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Abstract. The present work describes a numerical methodology for the simulation of
flow and mass transfer in spacer-filled channels presenting high Schmidt numbers using
OpenFOAM. The computational mesh was generated using blockMesh, and the solver was
developed using channelFoam as a template by replacing the PISO loop by PIMPLE, and
introducing the solute mass fraction equation and Sherwood number calculation. The flow
field results obtained compare very well with those found in the literature using commercial
CFD packages. A mass transfer correlation developed from the numerical results shows
different Re and Sc dependences than recent publications. These different results may be
attributed to the wider range of Sc numbers studied in this work.
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1 INTRODUCTION

The design and optimization of the operating conditions of membrane modules requires
rigorous knowledge about the hydrodynamic and mass transfer in the feed channel. Net-
type spacers are conventionally used in the feed channel to enhance mass transfer and
minimize fouling and concentration polarization effects. CFD may be regarded as a useful
tool to assist in the design of optimized spacers that enables an increase in the mass
transfer performance of the membrane module without compromising its pressure drop.
In a recent study1 it has been shown that the open-source OpenFOAM CFD package
could be used with high confidence in the simulation of the flow in channels filled with
spacers that are aligned with the main flow direction. One of the main challenges is
still the validation of a methodology able to describe mass transfer of systems exhibiting
high Schmidt numbers representative of industrial applications of membrane processing,
mainly due to periodicity effects and very thin concentration boundary layers observed in
these systems2,3. The present work describes a numerical methodology for the simulation
of systems presenting high Schmidt numbers using OpenFOAM.

2 PHYSICAL AND MATHEMATICAL MODEL

The flow geometry considered in this work is representative of a spacer typically used
in spiral-wound membrane modules. A spacer is comprised of a rectangular slit having
two layers of equidistant and parallel cylindrical filaments with a diameter of half of
the channel height. This spacer geometry is commonly characterised by the ratio of the
distance between consecutive filaments to the channel height (L/h), the angle between
crossing filaments (β), and the flow attack angle (α) (please see Fig. 1). Values considered
in this work were, respectively, 3, 90o and 0o. The flow is assumed to be periodic in each
cell, therefore the computational domain is formed by four neighboring spacer filaments
as shown in Fig. 1.

Figure 1: Geometric characterisation of a spacer

The governing equations for a periodic and unsteady flow of a Newtonian fluid are
comprised by the mass continuity and Navier–Stokes equations, which are given by:

∇ ·U = 0 (1)
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∂U

∂t
+∇ · (UU)−∇ · ν∇U = −∇p∗ (2)

where U is the velocity, ν is the kinematic viscosity, and p∗ is a periodic kinematic
pressure that includes a pressure gradient increment computed in each iteration necessary
to maintain a prescribed mass flow rate.

The periodic solute mass fraction field is determined after calculation of the velocity
and pressure fields as:

∂ω∗A
∂t

+∇ · (Uω∗A)−∇ ·DAB∇ω∗A = SA (3)

where SA is a source term related to an artificial production of mass in the computational
domain necessary to avoid solute mass fraction depletion due to mass transfer at the walls.
The SA source term is given by:

SA =
−DAB

V

(∑
i

Sf,i

(
∂ω∗A
∂z

)
|wall1 +

∑
i

Sf,i

(
∂ω∗A
∂z

)
|wall2

)
(4)

where Sf,i is the area of the ith wall patch face, V is the total volume of the computational
domain and z is the direction normal to each wall where mass transfer takes place.

The mass transfer performance of the spacer is commonly determined through the
calculation of the local Sherwood number in the membranes by:

Sh =
kch

DAB

(5)

where DAB is the solute diffusivity, and kc is the mass transfer coefficient given by:

kc =
−DAB(

∂ω∗
A

∂z
)|wall

ω∗A,bulk − ω∗A,wall

(6)

Cyclic boundary conditions were applied in order to cope with flow and mass transfer
periodicity in the computational domain. Dissolving wall boundary conditions were de-
fined for the upper and lower walls through the specification of a constant solute mass
fraction at the wall (ω∗A = 0).

3 NUMERICAL METHOD

The computational mesh shown in Fig. 2 was generated using OpenFOAM’s blockMesh,
transformPoints, mergeMeshes and stitchMesh utilities. A block-structured mesh was de-
veloped initially for the lower section of the computational domain. Then, this mesh was
replicated, rotated and translated in order to obtain the upper section of the domain.
Finally, both meshes were merged with mergeMeshes, and the internal patches resulting
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Figure 2: Computational mesh

from the merge were removed with stitchMesh. The mesh comprised blocks of 100 µm near
both mass transfer boundaries in order to adequately capture the concentration boundary
layers (please see Fig. 2, right). The cell layers in those blocks expanded smoothly from
the wall with an expansion ratio in the range from 1.1 to 1.5.

