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Modeling of Desalination Using Tubular Direct
Contact Membrane Distillation Modules

FAWZI A. BANAT,* FAHMI A. ABU AL-RUB, RAMI JUMAH, and
MOHAMMED AL-SHANNAG

DEPARTMENT OF CHEMICAL ENGINEERING
JORDAN UNIVERSITY OF SCIENCE AND TECHNOLOGY
P.O. BOX 3030, IRBID, JORDAN

ABSTRACT

A fully predictive mathematical model based on first principles of heat and mass
transfer as well as vapor—liquid equilibrium was developed for desalination applica
tion viatubular direct contact membrane distillation. The model took into account the
temperature and the effect of concentration polarization. The model’s prediction in
termsof distillate flux were validated with previously published experimental datafor
such process parameters as saline water and cooling water flow rates and tempera-
tures, and feed salt concentration. The model’s results agreed well with previously
published experimental and theoretical work.

INTRODUCTION

The demand for good quality drinking water is steadily increasing world-
wide. Increasing population, especially in developing countries, and industri-
alization levels, together with the desire to improve standards of living, con-
tribute to the increased demand. Although over two-thirds of the planet’s
surface is covered with water, 99.3% of the total water is either too salted
(oceans) or inaccessible (ice caps). Because water is potable if it contains
fewer than 500 parts per million of salt, much research has gone into finding
efficient methods of removing salt from seawater and brackish water. For this
purpose severa different processes including distillation, freezing, electro-
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2192 BANAT ET AL.

dialysis, reverse osmosis, pervaporation, and membrane distillation have been
developed (1-3).

Membrane distillation is a relatively new process. Essentially the process
employs hydrophobic porous membranes which are permeable to vapor but
not to the liquid phase. The membrane separates a hot or warm solution from
acooler chamber which containseither aliquid or agas. Asthe processisnon-
isothermal, the temperature difference across the membrane creates a partial
pressure gradient which causes water vapor molecules to migrate through the
membrane pores from the high partial pressure side where they evaporate to
the low partial pressure side where they condense, that is, from the warmer to
the cooler compartment as shown in Fig. 1. When used for desalination, salt
water isthe hot feed solution. Pure water vapor passes through the membrane
pores while the salts and other nonvolatiles remain on the warm side of the
membrane. The water vapor is then directly or indirectly condensed and re-
moved as pure water. The membrane does not contribute to the separation
through its selectivity but acts as a physical support at the liquid—vapor inter-
face (4).

The advantages of membrane distillation are: production of a high purity
distillate, the absence of limitations caused by osmotic pressure effects and,
most important, the distillation process takes place at moderate temperatures,
making it economically attractive. Also, arelatively small temperature differ-
ence between the two liquids separated by the membrane can result in rela
tively high fluxes. The permeate is of better quality than the product of a con-
ventional distillation because entrainment of droplets is avoided. The major
drawback of this process is membrane wetting danger.

Different types of membrane distillation processes are considered for the
recovery of water vapor once it has passed through the membrane (4-11).
These types are direct contact membrane distillation (DCMD), air gap mem-
brane distillation (AGMD), vacuum membrane distillation (VMD), and
sweeping gas membrane distillation.

Warm feed Membrane Coaling water

¥Yp

Vapor flow

Te

Hh H* He

FIG.1 Concept of the direct contact membrane distillation process.
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The two available configurations by which membranes are packed within a
module are tubular and flat sheets. The tubular configuration resembles the
shell-and-tube heat exchanger except that the impermeable tubes are replaced
by tubular membranes through which aradial flux takes place. In tubular con-
figuration, both tubular and hollow fiber membranes are used. However, hol-
low fiber membranes provide higher surface area per unit volume, making the
flux density greater than in tubular membranes. The biggest disadvantage of
shell-and-tube modul esisthat damaged membranes cannot be replaced as eas-
ily asin flat sheet apparatuses. Therefore the module is limited by membrane
life.

