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A mathematical analysis of the permeate flux decline during microfiltration of fruit juice with hollow fibers under turbu-
lent flow is presented. Impact of complex fluid flow phenomena on mass transfer is analyzed. A comprehensive analytical
model for developing concentration boundary layer was formulated from first principles using integral method. Attempts
to model the system considering constant boundary layer thickness (film theory) is inaccurate for developing boundary
layer. Gel resistance parameter depending on juice characteristics has significant impact on permeate flux. Specific gel
layer concentration has insignificant effect on system performance under total recycle mode but important for batch
mode. Theoretical results were compared with experiments in clarification of pomegranate juice with poly(ether ether
ketone) and polysulfone hollow fiber membranes. The physical parameters of complex mixture were evaluated by opti-
mizing of the flux profiles in total recycle mode of operation and were successfully applied for prediction of batch mode
performance. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 4279–4291, 2014
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Introduction

Membrane-based separation processes, such as microfiltra-
tion (MF) and ultrafiltration (UF), are used in the clarifica-
tion of fruit juices and processing of food products as they
do not involve chemical additives and thermal degradation.
In addition, these processes reduce processing time and oper-
ating cost and make some conventional unit operations, like
fining treatment, centrifugation, and polish filtration
redundant.

MF and UF are widely used to clarify fruit juices.1 The
clarified juice is a heat-sensitive solution containing lower
molecular weight compounds including flavors, acids, and
sugars and has reasonably high shelf life.2 Application of
these processes to clarify various fruit and vegetable juice
has been extensively studied during the last 30 years. Some
examples are clarification of mosambi,3 apple,4,5 banana,6

passion fruit,7 sugarcane,8 pineapple,9,10 orange,11,12 cactus
pear,13 carrot,14 kiwifruit,15and pomegranate16,17 juice.

Fruit juice is a complex mixture of several components in
the solution. As it contains high molecular weight proteins,
fibers, cellulose, and so forth, the separation process is pri-
marily gel layer controlled.9 There have been several
attempts reported in literature to apply resistance in series
and pore blocking models to predict the flux decline

behavior.2,4,15 However, such models lack the physical
understanding of the process necessary to capture the varia-
tion in feed characteristics and are mostly empirical in
nature.

The flow characteristics in hollow fiber membrane module
have significant effect on the mass transfer analysis. The
flow regime determines the extent of mass transport and per-
meate flux. Mass transfer analysis in the laminar flow for
hollow fiber membrane system has already been carried out
for gel controlling filtration,18 osmotic controlled filtration
with19 and without suction.20 It has been found that the
developing mass transfer boundary layer model gives more
realistic prediction than the constant mass transfer boundary
layer.

The mass transfer analysis in turbulent flow regime for
hollow fiber membranes was reported by few research-
ers.21–23 Parvatiyar carried out this analysis using spectral
theory for both newtonian and non-newtonian rheologies21

and the turbulence was quantified for the all the three zones.
However, the entire analysis was carried out for impervious
conduit without any permeation. Estimation of the mass-
transfer coefficient in turbulent regime with permeation was
performed by Minikanti et al.22 They have incorporated the
phenomena of suction for Newtonian fluids. The effect of
suction on the mass transfer of UF under turbulent flow
regime was illustrated for the first time in this work. An
extended version of this study was performed by Ranjan
et al.,23 considering the effects of non-newtonian rheology.
The effect of rheology ranging from pseudoplastic to dilatant
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on the Sherwood number was presented in this work. Predic-
tive modeling of cross flow UF under turbulent conditions
was reported by Sreenivas et al.24 The system performance
in terms of the permeate flux and permeate concentration
was predicted. The model results were also compared with
the experimental data for UF of NaCl and dextran. However,
this study was carried out in a rectangular channel.

All the above analyses related to mass transfer in mem-
brane system under turbulent flow conditions were per-
formed for osmotic pressure controlling filtration. However,
a comprehensive model with gel layer controlled filtration
under turbulent conditions in hollow fibers has not been
reported in literature.

The present model attempts to quantify the flux decline
behavior during MF of fruit juice in hollow fiber under tur-
bulent flow conditions. The mathematical analysis was based
on the first principles using the integral method of solution
to compute the developing concentration boundary layer
over the gel layer. The analysis was extended for batch
mode of filtration, and the profiles of permeate flux were
computed for different operating conditions in the predictive
mode. The simulated results were also compared with the
experimental data obtained in the clarification of pomegran-
ate juice with modified poly(ether ether ketone) (PEEK-WC)
and polysulfone (PSU) hollow fiber membranes prepared in
laboratory. The physicochemical parameters of such complex
liquid mixture were evaluated by optimizing of the flux pro-
files in total recycle mode of operation.

