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bstract

Pressure driven membrane filtration processes have emerged as cost effective and confirmed technologies. Ultrafiltration is used to produce
rinking water. Hollow fiber membranes are used in industrial processes but there is still a need of predicting pressure drops for design and
ptimization purposes: to control the production of water, to anticipate problems such as the clogging of the hollow fibers and/or the module position
nd to consider energy consumption. This prediction could also enhance current models that calculate pressure drop using the Hagen–Poiseuille
aw. In this work, the flow characteristics controlling the performance of a hollow fiber membrane module are investigated numerically. The aim
f this study is to determine the pressure drop in a module depending on the operating conditions and membrane characteristics: a simplified
odel equation is proposed. We use a commercial CFD package (FLUENT). Numerical simulation can provide a better understanding of module
erformance, especially for permeable wall and/or complex multi-component systems. CFD can be used to better apprehend fluid flows in complex
eometries and to test the influence of process parameters. The results are compared to experimental data obtained with an industrial pilot plant: a
ood agreement with our relation is obtained.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Ultrafiltration is a pressure driven membrane process that can
e applied to a wide variety of fields: chemical industry, food
echnology, pharmaceutical industry and water treatment. One
f the most important ultrafiltration design is the hollow fiber
onfiguration. Some advantages of this geometry are the low cost
f investment and the high specific area unit per volume. A high
umber of applications have proved that membrane processes
re economically attractive and useful [1]. However, problems
uch as membrane fouling and concentration polarization phe-
omena limit the use of these membrane processes, because they
educe permeate fluxes, membrane life and efficiency and they
ave economic repercussions [2]. The membrane can be plugged
r broken, which creates disturbances in the process. These
roblems also impose major limitations on the application and

evelopment of membrane processes. In this paper, we present a
etailed model that describes ultrafiltration membranes. Numer-
cal simulations were run to represent the phenomenon. Various
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imulations were run to show the flexibility of the relation devel-
ped in this work for a wide range of inlet velocities, inlet
ressures, internal diameters, permeabilities and Reynolds num-
ers. This simplified relation represents the flow mechanism in
he module and allows the calculation of the pressure drop for all
he configurations. These results were compared to experimental
esults.

. Previous study

The modelling of flow with permeable walls is not recent.
everal diversely complex studies started emerging a long time
go. Berman [3,4] and Yuan and Finkelstein [5] were the first
o solve the Navier–Stokes equations for a laminar flow in a
orous slit and in a porous tube, respectively. They assumed
hat the axial flow was fully developed and that the shape of
he non-dimensional velocity profile was invariant with the
xial distance. In order to better understand the problems of
embrane processes, it is necessary to describe laminar flows
n porous tubes. One of the common ultrafiltration membrane
esigns is the hollow fibber module in which the membrane is
ormed on the inside of small polymer cylinders that are then
anged in a carter as shown in Fig. 1. For example, ultrafiltration

mailto:philippe.moulin@univ-cezanne.fr
dx.doi.org/10.1016/j.cej.2006.07.007
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our case, a laminar, incompressible, viscous and isothermal flow
Fig. 1. Hollow fiber module.

ermeates fluxes are mostly analysed using different models:
he gel polarization model [6–8], the mass transfer model [9],
he osmotic-pressure model [10,11] or the resistance-in-series

odel [12,13]. The main problem with these models is that
hey calculate the pressure drop along the membrane using the
agen–Poiseuille law. This method results in a considerable

pproximation that could be an important error because the walls
re considered as impermeable. There is a significant difference
etween the results obtained with the Hagen–Poiseuille equa-
ion and our results, more particularly for high permeability
oefficients. The pressure drop in the membrane could be more
han three times higher than the values calculated considering
he wall as impermeable. This consideration affects the results
f these models. Numerous efforts have been made to model
embranes using the CFD approach. Commercial packages are

requently used and the method often consists in resolving the
avier–Stokes and continuity equations for a 2D or 3D steady,

