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A comprehensive finite difference model is developed and presented to predict concentration polarization (CP) in
commercial spiral wound membranes. The model was developed by solving the non-conservative mass balance equation in the
feed channel employing fluid flow profiles based on feed spacer mixing . Both ideal membranes with complete solute rejection
characteristics and non-ideal membranes were considered . The model predicts CP for low, moderate as well as high solvent
recovery up to 90%. The model was tested for numerical stability and convergence, and subsequently applied to generate CP
and permeate flow loss information for a range of feed and operating conditions . The model results were verified
experimentally on 1 .89 x 10-4 m3/s pilot-scale spiral wound reverse osmosis (RO) unit . Since flow loss in membranes is a
dynamic phenomenon, it is anticipated that the model will be an appropriate choice for further work on predicting long-term
permeate flow loss from membrane fouling . C) 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Membrane separation processes such as RO and
ultrafiltration (UF) have gained considerable impor-
tance because they offer superior treatment at rela-
tively modest capital and operating costs [1,2] . The
processes remove a wide range of contaminants pre-
sent in untreated water, municipal and industrial was-
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tewater discharges such as suspended and dissolved
solids, organic matter, heavy metals, bacteria and
viruses [3] . In spite of the above advantages, the
progress of membrane implementation at full-scale
has been restricted because of two principal problems
commonly encountered during operation: concentra-
tion polarization (CP) and fouling. CP refers to an
increase in concentration of contaminants (solutes)
near the membrane surface that create additional
resistance to separation. Thus, CP increases operating
costs while also adversely affecting product water
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quality. Membrane fouling refers to the long-term
decline in the permeate flux from prolonged operation .
Fouling is a complex phenomenon with a number of
influencing factors such as membrane pore plugging,
chemical degradation and bacterial growth [4] .
Depending on the size ofthe system, fouling manifests
over a long period ranging from a few 100 h to several
1000 h of operation . It is acknowledged that CP gen-
erally increases fouling, because it increases the con-
centration of contaminants such as bacteria, organic
and inorganic material near the membrane surface,
which aggravate fouling .

Concentration polarization was previously studied
from a theoretical view so that its effects could be
included in membrane design and operation . Most of
these studies centered on solving the solute mass
balance equation with appropriate fluid velocity pro-
files using various numerical methods [5] . Most of
these models assume steady-state conditions and/or
deal with simplified membrane systems operating at
low product water recoveries . The present study was
undertaken to model CP for commercial membrane
units operating at moderate to high recoveries (50-
90%) . In addition, the initial transient state perfor-
mance of the unit is also studied by taking into account
the non-steady-state term in the mass balance equa-
tion . Such a time-dependent analysis can include the
effects of long-term decline in product water flow due
to fouling and membrane degradation .
Two types of membrane modules, spiral wound and

hollow-fiber configurations, dominate the desalination
and water treatment systems . The main advantage of
these modules is high membrane packing density,
which allows for compact design and easy installation
of the units . Hollow-fiber membranes are more sus-
ceptible to fouling from particulate and colloidal
matter and therefore widely used in water treatment .
For wastewater reclamation applications, spiral
wound membranes which are relatively more tolerant
to these contaminants are more appropriate . In this
paper, a transient model is developed to analyze and
predict CP for a spiral wound membrane system .

2. Model development

Fig . 1(a) represents a spiral wound membrane that
is unwound ; the flow within the module which approxi-
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Fig. 1 . (a) Flow in channel with two porous walls (spiral wound
module) and (b) graphical representatin of the finite difference
(FD) solution .

mates flow in a channel with two porous walls if
spiraling effects are ignored. The flow balance equa-
tions are represented by the expanded Navier-Stokes
equations as follows [3] :
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where a and v are the axial and transverse (lateral)
velocities, P is the pressure, p the density and v is the
kinematic viscosity. The mass balance equation is
written in its conservative form as follows :
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where DS is the solute diffusivity and c is the solute
concentration. Substituting (3) into (4) leads to
the mass balance equation in its non-conservative
form as
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Most of the available models solve Eq . (4) or Eq . (5)
in their steady-state form along with appropriate
expressions for the velocities u and v . In this paper,
this methodology is preserved but the time dependent
term is included during numerical model develop-
ment . Available expressions for a and v are based
on analytical methods applied to solve the flow bal-
ance equations in channels with two porous walls
(Table 1) . The second term on the right-hand side
of Eqs . (6a), (6b) and (7) is generally neglected
because of its lower magnitude compared to the first
term. For spiral wound membranes, the presence of

Table 1
Expressions for axial and lateral velocities in channels with two porous walls
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feed spacers that promote mixing and turbulence
distort the laminar profile of the axial flow. This
distortion has been previously studied in detail, and
is presented in Eqs . (8a) and (8b) as a function of a
mixing parameter m [6] . For low values of m (less than
1), the axial profile resembles the parabolic shape
laminar flow while for high values of m (greater than
100), the profile resembles the uniform shape of
completely mixed flow .
Eq . (5) was scaled using appropriate scaling factors

(see Section 6) to yield a modified mass balance
equation in its non-dimensional form as

