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Abstract

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

Keywords: Direct Contact Membrane Distillation; Air-Gap Membrane Distillation; Modelling;
Temperature Polarisation, Concentration Polarisation
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Nomenclature

ay Water activity of NaCl solution aq Ratio of molecular weight
b Air gap thickness (m) a, Effect of air flux in the air-gap channel
c Concentration (g/L) ag Thermal diffusivity of air
CPC Concentration polarisation coefficient B Thermal expansion ratio
p Specific heat capacity (kJ/kg°C) Aa Mean free path of water vapour (m)
w
Dyn Knudsen diffusion coefficient (m?/s) 6 Membrane thickness (m)
Ds_y, Sodium-chlorides diffusivity in water (m?/s) 8, Cooling plate thickness (m)
Dy Salt diffusivity coefficient (m?/s) € Membrane porosity
dp Channel hydraulic diameter (m) T Membrane tortuosity
d, Pore diameter (m) p Density (kg/m?)
g Gravity acceleration (m/s?) u Viscosity (Pa.s)
h Heat transfer coefficient (W /m?K) U, Kinematic viscosity
heg Latent Heat (J/kg) N¢ Thermal efficiency
H Channel height (m) 0, Collision diameter of air (3.7 x 107%(m))
/ Mass flux (kg/m?s) Oy Collision diameter of water (2.7 x 1071°(m))
K Mass transfer coefficient of salt (kg/#)
kg Boltzmann constant (1.38 x 10723 JK~1) Subscripts:
k Thermal conductivity (W /m °C)
L Channel length (m)
M Molality (mol/L) a Air side
M, Molecular weight of air (29 kg/kmol) ag Air gap
M,, Molecular weight of water (18 kg/kmol) b Bulk
Nu Nusselt number cp Cooling plate
p Pressure (Pa) e Effective
Py Total gas pressure (101325 Pa) f Feed side
P Water vapour pressure (Pa) film Condensation film
Pr Prandtl number k Conductive
q", Q" Heat transfer flux (W /m?) kn Knudsen
Qin Feed flow inlet (L/min)
R Universal gas constant m Membrane
(8314 kgm?/s?Kkmol)
Re Reynolds number mu Molecular
Ra Rayleigh number p Permeate side
TPC Temperature polarisation coefficient sat Saturation
u Velocity in x-direction (m/s) t Transition region
Uin Inlet velocity (m/s) w Water vapour
v Velocity in y-direction (m/s)
V Velocity Vector (m/s)

1. Introduction

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

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

Energy efficiency is one of the main challenges that should be addressed, to make MD cost-
effective. MD suffers from significant downstream variations of heat transfer along the MD
module, leading to low energy efficiency. The air gap was introduced to make the flow
temperature more uniform and to decrease the heat loss in MD system [23-25]. To the best
of our knowledge, no modelling study on AGMD has reported the downstream variations of
flow properties throughout the AGMD module. Most studies have made assumptions, such
as constant feed and permeate temperatures along the module. In this study, we investigated
the downstream variations of temperature along the module to provide the transmembrane
water flux, Temperature Polarisation Coefficient (TPC), Concentration Polarisation Coefficient
(CPC), and thermal efficiency. The results of downstream variations are essential to evaluate
the importance of introducing direct solar heating as a promising method to localise the
temperature distribution along the MD module [26-28].

3
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In MD modelling, the transmembrane water flux is crucial because it affects all the other flow
properties throughout the module. Most MD modelling studies rely on constant fitting
parameters, which are determined from a specific set of experimental conditions. Of the
studies that have included a formula to model the water flux transmembrane, a simplified
form of Dusty Gas Model (DGM) has been investigated. Indeed, both membrane and air gap
have not been integrated to derive a more precise model [29]. Noamani et al. [12] introduced
a model that used a linear function of water vapour pressure and total mass transfer to model
the water flux; however, they did not integrate over both membrane and air gap of the AGMD
system. Khalife et al. [30] used a simplified model to investigate the effect of different
operating parameters on permeate water flux. Moreover, in MD the air is assumed to move
counter to the water flux; so that an improved model will include the effect of air flux on the
water flux. In this study, a detailed transmembrane water flux model, which includes three
diffusive mass transfer mechanisms and with consideration of the counter-air flux, is
presented.