aminar flow of an incompressible homogeneous and Newtonian
uid. That is why many recent works have associated membrane
rocesses and computational fluid dynamics [14]. Using CFD,
aroll studied the effect of the properties of the cake and of the
bers on flux declines in hollow fiber microfiltration membranes
15]. The author developed a model for hollow fiber membranes
ncorporating cake compressibility and demonstrated that the
roperties of the cake and of the fibers had an effect on the
ux decline. Agashichev and Falalejev [16] developed a model
iving a quantitative correlation for longitudinal pressure pro-
les. Their model allows the analysis of the influence of the

angential velocity, transmembrane flux and intrinsic rheological
roperties of the fluid and channel geometry on the configuration
f the pressure profile. Their model, combined with auxiliary
ub-models, was segmented and built in algorithm for the longi-
udinal calculation of the driving force and transmembrane flux.
his model is not easy to use, many dimensionless parameters
nd approximations are involved. On the other hand, Chatterjee
t al. [17] developed a numerical solution to model the perfor-
ance of a radial flow hollow fiber reverse osmosis module.
hey clearly showed that the two-parameter models used by
ekino [18] may not be adequate for precise design and analysis
f many solute–membrane systems. Damak et al. [19] showed
hat both high axial Reynolds numbers and high Schmidt num-
ers lead to a decrease in the thickness of the local concentration
oundary layer:
e = ρvd

µ
(1)

i
e
s

ing Journal 123 (2006) 117–125

ith ρ the density (kg m−3), v the velocity (m s−1), d the internal
iameter (m) and µ is the dynamic viscosity (Pa s):

c = υ

D
(2)

ith υ the kinematic viscosity (m2 s−1) and D is the mass dif-
usivity (m2 s−1).

In addition, the evolution of the thickness of the local con-
entration boundary layer for a given wall Reynolds number
epends on the values of the Schmidt number and of the axial
eynolds number near the wall:

ew = ρvwd

µ
(3)

ith vw the wall velocity (m s−1).
Many authors have tried these processes to model with

he maximum of accuracy. Nassehi [20] proposed a gen-
ral technique for linking the free flow modelled using the
avier–Stokes equations to the flow that passes through the
embrane described by the Darcy equation. It can be regarded

s the first step towards creating a complete model for cross-
ow filtration. Damak et al. [21–23] also worked on this subject
nd they succeeded in modelling the concentration-polarization
henomena along the membrane under a wide range of oper-
ting conditions. Furthermore, numerical simulation can also
e used to develop the mass transfer correlation in radial flow
ollow fiber modules. In our work, the flow characteristics that
ontrol the performance of a hollow fiber membrane module
re investigated numerically. The aim of this work is three-fold:
etermining the pressure drop in a hollow fiber ultrafiltration
odule under several operating conditions and investigating the

ffect of various physical parameters on the pressure and velocity
rofiles along the membrane surface. We propose a simple rela-
ion that can estimate the pressure drop as a function of operating
nd design parameters (permeability, inlet velocity, inlet pres-
ure, channel diameter, etc.). Using the relation, we can deduce
he number of clogged fibers and thus control the process. Our
ork should help to improve the design of the hollow fibers, to

nticipate problems such as the clogging of the hollow fibers
nd/or the module position and to control water production. As
consequence, our work can be used to improve the previous
ass transfer models that used the Hagen–Poiseuille law. A good

greement was achieved between the results obtained with our
umerical simulation and experimental results.

. Numerical simulation

In this study, we worked with a commercial CFD pack-
ge called FLUENT, which is used to simulate the fluid flow
n current geometries and to test the influence of the process
arameters. The mathematical model consists in solving the
avier–Stokes and continuity equations for a steady, laminar
ow of an incompressible homogeneous and Newtonian fluid. In
n a cylindrical tube with various permeable walls was consid-
red. The geometry considered was axisymmetric (Fig. 2). The
imulated domain was 1.3 m in length and up to 2 mm height.
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Table 1
Range of simulated operating parameters