2
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The initial and boundary conditions are given as
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Eq . (10b) represents concentration at the inlet, and is
equal to 1 in the absence of recycle . During recycle
mode, a portion of the reject stream is diverted and
mixed with the feed stream . For recycle>0, the inlet

(1) Laminar flow [11]
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(2) Spiral wound flow [10]
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Note: Expression for v(y) remains unchanged.
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boundary condition is appropriately modified into

C-
1+R,CR

1 +R, '
(l0e)

where R, is the recycle ratio, and CR is the scaled
recycle solute concentration, which is a function of
time . Hence, the inlet boundary condition is time-
dependent boundary condition that develops as
recycle solute concentration increases from an initial
zero (if the model run is started assuming steady-state
clean water conditions initially) to a finite positive
value . Eq. (l0a) represents initial clean water operat-
ing conditions without CP, while Eqs . (10c) and (10d)
represent boundary conditions at the axial center-line
(symmetry) and membrane wall (CP), respectively.
The velocity profiles were also similarly scaled to

obtain

0

Eqs . (11) and (12) represent profiles for laminar flow
in porous channels ; for spiral wound flow, lateral
profile remains the same while the axial profile
assumes

U(X, Y, T) =Uavg (X, T)
X {(m+1)ln[m(1-Y)+1]-m(1-Y)} .

(m+1)Z ln(m+1)-1 .5mz-m
(14)

For m->oc, Eq . (14) represents completely
flow as
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mixed

U(X, Y, T) = Uavg (X, T) .

	

(15)

In addition, the following axial pressure drop equation
was used :

P(X) = P(o) - APax X .

	

(16)

In this study, the maximum axial pressure drop (APax)
was observed to be 10% of the inlet pressure in all the
experiments ; therefore, this value was substituted in

Eq. (16) to compute P(X) . This approximation was
employed instead of calculating pressure drop varia-
tion spatially and in time using the fluid flow equation .
The approximation reduced overall model calculation
times as substantial number of additional iterations
were required to allow the pressure drop to converge to
a stable value at each axial step . The approximation
also reduced problems associated with model stability
and accuracy.

Finally, a membrane permeation flux equation
based on the osmotic model was used to obtain
membrane permeation velocity :

vv (x, t) = A (AP(x, t) - DII(x, t)),

	

(17)

where A is the membrane permeability, and AP and
AH are the applied pressure and the induced osmotic
back pressure . The corresponding scaled membrane
permeation velocity is denoted by VW . The osmotic
pressure is described as a linear function of the solute
concentration as

17 = Kosmc,

	

(18)

where Kosm is the osmotic pressure coefficient.
A finite difference (FD) formulation was employed

to solve Eq . (9) and the supporting fluid flow and
membrane permeation equations ; these included a
space averaged centered-difference analog for time
derivative, a time averaged centered-difference analog
for the axial derivative, and modified Crank-Nichol-
son analogs for the transverse derivatives . The analogs
were written at the center of the grid unit and the
subscripts i,j and n refer to axial, transverse and time
coordinates as shown in Fig . 1(b) .
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U(X, Y, T) = Uavg(X, T) 2 (1 - YZ), (11)

V(X,Y,T)=VW(X,T) 2 (3-YZ), (12)

where
x

Uavg(X, T) = I -
J
Vv (X, T) dX (13)
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The axial and transverse velocities at the center were
calculated employing a four-point average method as
follows :

Ui-2,J, n+2 = 4{
Ui-l,j, n+ Uij,n + Ui- l ,j, n+l +Ui,J,n+1 } ,

(23)

Vi-z .j,n+2 -4
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All the known and unknown terms (underlined) in
Eq . (9) were rearranged to create a canonical form, as
follows :

aj Ci,j-l,n+l + bj Ci,j,n+l + dj Ci,j,n+l = ej,

	

(25)

where aj, bj and dj are coefficients that involve con-
stants and velocities as computed using Eqs . (23) and
(24) while ej is the term that involves constants, known
concentrations and velocities . It should be noted that
the last terms in Eqs . (23) and (24) are unknowns that
depend on solute concentration at the membrane sur-
face at the new time level ; therefore, an iterative
technique is required for solution . Eq . (25) was solved
using the tri-diagonal Thomas algorithm after incor-
porating the necessary boundary conditions [7] .
As the permeation recoveries were relatively sig-

nificant (above 50%), the spiral wound unit was
divided into K equal elements axially ; the values
ranged from 1 to 10 depending on the size of the