Theoretical Methodology

The schematic of the development of mass transfer bound-
ary layer in the hollow fiber along with the geometry and
co-ordinate system is presented in Figure 1. The complex
nature of the fluid flow during turbulent conditions can be
represented by piecewise polynomial expression of velocity
for different zones (viscous sublayer, buffer zone, and turbu-
lent core) of the turbulent velocity profile.25 However, this
adds to the mathematical complexity during the integral
solution of the mass transfer boundary layer, as it would
require integration in different regions of y co-ordinate
resulting in different nature of the mass transfer boundary
layer thickness. Thus, a single velocity field expression rep-
resenting all regions of the flow field is desirable as pro-
posed by Reichardt.26 The fully developed steady state

turbulent velocity profile for flow through closed conduit can
be expressed in terms of the co-ordinate system fixed at the
walls as26
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The velocity profile in Eq. 1 is applicable for both the vis-
cous sublayer and buffer zone of the turbulent flow. During
MF of fruit juice, the suspended solids are completely
rejected forming a gel-type layer over the membrane surface.
Due to this, there exists a concentration boundary layer next
to the gel layer with a variation in concentration from bulk
to gel concentration. The species transport equation for gel
forming solute within the concentration boundary layer, for a
tubular module is given as
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The major assumptions in this analysis are: (1) Consider-
ing an order of magnitude analysis term wise using typical
dimensional scales, O rð Þ � 1026; O xð Þ � 1021;
O vð Þ � 1025; O Dð Þ � 10211; O cð Þ � 101; O tð Þ � 102; and
O uð Þ � 1, one can understand that O T1ð Þ � 1021;
O T2ð Þ � 102; O T3ð Þ � 102; and O T4ð Þ � 102. Thus, it may
be noted that the order of magnitude of T1 is significantly
less than the rest of the terms, which reduces further for lon-
ger filtration duration (above 1000 s). Therefore, we can take
recourse to quasi steady-state analysis for estimation of con-
centration boundary layer profile, ignoring T1; (2) The cross
flow velocity is much higher compared to the permeation
velocity. Therefore, the axial velocity profile is not distorted
due to permeation; (3) mass transfer boundary layer is typi-
cally less than 10% of the internal diameter of the tube.
Thus, the effect of wall curvature can be neglected and r co-
ordinate in Eq. 3 can be converted to a planar one starting
from the tube wall28 as y 5 (d/2) – r; (4) As, the mass trans-
fer boundary layer thickness is extremely small, it can be
assumed that the y-component velocity is equal to the per-
meation velocity at the wall.29 Therefore, the y-component
velocity becomes

v52vw (4)

Based on the above assumptions, Eq. 3 can be written as
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Following nondimensional variables are defined for the
rest of the analysis
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Figure 1. Schematic of the model geometry inside the
hollow fiber membrane.
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The turbulent velocity profile (Eq. 1) in terms of nondi-
mensional variables is expressed as
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Defining P50:5 Re 20:125; Q50:082 Re 0:875;
R51:56 Re 20:125; S50:018 Re 0:875; T50:066 Re 0:875, the
above equation is transformed as
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Similarly, the species transport equation is made
nondimensional
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The solution of the Eq. 7 is attempted using an integral
method. A quadratic concentration profile which is the sim-
plest way to express the concentration profile in the bound-
ary layer that satisfies three boundary conditions presented
subsequently. Thus, the concentration profile within mass
transfer boundary layer is assumed

C5a01a1Y1a2Y2 (8)

where, a0, a1, and a2 are the constant coefficients. Using the
following boundary conditions for the concentration profile
within the mass transfer boundary layer, the constants can be
evaluated,
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Thus, the concentration profile is obtained as
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Calculating the partial derivatives @C
@X, @C

@Y, @
2C
@Y2 and substitut-

ing them in Eq. 7, the following equation is obtained
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Taking the zeroth moment (multiplying both sides by
Y0dY and integrating term by term over the boundary thick-
ness) of the above equation18 and integrating across the
thickness of the boundary layer (0 to D), the following dif-
ferential equation is resulted
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The above integration is evaluated term wise and the com-
plete algebraic expression of I1 is presented in the Appendix A.

Now, considering a steady-state mass balance over the
membrane surface (y 5 0), the following equation is obtained
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The above equation physically indicates net flux (convec-
tive flux towards and diffusive flux away from the membrane
surface) towards the membrane equals zero at steady state.
In nondimensional terms, the above equation can be repre-
sented as
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@Y from Eq. 10, we get
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Equation 12 is modified by incorporating Eq. 16 as
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The initial condition of Eq. 17 is at X 5 0, D50. However,
this condition leads to numerical instability due blowing off
as triangle appears in the denominator of Eq. 17, and there-
fore, an asymptotic solution for D at X! 0ð Þ is derived.

In the limit of X! 0, Y << 1, and thus, Y2 and higher
order terms are neglected. Under this limit, the expression of
U (as in Eq. 6) becomes

U5PQ Y50:041 Re 0:75Y (18)

Note that the terms ln 11QY½ �, exp 2SYð Þ, and exp 2TYð Þ
in Eq. 6b are expanded in the limit of Y << 1 to obtain the
above simplified velocity equation. Substituting this expres-
sion of U in Eq. 7 and proceeding exactly as above, a closed
form initial solution of D is obtained
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To avoid the numerical instability, the initial condition for
Eq. 17 is considered that at a small value of X (say 1024), D
is computed using Eq. 19.

