.
Parameter screening studies on PVDF/PVP multi-channel capillary membranes further highlight the significance of channel geometry in shaping membrane properties and performance. Essential factors such as PVDF content, PVP molecular weight, pore size, and surface roughness play pivotal roles in determining membrane characteristics and behavior in wetting experiments (Back et al., 2019). In summary, when discussing wetting phenomena, it is imperative to consider parameters such as feed salinity, feed cross velocity, and channel geometry, as they significantly impact how liquids spread on a solid substrate. It is essential to note, however, that this particular study introduces an assumption regarding the simplification of pores as simple cylindrical channels. This simplification mirrors a similar geometric representation observed in previous studies, ensuring consistency and comparability in the analytical approach.
Jacob et al. (2018) made a very detailed study of pore wetting of vacuum membrane distillation (VMD), also using SEM/EDX, and proposed two pore wetting indicators: 1) the proportion of totally wetted membrane area (ωs) and 2) the average rate of liquid intrusion in the pore (called pore wetting) (ωp). Eljaddi and Cabassud (2022) applied the same method to a photoplasmonic PVDF membrane, incorporating Ag-nanoparticles, and unveiled that the integration of Ag-nanoparticles enhances partial pore wetting.
Typically, the occurrence of pore wetting in hydrophobic membranes is attributed to the hydrophilization of the pore entrance. This transformation is often triggered by the deposition of salt crystals or hydrophilic foulants, alongside the conversion of a hydrophobic material to a hydrophilic state through various chemical reactions. This rationale further supports the assumption of a contact angle of less than 90° in the model prediction. However, despite the widespread acceptance of these mechanisms, a comprehensive interpretation of pore wetting based on mass and heat transport remains elusive.
Notably, the groundbreaking work by Chamani et al. (2019) on vacuum membrane distillation (VMD) provides a remarkable exception. Their research delves into the intricacies of pore wetting with a distinct focus on mass and heat transport dynamics. This stands in stark contrast to the prevailing trends in the advancement of membrane materials, fabrication methods, and characterization techniques for MD. Chamani et al.'s findings underscore the need for a nuanced understanding of pore-wetting mechanisms, challenging conventional perspectives and stimulating further exploration in this crucial aspect of membrane science and technology.
The objective of this work is to present a model for DCMD transport in which simultaneous mass and heat transfer is considered, particularly under the influence of the capillary pressure at the liquid–gas interface. Using the model, the effects of pore radius, contact angle in the pore, feed and permeate pressure on the length of water uptake in the pore, the temperature at the water–gas interface, and the MD flux are studied. The results obtained by the model simulation are further compared with the trends observed by the experimental data and reported in the literature.
2 THEORY
The following assumptions are made to simplify the model:
• The feed contains only water. Hence, in the model development, liquid means water.
• The pore is straight and cylindrical.
• The thermal conductivity of the membrane material is so low that only the heat transfer in the pore is considered. This assumption and the following two assumptions are made to examine purely the effects of mass and heat transfer occurring in the pore on the MD mass flux without the effects of other factors.
• The heat enters into the water inside the pore only from the pore entrance. The heat does not enter from the pore wall.
• Boundary layer resistance of the feed liquid is ignored.
• The liquid mass transfer inside the pore follows the Poiseuille flow.
• The vapor mass transfer inside the pore follows the combined Knudsen/molecular diffusion mechanism.
• The meniscus of the liquid–vapor interface does not affect saturation vapor pressure.
• Heat transfer in the longitudinal direction is dominant.
• The liquid is incompressible
2.1 Mass transfer
The MD transport model in a single pore is developed for the steady state at which the liquid–vapor phase boundary remains inside the pore (Figure 2).
[image: Figure 2]FIGURE 2 | Transport behavior model in DCMD.
In DCMD, both ends of the pore are in contact with liquid, and it seems possible that liquid enters from both sides. However, for the reason given in the introduction, it is assumed that the liquid enters only from the pore entrance that is in contact with the feed stream.
