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ABSTRACT

Air gap membrane distillation (AGMD) is an emerging technique to produce freshwater using
low-grade heat as the process is driven by the partial pressure difference between two dissimi-
lar temperature liquids. This study tested an innovative technique to minimize polarization
and increase production from an AGMD lab-scale unit. The effect of the feed flow entry angle
has been investigated. A specially designed coolant plate with 60 fins has been fabricated, and
detailed theoretical and simulation studies of condensation over the special geometry coolant
plate have been conducted. Also, the combined effect of inclined flow entry and a finned coolant
surface has been studied experimentally. The experiments show that with a feed flow entry angle
of 60° the system achieves an average of 10% to 14% boost in performance. When the 60° inlet
flow angle and finned coolant plate work in combination, an average of 69% to 78% increase in
distillate flux was observed with the same energy input.

Keywords: Membrane distillation (MD) desalination; Air gap membrane distillation (AGMD);

Feed entry angle; Polarization; Finned coolant plate

1. Introduction

Freshwater demand is increasing each year with popu-
lation growth. Six Gulf Co-operation Council (GCC) coun-
tries have already gone down to the freshwater scarcity line
for having renewable water resources <1,000 m®/'y-cap, as
stated by World Health Organization (WHO). Many Asian
counties are at risk. Almost all Middle Eastern countries are
starting to depend on desalination techniques to augment
their freshwater supply [1]. There are nearly 16,000 desali-
nation plants worldwide with a desalination capacity of
95 million m?/d [2]. Current water production methods like
reverse osmosis or multi-effect distillation are energy and
land-intensive processes. So, membrane distillation (MD)
has been gaining popularity over the last few decades as an
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energy-efficient and cost-effective process to purify water
from saline water. Membrane distillation-based water treat-
ment started to surface in the early ‘80s as a viable solution
for drinking water scarcity. Membrane distillation (MD)
is an evaporation process between a hot liquid and a cold
condensation medium that is driven by partial pressure
difference. It does not involve boiling, and a hydrophobic
membrane is placed on the evaporating surface through
which only vapour can travel from the hot feed solution
toward the condensation medium. The process provides
the freedom of less sensitivity to feedwater concentration.
At the same time, low operating temperature and pres-
sure make it suitable to utilize industrial waste heat and
solar energy as heat sources [3-6].
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Various categories of MD processes have been devel-
oped since the innovation of the basic technique in the 1960s.
Direct contact membrane distillation (DCMD), sweeping
gas membrane distillation (SGMD), and vacuum mem-
brane distillation (VMD) are some usual techniques in use
for decades. In DCMD, there is no air gap. The vapour is
condensed directly in a cold distilled water stream which
flows by touching the surface of the membrane [7]. An inert
gas is flowed to collect the vapour in the SGMD process.
In contrast, the vapour is collected by creating a vacuum
in the permeate side of the membrane in the VMD process
[8]. Among these categories, air gap membrane distillation
(AGMD) maintains a narrow air gap between the hot lig-
uid and the condensation surface. It preserves the thermal
energy for the process to continue further. AGMD system
offers better insulation between the evaporating and con-
densing surface. The thermal efficiency of AGMD can
reach up to 90% [9], and the process also provides a bar-
rier between the permeate and the coolant fluid through a
solid coolant plate. Thus, the coolant fluid can be any liquid
at a lower temperature than the feed solution, with a lower
chance of permeate contamination. Unlike DCMD, AGMD
is free of pollution by leakage problems. Also, AGMD offers
the benefit of maximum internal heat recovery and reduces
heat loss by conduction compared to all these membrane
distillation (MD) techniques [6]. Because of these lucrative
benefits over other MD techniques, the AGMD system cov-
ers a vast range of applications such as water purification,
ion separation, and desalination [10].

Although the AGMD process seems attractive as a
convenient water treatment method, the system still has
significant room for improvement in production, reduced
temperature and concentration polarization, and mem-
brane cost and durability. After the apparent resistance by
the membrane itself, temperature and concentration polar-
ization remain the main factors that reduce the mass flux
in the AGMD process. Temperature polarization occurs
due to the reduction of temperature near the evaporation
or condensation surface of the AGMD process as a large
amount of heat is consumed and resealed at the time of
phase transition. So, it causes the membrane surface tem-
perature to differ from the measured balk temperature of
the two sides of the membrane [11]. Moreover, when the
concentration of the feed solution rises, especially in the case
of seawater, we need to consider the concentration polariza-
tion as a primary source of the reduction of the driving force
[12]. The production rate of the process can be increased
significantly by reducing the effect of polarization [13].

