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ABSTRACT

Air Gap Membrane distillation (AGMD) is a prominent technology in the field of water treatment and
desalination which is facing a lot of challenges to efficiently produce pure water supply. The system works under the
principle of partial pressure difference created between a hydrophobic membrane and a coolant plate by varying
temperature on both sides. The membrane and the coolant plate are separated by a thin air gap. Impure hot water flows
over the membrane and the evaporated vapour is allowed to pass through the hydrophobic membrane only. Later this
vapour condensed on the coolant plate and the pre distilled water is collected. Among the various factors affecting the
performance of AGMD system, width of the air gap is the major one to consider. The target of this article is to understand
the effect of air gap in AGMD system which will help to build an efficient AGMD water supply system in future using
appropriate air gap. In this paper, heat and mass transfer process through the air gap has been discussed for AGMD and a
numerical investigation was performed using ANSYS Fluent 15.0 software package and compared with previous
experimental results. The investigation shows that distillate flux increased with the decrease of air gap width where the
highest 96% of increase of distillate flux found when the air gap is decreased 2.5mm.
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INTRODUCTION

Membrane distillation is a technique widely used
for the last few decades as an energy efficient process of
purifying water from aqueous solutions. In this process,
hydrophobic membrane is used to separate vapour from
liquid by creating temperature difference which produce
the partial pressure difference across the membrane and
the vapour get condensed to produce distilled water [1-3].
The water vapour coming out of the membrane can be
collected in four different ways. In the first one, which is
called direct contact membrane distillation (DCMD), the
vapour is condensed directly in a cold distilled water
stream which flows directly toughing the surface of the
membrane [4]. In the second one, Sweeping gas
membrane distillation (SGMD), the vapour is collected by
a flow of inert gas sweeping by the side of the membrane’s
surface which takes the vapour outside of the module and
make it condensed [5]. In Vacuum membrane distillation
(VMD) process, the vapour is collected by creating a
vacuum in the permeate side of the membrane using a
pump [1]. In the last one, Air gap membrane distillation
(AGMD), a small air gap is kept between the membrane
surface and condensation surface. The vapour travel
through the air gap, reach at the condensation surface and
get condensed [6].

Air gap membrane distillation (AGMD) is getting
more attention recently for its energy efficiency and cheap
setup cost. No extra energy is required for the process as
the evaporation occurs in ambient pressure. Structural
costs also can be minimized for its low pressure operation
capability [10]. Also AGMD solves the problem of
pollution by leakage in DCMD and have the possibility of
efficient internal heat recovery unlike SGMD and VMD.
AGMD system also have very low amount of temperature

polarization effect and high thermal efficiency compare to
other three. Air gap membrane distillation system has a
wide range of applications including water treatment, ion
separation, desalination, purification etc. AGMD system is
used in textile, food, chemical, pharmaceuticals industries
as well as in marine platforms [11].

The performance of an AGMD system depends
on many factors. The width of air gap has been identified
as a major one to consider among them by various
researchers in past few decades. In this article an effort has
been made to accumulate the findings of various
researchers which show the effects of air gap on AGMD
system. The heat and mass transfer method through the air
gap has been discussed briefly. Also a simulation based
numerical analysis is presented to understand the effect of
air gap width. The result is compared with the previous
experimental result to validate the model. The effect of air
gap width on distillate flux is investigated to build a high
performance AGMD water supply system in future.

WORKING PRINCIPLE OF AGMD

The overall system for AGMD is shown in
Figure-1. It is seen that the hot fluid side is separated from
the coolant side through the membrane, air gap and the
coolant plate. Vapour generated on the membrane-hot
fluid interface travels through the pores of the
hydrophobic membrane , then travels through air gap and
gets condensed when comes in contact of the coolant
plate. The coolant plate maintains its temperature with the
help of cold solution flow over it.
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Figure-1. Schematic diagram of air gap membrane
distillation system.

The air gap in AGMD module separates the
coolant plate and membrane as shown in Figure-2. In
membrane distillation system, the partial pressure
difference which occurs due to the temperature difference
of the two sides of the hydrophobic membrane causes to
evaporate the hot feed water. Inside the air gap of AGMD
module, the heat and mass transfer occurs simultaneously.
Heat is transferred in diffusion, conduction and convection
process. In the case of low air gap the transport process
becomes a pure diffusion and conduction process where
convection can be ignored. The amount of heat transferred
in convection process in very low and can be ignored
where the Rayleigh number is high. Condensed water then
produces distillate which can be collected from the bottom
of the air gap chamber as shown in Figure-2.
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Figure-2. Air gap in AGMD system.

