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ABSTRACT

Condensation has a considerable effect on the performance of air gap membrane distillation (AGMD)
process. In this study, a novel module arrangement was successfully introduced with the aim of
improving the condensation phenomena and consequently enhancing the efficiency. In this newly
designed AGMD arrangement, the common flat coolant plate was replaced with several horizontal
copper tubes that has been named tubular condenser. Coolant fluid was streamed inside the tubes
and condensation occurred outside the tubes. To measure the performance of this new module, two
types of polytetrafluoroethylen (PTFE) commercial flat sheet membranes supported by polypropyl-
ene (PP) non woven layer with different pore sizes were employed. To measure water permeation
flux, laboratory prepared brackish water was introduced into the system at different temperatures,
which were 40, 50, 60, 70 and 80°C. The average flux produced by the system at 80°C for a flat plate
condenser with an equivalent air gap was 11.7 kg/(m*h); it increased up to 19.45 kg/(m?*h) using a
simple tubular condenser. To improve more, tubular condenser was developed using zigzag cop-
per ribbons, enhancing the water permeation flux to 30.08 kg/(m*h). To realize the performance of
developed tubular module, the effect of membrane pore size and air gap width as well as ribbons
arrangement were studied.
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1. Introduction

Improving the efficiency of membrane distillation (MD)
process as a new method of heat-based membrane separa-
tion has attracted increasing attention nowadays. Optimiz-
ing this process for desalination of sea water and brackish
water is considered as an attractive replacement for the
usual separation processes such as distillation and reverse
osmosis processes [1-8]. In order to improve the perfor-
mance of this process, different configurations have been
presented. Many researchers are studying four general con-
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figurations, namely; direct contact membrane distillation
(DCMD), air gap membrane distillation (AGMD), vacuum
membrane distillation (VMD) and sweep gas membrane
distillation (SGMD). Among these four categories, DCMD
arrangement has been more popular due to the simplicity
of the module and less peripheral equipment. Compared to
the DCMD, the AGMD process has been used in many com-
mercialization processes such as Memstill, Aquastil, Kep-
ple Seghers, and Scarab AB [9-14] due to many advantages
such as the ability to use different cooling fluids, acceptable
flux, low heat loss, and less fouling tendency [1,15-17].
Based on Alklaibi and Lior’s studies [18], the thermal effi-
ciency of the AGMD is higher by about 6% than DCMD,
due to the existence of air gap. Despite various benefits, the
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flux of the ordinary flow of AGMD has been reported lower
than DCMD or VMD due to the additional resistance cre-
ated by the air gap [19]. Therefore, in order to increase the
flux in the AGMD method, it is needed to improve the per-
formance of the module and provide new configurations.
To increase the amount of the flux in the membrane dis-
tillation process, many efforts have been made to improve
the membrane itself and its construction methods [20-25].
Along with improving the membrane, attention is paid to
optimizing the process conditions in the AGMD process by
Xu et al. [26]. They reported that increasing feed tempera-
ture increased permeate flux regardless of the feed concen-
tration. Tian et al. [27] reported a significant increase in the
amount of flux in the AGMD process, by changing the feed
flow direction, creating rotating currents and a partial mem-
brane contact with the cooling plate. Their results showed
that the optimum partial contact area ratio is about 75-80%.
Wirth and Cabassud [28] also reported improvement in flux
value by changing the flow direction. They compared feed
flow direction in hollow-fiber VMD module. The effect of
surface roughness in counter current flow on flux quanti-
ties for the DCMD process was demonstrated by Ho et al.
[29]. Up to 42.11% of the device performance enhancement
was achieved for the counter current flow DCMD system
in this report. The effect of liquid distributors on the per-
formance of the VMD process was also theoretically stud-
ied by Wang et al. [30]. On the other hand, with the aim
of reducing temperature polarization and improving the
flux, Chernyshov et al. [31], were proposed using spacers
on the AGMD method. A similar work was performed by
Chu-Lin et al. [32] using several flow deflectors in DCMD
process and 36% improvement of flux was reported, but
a 4.2 times increase of pressure drop is encountered. CFD
studies for the impact of spacer direction on the flux value
were also investigated by Shakaib et al. [33]. Their simula-
tions show that when the spacer filaments are not touching
the membrane, high velocity zone at the membrane layer
enhances shear stress and heat transfer rate by decreasing
temperature polarization. In an other research, He et al.
[34] have recommended a thermal recovery solution by
intermediate stage heating of cold feed using the distilla-
tion product of the previous stage in multi-stage modules.
They claimed depending on configuration (interstage heat-
ing or not) and temperature differences, recoveries of 60%
and GOR values above 20 may be attainable. In addition,
Yang et al. [35] investigated the effect of the using hollow
fibers on the performance of DCMD in both experimental
and theoretical studies. They reported a 300% improvement
in the flux value. Next, Singh and Sirkar [36] introduced
porous and non-porous hollow fibers to compress the vol-
ume of the module. Also, Geng et al. [37] designed a new
hollow fiber module, which, by transferring the latent heat
of vapors to the cold feed, improved thermal efficiency by
about 80%. In addition to the AGMD arrangement, some
researchers such as Winter et al. [38] reported that the cre-
ation of a third channel, based on permeate gap membrane
distillation (PGMD) configuration, reduces heat loss and
increases efficiency, where the third channel is added with
an impenetrable foil. Also, extensive work has been done on
multi-effect or multi-stage modules with improved thermal
efficiency based on a combination of a cooling plate in the
AGMD arrangement [39-40]. To improve overall efficiency,

