¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2019.24406

168 (2019) 56—64
November

Mitigating membrane fouling with sinusoidal spacers

Peng Xie, Lawrence C. Murdoch, David A. Ladner*

Department of Environmental Engineering and Earth Sciences, Clemson University, Clemson, South Carolina 29625, USA,
Tel. +1 864-656-5572; email: ladner@clemson.edu (D.A. Ladner), Tel. +1 217-979-9878; email: pxie@g.clemson.edu (P. Xie),

Tel. +1 864-656-3438; email: Imurdoc@clemson.edu (L.C. Murdoch)

Received 20 February 2019; Accepted 13 May 2019

ABSTRACT

Membrane fouling is a major drawback of reverse osmosis (RO) membrane filtration as it negatively
affects the quantity and quality of the treated water and the lifespan of the membrane. Spacers play
a pivotal role in the hydrodynamics of the membrane channel thus influencing membrane fouling.
Building on our previous work (Xie et al., Journal of Membrane Science, 2014, 453:92-99) where a
series of novel sinusoidal spacers were built, we investigate here the spacers” ability to mitigate
foulant deposition onto membrane surfaces. Experiments were performed and a three-dimensional
computational fluid dynamics (CFD) model was built. The results of experiments with humic
acid and calcium ions (a surrogate foulant recipe) showed that certain sinusoidal spacers had less
fouling than mesh spacers. Furthermore, the fouling on membranes diminished as the tortuosity
(ratio of amplitude to wavelength of the sinusoidal pattern) increased. CFD simulations explored
the development of fouling over time and the CFD results were compared with scanned images
of fouled membranes. The simulation results matched well with the experimental results and sug-

gested that wall shear stress alteration by the spacers could be a mechanism for fouling reduction.
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1. Introduction

Fouling is a critical issue in reverse osmosis (RO) and
other membrane filtration processes because it results in
higher operational cost, shorter membrane lifespan, and
less desirable permeate quality [1-6]. Studies on mem-
brane fouling patterns often suggest that feed spacers play
an important role in fouling development. Tran et al. [7]
reported that fouling initially started along the feed spacer
and then gradually encroached upon the rest of the clean
membrane area. Gimmelshitein and Semiat [8] studied the
flow in spacer-filled channels and found that the spacer exac-
erbated particle deposition near the mesh spacer filaments.
Vrouwenvelder et al. [2] and Aradjo et al. [9] studied the
correlation between spacers and biofouling. They reported
that biofouling was largely initiated on feed spacers and the
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pressure drop caused by biomass accumulation was much
higher when the spacer was present. In seeking to advance
membrane technology, surface modification and pretreat-
ment methods are often discussed and employed [10,11] and
the benefits of those efforts may be strengthened if spacer
design is improved.

Several attempts to create new kinds of spacers to
increase mass transfer or reduce pressure drop have been
made [12-17]. However, compared with the conventional
mesh spacers, those novel spacers usually mitigate the
concentration polarization and improve flux at the cost of
higher energy consumption [16-20]. In our previous study,
we demonstrated that sinusoidal spacers had the poten-
tial to produce more permeate with lower pressure drop
during seawater desalination because of a reduction in
concentration polarization [21]. That work dealt only with
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non-adsorbing salts. In this study, we add adsorptive foul-
ing into our experimental and modeling matrix to further
evaluate the potential of sinusoidal spacers.

Both bench-scale experiments and three-dimensional
computational fluid dynamics (CFD) models were employed
in this work. Humic acid, which was used here as a model
foulant, is one of the natural organic matters found in lakes,
rivers and reservoirs and it is considered as a major foulant
during membrane processes [22]. It has been recommended
that humic acid be removed as much as possible in pre-
treatment before RO [23]. The high potential for humic acid
to cause flux reduction and the dark membrane surface
coloring it creates makes it an ideal model foulant for the
purpose of this study. Humic acid can form brownish gel-
like chelates with multivalent ions on membrane surfaces
[24,25]. Calcium-humate can cause significant irreversible
flux decline [26], though solution pH, ionic strength, and
multivalent ion concentration are important in determining
the magnitude of humic acid adsorption during membrane
filtration [27,28].