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

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

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

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

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

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

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

2. Materials and Methods

2.1. Governing Equation

A theoretical model that considers both heat and mass transfer was improved for the AGMD
system. A 2-D, counter-current, flat-sheet AGMD module with feed, air, and permeate
channels was modelled, as shown in Figure 1. A saline water with velocity V;,,, temperature
T¢p, and concentration C;;, enters the feed channel, and pure water with velocity V;;, and
temperature T, ;, enters the permeate channel in the counter direction of feed flow. As the
feed flows through the module, evaporation takes place and produces vapour, which moves
across the hydrophobic membrane pores. Subsequently, the vapour diffuses through the
stagnant air that is introduced between the membrane and condensing plate. As shown in
Figure 2, AGMD occurs in six stages: feed channel, membrane, air channel, condensate film,
cooling plate, and permeate channel. The process happening in each stage results in a
resistance to heat and mass transfer. The assumptions for heat and mass transfer modelling
include: a steady state condition; uniform total pressure (1 atm); negligible viscous flow, slip
flow surface diffusion, and pressure diffusion; stagnant air within air channel (and therefore
no counter air movement against the water flux); no heat loss from the system to the
environment; negligible convection heat transfer in the air-gap channel,; laminar flow for the
liquid film; negligible shear stress at the liquid-vapor interface; and negligible momentum and
energy transfer by advection in the condensate film.
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Figure 1. (A) Elements used to study the downstream properties of an AGMD module. ‘T’, ‘c’, ’]’, and
q" represent the temperature, salt concentration, flux, and heat transfer flux, respectively. Subscripts
f, p’, ‘W', V', ’k’ refer to the feed, permeate sides, water vapour, vapour latent heat, and conduction
heat transfer, respectively, and ‘b’, ‘m’, and ‘m-ag’ refer to bulk, membrane, and membrane plus air
gap locations in the module. (B) Mass transfer resistance model in AGMD process. ‘R’ and * VP’
represent mass resistance and pressure difference, respectively. Subscripts ‘Kn’, ‘mol’, ‘w’, ‘m’ and ‘ag’
refer to Knudsen, molecular, water vapour, membrane and air-gap, respectively.

2.1.1. Heat Transfer

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

Qllf — Qllm+ag — QIIfllrrl — Qllcp — Qllp (1)

hy(Tro = Trm) = Ram(Trm = Trim) + Uwdm-aghyg = hiim(Trim — Tep) = )
hep Tep = Tepp) = Py (Tepp = Typ)

ham

h Uw)m—aah (3)
Trm = Trp — h_; ((Tf,b _ Tp,b) + L“gﬁg)

hr Uw)m-agh (4)
Trim = Tpp + 57— ((Tf,b —Tpp) + —— 2 TZ R
f.co,p am
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" < L1 1 >‘1 (6)
fepp hfilm hcp hp
where Q”f is the heat flux from the feed bulk to the membrane surface, Q"m+ag is the heat

flux transferred through the membrane and air gap channel, Q" . is the heat flux across the
condensation film, Q"Cp is the heat flux across the cooling plate, Q”p is the heat flux from the

cooling plate to the permeate bulk, hy is the convective heat transfer of the feed, Tf, is the
bulk feed temperature, T, ,, is the cold plate temperature at the permeate side, Tj,;, is the
bulk permeate temperature, h,, is the convective heat transfer of the permeate, hy is the
overall heat transfer coefficient of the system, and hf,,, is the overall heat transfer
coefficient from the condensate film to the permeate side.

Roond
AAAALA
R R con R coiate R i R
—— AN — Memnbrane L AAA Iy AAAAA—AAAAA—
Feed flow Air-gap Condensate Cold plate Penneate
AAAAA flow film layer wall flow
R,

Lat

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

2.1.1.1. Channel Flow

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

2.1.1.2. Transmembrane and Air Gap Channel

The heat conduction transfer through the membrane and the latent heat transfer owing to
the flux of water vapour across the membrane and air gap both contribute to heat transfer
across the membrane, shown in Figure 1.
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q"k,m = hm(Tf,m - Tam) (7)

k
=2 ®)

q"fg = Uw)m—aghfg (9)

where q”km is the transmembrane conductive heat transfer flux, h,, is the membrane heat
transfer coefficient, Ty, is the membrane feed side temperature, Ty, is the membrane

permeate side temperature, k, is the effective thermal conductivity of membrane, § is the
membrane thickness, and hfgis the latent heat.

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

k
b = 2 (10)
1 (11)
ham =71
[

where k,, b, h, and h,, are thermal conductivity of air, air gap thickness, air heat transfer
coefficient, and coupled air and membrane heat transfer coefficient, respectively.

2.1.1.3. The Condensate Film and Cooling Plate

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

0.25
p2ghsgke iy’ (12)
hfilm = 0.943
#L(Tsat,latm - Tcp)
k 13
hep = 52 (13)
cp

where hg;nis the convective heat transfer coefficient of film layer, p is the density of water,
g is the gravitational acceleration, hsgis the latent heat of evaporation, k is the thermal
conductivity, u is the viscosity, L is the length of cooling plate, Ty, and Ty, are

Cpl Scpl
conductivity, cooling plate thickness, and heat transfer coefficient of the plate, respectively.

