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The influence of a capillary module design and its operating parameters on the efficiency of
the membrane distillation (MD) process has been studied. It was demonstrated that a uniform
arrangement of the capillary membranes over the cross-section of module at 0.33 membrane packing
density ensured appropriate conditions of membranes cooling. This allowed to obtain a high value of
the driving force for the mass transfer, hence the MD process proceeded with a high efficiency. The
most favourable operating conditions of MD module were obtained with membranes arranged in a
form of braided capillaries. The performance of membranes arranged parallel with their distribution

alongside module controlled by sieve baffles was also satisfactory.

Several membrane processes such as reverse osmo-
sis (RO), nanofiltration (NF), ultrafiltration (UF), mi-
crofiltration (MF), electrodialysis (ED), and perva-
poration (PV) have been successfully applied in the
industrial processes [1]. The implementation of mem-
brane distillation for the production of ultrapure water
and treatment of saline wastewater on a commercial
scale is a subject of ongoing research [2—F5].

Membrane distillation (MD) is an evaporation
process of volatile components from solution (feed)
across the pores of nonwetted hydrophobic membrane
(Fig. 1). The driving force for the mass transfer is a
vapour pressure difference occurring on both sides of
the membrane, which depends on both the temper-
ature (T, T2) and the composition of solutions (ci,
¢2) in the layers adjacent to the membrane. The mass
flux of the stream of permeate flowing through the
membrane is described by the equation [4, 5]
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where pr and pp are the partial pressures of the water
vapour at temperatures 77 and 75, respectively. Ow-
ing to the mass transfer and heat conduction across
the membrane material, the temperature of boundary
layer on the feed side is lower, whereas on the distil-
late side it is higher than that of the bulk. This phe-
nomenon is called the temperature polarization, which
diminishes the magnitude of the mass stream flowing
through the membrane. The temperatures T and T5

essentially depend on the values of the convective heat
transfer coefficients « in MD module [5]
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The magnitude of the « coefficients is significantly af-
fected by the design of membrane module and its oper-
ating parameters (temperatures and flow rates of feed
and distillate).

The capillary membrane module is the most ap-
propriate configuration in the applications on a com-
mercial scale since it is both compact and easily man-
ufactured. The capillary membranes are generally ar-
ranged in a parallel form. A primary limitation of this
design arises from difficulties encountered in the ar-
rangement of capillaries alongside the module. The
capillaries themselves align inside the housing in a
rather random mode, what creates regions with dif-
ferent packing density. Therefore, the outside surface
of capillaries is cooled by the distillate in a nonuni-
form manner. The local temperature 75 increases thus
the driving force for the mass transfer decreases and
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Fig. 1. Heat and mass transfer in MD.

reduces the efficiency of the module. Membranes ar-
ranged in twisted or braided form in the housing im-
prove the hydrodynamic conditions in the module, and
as a consequence enhance its efficiency [3]. These re-
sults were obtained for large modules with the area of
50—100 m?. The application of such a large module
may be ineffective, particularly at the initial periods of
implementation of this technology (pilot-scale instal-
lation). For that reason the studies were undertaken
on the design of smaller MD modules.

EXPERIMENTAL

The studies of membrane distillation were car-
ried out employing capillary modules made from
polypropylene membranes with an inside/outside di-
ameter of 1.8 mm/2.6 mm. The membranes were char-
acterized by the pore size with a maximum and nomi-
nal diameters of 0.6 pm and 0.2 um, respectively, and
the porosity of 73 %. The membrane modules were as-
sembled in the MD installation in a vertical position.
The feed and distillate streams flow cocurrently from
the bottom to the upper part of module. The feed cir-
culates inside the capillary membranes. The distillate
temperature at the entrance of the module was kept
at a constant level of 293 K, whereas the feed temper-
ature was varied in the range of 333—363 K. The flow
rates within the range 0.05—1 m s~! were used during
the measurements. An aqueous solution of NaCl with
a mass fraction of 0.1 % was used as a feed.