HEAT AND MASS TRANSFER THROUGH AIRGAP

The transport of vapour through the air gap and
membrane pores can be described by molecular diffusion
theory. A stagnant air film zone is assumed inside the air
gap of AGMD system. The transport of vapour molecules
through this stagnant air zone is a laminar flow which
occurs for molecular diffusion. The rate of diffusion can
be determined by Fick’s Law of diffusion:

- D
N,=-D % )

Where, N, is the rate of diffusion of vapour
molecule through air gap, D is diffusivity, C, is the
concentration of vapour and x is the air gap distance. The
negative sign arises as the concentration of vapour
decreases as the air gap increases.

If the air gap is below 5 mm then the flux through
the membrane and air gap can be calculated for one
directional flow by the equation below [12]:

_om (b
J_mw(5 )Ap @)

Zetl

Where, Ap is the vapour pressure difference between the
membrane feed and the condensation surface. P, is the
partial pressure of water.

The total mass flow of water vapour through air
gap can be calculated by Stefan’s law of molecular
diffusion [13]:

DPMy,A dPy,

My, o = 2otwd
w, total RTX dy

3)

Where, A is the area, x is the air gap, D is the
diffusion co-efficient.

The vapour flow through the air gap also slightly
affected by the natural convection in the air gap. The
natural convection happens for the temperature difference
in the two side of the gap. The importance of the natural
convection depends upon the Rayleigh number [14]:

3
R. = gBATySx (4)

a
Vala

Where, AT, is the temperature difference in the
two side of the air gap, O, is the air gap, B is the thermal
expansion co-efficient, g is the gravitational acceleration,
V. and a, is the kinematic viscosity and thermal diffusivity
of air respectively. From the calculation if R, is found less
than 1000 then the natural convection can be neglected
compared to conductive heat transfer through the air gap
[15].

The conductive heat transfer inside the gap can be
expressed as:
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Where, K, is the thermal conductivity of air, A is
the effective heat transfer area, m is the mass flux and AT
is the temperature difference of the two side of air gap.

EFFECT OF AIR GAP WIDTH

Various researchers have tried to analyze the
effect of air gap in AGMD system by varying it with
various other parameters and observing the effect of it.
Most of them used PTFE membrane as it is easily
available and comes in wide range of pore sizes. R Tian

et al. [16] tried three different air gap 1mm, 2mm and
3mm with two different tangent flow angle 30°and 90° and
almost 2.5 times more flux achieved when used Imm gap.
From some more other researchers it have been also
observed that if the gap can be lessened 5Smm to 1mm then
almost 2-2.5 times more flux can be achieved [17-19]. In
table-1, performance in terms of distillate for various
AGMD systems found from previous works are enlisted.
From the table it can be observed that the permeate flux is
relatively high at low air gap and relatively low at high air
gap. Increasing the membrane pore size and feed
temperature gives better output but the air gap width
remains as one of the dominant factor.

Table-1. Effect of air gap on various AGMD system.

Membrane Membrane Feed Permeate
References Solution type tvoe pore size (um) temperature Air Gap (mm) Flux
i " ©) (kg/m’hr)
BL Pangarkar et Seawater PTFE 0.22 60 1-3 12-6
al. [20] Ground water PTFE 0.22 60 1-3 24-12
GL Liu et al 55 1-5 22-11
iu et al.
45 1-5 14-7
21 T t FALP
[21] ap water 35 s 53
60 2.5-8.5 4.6-2
MNA Hawlader 55 2.5-8.5 3.7-1.5
etal. [22] Saline water PVDF 0.45 50 2.5-8.5 2.5-1.2
45 2.5-8.5 1.8-.8
FA Banat et al. Artificial PVDF 045 60 1.9-9.9 591
[23] seawater
MC Garcia-
Payo e al. [24] Isopropanol PTFE 0.2 50 1.62-0.55 5.1-6.3
MA Izquierdo-
Gil et al. [25] Sucrose PVDF 0.22 25.8 14 0.8-1.7
S Kimura et al. o
126] NaCl (3.8%) PTFE 0.2 60 0.3-9 19-1.5
MMatheswaran | piy63 4 ny | PTFE 0.22 80 0.52 53425
etal. [27]
H Udriot ef al. HCl/water PTFE 0.45 60 4-7 3724
[28] Propionic PTFE 0.2 60 4-7 7.4-4.6
Acid/water

NUMERICAL INVESTIGATION

A simulation based numerical analysis was
performed using ANSYS Fluent 15.0 software package to
understand the effect of air gap in AGMD process and
have been compared with the experimental data of
Hawlader et al. [22]. ANSYS now supports importing 3D
geometry from all popular 3D design software platform.
So, the 3D condensation flat plate was designed using
Solid Works 3D CAD design module which later imported
and calibrated with ANSYS Design Modular. ANSYS
software package is selected for its wide range of
customizable features. ANSYS and CFX both are gaining
popularity recently for its precision and easy operations.