AGMD process has drawn the attention of researchers,
and different enhancement techniques are associated with
the process in contemporary water research. Studies on the
effects of feed and coolant temperature, feed concentration,
air gap width, and flow orientation on productivity and
energy consumption have already been covered through
numerous research works in the previous two decades. In
recent years, more focused research has been carried out
to improve the AGMD system by minimizing the polar-
ization [14], energy utilization through multi-staging
[15-17]; improving the condensation process [18-20] and
other techniques [21-23]. It has been found from a thor-
ough literature search that very few works are reported

on the condensation plate’s structure, and no work has
been reported about the feed’s entry angle into the feed
chamber other than our previous work [24]. Literature
showed that some researchers tried to tilt the whole mod-
ule vertically at a slight angle, but nobody had previously
attempted to modify the inlet angle [25]. Therefore, there
is enough scope for investigating the effect separately and
in combination to find the improvement that can bring to
production.

This work presents the effect of an inclined entry to the
feed chamber to minimize polarization. A finned coolant
plate has also been used to increase the condensation rate
keeping the energy input the same. A lab-scale AGMD unit
has been fabricated, and experiments have been conducted
with variable feed and coolant temperatures. Simulation
studies have been conducted to understand condensation
over a finned coolant plate better.

2. Theory

Heat and mass transfer co-occur by conduction and
convection in the AGMD process. The vapour transmission
through the air gap can be considered pure diffusion and
conduction, whereas convection can be ignored for a very
high Rayleigh number. The condensation on the coolant
plate depends vastly upon the efficiency and effectiveness
of the fins. In this study, a brief theoretical framework has
been developed to understand the condensation process on
the finned coolant plate, while the effect of entry angle has
been studied mostly by experiments. The basic model of
an AGMD system is shown in Fig. 1. The modeling of the
system needed to be concentrated on the fin effects and fin
geometry to modify the AGMD system for better perfor-
mance. Condensation over a vertical plate was also studied
to set the temperature parameters.

2.1. 2-D vapour transportation in AGMD

The 2-D vapour transportation of the AGMD process can
be expressed as the terms of temperature by using Antoine’s
correlation for pure water where:

B
C+T,

logP, = A- (1)

where P and T is the vapour pressure and temperature of
pure water, respectively, where the driving potential:

AP=P, ~P,, )

where A, B and C component specific constant for pure water.
For saline water, the value of P is corrected using Raoult’s
law as:

PW = (1 - CMNaCl)Ppure water (3)

where CM,_, = mole solute concentration.

Now, the diffusion rate throughout the membrane
depends upon the concentration of the component. According
to Fick’s Law, the mass flux of a constituent per unit area
is proportional to the concentration gradient.
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Fig. 1. Basic model of AGMD system.
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where D is the diffusion coefficient, 1, is mass flux per unit
time, and C, is the mass concentration of component A per
unit volume.

Again, according to Stefan’s law of diffusion, the total
mass flow of water vapour:

D M,A

ﬁiw,t tl - > v v ) (5)
*“ RT(X,-X,)

where X, — X, = thickness of air (distance to travel), A = total

surface area, D = diffusion coefficient, M = molecular weight

of water, R = universal gas constant, and T = temperature.

2.2. Heat and mass transfer through air gap

The transport of vapour through the air gap and mem-
brane pores can be described by molecular diffusion the-
ory. A stagnant air film zone is assumed inside the air gap
of the AGMD system. The transport of vapour molecules
through this stagnant air zone is a laminar flow that occurs
for molecular diffusion. The Fick’s law of diffusion can
determine the rate of diffusion:

N, =-p%
‘ d

X

(6)

where N is the rate of diffusion of vapour molecule through
the 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 through the air gap calculated for one-
directional flow can be expressed by the Eq. (7) [26]:

j=M Dy @)

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 [27]:

DPM_ A dP,

8
RTX dy ®)

w,total

where A is the area, x is the air gap, and D is the diffusion
coefficient.