CFD is a widely used technology when it comes to
spacer design [9,13,17,29-33]. A variety of studies using
2D [14,20,30,34,35] or 3D [16,32,36-38] CFD models to
investigate and improve membrane spacers is available in
the literature. Analysis of adsorptive membrane fouling
by CFD is challenging because both the hydrodynamic
(i.e., velocity, concentration polarization) and thermody-
namic (i.e., humic acid-membrane interactions) conditions
need to be considered. The Langmuir model has been used
in predicting humic acid adsorption during membrane
filtration [27,28,39], which is a good model to start with when
dealing with adsorption [23], but hydrodynamics need to be
considered in order to simulate adsorptive fouling on RO
membranes in crossflow mode. Most current mathematical
models are empirical [28,40,41] and do not fully consider
hydrodynamics. In this study, simulations investigate the
influence of both thermodynamics and hydrodynamics on
adsorptive membrane fouling in a crossflow environment
when different spacers are used.

2. Materials and methods
2.1. Experimental setup

Experiments were performed using the same spacers
described in our previous publication [21]. They were made
with PolyJet 3D printing using VeroClear material (Stratasys,
Eden Prairie, Minnesota, USA). A 3D rendering of one sinu-
soidal spacer is shown in Fig. 1 with the detailed drawing,
dimensions, and fluid flow directions depicted in Fig. 2. Five
models of RO spacer channels with varying geometry were
created for analysis (Fig. 3). The channels have a wall geom-
etry described by

Y= asin(z—:x] @

where 4 is the amplitude and L is the wavelength. The ampli-
tude a was either 3 or 6 mm, and L was either 12 or 24 mm.
This generated four channel geometries, which will be
referred to as 3sin(mt/12), 3sin(7t/6), 6sin(mt/12), and 6sin(7t/6).

Fig. 1. Oblique view of a representative sinusoidal spacer built
for experiments. This spacer has the 3sin(7t/12) geometry. This is
the same spacer view as shown in our previous work [21].
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Fig. 2. Plan and section views of a representative sinusoidal
spacer. As with Fig. 1, this spacer has the 3sin(mt/12) geometry.
Blue arrows indicate the water flow path. Dimensions are in mm.
These are the same dimension as the spacers from our previous
work [21].

Channels were created by offsetting the sinusoidal wall
geometry by 6 mm normal to the y direction. The cross-
sectional geometry of the channel normal to the y direc-
tion was a 1.5 mm by 6 mm rectangle, with the membrane
lying along one of the 6 mm sides. A straight channel was
also modeled, representing the non-sinusoidal control. The
direct inlet-to-outlet distance was 130 mm, yielding an active
membrane area of 7.8 cm? for a single membrane channel,
regardless of the amplitude and wavelength of the sinusoid.

The RO unit (Fig. 4) used a SEPA II membrane cell
(GE Osmonics; now Sterlitech). Additional details about
the RO unit were previously reported [21]. Each sinusoidal
spacer and the straight-channel spacer was tested in this unit
using a SWC5 (Hydranautics, Oceanside, California, USA)
membrane coupon cut from a 4-inch spiral-wound element.
For comparison, one experimental set was performed using
the 65 mil mesh feed spacer that is a standard accessory of
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Fig. 3. Geometries of sinusoidal channels. The overall length
of each channel is 130 mm. The cross-sectional view (bottom)
applies to all geometries. These are the same geometries as
studied in our previous work [21].

Concentrate
Membrane Cell
3

"’Ej Valve
& m=]e)
& %
=

Temperature Control

Balance

High pressure pump e

Data Acquisition &
Control Module

Fig. 4. Bench-scale RO membrane test setup. Square symbols
denote controls (V for needle valve actuator voltage and Q
for the feed flow rate control). Diamond symbols denote data
acquisition points (C, for feed concentration, M, for permeate
mass, C, for permeate concentration, and P, for feed pressure).
This is the same test setup as used in our previous work [21].

