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Fig. 5. An example of convergence achieved in the average water vapor mass flux for a simulation case conducted using the rectangular configuration. Solid circles
(odd iteration index): shell-side compartment; hollow circles (even iteration index): lumen-side compartment.

2.8. Applicability of the model

The model does not rely on any “adjustable” coefficients and there-
fore does not require any ad hoc calibration. As a result, it can be readily
applied to membrane modules of arbitrary design and a wide range of
operating conditions. If, however, the feed and permeate streams are
arranged such that they occupy the lumen and shell sides in the opposite
configuration to that considered here, an appropriate interchange of the
“p” and “f” subscripts must be applied.

3. Results
3.1. Rectangular geometry

Consider first the rectangular test section investigated by Song et al.
[14] and schematically shown in Fig. 2. In these tests, the feed was tap
water at an inlet concentration of 0.58 mol m 3 (~0.034 g/L = 34 ppm),
see Table 3. In all cases, the temperature at the inlet on the permeate and
feed compartments were Ty, = 293.15 K and Tj;; = 363.15 K. The
permeate inlet flow rate was Qi = 1 .67-10~* m® s! while the feed
inlet flow rate, Qy;, was made to vary between 3.66:10 % and 8.66-10*

m® s~!. The lower bound of this range, Qsin = 3.66-10~% m® s71,
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Fig. 6. Average water vapor mass flux as a function of the shell side interstitial velocity, Umax, for the rectangular cross flow geometry. Operative conditions: Q, i, =
1.67-10 4 m®s7!, Tp,in = 293.15 K, Tf;n = 363.15 K, Cgin = 34 ppm. Results obtained with the present model (thin black line with solid black circles) are compared
with both the experiments (red diamonds) and simulations (solid blue line) from Song et al. [14]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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corresponds to a mean velocity in the narrowest section of the fiber
array, Ungy, of 368 cm/min (0.0613 m s™1) and to a maximum Reynolds
number Refmay = 119. The upper bound, Qs = 8.66:107* m® s7,
corresponds to Upg, = 872 cm/min (0.145 m s 1 and Refmax~281. For
validation purposes, the same conditions were reproduced in the present
numerical simulations. Note that Song et al. [14], in their work, call the
quantity ung, “interstitial velocity”.

Fig. 6 reports the water vapor mass flux as a function of this shell-side
interstitial velocity. Red diamond symbols represent the experimental
results of Song et al. [14]; the solid blue line represents the predictions
obtained by the same authors, and reported in Reference [14], using an
in-house DCMD cross-flow hollow-fiber computational model [19]; the
thin black line with solid black circles corresponds to the results ob-
tained by the present CFD porous media model.

The present results match the experimental measurements to within
+3%, better than the simulations in [14]. It should be noted that the
simulation model in [14] is two-dimensional and therefore does not
account for lateral non-uniformities (e.g. for the effects of side walls),
whereas the present porous-media model is fully three-dimensional.
Moreover, the present model and that in [14] use different formula-
tions for the lumen-side Nusselt number Nu,. What is more important,
CFD predictions correctly capture the data trend, which indicates an
increase of the water vapor mass flux with the feed flow rate, its average
value pJygp,avg Tising from ~40 to ~50 kg m 2 h~! when the interstitial
velocity increases from 368 to 876 cm/min. In the range investigated,
the experimental recovery ratio (freshwater yield/feed water flow rate)
decreases with Qs from 3.85% to 2.03% (of course, this quantity is not
particularly significant in a laboratory-scale unit).

The following Figs. 7 and 8 show selected computational results
obtained for this configuration using the present CFD porous media
model at an interstitial shell-side velocity of 368 cm/min (Qsin =
3.?6~10’4 m3s71). The permeate inlet flow rate is Qp,in = 1.67-10 4 m?®
s,

Fig. 7(a) reports a map of the permeate temperature T, on a yz plane
through the cold permeate fluid (lumen side compartment). The tem-
perature T, increases along z (direction of the fibers) due to sensible and
latent heat inflow from the feed, while it decreases along y (direction of
the feed) as a consequence of the cooling of the feed fluid along its path.