Estimation of the mass-transfer coefficient

The definition of the mass-transfer coefficient (k) can be
written as
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Substituting the expression of @c
@yjy50 and nondimensional-

izing the above equation, we get
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As, D is the function of the length of the membrane, the
length averaged Sherwood number becomes
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Total recycle mode of operation

In the total recycle mode, the permeate is recycled back to
the feed. Thus, the feed concentration remains invariant with
time. This is a popular mode of membrane filtration and is
used to study the effects of cross flow velocity and other
operating parameters. To quantify the permeate flux, the
mass-transfer coefficient as calculated earlier is used. Con-
sidering a material balance equation for the gel-forming
component in the concentration boundary layer30
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subjected to the boundary conditions
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at y 5 d; c5cg (24b)

Initial condition of Eq. 23 is

at t50; H50 (24c)

Solving the above equation in the y-direction, satisfying the
boundary conditions and replacing D=d as kL , Eq. 23 becomes
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where, kL is the length averaged mass-transfer coefficient
obtained from ShL (Eq. 22). It must be noted here, that the above
equation transforms into the classical form at steady state
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The permeate flux satisfies the help of the phenomenologi-
cal Darcy’s equation

vw5
DP
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where, Rg is the gel resistance dependent on the gel density,
thickness, porosity, and specific gel resistance, which is
described as18

Rg5bð12egÞqgH5nH (28)

where; n 5 bð12egÞqg. Fruit juice containing high amount of
suspended solids, fiber, pectin, and so forth, are likely to exhibit
higher magnitude of b. The value of gel layer density (qg) typi-
cally varies between 1400 and 1800 kg/m3 for membrane filtra-
tion of citrus fruit juices. It can be mentioned here that during
the experiment, the effective fiber diameter is reduced due to the
formation of the gel layer, thereby affecting the velocity. Conse-
quently, the linear cross flow velocity is increased as

u05
QF

pnðd22HÞ2
(29)

where, QF is cross flow rate. Thus, Eqs. 22, 25, and 27–29
become a set of coupled differential algebraic equations

which is solved numerically using the fourth order Runge–
Kutta method, thereby, resulting to profiles of gel layer
thickness and permeate flux. The algorithm for calculation is
presented in Appendix B.

Optimization of the model parameters

The physical properties of the system are gel porosity (eg),
gel density (qg), specific gel resistance parameter (n), diffu-
sivity of the gel forming solute (D), and gel concentration
(Cg). However, quantification of these properties for complex
mixture such as fruit juice are difficult to estimate experi-
mentally. Thereby, the values of these parameters are com-
puted by constrained optimization of the experimental flux
profiles in case of total recycle mode with model results.
This is done by minimizing the sum of the square of the rel-
ative error between the experimental and simulated data at
the same time point using an interior point optimization
algorithm.31 The optimality of the optimization constraint
takes into account the Karush–Kuhn–Tucker condition that
the gradient must be zero at a minimum modified to consider
the constraints.32 The values of the physical parameters are
limited by the upper and lower constraints. As, the model is
applied for clarification of fruit juice systems by MF, the
rejected solutes are expected to have low diffusivities. Thus,
the magnitude of the diffusivity (D) is bounded with (1 to 9)
3 10212 m2/s in the optimization algorithm. The value of
cg/c0 is limited with 3.0 to 6.0, as the gel layer density is not
high enough and lies within 1400 to 1800 kg/m3. Consider-
ing an order of magnitude analysis of the permeate flux, the
gel layer resistance parameter (n) is found to be bounded
within (0.5 to 5) 3 1017 m22. Thus, within the constraints to
be satisfied, by each of the variables, the optimization
yielded a unique solution set of parameters considering a tol-
erance of 0.01 for the objective function. The objective func-
tion, defined as the sum of square of error (Err) between the
experimental and predicted flux values for all operating con-
ditions and time points is given as
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(30)

where, i is number of experiments and j is number of time
points in the i-th experiment.

Batch mode of operation

In this mode of operation, the permeate is continuously
withdrawn from the system, unlike the total recycle mode.
As a result, the feed concentration of the completely reject-
ing solute increases with time. Considering an overall mass
balance, the rate of volume reduction is represented as

d

dt
ðqfVÞ52vwAmqp (31)

where, qf and qp are the densities of the feed and permeate,
respectively. The difference in the feed and permeate densities
are insignificant when the total solids content in the feed is less
than 30% w/v. Assuming there is negligible change in density
between feed and permeate, Eq. 31 is modified as

dV

dt
52vwAm (32)

Now, considering an overall species balance of the gel
forming solute, the rate of change of the feed concentration
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is presented as (assuming gel forming solute is completely
rejected by the membrane)

d

dt
ðcbVÞ52vwAmcp50 (33)

Thus, the above equation is simplified to

cbV5c0V0 (34)

The above equation can be used to directly estimate the
feed concentration at any point of time during the membrane
filtration. Following a similar analysis as in the case of total
recycle mode, the differential equation for the thickness of
the gel layer (refer to Eq. 25) is modified as
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(35)

Thus, Eqs. 22, 27–29, 32, 34, and 35 becomes a set of
coupled system of differential algebraic equations which is
solved numerically using the fourth order Runge–Kutta
method resulting to variation of gel layer thickness, permeate
flux, volume, and concentration of solutes in the feed as a
function of time. In this case, the numerical algorithm is
similar to that presented in Appendix B. The only difference
is the optimization has been omitted as the system parame-
ters used are already obtained from total recycle mode calcu-
lation. Therefore, the model result is this case is entirely in
predictive mode.

