
computation

Article

Pressure-Induced Deformation of Pillar-Type Profiled
Membranes and Its Effects on Flow and Mass Transfer

Giuseppe Battaglia 1 , Luigi Gurreri 1,* , Girolama Airò Farulla 1, Andrea Cipollina 1 ,
Antonina Pirrotta 1,2, Giorgio Micale 1 and Michele Ciofalo 1

1 Dipartimento di Ingegneria, Università degli Studi di Palermo, viale delle Scienze Ed. 6, 90128 Palermo,
Italy; giuseppe.battaglia03@unipa.it (G.B.); girolama.airofarulla@unipa.it (G.A.F.);
andrea.cipollina@unipa.it (A.C.); antonina.pirrotta@unipa.it (A.P.); giorgiod.maria.micale@unipa.it (G.M.);
michele.ciofalo@unipa.it (M.C.)

2 Department of Mathematical Sciences, University of Liverpool, Liverpool L69 7ZL, UK
* Correspondence: luigi.gurreri@unipa.it; Tel.: +39-091-2386-3788

Received: 29 May 2019; Accepted: 17 June 2019; Published: 19 June 2019
����������
�������

Abstract: In electro-membrane processes, a pressure difference may arise between solutions flowing in
alternate channels. This transmembrane pressure (TMP) causes a deformation of the membranes and
of the fluid compartments. This, in turn, affects pressure losses and mass transfer rates with respect
to undeformed conditions and may result in uneven flow rate and mass flux distributions. These
phenomena were analyzed here for round pillar-type profiled membranes by integrated mechanical
and fluid dynamics simulations. The analysis involved three steps: (1) A conservatively large value
of TMP was imposed, and mechanical simulations were performed to identify the geometry with the
minimum pillar density still able to withstand this TMP without collapsing (i.e., without exhibiting
contacts between opposite membranes); (2) the geometry thus identified was subject to expansion and
compression conditions in a TMP interval including the values expected in practical applications, and
for each TMP, the corresponding deformed configuration was predicted; and (3) for each computed
deformed configuration, flow and mass transfer were predicted by computational fluid dynamics.
Membrane deformation was found to have important effects; friction and mass transfer coefficients
generally increased in compressed channels and decreased in expanded channels, while a more
complex behavior was obtained for mass transfer coefficients.

Keywords: ion exchange membrane; profiled membrane; electrodialysis; reverse electrodialysis;
fluid-structure interaction; structural mechanics; CFD; pressure drop; mass transfer

1. Introduction

In electro-membrane processes such as electrodialysis (ED) [1] and reverse electrodialysis (RED) [2],
performance predictions are usually based on simulation models or empirical correlations in which
the geometric configurations of the solution-filled channels and of the ion exchange membranes are
assumed to be the nominal (undeformed) one [3–5].

However, since ion exchange membranes are usually thin (~102 µm) and have a low stiffness (Young
modulus 101–103 MPa), they may undergo significant deformations if even small transmembrane
pressures (TMP) of the order of 10−1 bar are applied. Such values of TMP commonly arise in real stacks
due to different frictional pressure drops in the two channels or to other causes, depending also on the
flow arrangement selected (e.g., parallel flow yields the lowest TMP and counter flow the highest).
In fact, a review of the literature on different membrane-based processes shows that the effects of
membrane/channel deformation and their relevance have been detected in the context of different
processes: forward osmosis and pressure assisted osmosis [6], pressure retarded osmosis [7], reverse
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osmosis [8], liquid-to-air membrane energy exchanger [9], proton exchange membrane fuel cells [10,11],
and membrane microcontactors [12]. Time-dependent membrane deformation has recently been
considered as a possible means to improve process performances in the “breathing cell” concept for
reverse electrodialysis systems [13]. Nevertheless, experiments, models, and simulations concerning
fluid–structure interactions and its effects are still few, especially for electro-membrane processes such
as ED and RED.

Recently, several research groups have addressed self-distancing profiled membranes, which are
a promising alternative to conventional flat membranes supported by net spacers [14–19].