The vapour flow through the air gap is also slightly
affected by the natural convection in the air gap. Natural
convection happens for the temperature difference on the
two sides of the gap. The importance of the natural con-
vection depends upon the Rayleigh number [28]:

R:g XX (9)

where AT is the temperature difference in the two sides
of the air gap, 9, is the air gap, B is the thermal expansion
coefficient, g is the gravitational acceleration, and V, and a,
are the kinematic viscosity and thermal diffusivity of air,
respectively. From the calculation, if R is less than 1,000,
then the natural convection can be neglected compared to
conductive heat transfer through the air gap [29]:

The conductive heat transfer inside the gap can be
expressed as:

Q= [KtA + r}zchT (10)

where K is the thermal conductivity of air, A is the effective
heat transfer area, riris the mass flux, and AT is the tempera-
ture difference between the two sides of the air gap.
2.3. Fin efficiency

Fin efficiency can be determined by the Eq. (11):

Qi Rate of actual heat transfer of the fin
Qinmae  Rate of ideal heat transfer from the fin

Mo = (11)

where n,_= efficiency of the fin and Q, = actual heat transfer
rate of the fin.

The equation considered that the entire fin is on its base
temperature. That means, in the case of very low thermal
resistance and very high thermal conductivity, the tempera-
ture of the fin is assumed to be uniform all over its body
same as its base value [30]:

Qﬁn = T]fin X Qﬁn max nfinhAﬁn (’1-;) - Toc) (12)
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In the case of determining the efficiency of the cool-
ant plate used in this experiment, the finned area and the
un-finned area both needed to be considered in the calcu-
lation. So the surface of the coolant plate having n number
of fins can be generally expressed as seen in Fig. 2.

Qtotal, fin Qunﬁn + Qﬁn = h (Aunﬁn + 1’]ﬁn Afin )(Tb - Too ) (13)

where A, is the area of the finned portion of the surface
and A . expresses the un-finned portion of the area of
the coolant plate surface. Q, ., .. is expressing the total heat
transfer from the coolant plate [30].

2.4. Fin effectiveness

The fin effectiveness determines the extra facility
achieved from the fin than the un-finned surface in terms of
heat transfer. So the fin effectiveness can be expressed as:

g = Qﬁn — inn
" Qunﬁn hAfin (’I;v - Toc )
rate of heat transfer of the fin from the base area A,

" rate of heat transfer from the surface of the fin are A,

(14)

The significance of ¢, will suggest the necessity of using
fin in this experiment.

If e, =1, then the use of finned surface does not affect
the performance of the coolant plate at all. ¢, < 1 means
that the finned surface of the coolant plate is acting as
an insulator and will not increase the performance of the
plate. It can happen if low k material has been used as fin
material. And if ¢, > 1, then the fin is giving better effec-
tiveness in terms of heat transfer for the coolant plate, and

Fig. 2. Calculation of fin efficiency.

the use of fins will enhance the performance of the coolant
plate rather than using a simple flat plate [27].

So, it can be deduced that the overall effectiveness of
a finned surface can be measured by the ratio of the total
heat transfer from the finned surface to the ratio of heat
transfer of the same surface if that was flat with no fins.

— h(AunﬁnnfinAﬁn )(’Tb - Too) (15)
hAunﬁn (T;; - Tno )

_ Qtota] fin

8ﬁn,overall - Q

total unfin

The effectiveness of fins is high, where h is relatively
low. Copper, aluminum, and iron have relatively high
effectiveness, whereas aluminum is preferred for this
study, considering its easy machinability, high resistance to
corrosion, and low weight and cost.

3. Materials and methods
3.1. Simulation study of the finned condensation plate

In multiphase flow, the Eulerian wall film model is a
popular one to understand the behavior in such condi-
tions of the study. ANSYS Fluent software package was
used to study the simulation process. The main governing
equations for the simulation process used are given below.

3.1.1. Momentum equation

The primary momentum equation follows in the wall
film phase change model is:

du - -
phd—tp+hf(Aspf)oc =Tt +T,t, + P

imp,a

P
_Mimplauiy+157+ ph(g—aw)

n,a (16)
where a denotes the current face on which the particle
resides, h, denotes the current film height at the particle
location, A_is the gradient operator restricted to the surface,
and p, is the pressure on the surface of the film [31].