Experimental

Membrane preparation

Modified polyether ether ketone (PEEK-WC) and PSU
hollow fiber membranes were prepared according to the dry-
wet spinning technique.33 Their characteristics are reported
in Table 1. The average pore size of the prepared membrane
is measured using capillary porometer. Membrane modules
were prepared by embedding four hollow fiber membranes
inside a 20-cm long glass tube (effective membrane length
18 cm) with epoxy resin. Total membrane surface area was

calculated as 26.9 and 32.3 cm2 for the PEEK-WC and PSU
hollow fiber membrane modules, respectively.

Juice characteristics

Pomegranate juice obtained from fruits of Sicilian origin
(Punica granatum cvSelinunte) was supplied by Citrech Snc
(Messina, Italy). Raw juice was kept frozen at 217�C and
defrosted before use. Physicochemical characteristics of
unclarified juice are reported in Table 2 which includes total
organic carbon, acorbic acid, citric acid, and mallic acid.
The suspended solids concentration is taken as the feed con-
centration for the model.

MF unit and procedures

Pomegranate juice was clarified using a laboratory plant
unit (DSS LabUnit M10) supplied by Danish Separation Sys-
tem AS, Denmark. The equipment consisted of a feed tank,
a thermometer, a cross-flow pump (ECO type GA4-KDT-
TTU), two manometers for the measurement of the inlet and
outlet pressures, a pressure control valve, and a multitube
heat exchanger fed with tap water. The feed temperature was
controlled by circulating cooling water through the heat
exchanger. Transmembrane pressure (TMP) was controlled
by the valve on the retentate side and by setting the speed of
the pump. A schematic representation of the experimental
setup is depicted in Figure 2.

MF experiments were performed according to the total
recycle and batch concentration configurations. In the for-
mer, the permeate was continuously recycled to the feed
tank to ensure constant volume and composition of the
feed. For each set of experiments, two parameters were
fixed and the other was varied to cover the ranges indi-
cated in Table 3. The permeate flux was measured every
5 min for 2 h. In the batch concentration configuration,
the MF system was operated in selected operating condi-
tions (Table 3) so that the final volume reduction factor
(VRF) was 2.

At the end of each run, a cleaning-in-place protocol using
distilled water and NaClO solution (4 g/L, 40�C, 60 min)
was used to restore the original water flux. The chemical
structures of the PEEK-WC and PSU polymer are presented
in Figure 3. Now there exist possibilities of the chemical
modification of the polymer (PEEK-WC) unit by—oxidation
of the keto group, electrophillic substitution at ortho or para

Table 1. Characteristics of Hollow Fiber Membranes
33

Membrane material PEEK-WC PSU

Internal diameter (mm) 1.19 1.43
External diameter (mm) 1.62 1.73
Thickness (mm) 0.215 0.15
Hydraulic permeability (L/m2hbar) 536.14 654.81
Largest pore diameter (mm) 0.442 0.432
Mean pore diameter (mm) 0.140 0.137

Table 2. Physicochemical Characteristics of Unclarified

Pomegranate Juice
33

Suspended Solids (%w/w) 4.1

Total soluble solids (g/100 g) 16.0
pH 3.7
Viscosity (mPa s) 1.5
Total acidity (% citric acid) 0.43
Total phenols (g catechin/L) 1.57
Total organic carbon (TOC) (g/L) 53.2
Citric acid (g/L) 1.47
Malic acid (g/L) 1.90
Ascorbic acid (mg/L) 68.0

Figure 2. Schematic of the experimental setup: (1) feed
tank; (2) heat exchanger; (3) feed pump; (4,6)
manometers; (5) membrane module; (7) three-
way valve; (8) permeate tank; (9) pressure
control valve; (10) thermometer.
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positions of the benzene rings and reaction of the keto group
with hydrazines to form imines. The oxidation reaction
requires strong chemical environment (presence of hydroper-
oxides, per-acid, UV treatment, etc.)34 which is not available
with fruit juice mixtures. Electrophilic substitutions are pos-
sible only in presence of electrophiles. Reactions with hydra-
zines are not feasible as hydrazines are absent in fruit juices.
As the permeability of the membranes are regained by wash-
ing with weak acidic solution (NaClO), it is confirmed that
no chemical reaction/modification of the keto group or ben-
zene ring of the polymer occurs which cannot be reversed
by NaClO solution. The role of NaClO solution is just to
provide a mild acidic environment to redissolve the fruit
juice components which have fouled the membrane surface
or inside the pores and to break the hydrogen bonding
between molecules, if any.35,36 The PSU unit is compara-
tively more inert compared to PEEK. The presence of sul-
phonated keto group and tertiary carbon makes it chemically
stable and inert. Chemical reactions with the PSU unit are
highly improbable in fruit juice environment. Thus, in this
case, cleaning of the membrane is achieved in mild acidic
NaClO solution.