the SEPAII cell. (Though 65 mil is the spacer designation, its
actual thickness was measured to be 1.5 mm [60 mil]).
Before the experiments, each membrane coupon was
soaked with deionized (DI) water overnight. For the first
hour of each experiment the system was operated with DI
water to stabilize the membrane and obtain the clean-water
flux to calculate the hydraulic permeability of the mem-
brane coupon. At the end of the first hour, the DI water was
replaced by 10 L of fouling solution, which consisted of
humic acid (catalog number 198763, lot number 7078], MP
Biomedicals, Santa Ana, California, USA) (30 mg/L), calcium
chloride (30 mmol/L) and sodium bicarbonate (1 mmol/L).
The pH of the fouling solution was 6.0. The pressure was
set to 600 psi (4,140 kPa) and the crossflow velocity was set

to 0.15 m/s; these are typical values for industrial RO oper-
ation. The fouling solution combined with the chosen oper-
ating conditions resulted in foulant accumulation that was
fast enough to expedite the experiments, but slow enough to
allow observation of the gradual buildup of material.
Humic acid was chosen for this work because of its
strong binding with the membrane (especially in the pres-
ence of calcium) and for its dark color. The color allowed
us to visualize the locations of greatest foulant deposition.
The most egregious fouling in full-scale RO applications
is usually due to biofilm development, but a conditioning
film has been recognized as a precursor to the biofilm [42].
This study investigates that initial deposition of organic
matter. To shorten the time-frame for experiments, the
humic acid concentrations used here are much higher than
would be seen in practice because pretreatment is employed
in RO plants to minimize organic-matter concentrations.
Two sets of experiments with the same solution but dif-
ferent durations were performed. The first set of experiments
was terminated when 5 L of permeate was collected (around
3.5 h). The average value of permeate flux over the last 3 min
was used to compare with DI water flux obtained at the
beginning of the experiment to calculate the flux decline. The
purpose was to examine how the flux decline was affected by
the different sinusoidal spacers. In contrast, the second set of
experiments were terminated after 1 L of permeate was col-
lected. This stopping point was determined via trial and error
in order to find a volume of permeate that generated mem-
brane coupons where the local variation of fouling severity
was clearly visible. The membrane coupons after this set of
fouling experiments were dried and digitized using an opti-
cal scanner (MP C4503, Ricoh, Malvern, Pennsylvania, USA)
to create fouled-membrane images. All experiments for flux
decline were performed in triplicate, meaning that three
different membrane coupons were tested for each spacer.

2.2. Model development

The purpose of the computer simulations was to study
hydrodynamic and concentration profiles that are difficult
to observe via lab experiments. In our previous work, 3D
models were created to mimic the laboratory conditions
[21]. The models were calibrated with salt-water experi-
mental data to ensure that the flux predicted by the model
simulations matched the experimental results. In the cur-
rent effort, the models were extended to include adsorptive
fouling. The fouling models were calibrated to ensure that
the spatial distributions of adsorbed material in the simu-
lations mimicked the distributions seen in the experiments.
Having these models that accurately represented both the
flux and the foulant spatial distribution, we could then
evaluate the details of the hydrodynamic environment that
led to or mitigated fouling.

3D simulations were performed using Comsol Multi-
physics 4.2a on the Palmetto Cluster, Clemson University’s
primary high-performance computing resource. The mesh
consisted of triangular elements on the membrane surface
and on the opposite wall, which were swept through the
domain to create triangular prisms of equal thickness (Fig. 5).
Mesh density was evaluated by comparing results for a sinu-
soidal channel 6sin(rt/6) with 380 elements/mm?® (456,400
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Fig. 5. Mesh scheme of the sinusoidal spacer 6sin(mt/6). The
membrane is on the bottom face in this view. (a) Full extent of
model with numbers indicating mm distances. (b) Inset showing
three periods of the sinusoidal shape. (c) Inset showing mesh
vertices on the flat wall and throughout the channel.

elements) to results from a simulation with a mesh density
that was roughly twice as large (745 elements/mm?). The
results were essentially the same, but the execution times
were much different so the coarser mesh was used. In some
cases, coarser meshes had convergence problems, so mesh
densities were tuned for each model to identify a density
that minimized execution time while ensuring consistent
convergence. This resulted in mesh densities in the range of
360-480 elements/mm?.

