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Section 1. Introduction

Despite major advances in the performance of available membrane materials, we
are still facing the problems of concentration polarisation (CP) and/or fouling, especially
in pressure driven membrane filtration processes. Both, CP and fouling depend on
numerous factors such as the interactions of the membrane material and components in
the feed, the module geometry, and device operating conditions, such as the
transmembrane pressure drop distribution across the module, the cross-flow velocity,
and / or the imposed filtrate flow rate, i.e. flux. The boundary layer (BD), in which CP
occurs, is very thin, on the order of magnitude of micrometers. It is a challenge to disrupt
it and enhance mass transfer [1].

CP and fouling can be partially overcome by operating the process as cross-flow
(tangential flow) filtration in which the flow directions of the feed/retentate and
permeate are arranged perpendicular to each other. The retentate flows parallel to the
membrane surface, reducing the thickness of the boundary layer. The fouling extent
decreases with an increase of the cross-flow velocity due to the increase in the local
shear stress. To observe the effect of BL disruption very high cross-flow velocities are
needed, e.g., 5 - 10 m s'1. Nevertheless, fouling still occurs and the high cross-flow
velocity leads to high pressure drop through the module. In turn, this leads to uneven
transmembrane pressure across the membrane length as well as increased energy
consumption.

An elegant approach to improve hydrodynamic conditions in the membrane
module without significantly increasing energy consumption and investment costs is to
insert static turbulence promoters in the membrane module. Even though turbulence
can also be promoted using dynamic means; here we will focus on static promoters.
These have several advantages: they use only energy of the moving fluid, there are no
moving parts so there are no additional maintenance costs and, can be inserted into
existing systems.

The main role of static turbulence promoters is to disrupt the BL near the
membrane surface so to reduce concentration polarization and prevent or minimize
fouling. In this case, the concept of BL disruption relies not only on the increased local
velocity nearby the membrane wall, but also on the changes in the flow field appearing
as secondary flows. To generate secondary flow fields, it is necessary that the turbulence
promoter has a certain geometry. For example, the use of a simple rod baffle or smooth

plate inserted in a tubular membrane will increase the cross-flow velocity, accelerating
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the fluid, but it will not cause any secondary flow. In contrast, vortices can be generated
using spacers that are curly or helically shaped. Since spacer geometry also greatly
influences the pressure drop, it is necessary to choose and optimize the geometry in a
way that provides the best compromise between the flux and energy consumption.

There are two basic concepts of turbulence promotion used in membrane
modules: turbulence promoters (TP-s) in tubular modules and membrane spacers which
primarily keep membranes apart but also introduce secondary flow patterns and local
turbulence. The role of TP-s used in tubular membrane systems is primarily to improve
hydrodynamic conditions in the membrane channel. So any kind of baffle which can be
inserted in the membrane channel can be used for that purpose. Spacers were
introduced to separate membrane sheets, usually in flat sheet and spiral wound
membrane modules, and simultaneously to improve hydrodynamics in the channels.
Wide varieties of geometries have been studied in both concepts so it is very difficult to
make classification based solely on geometry. Among plenty of published papers, mainly
dealing with broad application of spacers, we have chosen to present those studying
innovative geometries. Influence of geometry is evaluated either (a) by the magnitude of
the flux improvement and energy consumption or, (b) characterisation of hydrodynamic
conditions and flow pattern development.

Geometries of TP-s used in tubular membranes include smooth rods, helical
screw-thread, spiral wire, conical inserts, twisted tapes (Fig. 1a), KM Kenics™ and blade
static mixers (Fig. 1b). Modifications of geometrical characteristics includes change of
length element shape, alternation of its orientation, and changes in the ratio of the
element length to diameter ratio. More details on the TP in tubular membranes used
mainly in the MF and UF processes can be found in the paper of Popovic et al. [2]. The
most frequently used turbulence promoter has been KM Kenics™ mixer which has
alternating helical geometry. But, the alternation significantly enlarges pressure drop, so
the KM mixer can be energetically less effective compared to some other more simple
geometries such are twisted tapes [3]. Nevertheless, all TP kinds are more efficient than
the conventional operation from the point of view of both the flux increase and energy

consumption.



Figure 1. Twisted tape (TT) and blade type turbulence promoters for tubular membrane

[2, 3].