temperatures of film, and cooling plate, respectively. k and hg, are thermal

2.1.2. Mass Transfer



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

vPwlm—ag _ vPw|m + VPwlag (14)
Undm-ag  Uwdm  Uwdag
T = M, (pt ~(1-aR, | 1 )‘1 op [42](15)
wam RTm(S (E/T)( PtDv—a)m Dkn wim
-1
M, (P,—(1—a,)P, (16)
Uw)ag = - =~ ( : ( 2) W) VPwlag
RTagb (PtDv—a)ag
VPw|m—ag _ RTm5<Pt -(1- al)PW 1 ) B RTagb (Pt -(1- az)PW> (17)
(/w)m—ag M, (E/T)( PDy,_g)m Din M,, ( PtDv—a)ag
-1

M P.—(1-a)P, 1 P, — (1 —ay)P (18)
Uw)m—ag 4 Tm5< t ( 1) w + >+Tagb< t ( 2) w) va|m_ag

R (e/T)(PDy_g)m Din ( PtDv—a)ag
(]W)m_ag - MW(E/T)( PtDv—a)m( PtDv—a)ag (19)

R[6(1 - al)Tm( PtDu—a)ag + b(E/T)(l - aZ)Tag( PtDv—a)m]
Dkn[Tms( PtDv—a)ag(Pt - (1 - al)Pv,film) + Tagb( PtDV—a)m(E/T)(Pt - (1 - aZ)PV,film)] + TmS(E/T)( PtDv—a)m( PtDv—a)ag
Dkn[ng( PtDv—a)ag(Pt -(1- al)Pv,fm) + Tagb( PtDv—a)m(E/T)(Pt -(1- az)Pv,fm)] + T1n6(€/T)(PeDy—g)m( PtDv—a)ag

238  where P is the vapour pressure, ] is the permeate flux of water through, M,, is the molecular
239  weight of water, M, is the molecular weight of air, a; is the effect of air flux in membrane,
240  a, is the effect of air flux in the air-gap channel, which is equal zero for the case of a

241  diffusion through stagnant air, R is the universal gas constant, € is the membrane porosity,
242 d, isthe membrane pore diameter, § is the membrane thickness, b is the air gap channel
243 thickness, T is the membrane tortuosity, P; is the total pressure in the membrane pores, Dy,
244  is the Knudsen diffusion coefficient, D,,_, is the water—vapour diffusivity in the air, T is the
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average temperature, p,, r, is the water vapour pressure on the feed side of membrane,
Dv,am 1S the water vapour pressure on the air side of membrane, and p,, 7, is the water
vapour pressure on the condensate film. The subscripts m — ag, ag, m, and t refer to
membrane plus air gap, air gap, membrane, and transition region, respectively.

2.2. Process Modelling

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

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

V.V =0 (20)
v o o - (21)

p E+(V.V)V = —Vp + uV?V + pg
T k 22
(V.v)r =L ver (22)

" oc,
where V = [u v] is the fluid velocity vector, T is the temperature, p is the pressure, u is the
viscosity, ky is the thermal conductivity, ¢, is the fluid heat capacity, p is the mixture density,
and g is the gravity acceleration.

The pressure-based method, the SIMPLE algorithm, and a second-order accuracy for the
spatial discretisation scheme were employed to solve the steady-state governing equations
[46, 47]. The convergence criterion was defined to 10~1? for continuity, velocity, and energy
equations’ residuals. Velocity-inlet and pressure-outlet boundary conditions were set at feed
and permeate inlets and outlets, respectively. Wall and coupled boundary conditions were
used at the upper and lower walls, and at the interface, respectively. The pressure inlet and
outlet were also set at the air inlet and outlet, respectively [46, 47].

10
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Figure 3. Flowchart illustrating the algorithm developed to include the effect of water vapour mass
flux in the calculation of membrane temperature. n and k are the number of elements and iterations.

Subscripts ‘emp’ and ‘num’ refer to empirical and numerical approaches [3].

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

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

Feed inlet | Permeate inlet | Inlet velocity | Feed concentration Air gap Channel
temperature temperature [m/s] g/ thickness length
[°C] [°q] [mm] [mm]
Baseline condition 60 25 0.05 10 1 150
Feed inlet temperature 40-80 25 0.05 10 1 150
study
Inlet velocity study 60 25 0.005-0.2 10 1 150
Feed concentration 60 25 0.05 0.250 150
study
Alr-gap thickness 60 25 0.05 10 0.2-5 150
study
Commercial 60 25 0.05 10 1 150
Membranes

11
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Figure 4. Schematic of flow configuration, counter-current operation, as a baseline for AGMD system
(not to scale). L, length of the channels; H, width of the feed and permeate channel; b, air-gap channel
thickness.

2.3. System Performance Metrics
2.3.1. Temperature Polarisation Coefficient

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

TPC = Trm = Trum (23)
Tf’b - Tp'b

where Tf ,, and Ty, represent the feed membrane temperature and film temperature, Ty,
and T, are the bulk feed and permeate temperature, respectively. TPC=1 indicates no
temperature polarisation and high convective heat flux, and TPC=0 indicates high polarisation
effect.

