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ARTICLE INFO ABSTRACT

The subject of this work is the development of a novel vibration assisted seawater desalination approach which
changes thermodynamic (mass transfer coefficient) and hydrodynamic (cross-flow velocity) properties to
mitigate the inorganic fouling for RO membranes. A classical mass transport model and experimental
measurements showed that an increased cross-flow velocity in the feed channel enhances the near membrane
mass transfer coefficient, which promotes the back-diffusion of inorganic salts and reduces the concentration
polarization (CP). Then a theoretical CP Finite Element Method (FEM) model incorporating increased cross-flow
velocity reveals that a lower CP modulus forms near the membrane surface with a higher vibration frequency,
which results in less fouling on the membrane surface. The vibration assisted desalination process was
demonstrated using a linear motor driven, periodically oscillating desalination cell. A smaller flux decline
was observed while using a higher vibration frequency (with a constant sinusoidal amplitude) and a higher
vibration velocity (in multiple vibration forms). Process simulations and experimental observations validated
that the proposed vibration assisted desalination process helps enhance the permeate flux and mitigate the
formation of inorganic fouling on the RO membrane surface.
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1. Introduction

Seawater desalination is a promising and important topic especially
for coastal regions with a fresh water shortage. Seawater desalination
processes can be broadly divided into two most commercially successful
categories: membrane separation and thermal evaporation [1]. Among
the various membrane separation technologies, Reverse Osmosis (RO)
as a pressure driven membrane, has matured rapidly over the last few
decades, and has become the choice of many projects for seawater or
brackish water desalination and wastewater reclamation. RO has been
recognized as the leading technology for desalination [2]. One of the
main performance limitations in the pressure-driven membrane separa-
tion process is membrane fouling. Membrane fouling results from the
deposition or accumulation of colloids and particles, organic macro-
molecules (organic fouling), sparingly soluble inorganic compounds
(scaling), and microorganisms (biofouling) on the membranes surface
[3] or into membrane pores such that membrane performance is
deteriorated. Membrane fouling can cause severe product flux decline
and reduce the quality of the product water. Usually feed pressure
should be increased to keep a constant product flux, this causes
elevated energy consumption. Also, severe membrane fouling may
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require intense physical/chemical cleaning or membrane replacement
thus increases the operating costs of a treatment plant.

Hoek et al. proposed a comprehensive definition of RO membrane
fouling, which is comprised of external fouling and internal fouling [4].
External fouling can be regarded as surface fouling (such as colloidal
fouling, scaling, biofouling, etc.) while internal fouling is a change in
membrane structure due to physical compaction or chemical degrada-
tion. Due to the complexity of the fouling formation process, sometimes
the inorganic fouling caused by saturated inorganic particulates was
classified into colloidal fouling (colloids of iron were usually studied
with deposition or surface interaction methods) [3,5]. Sometimes
inorganic fouling was treated as scaling (inorganic scale was usually
studied with crystal nucleation and growth method) [6]. While in other
cases the inorganic fouling was given a comprehensive view to study its
forming mechanisms including deposition and crystallization regardless
the definition of colloidal fouling or scaling [7]. This paper focused on
an artificial seawater inorganic fouling and treated the inorganic
fouling as a comprehensive formation process affected by multiple
mechanisms, especially the concentration polarization phenomenon in
the desalination process.

RO membrane fouling is a complicated problem affected by a
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Fig. 1. Flowchart of the Vibration Assisted RO Desalination Study.

number of complex physical and chemical parameters. A. Fane et al. [3]
summarized these factors into three categories: feed water character-
istics, membrane properties, and hydrodynamic conditions. Membrane
fouling is strongly affected by the hydrodynamics of operating condi-
tions, such as filtrated flux and cross flow velocity. Thus, it is possible to
improve the membrane filtration process by altering the hydrodynamic
conditions at the membrane surface. In general, severe fouling can
occur at higher membrane filtration flux and/or lower cross flow
velocity. The cross-flow velocity is defined as the superficial velocity
of the feed stream travelling parallel (tangential) to the membrane
surface. The cross-flow velocity has a direct influence on the back-
diffusion mass transfer coefficient during filtration. Gupta et al. [8]
experimentally examined the enhancement of heat/mass transfer for a
fluid undergoing pulsatile flow, which is consisting of sinusoidal
pulsations superimposed on a steady laminar flow. Higher near
membrane mass transfer coefficients promote the back-diffusion of
inorganic salts and reduces the concentration polarization. Noticeably,
concentration polarization plays a vital role in fouling formation in high
pressure membrane systems, as it leads to elevated solute concentra-
tions near the membrane surface. Concentration polarization arises due
to the convection process driven by membrane filtration, as solvent may
pass through the membrane, and rejected solute tends to accumulate in
the vicinity of the membrane surface. A steady-state concentration
gradient will be established when the solute convection process is
balanced by the solute back-diffusion process. Elevated solute, espe-
cially inorganic ions, near the membrane surface may become super-
saturated and increase the tendency of inorganic nucleation and further
crystallization or scaling. A vicious circle arises due to cake-enhanced
concentration polarization phenomenon [9], which is caused by the
hindered back-diffusion of salt ions by deposited cake layers. T.
Kennedy et al. [10] proposed that a high near wall velocity induced
by pulsating flow helps counteract concentration polarization. There-
fore, factors related to thermodynamics and hydrodynamics of operat-
ing conditions that enhance the back-diffusion process, such as higher
cross flow velocity, will reduce the concentration polarization thus
accordingly reduce inorganic membrane fouling.