Applications of spacers are manifold: mostly they are used in spiral-wound membrane
modules for water and wastewater treatment membrane processes. The spacer acts
both as a mechanical support for the channel geometry and as a turbulence promoter for
the disruption of BL. Studies focus on optimizing spacer configuration, either
experimentally or theoretically, with the aim to improve hydrodynamic conditions and
extend the operating time of the membrane module. Methods of optimizing spacer
configurations reported in the literature include varying the characteristic angle toward
the feed direction of the spacer, the diameter, shape and spacing of filaments in a spacer,
and multi-layer arrangement [4]. There exist two basic types of spacers: net and woven
spacers. Recently, novel spacers having a multilayer structure (sandwich of spacers
containing a bigger spacer in the middle with two thin outside spacers) or spacers
having alternating helical elements (Fig. 2) have been developed [5-7]. Furthermore,
spacers integrated into a membrane have been studied in the process of electro-dialysis
[8]. Possible disadvantages of spacers' application can be low effectiveness in the case of
systems with significant biofouling, e.g., in water treatment [9,10]. In the cases of CP or
surface fouling caused by macromolecules, particles or ions, spacers are proven to work
effectively. Once fouled, spacers can be cleaned: a recent paper discusses the high

efficiency of bubble nucleation on spacers [11].



Fig. 2. (a) Double-helix form twisted filament, (b)single layer of twisted elements, and

(c) two-layer spacer [7].

Even though the benefits of BL disruption and mass transfer enhancement outweigh the
disadvantage of increased pressure loss, energy consumption should be always carefully
considered. While the increase of flux can range up to 700%, energy consumption (per
volume of permeate produced) can be reduced up to 80% compared to the conventional
operation without any type of TP [3]. So far in the Journal of Membrane Science more
than 100 papers have been published dealing with application of spacers and turbulence
promoter in a sense of improved membrane process, mass transfer and hydrodynamic
conditions. Review papers on the subject of turbulence promotion in membrane
modules are very scarce. In the Journal of Membrane Science only one review paper on
the subject of spacers in the spiral wound modules has been published ten years ago
[12]. This Virtual Special Issue highlights contemporary achievements in the field of
intensification of membrane processes by application of static turbulence promoters,
both spacers for flat sheet and spiral wound modules and, turbulence promoters for

tubular membrane modules.

Acknowledgement: The Ministry of Education, Youth and Sports of the Czech Repubilic,
Project CZ.1.07/2.3.00/30.0021 “Strengthening of Research and Development Teams at
the University of Pardubice®, supported this work.



References

1.

2.

10.

11.

12.

Gimmelshtein, M. and Semiat, R., Investigation of flow next to membrane walls.
Journal of Membrane Science, 2005. 264(1-2): 137-150.

Popovi¢, S. JoviCevi¢, D., Muhadinovi¢, M., Milanovi¢, S, and Teki¢, M.N,,
Intensification of microfiltration using a blade-type turbulence promoter. Journal of
Membrane Science, 2013. 425-426(0): 113-120.

Popovi¢, S. and Teki¢, M.N.,, Twisted tapes as turbulence promoters in the
microfiltration of milk. Journal of Membrane Science, 2011. 384: 97-106.

Li, Y.-L., Tung, K.-L., Lu, M.-Y., and Huang, S.-H., Mitigating the curvature effect of
the spacer-filled channel in a spiral-wound membrane module. Journal of
Membrane Science, 2009. 329(1-2): 106-118.

Li, F., Meindersma, W., de Haan, A.B., and Reith, T., Novel spacers for mass transfer
enhancement in membrane separations. Journal of Membrane Science, 2005. 253:
1-12.

Balster, ]., Pint, I, Stamatialis, D.F., and Wessling, M., Multi-layer spacer
geometries with improved mass transport. Journal of Membrane Science, 2006.
282(1-2): 351-361.

Fritzmann, C, Hausmann, M. Wiese, M. Wessling, M. and Melin, T,
Microstructured spacers for submerged membrane filtration systems. Journal of
Membrane Science, 2013. 446(0): 189-200.

Balster, ]., Stamatialis, D.F., and Wessling, M., Membrane with integrated spacer.
Journal of Membrane Science, 2010. 360(1-2): 185-189.

Ngene, LS., Lammertink, R.G.H., Wessling, M., and Van der Meer, W.G.]., Particle
deposition and biofilm formation on microstructured membranes. Journal of
Membrane Science, 2010. 364(1-2): 43-51.

Vrouwenvelder, ]. S., Schulenburg, von der, D. A. G., Kruithof, . C, Johns, M. L., &
van Loosdrecht, M. C. M. (2009). Biofouling of spiral-wound nanofiltration and
reverse osmosis membranes: A feed spacer problem. Water Research, 43(3), 583-
594.

Ngene, I. S., Lammertink, R. G. H.,, Kemperman, A. J. B, de Ven, van, W. ]. C,
Wessels, L. P., Wessling, M., & der Meer, Van, W. G. ]J. (2010). CO2 Nucleation in
Membrane Spacer Channels Remove Biofilms and Fouling Deposits. Industrial &
Engineering Chemistry Research, 49(20), 10034-10039.