There is some evidence to support the water entry from the feed side. For example, Gryta (2007) reported that water partially filled the pore from the feed side to the distance of 15 µm in the total 400 µm of membrane thickness by showing the Mg and Ca content profile in the longitudinal direction of the pore by EDX, wherein DCMD was performed by polypropylene membrane using tap water as a feed. Jiang and co-workers also showed the presence of Na on the feed side by EDX when DCMD was performed by their hydrophilic–hydrophobic hybrid membrane (Zhu et al., 2015; Feng et al., 2017). Based on this assumption, the model is also applicable for air gap membrane distillation (AGMD) with some changes in the transport parameters.
2.1.1 Liquid transport
For the liquid phase [image: image], the weight flow rate (kg/s) in a single pore is given according to the Poiseuille flow mechanism as
[image: image]
where [image: image] (kg/m3) is the density of the liquid, [image: image] (Pa s) is the viscosity of the liquid, [image: image] (m) is the length of the liquid phase in the pore, and [image: image] (Pa) is the driving force for the liquid movement, given by
[image: image]
where [image: image] (Pa) is the pressure of the liquid at the pore entrance, [image: image] is the pressure of the gas phase (given later by Eq. 10) trapped between two liquid phases, and [image: image] (Pa) is the capillary pressure at the interface (Chesworth et al., 2008), given by
[image: image]
where [image: image] (N/m) and [image: image] (o) are the liquid surface tension and contact angle, respectively.
In the above equations, the temperature dependence of the liquid properties is considered. Thus,
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] are the temperature at the pore entrance and at the liquid–gas interface. Thus, [image: image] is the average liquid phase temperature.
2.1.2 Transport in the gas phase
In this work, the membrane pore sizes in a range of 0.01–1 × 10−6 m are considered for DCMD. Because the mean free path of water at an atmospheric pressure and 50°C is 0.14 × 10−6 m (Khayet and Matsuura, 2011), the Knudsen numbers for such pores are 0.07–7.1. Hence, the combined Knudsen/ordinary diffusion mechanism is used for the transport of water vapor in air that is trapped between two liquid phases.
Then, [image: image] the mass flux in the gas phase is given by
[image: image]
where [image: image] and [image: image] are the gas constant (8.314 J/mol K) and the temperature of the gas phase (K), respectively; [image: image] is the length of the gas phase; [image: image] is the molecular weight of water (18.02 × 10−3 kg/mol); [image: image] and [image: image] are the total pressure (Pa) of the gas phase and the partial pressure of the compressed air (Pa) in the gas phase, respectively; and [image: image] and [image: image] are the saturation vapor pressure of water at the water–gas interface and at the pore exit, respectively.
The following equations are used in Eq. 7:
[image: image]
where [image: image] is the total pore length (m) and [image: image] and [image: image] are the feed and permeate pressure (Pa), respectively.
[image: image]
where [image: image] is the average vapor pressure of water (Pa) in the gas phase.
[image: image]
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where [image: image] and [image: image] are the temperatures at the liquid–gas interface (K) and at the pore exit (K), respectively.
As for the diffusivity of water vapor in air D (m2/s),
[image: image]
where Datm is the diffusivity (m2/s) at an atmospheric pressure, which is calculated by Bolz (1973):
[image: image]
Furthermore,
[image: image]
where N is the mass flux of water (kg/s) through the liquid and gas phases.
[image: image]
As for the saturation vapor pressure of water,
[image: image]
[image: image]
are used at the liquid–gas interface and at the pore exit, respectively.
2.2 Heat transfer
For the heat transfer in the liquid phase, the following differential equation is used at the steady state:
[image: image]
where [image: image] is the temperature in the liquid phase (K) and [image: image] is the distance from the pore inlet (m) in the longitudinal direction, and
[image: image]
where [image: image] and [image: image] are thermal conductivity (W/m K) and specific heat capacity (J/kg K) of the liquid, respectively.
The general solution of the differential equation is
[image: image]
where [image: image] and [image: image] are the integration constants.
Using the boundary conditions
[image: image]
[image: image]
where [image: image] is the heat of evaporation of liquid (J/kg) and [image: image] is the heat transfer coefficient of the gas phase (W/m2 K).
