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A B S T R AC T

The CFD simulations in spacer-fi lled membrane modules reveal complex fl uid structure in 
diamond-type spacers as fl ow directional changes are seen due to inclined spacer fi laments. 
Despite this complex fl uid behavior the fl ow remains steady for the Reynolds number consid-
ered in this study. However, the fl ow in a parallel-type spacer earlier thought to be less compli-
cated has shown three dimensionality as well as time dependency. Due to this transient nature, 
the fl ow becomes asymmetric with fl apping motion. The eddies appear immediately behind the 
transverse fi laments, grow in size and fi nally dissipate in the center of the fi laments. The fl ow 
unsteadiness also causes the shear and mass transfer rates to vary in time and major fl uctua-
tions are seen in the center of the spacer fi laments which may be useful in the periodic removal 
of foulants from membrane surfaces, thus improving the process effi ciency. 

Keywords: CFD; Membrane; Spacer; Shear rates; Mass transfer

1. Introduction

Membrane processes such as reverse osmosis, and 
nanofi ltration  are commonly used for desalination and 
other water treatment applications. Out of the variety 
of module confi gurations available for these processes, 
spiral wound type is most commonly used. The main 
advantage being that this type offers higher packing den-
sity at a much reduced module construction cost. Due to 
its importance in membrane applications, considerable 
design improvements have taken place over the years 
to enhance its performance.  One particular component 
of the module that has received much attention is feed 
spacer. Bartels et al. [1] provide a detailed account of the 
design developments in spiral wound modules. Feed 
spacers in spiral wound membrane modules play an 
important role as they not only provide channel for feed 
fl ow but also create turbulence which promote mixing 
and reduce membrane fouling.

A number of experimental and numerical studies 
have appeared in literature in recent years. Schwinge 
et al. [2] studied the effect of spacer fi laments on fl ow 
patterns using a CFD code. The work showed that 
fl ow becomes transient showing unsteady movements 
when Reynolds number is increased above 300. In 
another paper Schwinge et al. [3] found that transition 
to unsteady fl ow occurs between Reynolds number of 
200 and 800 depending on spacer confi guration. Ranade 
and Kumar [4] compared fl ow structure in spacer-fi lled 
fl at and annular channels and concluded that fl uid 
dynamics in two channels was not signifi cantly differ-
ent while secondary fl ows created by spacers were much 
stronger than those due to channel curvature. Koutsou 
et al. [5] studied the effect of Schmidt number on mass 
transfer rates in membrane feed channels for various 
spacers. Koutsou et al. [6] in another work performed 
direct numerical simulations in spacer-fi lled channels 
at different Reynolds numbers and compared them on 
the basis of wall shear stress distribution and pressure 
drop.  Santos et al. [7] performed 3d simulations for *Corresponding author.
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fl ow and mass transfer in fl ow-aligned diamond spac-
ers and showed that critical value of Reynolds number 
for tr ansient fl ows in membrane channels signifi cantly 
depends on the spacer geometry. The work also showed 
that the effect of longitudinal fi laments is insignifi cant 
on fl ow profi les and instabilities in spacer-fi lled chan-
nels. The effect of longitudinal fi laments was not there-
fore considered for mass transfer cases in their paper. 
Fimbres-Weihs and Wiley [8] compared the concentra-
tion profi les obtained through 3d simulations with ones 
obtained using 2d analysis and reported that mass trans-
fer rates were under-predicted in 2d simulations. Li et al. 
[9, 10] compared spacer performance based on average 
Sherwood and Power numbers. The modeling procedure 
in these papers however was not made clear particularly 
how periodic boundary conditions were applied to their 
problem. Li et al. [11] in another paper found that both 
woven and non-woven spacers perform equally well. 
Recently we [12, 13] studied the effect of spacer geome-
try on fl ow and concentration patterns in the membrane 
feed channels in the Reynolds number range between 
10 and 200.  This paper is an extension of our previous 
work and it gives a better insight into the fl ow structures 
and concentration patterns for an increased Reynolds 
number of upto 400 which is often the range encoun-
tered in most practical applications.