Methods of altering the thermodynamics and hydrodynamics re-
lated to the operating conditions include: 1) changing the axial cross
flow velocity and 2) changing the fluid-solid interface boundary layer,
which can be realized by moving the membrane. In the cross-flow RO
system, solely increasing the cross-flow velocity is usually achieved by
increasing the operating pressures. However, both surface crystalliza-
tion and bulk crystallization favor high operating pressures [6], thus
this approach tends to promote the scaling of inorganic particles.
Hadzismajlovic and Bertram [11] experimentally investigated a tubular
ceramic MF unit with periodically interrupted cross-flow to enhance the
flux of yeast suspension. The crossflow was interrupted periodically
(6.3-6.8 Hz) by a pulsation generator. There was a maximum of 102%
flux enhancement for the pulsating feed flow compare to steady feed
flow. For RO desalination, however, much less experimental study as
well as theoretical modeling is available about changing the filtration
boundary's thermodynamics and hydrodynamics to enhance the mem-
brane performance. One commercial application of the membrane
moving approach to enhance the cross flow velocity in RO membrane
filtration is the vibratory shear enhanced process (VSEP) features a
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torsional membrane motion [12]. The VSEP unit operates at a fixed
frequency of approximately 55 Hz with an angular amplitude of 0° to
13°, corresponding to a linear motion of 0-3.2 cm at the outer edge of a
28-cm diameter disk. Experimental studies by S. Wei et al. of VSEP
technique showed that an increased natural organic matter removal
efficiency [13] and reduced inorganic scaling [14] were obtained. An
increased shear rate y was adopted by the same authors to explain the
mechanism of VSPE effect [15]. The shear rate indicates a cross-flow
velocity gradient, which is defined as y = velocity scale/length scale
(s~ 1). Larger cross-flow velocity induces higher shear rates causing an
increased back-transport of particles away from the membrane surface,
which results in a reduced concentration polarization. This effect is also
termed shear-induced diffusion [16]. The rotational shaking method is
limited by inconsistent shaking amplitude throughout the membrane
area due to radial difference, thus might not fully utilize the vibration
effects. Thorough theoretical modeling and simulation works to explain
and improve this technology are also limited. Another approach
associated with the hydrodynamics of operating conditions is the
rotation of the RO module. Rotating RO takes advantage of high shear
and the Taylor vortex instability to reduce the permeate flux decline
related to concentration polarization and membrane fouling [17].

A novel vibration assisted desalination technique was developed in
this study to address the RO membrane fouling problem arises from one
of the major foulants, the inorganic salts, with the aim of increasing the
permeate flux and enhancing the overall RO membrane performance.
Fig. 1 shows that the overall studying approach for the vibration
assisted desalination process. The thermodynamics was first studied
including the modeling and measurements of mass transfer coefficient
and concentration polarization in an enhanced shear rate condition
based on a classical mass transport model. The hydrodynamics was then
studied based on a developed finite element model for the concentra-
tion polarization profile simulation with cross-flow velocities added in
the channel flow under different vibration conditions. The mathema-
tical expressions listed in this paper for the thermodynamics transport
model and the developed hydrodynamics FEM model were analytically
or numerically solved using MATLAB. Finally, the vibration assisted
desalination process was realized by a linear motor driven vibratory
desalination cell. Both the normalized permeate flux and the modified
fouling index were used in the experiments as membrane fouling
metrics to evaluate the fouling mitigation effect for the proposed
approach.

Simulation results and test observations showed that the vibration
assisted desalination process facilitated the reduction of the concentra-
tion polarization through increasing the cross-flow velocity and enhan-
cing the mass transfer coefficient at the filtration boundary. A reduced
level of permeate flux decline indicated that there was less inorganic
fouling on the membrane surface in the vibration assisted desalination
compared to the traditional (non-vibrating) desalination process.

2. Materials and method

2.1. Membrane and chemicals

In this study, the flat sheet RO membranes were obtained from a
commercial thin film composite polyamide RO assembly (spiral wound
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Table 1
Formula for Artificial Seawater.

Reagent Quantity (for 1 L distilled water)
NaCl 26.726 [g]

MgCl2 2.260 [g]

MgSO4 3.248 [g]

CaCl2 1.153 [g]

module) for seawater desalination (Hydranautics, SWC6). Each mem-
brane sheet had an active membrane surface area of 60 cm?
(83cecm X 20 cm, W X L) after installation. All membrane sheets were
stored in distilled water in a 10 °C environment. The feed spacers and
permeate carriers for the desalination cell were obtained from the same
spiral wound module. The inorganic salts NaCl, CaSO,4, MaCl,, and
MaSO, were purchased from Fisher Scientific.

2.2. Feed solution composition

The feed solution was artificial seawater, with the calculated
formulae shown in Table 1. The total dissolved solids (TDS) was about
32,000 ppm.

The artificial seawater solution was set standing about 24 h for full
mixing. No extra pre-filtration was applied as pretreatment to the
artificial seawater solution in order to promote membrane fouling in a
relatively short period, and to exclude the influence of an extra
filtration process on the quantity of inorganic salts.

2.3. Desalination cell apparatus

This study utilizes a desalination cell to investigate the vibration
effect on the inorganic fouling at the RO membrane surface. As seen in
Fig. 2, the desalination cell includes a top plate with a feed port and a
retentate port; a bottom plate with two permeate ports; membrane
elements including a feed spacer, a permeate carrier and a reverse
osmosis membrane; and sealing elements including O-rings and rubber
gaskets. High pressure artificial seawater from the pump goes into the
feed port of the desalination cell. After the filtration process, product
water flows out from the permeate ports, while concentrated water
from retentate port can either flow into the feed tank to form a
recycling system, or be collected for disposal.

The desalination cell was driven by a linear actuator (LinMot Inc.,
P01-48x360F/60x210) according to various signal trajectories with
frequency and amplitude set by a driver unit (LinMot Inc., E1200-GP-
UC). The mechanical system of the apparatus can be seen in Fig. 3, in
which the cell was supported on two shafts and four linear bearings.
Four springs connect the cell to ground, and are specified to achieve
resonance in order to reduce the required energy consumption.

2.4. Flow-loop components

The flow loop of the test rig can be seen in Fig. 4. The test rig flow
loop contains a feed tank, a diaphragm pump, and several transducers

Feed Spacer
RO Membrane
Permeate Carrier
’/ﬂFeed Port Retentate Portf\
% oo > > : A;J_\ %
\ B _/I, )

~— Permeate Port

Fig. 2. Cross-Section Diagram of the Desalination Cell.