RESULTS AND DISCUSSION

The application of a higher degree of capillary
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Fig. 2. Dependence of the permeate flux on feed temperature
for modules with different membrane packing density
(mpd). Parallel capillary membranes — arrangement in
a random way. Modules symbols: [1 M1, o M2, ll M3,
® M4. Modules M1—M3 mpd = 0.4, module M4 mpd
= 0.07. Process parameters: Tpj, = 293 K, vp = 0.11
m s, vp = 0.03 m s~! (M1—M3) and vp = 0.01 m
s~1 (M4).

membrane packing results in a considerable resistance
of distillate flow. Moreover, cooling of the membrane
surfaces is interior. The packing density within the
range of 0.4—0.5 is regarded as the optimum |[3,
6]. The experimental results from MD studies us-
ing laboratory-scale modules equipped with the mem-
branes arranged in a parallel mode with the working
area of 0.014 m? are presented in Fig. 2. Different
diameters of housings for the same number of cap-
illaries in the module resulted in various degrees of
packing density: 0.4 for M1—M3 modules and 0.07
for M4 module. In these modules the membranes were
arranged in a random way. This implied differences
in the spatial arrangement of membranes for M1—
M3 modules, i.e. a part of the membranes was in the
direct contact. The differences of the permeate flux
(N) for modules M1—M3 shown in Fig. 2 indicate
that this arrangement influences the magnitude of ob-
tained stream. In the case of M4 module the mem-
branes with a low packing density were arranged in
a certain distance from each other, which enabled an
adequate cooling of capillary surfaces. Therefore, the
temperature polarization was diminished, and as a
consequence, a significant increase of the module effi-
ciency was achieved.

The adequate cooling of the membrane surfaces by
the use of low packing density leads to excess increase
of the MD module dimensions. However, the appropri-
ate conditions of cooling in the module with a higher
packing density can be achieved through the mem-
branes arrangement in a controlled way.

Three modules (M5—MT7) with an effective length
of 1 m, a housing diameter of 0.025 m, and a packing
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Module M7

Fig. 3. Capillary modules with a different arrangement of membranes within the housing. 1. Housing; 2. membrane fixations; 3.
capillary membrane; 4. sieve baffle; 5. braided membranes. M5 — module with braided membranes; M6 — module with
parallel membranes fixed in sieve baffles; M7 — module with membranes arranged in a random way.

density of 0.33 have been constructed (Fig. 3). In the
module M5, the membranes were positioned in every
second mesh of six sieve baffles, arranged across the
housing within 0.15 m. A parallel bundle of braided
capillaries (three membranes in a braid) was assem-
bled in the M6 module. The braids with a membrane
packing density of 0.33 filled the entire cross-section
of housing, which ensured a uniform arrangement of
membranes in the module. For a comparison, in the
M7 module, the bundle of parallel membranes was ar-
ranged in a random way. This module construction
resulted in a twofold lower efficiency than that of the
M5 and M6 modules (Fig. 4). A uniform arrangement
of the membranes in these modules allows to obtain
the permeate flux at a level of 450 dm® m~2 day—!
for the feed inlet temperature of 363 K and its flow
rate of 0.31 m s~!. Improved results were obtained
with a module consisting of braided membranes since
their shape acted as a static mixer. This resulted in
the enhanced turbulence of distillate stream and in-
crease of heat transfer coefficient. As a consequence of
the temperature polarization, T was closer to the Tp
value, thus the driving force increased. It is notewor-
thy to mention that the particular membranes in the
braid are in the form of curved tube. A fluid flowing
in the curved tube is influenced by centrifugal force,
and consequently the additional rotary current cross-
wise to the flow direction, called “Dean flow” is formed
[7]. This phenomenon modifies the conditions of heat
and mass transfer, the temperature polarization on
the feed side is reduced, and as a consequence the ef-
ficiency of MD module increases [8].