3D models were designed to simulate the development
of a foulant layer on the membrane surface over time under
given thermo- and hydrodynamic conditions. The highest
Reynold’s number was 907, found in channel 6sin(7t/6),
therefore the laminar flow module in Comsol was used
for the hydrodynamic simulation. The models did not take
into account changes in the cross-sectional area of the flow
channel due to fouling. The velocity distribution and salt
concentration remained constant and were solved at steady
state. The velocity distribution was then used by the foulant
transport model to complete the simulation of the fouling
process on the membrane surface. The foulant layer devel-
opment was modeled as a non-equilibrium adsorption process.

2.3. Theoretical description

Both steady state and time-dependent simulations were
performed in this study. In the first simulation step, a steady-
state simulation was used to solve for velocity, pressure and
salt concentration using

V-u=0 )
pu~Vu:—VP+V~u[Vu+(Vu)T} (3)
uVe=D Vi 4

where u is the fluid velocity vector, p is the density, P is the
pressure, p is the dynamic viscosity, c¢ is the salt concen-
tration, and D, is the diffusion coefficient of salt in water.

Water flow across the membrane was included by using
the boundary condition

um = A(Ap - aosmcw) (5)

where u, is the volumetric flux of the permeate normal to
the boundary, c_is the salt concentration at the membrane
surface, A is the water permeability of the membrane,
Ap is the pressure difference between feed side and perme-
ate side and a___ is the osmotic coefficient. The upstream
boundary condition specified the inflow velocity as
0.15 m/s, whereas the pressure on the downstream bound-
ary was specified as 600 psi (4140 kPa) to correspond with
the experiments. Other flow boundaries were no flow.
The upstream concentration was specified as 0.001 mol/m?,
and the downstream condition assumed no diffusive flux,
but the advective outflow was unrestricted. The concen-
tration boundary condition on the membrane specified no
mass flux.

The fluid velocity distribution obtained from the first
step was used for the second step. In the second step,
chemical transport was solved with the convective diffusion
equation (Eq. (6)).

4G

o= DsVies —uvg, (6)

Simultaneously with chemical transport, the adsorption of
foulant was solved. This fouling model resembles Langmuir
kinetics with an additional term describing desorption caused
by fluid shear. It has the following assumptions [28,43]:

e The physical and chemical properties of the membrane
surface are homogenous.

e There is no interaction among solutes, nor among
adsorbates.

e The foulant only forms a monolayer on the membrane
surface.

¢ Fluid shear causes desorption in addition to that which
would occur in a stagnant system.
The above four assumptions are built into Eq. (7):

de c k.c
s =k|1-—=|c, ——2=-R 7
dt 1( c]f c s @

se se

where ¢, is the foulant concentration in the bulk fluid, Df is
the diffusion coefficient for foulant in water, c, is the fou-
lant concentration on the membrane surface (per unit area),
c,, is the maximum surface concentration of foulant (per unit
area), and k, and k, are the adsorption and desorption rate
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constants, respectively. R is the desorption rate caused by
shear stress on the membrane.

The values of Df =22x10"m?s?, k, =137 x 10*m s7,
k,=1.05x10""mol m?s™, and c_, =0.105 ug cm? are from the
study of Jones and O’Melia [28] under conditions of pH =8
and ionic strength =0.001 M. D,and c_ were reported directly
by Jones and O'Melia [28], and k, and k, were calculated by
the following equation:

R 062D

k, = ”C - ®)
k

klzé )

R, (9,000) and O (7.65 x 10 mol m~) were derived from
the values reported by Jones and O’Melia [28], who stud-
ied humic acid adsorption on ultrafiltration membranes.
We recognize that the adsorption parameters may vary
between that and this work because the membrane materials
were different, the humic acid was from a different supplier,
and the pH was different. Nevertheless, these values are
the best available published estimates of the parameters
relevant to our experiments and serve as a starting point for
our simulations.

The additional desorption due to fluid shear (R) is
described by:

0; c.=0
R - ‘ (10)
karf(r,b); ¢, >0

where k, is a constant and f(t,b) is a smoothed unit step
function of half width b defined by:

0, t<0

,b)=405+a0-a,0°+a.0°, 0 <t <2b 11)
1 2 3

1, ©>2b

where » = th’ b=2,000, a,=0.9375, a,=0.625, and a,=0.1875.
The desorption rate (10) is first-order in T when t > 2b, and is
zero-order in c.. The R was introduced because the conven-
tional Langmuir kinetics model does not include the impact
of the shear force. The reported values of the terms within
R, (k, and b) were determined by trial and error, where k,
and b were adjusted until the simulations produced foulant
distributions similar to the images from the experiments.
The step function (11) was included to improve numerical
convergence. This gave k, =5 x 107 mol/m* and b = 2,000 1/s.