2.3.2. Concentration Polarisation Coefficient

To characterise concentration polarisation and measure the lateral mass concentration in
the feed-side channel, CPC is calculated, as follows [48]:
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CPC = fm (24)

Cf}b
((]w)m—ag/pf) ) (25)
K

Cf,m = Cf,b eXp(

where Cy , and (s, represents the concentration on the surface of the membrane feed-side
and bulk feed fluid, respectively. pr and K; are the density and mass transfer coefficients of
salt, respectively. CPC=1 indicates no concentration polarisation, and as CPC increases, the
concentration polarisation effect increases.

2.3.3. Thermal Efficiency

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

q"fg = (]w)m—aghfg (26)

q"k = ham(Tf,m - Tfilm) (27)

q”fg (28)
Ne=——
qrg+qk

where q"y, q" ¢4, and 1, are the conduction heat transfer flux, phase change heat transfer
flux, and thermal efficiency, respectively.

3. Results and Discussion

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

3.1. Model Validation

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

The water flux results for different inlet feed temperatures were validated by comparison
with Banat’s experimental results [49]. As shown in Figure 5, they were in good agreement,
within less than 4% deviation from the experimental results. It was shown that this model
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improved the AGMD model compared to Banat’s and Alklaibi’s model [20], which are within
approximately 20% and 10% deviation, respectively. This model was also compared with an
alternate model using the water flux equation provided by Naomani et al. [12]. Our self-
sustained water flux equation improved the water flux prediction from 15% to less than 4%
deviation. As shown in Figure 6 and 7, this new model was also validated by comparison with
Alsaadi’s [14] and Xu’s [5] experimental results, which were in good agreement. In the
reported experiments, water permeate flux was recorded over 4 hours and measured with
an uncertainty of £0.01 g. From consideration of effective membrane area, it was concluded
that all models were beyond the uncertainty limits.
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Figure 5. The influence of feed temperature on the water permeate flux, showing the difference
between Banat’s experiments, this model (D<0.04), Banat’s model (D<0.2), Alklaibi’'s model (D<0.1),
and alternate model when we used Noamani’s water flux model (D<0.15). The deviation from
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experimental results was calculated by D = . The following condition were applied:

]Expi
Flow regime: Counter-current, Ty, i, = 20°C, Q;, = 5.5 L/min, H=2 mm, L=130 mm, b=3.5 mm, § =
0.11 mm, e = 0.75, SCp = 1.5mm, dp = 0.45 um, PVDF membrane Type, membrane area= 160 cm?
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Figure 6. The influence of feed temperature on the water permeate flux, in comparison with Alsaadi’s
experiment [14]. (A). Deionised feed water (D<0.1). (B) 4.2 Wt% feed water (D<0.05). The following

14

80



350
351
352

353

354
355
356
357

358

359

360
361
362

363

364
365
366

367
368
369

condition were applied: Flow regime: Co-current, Ty, i, = 20°C, Qi = 1.5 L/min, H=2 mm, L=100
mm, b=9mm, § = 100 um, e = 0.8, 6Cp = 0.25 mm, dp = 0.2 um, PTFE membrane Type, membrane
area= 50 cm?
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Figure 7. The influence of feed temperature on the water permeate flux, in comparison with Xu’s
experiment [5] (D<0.03). The following condition were applied: Flow regime: Counter-current, C;,, =
90 g/1, Tpin = 20°C, Ujp s = 0.06 m/s, Ui, = 0.07 m/s H=2 mm, L=100 mm, b=10 mm, § =

166 um, € = 0.687, 6., = 0.25 mm, d,, = 0.2 um, PTFE membrane Type, membrane area= 50 cm?

3.2. Influence of Operating Conditions

3.2.1. Inlet Temperature

To study the influence of inlet temperature, a counter-current arrangement was modelled
for the inlet temperatures 40 < T < 80°C. All other parameters were set as constant at the

baseline condition (Table 1).
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Figure 8. (A) Variation of mean water flux and thermal efficiency with varying inlet feed temperatures
of a AGMD system. (B) Variation of TPC and maximum of CPC with varying inlet feed temperatures of
a AGMD system.