the latent heat of condensed vapors was used for pre-heat-
ing the feed stream by some researchers [41,42]. Chouikh
et al.[43] reported a slight improvement in the amount of
flux due to the movement of stagnant air in the air gap.
Concerning the effect of condensation improvement on
AGMD flux, Bahar et al. [44] tested two different metals
as the cooling plate and showed that the flux value for the
material with higher thermal conductivity was improved.
Another research activity carried out for improving the con-
densation process to achieve higher flux employed finned
surfaces. An attempt to use the finned surface to increase
condensation heat transfer was introduced much earlier in
the mid-1950s by Gregorig [45]. This mechanism was used
extensively later to improve heat transfer in vertical fluted
tubes [46-48]. In 2016, Liu et al. [49] introduced a new mod-
ule called “double-pipe air gap membrane distillation”
by placing a polyvinylidene fluoride (PVDF) hollow fiber
membrane inside copper tubes. According to their studies,
the total produced flux was 29.6 kg /m?h. Bahar et al. [50]
used an aluminum channeled plate instead of a flat plate
to improve condensation in AGMD module. They showed
that the change applied to the condenser plate resulted in
an improvement of about 50% in the amount of flux com-
pared to the use of a flat cooling plate. In a similar effort,
Bappy et al. [51] reported 50-58% improvement in flux val-
ues using finned cooling plates. Despite the many efforts
that have been made to improve the overall performance of
the AGMD module, it seems necessary to pay attention to
newer configurations in the condenser section.

In this research, a tubular condenser is introduced as
an alternative to the flat plate condenser to improve the
amount of flux in AGMD process. For this purpose, two
types of modules with two different condensers, namely
tubular and flat plate, are created, then, experimental tests
are carried out. In all experiments, laboratory prepared
brackish water at various temperature, ranging from 40 to
80°C is pumped into the modules with different condens-
ers and the coolant temperature was set at 20°C. Then, by
adjusting the flows of hot and cold currents to 2 L/min,
changes in the flux of distilled water are studied as the only
variable factor in different modules. In these experiments,
two types of flat sheet PTFE commercial membranes were
used. With the aim of improving the performance of the
new tubular condenser, the effect of using thin zigzag cop-
per ribbons with the tubular condenser on the amount
of produced flux is discussed. Besides, by calculating the
equivalent air gap in the tube condenser, the performance
of the new condenser is compared with a flat plate con-
denser. Moreover, the impact of membrane pore size, the
effect of changes in the air gap width and flux variations
using two membranes on both sides of the tubular con-
denser are analyzed.

2. Material and methods
2.1. Materials

In all experiments, laboratory prepared brackish water
was used with electrical conductivity of about 4500 pS/
cm. To prepare the feed solution, the sodium chloride salt
of the German MERCK Corporation, with 99.5% purity
was employed. This salt was dissolved in deionized water,



M. Jalayer et al. / Desalination and Water Treatment 139 (2019) 39-52 41

produced by the ABC laboratory deionized water appara-
tus. Two types of flat sheet membranes were used in the
experiments. These hydrophobic micro-porous PTFE mem-
branes supported by PP non woven layer were supplied by
the American Membrane Solutions company. The pore size,
thickness, bubble point, flow rate and other specifications
of these two types of membranes are presented in Table 1.
The contact angle for both types of membranes, investi-
gated with contact angle measurement apparatus using the
Sessile drop technique and liquid entry pressure (LEP) is
calculated using membrane manufacturer’s data.

2.2. Tubular condenser design

In the new designed condenser, ten copper tubes were
used with an external diameter of 1/4 inch (D = 6.35 mm)
and 0.025 inches (0.635 mm) thickness. The schematic of
designed tubular condenser is illustrated in Fig. 1. According

Table 1
Specifications of membranes were used in the experiments

Specification MSPTFE022B MSPTFE045B
Membrane media PTFE PTFE
Support layer pp PP

Pore size, pm 0.22 045
Wettability Hydrophobic Hydrophobic
Contact angle, © 130.02 129.31
Thickness, pm 170-240 170-240
Bubble point, psi 21.75-23.2 14.50-15.95
Flow rate, ml/min/cm? @ 19-22 35-40

10 psi

Liquid entry pressure (LEP), 8.84 4.26

atm
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Fig. 1. Three view drawings of designed tubular condenser.
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to Fig. 1, the tubes are parallel and horizontal, located at the
central part of a Plexiglas sheet with a thickness of 15 mm. In
addition to creating the condensation region of the system,
the designed condenser also provides the required air gap
in the AGMD. Coolant fluid from the designed channel is
inserted into the lower part of the tube network and flows
through all the tubes and after passing through the length
of the tubes, goes out from the highest point on the opposite
side of the condenser. The condensed vapors on the outer
surface of copper tubes leave the system from the canal
embedded in the bottom of the air gap section.