In a recent paper [20], we presented integrated mechanical and fluid dynamics simulations of an
electro-membrane system representative of electrodialysis or reverse electrodialysis, aimed at assessing
the influence of transmembrane pressures on membrane/channel deformation and thus on pressure
drop and mass transfer. The study was focused on profiled membranes of the “overlapped crossed
filaments” (OCF) type, which bear on both sides straight ridges of a semicircular cross section and are
piled on top of one another at a right angle.

In the present work, we extend the study to profiled membranes of the “round pillar” (RP) type,
which bear on one side flat cylindrical protrusions. As shown in Figure 1, the pillars were assumed to
be arranged in a regular hexagonal lattice (α = 60◦) with a pitch (normal distance between adjacent
pillar rows) P. The pillar diameter was fixed to five times the channel thickness H, while the P/H ratio
was made to vary. Of course, other configurations, e.g., a square lattice one, are possible.
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Figure 1. Round pillar (RP) profiled membranes: The repetitive unit (periodic cell) of a stack is
highlighted on the left and is shown enlarged in the central inset. The geometric parameters H (channel
thickness), P (pitch), α (intrinsic angle), and γ (flow attack angle) are indicated.

2. Materials and Methods

2.1. Computational Strategy

In this study, as in our previous work on OCF membranes, the first step was to identify the
maximum P/H ratio above which a given (TMP)max causes the first contact between opposite membranes.
The value of 0.8 bar was chosen for (TMP)max as conservatively larger than the highest TMP realistically
expected in real RED-ED applications. Note that actual electro-membrane systems will operate at
lower trans-membrane pressures (0.05–0.2 bar), since, at a higher TMP, leakage and partial mixing of
the solutions may occur.

For the geometry which was identified by the above criterion (characterized by P/H = 10 for
the chosen values of geometric and mechanical parameters), a deformation was predicted for TMP
varying in steps from −0.4 bar (expansion) to +0.4 bar (compression). This range includes most of the
conditions which are likely to occur in ED-RED applications.

Finally, for each expanded or compressed configuration of the selected geometry (P/H = 10), fluid
flow and mass transfer in the channels were numerically simulated by computational fluid dynamics
(CFD). In particular, quantities such as the friction coefficient, the Sherwood number, and the wall
concentration distribution were computed as functions of the Reynolds number.
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2.2. Mechanical Model

The computational domain for the mechanical simulations was the unit cell shown in the central
inset of Figure 1 and enlarged in Figure 2. The geometric and mechanical parameters are summarized
in Table 1.
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Figure 2. Computational domain: A detailed image of the Finite Element computational mesh is
also shown.

Table 1. Geometrical and mechanical quantities (both sides).

Quantity Value Units

Membrane Young modulus, E 150 MPa
Membrane Poisson ratio, ν 0.4 -

Channel thickness, H 200 µm
Membrane thickness, δ 120 µm

Pitch-to-height ratio, P/H 9–11 -
Pillar diameter, d 1 mm

Intrinsic angle of pillar lattice, α 60 deg

Cation and anion exchange membranes were treated as identical linearly elastic, homogeneous,
and isotropic media. The values reported in Table 1 for the membranes’ Young modulus (E) and
Poisson ratio (ν) are intermediate among literature data for ion exchange membranes, which range
broadly from 10 to 1000 MPa for E and from 0.25 to 0.4 for ν [21–26]. The linearly elastic hypothesis is
acceptable under the moderate load conditions considered here: for TMP = ±0.4 bar, the maximum
computed von Mises stress is ~2 MPa, below the limiting stress for a linearly elastic behavior as
indicated by uniaxial tensile tests (see the Supplementary Material in Reference [20]). Also, the
geometric parameters are representative of advanced membrane–channel configurations currently
being considered for ED and RED applications [27,28]. The channel thickness H ranges usually from
~0.1 to ~0.4 mm in RED applications [28], while a larger thickness is typically adopted in ED units,
i.e., from ~0.3 to ~2 mm, especially in commercial stacks [1]. However, several recent researches on
ED modelling and experiments have been focused on the use of thin spacers [29–31]. Therefore, the
value of 200 µm adopted in the present study can be considered representative of both RED and ED
applications. Profiles of adjacent membranes were assumed to be aligned on top of one another. In
practice, this arrangement may not be precisely achieved since, in operation, shifts would likely occur.