Fig. 7(b) reports a corresponding map of the feed temperature Ty on
the same yz plane for the hot feed fluid (shell side compartment). The
temperature Ty decreases along the direction of the feed (y axis) as a
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consequence of sensible and latent heat outflow towards the permeate
and increases slightly along the direction of the permeate fluid (z axis) as
a consequence of the heating of the permeate along its path.

As typically occurs in cross-flow heat exchangers, minimum and
maximum temperatures are attained at opposite corners of the section
considered. Negligible temperature variations, associated only with the
presence of side walls, occur along the third direction x (not shown).

Fig. 8(a) reports a map of the water vapor mass source term Sy, Eq.
(8) with a minus sign, on the same yz plane through the hot, shell side
fluid considered in Fig. 7(b). Note that Sy is represented in the figure by
its absolute value but it acts as a negative (sink) term in the continuity
equation of the feed water fluid, Eq. (3). The complex distribution of this
term, which is approximately proportional to the temperature difference
between feed and permeate, is a consequence of the distributions of feed
and permeate temperatures shown in Fig. 7 above.

Fig. 8(b) reports a map of the salt concentration Cy on the same yz
plane through the shell side (feed-retentate) compartment. The con-
centration exhibits an opposite behavior with respect to the tempera-
ture: it increases along the vertical direction (y axis) of the feed fluid, as
a consequence of the reduction of the feed flow rate along this direction,
and decreases slightly along z (direction of the permeate in the lumen
side). This effect results from the permeate temperature increasing along
z, which reduces the transmembrane temperature difference, and thus
the water vapor flux, near the permeate outlet end compared to the
permeate inlet end of the module. This, in turn, leads to a higher vertical
velocity of the feed fluid and a correspondingly lower salt concentration
near the permeate outlet end compared to the permeate inlet end. Also
the salt concentration exhibits maxima and minima at opposite corners
of the section shown. Of course, the salt concentration Cj, is nil in the
permeate compartment.

As shown in Fig. 7(a, b), the feed-to-permeate temperature differ-
ence, which is the driving force of the MD process, varies broadly across
the module, ranging from ~6 °C to ~36 °C at the flow rates considered.
As a consequence, the water vapor mass source term, Fig. 8(a), exhibits a
similar variation, from ~5 to ~35 kg/(m°® s). Although concepts such as
recovery and effectiveness are not particularly significant for the
laboratory-scale test module considered here, it is worth noting that
both the temperature difference and the water vapor mass source term
could be made more uniform by increasing the permeate inlet flow rate.
This would entail only a modest increase in permeate pumping power,
which remains a small fraction of the thermal energy input.

Feed temperature

K]

(b)

Fig. 7. Contour plots of the temperature (in K) on a yz plane for the rectangular cross flow geometry at an interstitial shell-side velocity of 368 cm/min: (a) cold fluid
(permeate) and (b) hot fluid (feed). Operative conditions: Qp,i; = 1.67-10 4 m®s7}, Qpin = 3.66-10 4 m3s!, Tpin = 293.15 K, Tfin = 363.15 K, Cgy, = 0.58 mol/m?®.
Blue (lumen-side, cold permeate) and red (shell-side, hot feed) arrows indicate the flow direction. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 8. Contour plots on a yz plane through the shell side (feed/retentate) compartment for the rectangular cross flow geometry at an interstitial shell-side velocity of
368 cm/min: (a) water vapor mass source term Sy, (in kg m~> s~!) and (b) salt concentration Cy (in mol m~3). Operative conditions: Qpin= 1.67-10 " m3s71, Qpin =
3.66-10 *m3s Tp,in = 293.15 K, Tfin = 363.15 K, Cgip = 0.58 mol/m®%). Red arrows indicate the flow direction. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Correspondingly, the currently low recovery ratio, which ranges be-
tween ~2% and ~4%, could be significantly improved.