3.1.2. Passive scalar equation

Transport equation for a passive scalar in wall film is
given by:

ophY — .
t +4, (o1, VY )= A [T (1Y) 40, (17)
where Y = arbitrary passive scalar, hf = film height,

V1 =mean film velocity, p, =liquid density, #1_= scalar related
mass source term per unit area, I = diffusivity for the scalar.

3.1.3. Mass conversion equation

Conservation of mass for a two-dimensional film in a
three-dimensional domain is:

op,h =\ .
o +4,(ph,V,) =i (18)

s
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where p, is the liquid density, hf the film height, A, the sur-

face gradient operator, Vl the mean film velocity, and 71, the
mass source per unit wall area due to droplet collection, film
separation, film stripping, and phase change [31].

3.1.4. Conversion of momentum

Conservation of film momentum is given:

VIVI+ Dv)z—thsPL +phgj+%rg—%i+q
f
)

6phvl
ot

+A5(p1hf

The terms on the left-hand side of Eq. (19) represent
transient and convection effects, respectively, with ten-

sor D, denoting the differential advection term computed
based on the quadratic film velocity profile representation.
On the right-hand side, the first term includes the effects
of gas-flow pressure, the gravity component normal to the
wall surface (known as spreading), and surface tension.
The second-term represents the effect of gravity in the
direction parallel to the film; the third and fourth terms
represent the net viscous shear force on the gas-film and
film-wall interfaces, based on the quadratic film velocity
profile representation. And the last term is associated with
droplet collection or separation. A parabolic film velocity
profile has been assumed in arriving at the shear and viscous

terms on the RHS [32]. A three-dimensional Eulerian wall
film multiphase model was chosen to simulate the process
with phase accretion, enabling phase change. The Eulerian
multiphase model is the best choice for condensation mod-
eling on flat plates when phase change happens. The 3D
computational domain was used by activating double preci-
sion to investigate the plate’s volume fraction of condensate
mass. The set-ups and boundary conditions of the simula-
tion are shown in Table 1.

Pressure based solver was used on a transient condi-
tion where a viscous model has been considered as laminar
flow. The phase change from liquid water to vapour has
been defined where liquid water was selected as the pri-
mary phase, and vapour was defined as the secondary phase
material. The nodal solution of the simulation process is
shown in Fig. 3 with the grid dimension of the plate.

The process was run for coolant temperatures 10°C,
15°C, 20°C, 25°C, and 30°C where the feed temperature var-
ies at 40°C, 45°C, 50°C, 55°C, 60°C, 65°C, and 70°C for each
run. One thousand iterations run for each solution domain.
The contour plot vapour fraction of the channeled cool-
ant plate is shown in Fig. 4 after 1 min for transient flow
at 10°C coolant temperature and 70°C feed temperature.

The result section of the fluent solver gives addi-
tional results of the simulations like mass and weight of
vapour particles, heat transfer rate, flux, etc., which have
been imported in a text file to compare with experimental
results.

11.1111

Fig. 3. (a) Dimension of the design grid and (b) nodal solution of the design grid.

Table 1
Simulation set-ups and boundary conditions

Simulation set-ups

Boundary conditions

Model Multiphase Eulerian wall film
Solver type Pressure-based

Time study Transient

Viscous model Laminar

Primary phase Vapour

Secondary phase Water

Hot feed temperatures (inlet) (°C) 40~70@5°C
Cold feed temperature (outlet) (°C) 10~30@5°C
Wall temperature (°C) 25
Membrane effective area (cm?) 88.2
Vapour volume flow rate (mL/min-cm?) 35
Number of iterations 1,000
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3.2. Experimental set-up

The membrane module contained two chambers, one
containing the hot feed and the other with the coolant. The
module casing was made from 5 mm thick polycarbonate
sheets, and the dimensions of the hot and cold chamber
were approximately 162 mm x 162 mm x 106 mm. It included
six parts: as seen in Fig. 5a.