We stress once again that all the values reported above for the geometrical parameters and the
mechanical properties are realistic, representative values, rather than actual measured, exact properties
of specific commercial membranes. All these properties are assumed to hold for swollen membranes
because this is the actual condition under which membranes find themselves in a real operating
ED/RED stack.
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Equilibrium, compatibility, and constitutive equations were numerically solved by using an
FE method in order to find the deformed configuration of the body [20]. The small deformation
approximation was not used. With reference to Figure 2, the mechanical boundary conditions were
the following:

1. The four external vertical edges of the domain were clamped, i.e., zero displacement and zero
rotation were imposed.

2. The four side faces of the domain were imposed zero normal displacement so that the
computational domain was representative of a periodic array of repetitive units.

3. The transmembrane pressure relative to that of the internal fluid channel (and thus >0 for
compression and <0 for expansion) was applied to the whole outer surface of the domain.

The simulations were conducted by the Finite Element code Ansys-Mechanical®. A detail of the
FE mesh, which was completely hexahedral and block-structured, is shown in Figure 2.

A grid dependence study was preliminarily conducted by comparing the maximum displacement
at the outer surface of the domain for TMP = 0.8 bar and P/H = 10 (Table 2).

Table 2. Grid dependence results for the mechanical simulations (transmembrane pressure (TMP) =

+0.8 bar, P/H = 10).

FE Mesh No. Elements Maximum Displacement (µm)

RP-I 21 × 103 67.69
RP-II 60 × 103 67.97
RP-III 180 × 103 68.06

From these results, the computational mesh of 6 × 104 elements (RP-II) was chosen as a compromise
between accuracy and computational effort. The same element size was adopted in all following simulations.

In our previous work [20], FE simulations were validated by a comparison with the authors’ own
bulge test results, obtained for 10× 10 cm2 samples of real ion exchange membranes, and with analytical
solutions presented by Iyengar and Naqvi [32] for the deformation of a square elastic body loaded
with a uniform pressure and having all the edges clamped. A good agreement was demonstrated,
with discrepancies of only a few percent in the maximum displacement.

2.3. CFD Model

The generic fluid channel was simulated by CFD in different deformation conditions. The “unit
cell” approach, described in detail in previous papers [20,33], was adopted in order to predict fluid
dynamics and mass transfer. Thus, the steady-state continuity, momentum, and mass transport
equations for a Newtonian fluid were written as

∂ui
∂xi

= 0 (1)

∂ρu jui

∂x j
= −

∂p̃
∂xi

+
∂
∂x j

µ
∂ui
∂x j

+ Kpsi (2)

∂u j̃c
∂x j

=
∂
∂x j

D
∂̃c
∂x j
−Kcus (3)

where ui is the ith velocity component, p̃ is the periodic component of pressure, Kp = |dp/ds| is the
pressure loss per unit length, c̃ is the periodic component of concentration, Kc is the bulk concentration
variation per unit length, si is the ith component of the unit vector s directed along the main flow
direction, and us = u·s is the local velocity component along the same direction.

The (constant) values chosen for the physical properties of the fluid, representative of an aqueous
solution of NaCl at a bulk concentration of 500 mol/m3 (i.e., seawater), are reported in Table 3.
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Table 3. Physical properties of the simulated solution (500 mol/m3 NaCl at 25 ◦C).

Property Value Units

Density, ρ 1017 kg m−3

Viscosity, µ 0.931 × 10−3 N s m−2

Salt diffusivity, D 1.47 × 10−9 m2 s−1

Schmidt number, Sc = µ/(ρD) 622 -

As in previous works on undeformed spacer-filled channels or profiled membranes [5,20,33], the
bulk Reynolds number Re was defined on the basis of the approach or superficial velocity U and of the
hydraulic diameter 2H of a void plane channel of thickness H and indefinite width:

Re =
ρU2H
µ

(4)

Consistently, the Darcy friction coefficient f was defined as follows:

f = Kp
4H
ρU2 (5)

The driving pressure gradient Kp in Equation (2) was imposed in the simulations, while U and Re
were computed as parts of the solution. Note that Kp is related to the friction velocity Reynolds number:

Reτ =
uτρ
µ

H
2

(6)

where uτ is the friction velocity:

uτ =

√
H
2ρ

∣∣∣∣∣dp
ds

∣∣∣∣∣ (7)

In order to highlight the effects of channel deformation, the Darcy friction coefficient was
normalized by that holding for parallel flow in a void plane channel of indefinite width, 96/Re, thus
obtaining the dimensionless quantity (F-ratio):

F =
f

96/Re
(8)

The local concentration polarization coefficient θ was defined as

θ =
cb
cw

(9)

where cb is the molar bulk concentration and cw is the local molar concentration at the membrane
surface. In the present simulations, the electrolyte flux is supposed to be into the fluid (i.e., the channel
represents either a concentrate channel in ED or a dilute channel in RED); therefore, the average
polarization coefficient is lower than 1 [5,33]. Finally, the Sherwood number was defined as

Sh = k
2H
D

=
jA

(cb − 〈cw〉)Aproj

2H
D

(10)

where k is the mass transfer coefficient, j is the molar salt flux at walls (imposed in the simulations), A
is the membrane surface active area, Aproj is the projected membrane surface area, and 〈cw〉 is the area
average of cw on the same membrane. In the present geometry, the distributions of wall concentration
and, therefore, the Sherwood numbers, are practically identical on the upper and lower walls of a
channel.
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As required by the “unit cell” approach, translational periodicity was imposed for u, p, and
c between opposite inlet–outlet boundaries. No slip conditions were assumed for velocity at the
membrane surfaces. A uniform value of 2.6 × 10−4 mol/(m2s) was imposed for the molar salt flux
j entering the fluid, corresponding to an electrical current density of 50 A/m2. The molar flux was
imposed to be null at the cylindrical side surfaces of the round pillars; mass transfer results do not
significantly change if these surfaces are imposed the same molar flux as in the rest of the membranes.
Note that the values adopted for bulk concentration, solution properties, and salt flux affect the values
computed for the polarization coefficient (Equation (9)) while the Sherwood numbers depend only on
geometry, Re, and Sc.

For the flow attack angle γ, shown in Figure 1, the three values 0◦ (flow parallel to the longer
diagonal), 30◦ (flow parallel to two of the sides), and 90◦ (flow parallel to the shorter diagonal) were
analysed, changing the direction s of the applied pressure gradient Kp.

Almost completely hexahedral meshes were adopted in the CFD simulations. Only a minimal
fraction (~0.23%) of the volumes were wedges. Grid dependence was evaluated for P/H = 10 in the
undeformed configuration at Reτ ≈ 5, corresponding to a bulk Reynolds number of ~30, well above
the creeping flow range and close to the highest Reynolds numbers investigated. The results are
shown in Table 4, where the computed values of f and Sh are reported as functions of the number of
finite volumes.

Table 4. Grid dependence results in CFD (P/H = 10, Reτ = 5, and γ = 90◦).

FV Mesh No. Elements f Sh

RP-A 2.576 × 106 6.941 13.769
RP-B 4.142 × 106 6.965 13.719
RP-C 6.091 × 106 6.976 13.689

The mesh selected for the final simulations (RP-B) consisted of ~4 million volumes and 40 divisions
along the channel height H. Details of the mesh are shown in Figure 3. Further computational options
are basically identical to those adopted for our previous study on OCF profiles [20]. The CFD model
was implemented by the finite volume code Ansys-CFX®.

Computation 2019, 7, x FOR PEER REVIEW 6 of 14 

 

significantly change if these surfaces are imposed the same molar flux as in the rest of the membranes. 
Note that the values adopted for bulk concentration, solution properties, and salt flux affect the 
values computed for the polarization coefficient (Equation (9)) while the Sherwood numbers depend 
only on geometry, Re, and Sc. 

For the flow attack angle γ, shown in Figure 1, the three values 0° (flow parallel to the longer 
diagonal), 30° (flow parallel to two of the sides), and 90° (flow parallel to the shorter diagonal) were 
analysed, changing the direction s of the applied pressure gradient Kp.  