Results and Discussion

Membrane fouling is an important aspect in filtration. The
different types of fouling can be broadly categorized as con-
centration polarization like cake/gel layer formation (reversi-
ble fouling) and irreversible fouling such as complete,
intermediate, and standard pore blocking. A single fouling
mechanism or simultaneous occurrences of multiple mecha-
nisms are also possible.37,38 The deposition of the solutes
over the membrane surface is due to concentration polariza-
tion, gel layer formation and pore blocking. Transport model
to predict the membrane filtration performance considering
the surface and internal fouling for waste water treatment
was reported by Tu et al.39,40 Their results show that pres-
ence of natural organic matter (NOM) is a potential foulant.
Also, the membrane material has an important role which
affects the concentration boundary layer thickness and gel
layer formation. Increase in TMP increases the internal pore
fouling. Enhancement of the cross flow rate or turbulence
decreases the hydrodynamic resistances and thickness of
mass transfer boundary layers, which is similar to the pres-
ence scenario with MF of fruit juices. Biological fouling due
to the presence of biodegradable organic matter (BOM) in
fruit juice is an important aspect in membrane filtration.
Membrane bioreactor is useful for reduction of the biode-
gradable organic components from water. Removal of alde-

hydes as high as 98–99% was possible using MF or UF
along with powder activated carbon as preadsorption and
biodegradation.41 Modeling of such systems for design and
upscaling of such membrane bioreactor processes is also
done taking into account the biofouling and biodegrada-
tion.42 Bacterial growth is another important issue is mem-
brane filtration of real life streams. Microbiological growth
due to the presence of organic carbon in solution spoils the
membrane modules with prolonged usage. The presence of
assimilable organic carbon (AOC) and BOM affects the bac-
terial and other microbial growth considerably.43 In such sys-
tems, where AOC is content is high, pretreatment using
chlorine or lime-softening is required to prevent microbial
growth exceeding acceptable limits. Rejection of AOC using
nanofiltration membranes shows that membrane surface
charge plays a crucial role. The surface charge of the mem-
brane is masked by increased hardness, ionic strength, and
low pH of the solution, thereby reducing AOC rejection.44 In
case of fruit juices having low pH (acidic), the rejection of
AOC is difficult using nanofiltration membranes. Conversely,
nanofiltration removes most of the BOM. Addition of acid to
prevent membrane fouling reduces the rejection of AOC for
both nanofiltration and reverse osmosis membrane. Thus,
prevention of microbial fouling by increasing rejection of
AOC is an important is membrane filtration of fruit juice
mixtures, as these contain significant proportion of dissolved
organic carbon and BOM. In a complex mixture like fruit
juice, there occurs large number of foulants including NOM,
BOM, AOC as well as pectin, cellulose, fibers, suspended
solids, and so forth, which are likely to form a gel type of
layer over the membrane surface that grows with of opera-
tion leading to a decrease in throughput of the system. In
this work, an attempt has been made to quantify the system
performance under gel layer (formed by all components)
controlled filtration.

The gel-forming components present in the pomegranate
juice are mainly represented by suspended solids which are
completely rejected by the MF membranes. The juice viscos-
ity (1.5 mPa s) did not change significantly during MF. All
the simulation results are referred to the physical characteris-
tics of pomegranate juice and dimensions of the PEEK-WC
hollow fiber membrane module, as described in the preced-
ing section.

Total recycle mode

The effect of Reynolds number on the profiles of mass
transfer boundary layer and Sherwood number is presented
in Figure 4. From the figure, it is evident that the mass

Table 3. Operating Conditions in Total Recycle and Batch

Concentration Configurations
33

Membrane Type

Configuration

Total Recycle Batch Concentration

PEEK QF 5 63 l/h TMP 5 1.15 bar
TMP 5 0.6 bar;

T 5 25�C
QF 5 59 l/h

T 5 25�C
PS QF 5 98 l/h TMP 5 1.55 bar

TMP 5 0.65 bar;
T 5 25�C

QF 5 68 l/h

T 5 25�C

Figure 3. Chemical structures of the (a) PEEK-WC and
(b) PSU polymer.
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transfer boundary layer is in the developing state for this
length of the module. Hence, the application of the conven-
tional heat and mass transfer analogies, which considers fully
developed boundary layer, for prediction of the Sherwood
number, would seriously undermine the permeate flux in
this case. The thickness of the mass transfer boundary
layer is affected by the turbulence in the flow channel. It
decreases with enhanced turbulence. As the Reynolds
number increases, the forced convection (or turbulence)
restricts the growth of mass transfer boundary layer. For
example, at the end of the hollow fiber, thickness of mass
transfer boundary layer decreases from 7 lm to 4.5 lm as
Re increases from 5000 to 15000. The effect of Re num-
ber on Sherwood number profile are shown in Figure 3b.
It is apparent from this figure that Sherwood number pro-
files have inverse trend of thickness of mass transfer
boundary layer confirming the theory. The Sherwood num-
ber (mass-transfer coefficient) decreases sharply up to
x/L 5 0.2 due to the rapid growth of mass transfer bound-
ary layer and stabilizes thereafter. Therefore, one can

expect higher permeation rate for module lengths less than
20% of the present experimental module. Sherwood num-
ber increases with Reynolds number indicating decrease in
thickness of mass transfer boundary layer with Reynolds
number, resulting to less resistance offered to solvent flux
across the membrane.