The experimental set-up is shown in Fig. 5b, indicating
the significant parts. The recirculation heater heated the salt
water for the hot side and sent it to the feed side with the
increased temperature. On the other side, a recirculation
cooling bath was supplying cold tap water as the coolant.
A polytetrafluoroethylene (PTFE) hydrophobic membrane
was used as the barrier between the hot feed and the cool-
ant. The condensate plate was made of aluminum for easy
fabrication of fins. A finned coolant plates were used as it
has been proven to produce higher distillate compared to a
plain coolant plate in recent studies [33,34]. Fig. 5¢ shows
the finned coolant plates. The staggered fins included
60 numbers of shorter 30 mm rectangular fins, respectively.
Fig. 5d shows the PTFE membrane with built-in support to
prevent the membrane from bulging during the feed flow
over it. The food-grade colour was mixed with the feed to
detect any leakage by checking the colour tint of the distil-
late. Sixteen thermocouples were used to measure the tem-
peratures, and the data were recorded using a data logger.

The membrane was attached to the chambers through a
membrane holder ramp, and it has a slight annular depres-
sion machined to accommodate the membrane. A notch
was machined at the bottom of the membrane holder, so
a hollow cavity will be formed to let the condensate come
out when attached to the hot and cold side. The conden-
sate was collected in a graduated beaker to record the water
production rate.

3.3. Experimental variables

After initial testing and ensuring no leakage, the exper-
iments were conducted with variable feed and coolant tem-
peratures. Table 2 shows the apparatus used and Table 3
shows the operating variable ranges.

Before running the experiments, a simulation study was
required to decide on the optimum entry angle, as multiple
drillings at the entrance for different angles would not be

the membrane surface, then stagnation may happen, and
the membrane would lose its productivity caused by tem-
perature and concentration polarization. The membrane
was placed precisely in the middle of the wall, so it was
necessary to find an angle for the inlet pipe to make sure
the flow could strike mildly toward the membrane side
area of the wall. Also, it was kept in mind that the water
flow should not hit the membrane, or it may rupture.
Therefore, the perfect angle needed to be determined for
the final experiments through an ANSYS fluent simulation.
Fig. 6 shows the entry angle arrangement.

3.4. Experimental uncertainty analysis

As per the theory discussed in section 2, the overall
production is dominated by the partial pressure difference,
which is directly related to the temperature of the hot and
cold sides. The pressure was not measured as the system
worked under environmental pressure, and there was no
chance of pressure variation across the set-up. Therefore,
only temperature sensing devices can be linked to the exist-
ing uncertainty in the production. K-type thermocouples
were used to measure the temperature with +0.1°C accu-
racy. Therefore, the only instrument error dT, = +0.1°C is the
uncertainty associated with the thermocouples, the random

n _
error OT, can be expressed as, Z—, here, n = number
1T n—

of data taken to determine T, T is the mean value. The
total error associated with temperature can be summa-
rized as (0T? + dT2)*°.

4. Results and discussion
4.1. Effect of different types of coolant plates

The experiment progressed with variations in the
geometry of the coolant plate. Fig. 7a shows the distillate

Table 3
Operating variables

Operating variables Values (range)

40~70@5°C interval
10~30@5°C interval

Feed temperature, °C
Coolant temperature, °C

possible. Therefore, a flow simulation inside the hot solution  Coolant plate design Plain and staggered finned
.Chamb.er was conductgd to find the. best impact angle of the ;. gap, mm 5 mm
inlet pipe so that maximum flow circulation occurs around .
) . Flow rate, L/min 2

the membrane area. If the hot water is poorly circulated on
Table 2
Apparatus/materials

Apparatus/materials Specification/range Brand

PTFE membrane 142 mm diameter and 0.45 um pore-size maximum temperature~80°C ~ MF Millipore

Recirculation baths for 5 L capacity, maximum pump flow 15 L/min, temperature range LAUDA Alpha RA 8

flow system —-25°C~100°C
Temperature sensors
Coolant plate Aluminum coolant plate with fins

Hot feed solution

K-type with temperature range: 0°C~480°C

HEATWATT with 32 channels

Salt (NaCl) water solution with a salinity of 44 g/L -




38 M.]. Perves Bappy, R. Bahar / Desalination and Water Treatment 280 (2022) 3243

ipE

(@R R AN

B UL

1.892-05
142808
9.456-05
4.73e-08
0.002+00

Fig. 4. Vapour fraction contour plot of the channeled coolant plate at 1 min transient time.