[image: image] and [image: image] can be calculated from the above boundary conditions, resulting in the specific solution of the differential equation,
[image: image]
where
[image: image]
Furthermore, because [image: image] at [image: image],
[image: image]
In Eq. 25, the temperature dependence of [image: image] is considered as
[image: image]
where [image: image] is
[image: image]
[image: image] can be given by solving Eqs 1a, 1b, (2), (3), (7), and (25) simultaneously.The following equations (Eqs 8–17) are used in Eq. 7:
The simulation was performed using Microsoft Excel, and the algorithm is presented in Figure 3.
[image: Figure 3]FIGURE 3 | Simulation algorithm for DCMD transport.
3 RESULTS AND DISCUSSION
In addition to the temperature-dependent properties of water, as shown in Eqs. (4)–(6), the following parameters were used in the simulation; that is, [image: image] are 0.6406 W/m K and 4180 J/kg K, respectively. Both of them are used at 50°C (323.2 K). Even though both parameters depend on the temperature, their changes within a temperature range of 20–80°C (293.2–353.2 K) were found to have negligible effects on the results of the simulation.
The heat transfer was calculated using Eqs. 18 through 27. Specifically, the heat transfer coefficient, [image: image] required in Eq. 25 was calculated by kg/[image: image], using kg = 0.0275 W/m K, which is the thermal conductivity of humid air. Even though kg changes considerably with the change of temperature and humidity, it was found that it did not affect the simulation result because the heat transfer at the liquid–gas interface by the evaporation of the liquid is much larger than the heat transfer by conduction ([image: image] in Eq. 25).
3.1 Effect of r
Figure 4 illustrates how varying the pore radius (r) affects [image: image], N, and [image: image], while maintaining fixed parameters: [image: image] = 353.2 K, [image: image] = 293.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, θ = 60°, and δ = 5 × 10−5 m. The pore radius, r, was adjusted from 0.01 to 1 × 10−6 m.
[image: Figure 4]FIGURE 4 | Effect of r on [image: image], log N (kg/s), and [image: image] with fixed parameters ([image: image] = 353.2 K, [image: image] = 293.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, [image: image] = 60o, and [image: image] = 5 × 10−5 m).
In Figure 4, the influence of pore radius (r) on wetting characteristics, when the pore radius r = 0.01 × 10−6 m, [image: image] reaches 4.92 × 10−5 m, signifying that over 90% of the pore space is occupied by the liquid phase due to the pronounced capillary force in such a small pore. As r increases to 1 × 10−6 m, [image: image] progressively decreases to 1.92 × 10−5, accompanied by a significant rise in N from 6.69 × 10−16 kg/s to 1.73 × 10−12 kg/s at the larger radius (r = 1 × 10−6 m, the red bars in Figure 4). This underscores the substantial impact of the r on N. Despite [image: image] being nearly 40°C lower than Tf due to significant temperature polarization caused by the liquid phase in the pore, [image: image] remains relatively constant with varying r. This constancy is attributed to the compensatory effect of the decrease in N countering the increase in [image: image]. In summary, the intricate interplay between pore size, capillary forces, and temperature dynamics shapes the wetting behavior within porous media.
3.2 Effect of Tf
Figure 5 illustrates the impact of feed temperature Tf on [image: image], N and [image: image], while maintaining fixed parameters: [image: image] = 293.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, θ = 60°, and δ = 5 × 10−5 m.
[image: Figure 5]FIGURE 5 | Effect of Tf on [image: image], N, and [image: image] with fixed parameters ([image: image] = 293.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, [image: image] = 60o, and [image: image] = 5 × 10−5 m).
In Figure 5, the effect of the impact of feed temperature (Tf) on wetting characteristics (blue bar), [image: image] (blue bar) decreases with rising Tf, maintaining approximately 20% pore filling of the entire pore length with liquid. However, in Figure 5 (red bar), N deviates from the expected exponential increase tied to vapor pressure elevation with increasing feed temperature (Tf). This unexpected behavior is attributed to heightened temperature polarization at higher Tf. In Figure 5, ([image: image] ) reveals the dynamics of temperature change, showing a mere 2% decrease (from 303.2 K to 297 K) when Tf is 303.2 K but a more significant 11% drop (from 353.2 K to 315 K) when Tf is 353.2 K. This contextualizes the observed deviation in N, underscoring the impact of temperature polarization on the anticipated exponential relationship between N and vapor pressure as Tf increases.