A simple tubular condenser is illustrated in Fig. 2a. To
improve the performance of tubular condenser, thin, flex-
ible copper ribbons of 0.2 mm thickness were used in the
form of a zigzag in two modes, including three ribbons for
half of the tubes, shown in Fig. 2b, and six ribbons for cov-
ering the total surface of the tubes as illustrated in Fig. 2c.

2.3. Module design

In this study, three different AGMD modules presented
in Fig. 3, were employed to evaluate the performance of con-
denser configurations. Fig. 3a illustrates the typical AGMD
module with Plexiglas material. This module has two hot
and cold fluid chambers on both sides, and an adjustable
air gap in the middle part, along with the positions of the
membrane and the condensation plate. In order to adjust
the size of the air gap, rubber gaskets with different thick-
ness, proportional to the required air gap size were used.
To achieve a better mix of the fluid and avoid laminar flow
in both hot and cold chambers, and to create turbulency,
two plastic baffles were used in each chamber, perpendic-
ular to the flow path. In this module, a thin copper plate of
0.2 mm thickness was used as a condensing plate. The hot
fluid used in the module is laboratory prepared brackish
feed water and the coolant fluid is distilled water.

In Fig. 3b, the new AGMD membrane module is
shown using a tubular designed condenser. According to
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Fig. 2. Photographs of designed tubular condensers without ribbon (a) and with two modes of copper ribbons (b,c).
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Fig. 3. Schematics of three different AGMD modules were used in the experiments.

Fig. 3b, the module includes a hot fluid chamber, a tube
condenser and an air gap, as well as a blind flange for
blocking the end of the air gap. The membrane is placed
between the hot fluid and the condenser. The condensate
generated in the condenser as the product of the process
is removed from the bottom of the air gap. Cold fluid
enters from the bottom of the condenser into the tube
network and passes through the length of the tubes and
then pulls out from the upper part. Due to the change of
the condenser type from the flat plate model to tubular,
it is possible to use two membranes on both sides of this
condenser. Therefore, in some parts of the experiments,
the module illustrated in Fig. 3c was used. Fig. 4 shows
the cold and hot sides of the designed module and the
position of the baffles.

2.4. Membrane distillation process

Fig. 5 illustrates the schematic of a designed lab-scale
setup. In this system, a HAAKE N3 laboratory heater and a
Julabo VC chiller were used. Both the heater and the chiller
are temperature-adjustable with an accuracy of 0.1°C and

are equipped with fluid recirculation system. In the experi-
ments, the laboratory prepared brackish feed water was fed
into the feed tank. The feed water was heated by the indi-
rect flow of distilled water at an adjusted temperature by
the heater, then was fed into the hot chamber of the module
using feed pump. Pressure, flow and temperature indica-
tors were embedded in the input and output of these sec-
tions. The fluid passes through the module’s hot chamber
and then returns into the feed tank. In recirculating cooling
flow section, distilled water was used as coolant fluid. The
cooling current temperature was regulated by the chiller
and was introduced into the cold chamber by a chiller inter-
nal circulation pump. In the inlet and outlet of the cold cir-
culation flow, the pressure, flow and temperature indicators
were embedded. Lutron temperature sensors, with a preci-
sion of 0.1°C (Model: TM947), have been used in the system.
The FILMTEC flow meters have been used in the range of
zero to 7 L/min (with a precision of 0.5 L/min). In order to
minimize the heat loss, all equipment, pipes and feed con-
tainer were insulated.

In the experiments, three different modules described
in the module design section (Fig. 3) were used. The
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Fig. 4. Photographs of designed modules with baffles: plate condenser (a), tubular condenser (b).
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Fig. 5. Schematic of a designed lab-scale setup.

feed water was heated to the temperature of interest and
entered the hot section of the module. The vapors cre-
ated in the hot fluid were flowing through the membrane
and after entering the air gap were condensed on the
copper plate or outside surface of the tubes, depending
on the type of condenser of each module. The distilled
water from the path that was made in the lower part of
the air gap goes out gravitationally. The distilled water is
collected in the container and weighed consecutively. A
AND (model EK6100i) digital balance was used to mea-
sure the distilled water production rate, with an accuracy
of 0.1 g. The output of this balance can be recorded on
the computer by the software at one second intervals.
To calculate the flux in kilograms per square meter per
hour, the area of the membrane used in the module is
specified. Also the quantity of distilled water produced
in kilograms was recorded in the balance at a fixed time
interval. In different experiments, Hand Held 8306 porta-
ble conductivity transmitter was used to control the elec-
trical conductivity of the distilled water as a criterion of
membrane performance.
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2.5. Equivalent air gap in tubular condenser

Fig. 6 indicates the air gap where a vapor molecule will
be traversed to reach the condensation point in three modes
using a flat plate condenser in Fig. 6a, tubular condenser
with a membrane in Fig. 6b, and a tubular condenser with
two membranes in Fig. 6c. When using a flat plate con-
denser and the vapor passing through the membrane, mol-
ecule A in Fig. 6a, traverses the air gap width and reaches
the condensation plate. But in the case of the tubular con-
denser, the surface of the tubes as the point of condensation
is not flat, but an arch, and thus vapors passing through
the membrane are closer to the condensation point in some
places and in other places are more distant from the con-
densation point. For example, in Fig. 6b, molecule A, tra-
verses the shortest path to reach the condensation point
and molecule B has a longer path than molecule A, while
the molecule C passes through it without colliding with the
condenser tubes. This molecule will probably collide with
one of the tubes on the return path. In Fig. 6¢, due to the use
of two membranes on both sides, the vapor molecules will
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Fig. 6. Equivalent air gaps in different modules; common flat plate condenser (a), tubular condenser with one membrane (b), tubular
condenser with two membranes (c), tubular condenser drawing with details (d).

move from both sides of the condenser tubes. The paths of
molecules A, B and C will be similar to as Fig. 6b, with the
difference that the vapor volume will increase in this case
and the collisions of the vapor molecules with condensing
tubes occurred more. In this case the probability of vapor
collisions with each other will also increase.