Figure 8 shows the effect of inlet feed temperature on the water permeate flux, thermal
efficiency, TPC, and CPC. Equation (15) showed water flux (J,,) was a logarithmic function of
vapour pressure on the feed membrane (P, r,,) and film (P,, f;;,,,) sides; which both were an
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exponential function of temperature (Equation [A19-A20] ). Therefore, as the inlet feed
temperature increased, (J,,) increased exponentially. A two-fold increase of inlet feed
temperature from 40°C to 80°C, was found to increase J,, by a factor of 9.5, from 0.42 to 4.01
(g/m?s); and the thermal efficiency was increased from 76% to 91%. The increase in thermal
efficiency occurred due to the increase of the phase change heat transfer flux rate (dependent
on J,,) compared to the conduction heat transfer flux rate [dependent on (T, — Triim)]-
Figure 8 (B) shows temperature and concentration polarisation effects increased as the inlet
feed temperature increased: TPC decreased from 0.81 to 0.61 and CPC increased from 1.04
to 1.44, respectively. With increasing inlet feed temperature from 40°C to 80°C, the bulk
temperature (Tr, — T, ) and J increased 3.6-fold and 9.5-fold, respectively. Therefore, the
ratio of thermal resistance of membrane and air gap channel to the overall thermal resistance
of the AGMD system decreased, and consequently TPC decreased. CPC is an exponential
function of J,and K,~!. K, mass transfer of salt in water, increased with increasing of
temperature because the density and dynamic viscosity decreased, resulting in a higher
Sherwood number and a lower Schmidt number. Therefore, although J,,, increased 9.5-fold,
CPCincreased only by 38%.

3.2.2. Reynolds Number

To examine the effects of the inlet velocity, a counter-current arrangement of an AGMD
system was modelled for 0.005 < V;,, < 0.2 m/s, corresponding to the laminar Reynolds
numbers of 40 < Re < 1600. All other parameters were maintained at the baseline
condition.

Figure 9 shows the effect of laminar Reynolds number on the water permeate flux, thermal
efficiency, TPC, and CPC. An increased Reynolds number decreased the thermal boundary
layer, which reduced the temperature and concentration polarisation effects [Figure 9(B)]. As
a result a higher water flux through the system was observed [Figure 9(A)]. By increasing the
Reynolds number from 40 to 1600, the water permeate flux increased 28%, from 1.419 to
1.813 (g/m?s), and the thermal efficiency increased only slightly. As described above, with
an increase of Reynolds number from 40 to 1600, the temperature polarisation effect
decreased due to an increase in turbulence. Therefore TPC increased from 0.7 to 0.79. It was
shown that although water permeate flux increased, the CPC decreased to some extent from
1.31to 1.11. As explained above, two opposing factors, water flux and the solute convection
mass transfer coefficient, affected the CPC. With an increase of Reynolds number, the
dominant effect of the solute mass transfer increase over water flux increase on the CPC
resulted in a decrease in CPC.
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Figure 9. (A) The effect of the varying laminar Reynolds number of an AGMD system on the mean water
flux and thermal efficiency. (B) Variation of TPC and maximum CPC with varying laminar Reynolds
number in an AGMD system.

3.2.3. Inlet Concentration

To investigate the influence of inlet feed concentration, a counter-current arrangement of a
AGMD system was modelled for the inlet feed concentration 0 < (y < 250 g/l with all other
parameters maintained at the baseline condition.
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Figure 10. (A) Variation of mean water flux and thermal efficiency with varying inlet feed
concentrations of an AGMD system. (B) Variation of TPC and maximum of CPC with varying inlet feed
concentrations of an AGMD system.

Figure 10 (A) shows the decrease in water flux from 1.642 (g/m?s) for Cr=0g/lto 1.35
(g/m?s) for Cr = 250 g/1. This behaviour occurred due to a decrease in vapour pressure
difference, which was the minus quadratic function of molality [Equation (A21)]. The
decreased water flux resulted in a decrease in CPC from 1.16 to 1.11, as seen in Figure 10 (B).
Decreasing the water flux resulted in a decrease of q"; therefore, 1, decreased from 0.856
to 0.822. By increasing Cr from 0 g/I to 250 g/I, the TPC increased from 0.724 to 0.762. This
was because when Equation (2) was divided by T, — T, 5, at the fixed bulk temperature, the
decreased water flux resulted in higher thermal resistance for the phase change heat transfer,
and consequently, the TPC increased.

3.2.4. Air Gap Thickness
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To examine the effect of air gap thickness, a counter-current arrangement of an AGMD
system was modelled ranging from 0.5 < b < 5 mm with all other parameters maintained at
the baseline condition. To compare AGMD and DCMD processes, we have included the case
of b = 0 (DCMD process, which is explained in Section 3.4).
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Figure 11. (A) Variation of mean water flux and thermal efficiency with varying air gap thickness of a
AGMD system. (B) Variation of TPC and maximum of CPC with varying air gap thickness of a AGMD
system.

Figure 11 (A) illustrated that the water flux decreased from 2 (g/m?s) for b = 0.5 mm to 0.6
(g/m?s) for b = 5 mm. This was because increasing air gap thickness created further mass
transfer resistance, thus reducing the water permeate flux. However, situation also led to a
6% increase in thermal efficiency from 0.81 to 0.87 due to the decrease in heat loss along the
module. This was because the decreased rate of conduction heat transfer g”; was more than
a phase change heat transfer q”fg since the air heat transfer coefficient (h,) significantly
decreased. Figure 11 (B) illustrates that both temperature and concentration polarisation
effects significantly reduce with an increasing air gap thickness. When b increased from 0.5
mm to 5 mm, TPC increased from 0.64 to 0.9 and CPC decreased from 1.2 to 1.05.