1- Feedwater Chamber

2- Membrane

3- Membrane holder/ramp
4-  Air gap

5- Coolant plate

6- Coolant chamber

(d)

Fig. 5. (a) Schematic of the module with different parts, (b) overall experimental set-up, (c) finned condensation plates and (d) PTFE

membrane with built-in support.

production with varying feed temperature and coolant tem-
perature for a flat coolant plate, while Fig. 7b shows the pro-
duction using the finned coolant plate. It can be observed
from the figures that almost 7.4 kg/m*h distillate flux was
obtained in the same condition for the finned plate, where
the flat one gives a maximum of 5.1 kg/m*h at 70°C feed side
temperature and 10°C coolant side temperature. On average,
around 40%—45% increase in distillate flux has been achieved
after using fins on the coolant plate surface. The reason
may be attributed to the fact that although the MD process
is dominated by temperature difference hence the partial
pressure difference across the membrane; in this case, the

surface area of condensation has been increased, and there-
fore, more vapour was able to condense, making room for
more vapour to come in and condense on the finned coolant
plate. Moreover, the extended cross-sectional area of the fins
increased the overall thermal effect of the system. In both
cases, a straight feed entry angle was used.

4.2. Determination of the optimum entry angle

A flow simulation was conducted using ANSYS Fluent
software, and it was found that the 60° angle was good
enough as the inlet pipe angle that covers the most suitable
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Fig. 7. Surface plot of distillate output with straight inlet flow (a) plain coolant plate and (b) finned coolant plate.

‘washing effect’ on the membrane. Considering the risk
factor of the membrane rupture by the water flow hit, an
impact angle of more than 60° couldn’t be tested. Fig. 4
shows the velocity vector of the numerical model inside
the feed chamber. The safest inlet angle is not the same for
all kinds of set-ups. It may vary according to the design of
the chamber and depends on the quality of the membrane.

After simulating the flow inside the designed chamber of
this study, placing the inlet pipe in various positions and
angles, a 60° inlet angle was chosen to be applied. The entry
and exit diameters were 15 mm. The membrane properties
or the inlet/outlet temperatures were not considered in the
simulation as the main focus was to see the fluid flow pat-
tern and observe the washing effect. The fluid flow rate
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will influence the velocity profile; therefore, the flow was
kept constant at 2 L/min to ensure the pressure inside the
chamber did not exceed the membrane liquid entry pres-
sure. The process has been maintained at atmospheric pres-
sure throughout the experiment. The simulation was used
to determine the entry angle only; the rest of the work is
entirely experimental. Fig. 8 shows the fluid distribution
with 60° angled entry to the feed chamber.

4.3. Effect of inlet angle of flow on the produc-
tion from AGMD system

The earlier flow simulation for modelling the AGMD
modules showed the best inlet angle used for the module
with maximum safety for the membrane. If the inlet flow
hits the membrane directly, especially on the membrane’s
joints around the chamber wall, the membrane tends to rup-
ture quickly. This limitation restricts any value of the inlet
impact angles in the system.

14 e
1.28e-03
1.03e-03
7.70e-04
5.13e-04
257e-04
2.49e-07

Welocity Vectors Colored By Velocity Magnitude {mis)

The two surface plots of Fig. 9a and b show the effect
of inlet angle when a flat plate has been used. For the dis-
cretization of the effect of this one factor only, data was
taken on a flat plate first. Later data was also collected
with both angled inlet pipe and coolant plate to under-
stand the combined effect and improvement of the whole
system. The surface plots show that a maximum of 5.75 kg/
m?>h distillate flux was achieved at 10°C coolant tempera-
ture and 70°C feed temperature after using the 60° angled
entry, while the straight entry produced 5.01 kg/m*h at the
same experimental condition. On average, the production
rate increased by 10%~17%, implementing the 60° impact
angle.

It is also understood from the figures that although
the angled entry produced higher distillate flux, the incre-
ment rate was not very significant. The reason may be
due to the MD process being less sensitive to polarization
as it is an evaporative method (no boiling), and there has
been constant flow through the chamber. However, the

60° angle

May 13, 2015
AMEYS Fluent 15.0 (2d, dp, pbns, ske)

Fig. 8. Flow simulation inside the hot solution chamber to find the impact angle of the inlet pipe.
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Fig. 9. Surface plot of distillate output for flat coolant plate (a) straight entry inlet flow and (b) 60° angled inlet flow (for flat coolant

plate).
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improvement of the production rate indicates that the exist-
ing polarization was decreased due to the angled entry to
the feed chamber. The ‘washing effect’ near the wall of the
membrane doesn’t allow the increase of salt concentration
around it. So, the concentration polarization decreases
consequentially.