According to Fig. 6, the air gap width in case of flat plate
condenser is the direct distance between the membrane
and the condenser plate, as shown in Fig. 6a. However, the
equivalent air gap in a tubular condenser can be obtained
by calculating the total surface area of the condenser minus
the occupied surface by the tubes shown in Fig. 6b.

AirGapWidth = Total Area — Tubes Area (1)
Gap Height

As calculated in Appendix 1, the width of the air gap for
tubular condenser is equivalent to 12 mm approximately
when using a flat plate condenser. This value will be used
in the following sections to compare the efficiency of the
tubular condenser with the flat plate condenser.

In all experiments, feed at different temperatures of
40, 50, 60, 70 and 80°C was entered into the module and
by maintaining the coolant temperature at 20°C and adjust-
ing the amount of hot and cold circulation flows at 2 L/
min, changes in distilled water flux were studied as the only
variable parameter in different modules. In order to accu-
rately compare the efficiency of the tube condenser with

plate condenser, the equivalent air gap size in the tube con-
denser was also used in the flat plate condenser. Moreover,
the effect of using thin zigzag copper ribbons on the tubu-
lar condenser, the effect of membrane pore size, the effect
of changes in air gap width and flux variations in the case
of using two membranes were investigated. To ensure the
results of experiments, each test was repeated three times
for all variables.

3. Results and discussion
3.1. Flux in tubular condenser compared with plate type

Fig. 7 shows the distilled water flux values at various
temperatures ranging from 40 to 80°C using different con-
densers. In these experiments the module flux with a flat
plate condenser is compared to an ordinary tubular con-
denser. In this process, the membrane with pore diameter
of 0.45 pm was employed. To ensure result’s reliability, each
test was repeated three times at different temperatures.

According to Fig. 7, the amount of flux of distilled water
increases with temperature for both plate and tubular con-
denser. These graphs show that the amount of distilled water
produced by the tubular condenser is greater than that of the
flat plate condenser at the same temperatures. For example,
at an average temperature of 80°C, the average flux in the
case of flat plate condenser is 11.71 kg /m?*h, which increased
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Fig. 7. Comparison of flux in tubular condenser with flat plate
condenser.

to 19.45 with a tubular condenser (about 66.3% increase).
According to the heat transfer and energy conservation prin-
ciples (assuming no energy dissipation in the system), the
amount of heat transfer due to the condensation of vapors
on the flat plate or tube should be provided by the coolant
flow through the back of the flat plate or inside the tubes.
This heat is equivalent to the heat transferred by the vapor
molecules passing through the membrane that entered the
module air gap. Using Holman'’s heat transfer relations for
condensation phenomena [52], we have:

Q.=hA/T,-T) 2)

where Q_is condensation heat transfer rate (W/m?), h_is
heat transfer constant (W/m?2°C), A is coolant plate area
(m?», T and T T ,are the average temperature of the vapors
in the air gap and the average temperature of the cooling
plate in the half-depth of the plate (°C), respectively. Based
on Holman’s relations for condensation on a flat plate, the
mean value of the constant heat transfer (7, ) by integrating
along the condensation plate length (L) is obtained by:

1 L
h=— f x=— 3)
7= 0.943| PP PIShgH, I )
Lit,(T, ~T,)

where p is the density of water (kg / m’), p, indicates the vapor
den51ty (kg/m?), g represents gravity acceleration (m/s?), h
is enthalpy of vaporization/condensation (J/kg), k, indicates
thermal conductivity of the condensation film (W/m-°C) and
11,is the dynamic viscosity of condensate film (N's/m?).
Eq. (4) can be re-stated based on Nusselt’s research on
the laminar film condensation mode for horizontal tubes:
1
3 |4
h=0.725 w (5)
/ufdt (Tg - Tp )
where d, is the diameter of the tube. Now, if 1 tubes are par-
allel to each other, the term nd, can be replaced by d, in the
above relation [52].