Almost completely hexahedral meshes were adopted in the CFD simulations. Only a minimal 
fraction (∼0.23%) of the volumes were wedges. Grid dependence was evaluated for P/H = 10 in the 
undeformed configuration at Reτ ≈ 5, corresponding to a bulk Reynolds number of ∼30, well above 
the creeping flow range and close to the highest Reynolds numbers investigated. The results are 
shown in Table 4, where the computed values of f and Sh are reported as functions of the number of 
finite volumes. 

Table 4. Grid dependence results in CFD (P/H = 10, Reτ = 5, and γ = 90°). 

FV Mesh No. Elements  f Sh 
RP-A 2.576 × 106 6.941 13.769 
RP-B 4.142 × 106 6.965 13.719 
RP-C 6.091 × 106 6.976 13.689 

The mesh selected for the final simulations (RP-B) consisted of ∼4 million volumes and 40 
divisions along the channel height H. Details of the mesh are shown in Figure 3. Further 
computational options are basically identical to those adopted for our previous study on OCF profiles 
[20]. The CFD model was implemented by the finite volume code Ansys-CFX®. 

 

Figure 3. of the mesh chosen for the final simulations (undeformed domain, P/H = 10). 

3. Results and Discussion 

3.1. Mechanical Simulations 

3.1.1. Influence of Pitch to Height ratio (P/H) and Limiting Value 

The computational results for the deformation of RP-type cells under TMP = +0.8 bar are 
presented in Figure 4, in which three values of P/H are considered (9, 10, and 11). The first contact 
between the two membranes approximately occurs for P/H = 11 at two points located on the long 
diagonal of the unit diamond somewhere in between the central point and the pillars, symmetrically 
with respect to the short diagonal. The immediately lower value of P/H = 10 was thus selected as the 
largest admissible one. 

Figure 3. Of the mesh chosen for the final simulations (undeformed domain, P/H = 10).



Computation 2019, 7, 32 7 of 14

3. Results and Discussion

3.1. Mechanical Simulations

3.1.1. Influence of Pitch to Height ratio (P/H) and Limiting Value

The computational results for the deformation of RP-type cells under TMP = +0.8 bar are presented
in Figure 4, in which three values of P/H are considered (9, 10, and 11). The first contact between
the two membranes approximately occurs for P/H = 11 at two points located on the long diagonal
of the unit diamond somewhere in between the central point and the pillars, symmetrically with
respect to the short diagonal. The immediately lower value of P/H = 10 was thus selected as the largest
admissible one.Computation 2019, 7, x FOR PEER REVIEW 7 of 14 

 

 

Figure 4. Deformations for different P/H ratios under TMP = +0.8 bar. The quantity shown is the 
displacement in the direction orthogonal to the undeformed membranes. Top: external view; bottom: 
view after sectioning by a diagonal plane AA. 

3.1.2. Membrane and Channel Deformation for the Selected Geometry (P/H = 10) 

The RP geometry with the maximum admissible P/H ratio (10) was now investigated under TMP 
varying in steps of 0.1 bar from −0.4 bar (expansion) to +0.4 bar (compression). For example, Figure 5 
presents the deformed configurations calculated for TMP = ±0.4 bar.  

 
Figure 5. Deformations for P/H = 10 in both the compressed and the expanded cases at TMP = ±0.4 
bar. The quantity shown is the displacement in the direction orthogonal to the undeformed 
membranes. The corresponding deformed configuration of the fluid volume is shown in the insets on 
the right. 

Under compression, the minimum clearance occurs at two points with the maximum 
displacement located on the long diagonal of the unit diamond symmetrically with respect to the 
short diagonal. It amounts to ∼128 μm, corresponding to a vertical displacement of ∼36 μm for each 
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3.1.2. Membrane and Channel Deformation for the Selected Geometry (P/H = 10)

The RP geometry with the maximum admissible P/H ratio (10) was now investigated under TMP
varying in steps of 0.1 bar from −0.4 bar (expansion) to +0.4 bar (compression). For example, Figure 5
presents the deformed configurations calculated for TMP = ±0.4 bar.
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Figure 5. Deformations for P/H = 10 in both the compressed and the expanded cases at TMP = ±0.4 bar.
The quantity shown is the displacement in the direction orthogonal to the undeformed membranes.
The corresponding deformed configuration of the fluid volume is shown in the insets on the right.