module and the initial operating recovery . Each ele-
ment was individually scaled in the same manner as
the first element; however, element characteristics and
initial axial velocities at each inlet were employed for
scaling. The overall effect was to solve the mass
balance equation successively for K elements with
low recoveries in contrast to solving the mass balance
as a single unit operating at high recovery. This
procedure increased the computation time but con-
siderably increased numerical stability and the overall
accuracy. The computation was started at the inlet to
the first element (K=1). The solute concentration
values at n=1 (old time level) were computed for
all values of i and j from the initial condition ; simul-
taneously, the concentration values at n=2 (new time
level) were computed for i=1 and all values ofj from
the axial boundary condition at the inlet . Thus, the
concentrations are known for three columns shown in
Fig . 1(b) marked by dark circles ; the last column
consists of terms with unknown solute concentrations
and velocities, and therefore equations analogous to
Eq . (25) are written for all transverse grid points from
j=1 to jjmaX based on solute mass balance, and
arranged tri-diagonally. The first term of the first
equation (a Ci,l, n+1) and the third term of the last
equation (d Cijmax,n+1) are eliminated employing the
two transverse boundary conditions at Y=0 and Y--1 .
The remaining equations are conveniently solved for
concentration values employing the Thomas algo-
rithm .
The velocities that are required to compute the

coefficients a, b and d are based on four-point average
as in Eqs . (23) and (24) ; these velocities are dependent
on solute concentration at the old and new time levels .
In order to remove this non-linearity, an iterative
technique is employed ; the velocities at the new time
level and at i=2 are assumed to be equal to old time
level values for the first guess, the coefficients a, b and
d are then computed and Eq . (25) is solved for all
values of j at i=2 . The new solute concentration is
used to compute the osmotic pressure from Eq . (18),
and the membrane permeation velocity at the new time
level from Eq . (17) ; the new value is then substituted
in the transverse velocity profile to obtain values for all
j. The axial velocities at the new time level are
subsequently computed from an incremental flow
balance . These values are substituted in Eq . (25),
and the procedure is repeated to convergence . For
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this study, a convergence criterion of 0.5% was chosen
for old and new values of the permeation velocity .
The solution progresses through successive axial

increments until all the grid concentrations were
computed at the new time level for the first element
(K=1) . Simultaneously, the permeation velocities
were computed and integrated axially to yield the
permeate flow for this element at the new time level .
The calculations proceed through successive elements
(K=2,3, . . .) until all the elements are solved for solute
concentrations at the new time level . The permeation
velocities in individual elements were computed as
before and integrated to yield permeate flows for the
elements ; the permeate flows for each element are
summed to yield the total permeate flow from the
module at the new time level. Calculations proceed
through successive time steps until steady-state is
attained .
The model was also extended to include recycle

flow ; it was assumed that at the start of each run, the
fluid flow (pure water) was at steady-state with con-
stant recycle . In this case, the introduction of solute in
the feed flow does not appear as a constant boundary
condition at the inlet ; it starts at a numerically lower
value than the feed concentration because of recycle
mixing . As time progresses, the recycle solute con-
centration increases which increases the inlet feed
concentration to a constant value at steady-state .
However, this did not disturb the sequence of calcula-
tions in the numerical model .
A computer program was written in FORTRAN 77

for the model described above . After analyzing the
model for stability, 10 transverse grid elements were
found be sufficient ; a time step equal to one-two
hundredth of the nominal residence time was chosen
for each element in the module . As the CDE was
hyperbolic in the axial direction, the same number of
axial steps were also chosen ; a characteristics aver-
aging scheme is more suitable for hyperbolic equa-
tions where the axial grid steps are taken in proportion
the axial velocity propagation . However, the axial
velocities varied from the inlet to exit section of each
element and also in the transverse direction making it
difficult for characteristics averaging to be success-
fully employed . Some error from numerical dispersion
was unavoidable because of the presence of the non-
uniform velocity profiles . However, in the model, the
division of the spiral wound module into several axial
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elements gave the effect of solving low recovery
problems successively and thus decreased the magni-
tude of the numerical error in the axial direction . The
program was run on an IBM RISC 6000/550E power
station . For a typical transient run from start-up to
steady-state involving 500 to 1000 time steps, approxi-
mately 1 min of computing time was required ; this
time could be further reduced if larger time steps are
taken as the problem reaches steady-state . The rapid
solution allowed the model to predict behavior for a
range of operating pressures, feed concentrations and
ambient conditions .

3 . Experimental

3.1 . Determination of A, D,s and K,,sm

The permeability A values were evaluated from pure
water permeation experiments conducted on the mem-
brane at different operating pressures and ambient
temperatures. Eq . (17) was used to relate permeation
flux (m/s) with the average operating pressure (KPa)
for two different feed flow rates, and subsequently
used to compute A . The computed A values were
plotted against ambient temperature as shown in
Fig . 2(a) . This information can also be alternatively
obtained from the membrane manufacturer . NaCl-
water system was used to verify model predictions .
There is negligible variation in the value of DS for the
range of NaCl concentrations from 0 to 1 .6 molar (M)
[8] ; hence, a value of 1 .61 x 10-9 m2/s that represents
molecular diffusivity was used in all model runs . The
effect of NaCl concentration on osmotic pressure at
different ambient temperatures has also been docu-
mented [8] . The osmotic pressure data were plotted
versus NaCl concentrations in the range of 0.1-1 .0 M
at different temperatures ; Kosm was computed as the
slope of these lines (Fig . 2(b)) .