3.3 Effect of Tp
Figure 6 shows the effect of Tp on [image: image], N, and [image: image] when [image: image], [image: image], [image: image], r, [image: image], and [image: image] are fixed to 353.2 K, 1 × 105 Pa, 1 × 105 Pa, 1 × 10−6 m, 60o, and 5 × 10−5 m, respectively.
[image: Figure 6]FIGURE 6 | Effect of Tp on [image: image], N, and [image: image] with fixed parameters ([image: image] = 353.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, [image: image] = 60o, and [image: image] = 5 × 10−5 m).
As depicted in Figure 6, the liquid intrusion length [image: image] decreases as the permeate temperature Tp increases. This trend can be attributed to the wettability of the membrane surface. At higher permeate temperatures, the membrane becomes more hydrophobic, leading to reduced liquid intrusion into the pores.
Temperature polarization (Tp): Tp represents the difference between the bulk feed temperature Tf and the temperature at the membrane/solution interface Tmf where the vapor–liquid transition occurs. As Tp increases, the temperature polarization, [image: image] decreases. This decrease in temperature polarization is noteworthy and can be linked to the heat transfer dynamics within the system.
Impact on mass flux (N): although temperature polarization decreases, there is also a decrease in mass flux (N) with increasing Tp. However, it is essential to recognize that the impact of Tp on mass flux is quantitatively smaller than the influence of feed temperature [image: image] For instance, a 40 K increase in Tp results in a measured decrease in N of 0.59 × 10−12 kg/s. In contrast, a similar increase in [image: image] leads to a more substantial increase in N, specifically 1.17 × 10−12 kg/s.
The discrepancy between the effects of Tp and [image: image] suggests that the system is more sensitive to variations in [image: image]. The nuanced interplay between temperature parameters and mass flux underscores the complexity of the system dynamics. In summary, understanding the intricate balance between temperature, wettability, and mass transport is crucial for optimizing membrane-based processes. Further investigations will help uncover the underlying mechanisms governing these observed trends.
3.4 Effect of pf
Figure 7 shows the effect of pf on [image: image], N, and [image: image] when [image: image], [image: image], r, [image: image], and [image: image] are fixed to 353.2 K, 293.2 K, 1 × 105 Pa, 0.1 × 10−6 m, 60o, and 5 × 10−5 m, respectively.
[image: Figure 7]FIGURE 7 | Effect of pf on [image: image], (blue), N (red), and [image: image] (line), where [image: image] = 293.2 K, [image: image] = 1 × 105 Pa, r = 0.1 × 10−6 m, [image: image] = 60o, and [image: image] = 5 × 10−5 m.
In Figure 7, a compelling pattern emerges: the parameter δl displays a decreasing trend as feed pressure (pf) increases. This seemingly paradoxical observation results from various factors. Despite higher feed pressure propelling liquid deeper into the pore, a simultaneous rise in temperature at the liquid–gas interface (Ti) amplifies capillary pressure in the gas phase (pg), diverting the liquid back toward the pore entrance. The findings in Figure 7 (blue bar) underscore that the influence of pg on δl outweighs that of pf. This pattern is also evident in the reduction of another parameter, N (mass flux of water through liquid and gas phases), as pf increases (Figure 7, red bar).
The initially counterintuitive decrease in δl with increasing pf becomes clear upon examining the role of capillary pressure (pg). As pf rises, more liquid infiltrates the pore structure, but the pivotal factor is the impact of pg, controlled by Ti. Analyzing the relationship between Ti, we observe its increase with pf, leading to an elevated saturation vapor pressure (ψpsi) (Eq. 16), subsequently influencing pg (Eq. 10). The essence lies in the dominance of pg over pf in influencing δl. Essentially, capillary forces play a predominant role in determining δl, and a similar phenomenon is observed for parameter N. With an increase in pf, Ti rises, causing an escalation in pg, which, in turn, alters flow behavior and results in a decrease in N.