Under compression, the minimum clearance occurs at two points with the maximum displacement
located on the long diagonal of the unit diamond symmetrically with respect to the short diagonal.
It amounts to ~128 µm, corresponding to a vertical displacement of ~36 µm for each membrane. Under
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expansion, the maximum intermembrane distance increases to ~268 µm (vertical displacement ≈34 µm
for each membrane).

Figure 6 presents the dependence of the fluid volume (normalized by its undeformed value) upon
TMP. A slight deviation from a perfectly symmetric behavior can be observed: The volume decreases
by 22.7% for TMP = +0.4 bar and increases by 21% for TMP = −0.4 bar.Computation 2019, 7, x FOR PEER REVIEW 8 of 14 
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3.2. CFD Simulations for the Selected Geometry (P/H = 10)

3.2.1. Local Quantities

Figure 7 shows 3-D streamlines and distributions of the polarization coefficient θ for the P/H = 10
undeformed configuration at a friction velocity Reynolds number of 2.5 (the resulting bulk Reynolds
number was Re = 5.1) and all three flow attack angles investigated (γ = 0◦, 30◦, and 90◦). The flow
direction is shown in the top row.
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Figure 7. Illustrating the flow direction (top row), 3-D streamlines (middle row), and maps of the
concentration polarization coefficient θ = cb/cw on either of the walls (bottom row) for the P/H = 10
undeformed configuration and a friction velocity Reynolds number of 2.5 (Re = 5.1). cb = 500 mol/m3,
flux corresponding to a current density of 50 A/m2 entering the fluid domain (dilute channel of a
reverse electrodialysis (RED) or concentrate channel of an electrodialysis (ED)).
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The streamlines show that the flow is regular at this low value of Re. In the cases γ = 0◦ and
γ = 90◦, the streamlines were shown in different colors according to the face from which they entered
the fluid domain; the graphs show that there is essentially no mixing between the two inlet streams, as
expected. In regard to the maps of θ = cb/cw (bottom row), it should be observed that the distributions
of all quantities on the upper and lower walls are identical due to symmetry reasons and to the
boundary conditions adopted. The comparison of the θ maps relevant to the three angles investigated
shows that the case of γ = 0◦ provides a fairly uniform distribution of the wall salt concentration
while, for γ = 90◦, the wall concentration is strongly nonuniform in the lateral (spanwise) direction and
becomes lower than the bulk concentration in two curved regions, symmetrically located about the
flow direction, despite the net overall salt flux being into the channel. The case of γ = 30◦ exhibits
a nonuniform distribution, with one S-shaped central region characterized by large values of θ.
The significant nonuniformity of the polarization coefficient maps exhibited by the cases with flow
attack angles of γ = 30◦ and γ = 90◦ are associated to inhomogeneous distributions of the fluid velocity.
The occurrence of marked stagnant regions and restricted zones with a high fluid velocity results in
uneven θ distributions.

Figure 8 illustrates an example of the effect of the deformation on flow and mass transfer. The cases
at Reτ = 2.5 and γ = 90◦ (flow parallel to the shorter diagonal of the unit rhombus) are shown,
as evidenced in the inset. Only the undeformed (middle column, Re = 5.1), the most compressed
(TMP = +0.4 bar, left column, Re = 2.4), and the most expanded (TMP = −0.4 bar, right column, Re = 8.9)
configurations are examined.
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Figure 8. Influence of deformation on flow and mass transfer for P/H = 10, γ = 90◦, and Reτ = 2.5. Left
column: compressed (TMP = +0.4 bar, Re = 2.4); middle column: undeformed (Re = 5.1); right column:
expanded (TMP = −0.4 bar, Re = 8.9). Top row: distribution of the streamwise velocity component in
the central cross section of the channel (for symmetry reasons, only half map is shown); bottom row:
distribution of the polarization coefficient on either of the walls. cb = 500 mol/m3, flux corresponding to
a current density of 50 A/m2 entering the fluid domain (dilute channel of RED or a concentrate channel
of ED). The F ratio and Sherwood number are also reported.

