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Abstract

the transfer of conduction heat and latent heat.

Membrane distillation (MD) is receiving recent attention as a technique to efficiently concentrate aqueous
solution such as seawater. It has potential benefits of low temperature and pressure operation with high degrees of
separation. In this work, the effect of the membrane thickness was studied to produce of the steam flow in the three
different mass transfer mechanisms, and in the different possible combinations of its mechanisms in three different
temperatures. The results have been carried using a polynomial approximation through MATLAB. A quite important
increase in the flow in the model (DGM, Schofield, and KMPT) was observed with a decrease in the stream rating in
the model (KMT). However, the Molecular model, DGM model, KMPT model, and Schofield model are not affected
by the membrane’s thickness. After, we have studied the effect of this parameter (Thickness of the membrane) on
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Local permeate flux at the hot side of membrane in vapor
phase [Kg/m?.s]

Porosity of the membrane

Tortuosity

Membrane pore size [m]

Molar mass [Kg/mol]

Universal gas constant [J/mol.K]

Average temperature of the membrane [°C]
Average pressure partial of the air [P ]
Thickness of the membrane [m]

Pressure [P ]

Diffusion coefficient of the vapor in the vapor/air mixture
[m?/s]

Dynamic viscosity [Kg/m.s]

Water vapor pressure [P ]

Mole fraction of NaCl

Hot liquid/ membrane interface
Membrane

Membrane/ air gap interface

Saline

Pores

Vapor/air

Concentration in the feed part
Concentration in the air gap part

Transfer coefficient [m/s]

Effective diffusion coefficient [m? s™!]

Reynold number of the hot solution channel
Prandlt number
Half-width of the flow channel [m]

Membrane length [m]

Temperature at the interface of hot feed and the membrane [°C]

Tf Feed bulk temperature [°C]

T, Bulk temperature of the coolant [°C]

Q, Total heat [KJ/m?h]

Q. Flow of heat by conduction [KJ/m?h]

Q, Latent heat flux [K]/m?h]

R~ Gas constant of membrane [J/mol K]

K, Thermal conductivity of the materiel forming the membrane
[W/m.K]

A

Thermal conductivity of air [W/m.K]
K Thermal conductivity of membrane [W/m.K]
JAh, ] Ah Enthalpy of hot solution [J/Kg]
T,

3 Hot temperature [°C]

Introduction

In the early of 1980 with the growth of membrane engineering,
MD claims to be a cost effective separation process that can utilize
low-grade waste and alternative energy sources such as solar and
geothermal energy [1]. Membrane distillation is a hybrid process that
uses membranes and operates based on evaporation. Unlike most other
membrane process, MD does not require a mechanical pressure pump
and is not limited by the osmosis pressure [2].

A variety of methods may be employed in MD, such as direct
contact membrane distillation (DCMD) in which the membrane is
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in direct contact with liquid phases in both sides [3-5]. Then, air gap
membrane distillation (AGMD) in which an air layer is interposed
between the membrane and the condensation surface [6,7]. At that
time, a vacuum membrane distillation (VMD) where, a vacuum is
applied to increase or establish the vapor pressure difference between
the membrane sides and the condensation takes place in an external
condenser [8,9]. At that point, sweeping gas membrane distillation
(SGMD) in which a stripping gas is used on the cold side to sweep the
permeate away, with Condensation in a separate device [10-14].

At this juncture, it is worthwhile to underline that the membrane
technique is considered promising since it takes place at temperatures
range (30 to 90)°C and can use solar energy [15]. A survey of the state-
on-the-art of membrane distillation (MD) and its various and detailed
applications was presented by Alklaibi and Lior [16]. Not far, Ding
et al. presented a model for predicting the rate of mass transfer in a
membrane distillation unit to direct contact (DCMD) [17]. Other
researchers, including Meindersma [18], Guijt [19], Payo [14], and
Chouikh [20,21] worked on AGMD, but none of them used solar as
the energy source. Likewise, Mandiang [22-24] have studied three
different types of mass transfer modes through the membrane and
possible combinations of this type. Also, Morteza Asghari [23] studied
the effect of the thickness of the membrane in transfer mechanism of
Knudsen [23].

Our contribution is to redo the results of Mandiang and use them
to study the effect of the thickness of the membrane on the production
of the steam flow in the three different mass transfer mechanisms, and
in different possible combinations of its mechanisms. After, we have
studied the effect of this parameter (Thickness of the membrane) on the
transfer of conduction heat and latent heat.