The core interaction driving the observed phenomena lies in the intricate relationship between capillary pressure in the gas phase (pg) and feed pressure (pf). The augmentation of pf facilitates enhanced liquid entry into the pore space, yet the prevailing influence of capillary forces, particularly governed by Ti, ultimately dictates the behavior of the liquid phase. Eq. 10 and (16) are likely instrumental in comprehending this intricate interplay, encapsulating the dynamic involvement of surface tension, capillary pressure, and porosity.
To synthesize the findings, it becomes evident that the increase in Ti (and subsequently pg) eclipses the impact of pf, shedding light on the discernible trends in δl and N. This interdependence is graphically depicted in Figures 5–7 (as depicted by the blue bars), where an escalation in Ti, Tp, and pf precipitates a swift reduction in δl.
The decrease in δl is particularly conspicuous when Tf rises, as this prompts a rapid decline in wetting characteristics. Various factors related to wettability properties come into play as the temperature increases. Elevated temperatures induce a reduction in hydroxyl groups within cellulose chains, leading to diminished moisture uptake and decreased water adsorption, thereby influencing wettability properties (Sipahutar et al., 2021). Furthermore, heightened temperatures result in the expansion of membrane pores, escalating the risk of membrane wetting and enlarging pore sizes. This expansion is more pronounced at elevated temperatures due to an amplified temperature gradient and increased heat transfer rates. Additionally, the rise in temperature concurrently diminishes the surface tension and contact angle, further contributing to membrane wetting (Gryta, 2020). In summary, the collective impact of these factors at heightened temperatures manifests in a precipitous decline in wetting characteristics (δl).
Figure 8 elucidates the impact of feed pressure (pf) on key parameters—[image: image], N, and [image: image], while maintaining specific conditions: [image: image] [image: image], [image: image], r, and [image: image] are fixed to 353.2 K, 293.2 K, 1 × 105 Pa, 1 × 10−6 m, and 5 × 10−5 m, respectively. Two distinct contact angles, [image: image] = 60° (blue shades) and [image: image] = 82° (red shades), are considered. Notably, the pore radius (r) has been adjusted from 0.1 × 10−6 m to 0.1 × 10–6 m in Figure 7 to 1 × 10–6 m in Figure 8. Despite the different pressure ranges studied for 60° (0.5–1.5 × 105 Pa) and 82° (1.4–2.0 × 105 Pa), both contact angles exhibit consistent trends. A notable observation is the reversal in the trend of [image: image] in Figure 8 compared to Figure 7. Specifically, [image: image] decreases as pf increases, resulting in an upswing in [image: image] (Figure 8). In contrast, the flux, N, follows the same decreasing trend with increasing pf in both Figures 7, 8.
[image: Figure 8]FIGURE 8 | Effect of pf on δl, N, and Ti , with fixed parameters (Tf = 353.2 K, Tp = 293.2 K, Pp= 1 × 105 Pa, r = 1 × 10−6 m, and δ = 5 × 10−5 m). Two contact angles are represented: θ = 60° (blue shades) and θ = 82° (red shades).
Here, the contact angle values of 60° and 82° are commonly used in studies to represent different wetting properties of surfaces. A contact angle above 90° indicates hydrophobicity, where the surface repels water, while an angle below 90° signifies hydrophilicity, indicating good wetting by water (Danish, 2020). These specific angles are chosen to represent these distinct wetting behaviors for experimental and analytical purposes. Similarly, the values of 1.0×105 Pa and 1.5 × 105 Pa for pf (pressure) are set to explore the impact of varying pressures on wetting characteristics and interfacial tension in fluid–rock systems. By using different pressure values within this range, researchers can analyze how changes in pressure affect contact angles and interfacial tension, providing insights into the behavior of fluids interacting with rock surfaces under different conditions. These specific pressure values are selected to study a range of scenarios and understand the nuances of fluid–rock interactions comprehensively (Taetz et al., 2016).
This reversal in [image: image] behavior underscores the system’s sensitivity to variations in pf, a shift that can be influenced by adjusting parameters such as pore radius and contact angle. The cohesion between fixed conditions and altered experimental factors in Figure 8 emphasizes the intricate dynamics governing the observed trends in [image: image], N, and [image: image]. These findings contribute to a nuanced understanding of how the system responds to changes in feed pressure (pf) under controlled conditions.
