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a b s t r a c t

A transient model based on the finite element method (CFD Comsol) to simulate numerically the flow
(momentum equation) and the concentration (diffusion–convection equation) in an ultrafiltration unit
is presented. The CFD model was developed by solving the 2D Navier–Stokes equation and the mass
conservation equation for transient conditions. A resistance model was used to link the retained protein
concentration, the feed and permeate velocity and the pressure at the membrane surface. The ultrafiltra-
tion unit consists of a hollow fiber module, a feed tank and a feed pump. In the hollow fiber module, the
variable transmembrane pressure, a variable viscosity of the retentate and a polarization layer and a time
variable cake occurring on the membrane are considered. Under laminar flow regime, the model allows
for the predictions of the velocity fields, the pressure and the concentration along the membrane fiber.
The model predictions for the transient permeate flux and the pressure profile in the fiber are compared
to experimental data during the concentration of soy protein extracts in a hollow fiber module where total
retention of the soy protein is achieved. The comparison shows that the proposed model fits well with the

experiments and shows the interest to take into account the variation of resistance and the concentration
dependant viscosity flux. The model shows that the transmembrane pressure is an important element
on the polarization concentration profile and that a constant transmembrane pressure yields erroneous
conclusion on the concentration polarization. The model alleviates some limitations on the polarization
modeling avoiding the need to estimate the polarization thickness in the computation of the polarization

of the
ertie
resistance. The flexibility
the variations of the prop

. Introduction

Membrane technology has received considerable interest over
he years for the concentration of soy proteins where proteins
re retained by the membrane while the oligosaccharides and
inerals are assumed to be removed through the membrane [16].
owever, one limitation is the declining permeate flux with time as

eed components accumulate on the membrane surface resulting
n a polarization layer and possibly a cake formation and pore
lugging. It is well known that these phenomena are related by
he hydrodynamics of the system contributing to fouling. Accurate
redictions of permeate flux and permeate quality are major
asks to design and evaluate membrane processes. To predict

ccurately the membrane operation and the transient behavior of
he permeate flow, it is necessary to model the hydrodynamics and

ass transfer phenomena that take place in the bulk solution and
t the surface of the membrane.

∗ Corresponding author. Tel.: +1 819 821 8000x62166.
E-mail address: bernard.marcos@usherbrooke.ca (B. Marcos).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2009.03.036
current model is only limited by the ability of the user to accurately define
s of the system for industrial applications.

© 2009 Elsevier B.V. All rights reserved.

In the context of membrane separation processes, the simula-
tion approaches may use macroscopic or microscopic models. Most
macroscopic models incorporate detailed resistance models such as
pore-blocking resistance or cake resistance (Bolton et al. [1], Ho and
Zydney [2]) while few microscopic models will include such resis-
tance models. The macroscopic models consist of simplified global
mass balance where permeate flux is related to the transmembrane
pressure, global membrane resistance, viscosity and other average
hydrodynamic parameters. In contrast, the microscopic models use
the conservation equations that are solved with the help of numeri-
cal scheme either developed by authors (Damak et al. [3], Oxanrago
et al. [4], Secchi et al. [5], Sulaiman et al. [6], Geraldes et al. [7],
Pellerin et al. [8]), or by available commercial CFD tools (Ahmad
et al. [9], Wiley and Fletcher [10], Bessiere et al. [11], Subramani
et al. [12]). Broadly speaking, the mass diffusion equation is used
but the momentum equation is not always completely solved. For

example, Oxanrago et al. [4] used an asymptotic development of the
Navier–Stokes equations. Such an approach introduces approxima-
tion on the radial velocity and consequently on the permeate flux. It
also requires constant viscosity and diffusion although in reality the
viscosity may change significantly for protein solutions. Recently,

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:bernard.marcos@usherbrooke.ca
dx.doi.org/10.1016/j.memsci.2009.03.036
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essiere et al. [11] developed a colloid dead-end filtration model in
ommercial CFD software taking into account variable diffusivity
nd viscosity. The microscopic approaches also differ with respect
o the boundary conditions. Ahmad et al. [9], Lee et al. [13], Varol et
l. [14] assume that the permeate velocity is constant along the fiber
ut the assumption is not realistic. Geraldes et al. [7] use experimen-
al permeate velocity at different positions as boundary condition,
ut it is to be noted that the local permeate velocity flow may be
uite difficult to measure. Bessiere et al. [11] assume that permeate
elocity is variable along the fiber (depending on wall concentra-
ion and osmotic pressure) but constant with the time during the
ransient simulations. The relationship between the local permeate
elocity and the different resistances is an important characteristic
f the microscopic models. Wiley and Fletcher [10] assumes that
he permeate velocity is independent of transmembrane pressure
nd the global resistance. Some authors consider the polarization
ayer. However, the definition of the polarization layer thickness is
ot uniform. Damak et al. [3] and Pak et al. [15] define the thickness
f the polarization layer as the distance from the membrane surface
o the position where the relative error between the wall concen-
ration and the bulk concentration was inferior or equal to 10−3.
eraldes et al. [7] define the polarization boundary layer thickness
s the distance from the membrane surface at which the solute
oncentration exceeded by 5% the solute concentration in the bulk
ow. Ahmad et al. [9] use the simple film theory to compute the
hickness of the gel polarization layer but the film theory requires
n estimate of the mass transfer coefficient and overestimates the
hickness estimation.

