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Abstract 13 

Air-Gap Membrane Distillation (AGMD) promises to reduce heat loss in membrane 14 
distillation. Most AGMD models are one-dimensional and do not consider the downstream 15 
variations. In addition, a linear function of vapour pressure is used, which either relies on 16 
experimentally determined parameters or a simplified mass transfer resistance to model the 17 
water permeate flux. This study introduces a new, improved model that simultaneously 18 
considers both heat and mass transfer in the AGMD process by coupling the continuity, 19 
momentum, and energy equations. A novel precise logarithmic function of vapour pressure 20 
was derived to model the water permeate flux, independent of experimentally determined 21 
parameters. By varying the inlet temperature, Reynolds number, inlet concentration, and air-22 
gap thickness, the performance of AGMD was evaluated. The results revealed that our model 23 
improved the water flux prediction from more than 10% to less than 4% deviation from 24 
experimental results. Among the operating conditions, only increasing the Reynolds number 25 
improved all the system performance metrics, including higher water flux and lower 26 
temperature and concentration polarisation effects. Results were compared with Direct 27 
Contact Membrane Distillation (DCMD) outcomes and showed that unlike AGMD, DCMD 28 
suffers from a substantial decrease in water flux along the module. For DCMD, the exit water 29 
flux value decreased by 50% in comparison with the inlet value, while the water flux 30 
decreased by only 2% for AGMD, using a 1mm air gap thickness. 31 

 32 
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Nomenclature 37 

𝑎𝑎𝑤𝑤 Water activity of NaCl solution 𝛼𝛼1 Ratio of molecular weight 
𝑏𝑏 Air gap thickness (m) 𝛼𝛼2 Effect of air flux in the air-gap channel  
𝐶𝐶 Concentration �𝑔𝑔 𝐿𝐿� � 𝛼𝛼𝑎𝑎 Thermal diffusivity of air 
𝐶𝐶𝐶𝐶𝐶𝐶 Concentration polarisation coefficient 𝛽𝛽 Thermal expansion ratio 
𝑐𝑐𝑝𝑝 Specific heat capacity (𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘℃⁄ ) 𝜆𝜆𝑎𝑎

𝑤𝑤
 Mean free path of water vapour (𝑚𝑚)  

𝐷𝐷𝑘𝑘𝑘𝑘 Knudsen diffusion coefficient (𝑚𝑚2 𝑠𝑠⁄ ) 𝛿𝛿 Membrane thickness (𝑚𝑚) 
𝐷𝐷𝑠𝑠−𝑤𝑤 Sodium-chlorides diffusivity in water (𝑚𝑚2 𝑠𝑠⁄ ) 𝛿𝛿𝑐𝑐𝑐𝑐 Cooling plate thickness (m) 
𝐷𝐷𝑠𝑠 Salt diffusivity coefficient (𝑚𝑚2 𝑠𝑠⁄ ) 𝜖𝜖 Membrane porosity 
𝑑𝑑ℎ Channel hydraulic diameter (𝑚𝑚) 𝜏𝜏 Membrane tortuosity 
𝑑𝑑𝑝𝑝 Pore diameter (𝑚𝑚) 𝜌𝜌 Density (𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ) 
𝑔𝑔 Gravity acceleration (𝑚𝑚 𝑠𝑠2⁄ ) 𝜇𝜇 Viscosity (𝑃𝑃𝑃𝑃. 𝑠𝑠) 
ℎ Heat transfer coefficient (𝑊𝑊 𝑚𝑚2𝐾𝐾⁄ ) 𝜐𝜐𝑎𝑎 Kinematic viscosity 
ℎ𝑓𝑓𝑓𝑓 Latent Heat (𝐽𝐽 𝑘𝑘𝑘𝑘⁄ ) 𝜂𝜂𝑡𝑡 Thermal efficiency 
𝐻𝐻 Channel height (𝑚𝑚) 𝜎𝜎𝑎𝑎 Collision diameter of air �3.7 × 10−10(𝑚𝑚)� 
𝐽𝐽 Mass flux (𝑘𝑘𝑘𝑘 𝑚𝑚2𝑠𝑠⁄ ) 𝜎𝜎𝑤𝑤 Collision diameter of water �2.7 × 10−10(𝑚𝑚)� 
𝐾𝐾𝑠𝑠 Mass transfer coefficient of salt �𝑘𝑘𝑘𝑘 𝐿𝐿,⁄ 𝑔𝑔

𝐿𝐿
� 

Subscripts: 𝑘𝑘𝐵𝐵 Boltzmann constant (1.38 × 10−23 𝐽𝐽𝐾𝐾−1) 
𝑘𝑘 Thermal conductivity (𝑊𝑊 𝑚𝑚⁄ ℃) 
𝐿𝐿 Channel length (m) 
𝑀𝑀 Molality (𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿⁄ ) 𝑎𝑎 Air side 
𝑀𝑀𝑎𝑎 Molecular weight of air (29 𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘⁄ ) 𝑎𝑎𝑎𝑎 Air gap 
𝑀𝑀𝑤𝑤 Molecular weight of water (18 𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘⁄ ) 𝑏𝑏 Bulk 

𝑁𝑁𝑁𝑁 Nusselt number 𝑐𝑐𝑐𝑐 Cooling plate 
𝑝𝑝 Pressure (𝑃𝑃𝑃𝑃) 𝑒𝑒 Effective 
𝑃𝑃𝑡𝑡 Total gas pressure (101325 𝑃𝑃𝑃𝑃) 𝑓𝑓 Feed side 
𝑃𝑃 Water vapour pressure (Pa) 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Condensation film 
𝑃𝑃𝑃𝑃 Prandtl number 𝑘𝑘 Conductive 
𝑞𝑞″, 𝑄𝑄″ Heat transfer flux (𝑊𝑊 𝑚𝑚2⁄ ) 𝑘𝑘𝑘𝑘 Knudsen 
𝑄𝑄𝑖𝑖𝑖𝑖 Feed flow inlet (𝐿𝐿 𝑚𝑚𝑚𝑚𝑚𝑚⁄ )   
𝑅𝑅 Universal gas constant 

(8314 𝑘𝑘𝑘𝑘𝑚𝑚2 𝑠𝑠2𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾⁄ ) 
𝑚𝑚 Membrane 

𝑅𝑅𝑅𝑅 Reynolds number 𝑚𝑚𝑚𝑚 Molecular 
𝑅𝑅𝑅𝑅 Rayleigh number 𝑝𝑝 Permeate side 
𝑇𝑇𝑇𝑇𝑇𝑇 Temperature polarisation coefficient 𝑠𝑠𝑠𝑠𝑠𝑠 Saturation 
𝑢𝑢 Velocity in x-direction (𝑚𝑚 𝑠𝑠⁄ ) 𝑡𝑡 Transition region 
𝑈𝑈𝑖𝑖𝑖𝑖 Inlet velocity (𝑚𝑚 𝑠𝑠⁄ ) 𝑤𝑤 Water vapour 
𝑣𝑣 Velocity in y-direction (𝑚𝑚 𝑠𝑠⁄ )   
𝑉𝑉�⃗  Velocity Vector (𝑚𝑚 𝑠𝑠⁄ )   

 38 

1. Introduction 39 

By 2025, the water crisis is predicted to affect approximately 70% of the world’s population. 40 
[1]. Desalination is proving to be a promising method to alleviate the water shortage, with 41 
thermal- and membrane-based desalination, the two main applied processes. [2]. In the 42 
thermal process, a phase change occurs in which the brine is heated, evaporated, condensed, 43 
and then collected. On the other hand, a membrane presents a barrier for specified particles 44 
in the membrane process, allowing the required particles to pass through. Membrane 45 
distillation (MD), as a developing and feasible choice for water desalination, consists of a 46 
membrane process that benefits from the thermal process as well. MD’s three main 47 
advantages over other desalination processes are high dissolved ion rejection, low applied 48 
pressure, and low operating temperatures [3]. However, some obstacles for MD require 49 
further development, including membrane lifetime, membrane fouling [4], and energy 50 
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efficiency compared to the leading thermal process, such as multi-effect distillation. 51 
Therefore, detailed sensitivity analysis of various parameters on the MD process throughout 52 
the module provides an essential insight into the MD process and MD membrane fabrication 53 
[3, 5, 6].  54 

Mathematical modelling enables us to predict and analyse the influence of significant 55 
parameters such as operating conditions on MD performance. To date, considerable research 56 
has been conducted on MD modelling, most of which focused on the Direct Contact 57 
Membrane Distillation (DCMD) technique [3, 7-11]. Air Gap Membrane Distillation (AGMD) as 58 
a method to reduce the heat loss and enhance the MD thermal efficiency needs to be 59 
meticulously modelled, analysed, and improved [12-19]. Alssadi et al. [13, 14] developed a 1-60 
D mathematical model for a flat sheet AGMD module, running under atmospheric and sub-61 
atmospheric conditions. The essential parameters to scale up an AGMD system and the effect 62 
of removing non-condensable gases from an AGMD module were investigated. The model 63 
predicted the water vapour flux within a 10% error. Computational Fluid Dynamics (CFD) has 64 
been widely used to implement numerical modelling on MD [9]. Alklaibi et al. [20] carried out 65 
a CFD simulation study to provide sensitivity analysis for a AGMD configuration. However, a 66 
simple correlation for the transmembrane water flux was applied and no information about 67 
the solute concentration along the module was provided. Karbasi et al. [21] conducted a 3-D 68 
numerical simulation on a novel disc-type module in the AGMD system and compared the 69 
results with the rectangular-type module. However, some simple assumptions were made to 70 
model the water flux across the membrane. In addition, parametric study and temperature 71 
and concentration polarisation effects were not discussed. Due to the complexity of the 72 
multiphase model of water vapour across the air gap, to the best of our knowledge, all 73 
previously published CFD studies have been based on many simple assumptions to simulate 74 
the AGMD technique [22]. In addition, CFD is a high-complexity and time-consuming 75 
approach; therefore, what makes CFD more valuable and justifiable for use in AGMD is the 76 
investigation of condensation in the air gap and the study of variations in flow properties 77 
throughout the module. In our study, a new, improved mathematical model uses the CFD and 78 
heat and mass transfer model, calculated using Nusselt and Sherwood Correlation, to benefit 79 
from both CFD and the less time-consuming approach of the Nusselt and Sherwood 80 
Correlation model.  81 