3.2. Cylindrical geometry

Consider now the cylindrical test section denoted as “Large module
III - Dead End mode” investigated by Singh et al. [25] and schematically
shown in Fig. 3. In these tests, the feed was brackish water with an inlet
salt concentration of 171.8 mol m 3 (10 g/L =10,000 ppm), see Table 3.
In all cases, the permeate inlet flow rate was Qp, i, = 41710 % m3s7!
while the feed inlet flow rate was Qi = 3.00-10 *m>s . In the central
feeder tube (diameter 2.54 x 10~ m) the mean velocity was ~0.59 m
s~1, corresponding to a Reynolds number of ~38,000. As mentioned in
Section 2.3.4, this made it necessary to use a turbulence model for the
simulation to converge to a steady-state solution. From the central
feeder tube, the feed water flows radially outwards through cylindrical
surfaces of length 0.457 m and increasing radius, from 1.27 x 10~2m to
2.47 x 1072 m (see Fig. 3). Therefore, the corresponding mean radial

(cross flow) velocity, averaged over the entire cylindrical surface
(neglecting the fibers), decreases from ~8 x 107> to ~4 x 103 m s,
The mean radial velocity in the restricted sections between fibers varies
from ~1.79 x 1072 to ~8.96 x 10~ m s~! and the corresponding
Reynolds number Reg;jnqy from ~28 to ~14, so that the flow in the shell
side of the fiber bundle is certainly laminar. The temperature at the inlet
on the permeate compartment was Ty, j, = 297.15 K while the feed inlet
temperature was made to vary between Ty;;, = 348.35 K and Ty, =
357.65 K. For validation purposes, the same conditions were reproduced
in the present numerical simulations.

Fig. 9 reports the water vapor mass flux as a function of the shell-side
(feed) inlet temperature. Red diamond symbols represent the experi-
mental results of Singh et al. [25]; the solid blue line represents the
predictions obtained by the same authors using their own two-
dimensional (r-z) model, implemented in MATLAB; the thin black line
with solid black circles corresponds to the results provided by the pre-
sent 3-D CFD porous media model.

The present results slightly overpredict

the experimental
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Fig. 9. Average water vapor mass flux as a function of the shell side inlet temperature, Ty, for the cylindrical cross flow geometry. Operative conditions: Qp i, =
4.167-10"° m® s™! (2.5 L/min), Qsin = 3.00-10~* m®s™! (18 L/min), Tp,in = 297.15 K, Cgn = 10,000 ppm. Results obtained with the present model (thin black line
with solid black circles) are compared with both the experiments (red diamonds) and the simulations (solid blue line) from Singh et al. [25]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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measurements by up to ~5%, a little more than the simulations in [25].
It is important to observe that the present CFD predictions correctly
capture the data trend, which shows an increase of the water vapor mass
flux with the feed inlet temperature, its average value pJygp, ayg rising
from ~10.5 kg m 2h! for Ttin =~ 75°Cto ~12.5kg m 2h! for Tpin ~
85 °C. For this module, the experimental recovery ratio increases with Tg
in from 1.10% to 1.33% (as remarked above, this quantity is not
particularly significant in a laboratory-scale unit).

The following Figs. 10 through 12 show selected computational re-
sults by the present CFD porous media model for the cylindrical
configuration at the following operating conditions: Qp,i;, = 4.167-107°
m® 57, Qg = 3.00107* m® s7Y, Ty = 297.15 K, T = 352.15 K
(79 °C).

Fig. 10 shows the temperature distributions on longitudinal (zx)
sections of the lumen side (permeate) compartment (a) and of the shell
side (feed) compartment (b). Since lumen-side quantities are only
defined in the bundle region but not in the central feeder tube, map (a)
does not represent the temperature in this latter region. Two different
scales are used for the two temperatures; blue and red arrows indicate
the permeate and feed inlet and outlet flow, respectively. Note that the
fluids flow in counter-current mode, with a feed flow rate almost seven
times that of the permeate.