 2. Modeling procedure and details

The fl ow and concentration patterns are obtained 
for two types of spacers: the diamond and the parallel 
spacers. Both spacers have two set of fi laments; in a dia-
mond spacer one set of fi laments overlay upon another 
in different orientations on two different planes while 
in a parallel spacer a set of thin cross fi laments is trans-
versely connected to thick axial fi laments.  For both 
types of spacers the fl ow is periodic and fl ow entering 
the channel through one cell is similar to the fl ow that 
enters through the adjacent cell (in z-direction). In the 
main fl ow direction (x-direction) however the entry 
length is around 3–5 fi laments [11]. The computational 
domain in this work is therefore restricted to one top/
thick fi lament and six bottom/thin fi laments for the 
diamond and parallel spacers as can be seen in Figs. 
1(a) and (b). 

In the diamond spacer vertical surfaces parallel to 
top fi lament are periodic surfaces while wall bound-
ary conditions are defi ned for the axial fi laments in the 
pa rallel spacer. For both spacer types:

Mass fl ow rate is specifi ed in the x-direction at the 
inlet. The solute mass fraction c0 of fl uid at inlet is zero. 
Mass fl ow rates are adjusted to obtain the desired 
value of Reynolds number.

1.

The spacing between consecutive fi laments is chosen 
to be 2 mm whereas the channel height is set to 1 mm. 
The top and bottom membrane surfaces are assumed to 
be impermeable walls and are set to a mass fraction value 
cw of 1. The assumption to treat membrane as an imper-
meable wall is satisfactory since in most of the membrane 
processes the feed velocity is at least 3 orders of magni-
tude higher when compared to permeation velocity.

The spacer geometry is created and meshed in Gambit 
2.1.6 as shown in Fig. 2. The mesh consists of hexahedral 
and wedge type cells and is refi ned near the fi laments 
and near the membrane (top and bottom) surfaces due 
to high velocity and concentration gradients. It is found 
that around 800,000 cells are suffi cient for the range of 
Reynolds number considered in this paper. The differ-
ence in mass transfer coeffi cient and shear stress is found 
to be less than 3% when 800,000 and 1,450,000 cells are 
used respectively for parallel spacer at a Reynolds num-
ber of 400. The typical values of Schmidt number of the 
fl uids in most of the membrane processes is commonly 
greater than 500. The higher values of Schmidt number 
however leads to signifi cantly steep concentration gradi-
ents near the membrane wall. This necessitates extremely 
fi ne grid for accurate results thus increasing the compu-
tational time and cost. Therefore for modeling purpose a 
relatively lower value of Schmidt number of 100 is used 
for simulations in this paper. The governing equations 
are continuity, momentum and concentration equations 
which are solved using pressure based segregated solver 
of CFD code FLUENT 6.3. The discretization of momen-
tum equation and concentration equation is carried out 
using QUICK and Power Law schemes respectively 
whereas pressure-velocity coupling is provided through 
SIMPLEC algorithm. The unsteady simulations are con-
ducted using a time step of 0.0001 s and second order 
accurate formulation. In each time step, 20 iterations are 
specifi ed in which the residuals of continuity, velocity 
and mass fraction (concentration) dropped around one 
order of magnitude indicating the convergence. Simula-
tions are performed in parallel mode utilizing 12 nodes 
with 3 GHz dual processors. For the purpose of evalu-
ation friction factors and Sherwood numbers are also 
obtained from pressure drop and mass transfer coeffi cient 
values of CFD results. The comparison is then made with 
the experimental work of Schock and Miquel [14] who 
developed following correlations for diamond spacer: 

f = 6.23Re-0.3 (1)

Sh = 0.065Re0.875Sc0.25 (2)

The defi nitions of Reynolds number Re, friction 
factor f, Sherwood number Sh and Schmidt number Sc 
are same as defi ned in reference [14]:

2.

3.
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In Eqs. (3)–(8) dh is hydraulic diameter, uav is average 
velocity, m is mass fl ow rate, Aeff is effective area, ρ is den-
sity, ν is kinematic viscosity, D is diffusion coeffi cient, L 
is distance and ΔP is the pressure drop between any two 
fi laments.

The present numerical results are also compared 
with the recent work of Koutsou et al. [5].  The results 
are compared with the correlation given in Eq.(9) which 
was determined for a spacer that resembles the diamond 
spacer considered in this work.

