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ABSTRACT

The influence of surface characteristics on membrane process performance is considered
significant and is not well understood. Current mass transport models generally assume con-
stant mass transfer coefficients (MTCs) based on a homogeneous flat surface. This study
evaluated membrane mass transfer by incorporating surface morphology into a diffusion-
based model assuming that the MTCs are dependent on the thickness variation of the mem-
brane’s active layer. Concentration polarization is also affected by this nonuniform surface
property and was incorporated into the model. A simulation was performed using parame-
ters from a full-scale 4.5million gallon per day brackish water reverse osmosis membrane
process. The process was simulated by modeling one thousand uniform slices of the
membrane channel and the permeate water quality was determined locally through a finite
difference approach. It was determined that solute mass transport is controlled by diffusion
in the nonhomogeneous thinner regions (membrane valleys) of the active layer. This nonuni-
form surface affected the concentration polarization layer, where more solutes tended to
accumulate within the valleys than on the ridges. Prediction of the permeate total dissolved
solids concentration was accurate, ranging between 5 and 15%, as measured as an average
percent difference between predicted and actual values.

Keywords: Membrane active-layer; Reverse osmosis; Mass transfer coefficients; Concentration
polarization; Mathematical models

1. Introduction

Reverse osmosis (RO) membranes represent an
important set of pressure driven processes for domes-
tic and industrial water treatment. [1–4]. The majority
of RO membranes are manufactured in a spiral
wound configuration using thin-film composite (TFC)
technologies. Studies have shown that TFC mem-
branes consist of three layers: a microscopically-thin

active polyamide layer surface, a microporous
polysulfone backing layer, and a polyester support
layer. The polysulfone and polyester layers serve to
support the thin-film application, while the polyamide
layer is the portion of the composite actively partici-
pating in the rejection of dissolved solutes [5,6]. There
have been many studies in which the relationship
between the surface structure and membrane perme-
ability has been examined. Bason investigated ion
exclusion mechanisms in the polyamide layer of*Corresponding author.
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membranes. They concluded that the film did not
behave as an ideal planar homogeneous layer. Obser-
vations regarding ion transport were in disagreement
with this idealized model, which assumed a uniform
structure of the thin film [7]. Mendret developed a
theoretical model to predict growth of solid deposits
on a nonuniform permeable membrane [8]. Zhao and
Taylor investigated the impact of both membrane
surface properties and natural organic matter on
membrane performance [9]. With the application of
Atomic Force Microscopy (AFM), membrane surface
characteristics such as surface morphology, pore sizes,
surface porosity can be determined and correlated
with membrane performance. The AFM images
presented in the study of Vrijerhoek depict membrane
surfaces as having an elevated ridge and depressed
valley morphology. They concluded the fouling
behavior was related to the degree of surface rough-
ness [10]. In addition, AFM was used to reveal images
of membrane surface structures and differentiate
between “rough” and “smooth” membranes. These
studies suggested that membrane permeability was
indeed affected by the surface morphology; however,
a method to numerically represent the membrane
surface structure, and its impact on solute mass
transfer has yet to be developed.

Concentration polarization affects permeability in
spiral wound RO membrane, where water flows
tangentially to the membrane surface. As water selec-
tively permeates the membrane, the retained solutes
accumulate at the membrane solution interface. Thus,
a concentration gradient between the solution at the
bulk and the membrane surface is established that
results in the back diffusion of the solute accumulated
at the membrane surface. This phenomenon is referred
to as concentration polarization. In RO membrane
processes, concentration polarization leads to an
increase in the osmotic pressure that is directly related
to the solute concentration at the membrane surface.
At constant applied hydrostatic pressure, the increase
in osmotic pressure will cause a decrease in permeate
flux. The problem of concentration polarization at the
membrane surface has been investigated by Brain [11],
Marina [12], and Bourchard et al. [13]. They used
different approaches using the finite element method
to model the effect of concentration polarization on
membrane permeability with laminar flow in a
rectangular channel. Variable flux and incomplete salt
rejection was considered, when predicting the concen-
tration polarization effect in these studies.

