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various types of water treatment applications.

This study is focused on the SWM module, which is the key functional
component of membrane desalination and water treatment plants [5], that are
comprised of banks of pressure vessels [4, 5]. A cylindrical SWM element,
shown in Figure 1, is made of several membrane “envelopes”, each comprised
of two membrane sheets with a permeate cloth/spacer in-between, glued at the
three sides [5]. The envelopes are wrapped around a perforated permeate tube,
and fixed along their fourth open side on this permeate tube. Thin net-type
feed-spacers are placed in-between the envelopes, which form the retentate-
side flow channels. With this design, modeling and simulating the
performance of a single pressure vessel is sufficient for simulation of the
entire desalination plant operation. Due to the filtration of permeate, the
process conditions (trans-membrane pressure, permeation flux, velocities,
etc.) significantly vary throughout the individual membrane envelopes
comprising the SWM elements [6] as well as along the pressure vessel. Key
feature of the compact design of SWM modules is the very narrow spacer-
filled channel between envelopes (of gap less than 1mm), which aggravate
operating problems; i.e. friction losses, membrane fouling and scaling [4, 5].
The compact design and the complicated flow field created by the spacers
also hinder experimental and theoretical efforts aiming to investigate in detail
SWM module performance. These difficulties have significant negative
consequences in the development of models and simulation tools needed in
the design and operation of RO process equipment and plants [4].

In addition to the inherent spatial variability of all process parameters
under steady-state conditions (due to filtration) [6], membrane fouling leads
to temporal variability of desalination module and plant operation [3].
Organic fouling is one of the most common problems of RO plant operation,
significantly degrading SWM element performance, leading to increased
energy consumption, deterioration of permeate quality and of overall process
efficiency [7, 8]. The uneven development of fouling layers on RO membrane
sheets is determined by the aforementioned locally varying process
parameters; this spatial variability is clearly shown in recent studies [9, 10].
To improve SWM element design and operation, adequate knowledge is
necessary on the spatial and temporal variation of the process parameters
throughout the pressure vessels. Therefore, a reliable dynamic simulator is
needed of SWM module performance, based on theoretically sound process
modeling.

Some significant efforts have been reported on the development of steady
state models, but not dynamic ones, as outlined in the following. Ghobeity
and Mitsos [11] and Williams et al. [12] analyzed an interesting optimization
problem of reverse osmosis plant operation; i.e. considering that the
electricity price varies during a day (in accordance with the load on the
electricity grid), they sought the optimum RO plant operation strategy during
a day that would minimize the electricity/operating cost. A simple quasi-
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steady state model of the RO process was employed, considering that the flow
rate and feed pressure are dynamic optimization variables. The problem was
solved using advanced optimization techniques. Johannink et al. [13]
presented an interesting generalized procedure for computing the two
coefficients appearing in the friction factor-Reynolds number expression for
spacer-filled channel flow. Instead of making CFD calculations for a specific
spacer design and several Reynold numbers, several spacer designs were
quantified through a large number of parameters. The complete space of
parameter values could not be dealt with for such a large number of
parameters; thus, a design of experiments (DOE) approach was taken to
minimize the number of required simulations. Such simulations were
performed for a membrane section that included 6 unit cells along the main
flow and two unit cell across the main flow. Standard inflow and outflow
conditions were employed with no accounting for periodicity in the flow
direction. The Lattice Boltzmann method was employed to solve the
governing equations, instead of the more common finite volume (or element)
methods. Final result of this work [13] is generalized algebraic relations for
the friction factor of non-woven and woven spacers for an extensive structural
parameter space. Roy et al. [14] presented a fairly comprehensive model for
nanofiltration modules, focusing on the effects of charge, pore radius and
other membrane characteristics. A comparison was made between the results
for the cases of flat-sheet and spiral-wound module configurations and useful
insights were obtained. Despite the merits of the above studies [11-14], the
respective models cannot be readily extended to account for temporal
variability due to fouling. Hoek et al. [7] presented a semi-empirical model
accounting for fouling in full-scale RO processes. This one-dimensional
model considered local pressures, flows and concentrations, including the
effects of concentration polarization and of resistance to permeation due to
membrane fouling; the latter was assumed to be caused by a “cake” formation
and (internal) membrane compaction. Key features of this model included: a)
mass and momentum balances for the local transport, separation, and fouling
processes; b) several fitting parameters that describe membrane, module, and
foulant properties; and c) empirical correlations for mass transfer and
hydraulic losses. Model performance was demonstrated by employing input
data from a pilot-scale RO system and provided realistic results.