3.3. Influence of Membrane Properties and Commercial Membranes
3.3.1. Membrane Properties

To examine the effect of membrane properties, a counter-current arrangement of an AGMD
system was modelled with different membrane pore diameter, porosity, and membrane
thickness, ranging from 0.02 < d, < 0.79 um, 40% < € < 85% , and 25 < d,, < 250 um,
respectively while all other parameters were maintained at the baseline condition.

Figure 12 shows the variation of water permeate flux, thermal efficiency, TPC, and CPC with
varying membrane properties, including pore diameter, porosity, and thickness. When the
pore diameter was increased from 0.02 to 0.79 um, the water flux and the thermal efficiency,
increased from 0.69 to 1.72 (g/m?s) and 0.68 to 0.86, respectively. Both temperature and
concentration polarisation effects intensified with increasing membrane pore diameter. More
specifically, TPC decreased 17% from 0.85 for 0.02 pum to 0.71 for 0.79 um and CPC increased
9% from 1.07 for 0.02 um to 1.17 for 0.79 um. Figure 12 (A,B) showed that the rate of increase
in water flux, thermal efficiency, temperature, and concentration polarisation effects from
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0.02 to 0.1 um was higher than the range 0.1 to 0.79 um. This was because the membrane
pore diameter was less than the mean free path length. Consequently, the mass transfer
mechanism was predominantly Knudsen diffusion. Figures 12 (C, D) show that with increasing
membrane porosity from 40% to 85%, the water flux and the thermal efficiency increased
from 0.97 to 2.01 g/m?s and 0.76 to 0.89, respectively. However, both the temperature and
concentration polarisation also increased. TPC decreased from 0.81 to 0.67 and CPC increased
from 1.09 to 1.2. Figures 12 (E, F) showed that with increasing membrane thickness §, the
membrane mass transfer resistance increased, leading to less water flux and, consequently,
less temperature and concentration polarisation effects. As shown, increasing membrane
thickness from 25 to 250 pum reduced the water flux and the thermal efficiency from 2.07 to
1 g/m?s and 0.89 to 0.78, respectively. Moreover, TPC increased from 0.67 to 0.81 and the
CPC decreased from 1.21 to 1.1.
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Figure 12. (A) Variation of mean water flux and thermal efficiency with varying membrane pore
diameter of an AGMD system. (B) Variation of TPC and maximum of CPC with varying membrane pore
diameter of an AGMD system. (C) Variation of mean water flux and thermal efficiency with varying
membrane porosity of an AGMD system. (D) Variation of TPC and maximum of CPC with varying
membrane porosity of an AGMD system. (E) Variation of mean water flux and thermal efficiency with
varying membrane thickness of an AGMD system. (F) Variation of TPC and maximum of CPC with
varying membrane thickness of an AGMD system.
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3.3.2. Commercial Membranes

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

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

Manufacturer | Model Number [Membrane Type Nominal Pore Size Thickness Porosity
(um) (um) (%)
3M 0.2 pm PP 0.59 110 85
3M 0.45 um PP 0.79 110 85
AQUASTILL 0.3 pum 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 QL8322 PTFE 0.45 165 75
CLARCOR QP952 PTFE 0.45 223 75
CLARCOR QP9955 PES 0.2 216 75
CLARCOR QPY61 PES 0.1 140 75
CLARCOR QMO022 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

Figure 13 showed the water flux, thermal efficiency, TPC, and CPC for each of the 22 different
membranes. It was shown that different membrane properties can significantly affect AGMD
performance. The AQUASTILL membrane showed the most effective performance compared
to the other 22 membranes because of the high porosity, 85%, and suitable thickness, 76 pm.
The water flux, thermal efficiency, TPC, and CPC of the AGMD system with the AQUASTILL
membrane were 2.03 g/m?s, 0.89, 0.67, and 1.2, respectively. Although AQUASTILL had
lower pore diameter compared to both 3M 0.45 um and 0.2 um membranes, it benefited
from smaller membrane thickness. A comparison of Membrana M2 with Membrana M1
showed that although Membrana M2 had greater pore diameter because of the increased
thickness, both membranes exhibited equal performance. A comparison between CLARCOR
QMO022 and Millipore Durapore (GVHP) showed a significant effect of porosity on the AGMD
performance. Although CLARCOR QMO022 benefited from 40% higher pore diameter and 50%
lower thickness, it had 21% lower porosity, it performed similarly to Millipore Durapore
(GVHP). For CLARCOR QM022 and Millipore Durapore (GVHP), water flux, thermal efficiency,
TPC, and CPC of AGMD system were 1.63 g/mzs, 0.85, 0.72, and 1.16, respectively. The
performance of AGMD with the Hoechst-Celanese membrane revealed that although the
system benefited from the low temperature and concentration polarisation effects with TPC
and CPC of 0.86 and 1.05, respectively; it had a lower water flux, 0.6 g/mzs. This situation
occurred due to the small pore diameter as well as porosity (0.02 um and 38%, respectively).