Shd = 0.14Red
0.64Sc0.42 (9)

where Red and Shd are Reynolds number and Sherwood 
number based on diameter d of the fi laments

Red
avu d

  =
ν

 (10)

Fig. 1. Schematic and computational domains for (a) diamond spacer (b) parallel spacer.
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Sh
kd
Dd =  (11)

Since entrance effects are considerable for fi rst few fi la-
ments and values of pressure drop and mass transfer rates 
are signifi cantly higher at the inlet, the results in terms of 
shear stress, velocity profi les are presented for the last two 
fi laments. Similarly the measurement of pressure drop ΔP 

and mass transfer coeffi cient k for determining the friction 
factor and average Sherwood number for comparison with 
experimental results is made for the last two fi laments.

3. Results and discussions

The fl ow fi elds in diamond and parallel spacers are 
shown in Fig. 3 with the help of path lines. It can be seen 

Fig. 2. Computational grid for (a) diamond spacer (b) parallel spacer. 
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that the fl ow path is signifi cantly different for the two 
spacers which ultimately result in different shear stress 
distributions and mass transfer coeffi cients. In a diamond 
spacer the fl ow directional changes are more prominent as 
portions of fl uid moves above and beneath the bottom and 
top inclined fi laments in the main fl ow direction. In addi-
tion some path lines are also seen almost aligned with the 
fi laments indicating that portions of fl uid get itself aligned 
with the fi laments in an otherwise chaotic fl ow environ-
ment. The fl ow pattern in a parallel spacer, on the other 
hand is relatively simple and the fl uid splits equally at the 
transverse fi lament fl owing above and below the fi  laments 

in the x-direction. Near the axial fi laments however some 
defl ection in fl ow direction can be noticed due to com-
bined fi lament curvature and boundary layer effects.  
Figure 4 shows contours of mass transfer coeffi cient and 
shear stress on bottom membrane surface of a diamond 
spacer. From this fi gure it can be generally seen that higher 
shear stresses lead to higher values of mass transfer coef-
fi cients and lower values of shear rates result in lower 
values of mass transfer coeffi cient except at few portions 
(such as zones 1 and 2 in Fig. 4). One of these locations 
(zone 1) is where shear stress values are low while mass 
transfer rates are high. The mass transfer rates increase 

Fig. 3. Flow pattern in (a) diamond spacer (b) parallel spacer, Re = 400.
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in this zone due to disruption of concentration polariza-
tion layer from scouring effect of fl ow recirculation. The 
other location is one with high shear stress (zone 2) where 
fl uid is diverted in the z-direction with high velocity due 
to bottom fi lament obstacle. The mass transfer coeffi cient 
values do not rise in this zone and its higher value remains 
restricted in the region below the top fi lament. The spacers 
are also examined on the basis of fl ow instabilities. These 

fl ow instabilities can bring periodic change in shear stress 
and mass transfer rates near the membrane surfaces which 
can be useful for the fi ltration process. The critical value 
for transition to unsteady fl ow signifi cantly depends on 
spacer geometry and varies from 75–800 depending on 
spacer type, fi lament spacing and thickness [3, 6, 7]. In a 
diamond spacer it is found that even though the velocity 
profi le is comparatively complex than a parallel spacer, 

Fig. 5. (a) Shear stress variation on the bottom wall and average value of (b) shear stress and (c) mass transfer coeffi cient with 
respect to time (Re = 400).

Fig. 4. Contours of (a) mass transfer coeffi cient and (b) shear stress in diamond spacer (Re = 400).