Authors of this paper have presented a comprehensive framework for
modeling the performance of RO desalination SWM modules and pressure
vessels [6, 15]. Detailed parametric studies for steady state desalination of
brackish- and sea-water were performed, under constant pressure [9] and
constant recovery [10] mode of operation, using a simulator based on the
model. These studies showed the simulator capabilities that include the
optimization of SWM module and spacer characteristics. The above model
was later extended to address the dynamic simulation of SWM module
performance under conditions of fouling [3].
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Fig. 1. A schematic of pressure vessel including several SWM modules, and a view of a SWM module indicating its function.
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In parallel, correlations of a representative membrane-fouling parameter (i.e.
the specific fouling resistance) were obtained for organic fouling of RO
membranes, based on detailed laboratory studies [16, 17]. These correlations
(akin to constitutive expressions) can serve as the necessary input to the
dynamic simulator under development. Therefore, the present paper mainly
aims : a) to outline the comprehensive mathematical model (and the
respective simulator) of organic fouling evolution on the membrane sheets of
SWM modules within a pressure vessel, operating under constant recovery,
where account is taken of the spatial non-uniformities of the flow and
concentration fields and their impact on the evolving deposit; b) to present
typical results regarding the effect of main design and operating parameters
on fouling evolution throughout the membrane sheets of SWM modules,
along a pressure vessel; c) to outline R&D priorities toward further
development of the dynamic simulator.

2. Mathematical modeling

Mathematical modeling of the dynamic operation of a membrane element
undergoing organic fouling is a difficult task due to the complexity of the
underlying physical and chemical processes and of the complicated channel
geometry [3]. The problem is of multiscale nature since it includes spatial
scales extending from the micro-scale of the fouling layer development to the
large scales of the whole SWM element and of the multi-element pressure
vessel. The starting geometry for the model development is the planar
membrane sheet and the problem definition domain is half a retentate and half
a permeate channel with the membrane in-between [4, 6], as shown in Figure
Al (Appendix). The formulation of the retentate side problem is based on the
Navier-Stokes equations that must be solved in the liquid domain which is
defined from the spacers and the membrane/channel walls. Regarding the
formulation of permeate side, flow in porous media is considered since the
void size is much smaller than the channel width so that the homogenization
procedure can be applied. The two flow fields are connected through the
Darcy law integrated across the membrane that separates the two channels.
The formal boundary conditions are the inlet/feed pressure, retentate outlet
and permeate outlet pressures. The pressure difference between inlet and
permeate outlet drives the separation process, whereas the difference between
inlet and retentate outlet pressure drives the retentate flow. The practical
boundary conditions are inlet and permeate pressures and total flow rate. The
aforementioned equations constitute the purely hydrodynamic problem [6].

There is a two way coupling between the flow and concentration fields.
The concentration depends on velocity through the convection terms and the
velocity depends on concentration through the osmotic pressure which
determines the wall flux. Typically, the rejection of the ionic species is
incomplete, thus a small amount can pass to the permeate channel. This
phenomenon is described through the so called rejection coefficient R which
is a local characteristic of the membrane and it is related to the membrane
properties (pore size distribution, charges) through lower scale theories.
Therefore, the conservation equation must be also solved in the permeate side
for the incompletely rejected ionic species. Conservation equations must be
also considered for the organic foulants, which undergo complete rejection by
RO membranes. The previous discussion refers to the absence of any type of
material accumulation in the membrane element. Material accumulation can
occur by flux-induced deposition on the membrane of organic substances
dissolved in the water. A gel layer is commonly created from organic
macromolecules transferred with the flow on the membrane [16, 17]. The
properties of this fouling layer depend on the local trans-membrane pressure
and the instantaneous permeation flux [16], and (in turn) they affect the local
flow conditions as well as the flux due to the added resistance to permeation.