Parameter Range of values

Internal diameter (mm) [1–2]
Inlet velocity (m s−1) [0, 25–2]
Permeability (L h−1 m2 bar−1) [100–800]
I
R
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The expression developed for the pressure profile depends on
the membrane physical properties and on the process parame-
ters. We used the results obtained by CFD (i.e. pressure drops)
Fig. 2. Representation of the geometry considered.

n order to have an accurate model, we need information about
hat happens near the membrane surface. So we need a very
ne mesh close to the membrane surface. We optimized the grid
ize to get the best accuracy: 75% of the elements were located
lose to the membrane. The basic equations of fluid mechan-
cs were combined with the boundary conditions representing

porous wall to simulate the hydrodynamics in a membrane
odule. The basic equations governing fluid flow are given

elow.

Continuity equation

∇ρV = 0 (4)

Momentum transport equation

V∇(ρV ) = −∇P + µ(∇2v) (5)

For a flow field simulation in a membrane module, the mem-
brane wall can be considered as a semi-permeable surface on
which a certain amount of exit flux may be specified. The mod-
ule is represented as an isothermal steady-state and isolated
environment, where only the effects of the laminar flow field
within the module contribute to the calculated solution. The
feed stream, which flows tangentially to the porous membrane
surface, is modelled by the Navier–Stokes equations. All pre-
vious equations that were expressed as transport equations are
added to the Darcy equation.
Darcy equation

J = Lp TMP = 1

µRm
TMP (6)

with TMP the transmembrane pressure (Pa), J the permeate
flux (m s−1), Lp the permeability (m s−1 Pa−1), µ the dynamic
viscosity (Pa s) and Rm is the membrane resistance (m−1). Pure
water is considered during these simulations.
Boundary conditions

The velocity components were fixed at the inlet, with a
parabolic profile (fully developed flow), and left free at the
outlet. For the feed condition, 5 cm located before and after
the membrane were considered as impermeable (plug). The
tangential velocity at the surface of the membrane is equal to
zero. No equations describing the concentration polarization or
fouling phenomena need to be added. For a variable composi-

tion feed and/or for an industrial application a simplified mass
transfer model cannot be applied in our simulations. Moreover,
for an industrial plant, only the variation of the membrane per-
meability is taken into account. So in this study, the fouling

F
d
P

nlet pressure (kPa) [50–150]
eynolds number [250–2000]

phenomena are considered as a modification of the membrane
permeability: it is a simplified approach which can be directly
applied for different industrials applications. This simplified
approach, no boundary conditions in term of mass transfer
equation, was validated hereafter.

The simulations, summarized in Table 1, were done with
various values of inlet velocity, inlet pressure, internal diam-
eter and permeabilities. The laminar conditions were always
simulated (i.e. Reynolds number less or equal to 2000) and
no turbulence conditions were investigated in this paper. The
parameter ranges were selected and they are those commonly
used in hollow fiber ultrafiltration. The simulated hollow fiber
was both horizontal and vertical and mesh refinement enabled
us to obtain a good numerical accuracy.

. Results and discussion

Ultrafiltration in a hollow fiber module with inside-out flow
as simulated using a model that takes into account the longitu-
inal pressure drop. Typical results are presented in Figs. 3 and 4,
espectively, variation of the velocity and pressure versus length.
he permeability was expressed in L h−1 m−2 bar−1, as this unit

s used in industry. So, with this study, it was possible to obtain
he pressure and velocity profiles in membranes (under laminar
onditions).