The efficiency of the module increased with the
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Fig. 4. The influence of feed temperature and the mode of
membrane arrangement in a capillary module on the
permeate flux. Bl M5 module with braided membranes;
O M6 module with parallel membranes fixed in sieve
baffles; [J M7 module with parallel membranes ar-
ranged within the housing in a random way. Tpi, =
293 K, vp = 0.056 m s~ !, vp = 0.31 m s~ 1.

flow rate vp (Fig. 5). For instance, the enhancement
of vp from 0.3 m s~ t0 0.6 ms~! (at vp = 0.72m s~ 1)
caused the increase in the efficiency from 405 dm?® m—2
day~! to 730 dm? m~2 day—'. A further increase of
the flow rate of feed resulted in a small growth in the
permeate flux. The observed dependence of permeate
flux on the flow rate is essentially due to two reasons.
Firstly, with an increase of flow rate, the values of
the heat transfer coefficient « rise, and the negative
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Fig. 5. The effect of the flow rate of streams in a module with
braided membranes (M5) on the permeate flux. Trin
= 353 K, Tpin = 293 K, ] vp = 0.72 m S_l7 O vp =
0.38ms~ 1, dvp =026 ms—1.

influence of temperature polarization decreases. The
value of a equal to 5000 W m~2 K~! is considered
a threshold value, above this value the effect of tem-
perature polarization may be neglected [9]. This value
was achieved at vp of about 0.6 m s~!. Secondly, the
increase in the flow rate caused that the outlet tem-
peratures of streams were closer to their inlet values
(Fig. 6), therefore the driving force for mass transfer
increased through the module. This effect was partic-
ularly large for the feed and slightly smaller for the
distillate. At a high distillate flow rate (0.72 m s 1),
the value of Tpoyt increased only by 1.5 K for the
feed flow rate growing from 0.3 m s~! to 0.96 m s~ !.
For a smaller distillate flow rate of 0.26 m s~1!, this
change amounted to 4 K. Such insignificant variations
of distillate temperature with the increase of vp re-
sulted in a slight increase of permeate flux (Fig. 5).
The achieved optimum values of the flow rate in the
studied MD modules are twofold higher than those re-
ported in work [3]. Thus, it can be concluded that the
optimum flow velocity should be determined individ-
ually for each type of MD module.

CONCLUSION

The efficiency of the MD capillary module is sig-
nificantly affected by the mode of the membranes ar-
rangement within the housing. A traditional construc-
tion based upon the fixation of a bundle of parallel
membranes solely at their ends results in that the
membranes arrange themselves in a random way. This
creates unfavourable conditions of cooling of the mem-
brane surface by the distillate, hence, the module effi-
ciency is reduced due to enhancement of temperature
polarization.

Arrangement of membranes in such a way to ensure
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Fig. 6. The effect of the flow rate of feed and distillate streams
on their outlet temperature for M5 module. O Trout
for vp = 0.26 m s~ 1, 0 Tgout for vp = 0.72 m s~ 1, @
Tbout for vp = 0.26 m s—1, M Tpeoyt for vp = 0.72 m
s™1, A Trin = 353 K, A Tpin = 293 K.

a uniform distribution over a cross-section of mod-
ule (braided membranes or supported by sieve baffles
alongside module) allowed to achieve over 100 % in-
crease of efficiency. The module efficiency is also de-
pendent on the flow rate. The optimal value of the
flow rate for studied modules amounts to 0.6—0.8 m
s~tand 0.4—0.7 m s for feed and distillate, respec-
tively.
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SYMBOLS

c concentration mol m—3
Dg  effective diffusion coefficient m? s~!
dy,  hydraulic diameter m
H  vapour enthalpy Jkg™!
L flow channel length m
M molar mass kg mol !
N permeate flux kgm—2s7!
P total pressure N m™—2
D partial pressure of saturated vapour over the

solution N m~2
@  heat flow w
R gas constant J mol~! K!
s membrane thickness m
T  temperature K
v flow rate ms!
a  convective heat transfer coefficient W m=2 K—!
€ membrane porosity
A thermal conductivity coefficient W m~—! K—!
X membrane pore tortuosity
Subscripts
1 polarization boundary layer on feed side
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polarization boundary layer on distillate side
distillate

feed

membrane

input

output
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