Energy efficiency is one of the main challenges that should be addressed, to make MD cost-82 
effective. MD suffers from significant downstream variations of heat transfer along the MD 83 
module, leading to low energy efficiency. The air gap was introduced to make the flow 84 
temperature more uniform and to decrease the heat loss in MD system [23-25]. To the best 85 
of our knowledge, no modelling study on AGMD has reported the downstream variations of 86 
flow properties throughout the AGMD module. Most studies have made assumptions, such 87 
as constant feed and permeate temperatures along the module. In this study, we investigated 88 
the downstream variations of temperature along the module to provide the transmembrane 89 
water flux, Temperature Polarisation Coefficient (TPC), Concentration Polarisation Coefficient 90 
(CPC), and thermal efficiency. The results of downstream variations are essential to evaluate 91 
the importance of introducing direct solar heating as a promising method to localise the 92 
temperature distribution along the MD module [26-28].  93 
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In MD modelling, the transmembrane water flux is crucial because it affects all the other flow 94 
properties throughout the module. Most MD modelling studies rely on constant fitting 95 
parameters, which are determined from a specific set of experimental conditions. Of the 96 
studies that have included a formula to model the water flux transmembrane, a simplified 97 
form of Dusty Gas Model (DGM) has been investigated. Indeed, both membrane and air gap 98 
have not been integrated to derive a more precise model [29]. Noamani et al. [12] introduced 99 
a model that used a linear function of water vapour pressure and total mass transfer to model 100 
the water flux; however, they did not integrate over both membrane and air gap of the AGMD 101 
system. Khalife et al. [30] used a simplified model to investigate the effect of different 102 
operating parameters on permeate water flux. Moreover, in MD the air is assumed to move 103 
counter to the water flux; so that an improved model will include the effect of air flux on the 104 
water flux. In this study, a detailed transmembrane water flux model, which includes three 105 
diffusive mass transfer mechanisms and with consideration of the counter-air flux, is 106 
presented.  107 

Temperature and concentration polarisation are two main negative phenomena that need to 108 
be investigated throughout the module [31]. In the literature, there is limited discussion on 109 
the spread of solute concentration along the AGMD module [32-34]. Extensive experiments 110 
have been conducted to evaluate the effect of membrane properties on the AGMD 111 
performance [35-38]. In our study, different commercial membranes were critically compared 112 
in terms of different membrane properties. Finally, few AGMD studies have numerically and 113 
critically compared DCMD and AGMD in terms of downstream variations of flow properties 114 
[39, 40]. 115 

Although the existing models provide many advantages for MD process modelling, there are 116 
still some critical concerns to be investigated. This study aims to present an improved model 117 
to capture the downstream variation throughout the AGMD module, and to carry out a 118 
comprehensive and comparative study on AGMD and DCMD performance. The improved 119 
model predicts transmembrane water flux, TPC, CPC, and thermal efficiency, by using a new 120 
transmembrane model that benefits from two advantages. First, it is independent of any 121 
other determined parameters from a specific experiment, which enables the analysis of 122 
membrane properties and commercially available membranes. Second, it includes both a flux 123 
derived from the diffusion applied on the bulk fluid and a flux derived from the bulk motion 124 
on the fluid.  125 

Within the above context the following specific objectives were set for this study: 126 

1. To develop a model that can capture the downstream variation of water flux of an 127 
AGMD system. 128 

2. To formulate a self-sustained water flux equation, which is the most significant 129 
parameter in AGMD modelling studies, with the least assumptions. 130 

3. To implement a parametric study analysis to understand which parameters 131 
significantly impact AGMD performance. 132 

4. To conduct a comparison study of AGMD with DCMD, including downstream 133 
variations and systems performance metrics. 134 
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In this study, a novel computational model is developed by contributing a new water flux 135 
model and by employing continuity, momentum, and energy equations to capture 136 
downstream variations and analyse AGMD performance. The modelling procedure and 137 
influence of each parameter on AGMD performance including water flux permeation, thermal 138 
efficiency, TPC, and CPC are provided in detail, and a comparative study of AGMD and DCMD 139 
at similar conditions is also presented. 140 

2. Materials and Methods 141 

2.1. Governing Equation 142 

A theoretical model that considers both heat and mass transfer was improved for the AGMD 143 
system. A 2-D, counter-current, flat-sheet AGMD module with feed, air, and permeate 144 
channels was modelled, as shown in Figure 1. A saline water with velocity 𝑉𝑉𝑖𝑖𝑖𝑖, temperature 145 
𝑇𝑇𝑓𝑓,𝑏𝑏, and concentration 𝐶𝐶𝑖𝑖𝑖𝑖 enters the feed channel, and pure water with velocity 𝑉𝑉𝑖𝑖𝑖𝑖 and 146 
temperature 𝑇𝑇𝑝𝑝,𝑏𝑏 enters the permeate channel in the counter direction of feed flow. As the 147 
feed flows through the module, evaporation takes place and produces vapour, which moves 148 
across the hydrophobic membrane pores. Subsequently, the vapour diffuses through the 149 
stagnant air that is introduced between the membrane and condensing plate. As shown in 150 
Figure 2, AGMD occurs in six stages: feed channel, membrane, air channel, condensate film, 151 
cooling plate, and permeate channel. The process happening in each stage results in a 152 
resistance to heat and mass transfer. The assumptions for heat and mass transfer modelling 153 
include: a steady state condition; uniform total pressure (1 atm); negligible viscous flow, slip 154 
flow surface diffusion, and pressure diffusion; stagnant air within air channel (and therefore 155 
no counter air movement against the water flux); no heat loss from the system to the 156 
environment; negligible convection heat transfer in the air-gap channel,; laminar flow for the 157 
liquid film; negligible shear stress at the liquid-vapor interface; and negligible momentum and 158 
energy transfer by advection in the condensate film. 159 
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 160 

Figure 1. (A) Elements used to study the downstream properties of an AGMD module. ‘T’, ‘c’, ‘𝐽𝐽’, and 161 
𝑞𝑞″ represent the temperature, salt concentration, flux, and heat transfer flux, respectively. Subscripts 162 
‘f’, ‘p’, ‘w’, ’v’, ’k’ refer to the feed, permeate sides, water vapour, vapour latent heat, and conduction 163 
heat transfer,  respectively, and ‘b’, ‘m’, and ‘m-ag’ refer to bulk, membrane, and membrane plus air 164 
gap locations in the module. (B) Mass transfer resistance model in AGMD process. ‘R’ and ‘ 𝛻𝛻𝛻𝛻’ 165 
represent mass resistance and pressure difference, respectively. Subscripts ‘Kn’, ‘mol’, ‘w’, ’m’ and ’ag’ 166 
refer to Knudsen, molecular, water vapour, membrane and air-gap, respectively. 167 

2.1.1. Heat Transfer 168 

Figure 2. shows the thermal resistance in the AGMD process. Heat transfer occurs from the 169 
hot side to the cool side. By solving the steady-state energy balance equations, the 170 
temperatures at different locations along the module, including 𝑇𝑇𝑓𝑓,𝑚𝑚 and 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, can be 171 
obtained as follows: 172 

𝑄𝑄″𝑓𝑓 = 𝑄𝑄″𝑚𝑚+𝑎𝑎𝑎𝑎 = 𝑄𝑄″film = 𝑄𝑄″𝑐𝑐𝑐𝑐 = 𝑄𝑄″𝑝𝑝 
 

(1) 

ℎ𝑓𝑓�𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑓𝑓,𝑚𝑚� = ℎ𝑎𝑎𝑎𝑎�𝑇𝑇𝑓𝑓,𝑚𝑚 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� + (𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎ℎ𝑓𝑓𝑓𝑓 = ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑐𝑐𝑐𝑐) =
 ℎ𝑐𝑐𝑐𝑐 (𝑇𝑇𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑐𝑐,𝑝𝑝) =  ℎ𝑝𝑝�𝑇𝑇𝑐𝑐𝑐𝑐,𝑝𝑝 − 𝑇𝑇𝑝𝑝,𝑏𝑏� 
 

(2) 

𝑇𝑇𝑓𝑓,𝑚𝑚 = 𝑇𝑇𝑓𝑓,𝑏𝑏 −
ℎ𝑇𝑇
ℎ𝑓𝑓
��𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑝𝑝,𝑏𝑏� +

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎ℎ𝑓𝑓𝑓𝑓
ℎ𝑎𝑎𝑎𝑎

� 

 

(3) 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑇𝑇𝑝𝑝,𝑏𝑏 +
ℎ𝑇𝑇

ℎ𝑓𝑓,𝑐𝑐𝑐𝑐,𝑝𝑝
��𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑝𝑝,𝑏𝑏� +

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎ℎ𝑓𝑓𝑓𝑓
ℎ𝑎𝑎𝑎𝑎

� 
(4) 
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ℎ𝑇𝑇 =  �
1
ℎ𝑓𝑓

+
1
ℎ𝑎𝑎𝑎𝑎

+
1

ℎ𝑓𝑓,𝑐𝑐𝑐𝑐,𝑝𝑝
�
−1

 

 

(5) 