Previous studies do not always include an experimental vali-
ation of the model (Damak et al. [3]) or may contain important
aps between the model predictions and the experimental data
Suleiman et al. [6]). The differences may come from the incom-
lete modeling of the resistance (Suleiman et al. [6]) or from some
f the assumptions made, a constant viscosity (Secchi et al. [5]), a
onstant permeate velocity (Lee et al. [13]). Wiley and Fletcher [10]
roved that the model predictions change significantly whether
onstant properties are assumed or if the properties are assumed
o depend on the concentration. An accurate solution of the hydro-
ynamics and diffusion model is important because it enables the
ccurate computation of the radial velocity (the axial velocity fol-
ows closely the classical parabolic profile), the computation of the
ressure related to the viscosity and the computation of the concen-
ration. Due to the coupling of the mass and momentum equations,
he CFD approach is relevant for solving such problems. Finally, the
ermeate flux is the important factor of the filtration process and an
ccurate prediction of the transient permeate flux should include
he different fouling mechanisms. In this paper, we present a CFD

odeling study for the analysis of the hydrodynamics and the mass
ransfer considerations in the bulk and at the membrane surface
uring the transient operation of the concentration of soy protein
xtracts by ultrafiltration operated at typical constant TMP condi-
ions for soy protein concentration [29]. The concentration of soy
rotein extracts by cross-flow hollow fiber ultrafiltration is used
o develop the model and to provide model predictions that are
ompared to experimental data. The experimental data enables the
odel validation.

. Experimental

.1. Experimental set-up
A high shear hollow fiber tangential flow membrane ultrafiltra-
ion unit was used (Fig. 1). Soy protein extracts were placed in a 2-L
eed tank (1). During the filtration, the retentate was returned to the
eed tank which agitated the feed solution resulting in homogenous

ixing. A Moyno progressing cavity variable speed pump (2) with a
Fig. 1. Schematic diagram of the hollow fiber ultrafiltration experimental system:
1, feed tank; 2, pump; 3, flowmeter; 4, membrane; 5, pressure transducers; 6, pinch
valve; 7, sampling valve; 8, permeate container; 9, balance; 10, PC/software.

fluid flow rate of 0–5.68 L/min (0–1.5 GPM) was used to provide high
shear pulseless flow to the membrane module. A flow meter (Cole
Parmer A-32477-04) was installed on the feed line (3) to measure
the flow rate of the feed solution entering the membrane module.
A hollow fiber ultrafiltration membrane cartridge (Amersham Bio-
sciences UFP-100-E-4MA) was used (4). The membrane material
was polysulphone with a 100-kDa molecular weight cut off. The
module was 30 cm in length with 50 fibers of 1 mm inner diam-
eter. The membrane surface area was 420 cm2. The permeate was
collected in a 2-L glass beaker (8) placed on an AdamLab AEP Top
loader balance (Cole Parmer A-11700-92) which measured the mass
of permeate collected with time enabling the determination of the
permeate flux. The capacity of the balance was 2500 g with an accu-
racy of 0.001 g. Real time data acquisition was achieved via a data
acquisition card (10) connected to a PC running Labview®. The data
acquisition card was a USB based personal measurement device
(Techmatron Instruments PMD-1208LS) which connected directly
to the PC where Labview 6.1® was installed. Pressure transduc-
ers were placed on the feed (Cole Parmer 0–50 psig A-68075-16),
retentate (Cole Parmer 0–50 psig A-68075-16) and permeate (Cole
Parmer 0-25 psig A-68075-44) lines to measure the transmem-
brane pressure.

2.2. Experimental procedure

Soy protein extracts were provided by Agriculture and Agri-Food
Canada (St-Hyacinthe, Canada) and produced according to Mondor
et al. [17]. The extracts were produced by alkali extraction and had a
final pH of 9. For the concentration experiments, the feed solution
was prepared by reconstituting a given amount of the powdered
extract in a given volume of Nanopure® water. The concentration
studies were carried out at 25 ◦C and at the pH of extracts by draw-
ing off the permeate to achieve a volume concentration ratio (VCR)
of 3.5 defined as the ratio between the volume of the feed and the
volume of the retentate. A shear rate of 8000 s−1 was employed
corresponding to a 2.4-L/min feed flowrate (Qfeed). The global
transmembrane pressure TMP, TMP = ((Pin + Pout)/2) − PPermeate, was
maintained at 27580 Pa (4 psi) or 41370 Pa (6 psi). At the start of

the experiment, the feed solution was circulated with the retentate
valve completely open. Permeate flux measurements were taken by
measuring the time it takes for 1 g of solution to permeate the mem-
brane. Two permeate flux measurements were taken for every 25 g