Definition of the Method

In air-gap MD, the evaporator channel resembles that in
DCMD, whereas the permeate gap lies between the membrane and
a cooled walling and is filled with air. The vapor passing through the
membrane must additionally overcome this air gap before condensing
on the cooler surface. The advantage of this method is the high
thermal insulation towards the condenser channel, thus minimizing
heat conduction losses. However, the disadvantage is that the air
gap represents an additional barrier for mass transport, reducing
the surface- related permeate output compared to DCMD. A further
advantage towards DCMD is the fact, that volatile substances with a
low surface tension, such as alcohol or other solvents can be separated
from diluted solutions, due to the fact that there is no contact between
the liquid permeate and the membrane with AGMD (Figure 1). A
temperatures range of system: T, = 40°Cto 80°C) and (T, = 10°C to
30°C) [24].

Mechanism of Mass Transfer
The three types of mechanisms of Mass transfer are:

Knudsen diffusion (based on collisions between molecules and the-
wall) [24]

This type of distribution is important in systems with high
temperature and pressure.

Jy =K (B, -F,) 1)
with: K, _2sr |8M, @)
376, \7nRT,

Molecular diffusion (based on collision between molecules) [24]

This type of distribution is important in systems of intermediate
temperature and pressure.

s =Ky (B —FB) 3)

. epD,, M,
With: K, , =—2¢« > 4
“* "5, RL,P, @

Viscous diffusion (based on both types of collisions) [24]

This type of distribution is important in systems of low temperature
and pressure.

J, =K, AP, (5)
}’26‘
With: K =L & BM, )
" 8y, 7 J,RT,

In order to explain the reduction of vapor pressure caused by the
dissolved species, Raoul’s law [25] may be used.

B, =0=C)p, (7)

Where Ciis the mole fraction of solute or salinity? The difference in
partial pressure of the saturated vapor of both sides of the membrane
may be calculated from the law of Antoine [15] using the following
equation:

3841
 =exp(23.328 - ——— 8
p, =exp( T—25 ®)

The average temperature of the membrane is given by the following
equation [22]

T, +T,
— m m, 9
m 2 ( )

Furthermore Qtaishat et al. proposed the expression amount of the
steam/air:

PDv/a (Pa.m’s™") depending on the temperature [26]

PD,, =1.985.10°T*"" (10)
Modes Combination of Three Flows
DGM model

The model “Dusty Gas” (DGM) shown in Figure 2. In this model,
the coefficient of permeability of the membrane due to molecular

Feed in _l

"  Coolant out

T
1
Air gap
1 —
| r/
Membrane ————_| >
1
1 “—T— Condensing
1 plate
1
L 3
Feed out ._l | l.. Coolantin
Product

Figure 1: Principe of operation of the AGMD.
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diffusion and of Knudsen are combined as resistance in series, where in J. 1,
the potential drops (pressure difference) are additive [22]. Seoield = s (12)
K »
Jpou = Ys Il (11) KMPT model
N S
MS TR, In this model, the diffusion co-efficient of Molecular Knudsen are
Schofield model in parallel and in series with the poiseuille (Figure 4) [22].

In this model, the coefficient of diffusion of Knudsen and Poiseuille
are parallel and in series with the Fick’s flow (Figure 3) [22].

JK ‘]M,S

T +J +Jp (13)
K M.S

KMPT =

Flux (Kg/m*h)

Thickness (m)

= Thm=40;Tmg=10
—f— Thm=60;Tmg=30
= Thm=80;Tmg=50

x 10*

Figure 2: Mass transfer of Knudsen Diffusion according to the membrane thickness in three different temperatures.

Flux (Kg/m?h)

=== Thm=40;Tmg=10
=== Thm=60;Tmg=30
=—f— Thm=80;Tmg=50

Thickness (m) x 10

Figure 3: Mass transfer of viscous diffusion according to the membrane thickness in three different temperatures.
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Figure 4: Mass transfer of Molecular Diffusion according to the membrane thickness in three different temperatures.
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Figure 5: Mass transfer of three different types of diffusion according to the membrane thickness at h =60 °C and =25°C.
KMT model
Os=0.+0, (15)
In this model, the Knudsen and Molecular flows are in parallel The f fheat b ducti is defined b
(Figure 5) [22]. e flow of heat by conduction ( Q. ) is defined by:
1’;’”1 + Tm g k
_ idus 14 o =———==-(T1,,-T,,) (16)
KMT — ( ) Rm 5711
JK + Jw.s

The thermal conductivity of the membrane k . 18 defined by the
equation as:

Two main heat transfer mechanisms occur in the MD system: k., = ¢k, +(1-¢6)k, (17)

Latent heat and conduction he

at transfer [27]: Where:
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k,: Thermal conductivity of the materiel forming the membrane.
k : Thermal conductivity of air.