O-Ring O-Ring
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Fig. 3. Vibratory Desalination Cell Mechanical System.

for water pressure and flowrate measurement.

A diaphragm pump (Hydra-Cell, MO3BABTHFECA) was used to
provide high pressure (800 psi at 0.1 gpm) feed water to the desalina-
tion cell. A conductivity/salinity meter was used to measure the
concentrations of feed, permeate and concentrate water. The conduc-
tivity meter has an EC accuracy of + 0.01 uS/cm (Hana Instruments
Inc., HI98192). A pressure relief valve was used to control the flow loop
pressure (pressure can be monitored by pressure gauges), while a flow
regulating valve was used to regulate the feed flow rate (flow rate can
be monitored by flow meters). Finally, a pressure dampener was used to
stabilize the feed pressure and eliminate the pressure fluctuation during
the desalination process.

2.5. An enhanced mass transfer coefficient

The object of the thermodynamic and hydrodynamic analyses near
the membrane surface during filtration process is to determine the
concentration profile and the steady-state laminar fluid velocity
profiles, as illustrated in Fig. 5. The fully developed axial velocity
profile was modeled as Poiseuille channel flow, and the transverse/
lateral velocity profile is modeled by porous membrane media near the
membrane surface with boundary layer thickness §,. The axial velocity
is assumed to be constant and the transverse velocity is assumed to be
zero (channel flow without feed spacer) far from the membrane surface.
Rejected solutes tend to accumulate near the membrane wall during the
membrane filtration process, which is indicated in the concentration
profile. This action forms a concentration boundary layer with thick-
ness 8c. The solute concentration is higher in this boundary layer than
in the bulk flow. The concentration polarization of the solute ions
accumulates and increases along the channel length (axial direction),
thus permeate flux tends to decrease along the channel length as
indicated by the permeate flux profile.

A portion of rejected ions near the membrane surface returns to the
feed bulk as back-diffusion process, while other rejected ions accumu-
late near the membrane surface called the concentration polarization.
The steady state concentration profile can be related to fluid statics [18]
and is expressed in Eq. (1).

2)-euf)
k

Cn = Cp

=e
xp( &

Cp —Cp

®

in which cp, ¢,, ¢, is the solute concentration near the membrane wall,
at the permeate side, and at the feed side (bulk flow far from membrane
wall), respectively. D is the solute diffusion coefficient (m2/s), k = D/8
is the solute mass transfer coefficient, and J, is the convective flux
(volumetric flux, m/s) toward the membrane direction. Then the
following Egs. (2) and (3) were derived which establish a relation
between observable concentration and the concentration near the
membrane surface that would be difficult for direct observation:

b=

):ln(l _R)+ﬁ,

R k

Define:Ropser = —

ln(l - Rohser
R()b.\'er

m—Cp

Define:R =
am 2
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Re Rpsere™’ where Re is the Reynolds number (Re = udy/v, with u being the bulk

1 - Rnh.\'er + R()h.\'erejv/k (3)
where R is the observable removal efficiency using concentration of
the bulk flow, and R is the true removal efficiency using concentration
near the membrane wall. From the definitions of R and R, the
observable removal efficiency R, can be calculated since the bulk
flow side concentration and the permeate side concentration can be
measured by the conductivity meter. Then from Eq. (3) the true
removal efficiency can be calculated based on the relation of R,pser
and R. Further, based on obtained R and Eq. (2) the R definition, the
concentration at the membrane surface c, can thus be calculated,
which will show the concentration polarization profile.

However, using Eq. (3) to calculate the true removal efficiency
requires knowing the mass transfer coefficient k. For laminar flow in a
thin rectangular channel, the mass transfer coefficient k can be related
to the Sherwood number (Sh) through the following Eq. (4) [19].

crossflow velocity and v the solution's kinematic viscosity, [m?/s]), dp is
the channel's hydrodynamic diameter (d, = 2H,, with H_ being the
channel height), Sc is the Schmidt number (¢v/D), and L. is the channel's
length. There might be different relations between the Sherwood
number and the mass transfer coefficient [20], but the basic form
should be the same. Substituting the Re and Sc number into Eq. (4),
yields the mass transfer coefficient

173 1/3
ubD? N7 _ g 2P
2H,L, 2L, (5)

As defined in former section, y is the shear rate (s~ ') at the
membrane surface which represents the velocity gradient (du/dy)
through a laminar hydrodynamic boundary layer. For a rectangular
channel, the shear rate can be estimated based on its definition as

k= 1.62(

60  6u
y = 7 = —
W.HS  H (6)
Re="%
113
Sh = kﬁ = l.62(Re-Sc~ﬂ) ,2d, = 2H, in which Q is the feed flow rate, u = Q/A, A = W H, (channel cross-
D ¢ Se=v sectional area), and W, is the channel width.
or turbulent flow, perhaps the best known heat-transfer correlation
D “ For turbulent fl haps the best k h f lati
Fully Developed Axial Concentration Transverse/Lateral
Velocity Profile Profile Velocity Profile
0 u
lv
=9
2%
2
=

Profile

0,: boundary layer of solution
o.: boundary layer of concentration

Fig. 5. Velocity and Concentration Polarization Profiles for Channel Flow.
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for fully developed turbulence flow is from Dittus and Boelter, as
[19,7]:

(@)
Substitute Eq. (7) to Eq. (4) to obtain the mass transfer coefficient

Sh = 0.023 Re®$ S

0.8)0.67
H204 €)

The concentration polarization modulus which describes the con-
centration polarization phenomenon can be calculated using Eq. (2) as

cﬂ:(l

Jy
- Robxer) + Robser eXP(*)
Cp k

9

Fig. 6 is a plot of the concentration polarization modulus vs. J,/k
(known as Peclet number) under three observable removal efficiencies.
It can be seen that the concentration polarization modulus increasingly
deviates from unity (the origin of the coordinate) as the ratio J,/k
increases (as the flux through the membrane increases or as the mass
transfer coefficient decreases). The laminar approximation of the
concentration polarization modulus using mass transfer coefficient in
Eq. (5) was also plotted in Fig. 6. The parameters used in this plot were
based on the test conditions: bulk crossflow velocity u = 0.2804 m/s,
convective flux J, = 1.5 X 10~ ®>m/s, channel height H, = 0.75 mm,
channel length L. = 200mm, diffusion coefficient for NaCl
D=1.61 x 10" °m?/s, and observable removal efficiency
Robser = 97%. Fig. 5 shows that the turbulent approximation of the
concentration modulus based on the mass transfer coefficient in Eq. (8)
is much lower than the laminar flow approximation due to larger local
cross flow velocity in turbulence.