138 B. Marcos et al. / Journal of Membran

o
o
w
M

3

f
fi
c
p
a
fl
a
a
s
p
r
t
i
b
t
i
t
t
a
W
k
f
m
d
i
t
s
e

3

p
w

�

Fig. 2. Simplified representation of the hydrodynamics in the hollow fiber.

f permeate until the appropriate volume of permeate was drawn
ff to obtain the desired VCR. After each filtration, the membrane
as cleaned according to the protocol described by Skorepova and
oresoli [18].

. Modeling

The system to be modeled consisted of the feed tank (1), the
eed pump (2) and the hollow fiber module (4), Fig. 1. The 50-
bers cartridge constitutes the main part of the system. Each fiber
onsists of a cylinder with radius R and length L surrounded by a
orous membrane that acts independently. The diameter (10−3 m)
nd the flow rate (Qfeed < 5.68 L/min) are small. For the nominal
ow rate Q = 2 L/min used in the experiments and simulation, the
verage velocity inside one fiber is Vmean = 4Q/50�D2 = 1.02 m/s
nd the maximal Reynolds Number is DVmean�/�w = 1000. Con-
equently, the flow is assumed laminar. It is assumed that the
olarization layer and the cake do not change significantly the
adius of the lumen and this radius is constant during the filtra-
ion. Fig. 2 reports a simplified representation of the hydrodynamics
nside one fiber. The soy proteins are in low concentration in the
ulk so that the solution density is considered constant. However,
he effect of the concentration on the viscosity of the solution
s considered because viscosity is doubled when the concentra-
ion is multiplied by six and the pressure varies strongly with
he viscosity (data not shown). The soy protein extract contains
pproximately 60% proteins, 30% carbohydrates and 10% ash [18].
e assume that the proteins are fully retained when using a 100-

Da membrane and that the carbohydrates and the minerals are
ree to permeate. The assumption that the minerals are free to per-

eate is a good initial approximation even though experimental
ata revealed that there is some retention of the minerals dur-

ng the concentration operation [18]. The model considers that all
he fibers have the same behavior and the permeate flux is the
ame for all the fibers. Consequently, only one fiber will be mod-
led.

.1. Governing equations of hollow fiber

The continuity equation and the Navier–Stokes equation are
resented in 2D-cylindrical coordinates for the above assumptions
hen considering that angular symmetry applies:

∂vz

∂z
+ 1

r

∂rvr

∂r
= 0 (1)
(
∂vz

∂t
+ vz

∂vz

∂z
+ vr

∂vz

∂r

)
= 1

r

∂

∂r

(
r�

∂vz

∂r

)
+ ∂

∂z
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�
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(2)
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The equation of conservation is for the protein concentration C,
the component retained by the membrane and responsible for the
flux decline:

∂C

∂t
+ vz

∂C

∂z
+ vr

∂C

∂r
= 1

r

∂

∂r

(
Dr

∂C

∂r

)
+ ∂

∂z

(
D

∂C

∂z

)
(4)

3.2. Boundary conditions of a fiber

At the inlet of a fiber, the flow is assumed to be fully developed
and a parabolic flow is specified.

For z = 0, vz = vz,max

(
1 −

(
r

R

)2
)

, vr = 0 (5a)

At the outlet, the pressure is the atmospheric pressure.

For z = L, P = Patm (5b)

The centerline of the fiber is a symmetry axis:

For r = 0,
∂vz

∂r
= 0, vr = 0 (5c)

At the surface of the membrane fiber, the axial velocity vz

is set to zero (no slip condition) and the radial velocity is
set to vw. vw is related to the local transmembrane pressure,
�P = P(z,R,t) − PPermeate (PPermeate = Patm) the viscosity and the dif-
ferent resistances. The expression of vw is detailed in the following
sections.

For r = R, vz = 0, vr = vw (5d)

At the inlet of the fiber, the protein concentration is taken to be
the protein concentration in the feed tank.