3.5 Effect of pp
Figure 9 shows the effect of pp on [image: image], N, and [image: image] when parameters [image: image], [image: image], and [image: image] are fixed to [image: image] 293.2 K, 1.5 × 105 Pa, and 5 × 10−5 m, respectively. Again, [image: image] is either 60o (blue shades) or 82o (red shades), and r is 1 × 10−6 m. Comparing Figures 8, 9, it is found that the decrease in [image: image] has the same effect as the increase in [image: image]. As [image: image] increases by either an increase in [image: image] or a decrease in [image: image], [image: image] experiences an increase, while N and [image: image] exhibit a decrease.
[image: Figure 9]FIGURE 9 | Effect of pp on [image: image], N, and [image: image], with fixed parameters ([image: image] = 293.2 K, [image: image] = 1.5 × 10−5 Pa, r = 1 × 10−6 m, and [image: image] = 5 × 10−5 m). Two contact angles are represented: θ = 60° (blue shades) and θ = 82° (red shades).
In fluid flow, the significance of maintaining a consistent pressure difference ([image: image]) is evident in the relationship between flux (N) and permeate pressure ([image: image]). As permeate pressure increases, the flux also increases, indicating a direct correlation between these two parameters (Naidu et al., 2015). This consistency in pressure difference ensures predictable and controlled flux rates, which are crucial for optimizing system performance and efficiency in various applications like reverse osmosis, gas separation, and membrane processes (Stewart, 2014). By regulating this pressure difference, engineers can manipulate the flux of substances through membranes, leading to improved separation efficiency and overall system effectiveness.
3.6 Effect of [image: image] when [image: image] is fixed
Figure 10 shows the effect of pf on [image: image], N, and [image: image] when [image: image], [image: image], [image: image], r, [image: image] and [image: image] are fixed to 353.2 K, 293.2 K, 0.5 × 105 Pa, 1 × 10−6 m, 60o, and 5 × 10−5 m, respectively. In this specific scenario, an escalation in pf leads to a concurrent decrease in [image: image], a subtle augmentation in N, and an elevation in [image: image]. Remarkably, this dynamic unfolds while maintaining a consistent ([image: image]).
[image: Figure 10]FIGURE 10 | Effect of pf on [image: image], N, and [image: image], with fixed parameters ([image: image] = 293.2 K, [image: image] = 0.5 × 105 Pa, r = 1 × 10−6 m, [image: image] = 60o, and [image: image] = 5 × 10−5 m).
Understanding the relationship between liquid intrusion length ([image: image]), feed pressure ([image: image]), mass flux (N), and liquid–gas interface temperature ([image: image]) is crucial in various engineering applications. As [image: image] increases, a decrease in [image: image] suggests improved heat transfer efficiency, with smaller values indicating more effective heat transfer. The subtle increase in mass flux (N) signifies a rise in fluid flow or mass flow rate. Additionally, the elevation in [image: image] indicates that the system’s internal temperature rises with escalating [image: image], which is essential for designing and optimizing temperature-controlled processes like those in chemical reactors or electronic devices (Rouquerol et al., 2011). In this case, we must balance the benefits of enhanced heat transfer and fluid flow against drawbacks like increased energy consumption or system complexity (Rouquerol et al., 2011).
3.7 Effect of [image: image]
Figure 11 shows the effect of [image: image] on [image: image], N, and [image: image] , when [image: image] [image: image], [image: image], [image: image], r, and [image: image] are fixed to [image: image] 293.2 K, 1 × 105 Pa, 1 × 105 Pa, 1 × 10−6 m, and 5 × 10−5 m, respectively.
[image: Figure 11]FIGURE 11 | Effect of [image: image] on [image: image], N, and, [image: image], with fixed parameters ([image: image] = 293.2 K, [image: image] = 1 × 105 Pa, [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, and [image: image] = 5 × 10−5 m).