3. Results and discussion

Results are presented in three parts. First, we verify that
sinusoidal spacers affect the level of fouling in laboratory
tests. We evaluate fouling mitigation in light of longitudinal
pressure drop to determine how the gain in performance
is offset by the increase in applied energy. Second, we use

the results from computational models to evaluate the
kinetics of foulant accumulation. Third, we validate the model
using the spatial distribution of foulant deposition from the
experimental results. This helps elucidate the mechanisms
at play for sinusoidal spacers in RO.

3.1. Flux decline percentage and pressure drop

The flux decline percentage was measured as:

:Mxloo%

DI

(12)

where ] is the average flux of the final three minutes of
the DI water run and J, is the average flux of the final three
minutes of the fouling experiment. Flux decline percentage
was used as the criterion to evaluate the fouling mitigation
performance of each spacer.

Among the sinusoidal spacers, the values of ], were
similar to one another, while ], was altered by the different
spacer patterns (Fig. 6). By increasing the amplitude or
reducing the wavelength of the sinusoidal wave, J, was
increased. The mesh spacer showed a higher ], because it
probably had a larger active membrane area, but it should
be noted that the active membrane areas for all sinusoidal
spacers and the straight spacer were the same.

The flux decline observed in experiments was compared
with the longitudinal pressure drop of the various chan-
nels evaluated by computational simulations (Fig. 7). The
sinusoidal spacers and mesh spacer all exhibited lower flux
decline percentages than the straight spacer. In addition, the
flux decline of the sinusoidal spacer 6sin(7t/6) (14%) was less
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Fig. 6. DI water flux compared with final flux from the
experiments. The blue bars indicate the clean-water test and
the hatched bars the fouling solution tests. Bar heights are the
averages of triplicate tests. Error bars represent the standard
deviation.
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Fig. 7. Flux decline percentage (from the experiments) vs. the
pressure drop (from the simulations) under equal feed flow
rate (crossflow velocity entering the channels was 0.15 m/s) and
equal concentrate pressure (600 psi, 4,140 kPa).

than the conventional mesh spacer (24%), which demon-
strated an improvement in fouling mitigation. Meanwhile
the spacer 3sin(7t/6) showed a similar flux decline (23%) as
the mesh spacer. The smallest pressure drop was from the
simulation of the straight channel (1 kPa/m) and the larg-
est pressure drop was from the channel formed by 6sin(mt/6)
(60 kPa/m). The mesh spacer simulation showed the second
largest pressure drop (23 kPa/m), which was greater than
from the 3sin(m/6) spacer simulation (12 kPa/m). The same
flow rate was used in the simulations, so the pressure drop is
proportional to the energy consumed by viscous dissipation.
These data show that the 3sin(m/6) spacer was capable
of achieving a similar level of flux decline, and therefore
fouling mitigation, with less energy consumption than the
mesh spacer.

The flux decline vs. pressure drop results shown in
Fig. 7 demonstrate that fouling control improves when
energy consumption increases (i.e., increase in pressure
drop). An important follow-up issue is whether the fouling
control is worth the greater energy cost. One way to ana-
lyze this is to convert the flux decline numbers into energy
terms. The resistance of the fouling layer (R)) affects the flux
(1) according to the following equation:

M
M_H(R",Jer) 13)

where | is viscosity and R is membrane resistance. Eq. (13)
is similar to Eq. (5), but without the osmotic pressure term.
The ensuing analysis was repeated after adding osmotic
pressure effects into Eq. (13), but for all reasonable levels of
osmotic pressure (up to half the applied pressure) the results
were similar.