Flat membrane sheets were used in AGMD while in DCMD flat, tubular,
and hollow fiber membraneswere used. Predictive mathematical modelswere
developed for the desalination application running AGMD in which flat sheets
were used (12, 13). However, semiempirical modelswere presented to predict
radial fluxes of desalination by DCMD in which tubular modules were used.
Inaseriesof publications, Schofield et al. (14-16) investigated the direct con-
tact tubular configuration for the production of pure water from saline water.
Their theory was based on semiempirical modeling in which the importance
of temperature polarization phenomenon was emphasized. Lacoursiere (17)
studied, experimentally and theoretically, the parameters that affect desalina
tion of seawater aswell as sodium chloride solutions by direct contact tubular
configuration. In her mathematical model, semiempirical equations were
used.

The goal of thiswork wasto develop afully predictive mathematical model
to represent radial heat and mass transfer fluxes encountered in desalination
using tubular DCMD configuration. The developed model was solely based
on first principles of heat and mass transfer. Temperature and concentration
polarization phenomena were considered in the model. The validity of the de-
veloped model was examined by comparing its results with Lacoursiere’s
published experimental results.

MATHEMATICAL MODEL

The transport of water molecules from the feed side to the condensation
side, in membrane distillation, is a combined heat and mass transfer process,
during which temperature and concentration gradients are established along
the diffusion path. Membrane processes having a nonvolatile solute in the
feed, as in desalination, exhibit a higher concentration of the solute at the
evaporating surface than in the bulk. This causes a concentration polarization.
In addition to that, the temperatures at the membraneinterface on thefeed side
and on the permeate side are different from the respective bulk temperatures
because of the transfer of the latent heat of vaporization to and from the mem-
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brane and the sensible heat transferred across the membrane. Thisis referred
to as temperature polarization. Knowledge of the temperatures at the inter-
faces is necessary in order to estimate the water flux across the membrane.
These temperatures can be predicted using fundamental heat transfer princi-
ples and well-established semiempirical correlations.

Material Balances and Mass Transfer Rate Relations

According to the nomenclature shown in Fig. 2, a molar material balance
along the flow path of the hot saline solution gives

(mf)s+1 = (rnf)s - (N_w)s (1)

where “s’ refers to the segment number and N, is the radial molar water va-
por permeation rate within that segment.

Water vapor that transports from the feed (f) is condensed in the cooling
water (c) so amolar material balance along the flow path of the coolant water,
after rearrangement, yields

(Me)s+1 = (Me)s — (Nw)s (2

The minus sign indicates that the coolant liquid and the feed stream are flow-
ing countercurrently.

shell wall membrane feed solution

=
e
—
3

s segment fIIm

s1{segment - a4
TCT Imc
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cooling water cooling water

T O L
i - : —
0 S O OB 0 O

FIG.2 Schematic diagram of the flow rate pattern.
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In membrane distillation the hot water vapor passes through the membrane
pores prior to condensation as shown in Fig. 1. Since the membrane pores are
filled with air (noncondensable gas) which acts as a stagnant film, the molec-
ular diffusion model must be applied (18). The diffusion of water vapor
through a stagnant air film is known as Stefan diffusion (13). Under steady-
state conditions the segmental molar flux of water vapor can be written as

o= |5 - ey

wherey,, isthe mole fraction of water vapor, P is the total pressure [equal to
the atmospheric pressure (14-17)], r isthe distancein theradial direction, and
A is the segment surface area open for diffusion which equals 2enmwrl, where
n is the number of tubes in the module, | is the segment length, and ¢ is the
membrane porosity which corrects for the actual open surface area for diffu-
sion. Thediffusion coefficient (D) varieswith temperature according to there-
lation (19)

3)

1.75
D= 0o(7] @
At steady-state
d(Nw)s _
dl’ =0 (5)

Substituting Eq. (3) into Eg. (5) and integrating over the boundary conditions:
ar =rj, Y= Ym
ar=ro, Y=Y (6)
gives