ℎ𝑓𝑓,𝑐𝑐𝑐𝑐,𝑝𝑝 = �
1

ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
+

1
ℎ𝑐𝑐𝑐𝑐

+
1
ℎ𝑝𝑝
�
−1

 
(6) 

 173 

where 𝑄𝑄″𝑓𝑓 is the heat flux from the feed bulk to the membrane surface, 𝑄𝑄″𝑚𝑚+𝑎𝑎𝑎𝑎 is the heat 174 
flux transferred through the membrane and air gap channel, 𝑄𝑄″film is the heat flux across the 175 
condensation film, 𝑄𝑄″𝑐𝑐𝑐𝑐 is the heat flux across the cooling plate, 𝑄𝑄″𝑝𝑝 is the heat flux from the 176 
cooling plate to the permeate bulk, ℎ𝑓𝑓 is the convective heat transfer of the feed, 𝑇𝑇𝑓𝑓,𝑏𝑏 is the 177 
bulk feed temperature, 𝑇𝑇𝑐𝑐𝑐𝑐,𝑝𝑝 is the cold plate temperature at the permeate side, 𝑇𝑇𝑝𝑝,𝑏𝑏 is the 178 
bulk permeate temperature, ℎ𝑝𝑝 is the convective heat transfer of the permeate, ℎ𝑇𝑇 is the 179 
overall heat transfer coefficient of the system, and ℎ𝑓𝑓,𝑐𝑐𝑐𝑐,𝑝𝑝 is the overall heat transfer 180 
coefficient from the condensate film to the permeate side. 181 

 182 

 183 

Figure 2. Electrical analogy of heat transfer resistance in AGMD. Due to temperature difference, heat 184 
passes from the feed side to permeate side. The heat transfer is the same through each stage of the 185 
process, namely: feed-side, membrane, air-gap, condensate layer, cold plate and permeate side. Heat 186 
transfer throughout the membrane includes the latent heat of evaporation and conduction heat 187 
transfer. 188 

2.1.1.1. Channel Flow  189 

The feed and permeate heat transfer coefficient can be obtained by using dimensionless 190 
Nusselt number to estimate the feed and permeate heat transfer across the module, 191 
Equations (A1-A4) (Appendix A). Although density, viscosity, specific heat transfer, and mass 192 
diffusivity do not change significantly along the module, all the properties throughout the 193 
module are updated using Equations (A5-A8). 194 

2.1.1.2. Transmembrane and Air Gap Channel 195 

The heat conduction transfer through the membrane and the latent heat transfer owing to 196 
the flux of water vapour across the membrane and air gap both contribute to heat transfer 197 
across the membrane, shown in Figure 1.  198 
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𝑞𝑞″𝑘𝑘,𝑚𝑚 = ℎ𝑚𝑚�𝑇𝑇𝑓𝑓,𝑚𝑚 − 𝑇𝑇𝑎𝑎𝑎𝑎� 
 

(7) 

ℎ𝑚𝑚 =
𝑘𝑘𝑒𝑒
𝛿𝛿

 

 

(8) 

 𝑞𝑞″𝑓𝑓𝑓𝑓 = (𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎ℎ𝑓𝑓𝑓𝑓 
 

(9) 

where 𝑞𝑞″𝑘𝑘,𝑚𝑚 is the transmembrane conductive heat transfer flux, ℎ𝑚𝑚 is the membrane heat 199 
transfer coefficient, 𝑇𝑇𝑓𝑓,𝑚𝑚 is the membrane feed side temperature, 𝑇𝑇𝑎𝑎𝑎𝑎 is the membrane 200 
permeate side temperature, 𝑘𝑘𝑒𝑒 is the effective thermal conductivity of membrane, 𝛿𝛿 is the 201 
membrane thickness, and ℎ𝑓𝑓𝑓𝑓is the latent heat.  202 

Since natural convention in the air gap is negligible [20], in our study, only conduction heat 203 
transfer was assumed as Equation (10). 204 

ℎ𝑎𝑎 =
𝑘𝑘𝑎𝑎
𝑏𝑏

 

 

(10) 

ℎ𝑎𝑎𝑎𝑎 =
1

1
ℎ𝑚𝑚

+ 1
ℎ𝑎𝑎

 

 

(11) 

where 𝑘𝑘𝑎𝑎, 𝑏𝑏, ℎ𝑎𝑎 and ℎ𝑎𝑎𝑎𝑎 are thermal conductivity of air, air gap thickness, air heat transfer 205 
coefficient, and coupled air and membrane heat transfer coefficient, respectively. 206 

2.1.1.3. The Condensate Film and Cooling Plate 207 

As shown in Figure 2, the condensation film formed by condensing water vapour, transfers 208 
heat via conduction and convection. The value of convective heat transfer compared to 209 
conduction heat transfer is negligible because the ratio of conductive to convective heat 210 
transfer is a function of a second power of the condensate film thickness, which is negligible 211 
[41]. Heat transfer then occurs through the cooling plate. Therefore, the film heat transfer 212 
coefficient and the plate heat transfer coefficient can be calculated by Equations (12-13) [41]. 213 

ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.943 �
𝜌𝜌2𝑔𝑔ℎ𝑓𝑓𝑓𝑓𝑘𝑘𝑡𝑡,𝐾𝐾,𝑝𝑝

3

𝜇𝜇𝜇𝜇(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,1𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑐𝑐𝑐𝑐)�
0.25

 

 

(12) 

ℎ𝑐𝑐𝑐𝑐 =
𝑘𝑘𝑐𝑐𝑐𝑐
𝛿𝛿𝑐𝑐𝑐𝑐

 

 

(13) 

where ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓is the convective heat transfer coefficient of film layer, 𝜌𝜌 is the density of water, 214 
𝑔𝑔 is the gravitational acceleration, ℎ𝑓𝑓𝑓𝑓is the latent heat of evaporation,  𝑘𝑘 is the thermal 215 
conductivity,  𝜇𝜇 is the viscosity, 𝐿𝐿 is the length of cooling plate,  𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, and 𝑇𝑇𝑐𝑐𝑐𝑐 are 216 
temperatures of film, and cooling plate, respectively.  𝑘𝑘𝑐𝑐𝑐𝑐, 𝛿𝛿𝑐𝑐𝑐𝑐, and ℎ𝑐𝑐𝑐𝑐 are thermal 217 
conductivity, cooling plate thickness, and heat transfer coefficient of the plate, respectively. 218 

2.1.2. Mass Transfer 219 



9 
 

The Dusty Gas Model (DGM) is a transport model used to simulate the motion of fluid 220 
mixtures through a porous media. When isothermal conditions are assumed, the gradients of 221 
pressure, concentration, and partial pressure lead to viscous flow, ordinary diffusion, and 222 
Knudsen flow [42]. Slip flow, pressure diffusion, and surface diffusion can be disregarded and 223 
because total pressure remains constant at 1 atm and , the viscous flow is also theoretically 224 
neglected [42]. In MD, the water flux through the membrane can be described through three 225 
mechanisms: Knudsen diffusion, molecular diffusion, and a combination of Knudsen and 226 
molecular diffusion. The Knudsen number, used to define the type of mechanism, can be 227 
defined as the ratio of the mean free path of the gas to the pore diameter, as shown in 228 
Equations (A9-A10) [43]. In this section, the water flux passed through both the membrane 229 
and air gap was calculated. The serial connection of membrane and air-gap resistances, shown 230 
in Figure 1 (B), allowed writing the expression below as Equation (14). Equations (15) and (16) 231 
were derived using Fick’s law and Graham’s law [41, 44] then by substituting Equations (15) 232 
and  (16) into Equation (14), the expression for water permeation flux was obtained as 233 
Equation (17). Integration of Equation (18) provided the steady-state water vapour flux for 234 
the transition region (0.01 < 𝑘𝑘𝑘𝑘 < 1) in the AGMD process (Equation (19)). The water flux 235 
for the case of Knudsen (𝑘𝑘𝑘𝑘 > 1) and molecular diffusion (𝑘𝑘𝑘𝑘 < 0.01) are also provided as 236 
Equations (A15) and (A14), respectively in Appendix (A) [42, 44]. 237 

∇𝑃𝑃𝑤𝑤|𝑚𝑚−𝑎𝑎𝑎𝑎

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎
=
∇𝑃𝑃𝑤𝑤|𝑚𝑚

(𝐽𝐽𝑤𝑤)𝑚𝑚
+
∇𝑃𝑃𝑤𝑤|𝑎𝑎𝑎𝑎

(𝐽𝐽𝑤𝑤)𝑎𝑎𝑎𝑎
 

(14) 

(𝐽𝐽𝑤𝑤)𝑚𝑚 = −
𝑀𝑀𝑤𝑤

𝑅𝑅𝑇𝑇𝑚𝑚𝛿𝛿
�
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼1)𝑃𝑃𝑤𝑤
(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚

+
1
𝐷𝐷𝑘𝑘𝑘𝑘

�
−1

∇𝑃𝑃𝑤𝑤|𝑚𝑚 

 

[42](15) 

(𝐽𝐽𝑤𝑤)𝑎𝑎𝑎𝑎 = −
𝑀𝑀𝑤𝑤

𝑅𝑅𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏
�
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼2)𝑃𝑃𝑤𝑤

( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎
�
−1

∇𝑃𝑃𝑤𝑤|𝑎𝑎𝑎𝑎 

 

(16) 

∇𝑃𝑃𝑤𝑤|𝑚𝑚−𝑎𝑎𝑎𝑎

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎
= −

𝑅𝑅𝑇𝑇𝑚𝑚𝛿𝛿
𝑀𝑀𝑤𝑤

�
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼1)𝑃𝑃𝑤𝑤
(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚

+
1
𝐷𝐷𝑘𝑘𝑘𝑘

� −
𝑅𝑅𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏
𝑀𝑀𝑤𝑤

�
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼2)𝑃𝑃𝑤𝑤

( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎
� 

(17) 