For z = 0, C = Cfeed(t) (5e)

By assuming the total rejection of the proteins, the relationship
for the protein concentration at the membrane surface is given as

For r = R, vrC − D
∂C

∂r
= 0 (5f)

3.3. Governing equations of feed tank

The feed tank is represented as a continuous stirred tank with
constant density with:

dVfeed

dt
= Qhf − Qfeed (6)

dVfeedCfeed

dt
= QhfChf − QfeedCfeed (7)

There is no accumulation in the pipe between the feed tank and
the hollow fiber module. Consequently, the following mass balance
for the proteins provides a relationship between the feed tank and
the hollow fiber filtration unit:

QhfChf =
∫ R

0

vz(L, r, t)C(L, r, t)2�r dr (8)

3.4. Physical properties for the solution
The viscosity and the diffusivity of the solution depends on the
protein concentration. Several relationships have been proposed to
take into account this dependancy. For soy flour extracts, Noord-
man et al. [19] used an exponential relation supported by a similar
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elationship reported previously by Cheryan for the viscosity of soy
rotein extracts during filtration concentration operation [20]:

= �refe
˛(C−Cref) (9)

here C is the protein concentration and ˛ is a proportionality
onstant computed from experimentation [21] with the following
umerical values for Eq. (9):

�ref = 2.8 × 10−3 Pa s
˛ = 0.0095 L/g
Cref = 12 g/L

For the range of concentrations included between 10 g/L and
00 g/L, Malhorta and Couplands [22] obtained similar experimen-
al values for the viscosity of soy protein isolates.

.5. Initial conditions

At the beginning of the filtration process, the protein concentra-
ion in the feed tank and the hollow fiber module is Cinit. The initial
elocity profile is the same as obtained with pure water.

.6. Permeate flux modeling

The permeate flux decline is induced by the accumulation
f the proteins near the membrane surface that are too large
o permeate through the membrane. Such an accumulation will
nduce an increase of the overall membrane resistance. A number
f mechanisms may cause the increase of the global membrane
esistance, concentration polarization, cake formation and pore
locking. Based on these mechanisms, the global membrane resis-
ance is expressed as follows:

g = Rm + Rpol + Rcake + Rblock (10)

ith Rm, the clean membrane resistance, Rpol, the concentration
olarization resistance, Rcake, the cake resistance and Rblock, the
locked pore (internal pore fouling) resistance.

The local permeate velocity at the membrane surface (vw) will
e described by Darcy’s law:

w = �P

�0Rg
= �P

�0(Rm + Rpol + Rcake + Rblock)
(11)

ith �0 the viscosity of the water.
In the modeling, we distinguish between two transmembrane

ressures. The global transmembrane pressure corresponds to
MP = ((Pin + Pout)/2) − PPermeate. The TMP was set at 27580 Pa (4 psi)
r 42542 Pa (6 psi) during the filtration by adjusting the pinch valve
n the retentate line. The local transmembrane pressure (neglecting
he osmotic pressure) varies according to the position z, is given as

P(z,t) = P(z,R,t) − PPermeate with P(z,R,t) the pressure of the solution
t the inner surface of the membrane (inside the fiber) and PPermeate
he pressure (assumed constant) of the permeate (at the outer sur-
ace of the fiber). The local transmembrane pressure is calculated
y the model for every z position.

A visual analysis of the experimental flux profile with time for
he concentration of the soy protein extracts reveals several phases:
n initial rapid and significant flux decrease phase; a stabilization
hase and a subsequent decrease without stabilization phase. Based
n filtration theory for tangential flow ultrafiltration, the first phase
ay be associated with the formation of polarization layer charac-
erized by a polarization resistance, Rpol while the subsequent flux
ecrease phase may be associated with the formation of a cake layer
nd pore blocking characterized by Rcake and Rblock. The polariza-
ion resistance increases with an apparent time constant �pol and
eaches a limiting value Rpol,ss corresponding to the beginning of the
e Science 337 (2009) 136–144 139

pore blocking and the cake formation. The increase of the polariza-
tion resistance with time is described with the following differential
equation:

�pol
dRpol

dt
= (Rpol,ss − Rpol) Rpol(0) = 0 (12)

As the polarization is related to the protein concentration at the
membrane wall (Cw), the apparent time constant (�pol) is related
to the wall concentration Cw. The apparent time constant varies
inversely to the wall concentration. A simple inverse relationship is
assumed between �pol and Cw with proportional constant kpol:

�pol = kpol

Cw
(13)

The second term of the Eq. (12) reduces the increase of the
polarization resistance when the polarization resistance becomes
important. The steady-state polarization resistance is the resis-
tance of the fully developed polarization layer. By representing the
dynamics of the polarization layer with Eq. (12), the need to com-
pute explicitly the thickness of the polarization layer is avoided. This
is a simplification with respect to several polarization resistance
models presented in the literature where the estimation of a spe-
cific polarization layer resistance and thickness is required [3,23].
Another characteristic of Eq. (12) is that the polarization resistance
changes with the position z because the protein concentration at
the membrane surface Cw depends on the position z. Tu et al. [24]
present also resistance model based on two ordinary differential
equations, but their model uses also an adimensional power law
and requires the estimation of the power exponent. As the trans-
membrane pressure TMP is small, cake compression is unlikely to
occur and will not be considered in the following analysis.