Schwinge, J., Neal, P.R,, Wiley, D.E., Fletcher, D.F., and Fane, A.G., Spiral wound
modules and spacers: Review and analysis. Journal of Membrane Science, 2004.
242(1-2):129-153.

Section 2. Spacers of diverse geometries
Section 2.1. Ultrafiltration

1.

2.

Da Costa, A.R,, Fane, A.G,, Fell, C.].D., and Franken, A.C.M., Optimal channel spacer
design for ultrdfiltration. Journal of Membrane Science, 1991. 62(3), 275-291.

Da Costa, A.R,, Fane, A.G., and Wiley, D.E., Ultrafiltration of whey protein solutions
in spacer-filled flat channels. Journal of Membrane Science, 1993. 76(2-3), 245-
254.



Levy, P.F. and Earle, R.S., The effect of channel height and channel spacers on flux
and energy requirements in crossflow filtration. Journal of Membrane Science,
1994.91(1-2), 135-143.

Youm, K.H.,, Fane, A.G., and Wiley, D.E., Effects of natural convection instability on
membrane performance in dead-end and cross-flow ultrafiltration. Journal of
Membrane Science, 1996. 116(2), 229-241.

Schwinge, ]., Wiley, D.E., Fane, A.G., and Guenther, R., Characterization of a zigzag
spacer for ultrafiltration. Journal of Membrane Science, 2000. 172, 19-31.
Schwinge, J., Wiley, D.E., and Fane, A.G., Novel spacer design improves observed
flux. Journal of Membrane Science, 2004. 229(1-2), 53-61.

Chen, V., Chan, R, Lia, H., and Bucknall, M.P., Spatial distribution of foulants on
membranes during ultrafiltration of protein mixtures and the influence of spacers
in the feed channel. Journal of Membrane Science, 2007. 287, 79-87.

Shrivastava, A., Kumar, S., and Cussler, E.L., Predicting the effect of membrane
spacers on mass transfer. Journal of Membrane Science, 2008. 323(2), 247-256.
Fritzmann, C.,, Wiese, M., Melin, T., and Wessling, M., Helically microstructured
spacers improve mass transfer and fractionation selectivity in ultrafiltration.
Journal of Membrane Science, 2014. 463(0), 41-48.

Section 2.2. Reverse osmosis

1.

Ma, S. and Song, L., Numerical study on permeate flux enhancement by spacers in a
crossflow reverse osmosis channel. Journal of Membrane Science, 2006. 284(1-2),
102-1009.

Shrivastava, A., Kumar, S., and Cussler, E.L., Predicting the effect of membrane
spacers on mass transfer. Journal of Membrane Science, 2008. 323(2), 247-256.
Picioreanu, C., Vrouwenvelder, ].S., and van Loosdrecht, M.C.M., Three-dimensional
modeling of biofouling and fluid dynamics in feed spacer channels of membrane
devices. Journal of Membrane Science, 2009. 345(1-2), 340-354.

Vrouwenvelder, ].S., Picioreanu, C., Kruithof, ].C., and van Loosdrecht, M.C.M,,
Biofouling in spiral wound membrane systems: Three-dimensional CFD model based
evaluation of experimental data. Journal of Membrane Science, 2010. 346(1), 71-
85.

Gao, Y., Haavisto, S., Tang, C.Y., Salmela, J., and Li, W., Characterization of fluid
dynamics in spacer-filled channels for membrane filtration using Doppler optical
coherence tomography. Journal of Membrane Science, 2013. 448(0), 198-208.
Park, M. and Kim, ]J.H., Numerical analysis of spacer impacts on forward osmosis
membrane process using concentration polarization index. Journal of Membrane
Science, 2013.427(0), 10-20.

Xie, P., Murdoch, L.C,, and Ladner, D.A., Hydrodynamics of sinusoidal spacers for
improved reverse osmosis performance. Journal of Membrane Science, 2014.
453(0), 92-99.

Section 2.3. Electro-dialysis

1.

2.

Chiapello, .M. and Bernard, M., Improved spacer design and cost reduction in an
electrodialysis system. Journal of Membrane Science, 1993. 80(1), 251-256.

Shaposhnik, V.A., Grigorchuk, 0.V., Korzhov, E.N., Vasil'eva, V.I., and Klimov, V.Y.,
The effect of ion-conducting spacers on mass transfer — numerical analysis and

7



10.

11.

concentration field visualization by means of laser interferometry. Journal of
Membrane Science, 1998. 139(1), 85-96.