The disparate size scales of the problem make a direct attack of the point-
wise conservation equations computationally intractable; therefore, a scale
decomposition approach is followed [4]. The governing equations of this
modeling approach are outlined in the Appendix. The equations are integrated
across the normal (to the membrane and main flow) direction and they are
homogenized at the scale of the spacer unit cell [4, 6]. The closure is achieved
through constitutive-type expressions for pressure drop and mass transfer in
the spacer-filled channels. These expressions are derived through
Computational Fluid Dynamic simulations at the unit cell scale [18, 19]. A
typical mesoscale clean membrane model consists of the solvent and solute
conservation equations in retentate and permeate sides, equations for pressure
in both sides, of the membrane transport model and of a relation between the
average bulk (cup-mixing) solute concentration and its concentration on/at the
membrane (Eqs. A2 — A6). The difference between these two concentrations
is due to the so-called concentration polarization phenomenon (Eq. A7). The
communication between the spacers scale and mesoscale is through relations
for the friction factor and mass transfer in the retentate channel (Eq. Al and
A8) [18, 19]. The former is used in mesoscale for pressure drop evaluation
and the latter to account for concentration polarization. The effect of foulant

layer is to reduce the local membrane permeability as well as the local mass
transfer coefficient (cake-enhanced concentration polarization) [20]. Both
phenomena are taken into account by using appropriate constitutive
expressions for organic fouling (Eqs A9 — A11) developed in this laboratory
[16] and an effective diffusivity through the fouling layer D. (Eq. A8) [17].
The local rejection coefficient is related to the local wall flux and solute
concentration through the Spiegler-Kedem model [21].

The final problem to be solved consists of a set of non-linear partial
differential equations in two spatial and one temporal coordinate [3]. The
solution algorithm employed is very robust and unconditionally stable. The
particular normalization of equations used, allows a relatively small number
of discretization steps, because only steps with essential variable
advancement are implemented. The system of equations is solved using an
iterative (Gauss-Seidel) scheme. Non-linear closure algebraic relations are
solved for each spatial position by combining a bisection and Newton-
Raphson method. The starting values for iteration are crucial for the stability
of the algorithm; thus, an approximate analytical prediction for retentate
outlet pressure is used as starting value. The situation is more complicated in
the constant flux case, where the secant method is used at each time step to
determine the inlet pressure that leads to the required flux.

3. Results and discussion

In recent studies, the steady state model of Kostoglou and Karabelas [6]
was employed for simulating the performance of a 7-element pressure vessel
under constant pressure [9] and constant recovery [10]. This model takes into
account the interaction of the aforementioned operating and design
parameters which affect the SWM element performance. The computational
results include macroscopic/averaged parameters (i.e. SWM permeate
productivity, feed pressure, pressure drop, etc.) as well as spatial distribution
of all system parameters including local trans-membrane pressure, permeate
and retentate velocities, permeate flux, bulk and wall concentrations. From
these parametric studies, a combination of SWM geometric parameter values
emerges (called “best” case) which leads to improved, near optimum, module
performance.

Essentially the same two sets of SWM geometric design parameters of
the steady-state operation (designated as “reference” and “best” case [9, 10])
are employed in this presentation. In particular, this work deals with the effect
of a growing organic fouling layer on the spatial and temporal evolution of
process parameters for a pressure vessel that includes four (4) SWM modules
and operates under typical constant recovery conditions. Brackish water
desalination is considered in this work. Relevant organic fouling layer
properties are presented in [16, 17]. Operating and geometric parameter
values of the present simulations are listed in Table 1; the same values,
typical of those encountered in practical applications, were employed in
previous steady-state simulations of brackish-water desalination under
constant feed pressure [9] and constant recovery [10] mode of operation.

Indicative simulation results are provided to demonstrate the
potentialities of the novel dynamic simulator for brackish-water RO
desalination. It should be emphasized that the calculations are representative
of the initial phase of growing organic deposits (starting from a clean
membrane), where relatively thin fouling layers are involved; moreover, the
simulations (for the entire pressure vessel) are carried out in time steps until a
mean fouling layer thickness develops which is equal to 10% of the diameter
of the feed-spacer cylindrical filament on each membrane of the feed channel.
Therefore, this value corresponds to 10% reduction of the retentate channel
gap hy; i.e. 0.1h,. To facilitate the presentation, time intervals equivalent to
equally-spaced fouling thickness fractions are employed; i.e. 0.01h,, 0.02h,,
0.03h,, etc., which are referred to as 1%, 2" 3" etc. time interval,
respectively.

