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1. Introduction

Water purification is nowadays one of the most challenging topic both from an
applicational and theoretical point of view.

Membrane lifetime and permeate flux are mainly conditioned by fouling and
concentration polarization that, though acting on two different time scales, may
drastically reduce the yield of the global process [1-5]. The most interesting approach
to better foresee the concentration trend near the membrane surface is based on an
unsteady-state modelling of the diffusion-convection equation in one or two space
variables [6-8]. In this paper, we propose a numerical simulation of a single-step
separation in a spiral wound module in unsteady-state regime with axial and radial
diffusion. The scheme is organized as follows. In section 2, we outline the essentials of
the model and we describe the numerical algorithm. In section 3, we present the results
of the simulations obtained with different values of the parameters conditioning the
yield of the global process. Besides, we study the effects of a pulsating regime of
pressure on the permeate flux for different switching times. Finally, we draw the
conclusion and trace the direction for future works.

2. The model

In Fig.1 , a fluid containing a dissolved salt enters a region between two membranes.
The membranes are supported by spacers, represented by filaments arranged in
configurations according to various constructive schemes; in particular, cavity, zigzag
or submerged sequences of spacers have been experimentally proposed to improve the
yield of the global process reducing the effect of concentration polarization. In this case,
we assume that they are equally spaced along the x-direction. For symmetry
considerations, the coordinate system is placed on the symmetry axis at inlet of a
channel of length L and half-height A.
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The convection-diffusion equation of a chemical species present in the solution between
two parallel membranes can be written as:
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where c is the concentration of the solute, D, and D, the axial and radial diffusivities, u

and v the axial and radial velocities, 7 is the time and x,y the axial and radial coordinates
as indicated in Fig.1.
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Fig.1 - Sketch of a membrane channel with spacers according to the discretization
scheme adopted in this work.

The axial velocity profile at the channel inlet is typical of a fully developed motion
according to a Poiseuille parabolic law.

We define the following dimensionless variables:

C=c/cy, X=x/L , Y=y/h , U=t/uy , V=vL/uoh ; Dy=D,L/ugh’ ; Dy=D/usL (2)

that are replaced into expression (1) to obtain the form:
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The velocity profiles U and V present in the previous equation are not modelled

according to the well-known Navier-Stokes equation, but two ad-hoc expressions for
spiral wound membranes are adopted, that is:
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The constant m is a tuning parameter taking into account the curved geometry of the
apparatus, the presence of spacers, their thickness and density in the cavity between
membranes [9].

The velocity expressions here reported depend both on the spatial coordinates and on
the wall permeation velocity vy through Eqs. (4) and (5). In its turn, the wall
permeation velocity is related to the wall concentration, as it will be discussed later.
Therefore, the coefficients of the first order derivatives in Eq.(3) are function of the



boundary values of the dependent variable at Y=1. We recall now briefly some features
of the discretization scheme here adopted, which is traditionally explicit as far as Eq.(3)
is concerned but it contains some implicit features when it is applied to the boundary
conditions.

Assuming that #;= AX, hy= AY and k=AT as discretization intervals for space and time
variables respectively, we use first order forward expressions for all derivatives present
in Eq.(2) to obtain:
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where C";; indicates the concentration value of a generic point at (iAX; jAY) coordinates
at the n-th time interval, with 1<i<imax and 1<j<jmax. Eq.(6) represents the so-called
computational molecule for the concentration updating of a 2-d parabolic equation at
inner points of the space grid.

At the start, the unit is filled with a solution at a concentration equal to the one of the
cell feed. So, the initial condition is:
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The boundary conditions are :

C(T.0Y)=1 (8
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The boundary condition at the membrane surface requires a more careful attention. A
balance between diffusive and convective mass transport can be written as:

Dyg—i(T,X,1)=VW(CW—C,))=VWCWR (11)

In Eq.(11), it is assumed that the permeate concentration Cp depends of the wall
concentration Cy according to an expression containing the rejection factor R, namely:
Cp:Cw(I-R) (]2)
The membrane permeation velocity at the wall 7y can be described by the following
phenomenological relation [6]:

Vi (X, T)=v,L/uh=A(AP —AIl )L/ u,h (13)
where AP is the pressure gap at fixed X between two membrane sides and A is the
membrane permeability. Besides, the difference of osmotic pressure A77 is described
as a linear function of the membrane concentration at the wall:
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where K, is the osmotic pressure constant.