However, less research has been conducted that
consider the influence of surface morphology on pre-
dicting the concentration polarization effect. Diffusive
transport is significant near the membrane, where

concentration polarization boundary layers develop,
whereas diffusive transport of smaller species in the
bulk flow (outside the boundary layers) is generally
negligible. In laminar cross-flow filtration, the trans-
port of larger particles from the bulk into the bound-
ary layer may be affected by interactions between
particles and the fluid flow relatively far from the
membrane surface. In particular, inertial lift arising
from nonlinear interactions of particles with the sur-
rounding flow field that may offset the drag force on
particles associated with the flow of permeate across
the membrane. The model described in this study is
based on diffusion and hence takes into account parti-
cle interaction in the diffusive layer, where concentra-
tion polarization is anticipated to exist. It is proposed
in this study that the surface morphology affects the
retained solute concentration accumulating on the
membrane film, thereby affecting permeate purity.

The objective of this study is to develop a new
simulation method to evaluate the membrane surface
morphology on mass transport and concentration
polarization effect. It is assumed the mass permeating
the membrane is not homogeneously diffused but var-
ies with the localized thickness. Concentration polari-
zation can be affected by the nonuniform film, leading
to a nonhomogeneous diffusion within the concentra-
tion polarization layer. The simulation was performed
using full-scale RO plant data collected from the water
treatment plant operated by the city of Sarasota. For
model development, the entire membrane channel is
discretized into small slices with uniform size, then
the localized surface thickness is incorporated into the
model to determine the water qualities at each slice
using a finite difference method. Finally, model
validation is performed by comparing the actual salt
permeate concentration to the prediction results.

2. Model development

Many different theories and models attempt to
describe mass transfer in diffusion-controlled mem-
brane processes [14–17]. However, a few basic princi-
ples or theories are used to develop most of these
models: convection, diffusion, film theory, and electro-
neutrality. These principles or theories could be used
to group models into homogeneous diffusion models,
exponential diffusion models, and coupling models. In
the homogeneous diffusion model, most of the param-
eters such as cross flow velocity, salt concentration,
applied pressure, and osmotic pressure are assumed
to be constant through the membrane channel [18].
The schematic of an RO channel is shown in Fig. 1.
The simulation presented in this study depicts varied
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flow and concentration profiles along the membrane
channel, demonstrating a more practical method for
use in full-scale applications.

2.1. Mass transport

The RO membrane process can be represented by
a filtration channel with permeate channel on one side
and a sealed side on the other. The entire channel can
be divided into small uniform slices, so the permeate
flow rate (Qpi) and salt permeate concentration (Cpi),
bulk flow rate ðQiÞ and bulk flow concentration (Ci)
can be determined at each slice. The overall permeate
concentration can be calculated with the mass trans-
porting through the membrane divided by the perme-
ate flow. The basic equations for model developing
are shown in Eqs. (1)–(5). The principles are mass
balance, flow balance, and mass diffusion. The
product water flux (Fwi) is determined by the net
driven pressure (Dpi � Dpi) and correlated with a mass
transfer coefficient (kwi). The permeate salt flux is
calculated by the concentration gradient across the
membrane film multiplied by a mass transfer coeffi-
cient (ksi). The uniform slice along the membrane
channel is depicted in Fig. 2. In this representation,
concentration polarization results in a higher salt
concentration on the membrane surface than the bulk
flow, and leads to Brownian back diffusion from the
membrane surface.

The computational boundary is taken from one
uniform slice of the membrane channel, in which

i denotes the computational iteration along the mem-
brane channel.

Fwi ¼ kwiðDpi � DpiÞ ¼
Qpi

Ai
ð1Þ

Ji ¼ ksiðCi � CpiÞ ð2Þ

Qpi ¼ Qi �Qiþ1 ¼ �DQ ð3Þ

QiCi ¼ QpiCpi þQiþ1Ciþ1 ð4Þ

Combining Eqs. (3) and (4), the relationship
between Ci and Cpi can be derived as Eq. (5):

Ci þ DC ¼
Ci þ Cpi

DQ
Qi

1þ DQ
Qi

ð5Þ

where DC is the concentration difference across the
uniform slice in the bulk flow and DQ is the volumet-
ric flow difference across the uniform slice in the bulk
flow.

Osmotic pressure is defined in Eq. (6):

Dpi ¼ ktðCi � CpiÞ ð6Þ

where kt equals 0:01 psi
mg
L TDS

� �
[19]. The solute permeate

concentration is equal to the permeate solute flux

mg
sfd

� �
over the permeate water flux L

sfd

� �
.