The permeate temperature in Fig. 10(a) varies mainly along the axial
direction z, with an initial steep increase near the permeate inlet / feed
outlet, where the temperature difference between the two fluids is large
(> 40 °C), and a slower variation in the last fraction of the module
length, where the two fluids almost attain thermal equilibrium.

An interesting feature of the feed (shell side) temperature distribu-
tion, Fig. 10(b), is that the temperature in the central feeder tube de-
creases along the z axis almost at the same rate as the temperature in the
bundle, despite the central feeder tube lacks the cold sink represented by
the hollow fibers. The reason for this behavior is the diffusive radial heat
flux from the feed fluid flowing in the tube to the surrounding feed fluid
flowing in the annular bundle region. Note that radial diffusion is
enhanced by turbulence in the tube, explicitly accounted for in the
present simulations by the k-w model used. This phenomenon, which
appears to be detrimental for the overall efficiency of the module, might
be reduced in the simulations by interposing a physical perforated wall
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between the central feeder tube and the bundle region (such wall seems
to have been present in the experiments, but was not simulated in the
model for lack of detailed information).

Fig. 11(a) shows the distribution of the water vapor mass source term
Sw; see Eq. (8) written with a minus sign, on the same longitudinal zx
section of the bundle region of the shell side (feed) compartment. As
discussed above, Sy is not defined (and thus is not represented) in the
central feeder tube. Note that Sy, actually acts as a sink (negative) term
in the continuity equation of the feed fluid, Eq. (3), but is represented in
the figure by its absolute value. Consistently with the above remarks on
the two fluids attaining thermal equilibrium in the feed inlet / permeate
outlet region of the module, here the water vapor flux is very small.

Fig. 11(b) shows the distribution of the salt concentration Cyon the
same longitudinal plane of Fig. 11(a), this time including also the central
feeder tube. As expected, the salt concentration in the retentate in-
creases along the axis in the annular bundle region because of the se-
lective loss of water towards the hollow fibers and the permeate
compartment. In analogy with the corresponding temperature distri-
bution in Fig. 10(b), the salt concentration increases along the module
axis also in the central feeder tube despite the lack of water sinks (hollow
fibers) herein, as a consequence of radial diffusion of salt from the sur-
rounding annular bundle region into the central feeder tube.

Finally, Fig. 12(a) reports the distribution of the velocity module |u]|
on a longitudinal section of the feed (shell side) compartment, including
the central feeder tube. Significant velocities, up to 0.7 m s !, are
observed only in the feed inlet region, while velocities decrease rapidly
along the z axis as a large fraction of the inlet flow rate exits through the
nearest outlet ports. In most of the module volume, velocities are only a
few cm s~ L.

Fig. 12(b) reports the distribution of the Nusselt number Nuy, as
provided by Egs. (17), on a longitudinal section of the feed (shell side)
compartment, limited, in this case, to the bundle region (Nuy is not
defined in the central feeder tube). Significant values of Nuy, up to ~35,
are attained only near the inlet and outlet regions of the feed path, while
very low values characterize the central portion of the bundle. Note,
however, that Egs. (17) from Zukauskas [44] lack a baseline value and
predict Nug — 0 for Refmax—0, which is unphysical.

As for the previous rectangular geometry, considerations of recovery
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Fig. 10. Contour plots of the temperature (in K) on a zx plane for the cylindrical cross flow geometry at a shell-side inlet temperature Tf;, = 352.15 K: (a) cold fluid
(permeate) and (b) hot fluid (feed) compartment. Operative conditions: Q,m = 4.167-107° m® s, Qgsn = 3.00-10* m? s7', T, 1, = 297.15 K, Cyz = 171.8 mol/m>.
Blue (lumen-side, cold fluid) and red (shell-side, hot fluid) arrows indicate the flow direction. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 11. Contour plots on a zx plane through the shell side (feed/retentate) compartment for the cylindrical cross flow geometry at a feed water inlet temperature Tj,
in = 352.15 K: (a) water vapor mass source term Sy (expressed as an absolute value in kg m~3s7!) and (b) salt concentration Cs (in mol m™). Operative conditions:
Qpin=4.167-10°m>s ™, Qgin = 3.00-10 * m3 s, T, s = 297.15 K, Cyz, = 171.8 mol/m®). Red arrows indicate the flow direction. Note that the mass source term is
not defined in the central feeder tube region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 12. Contour plots on a zx plane through hot fluid (feed/retentate) compartment for the cylindrical cross flow geometry at a shell-side inlet temperature Tf;, =
352.15 K: (a) velocity module (in m s~!) and (b) Nusselt number (dimensionless). Operative conditions: Q, i, = 4.167-107° m® s’l, Qfin = 3.00-10 % m s’l, Tpin =
297.15K, C;in=171.8 mol/m3). Red arrows indicate fluid flow direction. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

