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Abstract 

Spacer-filled channels are employed in membrane modules in many industrial 

applications where feed-flow spacers (employed to separate membrane sheets and create 

flow channels) tend to enhance mass transport characteristics, possibly mitigating fouling 

and concentration polarization phenomena. In this work direct numerical simulation was 

performed for the flow in the spacer-filled channels to obtain a better understanding of 

fluid flow and mass transfer phenomena in these channels. A solute with a Schmidt 

number of 1 at Reynolds numbers of 300, 500 and 800 (based on the bulk velocity and 

spacer diameter) was considered. The effect of spacer location was also studied for three 

different configurations, spacer at the centre of the channel, at off-centre location, and 

attached to the wall. Instantaneous velocity fields and flow structures such as separation 

of boundary layer on the walls and on the cylinder, eddies on the walls, recirculation 

regions and vortex shedding were investigated. A Fourier analysis was carried out on the 

time series velocity data. Using this analysis the Strouhal number was calculated and the 

development of the flow towards a broader turbulent state at higher Reynolds number 

was captured. Other statistical characteristics such as time-averaged velocities and wall 

shear rates are obtained and discussed.  The average pressure loss which represents the 

operation cost of membrane modules was calculated for the channels and found to be 

highest for spacer at the centre of the channel and lowest for spacer attached to the wall. 

Scalar transport equation is directly solved along with Navier-Stokes equation to get the 

concentration field. Local Sherwood number is obtained on the walls and the relationship 
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between shear stress, vortex shedding, and mass transfer enhancement was explored. The 

overall Sherwood number and Stanton number of the channels, which indicate the mass 

transfer performance of the channels, are obtained. It was observed that as spacer 

approaches the wall mass transfer rate is decreasing. 
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Chapter 1 

Introduction 

 

1.1 Background and Motivation 

The purpose of the present work is the study of flow in channels with a periodic array 

of spacers.  The applications of this study in membrane science and technology, where 

combinations of channels and spacers are widely employed in industrial applications, has 

provided strong motivations for the work; however the results of the work may be 

applicable in other related fluid dynamics problems. In this chapter an introduction to 

membrane technology is presented to indicate the applications of the current study and to 

explain the terminology of this field. Moreover the previous works in this field and the 

objectives of the present study are discussed. 

1.1.1 Membrane Science and Technology 

Separation and filtration are the main processes of the membrane technology. The 

separation of the species in a solution is accomplished by applying driving forces such as 

gradients in pressure, temperature, and electrical potential. In pressure driven membrane 

separation, as illustrated in Figure 1.1, solute particles pass across a membrane semi-
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permeable wall, therefore the feed flow is separated into two flows, permeate and 

retentate. 

 

 

Figure 1.1 Separation process in membrane technology (from Wikipedia: the free 

encyclopedia, http://en.wikipedia.org/wiki/Membrane_(selective_barrier)) 

Industrial applications of membrane process are divided into six sub-groups: 

microfiltration (MF); ultrafiltration (UF); reverse osmosis (RO); gas separation; 

electrodialysis and pervaporation. Medical applications of membrane process are divided 

into three groups: blood oxygenators; artificial kidneys; and controlled release of drugs 

[1]. 

Microfiltration, ultrafiltration, reverse osmosis, and conventional filtration are related 

processes differing in the average pore diameter of the membrane material. Ultrafiltration 

membranes are used to filter dissolved macromolecules, such as proteins, from solutions. 

Feed

Cross Flow 

Retentate 

Permeate
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Microfiltration membranes separate bacteria and colloidal particles from 0.1 to 10 μm in 

diameter. Microfiltration and ultrafiltration are similar in that the mode of separation is 

molecular. In reverse osmosis membranes, the membrane pores are so small that they are 

within the range of thermal motion of the polymer chains that form the membrane. The 

mechanism of transport through these membranes is explained using the solution-

diffusion model. According to this model, solutes permeate the membrane by dissolving 

in the membrane material and diffusing along a concentration gradient. Separation occurs 

because of the difference in solubilities of different solutes in the membrane. The 

desalination of brackish groundwater or seawater is a significant practical application of 

RO. The relative size of different solutes separated by each class of membrane is 

presented in Figure 1.2. 

