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Abstract: This study deals with a two-dimensional numerical model of the coupled transfers of heat and mass in a
counter-flow enthalpy exchanger. This work involves the use of a control-volume method and solves the energy and
mass equations in the membrane and channels. The effect of operating parameters such as the flow rates, temperatures
concentrations and on the performance of the considered exchanger is also investigated. The obtained numerical results
are compared with those of literature and the agreement is satisfactory.
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1. INTRODUCTION

Fresh water constitute one of the most important
topics on the international environment. In this
context, solar desalination  systems  using
humidification dehumidification process is a
promising technology in the future.

Humidification-dehumidification desalination is an
imitation version of the natural water cycle, where
water is evaporated from the oceans by the sun and
condenses into fresh water precipitation, which
returns to earth and can be used for drinking. The Sun,
which is the driving force of the water cycle, heats
water in oceans and sea sand then, water evaporates as
water vapor into the air.

Most of the energy recovery devices in the market are
limited to recover only sensible heat. However, with
enthalpy exchanger, the reduction of the energy
consumption can reach 40 % under certain climatic
conditions.

The humidifier which is generally a cylindrical vessel,
is sprayed by hot water at the top and the air stream
flowing upward, is heated and humidified using the
energy from the hot water stream. The humidified air
is then circulated to the dehumidifier or condenser

where it is cooled in a compact heat exchanger by
using seawater as the coolant [1]. Humidified air is
then cooled to obtain water free of salt by using fresh
seawater as a coolant. The seawater is preheated in the
process by the humidified air and is further heated in
a solar heater before entering the humidifier. The main
equipment needed for the relatively new desalination
process is: Collectors for heating the salt solution, the
Humidifier and the dehumidifier or condenser.

In this context, the membrane-based enthalpy
exchangers constitute a promising alternative since
there is no requirement to apply hydraulic pressure
and it operates at relatively low temperatures with
reasonably low capital costs. This leads to utilization
of solar energy or waste heat. The humidification
process handles the latent load while sensible heating
handles the sensible load.

Several studies have been carried out on the
experimental and theoretical analysis of the heat and
mass transfer process in the membrane-based enthalpy
exchanger. One of the early studies is the work of Lof
[2] who used triethylene glycol as

the hygroscopic solution in the first liquid desiccant
system. The humidification and dehumidification
processes have attracted again the interest of several
researchers at early 1980s. Several numerical studies
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have been developed to analyze the packed bed
desorption humidifiers and to predict the performance
of the system: the finite difference approach [3,4], the
effectiveness NTU model [5], and the numerical
simulation based on fitted algebraic equations [6,7].
However, the one-dimensional finite difference model
presented by Factor and Grossman [4] is the
commonly used model because it provides the most
accurate results. Also, the results of the references
[8,9] are in good agreement with the experimental
findings.

The moisture transport in desiccant liquid air
membrane energy exchangers (DLAMEEs) depends
on both membrane design and properties because their
ability to recover sensible and latent heat is
responsible of its overall efficiency and performance.
The transport of wvapor water depends on the
morphological properties of the membrane such as
mass diffusivity, thermal conductivity, thickness and
porosity as discussed by [10,11].

Maghaddam et al. [12,13] presented a numerical study
of the effects of membrane proprieties such as the
vapor diffusion resistance and the air side convective
heat transfer coefficient on the effectiveness of the
process. The principal results show that the latent
effectiveness increases by 11% when vapor diffusion
resistance of the membrane decreases from 56 s.m™ to
24 s.mt. Also, by increasing the air convective heat
transfer coefficient, the total effectiveness of the
process increase by 4%.

Several investigations have been performed on
material characteristics used in the in desiccant liquid
air membrane energy exchangers such as Nafion [14],
cellulose triacetate [15], polyether-polyurethane[16],
polyethersulfone [17], PolyVinylidene FluoriDe
(PVFD), and polystyrene-sulfonate [18]. The
adequate and appropriate liquid desiccants are
generally characterized by low vapor pressure, low
viscosity and good heat transfer characteristics.