and effectiveness are of limited relevance for the cylindrical module
considered here, which (although larger than the previous one) remains
primarily a laboratory-scale test section. Nevertheless, the results indi-
cate potential opportunities for improving both the operating conditions
and module design.

Preliminarily, as Fig. 10(a, b) shows, at the flow rates considered the
feed-to-permeate temperature difference varies widely across the

14

module, ranging from ~42 °C near the permeate inlet to nearly zero near
the permeate outlet. Consequently, the water vapor mass source term,
Fig. 11(a), varies similarly, from ~33 kg/(m3 s) down to ~0, meaning
that different regions of the module contribute very unevenly to fresh-
water production. The temperature difference could be increased and
made more uniform by raising the permeate inlet flow rate, which is
currently ~8 times lower than the feed flow rate. This adjustment would
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greatly enhance the water vapor flux, thereby increasing freshwater
yield and the recovery ratio, which is currently very low (~1.1%-1.3%,
depending on the feed inlet temperature).

In regard to module design, the computational results indicate that a
large fraction of the feed exits the module through the nearest outlets
without significantly contributing to mass transfer. This suggest that the
current location and hydraulic resistance of the shell-side outlets, along
with the design of the perforated central feeder tube, appear to be quite
ineffective. Optimizing these elements together could help achieve a
more uniform radial feed-retentate flow through the annular fiber
bundle. Such optimization could be pursued through a combination of
numerical simulations and relatively simple experiments, for example
using dye tracers to visualize flow distribution in alternative
configurations.

Finally, it should be noted that questions of overall effectiveness or
cost cannot be resolved by considering a single module, without heat
recovery. These issues can only be addressed by evaluating the whole
plant layout, including heat exchangers, water heaters, and other sys-
tems components.

4. Conclusions

A three-dimensional, CFD-based, porous media model was devel-
oped to predict the flow, temperature and salt concentration fields and
the overall performance of hollow fiber Direct Contact Membrane
Distillation modules. The model was validated against two different sets
of experimental results, for city and brackish water, presented in the
literature for laboratory-scale modules.

In both cases, lumen side friction coefficient and Nusselt number
were derived from the assumption of Poiseuille flow. For the shell side
Darcy permeability, the values computed in previous fully developed
unit-cell CFD simulations were adopted. The shell-side Nusselt number
was obtained from classic correlations of Zukauskas [44] for cross flow
past tube banks.

The first test case regarded a rectangular configuration [14]. Here,
the cold permeate flowed in the lumen of hollow fibers arranged in a
rectangular staggered pattern with a bundle porosity of 0.791. The hot
feed flowed in the shell side orthogonally to the fibers. In the experi-
ments, the authors let the feed flow rate vary so that the interstitial
velocity ranged between 0.0613 and 0.146 m s L. In the simulations, for
the membrane permeance and equivalent thermal conductivity, the
same values reported by the authors of the experiments were used. The
present CFD simulations reproduced well (within a few percent) the
experimental values of the water vapor flux (i.e., of the module's yield)
and its positive correlation with the feed flow rate.