In Figure 11 (blue bar), [image: image] decreases as [image: image] increases because less water is driven into the pore as the hydrophobicity of the membrane material increases. In Figure 11, the line shows that Ti increases as [image: image] increases because of the decrease in temperature polarization with the decrease in the length of the liquid phase. A decrease in [image: image] enhances the flow rate of the liquid phase (Eq. 1), and as a result, N increases (red bar). At [image: image] = 81o, [image: image] and N become 0.326 × 10−5 m and 4 × 10−12 kg/s, respectively. Even though it is not shown in the figure, [image: image] may increase until it becomes 85.6o, where [image: image] becomes 0, and the pore is filled only with the gas phase. N becomes as high as 7.79 × 10−12 kg/s. This scenario is more explicitly illustrated in Figure 13.
Figure 12 illustrates the impact of contact angle (θ) on [image: image], N, and [image: image] with fixed parameters ([image: image] = 353.2 K, [image: image] = 293.2 K, [image: image] = 1.5 × 105 Pa, [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, and δ = 5 × 10−5 m). It is important to note that [image: image] has been increased to 1.5 × 105 Pa from the 1 × 105 Pa used in Figure 11. The observed patterns in Figure 12 align with those in Figure 11, where [image: image] decreases, and N and [image: image] increase with higher θ values.
[image: Figure 12]FIGURE 12 | Effect of [image: image] on [image: image], N, and [image: image], with fixed parameters ([image: image] = 293.2 K, [image: image] = 1.5 × 105 Pa [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, and [image: image] = 5 × 10−5 m).
However, a key distinction is the use of larger θ values in Figure 12. This adjustment is necessitated by the higher hydrophobicity required in the membrane material to counteract the elevated feed pressure ([image: image]) and maintain the interface position. Remarkably, even with θ values exceeding 90°, indicating hydrophobicity in the pore, there is partial liquid filling, according to Figure 12. Notably, the maximum θ is 92° in this scenario, where [image: image] and N are reported as 0.201 × 10−5 m and 4.73 × 10−12 kg/s, respectively. It is worth mentioning that θ may further increase until it reaches 107.9°, leading to [image: image] becoming 0 and N reaching 7.79 × 10−12 kg/s, as revealed in the data.
In Figure 13, N is graphed against [image: image] for two different feed pressures: pf = 1.0 × 105 Pa (blue) and pf = 1.5 × 105 Pa (red). Notably, the data for both feed pressures overlap, and there is a consistent increase in N as [image: image] decreases. Particularly, N exhibits a steep increase when [image: image] is below 0.5 × 10−5 m, reaching N = 7.79 × 10−12 kg/s when [image: image] = 0. This signifies a scenario where there is no liquid in the pore, and transport occurs solely in the vapor phase.
[image: Figure 13]FIGURE 13 | N versus [image: image], with fixed parameters ([image: image] = 293.2 K, [image: image] = 1.0 × 105 Pa (blue), [image: image] = 1.5 × 105 Pa (red), [image: image] = 1 × 105 Pa, r = 1 × 10−6 m, and [image: image] = 5 × 10−5 m).
4 COMPARISON WITH THE EXPERIMENTAL DATA
The simulation model proposed in this work does not include some factors that would affect the DCMD performance, such as the heat transfer coefficient of the feed and permeate boundary layer and the thermal conductivity of the membrane polymer matrix. Therefore, the agreement of the computational results with the experimental data in their numerical values cannot be tested. Nevertheless, the validity of the model simulation can be examined by comparing the trends it predicts with those observed by experiments. The simulation predicts that the DCMD flux
1) Increases as r increases. (Figure 4)
2) Increases as Tf increases (Figure 5)
3) Decreases as pf increases (Figure 7; Figure 8)
4) Increases as pp increases (Figure 9)
5) Increases as θ increases (Figure 11; Figure 12).
Among those, 1), 2), and 5) are quite obvious and have been proven by many experiments (Khayet and Matsuura, 2011). The trends predicted by 3) and 4) are, however, not quite obvious because only a few studies have examined the effect of Pf and pp on the MD flux. Some of those examples are as follows:
Park and Lee (2019) observed a decrease in the flux with an increase in the feed pressure pf and attributed it to membrane compaction. They also noticed a sudden increase in the flux at a high pressure caused by the pore wetting.