Effects of various parameters on permeate flux and gel
layer thickness at steady state as a function of Reynolds
number is presented in Figure 5. It is observed from Figure
5a, that steady-state flux increases with Reynolds number.
As discussed earlier, flow turbulence reduces the mass trans-
fer resistance as well as the gel layer thickness, resulting to
enhancement in permeate flux. Effects of diffusivity on per-
meate flux is apparent from Curves 1 and 2. Higher diffusiv-
ity enhances mass transfer by directly increasing the mass-
transfer coefficient 5 D

d

� �
, leading to increase in flux. Pres-

ence of low molecular weight solutes in the fruit juice mix-
ture increases its diffusivity. Also, diffusivity is dependent

Figure 4. (a) Profile of d with Re, in total recycle mode
(PEEK-WC membrane and values of the
physical parameters are qg 5 1400 kg/m3;
eg 5 0.3; D 5 5 3 10211 m2/s; Cg 5 3.2; n 5 1.5
3 1017 m22). (b) Profile of Sherwood number
with Re as parameter in total recycle mode
of operation (PEEK-WC membrane and val-
ues of the physical parameters are
qg 5 1400 kg/m3; eg 5 0.3; D 5 5x10211 m2/s;
Cg 5 3.2; n 5 1.5 3 1017 m22).

Figure 5. (a) Variation of steady-state flux with Reyn-
olds number for different set of parameters
in total recycle mode (PEEK-WC membrane
and values of the physical parameters are
qg 5 1400 kg/m3; eg 5 0.3). (b) Variation of the
gel layer thickness with Reynolds number
(PEEK-WC membrane and values of the
physical parameters are qg 5 1400 kg/m3;
eg 5 0.3).
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on the temperature of the system, higher the temperature
more is the diffusivity. Effects of gel layer concentration on
flux are observed by comparing Curves 2 and 3. As pre-
sented in theoretical section, the effect of Cg on flux is mar-
ginal (Eq. 19). The value of gel layer resistance parameter n
has strong influence on steady-state flux as can be seen from
Curves 2 and 4. As this parameter decreases one order of
magnitude, the permeate flux increases from 120 to 280
L/m2 h at Re 5 5000 as expected. The variation of gel layer
thickness at steady state with Reynolds number is described
in Figure 5b. With increase in forced convection (or turbu-
lence), the gel layer thickness decreases and this is clear
from all the curves in Figure 5b. Comparing Curves 1 and 4,
the effect of n is shown on the gel layer thickness. As the
gel resistance parameter n is decreased from 1017 to 1016

m22, the gel thickness increases three folds. However, it
must be clarified here, that apparently one would expect
higher permeate flux when gel thickness decreases and like-
wise the permeate flux corresponding to Curve 1 (high n) is
expected to be more than Curve 4 (low n). But, as already
shown in the previous figure, permeate flux increases with
decrease in the magnitude of n. It may be noted that the gel
layer resistance is dependent on both gel resistance parame-
ter (n) and gel thickness (H). Thus, the effect of n surpasses
that of gel layer thickness, H, leading to decrease in perme-
ate flux (Figure 5a). The effect of cg/c0 on the gel layer
thickness is more prominent (Curves 1 and 3) than that on
the steady-state flux.

The validation of the developed model is illustrated in
Figure 6 using the optimized values of the physical parame-
ters. Membrane specifications and experimental conditions
are already stated in Tables 1 and 3. The optimized set of
parameters are eg50:3; qg51400 kg/m3; n51:531017 m22;
D 5 2.2 3 10212 m2/s, and cg/c0 5 3.2 (4.6 in case of PSU
membrane). The model results show that the permeate flux
values are well within 610% of the experimental data. Two
additional set of simulated flux profiles corresponding to
twice the cross flow velocity as used in the experiment were

also presented in figure (dotted lines). It is understood from
this figure that gel layer resistance has major contribution to
the flux decline behavior. The steady-state flux is reduced to
25% of its pure water flux. Noting the optimized values of
cg/c0 for different membranes, it can be inferred that with
increase in membrane hydrophilicity, the magnitude of cg/c0

decreases.

Batch concentration mode

The same set of parameter values as obtained from the
total recycle mode calculation are used for prediction of the
batch mode filtration performance. The permeate flux pro-
file with varying Reynolds number is presented in Figure 7.
It is observed from the figure, that upto 3 h, permeate flux
is more at higher Reynolds number. This effect becomes
marginal after that. As discussed earlier, gel layer thickness
is less at higher Reynolds number, leading to increase in
permeate flux. However, under batch mode of filtration,
more be the permeate flux at higher Re number, the feed
becomes concentrated further. Increase in feed concentra-
tion leads to enhanced deposition of solute particles over
the membrane surface, thereby increasing the gel layer
thickness. This finally results to decline in permeate flux. It
is apparent from Figure 7 that beyond 3 h of operation, the
effect of concentration of feed becomes dominant compared
to that of enhanced turbulence. This explains the trends of
curves in Figure 7 beyond 3 h. For example, the curve cor-
responding to Re 5 7000 has reversed after 3 h, represent-
ing minimum value of permeate flux among three Re
number. The feed concentration effect on gel thickness is
demonstrated in the inset of Figure 7. For initial 3 h of fil-
tration, the gel thickness does not change appreciably with
Reynolds number. However, beyond 3 h of operation, the
thickness of the gel layer increases with turbulence in the
flow profile due to enhanced feed concentration, and

Figure 6. Comparison of the permeate flux profile with
experimental and theoretical results.