To measure the concentration polarization modulus data, the mass
transfer coefficient was measured based on a simplified mass transfer
coefficient measuring method [21]. First, high pressure pure water was
used to feed the desalination cell and the permeate flux was measured.
Then salt water of the same pressure was used and the permeate flux
was measured. The mass transfer coefficient can thus be calculated as:

(Jv)sal[

JL’ S:

In { [1 - w] }
In which AP is applied pressure, m,-m, is the transmembrane
pressure, (J,)pure and (J,)saie are the permeate volume flux using pure
water and salt water respectively. To eliminate the influence of
temperature difference to Eq. (10) during the two tests, the permeate
from pure feed water and temperature was fitted then the same
temperature point was found as the saltwater's permeate. The concen-
tration polarization with and without vibration can be calculated and
also plotted Fig. 5 based on an experimentally measured mass transfer

k=
AP
h—p

(10)
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Fig. 7. Concentration Polarization Modulus vs. Reynolds Number.

coefficient k. It is apparent that the measured concentration polariza-
tion is smaller than the laminar approximation, mainly due to the feed
spacer (also called turbulent promoter) in the cell channel. However,
the turbulent approximation of the concentration polarization is still
lower than the real conditions, since the channel is too narrow for
turbulence to fully develop [22]. Test data showed that after applying
vibration to the desalination cell, the concentration polarization
modulus can be reduced from 1.6 to about 1.2 (with fluctuations).

The reduction of the concentration polarization modulus can be
explained with the changing of the cross-flow velocity (also the
Reynolds number of the channel flow). Fig. 7 is an investigation result
of the cross-flow velocity's influence on the concentration polarization
modulus based on the lamina and turbulent mass transfer coefficient
models. Result shows that with the increasing of the cross-flow velocity
and the channel flow Reynolds number, the concentration polarization
modulus can be reduced. While it should be noted that in actuality, the
concentration polarization modulus will be located between the range
of laminar approximation and turbulent approximation.

2.6. A reduced CP simulation based on a FEM model

The concentration polarization phenomenon was simulated using
the finite element method (FEM) to model the vibration assisted
desalination process. A concentration distribution of the feed solution
in a membrane-plate channel (2-D) was obtained by solving a convec-
tion-diffusion equation which describes the physical phenomena invol-
ving the diffusion and convection of particles. The fluid velocity profiles
required in the convection-diffusion equation, which can be expressed
by numerical solutions, enable us to investigate the vibration effect on
the concentration distribution in the feed channel.

2.6.1. Governing equations
The stationary convection-diffusion equation is [23,24]:
o 9 ac

aC d
—(sz—) - —(D;y—] ~5.=0
dy  Ox ox dy dy an

In Eq. (11), C is the variable of concentration for the mass transfer
process, D;, and Dy, are the diffusion coefficients in x and y direction in
a 2-D Cartesian coordinate, u and v are the velocity profiles in the feed
channel that the inorganic particles are moving with, and S, describes
the sources or sinks of the quantity C.

The diffusion may be approximated as isotropic for most numerical
simulations [24], thus we assume a constant diffusion coefficient
D, = Dy, = D;. And since there is no sources or sinks in the channel
(S. = 0), the convection-diffusion equation to be solved (governing
equation) by FEM becomes:

aC
Uu— +v

ox
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aCc
u—+
ox

¢ (e oc

Py D(a—ﬂ(’

The numerical solution of Eq. (12) based on the FEM requires the
fluid velocity profiles of u and v for the feed solution in the channel.
Berman [25] proposed a perturbation technique to solve the Navier-
Stokes equation and obtain the steady-state velocity profiles for laminar
flow within a porous channel, as seen in Eq. (13). Moussy and Snider
[26] also used a similar technique for laminar flow over an array of
porous pipes. These solutions give a good approximation in the case of
small values of permeation velocity and channel height (or tube radius).
The particle transport was assumed to have no effect on the velocity
field.

(12)

vywh
4207

2-7¢) - 7"

2-3G)+ @'l

VX y.2
‘zﬂ“—mlﬁ—
v,% h
280n

uy) = Juo

vy = a3 - )’ - 13

In Eq. (13), ug is the inlet velocity for the feed channel, v,, is the
fluid transmembrane velocity, h is half the channel height, and 7 is the
kinematic viscosity of seawater. The transmembrane velocity is given
by [27] vy, = P (AP — Am), with P, the permeability constant of the
RO membrane, AP the applied pressure, and An the osmotic pressure
between feed and permeate. It should be noted that these velocity
profiles did not consider the feed spacers in the channel. There are in-
depth discussions about the velocity profiles with feed spacers con-
sidered in a parallel plate channel [28,29] for reader’s interest in the
fluid flow behaviors in a complex geometric environment.

2.6.2. Finite element formulation

A finite element model FEM was developed to solve the governing
convection-diffusion equation to obtain the concentration profile in the
channel. A general treatment of the FEM can be found in [30], and
detailed discussions of the FEM for convection-diffusion problems are
presented in [31].