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎 = −
𝑀𝑀𝑤𝑤

𝑅𝑅 �𝑇𝑇𝑚𝑚𝛿𝛿 �
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼1)𝑃𝑃𝑤𝑤
(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚

+
1
𝐷𝐷𝑘𝑘𝑘𝑘

� + 𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏 �
𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼2)𝑃𝑃𝑤𝑤

( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎
��

−1

∇𝑃𝑃𝑤𝑤|𝑚𝑚−𝑎𝑎𝑎𝑎 

 

(18) 

(𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎 =
𝑀𝑀𝑤𝑤(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎

𝑅𝑅�𝛿𝛿(1 − 𝛼𝛼1)𝑇𝑇𝑚𝑚( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎 + 𝑏𝑏(𝜖𝜖 𝜏𝜏⁄ )(1 − 𝛼𝛼2)𝑇𝑇𝑎𝑎𝑎𝑎( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚�
 

𝑙𝑙𝑙𝑙 �
𝐷𝐷𝑘𝑘𝑘𝑘�𝑇𝑇𝑚𝑚𝛿𝛿( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎�𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼1)𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� + 𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚(𝜖𝜖 𝜏𝜏⁄ )�𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼2)𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�� + 𝑇𝑇𝑚𝑚𝛿𝛿(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎
𝐷𝐷𝑘𝑘𝑘𝑘�𝑇𝑇𝑚𝑚𝛿𝛿( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎�𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼1)𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓� + 𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚(𝜖𝜖 𝜏𝜏⁄ )�𝑃𝑃𝑡𝑡 − (1 − 𝛼𝛼2)𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓�� + 𝑇𝑇𝑚𝑚𝛿𝛿(𝜖𝜖 𝜏𝜏⁄ )( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑚𝑚( 𝑃𝑃𝑡𝑡𝐷𝐷𝑣𝑣−𝑎𝑎)𝑎𝑎𝑎𝑎

� 

 

(19) 

where 𝑃𝑃 is the vapour pressure, 𝐽𝐽 is the permeate flux of water through, 𝑀𝑀𝑤𝑤is the molecular 238 
weight of water, 𝑀𝑀𝑎𝑎 is the molecular weight of air, 𝛼𝛼1 is the effect of air flux in membrane, 239 
𝛼𝛼2 is the effect of air flux in the air-gap channel, which is equal zero for the case of a 240 
diffusion through stagnant air, 𝑅𝑅 is the universal gas constant, 𝜖𝜖 is the membrane porosity, 241 
𝑑𝑑𝑝𝑝 is the membrane pore diameter,  𝛿𝛿 is the membrane thickness, 𝑏𝑏 is the air gap channel 242 
thickness, 𝜏𝜏 is the membrane tortuosity, 𝑃𝑃𝑡𝑡 is the total pressure in the membrane pores, 𝐷𝐷𝑘𝑘𝑘𝑘 243 
is the Knudsen diffusion coefficient, 𝐷𝐷𝑣𝑣−𝑎𝑎 is the water–vapour diffusivity in the air, 𝑇𝑇 is the 244 
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average temperature, 𝑝𝑝𝑣𝑣,𝑓𝑓𝑓𝑓 is the water vapour pressure on the feed side of membrane, 245 
𝑝𝑝𝑣𝑣,𝑎𝑎𝑎𝑎 is the water vapour pressure on the air side of membrane, and 𝑝𝑝𝑣𝑣,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the water 246 
vapour pressure on the condensate film. The subscripts 𝑚𝑚− 𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎, 𝑚𝑚, and 𝑡𝑡 refer to 247 
membrane plus air gap, air gap, membrane, and transition region, respectively.  248 

2.2. Process Modelling 249 

As shown in Figure 1, the feed, air, and permeate channels were divided into n elements, and 250 
the continuity, Navier-Stokes, and energy equations were solved by employing Fluent ANSYS. 251 
As the heat along the feed channel transferred to the permeate side, the bulk feed 252 
temperature along the membrane decreased, whereas the permeate temperature increased. 253 
The obtained bulk temperatures enabled calculation of flow properties across the module, 254 
membrane temperatures on both sides, and condensate film temperature. The equations to 255 
compute membrane temperature on both sides and condensate film in the semi-empirical 256 
model were dependent on water flux. Therefore,  the effects of water flux on the temperature 257 
results on the numerical model were included, and the algorithm illustrated in Figure 3 was 258 
applied to couple the temperature results of numerical simulation with the empirical model 259 
for each element. 260 

The governing equations of numerical simulation in the feed, air, and permeate channel flow 261 
are the continuity, Navier-Stokes, and energy equations [45], as follows: We used the results 262 
from the numerical simulation as an initial input for the algorithm illustrated in Figure 3. 263 

∇.𝑉𝑉�⃗ = 0 
 

(20) 

𝜌𝜌 �
𝜕𝜕𝑉𝑉�⃗
𝜕𝜕𝜕𝜕

+ �𝑉𝑉�⃗ .∇�𝑉𝑉�⃗ � = −∇𝑝𝑝 + 𝜇𝜇∇2𝑉𝑉�⃗ + 𝜌𝜌𝜌𝜌 

 

(21) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ �𝑉𝑉�⃗ .∇�𝑇𝑇 =
𝑘𝑘𝑓𝑓
𝜌𝜌𝑐𝑐𝑝𝑝

∇2𝑇𝑇 
(22) 

where 𝑉𝑉�⃗ = [𝑢𝑢 𝑣𝑣] is the fluid velocity vector, 𝑇𝑇 is the temperature, 𝑝𝑝 is the pressure, 𝜇𝜇 is the 264 
viscosity, 𝑘𝑘𝑓𝑓 is the thermal conductivity, 𝑐𝑐𝑝𝑝 is the fluid heat capacity, 𝜌𝜌 is the mixture density, 265 
and 𝑔𝑔 is the gravity acceleration.  266 

The pressure-based method, the SIMPLE algorithm, and a second-order accuracy for the 267 
spatial discretisation scheme were employed to solve the steady-state governing equations 268 
[46, 47]. The convergence criterion was defined to 10−12 for continuity, velocity, and energy 269 
equations’ residuals. Velocity-inlet and pressure-outlet boundary conditions were set at feed 270 
and permeate inlets and outlets, respectively. Wall and coupled boundary conditions were 271 
used at the upper and lower walls, and at the interface, respectively. The pressure inlet and 272 
outlet were also set at the air inlet and outlet, respectively [46, 47].  273 
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 274 

Figure 3. Flowchart illustrating the algorithm developed to include the effect of water vapour mass 275 
flux in the calculation of membrane temperature. n and k are the number of elements and iterations. 276 
Subscripts ‘emp’ and ‘num’ refer to empirical and numerical approaches [3]. 277 

A comprehensive parametric study of an AGMD system was undertaken. As presented in 278 
Table 1, the effect of inlet feed and permeate temperature, inlet velocity, feed concentration, 279 
and membrane characteristics for counter-current flow configuration with regards to water 280 
flux, CPC, TPC, and thermal efficiency of an AGMD system were explored. The baseline 281 
geometry to model an AGMD was sketched in Figure 4.  282 

Table 1. Baseline and operating conditions for different parametric study of AGMD system 283 

 Feed inlet 
temperature 

[℃] 

Permeate inlet 
temperature 

[℃] 

Inlet velocity 
[𝑚𝑚 𝑠𝑠⁄ ] 

Feed concentration 
[𝑔𝑔/𝑙𝑙] 

Air gap 
thickness 

[𝑚𝑚𝑚𝑚] 

Channel 
length 
 [𝑚𝑚𝑚𝑚] 

Baseline condition 60 25 0.05 10 1 150 
Feed inlet temperature 

study 40-80 25 0.05 10 1 150 

Inlet velocity study 60 25 0.005-0.2 10 1 150 
Feed concentration 

study 60 25 0.05 0-250  150 

Air-gap thickness 
study 60 25 0.05 10 0.2-5 150 

Commercial 
Membranes 60 25 0.05 10 1 150 

 284 
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 285 

Figure 4. Schematic of flow configuration, counter-current operation, as a baseline for AGMD system 286 
(not to scale). L, length of the channels; H, width of the feed and permeate channel; b, air-gap channel 287 
thickness. 288 

2.3. System Performance Metrics 289 

2.3.1. Temperature Polarisation Coefficient  290 

To assess the convective heat flux in the flow channels and the effect of temperature 291 
boundary layer and temperature polarisation, the TPC was calculated [48]. The TPC is defined 292 
as the ratio of the temperature difference between membrane feed side and condensate film 293 
side to the temperature difference between the bulk feed and the bulk permeate, as follows 294 
[48]: 295 

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝑓𝑓,𝑚𝑚 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑝𝑝,𝑏𝑏

 

 

(23) 

where 𝑇𝑇𝑓𝑓,𝑚𝑚 and 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, represent the feed membrane temperature and film temperature, 𝑇𝑇𝑓𝑓,𝑏𝑏 296 
and 𝑇𝑇𝑝𝑝,𝑏𝑏 are the bulk feed and permeate temperature, respectively. TPC=1 indicates no 297 
temperature polarisation and high convective heat flux, and TPC=0 indicates high polarisation 298 
effect. 299 

2.3.2. Concentration Polarisation Coefficient  300 

To characterise concentration polarisation and measure the lateral mass concentration in 301 
the feed-side channel, CPC is calculated, as follows [48]: 302 
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𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐶𝐶𝑓𝑓,𝑚𝑚

𝐶𝐶𝑓𝑓,𝑏𝑏
 

(24) 

𝐶𝐶𝑓𝑓,𝑚𝑚 = 𝐶𝐶𝑓𝑓,𝑏𝑏exp (
((𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎/𝜌𝜌𝑓𝑓) 