(Nw)s = € 2mNIPDw—air In( 1- yp)

1- m
RT |n(ﬁ> Y
ri
To correct for the actual diffusion path, the membrane thickness (8) must be

multiplied by the tortuosity factor (t) sothat ro = r; + 70.
In Eq. (7):

(7)

o= o2 @

_ (1 B Xm)Po(Tm)
Ym = P ()
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where P°(T) isthe vapor pressure of water at that corresponding temperature,
and X, is the salt mole fraction at the membrane interface which can be ob-
tained by simple mass balance around the nonvolatile salt:

where p isthe bulk solution molar density and ks isthe solute masstransfer co-
efficient. To estimate the value of ks from Sherwood correl ations, the value of
NaCl—-H,0 diffusivity must be known. For this purpose the Nernst—Haskell
equation for dilute solutions of asingle salt can be used (20). The diffusion co-

efficient is (20)
1.1
RT[n+ + n}

Dracl i =
NaCl-H,0 o 1 1
) W W

(11)

To calculate the salt concentration variation along the feed flow path, it was
assumed that no salt was permeating through the membrane. The conductiv-
ity measurements of the permeate flux done by Lacoursiere validate this as-
sumption (17). Performing a salt mass balance over each segment in the di-
rection of feed flow yields

PC

(C)s+1 = (12)

o Nu
P

where ® is the volumetric flow rate of the feed solution.

S

Energy Balances and Heat Transfer Rate Relations

To calculate the molar water vapor transfer rate through each segment (N,,),
the inlet and outlet temperatures of the feed and coolant waters must be
known. The hot side bulk temperature variation in the direction of feed flow
can be calculated by performing an energy balance on a differential segment
asshownin Fig. 2. So:

1
(rr]f)s+1

The heat lost from the feed solution is gained by the cooling water. Analo-
goudly, the variation of the coolant bulk temperature along the flow path is

o e G

(Q)s]

(TWar1 = [(Thmf)s - (13)

(Tc s+1 = (14)
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Theminussignin Eq. (14) appearsjust because the coolant liquid and the feed
stream are flowing countercurrently.

Heat transfer in membrane distillation occursin three steps. heat flux from
the feed bulk to the membrane surface, heat flux through the membrane ma-
trix, and heat flux from the membrane outlet surface to the cooling water (see
Fig. 1). The heat transfer rate (Q)s from the bulk warm feed solution toward
the membrane surface can be written for each differential segment as

(Q)S = {hthi(Th - Tm) + NprIw(Th - Tm)}s = {Hh(Th - Tm)}s
(Hh)s = {hthi + chplw}s (15)

where hys isthe liquid film heat transfer coefficient.
The heat transfer rate through the membrane matrix is given by

(Q)s = [ds + Nululs (16)

where (s isthe sensible heat transfer rate which includes the sensible heat car-
ried by conduction in the normal manner without mass transfer and sensible
heat carried bodily by the transferring molecules. Hence

(G9s = {—Zwrnl ki ST+ N Cogu(T = Tp)}s (17)

where Cyqy IS the heat capacity of water vapor and ki, is the membrane matrix
thermal conductivity of the porous membrane which can be calculated from (18)
km = kg + (1 — &)ky (18)

where kg and ky arethermal conductivities of the gas phase and the solid phase,
respectively. Under steady-state conditions:

d(ds)s
dr

Substitution of Eqg. (17) into Eq. (19) and integrating with respect to the fol-
lowing boundary conditions

ar =rj, T=Tn

=0 (19)

ar =r,, T=T, (20)
gives
(qS)S = [H*(Tm - Tp)]s (21)
where
_ 1
NaCpgw |1+ /1, —Pe
(H*)o = | g <rr_o> — ] (22)
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NuwCpqw
P~ (), @
Substitution of Eqg. (21) into Eqg. (16) yields
(Q)s = [H*(Tm - Tp) + Iqw)\w]s (24)

The heat transfer rate from the membrane surface at the permeate side to the
cooling liquid bulk is

(Q)s = [hcf Ao(Tp - Tc) + Iqwcplw(-rp - Tc)]s = [Hc(Tp - Tm)]s
(Hc)s = [hcon + chplw]s (25)

where h isthe liquid film heat transfer coefficient.