In finite elements, the solution of the differential equations is
approximated by:

ulx) = Z kj(pj x)

j=1 14)

This approximation is represented as a linear combination of
unknown parameters k; and known “shape:” functions ¢; of position x
in the domain Q. Thus, the solution of governing equation Eq. 12 is
assumed to have the form

ne
Clny) = D eyl (%))

j=1 (15)

where ¢ are the values of the concentration solution C(x,y) at the
nodes of a specific element e, and y;° are the shape functions over that
element. The approximate solution C over a given element is comple-
tely known only when the node values ¢, at every node of that element
are known. Discretized algebraic equations to be used obtain the
concentration at specific nodes ¢;* are:

n

Y (K§ + Hiyef = 0f

j=1 (16)
where matrix [K;°], [H;°] and vector {Q;°} are:
v 6 6 4A, 4A, a7
12 1 0 <10 0 0 e[2 01
h W h W
Hf = - Vi2nlia 12 ol+ V23nl123 02 1|+ Vi3n /3 00 0
000 012 102
(18)
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In the matrix [K;°], u® and v* are average velocities of the three
nodes in an element (labeled e), f and vy are the coefficients of the
interpolation function for the element e, and A, is the area of the
element e. In [Hy] and {Q;*}, V12n, V23n, V31n are the velocity normal to
the boundaries of the triangle element, while h° is the length of an
element boundary. Detailed derivations of the characteristic matrices
and parameters are provided in the Appendix A.

2.6.3. Boundary conditions

The boundary conditions of the channel domain are illustrated in
Fig. 8. Although in the test cell, the feed channel was composed of the
RO membrane and the metal plate, a symmetry boundary was set at the
middle of the channel based on the assumption that the vertical
permeate flow is much smaller than the bulk flow in horizontal
direction [24]. The feed concentration at the inlet of the channel was
set to be a constant value C,, while no specific boundary conditions
were set at the outlet boundary. Other typical boundary conditions [32]
were listed in Eq. (20).

C(0,y) =Cp (inlet)
% =0 (symmetric boundary)
D:%i’h) =v,[C(x,h) — C,] (permeable boundary) (20)

in which v, is the velocity normal membrane wall.

As discussed, the contour integral in Eq. (17) only applied to the
permeable boundary (at membrane wall), while at the symmetry
boundary, a Neumann boundary condition is used since there is no
fluid flow across the boundary (g, = 0).

The finite element method FEM [30] assembles the element
matrices Egs. (17)-(19) to obtain a set of algebraic equations. The
concentration field in the plate-membrane channel can be obtained by
solving the algebraic Eq. (16) while including the boundary conditions
expressed in Eq. (20).

The parameter values used in the numerical solution are summar-
ized in Table 2.

In Table 2, the membrane permeability was determined from the

Table 2
Parameter Used in Finite Element Method.

Membrane characteristics Definition

R = 97% Rejection rate
L = 200 [mm] Membrane effective length
W = 30 [mm] Membrane effective width

P,. = 3.19 x 10~ '2 [m/sPa] Permeability constant*

Fluid properties

7 =1.05 x 10~ ° [m?/s]

Co = 32,000 [mg/L]

Dgy = 1.61 x 107 ° [em?/5]

Kinematic viscosity of seawater
Inlet concentration
Diffusion coefficient [27]

* Permeability constant, or water permeability through the membrane, defined as the
permeate flux induced by unit applied trans-membrane pressure. Note, the permeability
unit should be [m/s/Pa] or [m/(sPa)].
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Fig. 9. Concentration Profile in Membrane Channel.

membrane resistance and dynamic viscosity of seawater (P = 1/
(URos), £ = 0.00096 N's/m?2, R,, = 3.26 x 10'*m™1), and the mem-
brane resistance was measured before the test using the method
introduced by E. Hoek [9].

The finite element code generates the mesh, computes the element
matrices and total model matrix, imposes the boundary conditions and
solves the algebraic equations. The FEM solution provides the concen-
tration data at all nodes on the mesh, including the concentration of
salts at the membrane surface C,,. The permeate flux was expressed as
Vy = P (AP — Am) (in which AP is applied pressure and Am is the
osmosis pressure). Thus, the osmosis pressure varies with the forming of
concentration polarization at the membrane wall, and the permeate
flux v,, will change accordingly. For the first iteration of the program, v,,
was calculated assuming no concentration polarization, and was
updated after every iteration when the wall concentration was obtained
until convergence was reached. The calculated salt concentration at
each node was plotted as the concentration profile in Fig. 9. The X axis
is the channel length direction, and the Y axis is the channel height
direction. The membrane surface is located at Y = 0.375 mm, where
the concentration polarization is formed.

Fig. 9 shows that the concentration polarization modulus near the
membrane surface increases along the membrane channel length
direction (X axis), corresponding to experimental observations [33],
in which optical images of the scaled membranes revealed that gypsum
scale coverage increased toward the channel exit. At the channel outlet,
the CP modulus is about 1.33.

Shaking of the RO membrane in the vibration assisted desalination
process creates a relative velocity between the RO membrane surface
and the inertial fluid flow. Reference [10] proposed a theoretical
analysis for a process of applying a pulsed flow to a membrane-lined
reverse osmosis tube to increase the permeate flux, in which the
oscillating component of velocity was directly imposed on the flow
through the pipe. Similarly, for the vibration assisted desalination
analysis based on the FEM, the root mean square (RMS) value of the
relative velocity was added to the cross-flow velocity profile along the
channel length direction (also the shaking direction), while the vibrat-
ing effect in the channel height direction was ignored. The peak-to-peak
amplitude of the vibration was approximately 1.2 mm with frequencies
ranging from 0 Hz to 55 Hz. Concentration polarization moduli at the
membrane surface under different vibration conditions were extracted
from the concentration profile and were plotted in Fig. 10.

Fig. 10 shows that the concentration polarization moduli in the
vibration assisted desalination process were lower than the without
vibration case from the inlet (upstream) to the outlet (downstream)
locations. This suggests that the vibration retarded the formation of
concentration polarization upstream of the channel length, and then the
vibration reduced the concentration accumulation downstream of the
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feed channel. To better illustrate the relation between vibration
frequency and the concentration polarization modulus, the average
value of CP modulus of the whole channel was calculated by Eq. (21)
and plotted in Fig. 11.

1 b
/ c(x)dx
Xp — Xg Ja

In Eq. (21), c(x) = ¢ /cp is the boundary concentration along the
channel length direction. Also, a = 0 is the lower limit of integral at the
beginning position of the channel, and b = 0.2 m is the upper limit of
integral at the end position of the desalination channel.