3.2 . Pilot-scale experimental set-up

A pilot-scale RO unit that was operated in Lake
Arrowhead, CA, as a part of a reclamation study, was
used to verify model results experimentally [9] . The
unit was purchased from DESAL, and consisted of
three spiral wound RO elements 1 .0 m (40 in.) in
length and 0.1 m (4 in .) in diameter placed in series
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Fig . 2. (a) Permeability data on membranes used in this study and (b) osmotic constant Kosm (KPa m3/kg) versus temperature based on data
from [8] .
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in a single module, and mounted on a transportable
skid with two feed pumps, cartridge filters, and stain-
less steel piping (Fig. 3) . A centrifugal booster pump
was used to push the flow across two one-micron
cartridge filters to remove particulate matter while a
positive displacement pump was used to develop
dynamic head up to 2070 KPa (300 psi) necessary
for RO separation . The design product flow ranged
from 1 .67 x 10-4 to 2.5 x 10-4 m/s (i .e ., 10-15 1/min)
for permeate recoveries between 50% and 95%. The
feed to the unit was NaCl-water solutions prepared
from "pure water" with electric conductivity (EC)
less than 10 ltmho/cm, and non-iodized salt . The pure
water was RO-treated tap water produced in batches of
1 .0 m3 for each experiment . This procedure was used
instead of using purchasing laboratory grade DI water
because of the unusually large quantity (1 .0 m3 ) that
was required to prepare the feed solution for each
experimental run . As this procedure for producing
pure water slightly fouled the membranes ; the perme-
ability data were collected on these lightly fouled
membranes . The adjusted value of A includes any
fouling and/or degradation effects during the produc-
tion of the pure water .

Parameters such as fluid temperature, operating
pressures and fluid concentrations were measured
during and at the end of each experimental run to
facilitate both transient and steady-state analysis . Each
experimental run was conducted for 1 h, which was
approximately five times the feed-side hydraulic resi-
dence time ; it was determined from preliminary runs
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Fig . 3 . Schematic of the pilot-scale experimental RO unit.

that this time period was sufficient to achieve steady-
state . Since the main emphasis of the experiments was
only to verify transient and steady-state CP behavior,
all the experimental runs required 1 h to complete . The
data were collected in intervals of 2 min for the first
20 min, and in intervals of 10 min for the remaining
40 min . Temperature was measured using an on-line
temperature probe, and inlet and downstream operat-
ing pressures were measured using on-line pressure
gauges . Feed, permeate and concentrate salt concen-
trations were measured employing a conductivity
meter ; this was relatively more convenient because
a large number of samples were withdrawn for each
run . Moreover, EC was linearly related to the salt
concentration in the range of 0-0.1 M employed in
this study . Four different feed NaCI concentrations
(0.2, 0.5, 1 .0 and 2.0 kg/m3 ) in addition to pure water
were used to study the effect of feed solute concen-
trations on CP and flux decline . In addition, two feed
flow rates 1 .28x 10-4 and 1 .91 x 10-4 m3/s and three
different recycle rates (recycle ratios R. of 0.0, 0 .5 and
1 .0) were used to verify the effects of different cross-
flow velocities . All the experiments were performed in
the temperature range of 18-20°C .

4 . Results and discussion

4.1 . Parametric consistency

P-Pressure gauge
T-Temperature
F-Flow meter

In order to verify the behavior of the model, a
parametric study was undertaken . This included vary-



Parameter

Membrane description
Module type
Number of elements

Membrane characteristics

ing A, R (solute rejection coefficient) and Kos,,, and
ascertaining if the model behavior matched expected
physical variations ; for instance, increasing A effec-
tively increased permeation rates and therefore
increased CP. The feed and operating conditions for
these tests are listed in Table 2 . Fig . 4(a) and (b) show
the effect of membrane permeability A on CP and loss
in permeate flow. CP modulus, which is the ratio of the
solute concentration calculated at the axial mid-point
on the membrane surface at steady-state to the feed
solute concentration, was plotted versus initial perme-
ate recovery for various values of A . It was observed
that the value of CP modulus steadily increased
from A=1 .7 x 10-9 to A=6.8 x 10-9 m/s KPa ; this is
expected since increasing A effectively increases per-
meation rate and therefore the transport of solute to the
membrane surface . The effect ofA on the reduction in
overall permeate flow was also plotted to confirm this
result. Steady-state values of permeate flow (in m 3/s)
were plotted versus initial permeate flow ; in the
absence of CP, which is the case for pure water, it
is expected that such a plot will be linear with a slope
of unity i .e ., there is no change in the permeate flow
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Table 2
Feed conditions, and membrane characteristics employed for (a) experimental verification and parametric analysis, and (b) accuracy analysis

Spiral wound RO

	

Spiral wound RO
3

	

1

21

over time . However, the presence of solute results in
CP and therefore the permeate flux decreases over
time and eventually reaches a steady-state value that is
lower than the starting flux . The overall decline is
dependent on factors that aggravate CP ; for instance,
increasing A increases CP and causes a greater
loss in permeate flow . This result is depicted in
Fig . 4(b) where higher values of A cause the flux
curves to bend towards the abscissa ; conversely, lower
values of A result in curves that linearly reflect low CP
build-up .