Tanaka, Y., Pressure distribution, hydrodynamics, mass transport and solution
leakage in an ion-exchange membrane electrodialyzer. Journal of Membrane
Science, 2004. 234(1-2), 23-39.

Balster, ]., Piint, I, Stamatialis, D.F., and Wessling, M., Multi-layer spacer
geometries with improved mass transport. Journal of Membrane Science, 2006.
282(1-2),351-361.

Dtugotecki, P., Nymeijer, K., Metz, S., and Wessling, M., Current status of ion
exchange membranes for power generation from salinity gradients. Journal of
Membrane Science, 2008. 319(1-2), 214-222.

Balster, ], Stamatialis, D.F., and Wessling, M., Membrane with integrated spacer.
Journal of Membrane Science, 2010. 360(1-2), 185-189.

Giiler, E., Elizen, R, Saakes, M., and Nijmeijer, K., Micro-structured membranes for
electricity generation by reverse electrodialysis. Journal of Membrane Science,
2014.458(0), 136-148.

Gurreri, L., Tamburini, A., Cipollina, A., Micale, G., and Ciofalo, M., CFD prediction of
concentration polarization phenomena in spacer-filled channels for reverse
electrodialysis. Journal of Membrane Science, 2014. 468(0), 133-148.

Pawlowski, S., Crespo, J.G, and Velizarov, S. Pressure drop in reverse
electrodialysis: Experimental and modeling studies for stacks with variable number
of cell pairs. Journal of Membrane Science, 2014. 462(0), 96-111.

Pawlowski, S., Sistat, P., Crespo, ].G., and Velizarov, S., Mass transfer in reverse
electrodialysis: Flow entrance effects and diffusion boundary layer thickness.
Journal of Membrane Science, 2014. 471(0), 72-83.

Vermaas, D.A. Saakes, M., and Nijmeijer, K., Enhanced mixing in the diffusive
boundary layer for energy generation in reverse electrodialysis. Journal of
Membrane Science, 2014. 453(0), 312-319.

Section 2.4. Membrane Distillation

Kimura, S., Nakao, S.-I,, and Shimatani, S.-1., Transport phenomena in membrane
distillation. Journal of Membrane Science, 1987. 33(3), 285-298.

Martinez-Diez, L. Vazquez-Gonzalez, M.I, and Florido-Diaz, F.J., Study of
membrane distillation using channel spacers. Journal of Membrane Science, 1998.
144(1-2), 45-56.

Phattaranawik, J., Jiraratananon, R. Fane, A.G., and Halim, C., Mass flux
enhancement using spacer filled channels in direct contact membrane distillation.
Journal of Membrane Science, 2001. 187(1-2), 193-201.

Phattaranawik, ]., Jiraratananon, R., and Fane, A.G., Effects of net-type spacers on
heat and mass transfer in direct contact membrane distillation and comparison
with ultrafiltration studies. Journal of Membrane Science, 2003. 217(1-2), 193-
206.

Martinez, L. and Rodriguez-Maroto, ].M. Characterization of membrane
distillation modules and analysis of mass flux enhancement by channel spacers.
Journal of Membrane Science, 2006. 274(1-2), 123-137.

Yang, X., Wang, R, and Fane, A.G., Novel designs for improving the performance of
hollow fiber membrane distillation modules. Journal of Membrane Science, 2011.
384(1-2), 52-62.



Chen, G., Yang, X,, Lu, Y., Wang, R,, and Fane, A.G., Heat transfer intensification and
scaling mitigation in bubbling-enhanced membrane distillation for brine
concentration. Journal of Membrane Science, 2014. 470(0), 60-69.

Guan, G., Yang, X,, Wang, R,, Field, R,, and Fane, A.G., Evaluation of hollow fiber-
based direct contact and vacuum membrane distillation systems using aspen
process simulation. Journal of Membrane Science, 2014. 464(0), 127-139.

Section 2.5. Others

10.

11.

12.

13.

Farkovd, ]., The pressure drop in membrane module with spacers. Journal of
Membrane Science, 1991. 64(1-2), 103-111.

Polyakov, S.V. and Karelin, F.N., Turbulence promoter geometry: its influence on
salt rejection and pressure losses of a composite-membrane spiral would module.
Journal of Membrane Science, 1992. 75(3), 205-211.

Hickey, P.J. and Gooding, C.H., Mass transfer in spiral wound pervaporation
modules. Journal of Membrane Science, 1994. 92(1), 59-74.

Crowder, M.L. and Gooding, C.H., Spiral wound, hollow fiber membrane modules: A
new approach to higher mass transfer efficiency. Journal of Membrane Science,
1997.137(1-2), 17-29.