Fig. 11 shows that the CP modulus was reduced gradually from
1.284 in the no-vibration case to 1.183 in the 55 Hz vibration case.
Fig. 12 shows the predicted permeate velocity for the entire channel vs.
vibration frequency. Averaging the permeate velocity by integrating
along the cell channel length one finds that there is a 10% permeate
velocity increase from 7.85 x 10~ ®m/s without vibration to
8.62 x 10~ °m/s with 55Hz 1.2mm vibration. Higher frequency
shaking with a millimeter scale vibration amplitude is not only energy
consuming but also difficult to realize with readily available electro-
mechanical driving methods. Thus, the vibration frequency in the test
rig was set in the range of 20-60 Hz.

Cave

(21
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3. Test results and discussion
3.1. Metrics of membrane fouling

To understand the factors that govern membrane fouling and
develop mitigation strategies, many studies have compared different
processes, coatings, etc. using flux decline as a metric [34,35]. Flux
decline (the change in flux due to fouling divided by the initial flux)
quantifies the effect of fouling on the productivity of a given process,
but does not give an insight into the accumulation of foulant itself [36].
The two commonly used fouling indices in the industry are silt density
index (SDI) and modified fouling index (MFI) [37] (the MFI is an
extension of the SDI).

The Modified Fouling Index is a very useful method for explaining
and predicting the rate at which fouling of reverse osmosis membranes
occurs [38]. The MFI fouling metric was derived by Schippers et al.
based on the well-known cake filtration equation for RO membrane
filtration, and the cake filtration equation is one of the well accepted
and mature theories to explain the inorganic scaling or surface crystal-
lization [7]. Thus, the MFI is a good method to characterize the
inorganic fouling formation during desalination test both with and
without vibration. The MFI method was used but not directly men-
tioned in some publications. For example in [39], filtration data of
different feed compositions was compared and membrane resistance
was estimated by a cake filtration theory, which is exactly the same as
MFI method. Although the MFI method was developed for dead-end
filtration, its fouling interpretation idea can be applied in a cross-flow
mode [40,37,39] since filtration by a membrane is the common
working mechanism for both modes and only feed conditions differs.
The level of fouling on the RO membrane surface can be obtained by
comparing the MFI values for the with/without vibration cases under
the same operating conditions (such as applied transmembrane pres-
sure, membrane characteristics etc.)

In this study, both permeate flux decline and the modified fouling
index (MFI) were selected as membrane fouling metrics during the
tests.

3.2. Experimental procedures

The vibration assisted desalination process was demonstrated
utilizing a desalination cell driven by a linear motor. The experimental
setup and feed solutions were discussed in the Materials and method
section. There were no pre-filtration or other pretreatment applied to
the artificial seawater, so the observed time for fouling formation in the
experiments were correspondingly reduced. To disassociate any flux

109

Desalination 417 (2017) 102-114

declines due to the compaction of the membrane, the membrane was
compacted using distilled water until the filtration flux was stable
before fouling tests were performed [36]. As a result, any flux decline
measured during the tests was assumed to have been caused by surface
fouling only.

The membrane sheet was replaced with a new one after each set of
tests. A typical experimental run covered a time period of 7 to 8 h. The
permeate volume was collected in a graduated cylinder at intervals of 5
to 10 min and was weighed on a digital balance. The permeate water
was returned to the feed tank after measuring to maintain the feed
concentration constant. A volume to flux conversion was made by
dividing the collected volume by the time period, and a conversion to
permeate velocity was made by dividing the permeate flux by the active
area of the membrane sheet. Water temperature is one of the key factors
in the performance of reverse osmosis membranes. RO membrane
productivity is very sensitive to changes in the feedwater temperature,
and as the water temperature increases the permeate flux increases
almost linearly, due primarily to the higher diffusion rate of water
through the membrane. Permeate flux was corrected according to the
temperature correction factors (TCF) for polyamide membrane to
eliminate the effect of temperature fluctuations of the feed water
during controlled group tests due to the limited temperature control
facilities. Membrane manufacturers provide temperature correction
factors for given operating temperatures and can vary by manufac-
turers. For polyamide RO membrane, an empirical formula Eq. (22) was
given by the membrane manufacturer (Hydranautics Corp.),
rcr = ¢((5)-(73)) (22)
where TCF is temperature correction factor, k is a constant character-
istic for a given membrane material, and t is feed water temperature in
degrees Celsius. In this equation, a temperature of 25 °C is used as a
reference point, with TCF = 1. The membrane coefficient of k, = 2700
was used [41] based on data collected from an water treatment plant.
Tests were performed to determine a suitable temperature correction
factor for the current desalination cell test rig. It was found that the TCF
was different for pure water and salt water. Salt solution of 32,000 ppm
NaCl was used but no other chemicals were added to eliminate
membrane fouling during the test. The membrane was compacted
before the test and only the temperature varied during the test (from
25 °C to 45 °C). One membrane sheet was used for two successive tests
but a pure water flush was applied between the two tests to clean the
membrane. The temperature correction factor from a public database
(interested readers may find the database from several sources, such as
public reports from water treatment plants), from the empirical formula
and from tests were plotted in Fig. 13.

4 .

o O Technical Database in Industry
- . 4
8 3.5 ¢ Empirical FormulalF% 2
R ° * Initial Test |
o o A Repeated Test
2
5257
2
3 2t
@)
3
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=
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0
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Temperature [ °C]

Fig. 13. Temperature Correction Factor from Database, Calculation and Test.
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Measured permeate flux was corrected by the tested temperature
correction factor. Fig. 14 shows the temperature corrected permeate
flux under different vibration conditions. The permeate flux declined in
all three control groups during the approximately 400 minute tests. The
permeate flux declined 29% without vibration, 20% with vibration at
20 Hz, and16% and 15% with vibration at 53 Hz and 55 Hz, respec-
tively. The MFI method results will be shown to more clearly
distinguish between the 53 Hz and 55 Hz cases.