𝐾𝐾𝑠𝑠
) 

 

(25) 

where 𝐶𝐶𝑓𝑓,𝑚𝑚 and 𝐶𝐶𝑓𝑓,𝑏𝑏 represents the concentration on the surface of the membrane feed-side 303 
and bulk feed fluid, respectively. 𝜌𝜌𝑓𝑓 and 𝐾𝐾𝑠𝑠 are the density and mass transfer coefficients of 304 
salt, respectively. CPC=1 indicates no concentration polarisation, and as CPC increases, the 305 
concentration polarisation effect increases. 306 

2.3.3. Thermal Efficiency 307 

Thermal efficiency defines the ratio of the latent heat of evaporation to the total heat 308 
transfer across the membrane and air-gap, as follows: 309 

𝑞𝑞″𝑓𝑓𝑓𝑓 = (𝐽𝐽𝑤𝑤)𝑚𝑚−𝑎𝑎𝑎𝑎ℎ𝑓𝑓𝑓𝑓 
 

(26) 

𝑞𝑞″𝑘𝑘 = ℎ𝑎𝑎𝑎𝑎(𝑇𝑇𝑓𝑓,𝑚𝑚 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 
 

(27) 

𝜂𝜂𝑡𝑡 =
𝑞𝑞″𝑓𝑓𝑓𝑓

𝑞𝑞″𝑓𝑓𝑓𝑓 + 𝑞𝑞″𝑘𝑘
 

 

(28) 

where 𝑞𝑞″𝑘𝑘, 𝑞𝑞″𝑓𝑓𝑓𝑓, and 𝜂𝜂𝑡𝑡 are the conduction heat transfer flux, phase change heat transfer 310 
flux, and thermal efficiency, respectively. 311 

3. Results and Discussion 312 

First, the developed model was validated against the experimental data [5, 14, 49]. Second, 313 
the influence of operating conditions including inlet temperature, velocity (Reynolds 314 
number), feed concentration, membrane properties including pore diameter, membrane 315 
thickness, porosity on the permeate flux, thermal efficiency, temperature, and concentration 316 
polarisation coefficients were investigated. Moreover, twenty-two commercially-available 317 
membranes, commonly used in the literature, were evaluated in terms of system 318 
performance metrics to assess the suitability of these membranes for AGMD application. 319 
Finally, AGMD was compared to DCMD under the same condition in terms of system 320 
performance metrics and downstream variation of permeate flux, in order to assess the 321 
downstream effect on the performance of MD systems. 322 

3.1. Model Validation 323 

Four levels of structured quadrilateral mesh type were generated for the baseline condition 324 
and geometry to perform grid independence studies. The 220 × 150 mesh was chosen 325 
because the 250 × 150 mesh produced an insignificant (1%) error for the temperature and 326 
velocity values, as reported in the previous work [3]. 327 

The water flux results for different inlet feed temperatures were validated by comparison 328 
with Banat’s experimental results [49]. As shown in Figure 5, they were in good agreement, 329 
within less than 4% deviation from the experimental results. It was shown that this model 330 
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improved the AGMD model compared to Banat’s and Alklaibi’s model [20], which are within 331 
approximately 20% and 10% deviation, respectively. This model was also compared with an 332 
alternate model using the water flux equation provided by Naomani et al. [12]. Our self-333 
sustained water flux equation improved the water flux prediction from 15% to less than 4% 334 
deviation. As shown in Figure 6 and 7, this new model was also validated by comparison with 335 
Alsaadi’s [14] and Xu’s [5] experimental results, which were in good agreement. In the 336 
reported experiments, water permeate flux was recorded over 4 hours and measured with 337 
an uncertainty of ±0.01 g. From consideration of effective membrane area, it was concluded 338 
that all models were beyond the uncertainty limits.  339 

 340 

Figure 5. The influence of feed temperature on the water permeate flux, showing the difference 341 
between Banat’s experiments, this model (D<0.04), Banat’s model (D<0.2), Alklaibi’s model (D<0.1), 342 
and alternate model when we used Noamani’s water flux model (D<0.15). The deviation from 343 

experimental results was calculated by  𝐷𝐷 = 1
𝑛𝑛
∑

�𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖−𝐽𝐽𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖�

𝐽𝐽𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖

𝑛𝑛
𝑖𝑖 . The following condition were applied:  344 

Flow regime: Counter-current, 𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖 = 20℃, 𝑄𝑄𝑖𝑖𝑖𝑖 = 5.5 𝐿𝐿 𝑚𝑚𝑚𝑚𝑚𝑚⁄ , H=2 mm, L=130 mm, b=3.5 mm, 𝛿𝛿 =345 
0.11 𝑚𝑚𝑚𝑚, 𝜖𝜖 = 0.75, 𝛿𝛿𝑐𝑐𝑐𝑐 = 1.5 𝑚𝑚𝑚𝑚, 𝑑𝑑𝑝𝑝 = 0.45 𝜇𝜇𝜇𝜇, PVDF membrane Type, membrane area= 160 𝑐𝑐𝑚𝑚2 346 

 347 

Figure 6. The influence of feed temperature on the water permeate flux, in comparison with Alsaadi’s 348 
experiment [14]. (A). Deionised feed water (D<0.1). (B) 4.2 Wt% feed water (D<0.05). The following 349 
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condition were applied:  Flow regime: Co-current, 𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖 = 20℃, 𝑄𝑄𝑖𝑖𝑖𝑖 = 1.5 𝐿𝐿 𝑚𝑚𝑚𝑚𝑚𝑚⁄ , H=2 mm, L=100 350 
mm, b=9 mm, 𝛿𝛿 = 100 𝜇𝜇𝜇𝜇, 𝜖𝜖 = 0.8, 𝛿𝛿𝑐𝑐𝑐𝑐 = 0.25 𝑚𝑚𝑚𝑚, 𝑑𝑑𝑝𝑝 = 0.2 𝜇𝜇𝜇𝜇, PTFE membrane Type, membrane 351 
area= 50 𝑐𝑐𝑚𝑚2 352 

 353 

Figure 7. The influence of feed temperature on the water permeate flux, in comparison with Xu’s 354 
experiment [5] (D<0.03). The following condition were applied:  Flow regime: Counter-current, 𝐶𝐶𝑖𝑖𝑖𝑖 =355 

90 𝑔𝑔 𝑙𝑙,⁄  𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖 = 20℃, 𝑈𝑈𝑖𝑖𝑖𝑖,𝑓𝑓 = 0.06 𝑚𝑚 𝑠𝑠⁄ , 𝑈𝑈𝑖𝑖𝑖𝑖,𝑝𝑝 = 0.07 𝑚𝑚 𝑠𝑠⁄  H=2 mm, L=100 mm, b=10 mm, 𝛿𝛿 =356 
166 𝜇𝜇𝜇𝜇, 𝜖𝜖 = 0.687, 𝛿𝛿𝑐𝑐𝑐𝑐 = 0.25 𝑚𝑚𝑚𝑚, 𝑑𝑑𝑝𝑝 = 0.2 𝜇𝜇𝜇𝜇, PTFE membrane Type, membrane area= 50 𝑐𝑐𝑚𝑚2 357 

3.2. Influence of Operating Conditions 358 

3.2.1. Inlet Temperature 359 

To study the influence of inlet temperature, a counter-current arrangement was modelled 360 
for the inlet temperatures 40 ≤ 𝑇𝑇𝑓𝑓 ≤ 80℃. All other parameters were set as constant at the 361 
baseline condition (Table 1). 362 

 363 

Figure 8. (A) Variation of mean water flux and thermal efficiency with varying inlet feed temperatures 364 
of a AGMD system. (B) Variation of TPC and maximum of CPC with varying inlet feed temperatures of 365 
a AGMD system. 366 

Figure 8 shows the effect of inlet feed temperature on the water permeate flux, thermal 367 
efficiency, TPC, and CPC. Equation (15) showed water flux  (𝐽𝐽𝑤𝑤) was a logarithmic function of 368 
vapour pressure on the feed membrane (𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓) and film (𝑃𝑃𝑣𝑣,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) sides; which both were an 369 
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exponential function of temperature (Equation [A19-A20] ). Therefore, as the inlet feed 370 
temperature increased, (𝐽𝐽𝑤𝑤) increased exponentially. A two-fold increase of inlet feed 371 
temperature from 40℃ to 80℃, was found to increase 𝐽𝐽𝑤𝑤 by a factor of 9.5, from 0.42 to 4.01 372 
(g m2s⁄ );  and the thermal efficiency was increased from 76% to 91%. The increase in thermal 373 
efficiency occurred due to the increase of the phase change heat transfer flux rate (dependent 374 
on 𝐽𝐽𝑤𝑤) compared to the conduction heat transfer flux rate [dependent on (𝑇𝑇𝑓𝑓,𝑚𝑚 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)]. 375 
Figure 8 (B) shows temperature and concentration polarisation effects increased as the inlet 376 
feed temperature increased: TPC decreased from 0.81 to 0.61 and CPC increased from 1.04 377 
to 1.44, respectively. With increasing inlet feed temperature from 40℃ to 80℃, the bulk 378 
temperature (𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑝𝑝,𝑏𝑏) and  𝐽𝐽𝑤𝑤increased 3.6-fold and 9.5-fold, respectively. Therefore, the 379 
ratio of thermal resistance of membrane and air gap channel to the overall thermal resistance 380 
of the AGMD system decreased, and consequently TPC decreased. CPC is an exponential 381 
function of 𝐽𝐽𝑤𝑤and 𝐾𝐾𝑠𝑠−1. 𝐾𝐾𝑠𝑠, mass transfer of salt in water, increased with increasing of 382 
temperature because the density and dynamic viscosity decreased, resulting in a higher 383 
Sherwood number and a lower Schmidt number. Therefore, although 𝐽𝐽𝑤𝑤 increased 9.5-fold, 384 
CPC increased only by 38%.  385 