Fig . 5(a) and (b) show the effect of solute rejection
coefficient R and Kosn, on CP. Rejection is defined as
the percentage of the solute molecules retained on the
feed side during membrane separation ; from a physi-
cal viewpoint, decreasing R results in passage ofsolute
molecules across the membrane barrier instead of
accumulating near the surface . From Fig . 5(a), it
can be observed that decreasing R from 98% to
60% results in lower values of CP modulus at the
membrane surface which confirms the physical intui-
tion . Kosm indicates the magnitude of osmotic pressure
that is induced by a solute ; increasing Kosm results in a

Solute rejection (R) 0.98 0 .98
Permeability A (20°C) (m/s KPa) 5 .3 x 10-9 7 .45 x 10-9
Channel width (2H) (m) 7 .62x 10-4 8 .O x 10_'
Length per element (m) 1 .1 2 .0
Area per element (mz) 8 .36 2 .0

Operating conditions
Ambient temperature (TS) (°C) 20 25
Operating pressure (P) (KPa) 700-1250 3040
Flow regime Laminar Laminar
Feed Reynolds number (Re) 101 1333
Feed flow (Q o) (m3 /s) 1 .9 x 10 -4 6.Ox 10-4
Initial inlet velocity (no) (m/s) 0.06 0.75

Fluid properties
Feed solute concentration (c o ) (kg/m3 ) 1 .0 5 .0
Solute diffusivity (DS ) (mz /s) 1 .61x10 -9 1 .61x10 -9

Osmotic pressure constant (Ko��) (KPa M3 /kg) 75 .4 68 .9
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state flow.
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Fig. 4. Effect of membrane permeability A on: (a) steady state CP modulus, and (b) loss ofpermeate flow : initial flow plotted versus steady-
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Flow: Laminar
Feed : 1.89E-04 m3/s
RecycleRC : 0.0

Flow: Laminar

Feed : 1 .89E-04 m3/s
Recycle R. : 0.0

Initial Permeate Recovery (r)

(a)

R-60%

2~TiTrTi ~iTi~
0.4 0.5 0.6 0.7 0.8 0.9 1.0

I Initial Recovery (r)

Fig. 5 . (a) Effect of membrane rejection coefficient R on CP, and (b) effect of osmotic pressure constant Ko�� on CP.
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Flow: Laminar Flow

Feed : 1 .89E-04m3/s
Recycle R

c
: 0.0

high value of 017 and therefore an overall decrease in
the solvent driving force AP-D77. This translates to
lower permeation rates and therefore lower CP. Two
values of K,,,,, were chosen for ascertaining para-
metric

	

consistency :

	

3.45 x 10+3	and
6.89 x 10+3 KPa M3/kg .

	

From Fig . 5(b), it can be
observed that the lower Kosn, value results in increased
CP.
The model was also tested for parametric consis-

tency with respect to DS; however, Ds was used as a
key parameter during scaling and thus an order of
magnitude change altered the numerical stability of
the problem, thus requiring different time and spatial
increments . In order to minimize numerical discre-
pancies, the model runs were generated for two close
Ds values : 1 .61 x 10-9 m2/s which is the molecular
diffusivity of NaCI in water and 3 .12x 10-9 m2/s
which is twice the preceding value ; the effect on
CP is shown in Fig . 6 . As expected, increasing D,
decreased CP because of increased solute back diffu-
sion into the bulk stream.
The model was also tested for numerical accuracy

by comparing with results of a steady-state CP model
for commercial membranes . A steady-state CP model

1

	

1 '

0.6

	

0.7

Initial Permeate Recovery (r)
(a)

Fig. 6. Effect of solute diffusivity D, on CP modulus.

previously developed using an alternate solution tech-
nique namely a finite element formulation was chosen
for comparison [10] . The operating conditions and
membrane characteristics for this comparison are
listed in Table 2, and the results are plotted in
Fig . 7 ; it was found that the steady-state predictions
of the transient model were within 10% of the pre-
dictions of the Bhattacharya model.
The model was also tested for numerical stability

and for avoiding oscillatory problems . Though a von
Neumann analysis was not conducted because of the
complexities involved with the non-linear nature of
the coefficients in the tri-diagonal coefficient matrix in
Eq. (25), a relatively simpler analysis of the depen-
dence ofnumerical solution on numerical grid size and
time steps were undertaken . The numerical procedure
was found to be conditionally stable in the lateral
direction because of the parabolic nature of Eq . (9) in
that direction. Accordingly, a relatively small time
step of 1/200th of the nominal residence time was
chosen . This ensured numerical stability in the lateral
direction ; Eq . (9) is hyperbolic in the axial direction,
and therefore the adopted centered-difference proce-
dure worked effectively.



Fig . 7. Comparison of the CP results of the model with an earlier steady-state FEM solution [10] ; operating conditions listed in Table 2 .