Figure 2 shows the variation of mean permeate flux (per SWM element)
along a 4-element pressure vessel, subject to organic fouling, under
conditions listed in Table 1. It is noteworthy that, under the imposed constant
recovery 45%, there is essentially no effect of fouling on these global average
(per element) fluxes even though the spatial distribution of fouling layer
thickness and of other important operating parameters significantly change
with time, as subsequently shown.

It will be also observed that the axial variation of the mean flux per SWM
element of the 4-element vessel examined here is very close to that of a 7-
element pressure vessel operating at steady-steady with 70% recovery [10].
Figure 3 depicts the temporal evolution of the space-averaged fouling layer
thickness, per SWM element, for test conditions of the “reference case” (see
Table 1). As one would expect, on the basis of intuition as well as
observations and autopsies of real SWM modules (e.g. [22]), the fouling layer
thickness tends to increase more in the leading elements, where the fluxes are
greater.
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Table 1
SWM module design and operating parameters for brackish water treatment.

Feed Water Characteristics
Salinity (NaCl concentration) 2000 mg/L
Foulant (alginate) concentration 2 mg/L
Diffusivity within gel fouling layer [17] 1.44x10° m%s
Specific Cake Resistance [16], a=yJ* v=06-10"s/kg, B=1
Operating Parameters
Feed Flow Rate, Q 9.84 m’/h
Recovery, R 45%

SWM Module Design Parameters

thicknesses per SWM element are nearly the same. These effects deserve
additional attention in future studies.
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Fig. 2. Brackish water desalination. Variation of mean permeate flux along a 7-
element pressure vessel, operating at steady-state with 70% recovery, compared to

Reference Case Best Case
Membrane Resistance, R

0.9x10" m’! 0.9x10" m™*
Membrane Area, A 38.5m?
Number of Envelopes, N 15 30
Membrane Sheet Length, L Im
Membrane Sheet Width, W 1.284 m 0.642 m
Retentate Spacer Geometry L/D=8, p=90° L/D=12, p=105°

Retentate Channel Gap, h,

0.71 mm (28 mil)

0.86 mm (34 mil)

similar variation of a 4-element pressure vessel (using the same SWM element type)
subject to fouling, at constant recovery 45%. : Parameters for “reference case”.

Permeate Channel Gap, h, 0.23 mm
Permeate Spacer Lateral Permeability, k 2.0x107° m? 5.0x10"" m?
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respectively. The SWM element pressure drop (see Figure 4) tends to increase g N\‘\:‘\ ~#—5th time interval
with time, as expected. This increase is more evident in the leading elements £ 20 ’\.\q .
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where higher velocities prevail in the retentate channels; i.e. the increasing g 15 ,%
fouling layer thickness causes increased local velocities and pressure drop in 5 o ———7th time interval
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reference one). Figure 5 exhibits the temporal evolution of the feed pressure
for each element of the pressure vessel, where it is evident that the best case Element
requires a significantly smaller level of feed-pressure. However, it should be
noted that the rate of increase of feed pressure for the “best” case is somewhat Fig. 3. Temporal evolution of the space-averaged fouling layer thickness, per SWM
greater compared to that of the “reference” case. This interesting trend may be element, for the set of geometric parameters corresponding to the “reference case”.
the net outcome (on channel gap and pressure drop) of the different spatial
distribution of foulants in the two cases, even though the spatially averaged
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Fig. 4. Temporal evolution of pressure drop in each SWM element, along the pressure vessel, for the set of geometric parameters corresponding to a) Reference Case and b) Best Case.