Using the measured clean-water flux (90 L m= h™!
or 2.5 x 10°m/s) and applied pressure (4,140 kPa) with a

viscosity typical of water (0.001 Pa s) in Eq. (13), R was
calculated to be 1.66 x 10 m™. Using this membrane
resistance and solving for R, gives 1.3 x 10", 0.97 x 10%,
0.82 x 10, 0.47 =x 10", 0.49 x 10", and 0.27 x 10" m™ for
the straight, 3sin(n/12), 6sin(m/12), 3sin(m/6), mesh, and
6sin(7t/6) spacers, respectively. This result shows that the
resistance caused by the foulant ranges from 0.2 to 0.8 of the
resistance from the membrane itself.

From Eq. (13) we can write an expression for the
pressure increase that would be caused by fouling:
Ap,= u pR, where u_is the clean-water flux. The total
excess pressure needed to operate the membrane with
spacers at the clean-water flux was determined as the
sum of Ap, and the longitudinal pressure drop created
by the spacers. Here the longitudinal pressure drop for a
6-m-long distance was used; this is roughly six elements
in series, which is typical of a full-scale application. All
of the energy expended in this system is expended in
the form of pressure drop; thus analysis of pressure drop
is simultaneously an analysis of energy.

The results indicate that the pressure increase caused
by fouling is larger than the longitudinal pressure drop,
although the values are similar in the 6sin(7t/6) case (Fig. 8).
The total excess pressure for two of the sinusoidal channels,
3sin(t/6) and 6sin(7t/6) was less than that for the conventional
mesh spacer.

3.2. Foulant accumulation on membrane surface

The simulated foulant accumulation was similar among
all spacers when the effects of the wall shear stress on
the foulant accumulation were ignored (R, = 0; Fig. 9a).
However, the rate and total mass of foulant accumulation
were changed by including the effects of wall shear stress

4000— - . : : .
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_ pressure drop
3000+ —_ Pressure increase|
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o
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Fig. 8. Simulation results showing pressure requirements for
various spacers. Longitudinal pressure drop is reported for
6 m of spacer length, similar to a typical full-scale application.
The pressure increase required by fouling is the additional
pressure that would be needed to produce the same flux with a
fouled membrane as with a clean membrane, assuming the flux
decline percentages shown in Fig. 7.
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Fig. 9. Simulation results of total mass of foulant adsorbed on the membrane surface over time using different spacers when
(a) the shear stress was ignored (R = 0) and (b) shear stress was included (R, follows Eq. (10)). The crossflow velocity was 0.15 m/s

and applied pressure was 600 psi (4,140 kPa).

in the simulations (R_> 0; Fig. 9b). The results show that the
total mass of foulant that accumulated using the highest-
tortuosity (a/L in Eq. 1) spacer was less than the mass
accumulated on the other spacers (Fig. 9b). This is consis-
tent with the experimental observations (Fig. 7) where flux
decline with the highest-tortuosity spacer was less than that
with the other spacers. This suggests that variations in wall
shear stress created by the spacer could be reducing fouling
and its associated flux decline.

3.3. Fouling distribution

The foulant distributions predicted by the simulations
captured important details of the fouling pattern observed
in the experiments (Fig. 10). The simulation images were
chosen at ¢ = 40,000 s because the foulant patterns were clear
at that time. In the straight channel, the foulant concentra-
tion was even in the direction perpendicular to the flow,
and it decreased along the flow direction. The simulations
indicated slightly greater foulant concentration along the
walls (0.1 mg/cm?) than in the middle of the straight chan-
nel (0.085 mg/cm?), but this difference would be undetectable
in our experimental data. In sinusoidal spacers, the foulant
accumulated in the concave and convex locations, and it was
sparse along the axis of the channel. Comparing with the
shear stress distribution on the membrane surfaces obtained
from simulations (Fig. 11), it is apparent that less fouling
was observed in the experiments in regions of higher shear.
These results suggest that relatively high wall shear stress
suppresses the concentration of foulant along the axis of the
tortuous channel (Fig. 10), and it explains the reduction in
flux decline observed in the experiments (Fig. 6).

Variations in wavelength and amplitude of the sinu-
soidal channels had a significant effect on the shear stress
distribution and magnitude. The shear stress in the straight
channel was the smallest and uniformly distributed while

y=6sin(n/6)

o 4

y=3sin(/6)

V‘ y=6sin(n/12)
WA

w y=3sin(n/12)
s e
N
b

005 005 006 0065 007 0075 008 0085 009 095 0.
pg/cm?