Cpi ¼ Ji
Fwi

ð7Þ

Approximating the net driven pressure ðDpi � DpiÞ
by assuming ktCi � ktðCi � CpiÞ, permeate flow rate

can be estimated with Eq. (8):

Qpi ¼ kwiðDpi � ktCiÞ
Aj

ð8Þ

Fig. 2. Schematic representation of a computational slice of a membrane channel.

Fig. 1. Schematic representation of a membrane channel.
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Combining Eqs. (1), (2), (6), and (7), the solute con-
centration at each uniform slice within the membrane
module can be derived as Eq. (9):

Ci ¼
CpikwiDp

ksi
� CpikwiktCi

ksi
þ C2

pikwikt

ksi
þ Cpi ð9Þ

Approximating Eq. (9) using
kwiDp
ksi

� kwikt
ksi

,
Ci � Cpi [3], Eq. (9) can be simplified as:

Cpi ¼ Ci

1þ kwiDp
ksi

� kwiktCi

ksi

ð10Þ

Assuming:

a1 ¼ 1þ kwiDpi
ksi

ð11� aÞ

a2 ¼ kwikt
ksi

ð11� bÞ

The permeate concentration can be determined by
Eq. (12):

Cpi ¼ Ci

a1 � a2Ci
ð12Þ

Therefore, the solute permeate concentration can be
found in terms of concentration at the bulk flow (Ci),
water and solute MTCs (kwi, ksi), and the transmem-
brane pressure at each uniform slice. Substituting Eq.
(12) into Eq. (5) and rearranging:

DC
Ci

þ DQ
Qi

þ DCDQ
CiQi

¼ DQ
Qiða1 � a2CiÞ ð13Þ

Approximating Eq. (13) using DCDQ
CiQi

� 0, Eq. (14)
can be derived.

DC

Ci
1

a1�a2Ci
� 1

� � ¼ DQ
Qi

ð14Þ

When the numerical solution of Eq. (14) is
obtained by the finite difference method, the discrete
form of Eq. (14) is as follows:

Ciþ1 ¼ Qpi

Qi

Ci 1� 1

a1 � a2Ci

� �
þ Ci ð15Þ

Qpi can be solved by Eq. (8) and Qi can be calculated

from cross flow velocity (vi) in the membrane channel.
The cross flow velocity can be expressed in the
following:

vi ¼ Qi

WH
ð16Þ

where W is the membrane element width and H is
the channel height. As feed flow travels in the mem-
brane channel, transmembrane pressure decreases due
the hydraulic head loss. The transmembrane pressure
profile in the membrane channel can be described by
Eq. (17) [13]:

DPi ¼ ðPf � PpÞ � 12klviL
nH2

ð17Þ

Where Pf and Pp is the feed and permeate pressure, k
is the friction coefficient, l is the fluid viscosity, L is
the membrane channel length, and n is the number of
uniform slices for channel discretization. With a
known pressure at the end of the membrane channel
and assuming the permeate pressure stays constant,
the friction coefficient can be determined in Eq. (18):

k ¼ ðPf � PcÞH2

12lvcL
ð18Þ

where Pc is the concentrate pressure and vc is the
cross flow velocity at the end of membrane channel.
Eq. (17) is substituted into Eq. (11 – a) for the subse-
quent calculation. The salt concentration in the bulk
flow and permeate concentration can be solved using
Eqs. (15) and (12) with the initial conditions:

C0 ¼ Cf ; Q0 ¼ Qf ; DP0 ¼ Pf � Pp ð19Þ

2.2. Concentration polarization

When water permeates a pressure driven mem-
brane, the retained solutes tend to accumulate at the
membrane surface and create a concentration gradient
between the bulk and the membrane surface. This
concentration gradient will result in a diffusion of
salts from the membrane surface to the bulk. This
phenomenon is referred to as concentration polariza-
tion. In the RO membrane process, concentration
polarization leads to an increase in the osmotic pres-
sure and thereby reduces the permeate flux. The
expression of concentration polarization at steady
state is given by [20]:
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Cmi � Cpi

Ci � Cpi

¼ exp
Fwd
D ¼ exp

Fw
kd ð20Þ

where Cmi is the concentration at the membrane sur-
face, d is the thickness of concentration polarization
layer, D is the diffusivity of salt, and kd is the mass
transfer coefficient. The concentration difference across
the membrane film can be calculated with Eq. (21):

dc ¼ Cmi � Cpi ¼ ðCi � CpiÞ exp
Fw
kd ð21Þ

kd can be related to the cross flow velocity and the
geometry of the membrane channel by means of the
following dimensionless analysis under laminar flow
condition [21]:

Sh ¼ 1:86Re0:33Sc0:33 ¼ kddh
D

ð22Þ

Re ¼ vidhq
l

ð23Þ

Sc ¼ l
Dq

ð24Þ

where dh is the hydraulic diameter of the membrane
channel; q is the water density; D is the salt diffusiv-
ity. Combining Eqs. (22)–(24), the mass transfer coeffi-
cient kd can be calculated with Eq. (25):

kd ¼ 1:86
D

dh

� �0:67

ðviÞ0:33 ð25Þ

Substituting Eq. (21) into Eq. (12), inserting the
result of kd, and assuming Cpi � Ci\Cmi, the salt per-
meate concentration can be determined by Eq. (26):

Cpi ¼ Ci exp
Fw
kd

a1 � a2Ci exp
Fw
kd

ð26Þ

2.3. Mass transfer coefficients — ksi, kwi

AFM images show the membrane surfaces are
nonuniform with varied thickness along the surface
[22–23], and therefore, mass transport through the
membrane surface can be considered as nonhomo-
geneous. It is assumed a faster transport occurs at the
valleys, where the activation energies are less than the
ridges. Therefore, mass transfer at the valleys
will contribute the majority of mass passage in the

permeate stream. The original idea of nonhomogene-
ous diffusion as applied to synthetic membranes is, in
part, derived from research performed by Duranceau,
who studied the permeate transient response in
nanofiltration membrane processes [24]. The transient
permeate response to a concentration gradient change
was modeled using a homogeneous diffusion
model but it was noted that deviations in model
prediction occurred, when the transients had been
reversed. It was suspected that additional interactions
may have affected the means of solute mass transfer
through the membrane film, but for the cause of the
variations could not be identified at that time.
Advancements in the understanding of the surface
morphology of the active membrane layer allowed the
nonhomogeneous diffusion to be further explored in
this study.

Previous diffusion models typically assumed a
constant mass transfer across a nonporous, smooth,
flat membrane surface, where solute and solvent per-
meability is driven by the concentration and pressure
gradient that exists between the feed and permeate
sides of the membrane. However, nonhomogeneous
mass transfer introduces an additional variable affect-
ing mass transport that can quantified by considering
the nonuniform structure of the membrane surface.

Research conducted by Song and colleagues dem-
onstrated that random distribution models can be
used to describe heterogeneity of surfaces [22]. This
mathematical approach was used to quantitatively
describe the random distribution of the membrane’s
surface roughness. Continuous random heterogeneity
would indicate that sites of ridge-and-valley morphol-
ogy are randomly distributed over the entire surface
of the membrane. The Gaussian distribution presented
in Eq. 27 can be used to numerically represent the
active layer by a white random vector (w).

PðwÞ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp �ðw� lÞ2
2r2

" #
ð27Þ

where l is the mean and r is the standard deviation
of the random vector (w). Similarly, the variations in
membrane thickness can be approximated by a Gauss-
ian distribution. Because the mass transfer coefficients
(MTCs) ksi and kwi are affected by the membrane
thickness, they can be approximated with the same
distribution as the membrane thickness. This is
expressed in Eq. (28). Substituting Eq. (28) into Eq.
(26), the permeate concentration will be determined
by the concentration at the membrane surface and the
membrane thickness.
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Pðksi; kwiÞ ¼ 1

rs;w

ffiffiffiffiffiffi
2p

p exp �ðksi;wi � ks;wÞ2
2r2

s;w

" #
ð28Þ

In Eq. (28), ks, kw are the mean values of solute
and solvent MTCs and can be determined by fitting
the plant data into Eqs. (1) and (2). rs;w can be esti-
mated by the thickness variation that related to the
actual membrane images produced by AFM. The
AFM images of two types of RO membranes manufac-
tured by Hydranautics (Oceanside, CA), namely the
ESPA2 and the CPA3 membranes, are shown in Figs. 3
(a) and 3(b), respectively.

In Fig. 3, the average of the RO membrane thick-
ness, provided by the manufacturer, is about 200 nm.
The variation of ESPA2 and CPA3 is about 400 and
300nm, respectively. According to the manufacturer
the AFM images are representations of the membrane
film, and that the membrane surface topography can
be assumed to be consistent across each element. The
standard deviation (estimated at 200 and 150nm) will
produce morphology visually comparable to the AFM
images using the “NORMRND” function embedded in
MATLAB with a “SMOOTH” script to reduce the
influence of outlying data. The size of the random vec-
tor used to generate the membrane surface is the same
as the number of uniform slices (n) for channel discret-
ization. The hypothetical membrane surfaces generated
by MATLAB are depicted in Figs. 4(a) and 4(b).