The dotted lines are for simulated results of two differ-

ent cross flow velocities (optimized values of the physical

parameters are eg50:3; qg51400 kg/m3; n51:531017

m22; D 5 2.2 3 10212 m2/s, and cg/c0 5 3.2 for PEEK-

WC hollow fiber membrane [4.6 in case of PSU

membrane]).

Figure 7. Permeate flux profile with variation of Reyn-
olds number in Batch mode of operation;
inset: Growth of gel layer thickness with time
of filtration (PEEK-WC membrane and values
of the physical parameters are qg 5 1400 kg/
m3; eg 5 0.3; D 5 5 3 10211 m2/s; Cg 5 3.2;
n 5 1.5 3 1017 m22).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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consequently the permeate flux decreases. Thus, there exists
a transition time, 3 h for MF of pomegranate juice in hol-
low fiber, after which the gel layer thickness becomes sig-
nificantly high and gel resistance becomes more dominant
due to increase in feed concentration compared to turbu-
lence in flow channel.

The effect of the physical parameters on the filtration
performance in illustrated in Figure 8a. It can be seen that
permeate flux and also its rate of reduction increases with
diffusivity (comparing red and black curves) and gel con-
centration Cg (comparing blue and black curves). In case of
increase in the gel layer resistance parameter (n) from 1017

to 1018 m22, there is hardly any change in the permeate
flux. In fact, the green and black curves almost superimpose
each other. The magnitude of n strongly influences the gel

layer thickness. However, in the case of batch mode of fil-
tration, the change in concentration of feed dominates the
gel layer thickness and consequently, the flux decline mech-
anism. The corresponding effect of these parameters on the
volume reduction is shown in the inset. The trend in the
rise of VRF is perfectly in accordance with Eqs. 32 and 34.
The trends of profiles of permeate flux and VRF with other
parameters, D and cg/c0 shows expected behavior. The
development of the gel layer thickness for different combi-
nation of the physical constants is presented in Figure 8b.
The gel layer thickness decreases with increase in diffusiv-
ity (compare black and red curves). With increase in diffu-
sivity, more solutes diffuse back from the gel layer to the
bulk of the solution. This reduces the gel layer thickness as
observed in this figure. However, these two curves approach
each other with progress of filtration. This is due to the fact

Figure 8. (a) Flux decline profile for various combina-
tions of parameters in batch mode; inset:
profile of VRF for different variation of the
physical parameters (PEEK-WC membrane
and values of the physical parameters are
qg 5 1400 kg/m3; eg 5 0.3). (b) Growth of gel
layer for batch mode of filtration with differ-
ent combination of physical parameters
(PEEK-WC membrane and values of the
physical parameters are qg 5 1400 kg/m3;
eg 5 0.3).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. (a) Comparison of the experimental and pre-
dicted flux profiles for batch mode filtration
(the values of the physical parameters are
those optimized in total recycle mode). (b)
Comparison of the experimental and pre-
dicted VRF profiles for different membrane
systems; inset: Gel layer dynamics for this
operating condition corresponding to the
experimental results (the values of the physi-
cal parameters are those optimized in total
recycle mode).
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that the permeate flux increases with enhanced diffusivity
resulting to increase in concentration in the feed as dis-
cussed earlier. In fact, this effect becomes more dominant
and the gel layer thickness increases rapidly with time.
Effects of cg/c0 on gel layer thickness are observed by com-
paring black and blue curves. Gel layer thickness is less for
higher gel concentration. For a constant feed concentration,
more solutes are required to form gel and gel formation is
hindered resulting to diminished gel thickness. Comparison
of black and green curves shows the effect of n on gel layer
thickness. As n increases, the gel becomes more compact
leading to its reduced thickness. It may be noted that even
though n has a pronounced effect on gel thickness, its effect
on permeate flux is marginal as discussed in the preceding
section.

Finally, the comparison of the predicted model results
with experimental data is presented in Figure 9. The val-
ues of the model parameters, as obtained by optimizing
the flux profiles in case of total recycle mode of opera-
tion, are used to predict the performance of batch mode
of operation. The experiment is conducted upto 4 h, in
case of PSU membrane. However, the model results are
extended for 8 h. It can be seen that for most of the data
points, the model results are within 610% of the experi-
mental results. In case of profiles for the VRF, the model
prediction is almost equal to the experimental results. The
results of batch mode suggests that for different operating
conditions, the permeate flux approaches to a limiting
value after a considerable time of operation. Similar to the
total recycle mode operation, the flux reduces to almost
10% of the pure water flux. The transient profile of the
gel layer thickness is obtained from the simulation as
shown in Figure 9b. This suggests that in case of PEEK-
WC membrane, the development of the gel layer is
sharper compared to PSU membrane.