The finite-volume solver used for the solution of the Navier-Stokes equation and solute
continuity was developed with the OpenFOAM 1.6 distribution, using the channelFoam
solver as a template. The PISO loop in channelFoam was replaced by PIMPLE to better
control the convergence stability of the solver, and the solute mass fraction equation and
Sherwood number calculation were introduced after the PIMPLE loop. The convection
terms were discretized with the limitedLinear scheme, while the backward scheme was
chosen for the transient terms. The GAMG linear solver was used in this work for all
variables, and two inner-loop correctors in the PIMPLE algorithm were found to be suf-
ficient. The number of outer-loop correctors was varied between 2 and 4, depending on
the mesh density and Re. Under-relaxation coefficients of 0.3 and 0.7 were used for pres-
sure and velocity, respectively. The transport equations were solved without turbulence
modelling for Reynolds numbers of 100 and 200 (based on the channel height), typical of
industrial applications, and Schmidt numbers in the range from 1 to 6000. At these Re
the flow is expected to be unsteady2, so in each simulation the governing equations were
integrated in time until obtaining a statistically steady state in terms of area-averaged
wall shear stress and Sherwood number. The computations were ran in parallel on a 254
CPU’s Linux cluster (openSUSE 11.1 64 bits, Sun Grid Engine), where the meshes were
decomposed with a ratio of 100 k cells/CPU using the Scotch decomposition method. The
computational time-step was automatically adjusted during run time in order to maintain
a Courant number below unity. The time-step was found to vary between 0.01 ms and
0.1 ms, depending on the Re and mesh density.
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4 RESULTS

4.1 Velocity patterns

Figure 4 shows some of the flow features from the computational results in terms of
time-averaged velocity field for a Re of 200. It should be mentioned that these results
compare very well with those obtained by Koutsou et al.2 using a commercial CFD package
(Fluent). Streamlines in the center of the flow cell disclose a large vortex along its diagonal,
which may be regarded as its primary flow feature. Time-averaged local wall shear stress
values and their fluctuations in the upper and lower walls are shown in Fig. 5. It may be
observed that these fields present symmetric patterns with respect to the channel diagonal,
which can be attributed to the symmetric properties of the computational domain. Both
wall shear stress magnitude and its fluctuations are higher in the regions close to the inlets
and outlets of the domain, where the fluid accelerates due to constricted flow path. The
lower values are found in the regions in-between the filaments and the upper and lower
walls.

Figure 3: Vectors and streamlines of time-averaged velocity

4.2 Sherwood number patterns

As shown in a previous work1, wall shear stress can be directly linked to mass transfer
in spacer-filled channels. The patterns of time-averaged Sh magnitude and its fluctuations
in the upper and lower walls are presented in Fig. 6 for a Re of 200 and a Sc of 6000. A
very similar pattern to that of wall shear stress in Fig. 5 can be observed, which further
supports the very important effect of wall shear stress on mass transfer.
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Figure 4: Local time-averaged wall shear stress magnitude and fluctuations

Figure 5: Local time-averaged Sherwood and fluctuations

4.3 Mass transfer correlation

The computational results obtained were used to build quantitative engineering corre-
lations in the form of Sh = aRebScc. Figure 7 compiles the results obtained for Re 100
and 200, and for Sc in the range from 1 to 6000. The best fit results are shown as a
dashed line in Fig. 7, and indicate an exponent of 0.52 for Re and 0.31 for Sc. These
results are in contradiction with those obtained recently by Koutsou et al.2, where values
of 0.62 and 0.38 were determined for the exponents of Re and Sc. It should be stressed
however that Koutsou et al. performed mass transfer simulations in the Sc range from 1
to 100, whereas this work extended the range of Sc to 6000.

5 CONCLUSIONS

Flow and mass transfer in a spacer-filled channel was studied using OpenFOAM. A
particular focus was given to systems exhibiting high Schmidt numbers. It was found that
the numerical methodology followed in this work provided similar flow patterns than those
found in the literature, while extending the range of Sc numbers commonly investigated
to 6000. The Re and Sc dependence of the mass transfer correlation developed from the
numerical results is in contradiction to a recent publication by Koutsou et al. [2]. The
reasons behind such deviation should be clarified through validation with experimental
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Figure 6: Mass transfer correlation determined by CFD

results.
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