Some researchers have focused their investigations on
the flow arrangement effects and the associated
geometrical configurations such as co current, counter
current and cross flow on the efficiency of the system
[19,20].

Some investigations have also noted that the
properties of desiccant liquid materials have a strong
effect on water vapor transfer through the membrane.
In fact, the appropriate choice of the adequate
desiccant liquid solution must consider the properties
of membranes such as surface vapor pressure,
desiccant liquid concentration and its crystallization
limit [21]. We can find in the literature several
materials that have been used in the desiccant liquid
air membrane energy exchangers such as Magnesium
Chloride (MgClI2) [22], Lithium Chloride (LiCl) [23],
Lithium Bromide (LiBr) [24], and calcium chloride

(CaCl2) [25]. Sorption-based processes require only
low-grade energy for regeneration of the sorbent
materials, thus incurring lower running costs. The
Lithium Chloride (LiCl) has a high-saturated pressure,
which enhance the transfer of mass end heat in the
membrane.

The material considerations and clarification of
moisture resistance, the effectiveness correlations for
heat and moisture transfer processes and the mass
transfer in a cross-flow membrane-based enthalpy
exchanger under naturally formed boundary
conditions were studied in [26-28].

In recent years, numerous large-scale seawater
desalination plants have been built in water-stressed
countries to augment available water resources, and
construction of new desalination plants is expected to
increase in the near future. Despite major
advancements in desalination technologies, seawater
desalination is still more energy intensive compared to
conventional technologies for the treatment of fresh
water [29].

The present work studied numerically the coupled
heat and mass transfer in a desiccant liquid air
membrane energy exchanger as well as the effect of
different operating parameters on the performance of
the process.

2. MATHEMATICAL MODEL

The enthalpy exchangers which use hydrophobic
membranes is composed of several channels and
arranged with a stack of square plates leading to a
large heat and mass transfer area (Fig. 1).

Figure 1: enthalpy exchanger

Air and solution flows are passing alternatively in
channels separated by thin membranes. The flows
arrangements are in counter flow configuration where
the humid air is passing from one direction and the salt
solution is passing from the opposite direction of the
channels. The used liquid desiccant is the aqueous
solution of LiCl.

The driving force of the coupled transfer is a partial
vapor pressure difference between the air and solution
side which is induced by a temperature gradient
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between the two channels. For considerations of
symmetry, the calculation domain is composed of a
membrane and two neighboring half air and solution
ducts (Fig. 2).

Parameters | Valugs | Unit
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Figure2 : calculation domain

Dashed lines present the boundaries of the considered
domain which is shared between the membrane two
consecutive half layers.

The principal assumptions used in the mathematical
approach are:

- The fluids are Newtonian and incompressible with
constant thermal properties.

- The flows are assumed laminar in two channels.

- Because of its weak thickness, water vapor transfer
in the membrane is in the thickness direction.

- In the membrane, the coupled transfer in two
streams is two dimensional (in x and y directions).

- The heat of sorption is assumed constant and equal
to the heat of vaporization.

- The partial vapor pressure in humid air is in balance
state with that in the solution.

Taking into account of the precedent assumptions, the
dimensionless governing equations for coupled heat
and mass transfer through the hydrophobic membrane
and channels are written in Cartesian coordinates and
in steady state as follows:

The momentum conservation equation in fluid
channels is expressed as.

ou;j
ox;

avl _
+—= oy =0 (D)

Conservation of momentum equations can be written
as:

*6ul * _ 6pl 1 0%y 9%u;
la*+ Ala*_ ox +Rel[6x*2+A6*2] ©
op; 1
wigkviagt= i A Q)

U
where Re; = %” is the Reynolds number relative

1

to the corresponding moving fluid and Ai is the shape
ratio of the corresponding canal.