On the other hand, according to the research by Bahar et
al. [50], transferred heat during evaporation of saline water
from the hot side of the membrane can be expressed as fol-
lows (assuming no heat loss):

kA,
Q,= (—f; +Nc,,

m

J(Tm T, )+ Nh,, 6)

Eq. (6) implies that total heat transfer at the interface
(Q,) is a summation of sensible heat transferred with vapors
and latent heat of vaporization. In the above equation, k,
(W/m-°C) is the effective thermal conductivity of the mem-
brane, which includes the thermal conductivity of the
membrane and vapors inside the pores, A (m?) indicates
the membrane area, t (m) is the membrane thickness, N
represents permeate flux (kg/m*h), ¢ is the specific heat
of the vapor ( kJ/kg-°C), T, (°C) is the temperature of the
membrane surface that contacts with feed, T (°C) is the
temperature of the membrane surface in contact with the
vapor, and h& is enthalpy of vaporization (J/kg). By rewrit-
ing the above relation, we can reach:

Q, _keﬁiA(T Tm)

N= b @)
Crg (Tm Tum ) + hfg

It is seen from Eq. (7), if all other parameters are kept
constant, Q is the determining factor for the evaporation
rate. According to the energy conservation principles (no
heat loss), heat transfer rate of vaporization is equal to con-
densation rate, hence: Q =Q = Q..

Therefore the value of N can also be increased by
increasing Q_ in Eq. (7) or increasing Q_in Eq. (2). With sub-
stituting Q_from Eq. (2) instead of Q_in Eq. (7), we reach:

o (57| 54 )

¢ (T, —T, )+ (8)

m am

N =

According to Eq. (8), for a plate condenser, permeate
flux will be increased by increasing the condensation sur-
face A or increasing the /i . Therefore, by manipulating the
amount of condensation surface, the flux rate can also be
affected.

On the other hand, for a tubular condenser, /1, from Eq.
(5) can be replaced into Eq. (8):

Tamm%{%?QJWHQ

Cpe (T =T, )+ Iy

am

07| PP~ P8l
'ufdf (T*z - TP)
N =

where A, (m?) indicates the external surface of the tubes and
T, (°C) is the tube surface temperature. According to Eq. (9),
by increasing the external surface of the tubes as condensa-
tion surface A, permeate flux will be increased.

As calculated in Appendix 2, the condensation heat
transfer surface on a flat square plate with a length of
90 mm is 8100 mm? This value in the tubular condenser is
increased to 17945 mm?. It can be considered that the con-
densation area of copper tubes is about 2.2 times the flat
plate condenser. But according to Eq. (9), condensation area
only enhances the first term of equation and other terms
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decrease the flux. However, due to the higher thickness of
the tubes used in the tubular module than the flat copper
plate in plate condenser, it can be expected that the amount
of heat transfer in the tubular condenser is lower than the
predicted one. In the tubular condenser experiments, with
increasing the condensation area to 2.2 times compared to
plate one, the flux enhanced only about 66.3%.

It has been reported in [50,51] that using a finned plate
instead of a flat plate, the flux increases with an increase
in the area. These findings are consistent with the results
obtained in this section. They emphasize that increasing the
condensation rate creates more free space for vapors and
actually creates a “low pressure zone” on the condensation
plate, which allows a higher vapor flow rate through the
membrane without the need for a change in the feed tem-
perature or change in air gap width. Previously, the use of
finned surfaces to increase condensation heat transfer had
been studied by Gregorig [45], Fuji et al. [46], Murry et al.
[47] and Park [48], where all of them agree on the improve-
ment of condensation heat transfer using finned surface.

3.2. Air gap width impact

The quantities of distilled water flux at different tem-
peratures varying from 40 to 80°C for a 0.45-pm membrane
are shown in Fig. 8. In this case a flat plate condenser with
two different air gap width, namely; 6-mm and 12-mm com-
pared to the tubular condenser. For the sake of reliability,
each test was repeated three times at different temperatures.

According to Fig. 8, distilled water flux increases with
the temperature for all three modules. These graphs show
that at the same temperatures, the amount of flux produced
by the tubular type condenser is greater than the flat plate
condenser in both 12 and 6 mm air gap width. Based on the
charts, the amount of flux in the case of flat plate condenser
increases with the decrease in the air gap width. Compari-
son of the results shows that, at 80°C, the average flux for flat
plate condenser with an air gap of 12 mm is 11.70 kg/ m*h.
In case of flat plate condenser with an air gap of 6 mm the
average flux is 14.34 kg/m?h, whereas using tubular con-
denser, the flux increases to 19.45 kg/m?*h.

Increasing the air gap width increase the resistance to
mass transfer by increasing the vapor diffusion path length.
Air molecules in the air gap act as a barrier against the
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Fig. 8. Flux for flat plate condenser with two different air gap
width comparison with tubular condenser.

path of vapor molecules that traverse between membrane
and condenser plate. Therefore, according to the presented
analyses and the experimental results in Fig. 8, it can be
stated that the flux ratio is inversely proportional to the air
gap width. Analyzing the effect of air gap width in many
researches emphasizes that air gap width increasing in the
AGMD method is one important factor which reduces the
amount of flux significantly [1-2,26].

3.3. Effect of zigzag ribbon on the flux in a tubular condenser

Fig. 9 shows system water flux at various temperatures
ranging from 40 to 80°C using three different condensers.
In this Figure for a 0.45 pm membrane pore size the flux of
a common tubular condenser was compared with two new
tubular condenser using 3 and 6 thin copper zigzag ribbon
plates. The extended surface area by ribbons are presented
in Appendix 3. One ribbon with 10 mm width improve the
condensation area about 630 mm?. For tubular condenser
with 3 and 6 ribbons, the condensation area is extended
about 1890 and 3780 mm?respectively. Again, each test was
repeated three times at different temperatures.