Since it is quite difficult to identify the individual contribution
of the cake formation and the pore blocking in the last phase of
the filtration, the sum R∗

block = Rblock + Rcake will be considered in
our analysis. As the decrease of the flux is quite important in this
phase, the proposed relation for R∗

block assumes that the increase of
R∗

block is linearly proportional to R∗
block (complete blocking model).

The increase of R∗
block is limited by the shear stress induced by main

flow described by Rshear where Rshear is assumed constant in this
phase. Consequently, the variation of R∗

block will be given by the
following differential equation:

�block
dR∗

block
dt

= R∗
block − Rshear

R∗
block(t = 0) = R∗

block0

(14)

The resistance R∗
block0 is the initial sum of the resistance when

the filtration process begins and corresponds to the resistance of
the initial protein adsorption induced by the feed recirculation [2].

3.7. Numerical solution

The mass and momentum equations were solved using the
finite element software Comsol (version 3.4). This software has
been used previously for filtration modeling by Subramani et al.
[12] and Lerch [25]. A two-dimensional, axisymmetric hollow fiber
was meshed with mesh generated by the software Comsol, hav-
ing a very fine mesh near the membrane surface. The automatic
meshing on the membrane boundary is controlled by the specified
maximum size of element and the growth rate of the elements.
This is a classical approach used in finite element method to con-
sider a region with high gradient variation near the membrane.

A similar approach was used by Subramani et al. [12], Lerch [25]
and Huang and Morrissey [26]. Triangular and quadrilateral ele-
ments were tested but no significant differences were observed. The
ordinary differential equations describing the resistance dynam-
ics were introduced with the weak formulation on the boundary
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and the linear decrease of the predicted permeate velocity with
position is reduced. At the end of the filtration (180 min), the pre-
dicted permeate velocity is further reduced and is quite low in the
last section of the fiber. This indicates that the filtration occurs
Fig. 3. Mesh used in the numerical simulations.

f the domain. The ordinary differential equations describing the
ank dynamics were solved with a Runge Kutta method. The result-
ng linear equations of the finite element method were solved by
sing the non-symmetric-pattern multifrontal method and direct
U factorization of the sparse matrix. The method converges when
he weighted absolute residual norm is less than 10−5. In order to
liminate the effect of mesh quality and size on the results, differ-
nt simulations were performed with different mesh resolutions.
rom these results, the grid illustrated in Fig. 3 containing 3985
lements and 26619 degrees of freedom was chosen because more
efined meshing does not change the results of the simulation. The
umerical tests were performed on Intel Q9300, 2.5 GHz with 8GB
AM.

. Results and discussion

The parameters used for the modeling are listed in Table 1.
xperiments using pure water as feed solution were used to esti-
ate the membrane resistance Rm. A regression analysis provided

he five parameters, �pol, Rpol,ss, �block, Rshear and Rblock0. The range
f the initial cake resistance Rblock0 was experimentally estimated
s 3.9 × 1012 m−1 ± 20% for pH 9 [21].
.1. Permeate flux dynamics

The permeate flux depends on the local transmembrane pres-
ure and the global resistance according to Eq. (11). Fig. 4 reports
he experimental and the predicted permeate flux profile for the

able 1
arameters used in the model development for the concentration by ultrafiltration
f soy protein extracts for a 2.4-L/min feed flowrate (corresponding shear rate (�)
000 s−1).

odel parameters Experiment at
TMP = 27,580 Pa

Experiment at
TMP = 41,370 Pa

m (m−1)a 2.7 × 1012 2.5 × 1012

block0 (m−1) 3.30 × 1012 4.52 × 1012

block (min) 15.5 42.4
shear (m−1) 3.29 × 1012 4.51 × 1012

pol (min−1) 1000 900
pol,ss(m−1) 2.5 × 1012 3.5 × 1012

init (g/L)a 8.9 12
(m2/s) 5 × 10−11 5 × 10−11

a Experimentally determined.
Fig. 4. Permeate flux decline during the concentration of soy protein extracts in
a 100-kDa hollow fiber system operated at different pressures, TMP = 41370 Pa
(Cinit = 12 g/L) and TMP = 27580 Pa (Cinit = 12 g/L).

feed at TMP = 27580 Pa and TMP = 41370 Pa. With the adjusted five
parameters �block, Rshear, �pol, Rpol,ss and Rblock0 the model is able to
describe the permeate flux decline during the filtration process. It is
important to note that the number of parameters to be estimated is
limited and some of them can be roughly evaluated by experiments
if Rblock0 is considered as the irreversible component of the global
resistance.

