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Introduction

Only about 2.5% of the world’s total water resources consists of usable freshwater, while the
remainder is saline. Rapid population growth and the limited availability of freshwater have
intensified interest in nonconventional sources for freshwater supply (such as wastewater
treatment and reuse and desalination of saline waters) as viable alternatives to conventional
water resources. Consequently, substantial research has been devoted to improving the
performance of these approaches, particularly desalination technologies. Among the available
desalination methods, reverse osmosis (RO) is currently the most widely used. However, this
technology also has notable drawbacks, including high electrical energy consumption and a low
water recovery ratio. In recent years, membrane distillation (MD) has attracted considerable
attention as an emerging technology. Reverse osmosis is based on the behavior of semi-
permeable membranes, where applying a pressure greater than the osmotic pressure across the
membrane enables separation of freshwater from a saline solution. This pressure is supplied by a
high-pressure pump. A portion of the feed stream permeates through the membrane as product
water (typically with a salt concentration below 500 ppm) while the remaining stream leaves the
system as a high-salinity, high-pressure concentrate. Over the past decades, RO capacity has
expanded substantially and now accounts for approximately 45 to 50% of the total installed
desalination capacity. Nevertheless, operation at high pressure, elevated energy demand, limited
recovery, and challenges associated with brine disposal have sustained interest in developing
alternative approaches. Although MD has not yet been fully adopted at industrial scale, it is
theoretically a more suitable option than RO for desalination under high-salinity conditions.
Given the challenges associated with global warming, the deployment and expansion of
renewable energy technologies have received increasing attention. In this context, one of the key
advantages of membrane distillation (MD) is its ability to operate at low temperatures. This
feature enables straightforward integration of MD systems with low-cost solar thermal collectors
or the utilization of low-grade industrial waste heat. In contrast, directly harnessing low-
temperature heat sources is often nontrivial and typically requires Rankine-cycle-based energy
recovery, which adds technical complexity and considerable cost. Therefore, the capability of
MD to use low-grade thermal energy directly represents a practical and significant advantage. In
addition, compared with reverse osmosis, MD can operate effectively at high salinities and
achieve higher recovery ratios, while exhibiting reduced susceptibility to scaling and minimal
long-term pore wetting or membrane fouling. These advantages also make MD a promising
technology for concentrating waste streams to enable zero liquid discharge (ZLD). Membrane
distillation is a relatively new desalination technology for high-salinity waters, in which the
separation mechanism is thermally driven. In a typical configuration, a hot saline feed flows
along one side of a hydrophobic porous membrane, while an air gap is maintained on the
opposite side. Owing to the membrane’s hydrophobicity, only water vapor can pass from the
feed channel through the membrane toward the air gap, whereas liquid water and dissolved salts
are rejected. The driving force for mass transfer in MD is the vapor pressure difference
established across the membrane as a result of the temperature gradient. Because the partial
pressure (and thus concentration) of water vapor is higher on the hot side, vapor permeates
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through the membrane, traverses the adjacent air layer, and reaches a metal condensing surface,
where it condenses and forms liquid water droplets. Compared with conventional thermal
desalination processes, MD does not require heating the solution to its boiling point. Moreover,
the hydrostatic pressure in MD is much lower than in pressure-driven processes such as reverse
osmosis, and MD systems typically operate near atmospheric pressure. Accordingly, membrane
distillation is expected to be economically attractive, particularly when the required heat can be
supplied from low-cost sources or waste heat streams. MD can also be integrated with other
treatment processes, such as ultrafiltration or reverse osmosis. Overall, membrane distillation is
competitive for desalination of seawater and brackish groundwater, and it can be effective for
removing heavy metals from aqueous solutions and industrial effluents. This technology
encompasses several configurations, including direct contact membrane distillation (DCMD),
air-gap membrane distillation (AGMD), vacuum membrane distillation (VMD), and sweeping-
gas membrane distillation (SGMD). Among these, AGMD is of particular interest for pilot-scale
systems and industrial development due to its reduced heat losses and simpler overall structure.
Although numerous experimental studies have evaluated the performance of AGMD
desalination systems, relatively few have investigated their behavior under operating conditions
characterized by very low Reynolds numbers.

Problem statement

Accordingly, the present study examines the effects of key operating parameters as well as the
geometric parameter of air-gap thickness, on the freshwater production rate under different
conditions. To this end, salinity levels up to twice that of seawater were also tested, representing
brines comparable to the concentrate streams produced by other desalination technologies such
as reverse osmosis. Enhancing freshwater recovery from such highly saline reject streams and
further concentrating them using AGMD constitutes an important step toward achieving zero
liquid discharge.