According to Fig. 9, flux increases with the temperature
for all three modes. These charts show that the use of thin
copper ribbon plates on tubular condenser increases the flux
in comparison to the common tubular mode and with an
increase in the number of thin copper ribbons on tubes from
3 to 6, flux increases significantly. The results indicate that,
at 80°C, the average flux in the case of using a condenser
with tubes only, is 19.45 kg/m*h, while using 3 ribbons,
the flux value increased to 22.86 kg/m*h, (17.5% increase)
and in the case of using 6 ribbons on the condenser, the flux
value was enhanced by 54.7% to 30.08 kg/m?*h.

As shown in Fig. 10a, in the tubular mode without rib-
bons, some vapor molecules pass through the tubes and
the condensation rate decreases, but in case of thin copper
ribbon plates, as shown in Fig. 10b, only C and D mole-
cules will travel longer while other molecules will have a
shorter path and more points for condensation. When the
number of ribbons increased from 3 to 6, the condensation
area extended about 1890 and 3780 mm? respectively that
resulting in more flux. In fact, by increasing the copper rib-
bon plates, according to Eq. (2), the heat transfer surface
‘A’ is increased in the equation, and as a result of the con-
densation area increases, the amount of flux is eventually
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Fig. 9. Effect of zigzag ribbon on the flux in a tubular condenser.
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Fig. 10. Using copper ribbon plates on tubular condenser; with-
out ribbon (a), with zigzag ribbons (b).

improved. Using new ribbon configurations other than
zigzag or spiral, with the aim of adding to the amount of
surface, requires more research.

3.4. Flux variations using two hot-flow chambers on both sides
of the developed tubular condenser

Fig. 11 shows system water flux values at various tem-
peratures, from 40 to 70°C, for a developed tubular con-
denser with 6 ribbon plates using dual membranes (with
0.45 pm pore size) on the both sides of the condenser (two
membrane surface = 16200 mm?) in comparison with a
single membrane (surface of a membrane = 8100 mm?). To
ensure reliability, each test was repeated three times at dif-
ferent temperatures.
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Fig. 11. Flux variations using dual membranes with a developed
tubular condenser.

According to Fig. 11, produced distilled water increased
with the temperature for both single membrane and dual
membranes. These charts illustrate that the amount of flux
by two membranes is more than a single membrane at the
same temperatures. The results show that at a feed tem-
perature of 70°C, the average flux in the single membrane
case is 17.36 kg/m?*h, which increased to 19.93 kg/m?h for
the dual membrane mode.

This increase in flux may be meaningful or is caused due
to operating conditions. The justification of these results
needs more researches, but we tried to explain the condensa-
tion phenomena by Fig. 12. Two main parameters influence
the flux; first, membrane surface area and second, a conden-
sation improvement. For calculation of flux with 2 mem-
branes, we divided the total collected permeate to 2 surface
area (membrane area = 2*90 mm*90 mm) so the membrane
surface area deleted from affecting factors. When we use
two membranes, the distance between vapor molecules on
both sides of condenser and condensing point is decreased
and passed distances for vapor molecules are shorter than
the case with one membrane. Also the rate of condensation,
which is the number of water molecules that change phase
from gas to liquid per second, depends mainly on the vapor
pressure. The higher the vapor pressure, the faster the rate
of condensation. When we use two membranes, the number
of steam molecules in condensation chamber is increased.
An increase in the number of vapor molecules leads to an
increase in collision and interactions among molecules and
also increases the condensation chamber’s pressure.

In Fig. 12 the condensation phenomena for a developed
tubular condenser using one or two membranes in the mod-
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Fig. 12. Schematic of condensation with a developed tubular
condenser; single membrane (a), dual membranes (b).
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ule has been compared. In a single membrane mode shown
in Fig. 12a, vapor molecules A and B collide with tubes and
ribbon plates, but molecules C and D must travel longer
distances behind the tubes and ribbon plates for condensing
there. In addition, the amount of produced vapors is lower,
while in the dual mode in Fig. 12b, the produced vapors on
both sides of the condenser are larger by two membranes
and the distance traveled to collide with the condenser
decreases for the molecules, hence the condensation rate is
higher and the amount of flux is increased.

In case of using two membranes and up to a tempera-
ture of about 70°C, the cooling temperature of the coolant
fluid remains constant at 20°C due to the limited cooling
capacity of chiller used in these tests and therefore, the
results of the above diagram are obtained. But with the tem-
perature rising up to 80°C, this chiller is not able to provide
the optimal cooling for the condensation of vapors passing
through dual membranes, and as a result, the temperature
of the cold fluid rises from 20°C to about 32°C. Therefore,
the flux results at temperatures above 70°C cannot be mea-
sured.

An increase in the amount of flux owing to the increase
in the membrane surface area, while the condenser capacity
is unchanged, indicates that more vapors have a condens-
ing capability with the existing cooling capacity. Therefore,
at temperatures below 70°C, the existing cooling capac-
ity increases the amount of the total flux. However, this
increase is stopped at the temperatures above 70°C due to
overcoming vaporization heat to chiller’s cooling potential.

3.5. The effect of membrane pore size

Fig. 13 illustrates the produced fluxes in two modes of
flat plate condenser and developed tubular condenser at
various temperatures ranging from 40 to 80°C for two dif-
ferent membrane pore sizes: 0.22 and 0.45 pm. To ensure
reliability, each test was repeated three times at different
temperatures.