Geraldes, V.t, Semido, V., and de Pinho, M.N., Flow management in nanofiltration
spiral wound modules with ladder-type spacers. Journal of Membrane Science,
2002.203(1-2),87-102.

Neal, P.R, Li, H,, Fane, A.G., and Wiley, D.E., The effect of filament orientation on
critical flux and particle deposition in spacer-filled channels. Journal of Membrane
Science, 2003. 214(2), 165-178.

Gimmelshtein, M. and Semiat, R., Investigation of flow next to membrane walls.
Journal of Membrane Science, 2005. 264(1-2), 137-150.

Pal, S., Ambastha, S., Ghosh, T.B., De, S., and DasGupta, S., Optical evaluation of
deposition thickness and measurement of permeate flux enhancement of simulated
fruit juice in presence of turbulence promoters. Journal of Membrane Science,
2008. 315, 58-66.

Willems, P., Kemperman, A.J.B., Lammertink, R.G.H., Wessling, M., van Sint
Annaland, M., Deen, N.G., Kuipers, J.A.M., and van der Meer, W.G.]., Bubbles in
spacers: Direct observation of bubble behavior in spacer filled membrane channels.
Journal of Membrane Science, 2009. 333(1-2), 38-44.

Willems, P., Deen, N.G., Kemperman, A.J.B., Lammertink, R.G.H., Wessling, M., van
Sint Annaland, M., Kuipers, J.A.M., and van der Meer, W.G.]., Use of Particle
Imaging Velocimetry to measure liquid velocity profiles in liquid and liquid/gas
flows through spacer filled channels. Journal of Membrane Science, 2010. 362(1-
2), 143-153.

Koris, A., Piacentini, E. Vatai, G., Bekassy-Molnar, E., Drioli, E., and Giorno, L.,
Investigation on the effects of a mechanical shear-stress modification method
during cross-flow membrane emulsification. Journal of Membrane Science, 2011.
371, 28-36.

Araujo, P.A., Kruithof, ].C., Van Loosdrecht, M.C.M., and Vrouwenvelder, ].S., The
potential of standard and modified feed spacers for biofouling control. Journal of
Membrane Science, 2012. 403-404(0), 58-70.

Fritzmann, C., Hausmann, M. Wiese, M. Wessling, M. and Melin, T,
Microstructured spacers for submerged membrane filtration systems. Journal of
Membrane Science, 2013. 446(0), 189-200.



14. Gao, Y., Haavisto, S., Tang, C.Y., Salmela, J., and Li, W., Characterization of fluid
dynamics in spacer-filled channels for membrane filtration using Doppler optical
coherence tomography. Journal of Membrane Science, 2013. 448(0), 198-208.

Section 3. Turbulence promoters for tubular membranes
Section 3.1. Microfiltration

1. Gupta, B.B., Howell, J.A,, Wu, D., and Field, RW., A helical baffle for cross-flow
microfiltration. Journal of Membrane Science, 1995. 99, 31-42.

2. Najarian, S. and Bellhouse, B.]., Enhanced microfiltration of bovine blood using a
tubular membrane with a screw-threaded insert and oscillatory flow Journal of
Membrane Science, 1996. 112, 249-261.

3. Costigan, G., Bellhouse, B.]., and Picard, C., Flux enhancement in microfiltration by
corkscrew vortices formed in helical flow passages. Journal of Membrane Science,
2002.206(1-2),179-188.

4., Krsti¢, D.M., Teki¢, M.N., Cari¢, M., and Milanovi¢, S.D., The effect of turbulence
promoter on cross-flow microfiltration of skim milk. Journal of Membrane Science,
2002. 208, 303-314.

5. Jokic, A., Zavargo, Z., Seres, Z., and Tekic, M., The effect of turbulence promoter on
cross-flow microfiltration of yeast suspensions: A response surface methodology
approach. Journal of Membrane Science, 2010. 350(1-2), 269-278.

6. Popovi¢, S. and Teki¢, M.N.,, Twisted tapes as turbulence promoters in the
microfiltration of milk. Journal of Membrane Science, 2011. 384, 97-106.

7. Popovi¢, S. Jovicevi¢, D., Muhadinovi¢, M., Milanovi¢, S., and Teki¢, M.N.,,
Intensification of microfiltration using a blade-type turbulence promoter. Journal of
Membrane Science, 2013. 425-426(0), 113-120.

Section 3.2. Ultrafiltration

1. Mavrov, V., Nikolov, N.D., Islam, M.A., and Nikolova, ].D., An investigation on the
configuration of inserts in tubular ultrafiltration module to control concentration
polarization. Journal of Membrane Science, 1992. 75, 197-201.