Replacing Eqs. (13)-(14) into Eq.(11) and writing in terms of finite differences, we get:
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where A is the head loss per unit lenght of the membrane, P, is the inlet pressure and
P=Py-ALX is the inner fluid pressure in a generic point located at (iAX; jAY)



coordinates. The concentration at the permeable wall can be calculated without
iteration by simply solving the previous algebraic equation for each point belonging to
the membrane, provided the concentration values in the points C”; s close to the
membrane have been previously calculated from (6).

We have linearly interpolated the experimental data taken from Tay et al.[10] and we
have obtained a semi-empirical correlation between pressure and permeability that
reads:

A=(1.9-10* P+1.38-10'")" (16)
Finally, the global problem can be defined by joint use of Egs. (3) and Eqgs.(7-16).

The effects of concentration on viscosity and diffusivity have been neglected, as we
focus our attention on sodium chloride in water whose diffusivity variation is less than
5% in the range [0.125-1.5] normality.

3. Results and discussion

The combined effects of pressure and concentrate flow rate on the yield of the process
are visualized in Fig.2, where the curves are loci of points at constant permeate flux.
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Fig.2 - Contour plot of permeate flux versus the concentrate flow rate and operating
pressure. Curve CD: scheme of a centrifugal pump characteristic curve. Curve EF:
scheme of a reciprocating pump characteristic curve.

These lines tend to become parallel and horizontal in the right part of the contour plot,
namely for high values of solution flow rate. This fact can be explained remembering
that the beneficial effects of a high pressure on permeate flux are prevailing on
polarization, provided the velocity U is high enough to reduce the width of the
saturation zone whatever the pressure. On the contrary, the left part of the plot is
covered by steeper lines, which are getting more and more vertical for high pressure
values, suggesting that the role of pressure is almost uninfluential if there is no
"cleaning" effect of velocity on polarization.



Besides, this diagram can be useful to optimize the permeate flow by superposing the
characteristic curves of a pump on the aforementioned lines of constant permeate flux.
This is possible provided the flow rate of the pump is rescaled with respect to the flow
rate of a single reverse osmosis channel. In case of a reciprocating pump, the
characteristic curve is an almost vertical line and the optimum matching point lies at the
highest operating pressure. In case of a centrifugal pump, remembering that its
characteristic curve has a typically bended shape, a point B corresponding to a high
pressure on this line does not necessarily correspond to the optimum point of highest
permeate flux, here represented by the point 4 in Fig.2.

Kennedy ef al. [11] were the first who carried out a theoretical explanation on why a
pulsed velocity in reverse osmosis unit should have a beneficial action on the wall mass
transfer coefficient. In their study, the ratio y between the mass transfer coefficient in
a square-wave pulsating flow and the same coefficient in a steady-state flow was
expressed as:

Y=05|1+k f |7 +0.5|1-k, f|” =G(f) (17)
where £; is a coefficient depending on the geometry of the channel and on the average
velocity of flow, fis the frequency of the disturbance and p is an exponent varying in
the range [0.33-0.8] for growing values of the Reynolds number.

A simple scheme of desalination plant at pilot scale is described by Al-Bastaki et al.
[12], where a pulsating regime was realized by periodically switching the valve on the
concentrate flux at the exit of the reverse osmosis cell. We will assume in the following
that the diffusivity Dy in Eq.(11), concerning the boundary condition at the permeable
wall, is dependent of the frequency of pressure according to the same power law
described by Eq.(17), namely:

Y= =G(f) (18)

where Dy is the unperturbed value of diffusivity.

In Fig.3, the permeate flux is plotted versus time in case of a pressure cyclic forcing
applied after a short initial stabilization time according to our simulation model. We
assume a = 1MPa square wave symmetric perturbation around an average value of 3
MPa. To make a comparison, the curve corresponding to a constant pressure feed is
superposed. The area between each curve and the horizontal axis gives the total mass of
permeate resulting at the end of the process. In this case, we calculated a 2.7% increase
of the total permeate mass in case of two complete operating cycles, a result which is
consistent with the aforementioned findings.
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Fig.3 - Plot of permeate flux versus time in case of constant feed (dashed line) and
during a pulsed pressure feed (solid line) for P=3%1-10° and c,=10.

4. Conclusions

In this study, we have proposed a simulation model of an unsteady-state single stage
reverse osmosis process in two space variables. A semi-empirical correlation between
pressure and permeability has been adopted, together with a power law correlation
between the wall diffusivity and the number of pressure pulsations during the operating
cycle. The role of the parameters governing the process has been discussed with respect
to the permeate flux according to the effects of polarization.
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