The top row reports contour plots of the velocity component along the main flow direction in the
central cross section of the channel (for symmetry reasons, only the left half of this section is shown),
while the bottom row reports contour plots of the polarization coefficient θ = cb/cw on either of the
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walls of the fluid-filled channel (see the above discussion on the symmetry between the upper and
lower walls). The corresponding values of the normalized Darcy friction coefficient (F ratio) and of the
Sherwood number are also indicated.

In the central cross section, the maximum values of the normalized axial velocity component occur
approximatively in the same region in all the three configurations examined, close to the lateral pillars,
but exhibit larger values going from the expanded channel to the undeformed and the compressed ones.
It can be observed that the F ratio increases more than twice (from ~1.54 to ~3.26) with compression and
decreases but less markedly (from ~1.54 to ~0.89) with expansion. The Sherwood number increases by
70% (from ~5.05 to ~8.56) with compression and increases slightly (from ~5.05 to ~5.14) with expansion.
Distributions of θ become much more uniform with compression and only slightly more uniform
with expansion.

3.2.2. Global Quantities

The normalized Darcy friction coefficient, i.e., the F ratio as defined by Equation (8), is reported as
a function of the Reynolds number for different values of TMP in Figure 9. The graph of Figure 9a is
for a flow attack angle γ of 0◦, that of Figure 9b is for γ = 30◦, and that of Figure 9c is for γ = 90◦ (see
Figure 1 for the definition of γ). Note that the results of the simulations conducted at a given Reτ are
aligned along a curved row since they correspond to different values of Re.
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for different values of transmembrane pressure and three values of flow attack angle γ. (a) γ = 0◦;
(b) γ = 30◦; (c) γ = 90◦.

For any applied TMP and γ, F remains practically constant with Re up to Re ≈ 10–20, which
indicates that, in this range, inertial effects are negligible and that the flow is self-similar. A marked
departure from the void channel behavior occurs only for Re > 20. The influence of trans-membrane
pressure is to enhance friction under compression conditions and to reduce it (but to a lesser extent)
under expansion conditions. For example, a value of TMP of +0.4 bar leads to a more than twofold
increase in F, while a value of −0.4 bar leads only to a 40% decrease. In the range of Re investigated,
the flow attack angle does not influence the hydraulic friction (i.e., the graphs of Figure 9a–c are
practically identical), indicating a substantially isotropic behavior of the profiled membrane lattice for
the pressure drop.

Figure 10 reports the Sherwood number on either of the channel walls, defined by Equation (10),
as a function of the Reynolds number for different values of TMP. The graphs of Figure 10a–c are for
flow attack angles γ of 0◦, 30◦, and 90◦, respectively. As already stated, the Sherwood numbers on the
upper and lower walls are practically identical for symmetry reasons.
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Figure 10. Sherwood numbers on either of the walls as a function of the Reynolds number for P/H = 10
at different transmembrane pressures and flow attack angles. (a) γ = 0◦; (b) γ = 30◦; (c) γ = 90◦.

At the left end of the Re interval investigated (up to a few units), Sh changes little with Re
and ranges between ~3 and ~8, thus being lower than the theoretical Sh for a void plane channel of
indefinite width (~8.24 under uniform mass flux conditions). These results suggest that, in this low Re
range, the “shadow” effect of the profiles hinders mass transfer. On the other hand, for a Re larger than
a few units, Sh increases significantly. Only in the most expanded configurations (TMP = −0.3 and
−0.4 bar), the increase of Sh with Re is less marked, especially for γ = 0◦.

In regard to the influence of the transmembrane pressure, for all flow attack angles, Sh increases
with compression and decreases with expansion; the influence of compression is larger than the
influence of expansion at low Reynolds numbers, while the opposite is true at a higher Re. For γ = 0◦,
the reduction of Sh caused by expansion at a high Re is particularly significant. The behaviours of Sh
for γ = 30◦ and 90◦ are less sensitive to TMP and are similar to each other. Unlike the case of the F
ratio, the flow attack angle affects the Sherwood number at any Re.