S. M. F. Hasani et al. / Desalination and Water Treatment 9 (2009) 211–220 217

size of vortex in the upper region near the transverse fi la-
ment reduces when it is observed at planes 0.1 and 0.2 mm 
from the central plane. This vortex is no more present at 
plane that is located at a distance of 0.3 mm from central 
plane. The vortex which is seen in the lower region in Fig. 
7 (a) is found to be shifted when it is viewed at planes 0.1 
and 0.2 mm (Figs. 7 (b) and (c)). This vortex again is not 
observed at a plane which is at a distance of 0.3 mm from 
the center. The size of main recirculation region is also 
very short at this plane. In addition to main recirculation 
behind the fi lament, recirculation is also observed at the 
membrane surface which is more obvious in Fig. 7 (c). 
The size and strength of high velocity region is found to 
be greater at the planes which are at distances of 0.2  and 
0.3 mm respectively. This occurs due to curved surface of 
the axial fi laments which allow the high velocity fl uid to 
expand and divide into two parts as it leaves the trans-
verse fi lament and moves ahead. The variation of shear 
stress and mass transfer coeffi cient for a single spacer 
mesh cell along its length and width is shown in Fig. 8. 
The shear stress and mass transfer coeffi cient between 
two transverse fi laments are observed along Line A (Figs. 
8 (a) and (b)) while the same are monitored between the 
axial fi laments along Line B (Figs. 8(c) and (d)). The 
length of Line A is 2 mm which is equal to center-to-
center distance between transverse fi laments while length 
of line B is 1.5 mm which is less than distance between 
axial fi laments as some portion of membrane surface is 
covered by axial fi laments. It can be seen that at all time 
steps maximum values of shear stress and mass transfer 
coeffi cient lie almost above the transverse  fi laments. The 

yet it is almost free from fl ow fl uctuations. The unsteady 
simulation at a time step of 0.0001 secs showed negligible 
variation of parameters such as velocity, shear stress with 
respect to time upto a Reynolds number of 400. It can be 
seen in Fig. 5 (a) that shear stress plots on the bottom wall 
of the periodic plane overlap at different time steps except 
in the vicinity of maximum value where slight differences 
can be found. In a similar manner it is observed in Figs. 
5 (b) and (c) that the variation of average values of shear 
stress and mass transfer coeffi cient on the bottom surface 
are insignifi cant (less than 0.2 %). 

The fl ow patterns in a parallel spacer however vary 
considerably with time at the Reynolds number value of 
400. The time-dependent fl ow behavior between the last 
two fi laments of parallel spacer is shown at different time 
steps in Fig. 6. For steady fl ow in a parallel spacer the 
high velocity region above and below the fi laments and 
recirculation wake remains symmetric. When the fl ow 
becomes unsteady the high velocity and recirculation 
zones become asymmetric causing fl ow oscillations (Fig. 
6). These oscillations give rise to the formation of small 
vortices in the recirculation zone behind the transverse 
fi laments; two small eddies appear at the junction of high 
velocity and recirculation regions. These eddies appear 
near the transverse fi lament, grow in size while moving 
in the fl ow direction and die somewhere in the center of 
the two transverse fi laments. The three dimensionality of 
fl ow in a parallel spacer is shown with the help of Fig. 7 
where cross-sections in the x-y plane are cut at various 
distances from the vertical plane chosen to be the mid-
plane between two axial fi laments. It can be seen that the 

Fig. 6. Velocity vectors in parallel spacer at (a) tref = 0.041 (b) tref = 0.042 (c) tref = 0.043 (d) tref = 0.044 seconds (Re = 400).
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Fig. 8. Distribution of shear stress and mass transfer coeffi cient between (a, b) transverse fi laments (c, d) axial fi laments
(Re = 400).

Fig. 7. Velocity vectors at a distance of (a) 0 mm (b) 0.1 mm (c) 0.2 mm (d) 0.3 mm from a plane in center of two axial 
 fi laments (Re = 400).
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fl uctuations are more somewhere in center of these fi la-
ments. The plot of shear stress and mass transfer coef-
fi cient between axial fi laments show that the absolute 
values of shear and mass transfer rates and their fl uctua-
tions are maximum in the center of the fi laments. These 
values along with their fl uctuations reduce and vanish 
near the axial fi laments. The contours in Fig. 9 further 
describe the variation of shear stress and mass transfer 
coeffi cient at different time steps. It can be seen that shear 
stress and mass transfer coeffi cient remains high above 
the transverse fi laments for all time steps. Since fl ap-
ping motions occur, the high velocity fl uid gets attached 
and detached from the membrane surface at frequent 
intervals. In the central portion, the value of shear stress 
therefore rises at one instant and falls at the other instant. 
This pattern of varying shear stress and mass transfer 
coeffi cient can be useful for membrane processes, as the 
fouling agents get periodically removed from membrane 
surface, which can reduce the membrane cleaning costs. 
The detachment of high velocity fl uid region often leads 
to separation and fl ow recirculation. This recirculation 
though causes lower shear rates but enhances the mass 
transfer rates in the central portion. The mass transfer 
coeffi cients are thus found to be increasing and decreas-
ing in a similar manner but their distribution is more uni-
form when compared to shear stress. The parallel spacer 
is also compared on the average shear stress and mass 
transfer coeffi cient basis with the diamond spacer. The 
comparison showed that for parallel spacer shear stress 
and mass transfer coeffi cient are 100 % and 35 % higher 
respectively than the diamond type spacer.