Fig. 10. Comparison between fouled membrane images for
simulations and experiments. The whole membrane coupon with
spacer wall is shown on the left; an enlarged view of the mem-
brane coupon is in the middle (with contrast adjusted to increase
clarity); and the simulated foulant distribution on the membrane
surface is shown on the right. The foulant distributions were
taken at t = 40,000 s from the simulation that included the ability
of wall shear stress to suppress fouling. Bar scale shows foulant
concentration in pg/cm?
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Fig. 11. Shear stress distribution on membrane surface from
numerical simulations.

an appreciable variation of shear stress distribution was
observed in the sinusoidal channels. The channels with
higher tortuosity (higher magnitude and/or frequency) gen-
erated more turbulent flow patterns, which was reflected
by an overall increase in shear stress that reduced fouling.
However, the trade-off is that the pressure drop for the more
tortuous channels was higher. The optimal channel geometry
is one that strikes a balance: it is tortuous enough to help
reduce fouling, yet not so tortuous that it greatly exacerbates
pressure drop.

4. Conclusion

Building on and extending our previous work with
concentration polarization reduction [21], the ability of sinu-
soidal spacers to reduce foulant deposition was tested and
compared with a conventional mesh spacer and a straight
spacer. Sinusoidal spacers were capable of decreasing
deposition on the membrane surface and maintaining rela-
tively high fluxes. Experiments showed that foulant depo-
sition was greatest in low-velocity regions where the spacer
curvature was high, but it was reduced along a sinuous band
where the flow velocity and wall shear stress were high.
Numerical simulations that include the effect of wall shear
stress on foulant accumulation predict the patterns observed
in the experiments (Fig. 10), and suggest that the benefi-
cial mechanism of the sinusoidal spacers is their ability to
reduce fouling by increasing wall shear stress. This increase
in wall shear stress comes at a penalty of increased longitu-
dinal pressure drop and energy loss; however, the benefit
of suppressing foulant accumulation offsets the increased
energy loss for certain spacer designs, resulting in a net
reduction in the total energy required to produce a unit
volume of permeate (Fig. 8).

The novelty of this work is that it describes a methodology
for identifying membrane spacer designs that considers both
the energy loss along the spacer and the energy loss during
flow through the membrane in the presence of fouling. This
approach identified a channel design [3sin(7t/6) sinusoid]
that produced permeate with less energy consumption than
conventional spacers. The approach was also able to screen
other spacer designs with relatively poor performance. This
finding suggests that sinusoidal spacers (or similar novel
designs yet to be developed) may be a viable approach for
economically reducing fouling in membrane processes, and
the method used here appears to be well suited to optimizing
future designs.
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Symbols

A — Hydraulic permeability of the membrane,
m/(s Pa)

a, ~— Osmotic pressure coefficient, Pa m*/mol

c —  Foulant concentration in the bulk, mg/L

c, —  Foulant concentration near the membrane, mg/L

c, —  Foulant concentration being adsorbed to the
membrane, mg/m?

¢, — Equilibrium foulant concentration that can be
adsorbed to the membrane, mg/m?

k, —  Adsorption coefficient, 1/s

k, —  Desorption coefficient

k, —  Constant

R, — Ratio of diffusion-controlled adsorption charac-
teristic time, 9,000

R, —  Desoprtion rate due to the shear stress on the
membrane

R, —  Membrane resistance, m!

Rf —  Foulant layer resistance, m™

D —  Diffusivity, m%/s

E —  Energy consumption per 1 m® permeate under
equal pressure drop condition, kJ/m?

n —  Normal direction of boundary

p —  Pressure in the channel, kPa

Ap  —  Pressure difference across the membrane, kPa

u —  Velocity magnitude, m/s

u, —  Permeate flux, m/s

Jo, — Averaged flux during the DI water run, LMH

J; —  Averaged flux at the end of fouling experiment,
LMH

Y —  Recovery rate

Greek

Arn —  Osmotic pressure, Pa

n —  Viscosity of water, Pa s

p — Density of water, kg/m®



P. Xie et al. / Desalination and Water Treatment 168 (2019) 56—64

64

T —  Shear stress, Pa
o —  Flux decline ratio
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