Liu et al. (2022) observed a 62% increase in the initial flux of DCMD when the feed pressure (Pf) was changed from 1 kPa (gauge) to −30 kPa (gauge) for a commercial PVDF membrane. They have explained this phenomenon by 1) considering the contribution of the molecular diffusion and the Knudsen diffusion in the pore and 2) attributing to the increase in the heat transfer coefficient of the boundary layer at the feed side and the reduction in transmembrane heat conduction caused by the change of the meniscus shape from convex to concave.
In summary, the trends observed by the experiments were:
1) Park and Lee (2019) also observed a decrease in the flux with an increase in the feed pressure and attributed it to membrane compaction. They also noticed a sudden increase in the flux at a high pressure caused by the pore wetting.
2) The DCMD flux of the incompressible hollow fiber membrane did not change with an increase in pf (Zhang et al., 2011).
3) The DCMD flux increased with a decrease in pf. It is unlikely the pore deformation occurred when the feed pressure was decreased (Liu et al., 2022).
As for the effect of the increase in pf, the simulation predicts the flux decrease (Figures 7, 8). Thus, the model prediction agrees with experimental results 1) but disagrees with the experimental results 2).
In Zhang et al.’s compression experiments (Zhang et al., 2011), however, pressure was applied to the hollow fiber on both sides, that is, the lumen and the shell side, but in the DCMD experiments, the pressure was applied only to the feed side (likely the lumen side of the hollow fiber according to their article (Zhang et al., 2010)). Then, it is possible that the hollow fiber expanded, resulting in an increase in DCMD flux. If such an expansion did not take place, the flux could decrease with an increase in pf, as the model predicted. The model predicts a slight increase in flux as feed pressure rises, a condition where pf–pp is maintained constant, as depicted in Figure 10. The concept of the liquid intrusion length ([image: image]) serves as an indicator of partial pore wetting. Larger values of [image: image] suggest more pronounced pore wetting. Although, there has been no direct measurement of [image: image] under various DCMD operating conditions to date, it is reasonable to speculate that the likelihood of wetting along the entire pore length increases as [image: image] becomes larger.
The model simulation, on the other hand, predicts that [image: image] increases with an increase in [image: image], when the pore size is as large as 1 μm (Figure 8). Thus, the model prediction agrees with 1) of the above experimental results. However, [image: image] tends to decrease with an increase in the feed pressure when the pore size is as small as 0.1 μm (Figure 7). It would be interesting to test this prediction experimentally. [image: image] decreases with an increase in [image: image] (Figure 9). This agrees with 2) of the above experimental results.
5 CONCLUSION
We developed a simulation model to investigate flux and partial pore wetting in DCMD while considering the influence of capillary pressure at the liquid–gas interface. In this context, we assumed that the contact angle inside the pore was less than 90° due to the high pressure in the gas phase or potential alterations in chemistry at the pore wall. The model predicts that the weight flow rate increases with an increase in the pore radius, rises with higher feed temperature, decreases with an increase in permeate temperature, and increases with an increase in the contact angle. These trends have already been experimentally confirmed by numerous authors.
Regarding the effect of feed pressure (pf), the model predicts a decrease in the permeation rate as feed pressure increases while keeping the permeate pressure constant. This prediction generally aligns with experimental results, except in the case of hollow fibers, which are considered incompressible. Additionally, the model forecasts a decrease in permeation rate with increasing feed pressure while maintaining a constant pressure difference between the feed and permeate, a trend that contradicts certain experimental findings. However, these instances of disagreement can be attributed to the potential expansion of the pore during DCMD experiments.
Furthermore, the model suggests that partial pore wetting is enhanced with an increase in feed pressure when the pore size is as large as 1 μm, which is consistent with experimental results obtained from membranes with an average pore size of 0.67 μm. Conversely, the model predicts an opposite trend when the pore size is as small as 0.1 μm. This prediction warrants further experimental testing to validate its accuracy. According to the model, partial pore wetting diminishes as permeate pressure increases, a trend supported by experimental observations of pore wetting. These findings provide valuable insights into the complex interplay of feed and permeate pressure in the context of DCMD and its potential applications.
These insights deepen our comprehension of the nuanced dynamics within DCMD, shedding light on potential applications. Future research should prioritize rigorous experimental validation and refine the model to encompass diverse membrane characteristics and operating conditions, enhancing its predictive accuracy.
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