3.2.2. Reynolds Number 386 

To examine the effects of the inlet velocity, a counter-current arrangement of an AGMD 387 
system was modelled for 0.005 ≤ 𝑉𝑉𝑖𝑖𝑖𝑖 ≤ 0.2 m s⁄ , corresponding to the laminar Reynolds 388 
numbers of 40 ≤ 𝑅𝑅𝑅𝑅 ≤ 1600. All other parameters were maintained at the baseline 389 
condition. 390 

Figure 9 shows the effect of laminar Reynolds number on the water permeate flux, thermal 391 
efficiency, TPC, and CPC. An increased Reynolds number decreased the thermal boundary 392 
layer, which reduced the temperature and concentration polarisation effects [Figure 9(B)]. As 393 
a result a higher water flux through the system was observed [Figure 9(A)]. By increasing the 394 
Reynolds number from 40 to 1600, the water permeate flux increased 28%, from 1.419 to 395 
1.813 (g m2s⁄ ), and the thermal efficiency increased only slightly. As described above, with 396 
an increase of Reynolds number from 40 to 1600, the temperature polarisation effect 397 
decreased due to an increase in turbulence. Therefore TPC increased from 0.7 to 0.79. It was 398 
shown that although water permeate flux increased, the CPC decreased to some extent from 399 
1.31 to 1.11. As explained above, two opposing factors, water flux and the solute convection 400 
mass transfer coefficient, affected the CPC. With an increase of Reynolds number, the 401 
dominant effect of the solute mass transfer increase over water flux increase on the CPC 402 
resulted in a decrease in CPC.  403 
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 404 

Figure 9. (A) The effect of the varying laminar Reynolds number of an AGMD system on the mean water 405 
flux and thermal efficiency. (B) Variation of TPC and maximum CPC with varying laminar Reynolds 406 
number in an AGMD system. 407 

3.2.3. Inlet Concentration 408 

To investigate the influence of inlet feed concentration, a counter-current arrangement of a 409 
AGMD system was modelled for the inlet feed concentration 0 ≤ 𝐶𝐶𝑓𝑓 ≤ 250 g/l with all other 410 
parameters maintained at the baseline condition. 411 

 412 

Figure 10. (A) Variation of mean water flux and thermal efficiency with varying inlet feed 413 
concentrations of an AGMD system. (B) Variation of TPC and maximum of CPC with varying inlet feed 414 
concentrations of an AGMD system. 415 

Figure 10 (A) shows the decrease in water flux from 1.642 (g m2s⁄ ) for 𝐶𝐶𝑓𝑓 = 0 g/l to 1.35 416 
(g m2s⁄ ) for 𝐶𝐶𝑓𝑓 = 250 g/l. This behaviour occurred due to a decrease in vapour pressure 417 
difference, which was the minus quadratic function of molality [Equation (A21)]. The 418 
decreased water flux resulted in a decrease in CPC from 1.16 to 1.11, as seen in Figure 10 (B). 419 
Decreasing the water flux resulted in a decrease of 𝑞𝑞″𝑓𝑓𝑓𝑓; therefore, 𝜂𝜂𝑡𝑡 decreased from 0.856 420 
to 0.822. By increasing 𝐶𝐶𝑓𝑓 from 0 g/l to 250 g/l, the TPC increased from 0.724 to 0.762. This 421 
was because when Equation (2) was divided by  𝑇𝑇𝑓𝑓,𝑏𝑏 − 𝑇𝑇𝑝𝑝,𝑏𝑏, at the fixed bulk temperature, the 422 
decreased water flux resulted in higher thermal resistance for the phase change heat transfer, 423 
and consequently, the TPC increased. 424 

3.2.4. Air Gap Thickness 425 
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To examine the effect of air gap thickness, a counter-current arrangement of an AGMD 426 
system was modelled ranging from 0.5 ≤ 𝑏𝑏 ≤ 5 mm with all other parameters maintained at 427 
the baseline condition. To compare AGMD and DCMD processes, we have included the case 428 
of 𝑏𝑏 = 0 (DCMD process, which is explained in Section 3.4). 429 

 430 

Figure 11. (A) Variation of mean water flux and thermal efficiency with varying air gap thickness of a 431 
AGMD system. (B) Variation of TPC and maximum of CPC with varying air gap thickness of a AGMD 432 
system. 433 

Figure 11 (A) illustrated that the water flux decreased from 2 (g m2s)⁄  for 𝑏𝑏 = 0.5 mm to 0.6 434 
(g m2s)⁄  for 𝑏𝑏 = 5 mm. This was because increasing air gap thickness created further mass 435 
transfer resistance, thus reducing the water permeate flux. However, situation also led to a 436 
6% increase in thermal efficiency from 0.81 to 0.87 due to the decrease in heat loss along the 437 
module. This was because the decreased rate of conduction heat transfer 𝑞𝑞″𝑘𝑘 was more than 438 
a phase change heat transfer 𝑞𝑞″𝑓𝑓𝑓𝑓 since the air heat transfer coefficient (ℎ𝑎𝑎) significantly 439 
decreased. Figure 11 (B) illustrates that both temperature and concentration polarisation 440 
effects significantly reduce with an increasing air gap thickness. When b increased from 0.5 441 
mm to 5 mm, TPC increased from 0.64 to 0.9 and CPC decreased from 1.2 to 1.05.  442 

3.3. Influence of Membrane Properties and Commercial Membranes 443 

3.3.1. Membrane Properties 444 

To examine the effect of membrane properties, a counter-current arrangement of an AGMD 445 
system was modelled with different membrane pore diameter, porosity, and membrane 446 
thickness, ranging from 0.02 ≤ 𝑑𝑑𝑝𝑝 ≤ 0.79 μm, 40% ≤ 𝜖𝜖 ≤ 85% , and 25 ≤ 𝑑𝑑𝑝𝑝 ≤ 250 μm, 447 
respectively while all other parameters were maintained at the baseline condition. 448 

Figure 12 shows the variation of water permeate flux, thermal efficiency, TPC, and CPC with 449 
varying membrane properties, including pore diameter, porosity, and thickness. When the 450 
pore diameter was increased from 0.02 to 0.79 μm, the water flux and the thermal efficiency, 451 
increased from 0.69 to 1.72 (g m2s⁄ ) and 0.68 to 0.86, respectively. Both temperature and 452 
concentration polarisation effects intensified with increasing membrane pore diameter. More 453 
specifically, TPC decreased 17% from 0.85 for 0.02 μm to 0.71 for 0.79 μm and CPC increased 454 
9% from 1.07 for 0.02 μm to 1.17 for 0.79 μm. Figure 12 (A,B) showed that the rate of increase 455 
in water flux, thermal efficiency, temperature, and concentration polarisation effects from 456 
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0.02 to 0.1 μm was higher than the range 0.1 to 0.79 μm. This was because the membrane 457 
pore diameter was less than the mean free path length. Consequently, the mass transfer 458 
mechanism was predominantly Knudsen diffusion. Figures 12 (C, D) show that with increasing 459 
membrane porosity from 40% to 85%, the water flux and the thermal efficiency increased 460 
from 0.97 to 2.01 g m2s⁄  and 0.76 to 0.89, respectively. However, both the temperature and 461 
concentration polarisation also increased. TPC decreased from 0.81 to 0.67 and CPC increased 462 
from 1.09 to 1.2.  Figures 12 (E, F) showed that with increasing membrane thickness 𝛿𝛿, the 463 
membrane mass transfer resistance increased, leading to less water flux and, consequently, 464 
less temperature and concentration polarisation effects. As shown, increasing membrane 465 
thickness from 25 to 250 μm reduced the water flux and the thermal efficiency from 2.07 to 466 
1 g m2s⁄  and 0.89 to 0.78, respectively. Moreover, TPC increased from 0.67 to 0.81 and the 467 
CPC decreased from 1.21 to 1.1.  468 

 469 

 470 

Figure 12. (A) Variation of mean water flux and thermal efficiency with varying membrane pore 471 
diameter of an AGMD system. (B) Variation of TPC and maximum of CPC with varying membrane pore 472 
diameter of an AGMD system. (C) Variation of mean water flux and thermal efficiency with varying 473 
membrane porosity of an AGMD system. (D) Variation of TPC and maximum of CPC with varying 474 
membrane porosity of an AGMD system. (E) Variation of mean water flux and thermal efficiency with 475 
varying membrane thickness of an AGMD system. (F) Variation of TPC and maximum of CPC with 476 
varying membrane thickness of an AGMD system. 477 
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3.3.2. Commercial Membranes 478 

To compare the effect of the membrane parameters on the AGMD performance, a counter-479 
current arrangement of an AGMD system was modelled for 22 commercially available 480 
membranes [Table 2], while all other parameters were maintained at the baseline condition. 481 

Table 2. Membranes selected for this study, and characteristics provided by their  manufacturers  ]50-482 
52[ . 483 

Manufacturer Model Number Membrane Type 
Nominal Pore Size 

(µm) 
Thickness 

(µm) 
Porosity 

(%) 
3M 0.2 µm PP 0.59 110 85 
3M 0.45 µm PP 0.79 110 85 

AQUASTILL 0.3 µm PE 0.3 76 85 
CELGARD 2400 PP 0.043 25 41 
CELGARD 2500 PP 0.064 25 55 
CLARCOR QL218 PTFE 0.2  280  75 
CLARCOR QL822 PTFE 0.45 165  75 
CLARCOR QP952 PTFE 0.45 223  75 
CLARCOR QP9955 PES 0.2  216  75 
CLARCOR QP961 PES 0.1 140  75 
CLARCOR QM022 PTFE 0.36 84 62 