According to Fig. 13, the amount of produced distilled
water is increased by an increase in the pore size of the
membrane. Also charts show that in both types of mem-
branes, with an increase in the feed temperature, the flux of
produced distilled water increased too. Based on the results,
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Fig. 13. The effect of membrane pore size on the permeate flux.

at 80°C, the mean flux in the case of a 0.45 pm membrane
for a developed tubular condenser is 30.08 kg/m?*h, where
it decreases to 27.10 for a membrane with 0.22 um pore size
(about 11% reduction). Also, at the same temperature, for
a membrane with a pore size of 0.45 microns with the flat
plate condenser, the flux is 11.70 kg/m?>h which decreased
to 9.49 kg/m?>h for the membrane with 0.22 micron pore
size (23.8% reduction).

The transfer of vapor molecules through the structure
of the porous membrane takes place by varying the vapor
pressure of the two sides of the membrane. According to
information provided in various references, mass flux
depends directly on the difference in water vapor pressure
on the membrane (Api) and mass transfer constant (C) [1-4].
N =CAp, (10)

Simplification of the constant mass transfer equations
shows the general dependence of the mass transfer on the
properties of the membrane:

o

Er
Tt

m

C~

(11)

In Eq. (11), & is the membrane porosity, r is the mean
radius of the pores, 1 is the membrane’s tortuosity, ¢, is the
membrane thickness, and « is diffusion type coefficient [53].

According to Eq. (11), the mass transfer constant is
directly related to membrane pore size and with an increas-
ing average radius of the membrane pores, the amount of
produced flux will increase. On the other hand, by increas-
ing the feed temperature, the difference between the water
vapor pressure on the membrane (Api) in Eq. (10) increases
and eventually increases the amount of flux (N).

Increasing the amount of flux with increasing tempera-
ture and increasing the size of the membrane pores have
been emphasized in many previous studies which is con-
sistent with the results obtained in this research [1-2,26—
27,54-55].

3.6. Gained output ratio (GOR)

Gained output ratio (GOR) is defined as a ratio between
mass flow rate of produced distillate (1,) and mass flow
rate of saturated steam (i) [56].

GOR =M.
m

s

(12)

The factor m, in Eq. (12) is the amount of distillate (kg)
whereas m_is defined as:

T,

_ m,C, (Th h,in) (13)

m, =
’ AH

Lout -

ref

That in Eq. (13) m, is the mass flow rate of hot fluid
(kg/h), C,is the specific heat capacity(k]/kg-K), T, . and
T, are outlet and inlet temperature of feed fluid (°C) and
AH _ is the latent heat of steam at standard conditions (1
atm and 100°C) that has a value of 2326 k] /kg [57].

Fig. 14 illustrates the GOR using Eq. (12) and Eq. (13)

for three types of condensers that presented in experiments;
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Fig. 14. Gained output ratio(GOR) for three different types of
condensers; flat plate condenser, simple tubular condenser and
developed tubular condenser.

flat plate condenser, simple tubular condenser and devel-
oped tubular condenser with zigzag ribbons.

According to Fig. 14, the GOR for flat plate condenser
is 0.44. This value is enhanced about 65% with substitut-
ing the simple tubular condenser instead of the flat plate
type. With replacement of developed tubular condenser, the
GOR is increased to 1.12 that shows 156% improvement. In
some researches, GOR for AGMD process is reported from
0.8-0.97 [58-60]. The GOR for developed tubular condenser
indicates 15% improvement compared with other research-
ers results.

3.7. Salt rejection rate (SRR)

Salt rejection rate (SRR) is an important factor for inves-
tigation of MD module efficiency. The salt rejection is differ-
ence between initial feed concentration (C;, ) and produced
distillate concentration (C ) thatis defined using Eq. (14):

distillate-

Cfeed - Cdisiillufe +100

feed

SRR = (14)

Fig. 15 illustrates the rejection rate for three different
condensers using Eq. (14).
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Fig. 15. Rejection rate for three different types of condensers;

flat plate condenser, simple tubular condenser and developed
tubular condenser.

4. Conclusions

Due to the increasing attention of the researchers to the
membrane distillation (MD) technology and the abundant
demand for this process, improving the performance of MD
by the new configurations’ presentation is needed urgently.
In this research with the aim of improving the condensation
phenomenon and consequently, enhancing the efficiency
of AGMD process, a new module configuration was pro-
posed. In this new module, with replacing horizontal cop-
per tubes instead of a flat coolant plate, a tubular condenser
was introduced. Using two types of PTFE commercial flat
sheet membranes, laboratory prepared brackish water was
introduced into the system at different temperatures, and
by setting the coolant temperature at 20°C and adjusting
the flow rate of hot and cold currents to 2 liters per minute,
changes in distilled water flux were studied. According to
the results, the average flux of the new tubular module indi-
cated 66% improvement compared with the common flat
plate condenser. Furthermore, by adding thin copper rib-
bons to the tubular condenser, the flux increased up to 30.08
kg/(m>h) that in comparison with the conventional flat
plate condenser, represents an enhancement of about 160%.
Increasing the condensation area, the feed temperature and
membrane pore size and decreasing air gap width caused
flux improvement that emphasized this new arrangement
matched with other configurations results. Other advan-
tages of using this new tubular condenser include the
ability to use two membranes on both sides of tubular con-
denser instead of a single membrane, decreasing module
size, greater flexibility of the process and the possibility of
reducing energy consumption in the condensation section.
The maximum flux by using two membranes in a module
with a new developed tubular condenser by zigzag ribbons
is about 15% higher than a single membrane mode. More-
over, by adding a 160% improvement in single-membrane
mode to a conventional flat plate condenser, 175% of the
overall flux improvement was achieved in the case with
two membranes. The results demonstrated that the imple-
mentation of a developed tubular condenser instead of a
flat coolant plate can be an effective way to enhance the effi-
ciency of AGMD process. Developing this new configura-
tion with new suggestions for improving the condensation
needs more research. Proposing another sheet configura-
tion, using finned tubes and new offers for air gap reduc-
tion can be the subject of future research.