182 A.J. Karabelas et al. / Journal of Membrane Science and Research 5 (2019) 178-186

1340000 1340000 ——t=0
1290000 1290000 === 1st time interval
© ==de—2nd time interval
& 1240000 a 1240000
5 ‘q_"' =¢=3rd time interval
5 3
E 1150000 § 1150000 == 4th time interval
v i
% 1140000 % 1140000 —@—>5th time interval
] a
2 1090000 2 1090000 6th time interval
£ t ime i
] 7th time interval
£ 1040000 g 1040000
= a 8th time interval
990000 = 990000
9th time interval
940000 T T T T 1 940000 10th time interval
0 1 2 3 4 5
Element Element
a) b)

Fig. 5. Temporal evolution of feed pressure to each SWM element, along the pressure vessel, for the set of geometric parameters corresponding to a) Reference Case and b) Best Case.

The negative effect of fouling layer development on the salt rejection and
the quality of permeate is clearly shown in Figure 6, for the two types of
SWM modules considered in this study. Under steady-state conditions (t=0),
one observes the well-known axial increase of salts concentration due to the
increasing retentate membrane surface concentration C,, shown in Figure 6.
With the increasing fouling layer thickness, the systematic increase of local
Cy, (see Figure 6) apparently leads to degrading salt rejection and to increased
permeate concentration.

Figure 7 presents snap-shots indicative of the temporal evolution of the
fouling layer-thickness spatial distribution, throughout the four SWM
elements of the pressure vessel, and for the geometric parameter set
corresponding to the “reference” case. Starting from a clean membrane,
initially the fouling layer thickness seems to exhibit spatial uniformity;
however, as the time progresses the organic foulants tend to deposit unevenly
on the membranes, especially in the leading SWM elements. In fact, the
greater values of fouling layer thickness are observed close to the permeate
tube (in the leading SWM element) where the greater permeation fluxes are
encountered. This trend is expected, as it is caused by the correspondingly
uneven spatial distributions of the trans-membrane pressure (TMP) shown in
Figure 8. Indeed, the greater local TMP values near the permeate collection
tube are associated with greater local fluxes (predicted by the well-known
Darcy expression), as discussed in detail elsewhere [9, 10]; in turn, the
increased local fluxes cause increased foulants deposition and resistance to
permeation, as shown and quantified for depositing organic gels elsewhere [4,
16].

It is interesting to note that the interacting mechanisms (membrane
rejection and/or permeation of various species, organic matter deposition on
membranes, etc.) leading to evolution and spatial (re-)distribution of key
variables (i.e. TMP, permeate flux, foulant thickness) is quite complicated
and can be resolved only by the type of comprehensive modeling and

simulation presented here; i.e. space averaged quantities are not helpful in this
respect. For instance, one would intuitively expect a kind of “smoothing
effect” of these fouling phenomena in the case of constant mean recovery
operation. Specifically, the fouling layer thickness and resistance to
permeation would tend to increase in some regions of the membrane sheet
(e.g. close to the permeate tube) where the TMP is greater, as shown in Figure
8. However, the local flux there would tend to be reduced, whereas in other
regions of the membrane, initially characterized by smaller thickness and
specific resistance, the flux would tend to increase somewhat, so that a
constant overall permeate recovery would be maintained. In turn, the rate of
foulant deposition in the latter regions would tend to increase somewhat due
to this local flux increase, thus leading to a kind of spatial “smoothing” of the
fouling layer thickness. The data in Figure 6, appear to display this trend;
indeed, despite the significant growth of the mean fouling layer thickness
with time, there are relatively modest differences in the thickness spatial
distributions among the various SWM modules. Similarly, as shown in Figure
8, despite the significant increase of feed-pressure and of the mean TMP, the
local TMP distributions in each SWM module tend to maintain their form,
with modest change.

It is noted that predictions of a semi-empirical model developed by
Hoek et al. [7], fitted to a RO pilot system operation, suggest that a so-called
“flux leveling” induced by fouling may occur, whereby fluxes at the rear
SWM modules would tend to increase with time, while those at the front
would decrease, for constant recovery. These predictions are in line (at least
qualitatively) with the aforementioned fouling layer “smoothing effect” and
partial redistribution of the various system parameters (local fluxes, TMP,
etc.), demonstrated by these simulations. It should be added that in SWM
modules with smaller width of membrane-sheets, the smoothing effect would
lead to more even distributions (throughout a sheet) of all system parameter.
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Fig. 6. Temporal evolution of mean permeate concentration exiting each SWM element, along the pressure vessel, for the set of geometric parameters corresponding to a) Reference Case

and b) Best Case.