Also, the heat and mass transfer equations in the two
channels are expressed as:
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Prandtl and Schmidt numbers
corresponding moving fluid.

— denote respectively the
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i designate vapour water for humid air or liquid water
for desiccant solution.
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Figure3: boundary conditions

In hydrophobic membrane, heat and moisture transfer
in the flow direction are considered negligible due to
the small membrane thickness (10* m) and also to the
transversal thermal and mass gradients between the
air and solution steams [30]. Then, heat and mass
transfer in membrane can be simplified to one-
dimensional equation and they are written as:

aZe‘m aZ m
i =0 (6) and =0 (7)
0y Oy
. . . X
The dimensionless variables are as follows: x; = H—“
a
* Ya * Uq * Vq * Pa
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» Ya Hg ' a Uinl,a Ta umla »Pa Pauinl,a2
Ta_Ta,inl Ta inl
] 9 = ] Bm e —— ] fv =
Ts,inl Ta inl Ts inl™ Ta inl
Cy—Cyini 5 — 7' =Cu,inl Xt = Xs ¢ = Ys
Cw,inl_cv,inl a Cwml Cvml 1S H; IS Hg
* Us * Vs * Ps
ur = v = =5 6. =
s Uinl,s TS Uinl,s ' Ps PsUint,a® TS
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and Ay = =

S
are the shape ratios of the humid air and solution
channels.

with La = Ls= Lm = L. L is the length of the
considered exchanger.
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The used boundary conditions take into account the
conservation of the mass and thermal flux densities at
the interfaces hydrophobic membrane-channels.

In dimensionless form, the associated boundary
conditions, shown in figure 3, are written as follows:

In the air flow channel
Boundary AB: outlet condition for humid air

0 -0 2
a a

Xg =4, 0<y; <

and vy = 0.
Boundary AE: symmetric line of the air channel

00, _ 0 0&, oug

* x . = O
0Yq 0ya 9ya

Ya=1,0=<x3 <A,

and v; = 0.
Boundary EF: inlet condition for humid air
X%=0,0<y;<1, u;=1v;=0,6,=0
and &, = 0.
Boundary BF: interface air channel-membrane

; m o™
- ()G

afu “Svjint

v =0 0<x; <A,

aam DV(l
and e = () (jley Soine

In the solution flow channel

Boundary CD: Inlet condition for desiccant solution

X% =0,0<y; <As,us;=1, vy, =0,0,=1
and &, = 0.
Boundary GH: outlet condition for salt solution
aes o0&, o oul
xXg =45, 0<y; < = ’ax;_o’ax;_o
and vy = 0.

Boundary DH: symmetric line of the solution channel

s _ g w _ (o u
oy; " dys ' dys

ys =0, 0<x5 <A, =0
and v; = 0.
- Boundary CG: interface membrane-solution channel

ys*=1, 0<x; <A, u;=0,vy =0,

i = () G 5+ GV Sk
ol i CaE

and N* = (paDv,aLv) (ﬂ) _

As AT

PaD%ACva

AoAT then

mass transfer potential

" heat transfer potential

N* is the ratio of latent to sensible heat transfer and it
is considered as an operating factor.

In the hydrophobic membrane

The vapour pressure at the interfacial temperature
plays a crucial role in the exchange of the vapour
between the considered solution and the humid air. In
fact, the transfer of the water vapor between the
solution and the air depends on the relative amplitude
of the vapour pressure in the air and at the interface
respectively. For high interfacial vapour pressure, the
vapour is transferred from the solution to the humid
air while for low vapor pressure, the vapor is
transferred from the humid air to the solution.

- Boundary BF: interface membrane-air channel

Ym=1, 0<xp <Ap, 05" = 0gine, §0" = Svjine-
- Boundary BC: solid boundary

X, =0,0<y, < aem_o aé"‘;nzo.