Millipore Durapore (GVHP) PVDF 0.22 125 75 
Millipore Durapore (HVHP) PVDF 0.45 140 75 
Millipore Fluoropore PTFE 0.22 175 40 
Millipore Fluoropore PTFE 0.22 175 70 

Osmonics Corp k-150 PTFE 0.1 260 75 
Membrana, Germany PP Accurel 2E PP 0.2 163 75 
Membrana, Germany M1 PP 0.2 91 70 
Membrana, Germany M2 PP 0.45 170 75 
Whatman, Germany Westran S PVDF 0.2 121 76 

Gelman Inst Co TF200 PTFE 0.2 60 60 

Hoechst-Celanese CELGARD 2400 PP 0.02 25 38 

 484 

Figure 13 showed the water flux, thermal efficiency, TPC, and CPC for each of the 22 different 485 
membranes. It was shown that different membrane properties can significantly affect AGMD 486 
performance. The AQUASTILL membrane showed the most effective performance compared 487 
to the other 22 membranes because of the high porosity, 85%, and suitable thickness, 76 μm. 488 
The water flux, thermal efficiency, TPC, and CPC of the AGMD system with the AQUASTILL 489 
membrane were 2.03 g m2s⁄ , 0.89, 0.67, and 1.2, respectively. Although AQUASTILL had 490 
lower pore diameter compared to both 3M 0.45 μm and 0.2 μm membranes, it benefited 491 
from smaller membrane thickness. A comparison of Membrana M2 with Membrana M1 492 
showed that although Membrana M2 had greater pore diameter because of the increased 493 
thickness, both membranes exhibited equal performance. A comparison between CLARCOR 494 
QM022 and Millipore Durapore (GVHP) showed a significant effect of porosity on the AGMD 495 
performance. Although CLARCOR QM022 benefited from 40% higher pore diameter and 50% 496 
lower thickness, it had 21% lower porosity, it performed similarly to Millipore Durapore 497 
(GVHP). For CLARCOR QM022 and Millipore Durapore (GVHP), water flux, thermal efficiency, 498 
TPC, and CPC of AGMD system were 1.63 g m2s⁄ , 0.85, 0.72, and 1.16, respectively. The 499 
performance of AGMD with the Hoechst-Celanese membrane revealed that although the 500 
system benefited from the low temperature and concentration polarisation effects with TPC 501 
and CPC of 0.86 and 1.05, respectively; it had a lower water flux, 0.6 g m2s⁄ . This situation 502 
occurred due to the small pore diameter as well as porosity (0.02 μm and 38%, respectively). 503 
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Analysing all 22 membranes showed that Millipore Fluoropore Porosity 0.4 benefited from 504 
the lowest temperature and concentration polarisation effects, with TPC and CPC of 0.88 and 505 
1.05, respectively. However, it suffered from the lowest water flux and the lowest thermal 506 
efficiency, 0.52 g m2s⁄  and 0.61, respectively. These results revealed that the 3M 0.45 μm 507 
membrane with 34% higher pore diameter compared to 3M 0.2 μm membrane shows slight 508 
improvement in an AGMD system. Comparison between two membranes from the 509 
manufacturer CELGARD showed that increasing pore diameter by 49% from 0.043 to 0.064 510 
μm, and 14% porosity from 41% to 55%, improved the performance of an AGMD system in 511 
terms of water flux and thermal efficiency from 1.039 to 1.635 g m2s⁄  and 0.77 to 0.85, 512 
respectively. Analysing the membranes manufactured by CLARCOR illustrated that the 513 
QM022 model number with 0.36 μm pore diameter, 84 μm thickness and 62% porosity 514 
performed most efficiently in an AGMD system in terms of water flux and thermal efficiency; 515 
which are 1.632 g m2s⁄  and 0.85, respectively. A comparison between two membranes from 516 
Millipore revealed that Durapore (HVHP) (0.45 μm pore diameter, 140 μm thickness and 75% 517 
porosity) provided an increased water flux and thermal efficiency, which were 1.7 g m2s⁄  and 518 
0.87, respectively. This occured due to the higher porosity compared to the Fluoropore 519 
models and higher pore diameter than Durapore (GVHP).  520 

 521 

 522 

Figure 13. A comparison of the performance of 22 commercially available membranes listed 523 
in Table 2: (A) Water flux, (B) Thermal efficiency 𝜂𝜂𝑡𝑡, (C) TPC, and (D) CPC. 524 

 525 

3.4. Comparative Study of AGMD and DCMD 526 

In this section, in continuation of a previous study [3], DCMD and AGMD performance results 527 
were compared in terms of downstream water-flux variations and system performance 528 
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metrics including water flux, thermal efficiency, TPC, and CPC. A counter-current arrangement 529 
of DCMD and AGMD was modelled for different Reynolds number in the range 40 ≤ 𝑅𝑅𝑅𝑅 ≤530 
1600, and different air gap thickness as described in the Section 4.2.4. Results from a previous 531 
study [3] revealed that the downstream variation of water flux significantly changed along the 532 
module, thus reducing the DCMD system performance. This section focused on downstream 533 
variations of water flux along the module to compare the DCMD and AGMD systems.  534 

Figure 11 showed that the DCMD process provided significantly higher water flux compared 535 
to the AGMD process. This was because the air gap channel’s mass and heat transfer 536 
resistances led to a decrease in driving force in an AGMD system. Figure 11 showed that the 537 
water flux for DCMD was 2.95 g m2s⁄ , while for AGMD with 0.5 mm air-gap thickness it was 2 538 
g m2s⁄  and with 5 mm air-gap thickness decreased to 0.63 g m2s⁄ . On the other hand, the 539 
thermal efficiency of AGMD was higher than DCMD because the air gap channel caused a 540 
lower heat loss. Figure 11 showed that 𝜂𝜂𝑡𝑡 was 0.37 for the DCMD system, while it was 0.81 541 
for AGMD with 0.5 mm air gap thickness and increases to 0.89 for AGMD with 5 mm air gap 542 
thickness. It was also shown that AGMD systems benefit from lower temperature and 543 
concentration polarisation effects. Figure 11 illustrated that TPC for DCMD is 0.37, while it 544 
was 0.64 and 0.9 for AGMD with b of 0.5 and 5 mm, respectively. CPC of 1.24 for DCMD was 545 
larger than AGMD, which was 1.05 for b of 5 mm. 546 

Figure 14 illustrated that contrary to AGMD, DCMD suffered from a considerable reduction of 547 
the water flux along the module. The water flux for DCMD decreased 50% from 4.98 g m2s⁄  548 
at the inlet to 2.465 g m2s⁄  at the exit, while for AGMD with 1mm air gap thickness it 549 
decreased 2% from 1.655 g m2s⁄  to 1.62 g m2s⁄ . Figure 15 showed that with a reduced 550 
Reynolds number, the downstream variation of DCMD significantly increased, from a 30% 551 
reduction (from 5.943 to 4.15 g m2s⁄ , for Re=1600) to 77% reduction (from 2.966 to 0.683 552 
g m2s,⁄  for Re=40). As described above, although the water flux of DCMD was higher than 553 
AGMD, as shown in Figure 15, the reduction of water flux along the system for DCMD reached 554 
a point lower than for AGMD. Therefore, the insignificant variation of water flux along the 555 
AGMD was a considerable advantage of AGMD over DCMD. In conclusion, although AGMD 556 
provides lower water flux compared to DCMD, it outperformed in terms of thermal efficiency, 557 
TPC, CPC, and fewer downstream variations. Figure 16 shows with an increase of module 558 
length, the water flux decreased. In the case that Re and the air-gap thickness were 40 and 559 
0.5 mm, respectively; the water flux for AGMD with module length of 100 mm decreased 86% 560 
from 1.84 g m2s⁄  at the inlet to 1.585 g m2s⁄  at the exit. While for AGMD with module length 561 
of 500 mm it decreased 56% from 1.335 g m2s⁄  to 0.754 g m2s⁄ . In conclusion, Re number 562 
which was relative to the inlet velocity and channel height, air-gap thickness and module 563 
length determined the value of downstream variation of water flux in AGMD. 564 
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 565 

Figure 14. Downstream variations of water flux for DCMD and AGMD systems with different air gap 566 
thickness for the baseline condition. (L=150 mm, H=1.6 mm, CLARCOR, QM0200 membrane type, 567 
Re=400 (𝑈𝑈𝑖𝑖𝑖𝑖 = 0.05 m s⁄ ), 𝐶𝐶𝑓𝑓,𝑖𝑖𝑖𝑖=10 𝑔𝑔/𝑙𝑙, 𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖=60 ℃ 𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖=25 ℃) 568 

Table 3 showed that increasing inlet temperature had the most significant positive effect on 569 
water flux and thermal efficiency; however, it negatively affected temperature and 570 
concentration polarisation. Among the operating conditions, increasing the Reynolds number 571 
presented a positive effect on all the system performance, including higher water flux and 572 
lower temperature and concentration polarisation effects. Table 3 also revealed that 573 
increasing the inlet concentration and the increased air gap thickness yielded lower both 574 
temperature and concentration polarisation. The increased porosity and pore diameter 575 
significantly affected AGMD performance by increasing water flux and increasing both 576 
temperature and concentration polarisation effects. 577 

Table 3 also showed that increased inlet temperature led to more significant changes in 578 
thermal efficiency and both temperature and concentration polarisation for DCMD compared 579 
to AGMD. A two-fold increase of inlet temperature from 40 ℃ to 80 ℃ increased the thermal 580 
efficiency and CPC, 20% and 76%, respectively and it decreased 46% TPC for a DCMD system; 581 
it increased thermal efficiency and CPC, 15.1% and 38%, respectively, and decreased TPC 26% 582 
for an AGMD system. The effect of Reynolds number on DCMD was higher than for the AGMD 583 
system. In detail, increasing Reynolds number from 40 to 1600 resulted in a 320% increase of 584 
water flux for DCMD, while it was 28% for AGMD. This increased Reynolds number yielded a 585 
200% increase of TPC, while for AGMD it was 12.3%. In general, the sensitivity of DCMD on 586 
changing operating conditions, among which the Reynolds number was the highest is more 587 
considerable than AGMD. 588 
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 589 