The latent heat flux (Q,) of the vapor through the membrane is
defined by:

0, =JAh, (18)
Where ] Ah : Enthalpy of unit mass of steam (J/Kg).

The temperature of the hot vapor side of the membrane is
defined by:

mg

T, = 0 m (19)
h, +
om

Where the convection coefficient steady correlation is given by the
creatz-leveque:

h,T, —J,Ah, + %T

h, =1.86(R,, P, %)“3 (20)

The total transfer across the membrane (Q) is:
O, =0+0, 21
Where the x-average conductive heat transfer is:

oL 2
O = [0.Gdx (22)

m 0

Moreover, the x-average latent heat flux is:
1

Qv:Z

[0,(x)dx (23)

m 0
Temperature De Polarization

This temperature variation across the membrane can be describe
by the temperature polarization factor (TPC) that is defined as [28]:

TPC = M (24)
T, -T.

Where: T, is the temperature at the interface of hot feed and
the membrane (°C), T, is the temperature at the interface of hot feed
and the membrane (°C), Tf is feed bulk temperature (°C), T is bulk
temperature of the coolant (°C).

Results and Discussion

Simulation were carried with the following input data: k_=0.05W.m"
LK1 =0.2m; H =0.2 m; d;=0.002 m; Pr=7.2; Re=192; ka=60 W/m.K.
When the temperature is fixed at three different temperatures and the
membrane thickness is swept between [1.10%, 10.10*] m, following
results are observed: Prior to undertaking detailed presentation and
discussion of the new results obtained in this study, Figure 2 shows
the variation of the vapor of Knudsen diffusion as function of the
membrane thickness in three different temperature. In this figure, the
decrease of the flux is seen by increasing the thickness such as the flow
begins to decrease from the value (1.10* m) and becomes constant
when the value of the thickness of the membrane exceeds (9.10* m),
the maximum value of flux is (4.25 kg/m*h). However, we have seen for
the temperature (T, °C, T, =50°C a bigger flow of steam production
compared to the case temperature (T, =60°C, ng =30°C) and (T,
=40°C, ng =10°C), as in some cases of temperature (Thm =40°C, ng
=10°C), we have seen a very low vapor production.

This observation is in line with Figure 3, which shows the variation
of the vapor of viscous diffusion as function of the membrane thickness
in three different temperatures. In this figure, the flux decrease is seen
by increasing the thickness, such as the flow begins to decrease from the
value (1.10#) and becomes constant when the value of the thickness of
the membrane exceeds (9.10%) m. the maximum value of flux is (13.75
Kg/m’h). However, we have seen for the temperature (T, =80°C,
T, =50°C) a bigger flow of steam production compared to the case
temperature (T, =60°C, ng=30°C) and (T, =40°C, ng=10°C), as in
some cases of temperature (T, =40°C, ng =10°C), we have seen a very
low vapor production.

Figure 4 shows representative results on the variation of the vapor
of molecular diffusion as function of the membrane thickness in three
different temperatures. In this figure, an increase of flow depending
on the thickness of the membrane of (1.10*) to (9.10 *) is observed.
However, we have seen for the temperature (Thm:80°C, ng:50°C) a
bigger flow of steam production compared to the case temperature
(T, =60°C, ng =30°C) and (T, =40°C, T, =10°C), as in some cases
of temperature (T, =40°C, T, =10°C), we have seen a very low vapor
production.

Now turning our attention to Figure 5, that shows the variation of
the vapor of different transfer mechanisms as function of the membrane
thickness. An observation for both mechanisms Knudsen and viscous
(Figures 2-4), shows a rating decrease of flux depending on the
membrane thickness because the thickness of the membrane increases
the diffusion path which increases the mass transfer resistance and
therefore reduces the flow. Rating decrease of the flow would suggest
the weakness of the two mechanisms. For the molecular mechanism
(Figures 4 and 5), it is observed, that the flow increases simultaneously
with the thickness of the membrane because the molecular flow is
strangest among the three types of Mass transfer mechanism in this
field of temperature.

Figure 6 also indicates the variation of the vapor of DGM model as
function of the membrane thickness in three different temperatures. In
this figure, an increase simultaneously of the flow is depending on the
thickness of the membrane of (1.10*) to (9.10 **). However, we have
seen for the temperature (T, =80°C, T, =50°C) a bigger flow of steam
production compared to the case temperature (T, =60°C, ng=30°C)
and (T, =40°C, ng:10°C), as in some cases of temperature (T, =40°C,

T, =10°C), we have seen a very low vapor production.