Summary and Conclusions

Interplay of various solute and gel layer characteristic
parameters on the dynamics of gel formation and flux
decline has been analyzed in turbulent flow in hollow fiber
during cross flow MF of fruit juice through a model devel-
oped from first principles. The major conclusions from this
study are summarized below.

1. The optimized physicochemical parameters for the gel
and solutes were: eg50:3; qg51400 kg/m3; n51:531017

m22; D 5 2.2 3 10212 m2/s, and cg/c0 5 3.2 for PEEK-WC
hollow fiber membrane (4.6 in case of PSU hollow fiber
membrane).

2. Under the total recycle mode of filtration, the gel layer
thickness decreases with turbulence. It decreases from 7.5 to
4 lm as Re increases from 5000 to 15,000 at the end of the
module. Consequently, Sherwood number increases from
250 to 550 resulting in increase of permeate flux.

3. Gel resistance parameter n had the dominant effect on
steady-state permeate flux. At Re 5 5000, permeate flux
increases by 5.5 times.

4. Among the gel resistance parameter (n) and gel thick-
ness (H), n has stronger effect on gel resistance and hence
permeate flux.

5. In case of batch mode of filtration, effect of turbulence
was dominant on permeate flux decline upto 3 h and the
effect of concentration of feed becomes significant beyond
that.

6. Gel concentration has stronger effect on gel thickness
compared to permeate flux. Gel layer thickness was less at
higher gel concentration.

7. The model successfully predicted the performance of
batch mode of filtration and the agreement with experimental
data was within 65%.

8. The present modeling work can further help in scale-up
and process design of the system. (a) Dealing with high
throughput, the profile of flux decline can be closely fol-
lowed so that permeate flux does not fall below a limit,
which is not economically feasible. (b) The time of filtration,
and onset of cleaning protocol can be inferred from this
study. (c) The maximum achievable VRF and its inter-
relation with permeate quality can also be interpreted from
such analysis. (d) For a large throughput system, the
required membrane area can also be estimated. For example,
to have 200 L/h process output, one would require a mem-
brane area of 4.4 m2. (e) Influence of polymeric membrane
material on system performance is also observed. The PSU
membrane shows higher permeate flux decline compared to
PEEK-WC membrane.

Acknowledgments

This work is partially supported by a grant from the
Board of Research in Nuclear Sciences, Department of
Atomic Energy, Government of India, Mumbai, under the
scheme no. 2012/21/03-BRNS, Dt. 25-07-2012. Any opin-
ions, findings and conclusions expressed in this paper are
those of the authors and do not necessarily reflect the views
of BRNS.

Notation
a0, a1, a2 = coefficients in Eq. 8

Am = membrane Area, m2

c = concentration, kg/m3

C = nondimensional concentration, c/c0

c0 = initial concentration, kg/m3

cb = concentration in batch mode, kg/m3

cg = gel layer concentration, kg/m3

Cg = nondimensional gel layer concentration, cg/c0

cp = permeate concentration, kg/m3

D = diffusivity, m2/s
Err = relative error between experimental and predicted fluxes

H = height of the gel layer in total recycle mode, m
Hss = thickness of gel layer at steady state, m
Hb = height of the gel layer in batch concentration mode, m
I1 = integral in Eq. 12
kL = length averaged mass-transfer coefficient, m/s
L = length of the hollow fiber tubule, m
n = number of fibers in a hollow fiber module
P = nondimensional constant in Eq. 6

Pew = nondimensional permeate flux
Q = nondimensional constant in Eq. 6

QF = volumetric cross flow rate, m3/s
r = local radial co-ordinate, m
R = nondimensional constant in Eq. 6

Re = Reynolds number at the module entrance
Rg = gel layer constant, m21

Rm = membrane hydraulic constant, m21

S = nondimensional constant in Eq. 6
Sc = Schmidt number
Sh = Sherwood number

ShL = length averaged Sherwood number
T = nondimensional constant in Eq. 6
t = time of filtration, min

U = nondimensional constant in Eq. 6
u* = shear velocity, m/s
u1 = nondimensional velocity
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u0 = linear velocity in a tube corresponding to QF, m/s
v = velocity y-component, m/s
V = volume, m3

V0 = initial feed volume in batch concentration mode, m3

vw = permeation velocity, m/s
y = local y-coordinate, m
Y = nondimensional y-coordinate

y1 = near wall co-ordinate system, m

Greek letters

b = specific gel layer resistance constant, m/kg
d = mass transfer boundary layer thickness, m
D = nondimensional mass transfer boundary layer thickness

DP = transmembrane pressure drop, kPa
eg = gel layer porosity
k = Von-karman constant equal to 0.41
l = viscosity of the solution, Pa s
q = solution density, kg/m3

qf = solution density of feed, kg/m3

qg = gel layer density, kg/m3

qp = solution density of permeate, kg/m3

sw = wall shear stress, Pa
n = gel layer resistance parameter, m22
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APPENDIX A

The integral I1 obtained in Eq. 12 can be expanded as
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Therefore,

I15I22I31I42I52I6 (A2)

Integrating each of the individual terms in the range 0 to D we get
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