20



504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

521

522

523
524

525
526

527
528

Analysing all 22 membranes showed that Millipore Fluoropore Porosity 0.4 benefited from
the lowest temperature and concentration polarisation effects, with TPC and CPC of 0.88 and
1.05, respectively. However, it suffered from the lowest water flux and the lowest thermal
efficiency, 0.52 g/mzs and 0.61, respectively. These results revealed that the 3M 0.45 pm
membrane with 34% higher pore diameter compared to 3M 0.2 pum membrane shows slight
improvement in an AGMD system. Comparison between two membranes from the
manufacturer CELGARD showed that increasing pore diameter by 49% from 0.043 to 0.064
um, and 14% porosity from 41% to 55%, improved the performance of an AGMD system in
terms of water flux and thermal efficiency from 1.039 to 1.635 g/m?s and 0.77 to 0.85,
respectively. Analysing the membranes manufactured by CLARCOR illustrated that the
QMO022 model number with 0.36 um pore diameter, 84 pum thickness and 62% porosity
performed most efficiently in an AGMD system in terms of water flux and thermal efficiency;
which are 1.632 g/m?s and 0.85, respectively. A comparison between two membranes from
Millipore revealed that Durapore (HVHP) (0.45 um pore diameter, 140 um thickness and 75%
porosity) provided an increased water flux and thermal efficiency, which were 1.7 g/m?s and
0.87, respectively. This occured due to the higher porosity compared to the Fluoropore
models and higher pore diameter than Durapore (GVHP).
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Figure 13. A comparison of the performance of 22 commercially available membranes listed
in Table 2: (A) Water flux, (B) Thermal efficiency n;, (C) TPC, and (D) CPC.

3.4. Comparative Study of AGMD and DCMD

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

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

Figure 14 illustrated that contrary to AGMD, DCMD suffered from a considerable reduction of
the water flux along the module. The water flux for DCMD decreased 50% from 4.98 g/m?s
at the inlet to 2.465 g/m?s at the exit, while for AGMD with 1mm air gap thickness it
decreased 2% from 1.655 g/m?sto 1.62 g/m?s. Figure 15 showed that with a reduced
Reynolds number, the downstream variation of DCMD significantly increased, from a 30%
reduction (from 5.943 to 4.15 g/m?s, for Re=1600) to 77% reduction (from 2.966 to 0.683
g/m?s, for Re=40). As described above, although the water flux of DCMD was higher than
AGMD, as shown in Figure 15, the reduction of water flux along the system for DCMD reached
a point lower than for AGMD. Therefore, the insignificant variation of water flux along the
AGMD was a considerable advantage of AGMD over DCMD. In conclusion, although AGMD
provides lower water flux compared to DCMD, it outperformed in terms of thermal efficiency,
TPC, CPC, and fewer downstream variations. Figure 16 shows with an increase of module
length, the water flux decreased. In the case that Re and the air-gap thickness were 40 and
0.5 mm, respectively; the water flux for AGMD with module length of 100 mm decreased 86%
from 1.84 g/m?s at the inlet to 1.585 g/m?s at the exit. While for AGMD with module length
of 500 mm it decreased 56% from 1.335 g/m?s to 0.754 g/m?s. In conclusion, Re number
which was relative to the inlet velocity and channel height, air-gap thickness and module
length determined the value of downstream variation of water flux in AGMD.
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Figure 14. Downstream variations of water flux for DCMD and AGMD systems with different air gap
thickness for the baseline condition. (L=150 mm, H=1.6 mm, CLARCOR, QM0200 membrane type,
Re=400 (Uin = 0.05 m/s), Cf,in=10 g/l, Tf,in=60 °C Tp,in=25 OC)

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

Table 3 also showed that increased inlet temperature led to more significant changes in
thermal efficiency and both temperature and concentration polarisation for DCMD compared
to AGMD. A two-fold increase of inlet temperature from 40 °C to 80 °C increased the thermal
efficiency and CPC, 20% and 76%, respectively and it decreased 46% TPC for a DCMD system;
itincreased thermal efficiency and CPC, 15.1% and 38%, respectively, and decreased TPC 26%
for an AGMD system. The effect of Reynolds number on DCMD was higher than for the AGMD
system. In detail, increasing Reynolds number from 40 to 1600 resulted in a 320% increase of
water flux for DCMD, while it was 28% for AGMD. This increased Reynolds number yielded a
200% increase of TPC, while for AGMD it was 12.3%. In general, the sensitivity of DCMD on
changing operating conditions, among which the Reynolds number was the highest is more
considerable than AGMD.
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599

Table 3. Parametric study of AGMD and DCMD systems. Operating conditions for AGMD provided in