.1. Mathematical relation
ig. 3. Representation of the gradient velocity on the half of the channel at
ifferent channel positions (Lp = 800 L h−1 m−2 bar−1, v = 1 m s−1, d = 1 mm,

i = 100 kPa, L = 1.2 m).
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number (1000). This observation should be taken into account
to improve hollow fiber ultrafiltration processes. The transmem-
brane pressure difference is the driving force that controls the
permeate flux. Fig. 8 shows the influence of the permeability
ig. 4. Representation of the pressure along the membrane (Lp = 800 L h−1

−2 bar−1, v = 1 m s−1, d = l mm, Pi = 150 kPa, L = 1.2 m).

nd the solver add-in of Excel to create a relation linking the
ressure drop to all the variables. The solver add-in can adjust
he power law of each parameter such as it minimizes the sum of
he differences between the pressure drops obtained by CFD and
y the formula. The model equation proposed for a horizontal
ollow fibber position is

�P

L
= 0.15v1.17

L0.15
p (Pi × 10−3)

0.2
d2

(7)

ith Pi the inlet pressure (Pa), �P the pressure drop (Pa), Lp the
ermeability (L h−1 m−2 bar−1), L the membrane length (m), d
he membrane diameter (m) and v is the mean velocity at the inlet
f the feed channel (m s−1). The validation range of this model
quation is given by Table 1. The range of operating parame-
ers is adapted for ultrafiltration applications. For example it is
mpossible to calculate the pressure drop for a no permeable
ube. This equation relating the pressure drop with membrane
ermeability parameters pertaining to fiber dimensions, feed
nlet, pressure and feed flow velocity is a very important result.

Many numerical simulations were run to show the high flex-
bility of this relation. There was a good agreement between the
elation and the numerical simulation: the difference between
he pressure drop value obtained by CFD and those obtained by
he relation was lower than 2% (Fig. 5). We consider that this
elation is suitable when the permeate flow is less than 70% of
he inlet flow. Moreover, an interesting consideration was taken
n account in this part: the influence of the hollow fiber module
osition. In fact, two positions could be required for these pro-
esses: vertical and horizontal. The vertical configuration was
lso studied, since one finds as well processes used in vertical
osition as horizontal. The difference with the relation previ-
usly established is equal to the water column height and the
ermeability does not have any influence.
.2. Effect of the inlet velocity

Filtration resistance caused by the concentration polariza-
ion and the reversible fouling layer significantly decreases with

F
e

ig. 5. Comparison between the results obtained by CFD and the results obtained
sing relation (7) for the operating variable ranges given in Table 1.

ncreasing cross-flow velocity. It is clearly expected that as cross-
ow velocity increases, the mass and the thickness of the fouling

ayer should decrease, resulting in decreased filtration resistance.
t is also well known that if we increase the axial velocity in
ur membrane, the pressure drop increases, as shown in Fig. 6.
he pressure loss is around twice as significant when the inlet
elocity increases from 1 to 2 m s−1. In the case of impermeable
ubes, the dependence is more significant. More the permeabil-
ty is high, more the permeation attenuates the effect of the inlet
elocity. In fact, the permeation reduces the flow rate along the
embrane and reduces the pressure drop and the velocity [25].

.3. Effect of the membrane permeability and inlet pressure

Membrane permeability and inlet pressure are used to deter-
ine the permeate flux which is directly proportional to mem-

rane porosity and/or membrane fouling. Therefore, we can
ssume that the pressure drop is greater with higher inlet pres-
ure. Fig. 7 shows the results obtained. The pressure drop is 30%
ess significant at 150 kPa than at 50 kPa at the same Reynolds
ig. 6. Variation of the pressure drop as a function of the inlet velocity for differ-
nt permeability values (L h−1 m−2 bar−1) (Pi = 100 kPa, d = 1 mm, L = 1.2 m).
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ig. 7. Variation of the pressure drop as a function of the inlet pressure for dif-
erent permeability values (L h−1 m−2 bar−1) (d = l mm, L = 1.2 m, v = 1 m s−1).

n the pressure drop for different inlet pressure. The pressure
rop is lower when the friction resistance declines and naturally
hen the permeability increases. Therefore, the outlet pressure
ecreases when the porosity of the porous media decreases and
hen the inlet velocity increases. From the results of the numer-

cal simulations, we can thus estimate the pressure drops in
ermeable hollow fibers under the standard hollow fiber use con-
ition. We could verify that the more the velocity increases and
he inlet pressure decreases, the more the pressure drop along
he membrane increases. We could also verify that an increase
n the permeability, or in the membrane diameter, results in a
ecrease in the pressure drop. All of these parameters can be
uantified using this relation.