2. Yeh, H.M. and Chen, K.T., Improvement of ultrafiltration performance in tubular
membranes using a twisted wire-rod assembly. Journal of Membrane Science,
2000.178(1-2), 43-53.

3. Yeh, H.M., Dong, ].F., Hsieh, M.]., and Yang, C.C., Prediction of permeate flux for
ultrafiltration in wire-rod tubular-membrane modules. Journal of Membrane
Science, 2002. 209(1), 19-26.

4. Yeh, H.M. and Chen, Y.F., Modified analysis of permeate flux for ultrafiltration in a
solid-rod tubular membrane. Journal of Membrane Science 2005. 251, 255-261.

5. Yeh, H.M. and Chen, Y.F, Momentum balance analysis of permeate flux for
ultrafiltration in tubular membranes with gradually increasing incidental angles of
a wired-rod insert. Journal of Membrane Science, 2006. 278, 205-211.

Section 3.3. Membrane reactors

1. Xu, N., Xing, W., Xu, N., and Shi, ]., Application of turbulence promoters in ceramic
membrane bioreactor used for municipal wastewater reclamation. Journal of
Membrane Science, 2002. 210(2), 307-313.

10



Wuy, Y., Hua, C, Li, W,, Li, Q., Gao, H., and Liu, H., Intensification of micromixing
efficiency in a ceramic membrane reactor with turbulence promoter. Journal of
Membrane Science, 2009. 328 219-227.

Section 4. CFD simulations and modelling

Papers related to the CFD simulations and modelling deal with the application of spacers
in membrane processes, with focus on the hydrodynamic and mass transfer
characteristics.

Section 4.1. Microfiltration

1.

Rahimi, M., Madaeni, S.S., and Abbasi, K., CFD modeling of permeate flux in cross-
flow microfiltration membrane. Journal of Membrane Science, 2005. 255(1-2), 23-
31.

Jalilvand, Z., Zokaee Ashtiani, F., Fouladitajar, A., and Rezaei, H.,, Computational
fluid dynamics modeling and experimental study of continuous and pulsatile flow in
flat sheet microfiltration membranes. Journal of Membrane Science, 2014. 450(0),
207-214.

Lotfiyan, H., Zokaee Ashtiani, F., Fouladitajar, A., and Armand, S.B., Computational
fluid dynamics modeling and experimental studies of oil-in-water emulsion
microfiltration in a flat sheet membrane using Eulerian approach. Journal of
Membrane Science, 2014. 472(0), 1-9.

Section 4.2. Reverse and forward osmosis

1.

Bhattacharyya, D. Back, S.L., Kermode, R.I, and Roco, M.C., Prediction of
concentration polarization and flux behavior in reverse osmosis by numerical
analysis. Journal of Membrane Science, 1990. 48(2-3), 231-262.

Ma, S., Song, L., Ong, S.L., and Ng, W.J., A 2-D streamline upwind Petrov/Galerkin
finite element model for concentration polarization in spiral wound reverse osmosis
modules. Journal of Membrane Science, 2004. 244(1-2), 129-139.

Ma, S. and Song, L., Numerical study on permeate flux enhancement by spacers in a
crossflow reverse osmosis channel. Journal of Membrane Science, 2006. 284(1-2),
102-109.

Subramani, A., Kim, S., and Hoek, E.M.V., Pressure, flow, and concentration profiles
in open and spacer-filled membrane channels. Journal of Membrane Science, 2006.
277(1-2), 7-17.

Zhou, W., Song, L., and Guan, T.K., A numerical study on concentration polarization
and system performance of spiral wound RO membrane modules. Journal of
Membrane Science, 2006. 271(1-2), 38-46.

Wang, F. and Tarabara, V.V, Coupled effects of colloidal deposition and salt
concentration polarization on reverse osmosis membrane performance. Journal of
Membrane Science, 2007. 293(1-2), 111-123.

Picioreanu, C., Vrouwenvelder, ].S., and van Loosdrecht, M.C.M., Three-dimensional
modeling of biofouling and fluid dynamics in feed spacer channels of membrane
devices. Journal of Membrane Science, 2009. 345(1-2), 340-354.

Vrouwenvelder, ].S., van Paassen, J.A.M., van Agtmaal, ].M.C,, van Loosdrecht,
M.C.M., and Kruithof, ]J.C,, A critical flux to avoid biofouling of spiral wound

11



10.

11.

12.

13.

14.

15.

16.

nanofiltration and reverse osmosis membranes: Fact or fiction? Journal of
Membrane Science, 2009. 326(1), 36-44.