600 Table 1 and for DCMD provided in Reference [3]. The plus and minus signs mean the increase and
601 reduction in the intended system performance metrics for each variation range, respectively.
System Performance Metrics
Parameter Study Vatiation Wag/:ﬁ; O CPC TPC Thermal Efficiency ()
Range AGMD DCMD AGMD DCMD AGMD DCMD AGMD DCMD
Inlet Feed +9.5-fold 10-fold +38% +76% -26% -46% +15.1% +20%
Temperature [°C] | *" 78 | 042 5402 | 076 5766 | 104 5144 | 104 > 1.84 | 081 5062 | 060 5014 | 763 5914 | 27 547
Inlet Velocity
[m/s] 0.005 = 0.2 +28% 3.2-fold 7% 16% +12.3% 2-fold +0.4% +1%
/ Reynolds /40 - 1600 | 1.42 — 1.81 1.4 =446 1.34 - 1.12 1.36 —» 1.17 0.7 = 0.79 0.23 - 0.46 | 852 = 85.6 | 36.9 = 37.9
Operating Number
Conditions Concle“;:mm 100:225500 8% AT% 4% 7.3% +5% +41% 3.4% %
/1] (forcpey | 104135 29925 | 116 > 1.11 | 123 > 114 | 072 5076 | 036 > 0.51 | 85.6 - 82.2 37 - 30
2 5 0.63 1.235 - 1.05 0.64 = 0.9 81 - 89
Membrane -51.6% -9.4% +22% -11.24%
Thickness [um] 25 =230 207 -1 121 —1.097 0.67 - 0.81 88.8 - 77.56
Membrane Pore Diameter + 2.6-fold +9% -16% +18%
Properties [m] 002-0.79 0.66 = 1.72 107 > 1.17 0.85 = 0.71 68 = 86
Porosity %] 40— 85 of9§'0i‘ f2010(12 1.02130»/01.2 0.8142/00.67 721—%09
602
603 5. Conclusion
604 By improving a water permeate flux model and the inclusion of downstream variations of
605 AGMD and DCMD, this study reported a comprehensive analysis of AGMD and a comparative
606 study of AGMD and DCMD, in terms of water permeate flux, thermal efficiency, temperature,
607  and concentration polarisation effects. The results showed that the improved model was in
608 good agreement with the experimental results and an enhanced the prediction from 15% to
609 less than 4% deviation.
610 The results revealed that the performance of AGMD system is susceptible to the inlet feed
611 temperature, the Reynolds number, and the air gap thickness. When the inlet feed
612  temperature was doubled, the water flux, thermal efficiency, and CPC increased by 9.5-fold,
613  15.1%, and 38%, respectively, and TPC decreased by 26%. According to the results, water flux
614 and both temperature and concentration polarisation effects were treated similarly by
615 changing the operating conditions, excluding the Reynolds number. Although an air gap
616  thickness increase from 0.5 to 5 mm, caused a 68% reduction in the water flux, it decreased
617  both polarisation effects: A 15% reduction in CPC and a 40% increase in TPC. On the other
618 hand, by increasing Reynolds number from 40 to 1600, the water flux and thermal efficiency
619 increased by 28% and 1%, respectively. The adverse effects of both polarisations decreased
620 by a 17% reduction in CPC and 12.3% increase in TPC. Results also revealed that the
621 membrane properties can considerably affect the AGMD performance. It was shown that by
622  increasing porosity from 40 to 85%, water flux, thermal efficiency, was enhanced by 2.06-fold
623 and 13%, and undesirably both polarisations increased by a 10% increase in CPC and 17%
624  reduction in TPC. Analysing 22 different commercially available membranes revealed that
625  AQUASTILL membrane with 85% porosity and 76 um thickness, showed the most effective
626  MD performance compared to the other commercially available membranes.
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DCMD performance was shown to be more sensitive to the operating conditions compared
to AGMD performance. By increasing the Reynolds number from 40 to 1600, the water flux
and TPC changed 28% and 12.3%, respectively, for AGMD, while they changed 3.2-fold and 2-
fold, respectively, for DCMD. In addition, results showed that the DCMD system runs a
significantly higher water flux than AGMD; however, AGMD provides higher thermal
efficiency, and lower concentration and temperature polarisation effects in the same
condition. The water flux of DCMD was 80% more than AGMD with air gap thickness of 1mm;
however, the thermal efficiency and TPC of DCMD were 51% and 49% lower than the value
of AGMD with air gap thickness of 1Imm. The results also showed that, unlike the AGMD,
DCMD suffers from a substantial decrease in water flux along the module. The exit water flux
decreased by 50% of the inlet value for DCMD, while it decreased by 2% for AGMD with Imm
air gap thickness. Consequently, unlike the DCMD, it is not critical for AGMD to create a
uniform temperature distribution that minimise the decrease of water flux along the system.
Moreover, Re number which was relative to the inlet velocity and channel height, air-gap
thickness and module length determine the value of downstream variation of water flux in
AGMD.
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