Acknowledgement

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

Symbols

— Membrane surface area (m?)

— Coolant plate area (m?)

— The external surface of the tubes (m?)
Mass transfer constant

— The specific heat capacity (k] /kg-K)

— The specific heat of the vapor (k] /kg-°C)
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d — Diameter of the pores (m)

d, — Diameter of the tubes (m)

g — Gravity acceleration (m/s?)

h — Constant heat transfer (W/m?2-°C)

h, — Heat transfer constant of convection (W/
m? °C)

hfg — Enthalpy of vaporization/condensation
(J/kg)

” — The effective thermal conductivity of the

membrane (W/m:-°C)

kf — Thermal conductivity of condensation
film (W/m-°C)

L — Condensation plate length (m)

m, — Amount of distillate (kg)

m, — Amount of saturated steam (kg)

m, — Amount of hot fluid (kg)

M — Molar weight (kg/mole)

N — Permeate mass flux (kg/m?*h)

P — Pressure (Pa)

Q — Heat transfer rate (W/m?)

Q. — Condensation heat transfer rate (W/m?)

Q, — Evaporation heat transfer rate (W/m?)

r — The mean radius of the pores (m)

T — Temperature (K)

T — Time (s)

T, — The temperature of the membrane sur-
face in contact with the vapor (°C)

T, — Average temperature of the vapors in the
air gap (°C)

t, — Membrane thickness (pm)

T, — The temperature of the membrane sur-
face (°C)

T, — ?\ée)rage temperature of the cooling plate

T, — The tube surface temperature (°C)

AH,,~— — The latent heat of steam at standard con-
ditions (k] /kg)

Ap, — The difference in water vapor pressure on
the membrane

Greek

o — Diffusion constant

€ — Porosity (%)

n — Dynamic viscosity (N-s/m?)

B, — Dynamic viscosity of condensate film
(N-s/m?)

p — Density of water (kg/m?)

P, — Vapor density in the air gap (kg/m?)

T — Tortuosity
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Appendix 1: Equivalent air gap in tubular condenser

Air Gap Width = Total Area — TubesArea "
Gap Height

As shown in Fig. 6d, the total surface area is calculated
as the product of the air gap length (90 mm) and in the con-
denser width (15 mm).

Total area = Gap height * Total width = 90 mm * 15 mm =
1350 mm?

The area occupied by the tubes is calculated as the prod-
uct of the surface of a tube with an external diameter of 1/4
inches (6.35 mm) and the total number of tubes (10 tubes).

Tubes area = Area of one tube (nd?/4) * No. of tubes = (3.14
*(6.35)2/4) * 10 = 316.53 mm?

By establishing the air gap height (90 mm) and putting
the computed values above in Eq. (1), an equivalent air gap
is obtained.

Equivalent air gap width = (1350 mm?- 316.53 mm?) / 90
mm = 11.48 mm

Appendix 2: Condensation heat transfer surface

The condensation heat transfer surface on a flat plate in
the form of a square with a length of 90 mm is:
A =90 mm * 90 mm = 8100 mm?

flat plate

This value in the tubular condenser will be equal to the
summation of the outer surfaces of all tubes. Hence, we
have:

ATubeszn*(n*d)*L

The number of tubes used in the condenser is 10, the
outer diameter of the tubes is 6.35 mm, and the length of
each branch of the tube is 90 mm. By substituting these val-
ues into the equation above, the area of all the tubes will be:

Ay, =n*(r*d)*L=10*3.14*6.35* 90 = 17945.1 mm?

Appendix 3: Condensation surface for tubular condenser
with ribbons

Copper ribbons of 0.2 mm thickness were used in the
form of a zigzag in two modes, including; 3 ribbons for
half the tubes, shown in Fig. 2b, and 6 ribbons for covering
the total surface of the tubes that is illustrated in Fig. 2c.
The width of a ribbon is 10 mm. The ribbon length between
two tubes is 3.5 mm. Total length of ribbon among the 10
tubes is:

9*3.5=31.5 mm Area added by a ribbon= 31.5*10=315 mm?
Both sides of ribbon are employed as condensation area:

Total area added by a ribbon = 315*2 = 630 mm?
For 3 ribbons: Total added area = 3*630 = 1890 mm?
For 6 ribbons: Total added area = 6*630 = 3780 mm?