.4. Effect of membrane length and position

We now consider the effects of the membrane length. Numeri-
al simulation results were compared with other results obtained
sing a classical relation (Fig. 9). Other authors have cal-
ulated the pressure drop in a membrane module using the

agen–Poiseuille law. Vladisavljevi and Mitrovi [24] devel-
ped a relation for calculating the pressure drop in a hollow
ber derived from the Hagen–Poiseuille law. They expressed

he total pressure drop as being equivalent to the pressure drop

ig. 8. Variation of the pressure drop as a function of the permeability at different
nlet pressure values (v = 1 m s−1, d = 1 mm, L = 1.2 m).

r
m
p

F
o
(

ig. 9. Variation of the pressure drop along the membrane as a function
f the membrane length for different permeability values (L h−1 m−2 bar−1)
Pi = 100 kPa, d = 1 mm, L = 1.2 m, v = 1 m s−1).

ue to the friction resistance added to the pressure drop due
o local resistances in the module. In this paper, we well ver-
fy that the pressure drop increases when the inlet velocity
ncreases. So, when the inlet velocity increases we can esti-

ate that the friction coefficient increases and that the pressure
rop increases along the membrane. However, for high perme-
bilities, the flow passes through the membrane easily and the
ermeate flow is higher. That is the reason why the pressure
rops decreases and could become twice as low as that calcu-
ated with the Hagen–Poiseuille equation. These considerations
re in agreement with the results presented in this paper. As
xpected, an increase in water flow rate, fiber length and diame-
er, and permeability influences significantly energy losses in the

odule. We also verified that the pressure drop was quasi-linear
long the whole membrane length. The values of the pressure
n the channel all along the channel for different permeabilities
re reported in Fig. 10. In porous conditions, the pressure drop
long the membrane could be considered as linear for low per-
eability studied. As a result, the approximation made in the
elation has no consequence on the accuracy of the model. Our
odel gives a quantitative correlation for a longitudinal pressure

rofile.

ig. 10. Variation of the pressure value along the membrane as a function
f the membrane length for different permeability values (L h−1 m−2 bar−1)
Pi = 100 kPa, d = 1 mm, v = 1 m s−1).
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Let us now consider the influence of the position of the hol-
ow fiber system. In fact, two positions are possible: vertical or
orizontal. To assess the influence of the membrane position,
e ran the same number of simulations as before with a vertical

nd a horizontal membrane using the same parameters and for
total membrane length fixed at 1.3 m. The pressure difference
etween the two results (vertical and horizontal membrane) is
3 kPa ± 5%. This value is due to the weight of the water in the
odule and the percentage is function of the parameter studied.
herefore, the pressure drop in the module could easily be deter-
ined with our relation in both cases. In fact, the difference of

ressure could be calculated with the Bernouilli relation.
This difference of pressure given by the Bernouilli relation

dded to our relation gives the correct pressure drop in the case
f a vertical membrane.

Moreover, the model allows the analysis of the influence of
he tangential velocity, transmembrane flux and channel geome-
ry on the pressure profile configuration. This relation can be
sed in many applications, in particular in “process mainte-
ance”. This relation has multiple advantages: it enables us to
uickly determine the integrity of a module, to calculate the
nfluence of each variable on the pressure drop with/without
ouling (i.e. membrane permeability) and to evaluate the energy
onsumption.

.5. Determination of the percentage of clogged hollow
bers

In fact, we just need to calculate the flow that circulates in
ne hollow fiber. If one hollow fiber is clogged, the velocity will
ncrease in all the other fibers and so will the pressure drop along
he module. For a constant value of the inlet pressure and inlet
ow rate, the effect of the number of clogged hollow fibers on

he pressure drop can be estimated as shown in Fig. 11. During

he process operation, by increasing the manometer precision, it
ill be possible to determine the percentage of clogged hollow
bers without stopping the process.

ig. 11. Variation of the outlet pressure value as a function of the percentage
f clogged hollow fibers for different permeability values (L h−1 m−2 bar−1)
Lp = 100, 200, 400 and 800 L h−1 m−2 bar−1, Pi = 100 kPa, d = 1 mm, L = 1.2 m,

inlet = 100 m3 h−1, 35,000 hollow fibers).
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Fig. 12. Industrial-scale plant used for energy calculations.