Figure 7 describes the variation of the vapor of Schofield model as
function of the membrane thickness in three different temperatures.
An increase of the flow is depending on the thickness of the membrane
of (1.10*) to (9. 10*). However, we have seen for the temperature
(T,,=80°C, T, =50°C) a bigger flow of steam production compared to
the case temperature (T, =60°C, ng:30°C) and (T, =40°C, ng:IO"C),
as in some cases of temperature (Thm:40°C, ng:10°C), we have seen a
very low vapor production.

Figure 8 shows the variation of the vapor of KMPT model as
function of the membrane Thickness in three different temperatures. In
this figure, we show an increase simultaneously of flow depending on
the thickness of the membrane of (2.10*) to (9. 10*). However, we have
seen for the temperature (T, =80°C, T, =50°C) a bigger flow of steam
production compared to the case temperature (T, =60°C, ng:30°C)
and (T, =40°C, ng:10°C), as in some cases of temperature (T, =40°C,

ng=10°C), we have seen a very low vapor production.

Another time Figure 9 shows the variation of the vapor of KMT
model as function of the membrane Thickness in three different
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Figure 7: Evolution of Model “Schofiled” as function of membrane Thickness in three different temperature.

temperatures. In this figure, the flux decreases by increasing the
thickness such as the flow begins to decrease from the value (1.10*) and
becomes constant when the value of the thickness of the membrane
exceeds (9.10*) m, the maximum value of flux is 4.25 (kg/m?h),
however, we have seen for the temperature (Thm=80°C, ng=50°C) a
bigger flow of steam production compared to the case temperature
(T,, =60°C, ng=30°C) and (T, =40°C, ng=10°C), as in some cases
of temperature (T, =40°C, T, =10°C), we have seen a very low vapor
production.

After, the thickness of the membrane is varied in the various
possible combinations of flux transfer mechanism (Figures 6-9),
an observation shows an increase in the flow in the model (Figures
6-8) and a stream rating decreases in the model (Figure 9). This also
indicates that the increased flow as a function of the thickness by the
following equation [29]:

Cz _CI — Deff’
o o

m m

J =Dy (¢, -C)=K(C -G (25)
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This equation reflects the diffusion of molecules in a porous and
homogeneous system. C, and C, are the concentrations of both sides
of the membrane, K is the transfer coefficient, 6m is the thickness of the
porous membrane.

Figure 10 shows the variation of heat conduction as function of
the membrane thickness. In this figure, the heat conduction decreases
by increasing the thickness. Furthermore, the flow begins to decrease

from the value (1.10*) and become constant when the value of the
thickness of the membrane exceeds (8.10m), the maximum value of
heat conduction is about (1, 7.10” kg/m?.s). This result is logical because
the heat conduction decreases gradually depending on the distance of
the heat flow because losing the temperature; it also loses the capacity
to conduction.

Figure 11 shows representative results on the variation of latent
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Figure 11: Evolution of the Latent heat as a function of the thickness of the membrane.

heat as function of the membrane thickness. In this figure, a latent
heat increases simultaneously with the increase of the thickness of
the membrane of (1.10m) to (8.10*m) and became constant when
the value of the thickness of the membrane exceeds (8.10* m). This
result is logical because latent heat is released when there is a change
of state from, and it has a negative sign because we pass from fusion to
condensation.

Figure 12 shows transfer of total heat as function of the membrane
thickness. At first, the total heat remains constant up to the thickness
(9.10"*m) because of compensation of two values of the heat (latent and
conduction), then it will increase when the value exceeds (9.10*m).

Conclusion

The broad trends can be summarized as follows, the changes of the

steam flow as function of the thickness of the membrane for different
flow transfer mechanisms is studied. For both mechanisms Knudsen
and viscous, a rating decrease of flux depending on the membrane
thickness is observed. For the Molecular mechanism, it is observed, that
the flow increases simultaneously with the thickness of the membrane.
Later, the thickness of the membrane is varied in various possible
combinations of flux transfer mechanism (DGM, Schofield, KMPT,
and KMT), an increase of the flow is detected in the model (DGM,
Schofield, KMPT) and a stream rating decrease in the model (KMT).
We conclude that the flow increases simultaneously with temperature.
Finally, before concluding, it is worthwhile to make an observation
regarding the Molecular model, DGM model, KMPT model, and
Schofield model are not affected by the membrane’s thickness. These
results were the same conclusion that Mandiang results because the
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model of Schofield and molecular mechanisms are the most suitable and
beneficial for this system. Otherwise, we find that the heat conduction
simultaneously decreases depending on the thickness, unlike the latent
heat increases by increasing the thickness of the membrane.
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