Solving Egs. (15), (21), and (25) for the temperature at the membrane in-
terface on thefeed side, T,,,, and the temperature at the membrane interface on
the permeate side, T,, yields

(Te= {To - ot ry = 1+ Nk |} (26
= (T ot -1y + N [} (27)
where
1 1 1 1
Gy EaS| “

The value of the heat transfer and mass transfer coefficients can be calcu-
lated according to the hydrodynamic conditions as follows (21):

e For laminar flow:

d 1/3 Wb 0.14

Nu = 1.86<RePr —“) (—) (29)

L *m

dh 1/3
Sh= 1.86<Re8c T) (30)

* For turbulent flow:

Nu = 0.023Re%8pro3 (31)
Sh = 0.023Re®8Sc%3 (32)

The membrane was divided into segments of differential and equal length,
and the outlet feed flow rate, temperature, and concentration were calculated
for each segment. Also, the temperature and salt concentration at the mem-
braneinterface were calculated for each differential segment. Thisrequired an
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iterative solution of the forgoing coupled heat and mass transfer equations.
The average of the inlet and outlet values was considered in calculating the
permeate flux of each segment. Note that the feed solution and coolant water
were flowing countercurrently; therefore, the initially guessed outlet coolant
temperature and flow rate must also be solved iteratively in order to match the
specified inlet conditions. A computer program was constructed to perform
the calculations using suitable numerical techniques. The total flux was cal-
culated by summing the fluxes of all segments.

RESULTS AND DISCUSSION

The model validity is examined here by comparing model predictions with
Lacoursiere’ s published data (17) for process variables such as salinated wa-
ter flow rate, cooling water flow rate, salinated water temperature, cooling wa-
ter temperature, and salt concentration. The physical properties of Lacour-
siere’smodule are presented in Table 1 (17).

Saline Water and Cooling Water Flow Rate

A comparison between model predictions and experimental datafor the ef-
fect of saline water flow rate and cooling water flow rate on pure water flux is
presented in Figs. 3 and 4, respectively. Here, the agreement between experi-
mental values and the model isvery good. Asshown in Fig. 3, the state of dis-
tillate production is dependent on the saline water flow rate. It increases
sharply at lower flow ratelevels and reaches an asymptote at higher flow rates.
This can be attributed to the reduction of temperature and concentration po-
larization at the membrane boundary and to the fact that at lower feed flow
rates the hot saline solution cools down faster, and thus the vapor pressure dif-

TABLE 1

Properties of Lacoursiere’s Module (17)
Membrane material Polypropylene
Housing material Polypropylene
Potting material Polypropylene
Inside diameter of the shell (mm) 25
Number of tubes 3
Module length (m) 0.7
Thickness of membrane (mm) 15
Nominal pore diameter (m) 0.2
Tortuosity factor 2
Effective filtration area (m?) 0.036
Porosity 0.75
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FIG.3 Effect of saline-water flow rate on permeate flux (3 wt% NaCl, T, = 50°C, T, = 26°C,
®d. = 1.9L/min).

ference across the membrane decreases. The discontinuity in Fig. 3 occursdue
to the change from laminar to turbulent flow correlations. The heat and mass
transfer coefficients were evaluated for these two regimes using different em-
pirical formulas.

In Fig. 4 it is shown that cooling water flow rates have a minimal effect on
the pure water flux produced. At very low flow rates the cooling water solu-
tion warms up faster, leading to a decrease in the vapor pressure difference
across the membrane, and therefore a decrease in pure water flux. However,
increasing the cooling water flow rate will only overcome the effect of tem-
perature polarization. This effect will be small on the cooling side as small
temperature differences at low temperatures will have a minor effect on the
vapor pressure a that side.