Membrane technology has developed during the last decades, and has been employed 

in various applications, such as dairy industry products, water purification and water 

desalination, treatment of waste water, pervaporation, gas separation, electrodialysis and 

hemodialysis. 
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Figure 1.2 The relative size of different solutes separated by each class of membrane ((from 

Wikipedia, the free encyclopedia, http://en.wikipedia.org/wiki/Artificial_membrane) 

At least 40% of the membrane market is in the United States and 29% of the market is 

shared by the Middle East and Europe. The markets in South America and Asia are also 

developing fast. A study estimates the combined market for membranes used in 

separation and non-separation applications to be worth 5 billion dollars in the US, with an 

annual growth rate of 6.6%. The estimate would be double if the total membrane systems 

including equipment are also considered [2]. 

These developments in the membrane applications have stimulated researchers and 

engineers to design membranes with an advanced level of performance. The major 
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objectives in recent membrane science are the technological improvement and the 

fundamental understanding of membranes. 

1.1.2 Spiral Wound Membrane Modules 

Industrial applications often require thousands of square meters of material to perform 

the required process on a practical scale. Therefore, large areas of membrane should be 

packed with economic and efficient methods before a membrane process can be 

performed in the industry; These packages are called membrane modules. The 

technological developments in the production of low-cost membrane modules led to 

many commercial membrane applications in the 1960s and 1970s [2]. 

The three significant configurations in membrane modules are capillary-fiber, hollow-

fine fiber and spiral-wound modules. Plate-and-frame and tubular types are also used, 

however due to the high manufacturing cost, their application is usually limited to small-

scales. Due to their high membrane area to volume ratio, the spiral wound modules 

(SWMs) and hollow fiber modules are the most common types in industry. Between 

them, SWMs are often preferred due to a good balance between permeation rate, ease of 

operation and packing density [2]. 

Figure 1.3 shows the exploded view of a spiral-wound module. Feed solution enters 

the module and passes across the membrane walls. A portion of that passes through the 

membrane, and then it spirals inward to the central tube. Therefore one solution enters 

the module (the feed) and two solutions leave (the retentate and the permeate). The 
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structure shown in Figure 1.3 is a simple one, consisting of an envelope of spacers and 

membrane, wound around a central collection pipe; this module is placed inside a 

cylindrical vessel. SWMs are the most common module design for ultrafiltration and

reverse osmosis and also for gas filtration processes in the natural gas industry. 

 

 

Figure 1.3 Exploded view of a spiral-wound membrane module (from Wikipedia: 

The free encyclopedia, http://en.wikipedia.org/wiki/Artificial_membrane) 

In membrane separation processes, a fluid mixture passes across the feed side of the 

membrane, and part of that turns to the permeate which is enriched in one of the 

components of the mixture. In this process, unless the solutions are well mixed, 

concentration gradients may form in the fluids on both sides of the membrane because the 

feed mixture components permeate at different rates. This phenomenon is called 

retentate

membrane 

spacer sheet 

membrane 
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concentration polarization. A layer of solution adjacent to the membrane wall becomes 

enriched in the permeating component on the permeate side and diluted in the permeating 

component on the feed side. In this case the membrane flux decreases because the 

permeating component’s concentration difference across the membrane is reduced. 

Therefore concentration polarization can affect the membrane performance in reverse 

osmosis and ultrafiltration processes. In addition membrane fouling is the process in 

which solute or particles deposit onto a membrane surface or into membrane pores so that 

the membrane performance is degraded by presenting a higher resistance to the passage 

of solvent. 

In membrane modules, spacers are employed to form the channels by preventing 

adjacent membrane walls from contacting and sticking together. The spacers may also 

promote mixing and instabilities by disrupting fluid flow in the module channels. This 

may decrease concentration polarization and fouling tendencies in SWMs. 

However, the existence of spacers in the modules increases the pressure drop along the 

feed channel and therefore increases the operation costs. Some researchers and SWM 

producers try to optimize the performance of modules with new spacer designs. Such 

spacers for spiral-wound modules have the form of net-like arrangement of filaments 

aligned parallel with, transverse to or at an angle to the module axis. Generally for any 

new spacer design three main aspects are considered: 

• Mixing and flow instabilities; by promoting mixing and instabilities the 

concentration boundary layer adjacent to both channel walls (membranes) is 
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disrupted [3], concentration polarization is decreased and therefore mass transfer 

is improved.  