Experimental Setup and Methods:

In an air-gap membrane distillation (AGMD) desalination system, heated saline water enters the
feed channel. In this section, the higher feed temperature increases the water vapor pressure at
the interface with the hydrophobic membrane. The resulting vapor pressure difference between
the feed side and the cooling side provides the driving force for water-vapor transport through
the membrane pores. Due to its hydrophobic nature, the membrane prevents liquid penetration;
however, water vapor can permeate through the porous structure. After passing through the
membrane, the vapor enters the air gap and subsequently condenses on a cooling surface
maintained at a lower temperature, producing fresh water. This process can be described using
Fick’s law, in which the mass flux is proportional to the concentration gradient. The condensed
droplets, driven by gravity, slide toward the collection basin beneath the module core and are
then routed to a graduated cylinder for measuring the volume of produced water. Cooling water
flows continuously behind the metal plate, and a vapor-compression refrigeration system
maintains its temperature within =1 °C throughout the experiments.
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Results and Discussion

Figures (1) and (2) illustrate the effect of feed-water temperature on the produced freshwater
flow rate. As shown, increasing the feed temperature leads to a higher distillate production rate.
This trend is primarily attributed to the increase in the feed-side water vapor pressure at elevated
temperatures. As vapor pressure rises, the vapor concentration at the hot saline inlet side
increases, and the driving force for vapor transport across the membrane becomes stronger,
resulting in greater water-vapor permeation. On the permeate side, an air gap of thickness d is
followed by a copper plate cooled by circulating water maintained at 20 °C. The permeated
vapor enters the air gap and diffuses through the stagnant air layer before reaching the cold
copper surface, where it condenses and forms liquid droplets. Therefore, a higher feed
temperature increases the amount of vapor transferred to the air gap and ultimately raises the
condensed water yield. In addition, it can be seen that increasing the air-gap thickness reduces
the freshwater production rate. However, as the air gap becomes thicker, the rate of this decline
becomes less pronounced. It is evident that increasing the air-gap thickness raises the resistance
to water-vapor transport through the stagnant air layer, thereby reducing the vapor flux.
However, the observed attenuation in this decline may arise from several mechanisms that
warrant further investigation and additional experiments. For instance, a larger air gap may
promote the onset of natural convection heat transfer, meaning that the assumption of purely
diffusive transport through stagnant air may no longer hold at sufficiently large gap widths. In
fact, air gaps greater than 6 mm should be tested to clarify the relative contributions of different
mass-transfer mechanisms. It should be noted that, although the activation of natural convection
may enhance mass transfer in AGMD, it typically occurs when the air-gap thickness exceeds 6
mm. This, in turn, can increase the overall module size in large-scale industrial applications,
which may be undesirable from a design and integration standpoint. This behavior is primarily
attributed to the reduction in water vapor pressure over saline solutions; specifically, as salinity
increases, the vapor pressure at a given temperature decreases. An important observation,
however, is that although higher salinity reduces the freshwater production rate, the magnitude
of this reduction is relatively modest.
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Figure 1. Effect of feed-water temperature on the Figure 2. Effect of feed-water temperature on the
freshwater production rate at different air-gap freshwater production rate at different air-gap
thicknesses for salinity s = 0. thicknesses for salinity = 35 g/L.
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Although extending the investigation to air-gap thicknesses greater than 6 mm appears
necessary, it should be noted that the present findings were obtained under very low Reynolds
number conditions. Such flow regimes can be established without a pump, either by gravity-
driven flow (e.g., using an elevated saline-water reservoir) or via a thermosiphon loop (for
instance, a solar thermal collector integrated with the AGMD unit). Under these conditions, the
pressure drop along the flow path is negligible. By contrast, if a pump is used to drive the feed
and a high-Reynolds-number regime is established in the feed channel, the vapor transport into
the air gap would be substantially higher, potentially leading to different performance trends.

Conclusions

e This study demonstrated that air-gap membrane distillation (AGMD) can deliver acceptable
performance even under very low Reynolds number conditions (Re < 20).

o Increasing the feed-water temperature significantly increased the freshwater production rate
due to the associated rise in water vapor pressure. Although higher feed salinity reduces vapor
pressure and, consequently, distillate production, the resulting performance penalty remained
limited and did not exceed 20%, even at very high salinity.

e Increasing the air-gap thickness decreased mass transfer and reduced freshwater production.
However, this reduction was less pronounced at higher salinities. Moreover, as the air gap
became thicker, the relative decline in distillate flow rate diminished. This behavior is attributed
to a shift in transport within the air gap from predominantly diffusion-controlled to a regime

increasingly influenced by natural convection.

e The findings highlight the importance of evaluating AGMD performance under low-
Reynolds-number flow and high-salinity conditions. Further experiments with air-gap
thicknesses greater than 6 mm are also recommended, as such conditions may be unavoidable in
practical applications, particularly for systems integrated with solar thermal energy sources and
zero liquid discharge (ZLD) processes.
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3 Sweeping gas membrane desalination (SGMD)
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