Effect of Temperature

Figure 5 presents a comparison between model predictions and experimen-
tal results for the effect of saline water temperature on flux. The match be-
tween theoretical and experimental permeate fluxes is good. The exponential
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FIG.4 Effect of cooling-water flow rate on permeate flux (3wt% NaCl, T, = 50°C, T, = 26°C,
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FIG.5 Effect of saline-water temperature on permeate flux (3wt% NaCl, T, = 26°C, &, = 1.4 ;
L/min, &, = 1.9 L/min). s
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FIG. 6 Effect of cooling-water temperature on permeate flux (3 wt% NaCl, T, = 44°C, &, =
1.4 L/min, &, = 1.9 L/min).

increase of permeate flux with temperature increase is attributed to the expo-
nential dependency of water vapor pressure on temperature.

Figure 6 presents the model predictions and the experimental data for the
effect of cooling water temperature on the permeate flux. Once again, thereis
good agreement between the model and the corresponding experimental
points. Both the experimental and the theoretical permeate fluxes decrease
with an increasein cooling temperature. Thisisbecause increasing the cool ant
temperature at a constant hot side temperature decreases the temperature dif-
ference between the hot and the cold sides and consequently reduces the va-
por pressure gradient which isthe driving force in this process.

Theresults of the present model and Lacoursiere’ s semiempirical model are
compared to the corresponding experimental data in Fig. 7 for the effect of
temperature difference on the distillate flux. As shown, both models correlate
well with the experimental data; however, at ahigh temperature difference the
developed model results follow the experimental data more closely.

Effect of Salt Concentration

Figure 8 shows the model predictions and the experimental datafor the ef-
fect of feed salt concentration on the distillate flux. The model results agree
well with the experimental data. Theresultsin Fig. 8 show that asthe salt con-
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FIG. 8 Effect of feed salt concentration on permeate flux (T, = 50°C, T, = 26°C, &, = 1.4
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centration increases, the pure water flux produced decreases only dlightly.
Thisis attributed to the fact that the addition of salt reduces the partial pres-
sure and thereby the driving force of membrane distillation.

CONCLUSIONS

An entirely predictive mathematical model was developed for desalination
viatubular direct contact membrane distillation. The predicted distillate fluxes
were compared to previously published experimental and theoretical data.
Model predictions agreed well with the corresponding experimental data for
different process variables such as saline water and coolant water flow rates
and temperatures, and salt feed concentration.

NOMENCLATURE

surface area (m?)

molar heat capacity (Jmol-°C)

total molar concentration (mol/m?q)
diameter (m)

diffusion coefficient (m?/s)

Faraday constant (C/g-equiv)

heat transfer coefficient (W/m?-K)

as specified in Egs. (15), (22), and (25) (W/K)
thermal conductivity (W/m-K) or mass transfer coefficient (m/s)
length of membrane segment (m)

module length (m)

molar flow rate (mol/s)

number of tubes (—)

valences of cation and anion, respectively
molar flux (mol/m?-s)

molar mass transfer rate (mol/s)

Nusselt number (—)

total pressure (N/m?)

vapor pressure (N/m?)

Peclet number (—)

Prandtl number (—)

sensible heat transfer rate (J/s)

rate of heat transfer (J/s)

radial distance (m)

gas constant (m3-Pa/kmol -K)

Sherwood number (—)

temperature (K)
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X
y

salt mole fraction in the liquid phase (—)
mole fraction of water vapor (—)

Subscripts and Superscripts

SVwTDoOog——TQ*ao

cooling water
solid

feed

gas

hot saline
interna

liquid
membrane
external
permeate
segment number
water

Greek Letters

+o

AT E XG0 >

NP

No

© o

membrane thickness (m)
porosity (—)
volumetric flow rate (m®/s)
latent heat of vaporization (J/mol)
J NS limiting (zero concentration) ionic conductance (A /m?)
viscosity (kg/m-s)
molar density (mol/mq)
tortuosity factor (—)
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