The local performance of the filtration can be examined by look-
ing at the permeate velocity (vw) profile at different times (Fig. 5).
This analysis provides details about the local resistance with respect
to the time. At the beginning of the filtration operation, the perme-
ate velocity at the membrane surface varies linearly with z, because
the permeate velocity follows the behavior of the local transmem-
brane pressure that also varies linearly with the length z while the
protein concentration is constant along the length of the fiber. As
the filtration progresses, the predicted permeate velocity decreases
Fig. 5. Predicted permeate velocity at the membrane surface for the concentration
of soy protein extracts in a 100-kDa hollow fiber system operated at TMP = 27580 Pa,
Cinit = 12 g/L. with variable viscosity according to Eq. (9) and with constant viscosity.
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Table 2
Resistance model parameters at steady-state.
B. Marcos et al. / Journal of Mem

ssentially in the first section of the fiber. At the end of the filtration,
he estimated local transmembrane pressure is twice the initial
ocal transmembrane pressure and the increase of this driving force

ill compensate the increase of the polarization resistance and cake
esistance. It is important to consider the contribution of the viscos-
ty to the prediction of the permeate velocity and the pressure pro-
le in the hollow fiber during the filtration process. Different pre-
ictions of the permeate velocity, illustrated in Fig. 5, are obtained
hen assuming a constant viscosity (instead of the concentration

ependence viscosity relationship, Eq. (9)). For constant viscos-
ty, the permeate velocity profiles are quite different from those
btained with variable viscosity since the permeate velocity is com-
uted from the local transmembrane pressure, P(t,R,z) − PPermeate
here P(t,R,z) which is obtained by the solution of Navier–Stokes

quations containing viscosity. However, the estimates of the aver-
ge permeate velocity is quite similar whether or not the viscosity
as considered variable. Consequently, the permeate flow-rate

nd the final protein concentration in the feed tank will be
imilar.

.2. Resistance dynamics

The evolution with time of the various resistance components
onstituting the global resistance during the concentration opera-
ion is reported in Fig. 6. Mean values were obtained by integrating
he local resistance over the membrane surface for the polariza-
ion resistance, Rpol = (1/L)

∫ L

0
Rpoldz, the pore blocking and the

ake deposit resistance, Rblock = (1/L)
∫ L

0
Rblockdz, their combina-

ion, Rpol + Rblock and the global resistance Rg . Good agreement
s observed between the experimental global resistance and the
redicted global resistance. The global resistance measured exper-

mentally shows clearly that the variation of the resistance has two
hases; the first phase follows a first-order dynamics with steady-
tate limit and the second phase has an exponential form. The first
echanism is identified to the polarization resistance dynamics.

t is an extension to the polarization model proposed by Carrere
t al. [27] where a first-order dynamics is used with a time con-

tant independent of the concentration. Such dynamics have been
reviously associated with incomplete pore blocking model [28].

n the Carrere’s formulation, the differential equation has the fol-
owing form for the mean value of the global resistance over the

ig. 6. Evolution with time of the resistances for the concentration of soy pro-
ein extracts in a 100-kDa hollow fiber system operated at TMP = 27780 Pa and
init = 12 g/L.
TMP (Pa) J* (L/m2/h) R* (m−1)

41,370 18.0 8.4 × 1012

27,580 9.5 10.7 × 1012

membrane surface, Rg:

dRg

dt
= kJ�P

(
1 − J∗

�P
Rg

)
(15)

Where J* may be identified to the critical (steady-state value) and
kJ is a parameter. Eq. (15) can be rearranged and gives the following
equation:

dRg

dt
= kJ J

∗
(

�P

J∗
− Rg

)
(16)

Eq. (16) is used to estimate the steady-state values (correspond-
ing to d Rg/dt = 0), R* for the value �P/J* and a time constant
identified to �pol = (1/(kJJ*)). Using this formulation and the exper-
imental data for the concentration of soy protein analyzed in this
study, the estimated J* and R* presented in Table 2 indicate that the
estimates of R* or J* may depend on the initial conditions of the
filtration and the set transmembrane pressure.

The analysis of the second phase of the filtration with the expo-
nential formulation of the resistance dynamics and the complete
pore blocking model [28] represented with the formulation of the
classical complete model given as:

dRg

dt
= kJ J

∗
(

Rg − J∗

�P
Rg

2
)

(17)

When the second term in Eq. (17) is small, the variation with time
of the mean global resistance is proportional to the global resistance
and provides an exponential increase. It could be concluded that
the second phase of the soy protein filtration corresponds to the
beginning of the blocking of the pores rather than cake formation.
The presence of pore blockage in the second phase of the filtration
agrees with the profile of the flux decline that continues to decline
at the end of the filtration.