4.4. Effect of inlet angle of flow associated with finned coolant
plate on the production from AGMD system

As proven from the study, entry angle influences pro-
duction to a moderate scale and finned coolant plate
enhances production significantly; in the next step, the
production rate was investigated with a combination of
finned coolant plate and inclined feed entry at 60° angle.
The distillate production reached up to 8.6 kg/m>h for
the fully modified system, whereas the unmodified sys-
tem gave a maximum of 5.1 kg/m*h distillate production
for 10°C coolant temperature and 70°C feed side tempera-
ture. On average, 68%—78% improvement has been found
compared to the normal, unmodified system. The details
of production increase for a coolant temperature of 10°C
are seen in Table 4. While Fig. 10a and b show the distillate
production surface plot and contour plot, respectively, for
associating finned coolant plate with inclined feed entry.
Therefore, it is summarized from the above study that both
coolant plate design and angled entry to the feed chamber
will enhance production by different degrees. However,

Distillate Flux
(Kg/'m*m)

|

7000 S 7 000
6250~ 7m0
5500 o
250 ~ 1500
Feed Temperature > Coolant temperature
ro 4000 1000 o

when the angled inlet was combined with the finned
coolant plate, the boost in production was significant.

5. Conclusion

The purpose of this study was to experimentally inves-
tigate the effect of feed entry angle in an AGMD membrane
distillation desalination system. The distillate flux was
measured under different operating variables and coolant
plate designs. The following statements can be summarized
from the study:

¢ The geometry of the coolant plate has a significant
effect on the distillation flux of the AGMD system. The
extended active cross-sectional area of the fins provides
additional thermal drive to increase the distillate flux.
Almost 7.4 kg/m>h distillate flux has been achieved in
the same condition for channelled coolant plate where
flat one gives a maximum of 5.1 kg/m*h at 70°C feed
and 10°C coolant temperature. The future scope remains
to test the effect of other fin geometries. Especially the
circular fins and triangular pin fins can be very effective
in minimizing the water droplet entrapment on the top
of each fin.

¢ Tilting the whole module is not a convenient and user-
friendly set-up to increase the flux. Providing a large feed
entry angle is a perfect solution in this case. The small
entry angle has a minor effect on the distillate flux. But it

B: Feed Temperature

10.00 1500 2000 200 3000

A’ Coolant temperature

Fig. 10. Distillate flux from the combined finned plate and inclined feed entry (a) surface plot and (b) contour plot.

Table 4

Production for the variable inlet with finned coolant plate for 10 mins (coolant temperature 10°C)

Feed temperature (°C) 40 45 50 55 60 65 70
Distillate collected using straight inlet flow (mL/10 min) 2.3 2.8 3.6 5.0 6.6 8.3 10.9
Distillate collected using 60° angled inlet flow (mL/10 min) 3.9 5.0 6.4 8.9 11.8 14.5 18.6
Performance increase (%) 69.56 78.57 77.78 78.0 78.78 74.7 70.64
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becomes quite significant in large angles. Investigations
showed that the distillate production increased with
a feed entry angle of 60°. The production varies from
10% to 14% in a performance boost, depending upon
the feed and coolant temperature. The flow simulation
of Fig. 8 shows that the feed solution circulation pat-
tern changes inside the feed chamber when a feed entry
angle is provided. At a 60° angle, the feed solution flows
more towards the membrane wall and creates a “wash-
ing effect’. So, the salt concentration cannot be increased
near the membrane wall. Thus, it decreases concentra-
tion polarization.

With the combined application of 60° angled feed entry
and finned coolant plate, an overall 69% to 78% produc-
tion increase has been achieved for temperatures within
the operating range.

Therefore, the combination of angled entry with a finned
coolant plate can enhance the distillate production sig-
nificantly in an AGMD unit.
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Mass concentration, kg/m®
Diffusion coefficient, m?/s
Gravitational acceleration, m/s?
Heat transfer coefficient, W/(m?K)
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Greek letters

a — Kinematic viscosity, m?%/s

B — Thermal expansion coefficient, W/(m*K)
o} — Condensate film thickness, m

€ — Effectiveness

n — Efficiency

p — Density, kg/m?

r — Scalar diffusivity, m?/s

Subscripts
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