• Shear stresses at the membrane surface; enhancement of shear stress at the 

membrane surface may reduce the fouling tendency. This enhancement in shear 

stress is due to flow acceleration around the spacers and also generation of shed 

vortices by spacers in membrane channel [4]. 

• Pressure drop along the channel; Spacer-filled channels have a higher pressure 

loss which leads to higher parasitic energy losses. In fact, to choose an optimal 

spacer, a trade-off between capital cost of equipments and operating cost of 

energy consumption (pressure drop related) is considered. 

Therefore to achieve an optimal design for spacers, a comprehensive understanding of 

transport phenomena and flow behaviour in membrane modules is essential. 
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1.2 Literature review 

The wide range of membrane module applications in industry has motivated 

researchers to study flow in spacer-filled channels. They have employed numerical 

analysis and/or experimental works to improve the performance of the modules and to 

understand the hydrodynamics and the mass transfer processes in membrane modules [5]. 

Yuan et al. [6] indicated that for disturbed duct flow with heat transfer, entrance 

effects are shorter than for flows without the disturbances. Therefore the heat and fluid 

flow become fully developed after a few repetitions of the periodic section, depending on 

the Reynolds number and the Peclet number. However a membrane module channel may 

consist of hundreds of these repeating sections, the analysis of just one periodic section 

can give a clear picture of the transport phenomena predicating the overall performance 

of the module. This is done by simulating a ‘unit cell’ with periodic boundary conditions. 

Patankar et al. [7] proposed a method for obtaining a periodic temperature and velocity 

field, this method performs an iterative solution of the flow field by decomposing the 

pressure into a linear and a periodic component and reapplying the outlet flow variables 

and their gradients at the inlet of the unit cell. In this method constant fluid properties 

must be assumed. 

Choosing a proper boundary condition for simulation of membrane walls is considered 

in some studies. Afonso and Geraldes [8] have showed that permeate velocity through the 

membrane walls is some orders of magnitude smaller than the velocity of the bulk fluid 
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in the channel for nanofiltration and RO processes, therefore for simulations velocity can 

be assumed to be zero on membrane walls in these processes. 

To optimize spacer design, Schwinge et al. [9-11] performed two dimensional 

numerical simulations of flow and mass transfer in narrow spacer-filled channels for 

SWMs. The simulations were carried out for laminar, steady and unsteady flow at Re = 

90–2000 (based on the hydraulic diameter and the bulk velocity). They changed the 

distance between the spacers and the diameter of the spacers for three different 

configurations namely cavity, zigzag and submerged. The characteristics of the flow such 

as wall shear stress, mass transfer and pressure drop were investigated for each 

configuration at various Reynolds numbers. 

Koutsou et al. [12] numerically simulated the laminar unsteady flow around an array 

of cylindrical spacers in a channel by employing periodic boundary conditions. They 

performed two dimensional simulations at 174 633 and investigated the effect 

of Reynolds number on flow transition to chaotic states, pressure drop and wall shear 

stress. The flow becomes unstable above Reynolds number of 60. 

However two-dimensional works have provided valuable understandings into the 

interactions between the fluid flow and mass transfer, SWMs in practical applications are 

3D. Iwatsu et al. simulated [13] and analyzed [14] the flow in a 3D cavity with a moving 

top wall, this work shows the differences that exist between 2D and 3D flows. They 

found that at low Reynolds numbers the flow on the vertical symmetry plane is similar to 

the flow obtained from 2D simulation. However, for Reynolds numbers above 800 (based 
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on the velocity of the moving wall and the cavity height), the 2D simulation cannot 

extrapolate the characteristics of 3D flow and the differences between 2D and 3D flow 

are more important. 

Kumar and Karode [15] performed the first 3D simulation of steady-state laminar flow 

(Re = 225–2225, based on bulk velocity and hydraulic diameter of the channel) of 

commercial spacers in membrane modules. They simulated a unit cell of 2.01mm height, 

25mm wide and 35mm long to evaluate the effectiveness of spacers in terms of pressure 

drop and shear stress on the membrane surfaces. The spatial resolution was low and mass 

transport was not included in the simulations. They showed a zigzag path of the bulk of 

the fluid for spacers with a large inter-spacer distance to spacer diameter ratios. 