Radu, A.l, Vrouwenvelder, ]J.S., van Loosdrecht, M.C.M.,, and Picioreanu, C,
Modeling the effect of biofilm formation on reverse osmosis performance: Flux, feed
channel pressure drop and solute passage. Journal of Membrane Science, 2010.
365(1-2), 1-15.

Vrouwenvelder, ].S., Picioreanu, C. Kruithof, J.C.,, and van Loosdrecht, M.C.M.,
Biofouling in spiral wound membrane systems: Three-dimensional CFD model based
evaluation of experimental data. Journal of Membrane Science, 2010. 346(1), 71-
85.

Gruber, M.F,, Johnson, C.J.,, Tang, C.Y., Jensen, M.H,, Yde, L., and Hélix-Nielsen, C.,
Computational fluid dynamics simulations of flow and concentration polarization
in forward osmosis membrane systems. Journal of Membrane Science, 2011.
379(1-2), 488-495.

Park, M. and Kim, ]J.H., Numerical analysis of spacer impacts on forward osmosis
membrane process using concentration polarization index. Journal of Membrane
Science, 2013.427(0), 10-20.

She, Q., Hou, D., Liy, J.,, Tan, K.H., and Tang, C.Y., Effect of feed spacer induced
membrane deformation on the performance of pressure retarded osmosis (PRO):
Implications for PRO process operation. Journal of Membrane Science, 2013.
445(0), 170-182.

Chang Kim, Y. Lee, ].H, and Park, S.-]., Novel crossflow membrane cell with
asymmetric channels: Design and pressure-retarded osmosis performance test.
Journal of Membrane Science, 2014(0).

Oh, Y, Lee, S, Elimelech, M,, Lee, S., and Hong, S., Effect of hydraulic pressure and
membrane orientation on water flux and reverse solute flux in pressure assisted
osmosis. Journal of Membrane Science, 2014. 465(0), 159-166.

Xie, P., Murdoch, L.C,, and Ladner, D.A., Hydrodynamics of sinusoidal spacers for
improved reverse osmosis performance. Journal of Membrane Science, 2014.
453(0), 92-99.

Section 4.3. Electrodialysis

1.

Kodym, R., Vlasik, F. Snita, D. Cernin, A, and Bouzek, K, Spatially two-
dimensional mathematical model of the flow hydrodynamics in a channel filled with
a net-like spacer. Journal of Membrane Science, 2011. 368(1-2), 171-183.

Gurreri, L., Tamburini, A., Cipollina, A., Micale, G., and Ciofalo, M., CFD prediction of
concentration polarization phenomena in spacer-filled channels for reverse
electrodialysis. Journal of Membrane Science, 2014. 468(0), 133-148.

Pawlowski, S., Crespo, ].G., and Velizarov, S. Pressure drop in reverse
electrodialysis: Experimental and modeling studies for stacks with variable number
of cell pairs. Journal of Membrane Science, 2014. 462(0), 96-111.

Section 4.4. Membrane Distillation

1.

Yang, X, Yu, H, Wang, R, and Fane, A.G., Analysis of the effect of turbulence
promoters in hollow fiber membrane distillation modules by computational fluid
dynamic (CFD) simulations. Journal of Membrane Science, 2012. 415-416, 758-
769.

12



Yang, X.,, Yu, H.,, Wang, R,, and Fane, A.G., Optimization of microstructured hollow
fiber design for membrane distillation applications using CFD modeling. Journal of
Membrane Science, 2012. 421-422(0), 258-270.

Tamburini, A., Pito, P., Cipollina, A., Micale, G., and Ciofalo, M., A Thermochromic
Liquid Crystals Image Analysis technique to investigate temperature polarization in
spacer-filled channels for Membrane Distillation. Journal of Membrane Science,
2013.447(0), 260-273.

Section 4.5. Others

1.

10.

11.

12.

13.

14.

Cao, Z., Wiley, D.E, and Fane, A.G., CFD simulations of net-type turbulence
promoters in a narrow channel. Journal of Membrane Science, 2001. 185(2), 157-
176.

Karode, S.K. and Kumar, A., Flow visualization through spacer filled channels by
computational fluid dynamics 1.: Pressure drop and shear rate calculations for flat
sheet geometry. Journal of Membrane Science, 2001. 193(1), 69-84.

Li, F., Meindersma, W., de Haan, A.B., and Reith, T., Optimization of commercial net
spacers in spiral wound membrane modules. Journal of Membrane Science, 2002.
208(1-2), 289-302.

Koutsou, C.P., Yiantsios, S.G., and Karabelas, A.]., Numerical simulation of the flow
in a plane-channel containing a periodic array of cylindrical turbulence promoters.
Journal of Membrane Science, 2004. 231(1-2), 81-90.