3.3. Modified fouling index values

As Schippers et al. proposed the following mechanisms may be
involved in a membrane filtration process: the blocking filtration, the
cake filtration without compression and the cake filtration with
compression, as shown in Fig. 15 [42]. For RO membranes, which
have no pores in general, cake formation need not be preceded by pore
blocking fouling mechanisms [37]. Thus cake filtration and electro-
static interaction between impurities and the RO membrane surface are
the main fouling mechanisms. So, there may be no blocking filtration
observed during typical tests.

For the filtration process with cake fouling, the following Eq. (23)
can be applied to the filtration rate [38]:

dv _ 1 _APA,

di Ry + Ry (23)

where AP is applied transmembrane pressure, R, is the clean membrane
resistance (m ™ '), Ry is the resistance of the cake or gel per unit of area,
A, is the membrane area, V is the accumulated filtrate volume (m®),
and p is the solution dynamic viscosity (Pa-sec). If there is no
compression of the cake, then R, = I X V/A, in which I is the fouling
potential index (m ™~ 2). Integration while assuming constant AP yields
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Fig. 15. Illustration of Modified Fouling Index during Filtration Process.
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The MFI value can be derived from the slope in the relation t/V
versus V under specific operating conditions. If the MFI method is
applied to an RO membrane desalination process, the permeate flux
decline can be expressed as the change in the slope of Eq. (24), so the
term MFI serves as an index for the membrane fouling tendency. The
level of fouling on the RO membrane can be obtained by comparing the
MFI slopes under the same operating conditions (such as applied
transmembrane pressure, membrane characteristics etc.), and a higher
MEFI value means more fouling occurs on the membrane surface due to
larger declining of the permeate flux (t/V is the reciprocal of permeate
flux) [40]. As discussed by E. Brauns in [43], the linear relation
between t/V and V with its slope being defined as the MFI value will
only hold if the assumption of a simple linear relation between cake
resistance and permeate volume according to Ry = I X V/A,, is valid.
The MFI value results shown in Fig. 16 from the test data shown in
Fig. 14 validates the assumption with a high linear correlation R-
Squared values at least 0.98. Fig. 16 also shows that higher vibration
frequencies corresponding to lower MFI values, indicating less mem-
brane surface fouling based on the above discussions.

Slopes of the linear section of the curves in Fig. 16 provides
information on the membrane surface fouling based on the cake
filtration theory, while the absolute values of the curves reflect the
absolute values of measured permeate flux which usually differs in
different control groups due to concentration variance of feed solutions.
Thus, the slops of the linear section of the curves provide more valuable
information than the absolute values of the curves.

3.4. A correlation between vibration velocity and permeate flux

During vibration, the forced vibration velocity is directly applied to
the desalination cell metal plate and the membrane sheet, disturbing
the concentration polarization boundary layer and promoting the back
diffusion of inorganic salts. Thus, it is interesting to study the correla-
tion between vibration velocity and permeate flux besides the qualita-
tive observations of reduced permeate flux declines under different
vibration conditions. Fouling control publications quite often use
normalized permeate flux to express the fouling control effect, an
example being the examining of antiscalant effects in [33]. The
normalized flux is defined as the value of the permeate flux divided
by the initial flux J/J, (initial permeate flux was around
1.5 x 10~ ° m/s). Here the normalized flux was also used but with a
slightly different form, an averaged flux, which was obtained by time
integration of the flux (about 450 min) to better distinguish the
differences between each group of data, as seen in Eq. (25)
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in which Fy(t) is the time varying normalized flux and Fyygy. is the time
averaged normalized permeate flux.

The relation between vibration velocity and flux was studied based
on a group of tests results with different vibration frequencies as shown
in Fig. 14, and an extra test with a 10-40 Hz chirp signal. The selection
of various forms of vibrations was intended to determine whether a
relationship still exists between flux and vibration velocity under
different forms of vibration. Although vibrations differed in forms,
the calculated velocities (root mean square values used due to velocities
alternating in direction) were gradually increasing, as shown in Fig. 17.

Fig. 18 is a plot of the relationship between the vibration velocity
and the time averaged normalized permeate flux. Increasing the
vibration velocity causes an increased normalized flux over the 450-
minute test duration, and yields a lowered flux decline during the
filtration periods. Finally, a correlation between the vibration velocity
and the time averaged normalized flux was found by a linear fitting of
the test data, as seen in Eq. (26).

Fyave = 0.3202- Vs + 0.8268 (26)

This correlation may be used as an initial permeate flux prediction
in further applications of this technique when limited to vibration
velocities (root mean square) less than 0.15 m/s and operation of an
initial 8 h.
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4. Conclusions

Reverse osmosis membranes have been recognized as the leading
technology for the desalination process, but their operation perfor-
mance is limited by membrane fouling over long periods of time.
Common fouling mitigating techniques involve feed water pretreat-
ment, RO membrane coating and alteration of operating conditions.

This study focused on a vibration assisted desalination process based
on the idea of changing the hydrodynamics of the operating conditions,
especially increasing the local cross flow velocity. An enhanced mass
transfer coefficient and a promoted back-diffusion process indicate that
the vibration assisted desalination process also affects the thermody-
namics of the operating conditions. The mechanism revealed by simula-
tion results and test observations validated that the proposed fouling
mitigation technique facilitated reducing the concentration polarization
in a cross flow filtration process. There were flux declines in both the
vibration and the without vibration cases. However, for the vibration
assisted desalination process, the flux decline was slower than the case
without vibration. After about 7h of operation, the permeate flux
declined 29% without vibration, 20% with 20 Hz vibration, 16% with
53 Hz vibration, and 15% with 55Hz vibration (all with 1.2 mm
vibration amplitude). Selected membrane fouling metrics indicated that
less fouling formed on the membrane surface under these vibration
conditions. Also, correlation between the permeate flux and the vibration
velocity was established based on test data.

The inevitable power consumption for the vibration assisted desa-
lination process is about 683 W for the 55 Hz 1.2 mm vibration by the
linear actuator. While for 20 Hz 1.2 mm vibration the power consump-
tion was only about 192 W and the effectiveness in raising the permeate
flow was still very significant. It is to be noted that much larger
membranes could be vibrated with small increases in power consump-
tion due to the relatively light mass of the membrane.