3.2.3. Comparison with OCF Profiled Membranes

As it has been widely debated in the literature, spacer or built-in profile features markedly affect
the RED and ED processes’ performances. In this regard, a comparison of the influence of TMP on the
present RP profiled membranes and on the Overlapped Cross Filament (OCF) profiled membranes
studied in our previous work [20] is reported in Table 5. The approach velocity, Darcy friction factor,
and mass transport coefficient for both the upper and lower walls are listed for a flow attack angle of
γ = 90◦ and Reτ = 2.5. The definition of γ for the two geometries is reported in Figure 1 of the present
work and of Reference [20]. Note that, for each configuration, the P/H ratio considered is the largest
admissible, i.e., withstanding the TMP value of 0.8 bar without collapsing.

Table 5. Approach velocity, Darcy friction factor, and mass transfer coefficients for the undeformed,
+0.4 bar compressed and −0.4 bar expanded configurations for an RP with P/H = 10 and OCF with
P/H = 8 [20] geometries with γ = 90◦ and Reτ = 2.5.

Quantities Compressed +0.4 Bar Undeformed Expanded −0.4 Bar

RP OCF RP OCF RP OCF
U (cm/s) 0.5 0.4 1.1 1.0 2.0 2.0

F 129.0 260.5 28.9 43.2 9.5 10.3
k (m/s), upper wall 3.2 × 10−5 2.6 × 10−5 1.9 × 10−5 1.9 × 10−5 1.9 × 10−5 2.2 × 10−5

k (m/s), lower wall 3.2 × 10−5 2.6 × 10−5 1.9 × 10−5 1.4 × 10−5 1.9 × 10−5 1.1 × 10−5
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In the undeformed configuration, the RP arrangement exhibits lower friction coefficients than the
OCF one. As TMP varies, the friction coefficient varies slightly less than in the OCF arrangement.

In regard to the mass transport properties, in the undeformed configuration, the RP arrangement
exhibits mass transport coefficients k similar to the OCF. Under compression, the k coefficients increase
more than in the OCF; under expansion, they remain almost unchanged while in the OCF k varies in a
complex way (increasing on the upper wall and decreasing on the lower one).

4. Conclusions

Integrated mechanical and fluid dynamics simulations were performed for channels bounded by
“round pillar” (RP) profiled membranes, characterized by the presence of round pillar protrusions
arranged in a regular hexagonal lattice.

The membranes were treated as linearly elastic, homogeneous, and isotropic, and representative
values of the Young modulus and of the Poisson ratio (E = 150 MPa, ν= 0.4) were adopted. Characteristics
values of real electrodialysis or reverse electrodialysis stacks were also adopted for channel (i.e., profile)
thickness, membrane thickness, and other relevant quantities. Under these assumptions, the largest
value of the pitch-to-height ratio withstanding a transmembrane pressure of 0.8 bar without collapsing
was found to be P/H = 10.

CFD simulations showed that the transmembrane pressure enhances friction under compression
conditions and reduces it (but to a lesser extent) under expansion conditions and that the flow attack
angle has negligible effects. For all flow attack angles, Sh increases with compression and decreases
with expansion; the influence of compression is larger than the influence of expansion at a low Reynolds
number, while the opposite is true at a higher Re. For a flow attack angle of 0◦ (flow parallel to
the longer diagonal of the unit rhombus), the reduction of Sh caused by expansion at a high Re is
particularly significant. The behaviors of Sh for γ = 30◦ and 90◦ are less sensitive to TMP and are
similar to each other.

As mentioned in Section 2.2, the values chosen for the geometrical parameters and the mechanical
properties of the membranes are representative values rather than measured properties of specific
commercial membranes. These properties are supposed to hold under swollen conditions, as occurring
in a real ED/RED stack. In the future, we propose to investigate how the solution concentrations may
affect both the dimensional parameters and the mechanical properties of real membranes and to what
extent the presence of two solutions at different concentrations on the opposite faces of each membrane
may weaken the present homogeneity assumption.

A further extension of the present study will regard the passage from a unit-cell scale to stack scale.
In a real ED/RED stack, a spatially nonuniform deformation of the membrane/channel assembly may
cause flow maldistribution, which in turn may affect the stack performance. From the present study,
correlations for the dependence of deformations on transmembrane pressure and for the dependence
of friction coefficients and Sherwood numbers on deformation can be derived. In a study currently in
progress, they will be implemented into higher-scale (stack-level) models in order to characterize the
amount and effects of maldistribution phenomena.
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