4.3. Protein concentration profile

Using our model that considers a variable permeate velocity,
the protein concentration profile at the membrane surface was
estimated for different times as illustrated in Fig. 7. At the end of
the filtration (180 min), the maximum protein concentration at the
membrane surface is predicted to occur in the first half of the fiber
while the minimum protein concentration is predicted to occur at
the outlet of the fiber. This profile is different from previous mod-
eling studies where the maximum protein concentration at the
membrane surface was reported to occur at the outlet of the fiber
[5,9,10]. In these studies, the permeate velocity at the membrane
surface (vw) was assumed constant. When using our model and a
constant permeate velocity, vw = 10−6 m/s, instead of the bound-
ary conditions (5a) and (10), the predicted protein concentration
at the membrane surface is different as presented in Fig. 7. The
predicted protein concentration at the membrane surface reaches
the maximum at the exit of the fiber. The more accurate local
transmembrane pressure and a computed non-uniform permeate
velocity at the membrane surface explains the different predic-
tions presented in Fig. 7. Since it is quite difficult to measure the

protein concentration at the membrane surface for a hollow fiber
module when using non-destructive techniques, one can obtain a
preliminary estimate of the model prediction by consulting the lit-
erature. Some experiments with different proteins, BSA, reported
polarization concentration with the same order of magnitude as



142 B. Marcos et al. / Journal of Membrane Science 337 (2009) 136–144

F
s
C

o
t
t
p
fi
s
t
m
p
t
(
d
v
c
h

4

m

F
p
C

ig. 7. Protein concentration at the membrane surface for the concentration of
oy protein extracts in a 100-kDa hollow fiber system operated at, TMP = 27580 Pa,
init = 12 g/L.

ur predictions [29]. The radial variation of the protein concentra-
ion for different times at a fixed fiber length (0.15 m corresponding
o 50% of the total fiber length) is illustrated in Fig. 8. The predicted
rotein concentration remains relatively constant in most of the
ber radial region except for a very thin region near the membrane
urface. The concentration dependence of the radial position is con-
rolled by the boundary condition on the membrane wall. In the

ajor part of the fiber, the concentration does not vary with the
osition and the concentration gradient is zero. With the assump-
ion of total reject, the convective flux is equal to the diffusive flux
in absolute value) on the wall. The wall concentration gradient
epends on the large ratio between the diffusivity and the wall
elocity and depends on the input concentration. Consequently, the
oncentration gradient is maximal on the membrane wall and the
ighest concentration is on the membrane wall.
.4. Polarization layer

Generally, the analysis of the polarization layer formed near the
embrane surface requires the selection of a threshold value at

ig. 8. Predicted protein concentration at z = 0.15 m for the concentration of soy
rotein extracts in a 100-kDa hollow fiber system operated at TMP = 27580 Pa,
init = 12 g/L.
Fig. 9. Predicted polarization layer thickness (>101% Cbulk) and film theory at the
end of the filtration (t = 180 min) for the concentration of soy protein extracts at
TMP = 27580 Pa, Cinit = 12 g/L.

which a polarization layer forms. The selection of this threshold
value will affect significantly the intrinsic value of the thickness
estimate and consequently the estimate of the resistance of the
polarization layer when using the relationship Rpol = R′

polıpol where
R′

pol is the specific resistance and ıpol is the thickness of the polar-
ization layer. Typical threshold values reported in the literature are
expressed as 1% or 5% of the bulk concentration [3,23]. The thick-
ness of the polarization layer was estimated from the predicted
bulk concentration and by defining the limit of the polarization
layer as a difference of 1% from the bulk concentration. The esti-
mated thickness of this polarization layer is about 10−5 m (2% of
inner diameter) as illustrated in Fig. 9. The order of magnitude of
the estimate agrees with previous studies [26]. Note that this esti-
mation is based on Eq. (12) and avoids the need to estimate the
polarization layer thickness.

An alternative approach to estimate the polarization layer thick-
ness is to use the film theory defined by the following equation:

ıpol = D

vw
ln

(
Cw

Cb

)
(18)

where Cb is the bulk protein concentration (or the centreline con-
centration). This definition yields the profile illustrated in Fig. 9.
Note that the magnitude of the thickness is not very realistic at the
end of the filtration. As already mentioned, the film theory ampli-
fies the polarization thickness and may not be a good indicator for
the polarization layer.

4.5. Pressure profile

The CFD model developed in this study enables the analysis of
the pressure, velocity and protein concentration profile as the fil-
tration proceeds and will be described in this section. The pressure
in the hollow fiber at the end of the filtration (t = 180 min) varies
linearly with respect to the distance z from the entrance of the fiber
and no radial pressure gradient is predicted.

For the hollow fiber, the flow is laminar and the pressure drop
along the length of the fiber is well described by Hagen–Poiseuille
relationship. In this relation, the pressure gradient (dP/dz) is pro-

portional to the average retentate solution velocity and its viscosity.
At any given time, the average axial velocity in the hollow fiber
remains practically the same along the fiber because the (radial)
permeate velocity (10−6 m/s) is very small compared to the reten-
tate (axial) velocity (1 m/s). The predicted velocity profiles show
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ig. 10. Pressure difference for the concentration of soy protein extracts at
MP = 27580 Pa and Cinit = 12 g/L.

hat the (axial) velocity is quite independent of the position z and
ollows the classical parabolic relation with the radius. For the same
eason (permeate velocity very small versus axial velocity), at a
iven time, the protein concentration is quite constant (and equal to
he entrance protein concentration) in the hollow fiber, except very
lose to the membrane surface, where the protein concentration
radient is large.