Since experimental results are not generated in 
this paper, validation of the numerical results of this 
study is made by comparing them with the experi-
ments of Schock and Miquel [14] and Koutsou et al. [5] 
in which correlations were developed for friction fac-
tor and  Sherwood number for diamond type spacers. 

The  comparison for diamond spacer in this study which 
resembles with the spacers in references [5, 14] in Fig. 10 
shows that satisfactory agreement exists between present 
CFD results and experiments as differences are around 
25 % and 50 % respectively with the work of Schock and 

Fig. 10. Comparison of numerical and experimental results 
[5, 14].

Fig. 9. Contours of shear stress and mass transfer coeffi cient on top wall of parallel spacer at different time steps  
(Re = 400).
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Miquel [14] and Koutsou et al. [5].  Perfect agreement 
between simulations and experiments is unexpected 
due to uncertainties and approximations included in 
both the techniques.  For example the spacer fi lament 
shape is assumed of uniform cross- section for model-
ing purposes whereas in real spacers the cross-section 
may not be uniform due to manufacturing defects. Sim-
ilarly the accuracy of measuring instruments can affect 
the pressure drop and mass transfer rates. The other 
possible sources of differences could be the modeling 
procedure, the selection of numerical discretization 
schemes and assumptions such as the use of imperme-
able ‘wall’ boundary condition for the membrane sur-
face. The above several reasons can lead to difference in 
CFD and experimental results at higher or even at lower 
 Reynolds number.

4. Conclusions

CFD analysis in membrane channels with spacers show 
that fl ow patterns, distribution of shear stress and mass 
transfer coeffi cient largely depends on spacer geometry. 
The fl ow in the investigated diamond spacer geometry of 
this study remained steady upto a Reynolds number of 
400. The fl ow in the parallel spacer is found to be transient 
at the same Reynolds number and vortices emerge, move 
and disappear at frequent intervals behind the fi laments. 
Signifi cant three dimensional effects are also seen in the 
membrane channel. The size of vortices and the main 
recirculation regions reduce near the axial fi laments. The 
parallel spacer under the test conditions used in this study 
depicted superior performance as mass transfer rates are 
higher and unsteadiness in fl ow causes variation in mass 
transfer rates at the membrane surface which can be ben-
efi cial for membrane fi ltration processes. For diamond 
spacers, however, better designs could be possible by 
varying the geometric parameters such as fi lament spacing 
and fl ow attack angle which not only provide directional 
fl ow changes but also introduce fl ow instabilities. Finally, 
fair agreement is found between present numerical results 
with published experimental correlations.
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Nomenclature

Aeff Effective area (m2)
c0 mass fraction at inlet (kg/kg)
cw mass fraction at membrane surface (kg/kg)
d fi lament diameter (m)
dh hydraulic diameter (m)  
D diffusion coeffi cient (m2/s)
f friction factor
k  mass transfer coeffi cient (m/s)
L Length (m) (distance between fi laments)
m  mass fl ow rate (kg/s)
Re Reynolds Number (based on hydraulic diameter)
Red Reynolds Number (based on fi lament diameter)
Sc  Schmidt Number
Sh Sherwood Number (based on hydraulic diameter)
Shd  Sherwood Number (based on fi lament diameter)
uav average velocity (m/s)
ν  kinematic viscosity (m2/s)
ΔP  pressure drop (Pa) (measured between last two 

fi laments)
ρ density (kg/m3)
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