.6. Energy consumption

The application of the proposed Eq. (7) could also allow
nergy considerations. A calculation was performed in order to
stimate the energy consumption of the ultrafiltration process.
he pump power can be divided into feed pump power and recir-
ulation power, as in the industrial-scale plant shown in Fig. 12.
he feed pump power, Wfeed (W) can be expressed as

feed = JS(P2) (8)

ith J the permeate flow (m s−1), S the membrane area (m2) and
2 is the pressure at module outlet (Pa).

The circulation power, Wcirc (W) can be expressed as

circ = Qcirc(P1 − P2) (9)

ith Qcirc the average circulation flow rate (m3 s−1) and P1 and
2, respectively, the pressures at the inlet and the outlet of the
odule (Pa). Then a total power Wtot is calculated as the sum:

tot = Wfeed + Wcirc (10)

nd Ec, the energy consumed per m3 of permeate produced
Wh m−3) is given by

c = Wtot

JS
(11)

Consequently, the energy consumption can be calculated and
ur relation (7) can be interesting from an energetic point of
iew. For example, the pressure drop in the module influences the
ecirculation pump power and the energy required to maintain
he same average circulation flow rate. In fact, the term P1 − P2
epresents the pressure drop along the membrane. This term
an be calculated using the equation. Moreover, we can deduce
he influence of the percentage of clogged hollow fibers on the
nergy consumption. Therefore, for a constant inlet pressure
nd a constant feed flow, the energy consumed per cubic metre
f permeate produced during the process increases gradually

o maintain the same permeate flux. We can thus quantify this
ower required during the process, as shown in Fig. 13. We
an notice that the percentage of clogged fibers plays a very
ignificant role in the energy consumption during the process.
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Fig. 14. Comparison of pressure drops for different inlet velocities obtained
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figure represents the variation of the permeability during expe-
riences for a constant permeate flux equal to 110 L h−1 m−2.
During each filtration step, for example in the case of drinking
water production, it was possible to predict the pressure drop
ig. 13. Variation of required pump power as a function of the percentage
f clogged hollow fibers (Lp = 100 L h−1 m−2 bar−1, v = 1 m s−1, Pi = 150 kPa,
= 1 mm, L = 1.2 m, Qinlet = 200 m3 h−1, 35,000 hollow fibers).

he pressure drop increases with the time and to compensate this
henomenon, we have to increase the recirculation force in order
o maintain the same permeate flux. As a result, we can see that
his required energy can increase by more than 7% if 10% of the
ollow fibers are clogged. This increase is not negligible because
he energy consumption in these kinds of processes is already
ery high. This parameter should also be taken into account to
mprove membrane processes.

. Comparison between experiment data and the model

We did not simulate the pressure drop at the inlet and the
utlet of the module. The pressure drop can be either calculated
sing a classical hydrodynamic formula given in the literature
r measured. The singular pressure drop can be determined
y the application of the following formulas which take into
ccount the local resistances such as the changes of section,
brupt or progressive widening of the channel and presence of a
alve:

P = τ
ρv̄2

2
(12)

is a dimensionless coefficient that is determined for each case
f structure change and v̄ is the mean velocity in the element
onsidered (m s−1).