4.2. Model predictions

y

b
0 3-

a
U

2_

Flow: Laminar

Feed: 6 .0E-04 m3/s

FD model

0.0 0 .2 0.4

Axial position (X)

Three different axial velocity profiles were used to
duplicate laminar flow, completely mixed flow and
spacer-induced mixing (partial mixing) regimes
described by Eqs . (11), (14) and (15) ; some of the
results were verified experimentally. Five feed solute
concentrations were chosen for model runs at 0.01,
0.2, 0.5, 1 .0 and 2.0 kg/m3 ; four feed flow rates at
1.26x 10-4 , 1 .89 x 10-4 , 9.46 x 10-4 , 1.89 x 10-3 m3/S
and three recycle rates at recycle ratios of 0.0, 0.5, 1 .0,
5.0 and 10 were chosen to investigate the effect of
cross-flow. In addition, the effect of ambient tempera-
ture was also investigated at 15°C, 20°C and 25°C .
Transient flux decline information that the model is
capable of generating is illustrated for laminar flow for
different feed concentrations in Fig . 8 ; the permeate
fluxes are plotted as a function of time until steady-
state conditions are attained. However, this procedure
was not adopted for illustrating all model results . To
conserve space, only steady-state results are shown for
different feed and operating conditions, and flow
regimes .
CP and loss in permeate flow are plotted for various

feed concentrations in Fig . 9(a) and (b), respectively.
Lower feed solute concentrations resulted in higher
CP modulus values because of higher permeation
rates . Since experiments were conducted only for salt
concentrations ranging from 0.01 to 2.0 kg/m3 , the
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model predictions and discussion are limited to this
range . The lower concentrations ranging up to 0.5 kg/
m3 reflect those found in typical municipal and indus-
trial wastewater discharges while higher concentra-
tions up to 2.0 kg/m3 are more representative of
brackish water sources . Laminar flow (Eq . (11))
results were also compared to completely-mixed flow
regimes (Eq . (15)) for two feed concentrations : 0.01
and 1 .0 kg/m3 ; the latter invariably decreased CP and
therefore the permeate flux decline because of more
effective mass transfer via mixing (Fig . 10) .
The effect of increasing cross-flow velocity was

investigated in two ways : (1) increasing feed flow, and
(2) increasing recycle flow. The effect of increasing
feed flow on CP, and therefore permeate flux decline is
shown in Fig . 11 (a) while the effects of recycle flow
rates are shown in Fig . 11(b) . Two different flow rates
were used to verify the model with experiments at
1 .26x 10-4 and 1 .89x 10-4 m3/S (Reynolds Number -
Re of 67 and 101, respectively) ; however, the model
was also tested at flow rates of 9.46x 10-4 and
1 .89 x 10-3 m3/s (Re values of 505 and 1010), and
the results from this increase which are more dramatic,
are shown in Fig. 11(a) . As expected, higher feed flow
rates directly reduced CP and permeate flow loss
because of increased cross-flow and effective mass
transfer. The impact of increasing recycle flow rates
was more complicated because there were competing
factors that influenced CP. The increase in cross-flow
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Flow: Laminar

Feed : 1 .89E-04 m3/s
Recycle R. 0.0

OP: 690 KPa

velocity had the impact of reducing CP and flux
decline but it also contributed to an effective increase
in feed concentration because of mixing with the more
concentrated recycle fluid. While the latter effect was
dominant at lower recycle rates (recycle ratios up to
1 .0), CP was reduced at higher recycle flow rates
(recycle ratios above 1.0) . However, the results are
only preliminary and need to be verified experimen-
tally ; this is especially important at higher cross-flow
velocities because of the impact of axial pressure drop .
In all the above model runs, a constant axial pressure
drop of 10% was assumed ; this could be higher in real
systems leading to greater flux decline than what is
shown in Fig . 11(b) . The effect of temperature on
permeate flux decline is illustrated in Fig . 12 . Tem-
perature was mainly assumed to influence A and Kosm .
Since the permeability experiments on the membrane
were conducted in the limited range of 15-25°C, the
model runs were limited to this range . Nevertheless,
increasing temperature had the effect of increasing
permeability, and therefore increased CP and flux
decline .
The model was also used to predict CP and loss in

permeate flow for spiral wound membranes based on

4

Time (X nominal residence time)

Co = 0.01 kg/m 3

Co = 0.2 kg/m3

Fig . 8 . Transient state model predictions : permeate flow loss is plotted versus time.

a)

an axial velocity profile provided by Miyoshi (Eq . 76) .
The main parameter of interest was the constant m,
which defined the extent of mixing induced by the
spacer. Based on the specifications provided by the
manufacturer in this study (Desal, based in Escondido,
CA) on the spacer thickness (7.62 x 10-4 m), cross-bar
thickness (2.16x 10-4 m) and spacer porosity (at
approximately 0.9), the constant was calculated to
be 8.7 employing Eq . (8b) . The losses in permeate
flow for a specific feed concentration (0.5 kg/m3 ) are
compared with laminar and completely mixed flow
(m--->oc) regimes and plotted in Fig . 13(a) . The lami-
nar flow regime gave the highest CP and permeate flow
loss confirming the need for effective solute mass
transfer during membrane separation ; the presence
of the spacer only decreased CP and flux decline
but the change was marginal . This result indicates
the improvements that are necessary for increasing the
effectiveness of the mixers by increasing m ; for
instance, decreasing spacer porosity considerably
increases the value of m, ensuring adequate mixing .
The model was also used to study the effect of

channel half-width H and the degree of mixing ; the
latter effect is represented by the parameter m . The
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Flow: Laminar