During the filtration, the protein concentration increases in the
etentate and consequently the viscosity of the retentate will also
ncrease. As the pressure difference between the inlet and the outlet
f the fiber depends on the viscosity, it is expected that the pressure
ifference will increase as the filtration proceeds. The evolution
ith time of the experimental and the predicted pressure differ-

nce presented in Fig. 10 shows a very good agreement. One should
eep in mind that the fit between the experimental data and the
odel predictions will depend on the quality of the relationship

etween the viscosity and the concentration (Eq. (9)) which in our
ase is a function of the protein concentration. These data show the
mportance of the variation of the viscosity with protein concentra-
ion to describe accurately the evolution with time of the pressure
ifference.

. Conclusion

The CFD based model is presented in this study for the predic-
ion of the transient concentration process of soy proteins using a
ollow fiber ultrafiltration system. The CFD model was developed
y solving the 2D Navier–Stokes equation and the mass conser-
ation equation for transient conditions. The model assumes that
ll the fibers have the same behavior, the diffusivity is constant
nd the gravity effect is negligible. As the permeate velocity at
he membrane surfaces is generally not known a priori, a resis-
ance model was used to link the retained protein concentration,
he feed and permeate velocity and the pressure at the membrane
urface. The resistance model considers the formation of a polar-
zation layer and a cake layer. With these assumptions, the model

as able to predict the transient permeate velocity and the pressure
rofiles with a good fit with the experimental data. The model illus-
rates the importance of the relationship between the viscosity and

he protein concentration to predict correctly the transient pres-
ure profiles. The model shows that the transmembrane pressure
s an important element on the polarization concentration pro-
le and that a constant transmembrane pressure yields erroneous
onclusion on the concentration polarization. The model alleviates
e Science 337 (2009) 136–144 143

some limitations on the polarization modeling avoiding the need to
estimate the polarization thickness in the computation of the polar-
ization resistance. While the CFD model developed contains specific
equations for the system investigated in this study, the model can be
easily modified to encompass any combination of variations in the
flux at the membrane surface, rejection, viscosity and diffusivity.
The flexibility of the current model is only limited by the ability of
the user to accurately define the variations of the properties of the
system for industrial applications. Finally, the CFD model succeeded
to determine the permeate velocity which is a major indicator of
the system performance and the motivation to analyze membrane
processes.
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Nomenclature

Symbols
C protein concentration (g/L)
Cb bulk (centerline) protein concentration (g/L)
Cfeed feed tank protein concentration (g/L)
Chf output hollow fiber protein concentration (g/L)
Cinit initial protein concentration (g/L)
Cref reference protein concentration (g/L)
Cw protein concentration at the membrane surface (g/L)
D diffusivity (m2/s)
J permeate flux (L/m2/h)
J* critical (steady-state) flux (L/m2/h)
kJ resistance constant coefficient
kpol polarization time constant coefficient (s g/L)
L fiber length (m)
P pressure (Pa)
Patm atmospheric pressure (Pa)
Pin inlet hollow fiber pressure (Pa)
Pout outlet hollow fiber pressure (Pa)
PPermeate permeate pressure (Pa)
Qfeed feed tank volumetric rate (L/min)
Qhf outlet hollow fiber volumetric rate (L/min)
r radial coordinate (m)
R fiber radius (m)
R* equivalent steady state resistance (m−1)
Rblocked fouling resistance (m−1)
Rcake cake resistance (m−1)
Rblock cake and fouling resistance (m−1)
R∗

block cake and fouling resistance (m−1)
Rblock0 initial cake and fouling resistance (m−1)
R∗

block0 initial cake and fouling resistance (m−1)
Rg global resistance (m−1)
Rm clean membrane resistance (m−1)
Rpol polarization layer resistance (m−1)
Rpol,ss steady state polarization layer resistance (m−1)
R′

pol specific polarization layer resistance (m−2)

Rshear shear rate resistance equivalent (m−1)
S compressibility factor

t time (min)
TMP global transmembrane pressure (Pa)
VCR volume concentration ratio
Vfeed feed tank volume (L)
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vr radial velocity (m/s)
vw wall permeate velocity (m/s)
vz axial velocity (m/s)
vz,max maximum axial velocity (m/s)
z axial coordinate (m)

Greek letters
˛ viscosity model constant (L/g)
� inlet shear rate (m/s)
�P local transmembrane pressure (Pa)
ı polarization layer thickness (m)
ıpol polarization resistance model constant (L m/g)
� viscosity of protein solution (Pa s)
�0 viscosity of water (Pa s)
�ref reference viscosity (Pa s)
� specific mass (kg/m3)
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