The second test case regarded a cylindrical configuration [25]. Here,
the cold permeate flowed, as in the previous case, in the lumen of hollow
fibers, which were now arranged in an approximately concentric-circle
pattern within a cylinder casing, with a bundle porosity of 0.76. The hot
feed flowed radially in the shell side from an inner cylindrical feeder
tube to an outer cylindrical sleeve, again orthogonally (i.e., in cross
flow) with respect to the fibers. In these experiments, the authors let the
feed inlet temperature vary between ~75 °C and ~ 85 °C. In the sim-
ulations, as in the previous case, membrane permeance and equivalent
thermal conductivity were those reported by the authors of the experi-
ments. The present CFD simulations reproduced with satisfactory ac-
curacy the experimental values of the water vapor flux and its positive
correlation with the feed inlet temperature.

Two notable aspects can be highlighted. (i) Despite the highly
complex computational procedure, the model is able to converge thanks
to the use of an under-relaxation factor; (ii) the CFD model presented
here is capable to satisfactorily predict experimental findings from two
different geometric configurations.

As anticipated in the Introduction section, the use of a CFD-based
model, albeit in the porous media approximation, proved to be highly
effective in revealing aspects of the complex physical phenomena
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occurring in an MD module, as shown, for example, by the discussion of
Figs. 7-8 and Figs. 10-12, and in highlighting weak design spots and
suggesting potential improvements.

Thus validated, the model presented here will be employed to
perform a sensitivity analysis of the hollow fiber membrane distillation
module's performance with respect to key control parameters, including:

- Hollow fiber membrane properties. Among these, those directly
affecting a module performance are fiber geometry (diameter and
thickness) and membrane permeance and thermal conductivity,
which depend in their turn on its composition (polymeric matrix)
and microscale morphology (porosity, pore tortuosity, mean value
and distribution of pore diameter).

Design options. For example, these include the choice of a cross flow
versus an axial flow configuration and of a rectangular versus a cy-
lindrical layout; the location and geometry of inlets and outlets; the
module aspect ratio.

Operating conditions. The investigation of different inlet flow rates
and temperatures of feed and permeate, and different feed water salt
concentrations.

Fiber bundle porosity. For example, unit cell simulations by our
research group [31] indicate that, as the porosity decreases from 0.6
to 0.4, the shell side Nusselt number in cross flow increases signifi-
cantly, thus reducing temperature polarization.

Fiber bundle lattice. The same study [31] indicates that the shell side
Nusselt number in cross flow is much larger for regular fiber arrays
(in particular, hexagonal arrays) than for random fiber distributions.
Feed side configuration. The choice of the outside-in configuration,
with feed on the shell side and permeate on the lumen side, as in the
present test cases, or the inside-out one, deserves further attention.

The module-scale model will also serve as a foundation component of
a larger-scale, plant-level, modelling platform, capable of capturing the
interactions and mutual constraints among coupled system components.
For example, the authors are currently exploring the use of Membrane
Distillation as a source of ultrapure water for electrolyzers in green
hydrogen production. In this configuration, waste heat from the elec-
trolyzer would be used to heat the MD feed water, and optimal operating
temperatures must be determined for the integrated system rather than
for each component individually. Many other examples of component
coupling exist, such as brine volume reduction in Reverse Osmosis,
wastewater treatment, and various process chains, all involving MD at
some stage. In each case, a reliable MD unit model is essential to accu-
rately predict and optimize system performance.

In regard to model improvements aiming at making it fully predic-
tive, one important step forward will be the derivation of membrane
permeance and equivalent thermal conductivity from the membrane
composition and microscale morphology, using the best available
models of transmembrane heat and mass transfer [47] rather than
relying on empirical or best-fit values. However, “microscopic” data are
generally not available with sufficient accuracy (for instance, deter-
mining the pore tortuosity is notoriously difficult), so some degree of
empirical input would likely still be necessary.

A second step forward will be the use of advective heat transfer
correlations based on fiber-scale CFD simulations in lieu of literature
correlations like Zukauskas' which, however authoritative, are rather
outdated, physically inconsistent for lack of a baseline Nu value for Re
— 0, and little suitable for the fiber arrangements and Reynolds number
ranges typical of hollow fiber DCMD.
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