Therefore, the sum of the pressure drops calculated could
e compared to the value given by the manometers positioned
long the process line. Therefore, the two pressure drops could
asily be coupled using this method. In our case, the simulation
esults were compared with experimental results. The pressure
rop was obtained by the difference between the inlet pressure
nd the outlet pressure given by two manometers positioned in
n industrial pilot plant. This pilot plant was automated, oper-
ted under industrial conditions and contained a hollow fiber
odule (7 m2). Natural water from the “Canal de Provence”
as used as feed by the pilot plant located at Bouc Bel Air, near
arseilles (France). This water was pumped with a feed pump
nd screened with a 300 �m pre-filter. A cross-flow filtration
ode was used. This pilot plant was automatically controlled

n order to keep the permeate flux constant. Hollow fiber mem-
ranes with a M.W.C.O (molecular weight cut off) of 100 kDa

F
J

hrough experiments and numerical simulations (T = 20 ◦C, turbidity < 5
TU, Lp = 200 L h−1 m−2 bar−1, �Pi = 50–90 kPa, v = 0.2–1.5 m s−1, L = 1.2 m,
= 2000 fibers di = 0.93 mm).

ere used. The module contained 2000 fibers 0.93 mm in inside
iameter. The membrane permeability was 200 L h−1 m2 bar−1.
he range of experiments used to validate our results was

he same as before. Therefore, the circulation flows ranged
etween l600 and 3800 L h−1, and the inlet velocities ranged
etween 0.2 and 1.5 m s−1. The comparison of experimental
esults and simulation results (Fig. 14) validates our relation.
he percentage of error between relation and experiment was

ess than 2%. This error could be due to the precision of the two
anometers. A large number of tests covering typical ultrafil-

ration applications have demonstrated that the model describes
he pressure loss in hollow fiber processes. Our relation may
e used in many applications and may help to improve the
ccuracy of existing models and to optimize membrane pro-
esses.

In this study, any boundary condition and more especially
ass transfer model are not used to describe the membrane foul-

ng. The membrane permeability decreases when the membrane
ouling increases (Fig. 15) for a constant permeate flux. This
ig. 15. Variation of the permeate flux and the permeability vs. time (T = 20 ◦C,
= 114 L h−1 m−2, v = 0.7 m s−1, L = 1.2 m, n = 2000 fibers, di = 0.93 mm).
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ig. 16. Variation of the pressure drops (experimental values and simulation)
s. time (T = 20 ◦C, J = 114 L h−1 m−2, v = 0.7 m s−1, L = 1.2 m, n = 2000 fibers,

i = 0.93 mm).

ith the variation of the membrane permeabilities whatever the
ouling by our model equation (Fig. 16): a good agreement was
btained.

. Conclusion

A simple relation representing the flow mechanism in a hol-
ow fiber ultrafiltration process was proposed to calculate the
ressure drop. Various simulations were run to show the flexi-
ility of this relation for a wide range of inlet velocities, inlet
ressures, internal diameters, permeabilities. We determined the
nfluence of each of these parameters and more particularly
f the operating parameters and of the membrane characteris-
ics. We obtained the pressure and velocity profiles for different
onditions. This equation relating the pressure drop with mem-
rane permeability, parameters pertaining to fiber dimensions,
eed inlet, pressure and feed flow velocity are a very important
esult.

Moreover, the numerical simulations were realistic and corre-
ponded to the traditional use of hollow fiber ultrafiltration mem-
ranes. This relation was compared with the results obtained
sing an industrial pilot plant. A good agreement was obtained
ith the experimental results and allowed us to check the

ntegrity of the module. Any boundary condition and more espe-
ially mass transfer model are used to describe the membrane
ouling. The membrane permeability decreases when the mem-
rane fouling increases for a constant permeate flux. During
ach filtration step, for example, in the case of drinking water
roduction, it was possible to predict the pressure drop what-
ver the fouling by our model equation: a good agreement was
btained.

Therefore, we can deduce the percentage of clogged hol-
ow fibers and evaluate energy consumption by calculating the

ressure drop. With our relation, we can determine the pressure
rop with high accuracy. We can also improve the accuracy of
revious models developed for membrane processes. Additional
umerical simulations could be run to improve the existing mod-

[

[

ing Journal 123 (2006) 117–125

ls by calculating the pressure drop at the inlet and the outlet of
he module.
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