Further studies may involve more accurate process simulation by
considering the effect of foulant-foulant or foulant-membrane interac-
tions in the vibration assisted desalination process, or experimental
investigations of this technique to mitigate other types of fouling, such
as colloidal fouling and organic fouling.

Nomenclature

concentration of salt at the membrane surface, [g/L] or [kg/
m?]

Cm

[ concentrate of salt in the permeate, [g/L] or [kg/m3]

Cp concentration of salt in the feed bulk flow, [g/L] or [kg/m3]
D diffusion coefficient (diffusivity), [m?/s]

k mass transfer coefficient, [m/s]

R true removal efficiency

Robser observable removal efficiency

v kinematic viscosity, [m?3/s]
u cross-flow velocity, [m/s]
L., W,, H.channel length, channel width, and channel height, [m]

LW membrane effective length, membrane effective width, [m]
dp hydrodynamic diameter, d;, = 2H,, [m]

Re Reynolds number, Re = udy/v

Sc Schmidt number Sc = v/D

AP applied transmembrane pressure, [Pa]

Y shear rate, [s™ |

J, convective flux (volumetric flux), [m/s]

Vi transmembrane velocity, [m/s]

P, Permeability constant, [m/(s-Pa)]

u dynamic viscosity, [N:s/m?]

R, membrane resistance, [m ™~ ']

Ry cake or gel resistance, [m~ 1

Frave time averaged normalized permeate flux, [m/s]
TCF temperature correction factor

MFI modified fouling index
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Appendix A. Finite element formulation

This section presents the detailed derivation of the developed finite element scheme to solve the governing convection-diffusion equation and to
obtain the channel concentration profile as was presented in the paper. The derivation aims to obtain a group of discretized algebraic equations as
seen in Eq. (A.10) to solve for concentrations ¢;° on all nodes and elements. Following the standard steps of the FEM weighted residual approach
multiply the governing differential equation Eq. (12) with a weight function w and integrate the governing equation over a typical element. Trade
differentiation from C to w using integration by parts [27], as seen in Eq. (A.1).

ac ac ¢ | ¢
./95 W[”E+Va_y_D(,;2 + )]dxdy

_ 9 4w 1 p (209 4 w0\ gy — o € Vs
= fQ [uw + vw + D, ([)v P oy)]dxd) _9% (D.\-woxn,r + Dswayny)ds =0 A1

where Q. is the domain a typical element, while I, is the element boundary. The contour integral arising from this integration procedure provides the
natural boundary conditions of our system in regard to diffusive fluxes. The integration of Eq. (A.1) utilized the divergence theorem as

- / Dyw (V2C)dxdy = f D, Vw-VCdxdy — 55 DywVC-nds

2 2 L (A.2)
where,
Vo= nxi + nyi
ox dy (A.3)

For the contour integral, define

q, = D;VC-n = D, (X0C+n0C]

o oy (A4

where g, is the prescribed diffusive flux of the solute, and (n,, n,) are the direction cosines of the outward pointing normal to I'.. As mentioned in
[30], for the contour integral, it is not necessary to compute such integrals when a portion of I'. does not coincide with the boundary I of the total
domain Q. When the diffusive flux through the boundary is non-zero (and unknown), one has a diffusive permeable boundary, otherwise Neumann
boundary conditions (g, = 0) can be imposed properly on the impermeable boundaries [44]. For the permeable boundary at the membrane wall,
Darcy's law can be applied [22], as

D( ac +n)ac) -p% -\, c-c)

ax dy on (A.5)
in which v, is the permeate velocity normal to membrane wall. Eq. (A.1) becomes
f qu + vwg + Dy Iw o€ + owoC dxdy — ﬁ v,wCds = — 55 VawCpds

e ox ay x ox dy dy T, T, (A.6)

Galerkin's method was used for the weighted residual integral Eq. (A.1) by selecting the weight functions w; = y; to be the same as the shape
functions y; in Eq. (15). Also, the shape functions y; were selected to be Lagrange interpolation functions so that the approximate solution

C = Y ¢y’ (x,y) is: 1) continuous over the element; 2) a complete polynomial, 3) and an interpolant of the primary variables between the nodes
i=1
(¢®). For triangular elements the Lagrange interpolation functions can be calculated as [30]:

1
y' = ﬂ(af +px+ 7'y (=1,23)

(A.7)
in which the coefficients of the interpolation functions are:
@i = XV — X))
B = Vi = Mk (i #J # k;i,j and k permute in a natual order)
%= =05 = %) (A.8)
and A, in Eq. (A.7) is the area of the element, A, = a; + a3 + as.
Substitute weight functions w and approximate solution C into Eq. (A.6),
f u Z +v Zcf+DW‘Z W’+0w’§: dxd;
Qe l// W J G ox = N Jy Yy
- yg vl Z c;’w/.eds = —f}% vy Cpds
e o e (A.9)

After integration, the weighted residual form can be discretized as,
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(A.10)
where matrix [Ky°], [H;*] and vector {Q;°} are finally obtained:
oy oy} ope oyt o} AT A BB
K,-j-:/ m//‘.e—j+vl//l."—]+DY i—]+%—] dxdy = 2— + 2 -+ p|-L + L
e ox dy ox ox dy dy 6 4A, 4A, (A.11)
pel2 1 pe 0 00 pel2 01
Hj = —/ vy wds = V”g L PR | e ec) I S BRAETICE] R
¢ 000 012 1 02 (A.12)
Viznhis + V31, h3)
of =- fi_ vy Cpds = _ECP Viznhis + Vaanhys
¢ Vainhs) + vasnhys (A.13)

In the matrix [K;°], u® and V¢ are average velocities of the three nodes in an element (labeled e),  and v are the coefficients of the interpolation
function for the element e, and A, is the area of the element e. In [H;] and {Q;°}, V12n, V23n, V31n are the velocity normal to the boundaries of the
triangular element, while h° is the length of an element boundary.
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