Feed : 1.89E-04 m3/s
Recycle RC: 0.0

C0 = 0.01 kg/ 3

C = 0.2
0
= 0.5 kg/m 3
= 1.0 kg/m 3
- 2.0 kg/m3
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Initial Permeate Recovery (r)

(a)

1 .0x10, 1 .2x10-4 1 .4x10"° 1 .6x10-4

Initial Permeate Flow (m3/s)

20-10-1.6x1

Fig. 9. Model predictions for various feed solute concentrations : (a) CP modulus versus recovery, and (b) initial versus steady-state permeate
flow.
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4.3 . Experimental verification
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results on permeate flux decline for initial starting
recovery of 0.83 are presented in Fig . 13(b) ; five
values of H at 20, 25, 30, 35 and 40 mils (1 mil=
7.62x 10-4 m), and four values of m at 1, 10, 100 and
1000 were chosen for model runs . The permeate flux
decline was lowest for H value of 20 mils and m value
of 1000 ; lower H values essentially increased cross-
flow velocity while higher m values represented a
greater degree of mixing and turbulence .

The experimental data were compared with model
runs for all the cases of axial velocity i .e ., laminar
flow, completely mixed flow and flow with feed
spacers . Fig . 14(a) represents normalized flux decline
data for a typical 1 h experiment conducted on the
unit; for the feed flow rates used in these experiments
(1 .26x 10-4, 1.89x 10-4 m3/s), the 1 h test period was
approximately 30 times the feed side fluid residence
time . This test period was adequate for the permeate
flux to decline to a steady-state value . The experi-
mental flux values were adjusted for variations in the
operating pressure since it varied, though within 10%,

1 .0x10-4 1 .2x10-4 1 .4x10

Initial permeate flow (m3/s)

1 .6x10' 4

Fig . 10 . Effect of laminar versus completely mixed flow regimes on permeate flow loss .

over the test period ; this procedure facilitated compar-
ison with model results where the operating pressure
was assumed to be constant . From Fig . 14(a), it can be
observed that there is approximately a 10% discre-
pancy between experimental flux decline and model
predictions based on spacer-induced mixing ; however,
it was lower than the flux decline predicted by com-
pletely mixed flow . This difference is primarily attrib-
uted to two factors : (1) numerical error that is
normally associated with any FD solution and/or (2)
the limitations associated with the description of the
eddy constant m . For instance in the latter case, the
authors who provided expressions for the axial velo-
city ignored the effects of drag induced by the spacer
in order to simplify analysis . In addition, empirical
expressions were provided for m based on limited
experiments conducted on standard spacers . Another
discrepancy between experimental data and model
predictions is the rate of development of CP and
eventual flux decline ; for instance, it can be observed
from Fig . 14(a) that the flux decline in the case of
experimental data is slower as compared to all the
three model curves . This discrepancy is attributed to
some of the basic assumptions associated with the
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8.0x10
-5 1 .0x10-4 1.2x10-4 1.4x10-4 1 .6x10-4

Initial permeate flow (m3/s)
(a)

Initial permeate flow (m3/s)
(b)
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i
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Fig. 11 . Effect of cross-flow on CP and permeate flow loss: (a) Re versus flow loss, and (b) R. versus flow loss .
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Fig . 12 . Effect of ambient temperature on permeate flow loss at zero recycle.

model namely that the fluid is already at a steady-state
on the feed side of the membrane before salt is
introduced as a step function (i .e ., from initial pure
solvent to a specific feed concentration) . However, this
was not observed during the experiments because of
the large quantity of pure solvent (water) that was
necessary for each experiment. A typical experimental
run consisted of operating the RO unit at a specific
permeate recovery initially on 1 .0 m3 of clean water
(with an approximate salt concentration of 0.01 kg/
m3) in a total recycle mode with both the concentrate
and permeate being recycled to the feed tank. The RO
unit was then suspended for a brief period of 2 min to
mix a predetermined quantity of salt in the feed tank to
attain a specific concentration, and restarted to con-
duct the flux decline experiment for that salt concen-
tration . Thus, the procedure automatically insured that
there was a delay in the build-up of CP and flux decline
associated more with the positive displacement feed
pump reaching its operating rpm . This discrepancy
was limited to within two to three minutes of operation
and did not affect flux decline thereafter. The steady-
state values of CP modulus and flux decline that
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T=15C

T=20C

Initial permeate flow (m3/s)

T=25 C

1.8x104

depended only on feed and operating conditions such
as recovery, feed solute concentration and ambient
temperature were also unaffected .