- Boundary FG: solid boundary

X =A4,, 0<yl < aem_o,giizo.

- Boundary CG: interface membrane-solution channel

Ym=0, 0= x5, <Ay, 07 =05ine, &0 =1
with C;nlnt = f[Pv(Ts,int' Cw,int)]

m _ 0.62185P,

vint —

Patm - Pv,int
Pg¢m is the atmospheric pressure
P, (Ts int> Cu int) Which is the vapour pressure at the

interfacial temperature, is calculated by using correlations
of Conde [31].

C,ﬁnt is the equilibrium humidity ratio of the air in
contact with salt solution at the air-solution interface.

Cyy,int is the salt solution concentration at the air-
solution interface.

T in¢ is the salt solution temperature at the air-
solution interface.

- Boundary BF: interface membrane-air channel

_ _ m
ym=1, 0<x,<A,, 0= Ba,int ) fv,int =
fv,int-

The performance of the membrane based enthalpy

exchanger is evaluated by the efficiency or
effectiveness. In fact, the sensible efficiency is
written as:

MaCPq Ta,out—Ta,in
Esen = - l (8)

min(mgCpqa,msCps) Tsini—Ta,ini
The latent efficiency is written as:

MaCPq Cyout—Cr,in (9)

min(mqCpq,msCps) Cyint—Cu,ini

€lat =
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Tqour and Cq 0y¢ are the space averaged value of the
temperature and the specific humidity of the air at the
exit of the considered exchanger:

1 [Hg
Ta,out = H_afo Ta,out dy (10)

—— 1 H,
and Cv,out:H_afo Cv,outdy (11)

Finally, the humidification mass rate (kgwv/s) is
written as:

Myym = Mg (Cv,out - Cv,in) (12)

3.SOLUTION PROCEDURE

The governing equations corresponding to the heat
and mass transfers in the membrane and two channels
are solved by using the control-volume method
developed by Patankar [32]. The most attractive
feature of this approach is that the conservation of
energy and mass are exactly satisfied. In addition, the
mathematical formulations involved in this method
do not obscure the physical meaning of each term in
the governing equation. First, the calculation domain
is divided into a number of non-overlapping control
volumes such that there is one control volume
surrounding each grid point. Then, each partial
differential equation is discretized by integrating it
over each control volume by assuming piecewise
linear profiles in space. The code uses the SIMPLE
algorithm [32] for the pressure and velocity
corrections. The obtained system of algebraic
equations is solved by using the successive over
relaxation method. The solution was considered
converged when the relative error between the new
and the old values of the considered dependent
variable became less than 10-4.

The number of grid points in the x-direction is fixed
at 1000 for all compartments of the considered
enthalpy exchanger, while the number of grid points
in the y-direction varies from 40 for the humid air and
desiccant solution channels to 20 for the hydrophobic
membrane. The numerical calculation was made by
using FORTRAN software. The method employed
has been previously successfully utilized and verified
for solving more complex problems like the
combined heat, mass and electrical charges transfer in
a cavity.

4. NUMERICAL RESULTS

Thermal and mass fields in the membrane and both
channels in counter-current configuration are
presented. The parameters considered are as follows:
solution temperature, solution concentration, air
temperature, specific humidity of air, and flow
velocities of two fluids. Figure 4 presents the mass

fields in three domains of the considered exchanger.
We remark that the profile of the concentration field
IS symmetric and parabolic due to the convective
effect of the transfers. On the other hand, the iso-
concentration are slightly deformed and nearly
parallel to the interfaces in the membrane, which
indicates that the transfers are dominated by the
diffusion phenomena. The effect of convection is
seen as the departure of the isotherms from the
horizontal.