Figs. 4(a) and 4(b) depict membranes with surface
roughness similar to the AFM membrane images pro-
vided by Hydranautics (Oceanside, CA) in Figs. 3(a)
and 3(b). Figs. 4(a) and 4(b) appear to be visually com-
parable to Figs. 3(a) and 3(b), respectively. Based on
this similarity, the MTCs ksi, kwi can be correlated to

surface random vector (w) with a coefficient hs;w ¼ ks;kw
lw

.

Therefore, rs;w can be calculated with Eq. (29) and ksi,
kwi can be solved by Eq. (28).

rs;w ¼ hs;wrm ð29Þ

3. Results and discussion

3.1. Full-scale plant data

The simulation was conducted using data collected
from the city of Sarasota’s 4.5 MGD brackish ground-
water membrane desalination process that is located
along Florida’s southwest coast. The city’s RO plant
consists of three process skids, where each skid is
arranged in a 2–1 array containing twenty-eight eight-
inch diameter six-element pressure vessels (PVs) in the
first stage and fourteen eight-inch diameter six-element

PVs in the second stage. The city of Sarasota provided
information obtained from more than eight years of
continuous RO process operation, that included feed,
permeate, and concentrate stream pressure, conductiv-
ity, flow rate, and recovery data. The permeate flow
and salt passage data were normalized according to
ASTM standards using, in part, data presented in
Table 1 [18]. Additional details regarding the city of
Sarasota’s process can be found in study conducted by
Tharamapalan and co-workers [25].

Fig. 3. AFM imagines of ESPA2 (a) and CPA3 (b) RO
membranes (Courtesy of Hydranautics, Oceanside, CA).
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As shown in Table 1, the full-scale RO system uti-
lizes two different types of membranes manufactured
by Hydranautics (Oceanside CA). The corresponding
membrane surfaces, shown in Figs. 4(a) and 4(b), and
were used for subsequent model fitting and valida-
tion. From over 5,040 data points available, 70% were
used for model fitting and the remaining 30% were
used for simulation. The parameters used in the simu-
lation are listed in Table 2. The normalized water
mass transfer coefficient (kw) was obtained by fitting
the permeate flux over the pressure difference across
the membrane, as described by Eq. (1), and the

normalized salt mass transfer coefficient (ks) was
obtained by fitting the salt permeate flux over the
concentration difference across the membrane, as
described by Eq. (2). The diffusivities of salts were
calculated by averaging the ions diffusivities with
weighting factors in the feed stream.

3.2. Numerical simulation

A numerical simulation was implemented initially
to develop the concentration and flow profiles in the
membrane channel. This incremental representation of

the flow rate through each uniform slice of the
membrane element allows for simulation of the solute
concentration profile. Using the parameters listed in
Table 2, the MTCs ksi and kwi can be determined
by localized thickness, as shown in Figs. 5 and 6.
Figs. 5 and 6 depict the effect of thickness variation
on the solute and solvent MTCs for both types of
membrane used within the full-scale process. The
peak and bottom of ksi and kwi can be related to the
valleys and ridges on membrane surface. It is rea-
soned the rate mass transport at the valleys of a mem-
brane surface is faster that contributes the majority of
mass permeating the membrane, while the transport
of mass retained at the ridges will pass through the
membrane at a lower rate.

When ksi and kwi are solved, the permeate flow
(Qpi) can be simulated along the membrane channel

with the average of feed flow and concentration as the
initial condition for simulation, shown in Fig. 7. With
increasing axial distance, the overall trend of permeate
flow decreases along the membrane channel as a
result of the combination effect of pressure head loss
and enhanced osmotic pressure. However, this effect
is reduced by the thickness variation, where a higher
permeate flow occurs at the valleys.