Steady-state data were compared with modeling
results for various feed solute concentrations, operat-
ing pressures and recycle flow rates . In general, the
modeling results based on laminar and spacer
induced flow regimes consistently over-predicted
permeate flow loss . However, flow loss based on
completely mixed flow was consistently lower than
that observed during the experiments. It is expected
that model predictions based on laminar flow would
over-predict permeate flow loss, while those based on
completely mixed flow would under-predict it. This
results because of the partial mixing, which is not
described in either case . This was true in all the
experiments that were conducted during this study.
The relatively minor differences between experimen-
tal data and predictions based on spacer induced
mixing can be attributed to the simplifying assump-
tions made during model development . Some of the
steady-state results with respect to flow loss are shown
in Fig . 14(b) .
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Flow : 1 .89E-04 m3/s
D : 1 .61E-09 mZ/s

B

A : 5 .3E-09 m/s.KPa

Ca : 0.51cg/m 3
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I ,
8 .0x10 -5 1 .0x10 -4 1 .2x104 1 .4x10 -0 1 .6x10

Initial permeate flow (m 3 /s)
(a)

Channel width (mils)
(b)

Laminar (m=0)

Fig . 13 . Permeate flow loss at zero recycle plotted : (a) for various flow regimes, and (b) versus channel thickness in mils (1 mil=7.6x 10-° m)
and mixing parameter m .
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Initial permeate flow (m3/s)
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Fig . 14 . Experimental verification on the pilot-scale RO unit : (a) transient-state data, and (b) steady-state data.



5 . Summary and conclusions

Concentration polarization (CP) is a serious
problem that has restricted the use of membranes .
In this study, a transient state finite difference (FD)
model for predicting CP and initial loss in permeate
flow was developed and tested as a first step towards
developing a more comprehensive model for long-
term permeate flow loss in commercial membrane
systems . A computer program was written to solve
the solute mass balance equation along with the
equations of fluid balance and continuity. The equa-
tions were written to describe flow in spiral wound
membranes with feed spacers, but other flow regimes
such as laminar flow and completely turbulent flow in
rectangular channels were also analyzed . Awide range
of feed and operating conditions were studied to
ascertain the consistency and behavior of the model .
The effect of other important membrane characteris-
tics such as channel thickness, spacer characteristics
and temperature were also studied . The effect of cross-
flow was also studied by varying feed and recycle flow
rates .

Experiments conducted on a pilot-scale spiral
wound RO unit for separation of NaCl solutions at
various feed concentrations, feed flow rates, recycle
rates compared well with the model ; the model con-
sistently over-predicted permeate flow loss by
approximately 10% . This was attributed to the limita-
tions of the model, including numerical error as
well as limitations relating to the description of the
membrane, module and the spacers . For example,
several assumptions were made during the formula-
tion of the model such as constant solute rejection,
constant axial pressure drop of 10% on all model
runs and the absence of spiraling effects . Nevertheless,
the model was successful in accurately predicting
the effects of CP and is expected to be useful in the
design of commercial membrane systems . The
overall formulation of the model is also relatively
easy to interpret, and is therefore expected to be useful
for separation problems involving colloidal and
organic matter removal that are described by other
membrane flux models such as the gel polarization
model or the resistances model . Another advantage
of the model is its relevance to long-term flux
decline ; as each model runs reaches steady-state with
respect to CP, progressively larger time increments
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can be taken in order to incorporate these effects.
Thus, a substantial amount of flux decline information
could be generated within reasonable computation
times .

6. Nomenclature

A

	

membrane permeability (m/s KPa)
c

	

solute concentration (kg/m3)
CO

	

inlet (feed) solute concentration
C

	

scaled solute concentration (C=clco)
CP	scaledpermeate solute concentration
CR	scaledrecycle solute concentration
CW	scaledwall solute concentration
d5	spacerfiber thickness
D

	

scaled solute diffusivity (DS Lluo H2 )
Ds

	

solute diffusivity (m2/s)
2H

	

channel thickness (m)
K,,sm

	

osmotic coefficient (KPa m3/kg)
i

	

numerical variable in x-direction
j

	

numerical variable in y-direction
L

	

channel axial length (m)
m

	

mixing parameter
n

	

numerical variable in time
ns

	

number of spacers
P

	

applied pressure on the feed side (KPa)
OPax

	

axial pressure drop (KPa)
R

	

percent rejection coefficient (100
(C-CP))

Rc

	

recycle ratio
Re

	

axial Reynolds number (4Huolv)
t

	

time coordinate (s)
is

	

spacer thickness
T

	

scaled time coordinate (t uOIL)
u

	

axial velocity (m/s)
uo	axialvelocity at the module inlet
U

	

scaled axial velocity (uluo)
Uavg

	

space-averaged scaled axial velocity
v

	

lateral velocity (m/s)
VW

	

wall permeation velocity
V

	

scaled lateral velocity (v Lluo H)
VP	scaledpermeation velocity
VW	scaledwall permeation velocity
x

	

axial coordinate (m)
X

	

scaled axial coordinate (x/L)
y

	

lateral coordinate (m)
Y

	

scaled lateral coordinate (y/H)

33
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Greek letters

e

	

spacer porosity
v

	

solvent kinematic viscosity (mz/S)
17

	

osmotic pressure (KPa)
p

	

solvent density (kg/m3)
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