Figure4: Mass concentration fields

a: air channel ; b: membrane ; c: solution
channel (Ta,in=25°C, Ts,in=35 °C , wa,in=10
g/kg, Cwat,in=80 % , Vs,in=0,01m/s , Va,in=
0,1m/s)

It is to be noted hear that the same pattern of
isotherms is observed because of the similarity
between the conservation equations of mass and
energy.
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Figure5: Vapour concentration at the interface
solution-air (Ta,in=25 °C, Ts,in= 35 °C, wa,in=
10 g/kg , Cwat,in=80 % , Vs,in=0,01lm/s, Va,in=

0,1m/s)

Figure 5 presents the concentration of the water
vapour at the interface salt solution-humid air. Since
the temperature decreases along the channel, we note
that the concentration of the water vapour decreases
with the extent of the channel accordingly to the
correlations of Conde [31], which indicate that the
saturated vapour pressure is an increasing function of
the solution temperature.

1 m s, Figure 7 shows the variation of the absolute
humidity values of air at the outlet of the air channel
as a function of the air flow velocity for velocities
ranging between 0.1 m s* and 1 m s*. Also, we note
a decrease of the outlet absolute humidity of air with
increasing air flow velocity.

0.017
0.016

A
0.015 \\
\

0.014
(Da,outlet 0.013

0.012 \

0.011 ———

0.01

0 0.5 1
Air inlet velocity

Figure7: Inlet velocity effect of the humid air on
the outlet absolute humidity of air (Ta,in=25 °C,
Ts,in=35 °C, wa,in=10 g/kg , Cwat,in=80 %,
Vs,in=0,01m/s)

The results, founds in figures 6 and 7 show that heat
and mass transfers in the considered exchanger
decrease for relatively high velocity values. However,
the temperature and the specific humidity of the
humid air greatly decrease until nearly Vair = 0.5 m/s
, after that the slope of decay becomes weak.

Figure 8 shows the variation of the temperature

a,out

AR
PR

25.5
25

0 0.5 1
Air inlet velocity

Figure6: Inlet velocity effect of the humid air on
the air outlet temperature (Ta,in=25°C, Ts,in=
35 °C, wa,in=10 g/kg , Cwat,in=80 %, Vs,in=
0,01m/s)

Figure 6 shows the variation of the temperature
values at the outlet of the air channel as a function of
the air flow velocity for velocities ranging between
0.1 and 1 m.s. By increasing the air flow rate, a
decrease in the outlet temperature values is observed.
The air temperature at the outlet decreases from 29.41
to 25.58 ° C for a variation of the velocity from 0.1 to

30 values at the outlet of the air channel as a function of
29.5 1 the solution flow velocity for velocities ranging
23 \ between 0.01 and 0.1 m.s%. By increasing the solution
28.5 \ flow rate, a weak decrease in the outlet temperature
28 \ values is observed.
T 27.5

28.68
28.66 %
2864 1\
2862 1\
286 1\
2858 1\

28.56 \ —o—Ta,outlet
28.54 \

28.52
28.5 \

T * o
28.48

0.02 0.07

solution inlet velocity

Figure8: Inlet velocity effect of the salt solution
on the air outlet temperature (Ta,in=25 °C,
Ts,in=35 °C, wa,in=10 g/kg , Cwat,in=80 %,
Va,in=0,1m/s)

Figure 9 shows the variation of the absolute humidity
values of air at the outlet of the air channel as a
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function of the solution flow velocity for velocities
ranging between 0.01 m st and 0.1 m s. Also, we
note a decrease of the outlet absolute humidity of air
with increasing solution flow velocity.

0.0146
0.0145
0.0144 \
0.0143 \

0.0142 \\
0.0141
\N

0.014 —,
0.0139

—o— Woutlet

0.02 0.07

solution inlet velocity

which leads to a lower outlet air specific humidity and thus
to a lower exchanger efficiency. The heat and mass
exchange are ideal for relatively weak velocities. Also, we
have noted that the humidification mass rate decreases with
increasing air temperature and the air specific humidity
increases with increasing inlet salt solution temperature.
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