Figure 15. Comparison of variations in the downstream water flux (A DCMD and AGMD systems for 590 
Re=1600. (B) DCMD and AGMD systems for Re=800. (C) DCMD and AGMD systems for Re=400. (D) 591 
DCMD and AGMD systems for Re=80. (E) DCMD and AGMD systems for Re=40.  (L=150 mm, H=1.6 mm, 592 
CLARCOR-QM0200 membrane type, 𝐶𝐶𝑓𝑓,𝑖𝑖𝑖𝑖=10 𝑔𝑔/𝑙𝑙, 𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖=60 ℃ 𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖=25 ℃, and b=1 mm for AGMD 593 
systems) 594 

 595 

Figure 16. Downstream variations of water flux for AGMD systems with different length modules. 596 
the baseline condition. (H=1.6 mm, b=0.5 mm CLARCOR, QM0200 membrane type, Re=40 (𝑈𝑈𝑖𝑖𝑖𝑖 =597 
0.005 m s⁄ ), 𝐶𝐶𝑓𝑓,𝑖𝑖𝑖𝑖=10 𝑔𝑔/𝑙𝑙, 𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖=60 ℃ 𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖=25 ℃)  598 
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Table 3. Parametric study of AGMD and DCMD systems. Operating conditions for AGMD provided in 599 
Table 1 and for DCMD provided in Reference [3]. The plus and minus signs mean the increase and 600 
reduction in the intended system performance metrics for each variation range, respectively. 601 

Parameter Study 

System Performance Metrics 

Variation 
Range 

Water Flux (𝐽𝐽) 
[g m2s⁄ ] 

CPC TPC Thermal Efficiency (𝜂𝜂𝑡𝑡) 

AGMD DCMD AGMD DCMD AGMD DCMD AGMD DCMD 

Operating 
Conditions 

Inlet Feed 
Temperature [ ℃ ] 40 → 80 

+9.5-fold 
0.42  → 4.02 

10-fold 
0.76  → 7.66 

+38% 
1.04  → 1.44 

+76% 
1.04  → 1.84 

-26% 
0.81  → 0.62 

-46% 
0.60  → 0.14 

+15.1% 
76.3  → 91.4 

+20% 
27  → 47 

Inlet Velocity 
[m s⁄ ] 

/ Reynolds 
Number 

0.005 → 0.2 
/40 → 1600 

+28% 
1.42  → 1.81 

3.2-fold 
1.4  → 4.46 

-17% 
1.34  → 1.12 

-16% 
1.36  → 1.17 

+12.3% 
0.7  → 0.79 

2-fold 
0.23  → 0.46 

+0.4% 
85.2  → 85.6 

+1% 
36.9  → 37.9 

Inlet 
Concentration 

[g/l] 

0 → 250 
10 → 250  
(for CPC) 

-18% 
1.64 → 1.35 

-17% 
2.99 → 2.5 

-4% 
1.16  → 1.11 

-7.3% 
1.23  → 1.14 

+5% 
0.72  → 0.76 

+41% 
0.36  → 0.51 

-3.4% 
85.6 → 82.2 

-7% 
37 → 30 

Air Gap Thickness 
[mm] 0.5 → 5 

AGMD AGMD AGMD AGMD 
-68% 

2  → 0.63 
-15% 

1.235  → 1.05 
+40% 

0.64  → 0.9 
+8% 

81 → 89 

Membrane 
Properties 

Membrane 
Thickness [µm] 25 → 250 

-51.6% 
2.07  → 1 

-9.4% 
1.21  → 1.097 

+22% 
0.67  → 0.81 

-11.24% 
88.8 → 77.56 

Pore Diameter 
[µm] 0.02 → 0.79 

+ 2.6-fold 
0.66  → 1.72 

+9% 
1.07  → 1.17 

-16% 
0.85  → 0.71 

+18% 
68 → 86 

Porosity [%] 40 → 85 
+ 2.06-fold 
0.98  → 2.02 

+10% 
1.09  → 1.2 

-17% 
0.81  → 0.67 

+13% 
76 → 89 

 602 

 5. Conclusion 603 

By improving a water permeate flux model and the inclusion of downstream variations of 604 
AGMD and DCMD, this study reported a comprehensive analysis of AGMD and a comparative 605 
study of AGMD and DCMD, in terms of water permeate flux, thermal efficiency, temperature, 606 
and concentration polarisation effects. The results showed that the improved model was in 607 
good agreement with the experimental results and an enhanced the prediction from 15% to 608 
less than 4% deviation. 609 

The results revealed that the performance of AGMD system is susceptible to the inlet feed 610 
temperature, the Reynolds number, and the air gap thickness. When the inlet feed 611 
temperature was doubled, the water flux, thermal efficiency, and CPC increased by 9.5-fold, 612 
15.1%, and 38%, respectively, and TPC decreased by 26%. According to the results, water flux 613 
and both temperature and concentration polarisation effects were treated similarly by 614 
changing the operating conditions, excluding the Reynolds number. Although an air gap 615 
thickness increase from 0.5 to 5 mm, caused a 68% reduction in the water flux, it decreased 616 
both polarisation effects: A 15% reduction in CPC and a 40% increase in TPC. On the other 617 
hand, by increasing Reynolds number from 40 to 1600, the water flux and thermal efficiency 618 
increased by 28% and 1%, respectively. The adverse effects of both polarisations decreased 619 
by a 17% reduction in CPC and 12.3% increase in TPC. Results also revealed that the 620 
membrane properties can considerably affect the AGMD performance. It was shown that by 621 
increasing porosity from 40 to 85%, water flux, thermal efficiency, was enhanced by 2.06-fold 622 
and 13%, and undesirably both polarisations increased by a 10% increase in CPC and 17% 623 
reduction in TPC. Analysing 22 different commercially available membranes revealed that 624 
AQUASTILL membrane with 85% porosity and 76 μm thickness, showed the most effective 625 
MD performance compared to the other commercially available membranes.  626 
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DCMD performance was shown to be more sensitive to the operating conditions compared 627 
to AGMD performance. By increasing the Reynolds number from 40 to 1600, the water flux 628 
and TPC changed 28% and 12.3%, respectively, for AGMD, while they changed 3.2-fold and 2-629 
fold, respectively, for DCMD. In addition, results showed that the DCMD system runs a 630 
significantly higher water flux than AGMD; however, AGMD provides higher thermal 631 
efficiency, and lower concentration and temperature polarisation effects in the same 632 
condition. The water flux of DCMD was 80% more than AGMD with air gap thickness of 1mm; 633 
however, the thermal efficiency and TPC of DCMD were 51% and 49% lower than the value 634 
of AGMD with air gap thickness of 1mm. The results also showed that, unlike the AGMD, 635 
DCMD suffers from a substantial decrease in water flux along the module. The exit water flux 636 
decreased by 50% of the inlet value for DCMD, while it decreased by 2% for AGMD with 1mm 637 
air gap thickness. Consequently, unlike the DCMD, it is not critical for AGMD to create a 638 
uniform temperature distribution that minimise the decrease of water flux along the system. 639 
Moreover, Re number which was relative to the inlet velocity and channel height, air-gap 640 
thickness and module length determine the value of downstream variation of water flux in 641 
AGMD. 642 

Appendix 643 

𝑁𝑁𝑁𝑁 = 4.36 +
0.036𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐷𝐷ℎ 𝐿𝐿⁄

1 + 0.0011(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐷𝐷ℎ 𝐿𝐿⁄ )0.8 
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𝜇𝜇 = (2.367 + 2.205𝑐𝑐 − 0.491𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) × 10−3  
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+ 0.00177𝑀𝑀2 − 6.3 ∗ 10−5𝑇𝑇𝑀𝑀2 + 4.5 ∗ 10−7𝑇𝑇2𝑀𝑀2 
 

[56] (A8) 

𝜆𝜆𝑎𝑎 𝑤𝑤⁄ =
𝑘𝑘𝐵𝐵𝑇𝑇

𝜋𝜋[0.5(𝜎𝜎𝑤𝑤 + 𝜎𝜎𝑎𝑎)]2𝑃𝑃𝑡𝑡
.

1

�1 + 𝑀𝑀𝑤𝑤
𝑀𝑀𝑎𝑎

�
0.5 

[57] (A9) 



27 
 

𝜎𝜎𝑎𝑎 = 3.711 × 10−10 
𝜎𝜎𝑤𝑤 = 2.641 × 10−10 
𝑘𝑘𝐵𝐵 = 1.381 × 10−23 
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(𝐽𝐽𝑎𝑎)𝑎𝑎𝑎𝑎 is the influence of air flux, which moves counter to the water flux: 644 
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𝑃𝑃𝑡𝑡𝐷𝐷𝑤𝑤𝑤𝑤−𝑎𝑎 = 1.895𝑇𝑇2.072 × 10−5  [58] (A17) 

𝛼𝛼1 = �
𝑀𝑀𝑤𝑤

𝑀𝑀𝑎𝑎
 

(A18) 

𝑃𝑃𝑤𝑤 = 𝑎𝑎𝑤𝑤𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠  [59] (A19) 

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 = exp �23.5377 −
4016.3632
𝑇𝑇 − 38.6339�
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𝑎𝑎𝑤𝑤 = 1 − 0.03112𝑀𝑀 − 0.001482𝑀𝑀2 [59] (A21) 
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