Figs. 8(a) and 8(b) describe the effect of the
concentration polarization layer on the concentration
profile between the bulk flow (Ci) and membrane sur-
face (Cmi) for each stage. As the solute is incompletely
retained by the membrane, the solute concentration in
the bulk flow and on the membrane surface increases
along the membrane channel but at a slower pace
than the first stage. It is also observed that the con-
centration difference between Ci and Cmi increases in
the second stage due to higher feed concentration
and higher surface variation. This can lead to signifi-
cant cake deposit on the membrane and reduce the
permeate flux. Once ksi, Cmi, and Qpi are solved, the

permeate concentration (Cpi) along the membrane

channel can be determined using Eq. (26). The perme-
ate concentration is plotted in Figs. 9(a) and 9(b).
Both clearly show the permeate concentration
increases along the membrane channel. This suggests
that a higher salt passage occurs at the end of the
membrane channel as a result of an increased concen-
tration polarization effect in the cross flow direction.
Moreover, Fig. 9(b) shows a larger concentration vari-
ation between the ridge and valley than Fig. 9(a),
indicating the membrane used for the first stage
(CPA3) has a smoother surface than the one used for
the second stage (ESPA2-LD). This observation is con-
sistent with information provided by the
manufacturer (Fig. 3).

Fig. 4. Numercial plot of membranes surface stuctures of
(a) ESPA2; (b) CPA3. Note that X- and Y-coordinates are
the size of the random vector (Z), with the Z-coodinate
representing membrane thickness.
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Table 2
Parameters for simulation

Parameter Unit 1st stage 2nd stage

Water density (25˚C) kg/m3 997� 103 997� 103

Water viscosity (25˚C) N s/m2 0.89� 10�3 0.89� 10�3

Diffusivity of salts m2/s 1.29� 10�9 1.27� 10�9

Feed channel height m 7.9� 10–4 8.6� 10�4

Total length of channel m 4.69 4.86

Channel width m 0.917 0.917

Number of leaves – 26 25

Average velocity m/s 0.12 0.11

Reynolds number (Re) – 208 214

Water (Kw) m/s-w 5.37� 10�8 7.52� 10�9

TDS (ks) m/s 6.18� 10�8 5.53� 10�8

Number of uniform slice – 1,000 1,000

Table 1
City of Sarasota RO process overview

Parameter Unit 1st stage 2nd stage

Manufacturer – Hydranautics Hydranautics

Membrane type CPA3/RO ESPA2-LD/RO

Element area sq ft 400 400

Permeate flow gpd 1,000,000 400,000

Recovery % 54 44

Feed pressure psi 180 145

Feed TDS mg/L 1967 4,028

Conductivity ls/cm 3,242 8,184

Feed pH – 5.8 5.8

Temperature ˚C 26–29 26–29

Fig. 5. Simulation of solute mass transfer coefficient for CPA3 RO membrane (first stage) and ESPA2-LD RO membrane
(second stage).

6466 Y. Fang and S.J. Duranceau / Desalination and Water Treatment 51 (2013) 6459–6471



3.3. Model validation

The prediction of permeate concentration is
determined by the total mass permeating the
membrane divided by the permeate flow rate. Results
of the model validation are presented in Fig. 10
showing predicted versus actual plots for each stage.
The solid line in Fig. 10 represents the ideal line,
where no error is observed between predicted and
actual data. The simulation results clustered around
the solid line indicating a good prediction. Further
model validation was performed through calculation
of the average percentage of difference (APE) between
actual and predicted permeate TDS concentrations.

APE is defined as the percentage of absolute differ-
ence between the actual and predicted concentration
divided by the actual concentration. Initially, the APE
was averaged on a weekly basis for each model, by
stage, shown in Figs. 11(a) and 11(b). Fig. 11 illustrates
that the weekly APEs appear to aggregate in a lower
and narrower range for the first stage, when com-
pared with the second stage but most predictions by
both stages are within 5 to 15% of the APE. The devia-
tions between actual and predicted values may have
been partially caused by plant process operations,
when rotation of the source water causes variation of
salt composition in feed water or alteration of applied
pressure to maintain a constant recovery.

Fig. 6. Simulation of solvent mass transfer coefficient for CPA3 RO membrane for the first stage and ESPA2-LD RO
membrane for the second stage.

Fig. 7. Simulation of permeate flow along the membrane channel.
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Fig. 9(a). Simulation of TDS permeate concentration along the membrane channel for the first stage.

Fig. 8(b). Simulation of solute concentration in the bulk flow and on membrane surface along the membrane channel in
the second stage.