Li, F., Meindersma, W., de Haan, A.B., and Reith, T., Experimental validation of CFD
mass transfer simulations in flat channels with non-woven net spacers. Journal of
Membrane Science, 2004. 232(1-2), 19-30.

Ahmad, A.L, Lau, KK, and Bakar, M.Z.A., Impact of different spacer filament
geometries on concentration polarization control in narrow membrane channel.
Journal of Membrane Science, 2005. 262, 138-152.

Dendukuri, D., Karode, S.K., and Kumar, A., Flow visualization through spacer filled
channels by computational fluid dynamics-1I: improved feed spacer designs. Journal
of Membrane Science, 2005. 249(1-2), 41-49.

Li, F., Meindersma, W., de Haan, A.B., and Reith, T., Novel spacers for mass transfer
enhancement in membrane separations. Journal of Membrane Science, 2005. 253,
1-12.

Liu, S.X, Peng, M, and Vane, L.M., CFD simulation of effect of baffle on mass
transfer in a slit-type pervaporation module. Journal of Membrane Science, 2005.
265(1-2),124-136.

Ahmad, A.L. and Lau, KK, Impact of different spacer filaments geometries on 2D
unsteady hydrodynamics and concentration polarization in spiral wound
membrane channel. Journal of Membrane Science, 2006. 286(1-2), 77-92.

Ranade, V.V. and Kumar, A., Fluid dynamics of spacer filled rectangular and
curvilinear channels. Journal of Membrane Science, 2006. 271(1-2), 1-15.
Fimbres-Weihs, G.A. and Wiley, D.E., Numerical study of mass transfer in three-
dimensional spacer-filled narrow channels with steady flow. Journal of Membrane
Science, 2007.306(1-2), 228-243.

Koutsou, C.P., Yiantsios, S.G., and Karabelas, A.J., Direct numerical simulation of
flow in spacer-filled channels: Effect of spacer geometrical characteristics. Journal
of Membrane Science, 2007. 291(1-2), 53-69.

Santos, J.L.C., Geraldes, V., Velizarov, S., and Crespo, ].G., Investigation of flow
patterns and mass transfer in membrane module channels filled with flow-aligned

13



spacers using computational fluid dynamics (CFD). Journal of Membrane Science,
2007.305(1-2),103-117.

15.  Shakaib, M., Hasani, S.M.F,, and Mahmood, M., Study on the effects of spacer
geometry in membrane feed channels using three-dimensional computational flow
modeling. Journal of Membrane Science, 2007. 297(1-2), 74-89.

16. Koutsou, C.P., Yiantsios, S.G., and Karabelas, A.]., A numerical and experimental
study of mass transfer in spacer-filled channels: Effects of spacer geometrical
characteristics and Schmidt number. Journal of Membrane Science, 2009. 326(1),
234-251.

17. Lau, KK, Abu Bakar, M.Z, Ahmad, A.L.,, and Murugesan, T., Feed spacer mesh
angle: 3D modeling, simulation and optimization based on unsteady hydrodynamic
in spiral wound membrane channel. Journal of Membrane Science, 2009. 343(1-
2),16-33.

18. Li, Y.-L., Tung, K.-L., Lu, M.-Y., and Huang, S.-H., Mitigating the curvature effect of
the spacer-filled channel in a spiral-wound membrane module. Journal of
Membrane Science, 2009. 329(1-2), 106-118.

19. Shakaib, M., Hasani, S.M.F., and Mahmood, M., CFD modeling for flow and mass
transfer in spacer-obstructed membrane feed channels. Journal of Membrane
Science, 2009. 326(2), 270-284.

20. Ngene, LS., Lammertink, R.G.H., Wessling, M., and Van der Meer, W.G.]., Particle
deposition and biofilm formation on microstructured membranes. Journal of
Membrane Science, 2010. 364(1-2), 43-51

Section 5. Concluding remarks

Intensification of membrane processes by application of turbulence promoters
plays significant role in the sustainability of membrane technologies and has attracted
attention in recent years. Studies are mainly focused on the mitigation of membrane
fouling expressed over the flux improvement and energy consumption, the optimisation
of promoter's geometry, simulation and modelling of hydrodynamic conditions.
Breakthroughs in novel spacers and turbulence promoters design are expected in the
near future. They are related to the 3D prototyping technologies and computation fluid
dynamics (CFD) software development. CFD software development will facilitate and
shorten the time of design of the optimal geometry by simulations and modelling of
hydrodynamics and mass transfer in the module. Improvement of 3D printing
technologies will assure the production of various geometries of turbulence promoters,
their integration in a membrane module so production of systems with a high optimal
efficiency.
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