Although CFX have some limitations in case of3D
condensation simulation. The western countries and China
are using ANSYS to design 3D CFD model in most of
their fields now-a-days. Free student license is also
available from this year to increase its collaboration with
the wide range of research students around the world.

Geometry and meshing

The coolant plate is modeled to provide the
membrane effective area 88.2cm” to compare with the
experiments of Hawlader et al. [22]. 10cm*10cm*0.5cm
plate is used as the condensation plate. Aluminum is
selected as the material for its enhanced heat transfer
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capability. Meshing of the 3D plate is done using ICEM
meshing tool which is integrated in ANSYS software
package. As meshing is very important to achieve the
convergence and maintain the precision of the model. So
multiple attempts have been tried to generate high quality
grids. After calculation, 25920 numbers of nodes and
165473 elements have been set to the final mesh. Figure-3
and Figure-4 shows the dimension of the model and
computational mesh with grids respectively.

0.000 0.050 0.100(m)
0.025 0.075

Figure-4. Computational mesh.

Analysis method and conditions
Conditions are set similar to the experiment of
Hawlader et al. [22] to perform the simulation.
) Simulations have been carried out in steady state condition
z X using three dimensional Volume of Fluid (VOF) model.
VOF model is selected because it can handle phase change
(from liquid to vapour) easily. 3D computational domain
is used activating double precision to investigate the
volume fraction of condensate mass on the plate.
Boundary conditions are set same as the experiment
according to which the cold side temperature is 10°C and
the hot feed temperature varies in 45C, 50C, 55C and
60°C. Effective heat and mass inlet area, that is the
membrane area, is defined as 88.2 cm® and water volume
flow rate defied as 35 ml/min.cm” as mentioned in Table-
2.

.10 cm

Figure-3. Model size.

Table-2. Simulation setups and boundary conditions.

Simulation setups Boundary conditions
. Hot feed Temperatures
Model Multiphase VOF (Inlet) (C) 45,50,55,60
Cold feed temperature
Solver type Pressure based (outlet) (C) 10
Time study Steady state Wall temperature (‘C) 10
Viscous model Laminar Membrane eﬁ;ectlve 88.2
area (cm”)
Primary phase Vapour Vapour volume flow 35
yP P rate (ml/min.cmz)
Se(;%r:z-eary water Number of Iterations 1000
RESULTS dropped down at average 1.5 kg/mzhr which is not a
From Figure-5, comparing the experimental satisfactory output at all. So, by increasing Smm width,
result of Hawlader et al. [22] it can be seen that at 2.5mm 2.5mm to 8.5mm, the distillate flux production decreases
air gap experimental data shows highest 5.2 kg/m’hr almost 2.5-3 times. Increase of the feed temperature give
permeate flux at 60°C feed temperature where the better result but still negligible compared to the effect of
numerical result shows around 5.8 kg/m’hr flux at the air gap width.

same conditions. With the increased air gap, the permeate
flux decrease at the both condition; experimental and
simulation. At the width of 8.5mm the average flux
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Figure-5. Feed temperature vs permeate flux comparison
between experimental [22] and numerical results for (a)
2.5mm air gap (b) Smm air gap and (c) 8.5mm air gap
[coolant temperature 10 °C].

From Figure-6, at 45 C feed temperature the
numerical result shows 80% of flux increase when the air
gap is decreased Smm to 2.5mm whereas the experimental
result shows 66.67% flux increase in same condition. At
60C temperature numerical and experimental result shows
around 96% and 61% flux increase respectively (Figure-6-
a). Similarly, when air gap is decreased from 8.5mm to
Smm (Figure-6-b), then at 45 C temperature numerical and
experimental result shows 25% and 20% flux increase
respectively. At highest 60° C they shows 46% and 20%
increase of flux at the same condition respectively.

100

N B o] 0]
o o o o

Distillate Flux Increase (%)

o

45 50 55 60

Feed Temperature (C)

W Numrical Experimental

()

100

N B [ o]
o o o o

o

Distillate Flux Increase(%)

45 50 55 60

Feed Temperature (C)
W Numerical Experimental

(b)

Figure-6. Increase of distillate flux for changing air gaps
(a) decrease from 5mm to 2.5mm (b) decrease from
8.5mm to Smm.

CONCLUSIONS

AGMD is making its progress in freshwater
production due to low energy requirement and easy
maintenance. In this paper the effect of the width of air
gap in AGMD system has been discussed and found that it
is a very important factor to consider when to design an
AGMD system. Permeate flux subsequently increase with
the decrease of air gap. 1-2.5 mm air gap gives very high
amount of flux when more than 5Smm air gap gives very
poor result in small scale AGMD module.
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