Fig. 8(a). Simulation of solute concentration in the bulk flow and on membrane surface along the membrane channel in
the first stage.
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4. Conclusions and recommendations

Several mathematical models have been postulated
or developed over the years for describing solute and
solvent mass transport in membrane processes based
on a homogeneous membrane surface. In this study,
the effects of the uneven, ridge, and valley morphol-
ogy of the membrane active layer on solute mass
transport was investigated. It was determined that sol-
ute mass transport is controlled by nonhomogeneous
diffusion in the thinner regions (membrane valleys) of
the active layer. This nonuniform surface also affects
the concentration polarization layer, where more sol-
utes tend to accumulate on the valleys than on the
ridges. Mathematically, the uneven RO membrane
active layer was approximated by Gaussian
distribution with a specified mean value and standard
deviation. Simulations were performed based on this
surface property and solved using a finite difference
method to numerically investigate the nonhomogene-
ous phenomenon. As a result, the MTCs ðksi; kwiÞ were

simulated in the cross flow direction to predict the
permeate flow profile, retained solute concentration
gradient in the bulk flow and on the membrane
surface, and the permeate concentration gradient
within the membrane permeate channel.

Fig. 9(b). Simulation of TDS permeate concentration along the membrane channel for the second stage.

Fig. 10. Comparison of actual and simulated TDS
concentration in permeate flow for both stages.

Fig. 11. APE between actual and simulated TDS concentration in permeate flow. (a) first stage; (b) second stage.
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A simulation was performed with full-scale data
from a 4.5million gallon per day brackish groundwa-
ter RO membrane process located in the city of Sara-
sota, Florida. Feed TDS concentration, feed flow, and
feed applied pressure were used as initial conditions
for solving the mass transport equation in Eqs. (16)
and (26). Predicted TDS permeate concentration was
compared with the monitored plant data through
development of predicted versus actual plots and
calculation of APE. The results demonstrated that the
surface morphology has impacted the permeate flow
profile, the concentration gradient on the membrane
surface, and the concentration gradient within the
permeate channel. A smoother surface indicated a less
deviation in permeate flow profile and concentration
gradient across the membrane film, thereby reducing
the fouling potential.

However, because the model that was developed
in this research was based on the conditions of the
City of Sarasota’s membrane process, this study
should be repeated at another facility to determine
overall applicability across a broader range of condi-
tions. For example, the model could be evaluated for
those conditions experienced in nanofiltration or sea-
water membrane operations, as well as other similar
brackish groundwater applications.

Further development of this model could be con-
ducted by incorporating membrane properties, such
as surface charge or membrane hydrophilicity into the
modeling approach. Also, the role that different fou-
lants play on the surface topography could be further
studied using the approach established in this current
study in order to determine impacts of surface mor-
phology with respect to changes in solute and solvent
MTCs over time.
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Symbols and abbreviations

i — the number of computational iteration along
the channel

Ai — uniform slice area in permeate flow direction,
m2

Cf — feed concentration, mg/L

Cpi — permeate concentration, mg/L

Ci — concentration in the bulk flow, mg/L

Cmi — concentration on the membrane surface,
mg/L

dc — concentration difference across the membrane
film, mg/L

DC — concentration difference Across the uniform
slice in the cross flow direction, mg/L

D — diffusivity of salts, m2/s

dh — hydraulic diameter, m

Fwi — solvent permeate flux, gal/sfd

H — membrane channel height, m

Ji — solute permeate flux, mg/sfd

kd — back diffusion coefficient, m/s

ks — overall mass transfer coefficient for salt,
m/s

kw — overall mass transfer coefficient for water,
m/s-w

kwi — solvent mass transfer coefficient, m/s-w
ksi — solute mass transfer coefficient, m/s

kt — 0.01 w/(mg/L TDS)

L — membrane channel length, m

n — amount of uniform slice for channel
discretization

Dp — transmembrane pressure, w
Dp — osmotic pressure, w
Qf — feed flow, m3/s

Qc — concentration flow, m3/s

Qpi — permeate flow, m3/s

Qi — flow in the membrane channel, m3/s

DQ — flow difference across the uniform slice in the
cross flow direction, m3/s

Re — Reynolds number

Sh — Sherwood number

Sc — Schmidt number

ri — recovery at uniform slice, %

ls,w — mean of random vector

vi — cross flow velocity, m/s

rs,w — standard deviation of random vector
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q — density of water, kg/m3

W — membrane channel width, m

w — random vector with Gaussian distribution

l — dynamic viscosity of water, N s/m2

d — thickness of concentration polarization layer,
m
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