Ranade and Kumar [16] employed a periodic ‘unit cell’ to simulate rectangular and 

curvilinear spacer-filled channels. They found that curvature, unlike the shape of the 

spacer, did not affect the flow behaviour significantly. However, Li and Tung [17] found 

an imbalance performance between the inner and outer walls in a curvilinear spacer-filled 

channel; they recommended using a larger inner spacer diameter than outer spacer 

diameter to remove the unequal shear stress distribution on two membrane walls. 

Koutsou et al. [18] employed direct numerical simulation with periodic boundary 

conditions to investigate three dimensional spacers in the steady and the unsteady flow 

regimes. The flow attack angle, thickness and spacing between spacers were equal for top 

and bottom spacer for all simulations. They simulated flows with Reynolds numbers 

between 35 and 300 (based on cylinder diameter and bulk velocity). Unlike two-
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dimensional flow, the flow in 3D does not move in closed streamlines but in spiral paths 

along the spacers. They found a central free vortex; the interaction of this vortex with the 

vortices adjacent to the spacers creates some closed recirculation regions. In their studies, 

they reported the transition to the unsteady flow at the Reynolds number range from 35 to 

45. 

In addition to the numerical work, some researchers employed experimental methods 

to investigate the flow in spacer-filled channels. Kang and Chang [19] reported that the 

critical Reynolds number at which flow becomes unsteady varies with the geometric 

characteristics of the system and it is lower than the critical Reynolds number for an 

empty channel. It was found that the behaviour of the flow changes as the Reynolds 

number increases. As Re is increased flow regime turns from steady laminar with 

recirculation to unsteady regime and then to a vortex shedding regime. 

Belfort and Guter [20] investigated the effects of spacers on fluid dynamics and mass 

transfer. They recommended that an efficient spacer must generate as few regions of 

stagnant flow as possible and must enhance mixing without increasing the pressure drop 

to a high extent. They reported that the effect of different types of spacers were more 

important at higher Reynolds numbers.  

Kim et al. [21] found that the use of spacers in the channel recirculates the flow in 

regions close to the concentration boundary layer and therefore can increases the mass 

flux from the walls. Some researchers [22, 23] concluded that the interaction of wake 

behind the spacer with the boundary layer on the membrane surface, and also the increase 
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in viscous friction on the walls, improve the overall mass transfer in membrane modules. 

Da Costa et al. [24] found that by employing spacers, mass transfer may be enhanced 

between 3 to 5 times compared to an empty channel and pressure drops also increases 

between 5 to 160 times. They also found that by varying the characteristic angle of spacer 

the mass transfer enhancement is altered significantly. Gimmelshtein and Semiat [25] 

used two dimensional particle image velocimetry to investigate the flow inside spacer-

filled membrane channels. They reported a laminar flow with only small fluctuations. 

In an effort to optimize the spacer design, Li et al. [26] varied the spacer diameter and 

the angle of attack in spacer-filled channels. They investigated the flows in the range of 

Re = 100-500 (based on the channel height and on the average inlet velocity). They found 

that the effect of the entry region in the channels can be neglected because the flow 

becomes fully developed after passing five spacers. 

According to this literature review, fluid flow and mass transport have been 

investigated is some previous experimental and numerical works. In the numerical works 

flow separation, vortex shedding and unsteadiness were analyzed, also a limited number 

of spacer configurations were studied. However most of the previous works are limited to 

two dimensional simulations and/or low Reynolds numbers and less information on 

turbulent flow structures in spacer-filled channels is available. 

  



 

14 

 

1.3 Research Objectives 

Many of the previous numerical works in the field of spacer-filled channels were 

limited to two-dimensional simulations and/or low Reynolds numbers where the flow 

regime is laminar [1-3]. This work is aimed at obtaining a better understanding of 

transport phenomena and flow structures in membrane elements at relatively higher 

Reynolds numbers where turbulence effects are more important. This study will be 

carried out using direct numerical simulation. 

 

1.4 Outline of the Thesis 

This thesis is divided into four chapters. The second chapter gives an introduction of 

the numerical methods being used in this thesis. Chapter 2 outlines the implementation of 

governing equations and boundary conditions, and presents the verification results for 

Poiseuille flow. The simulation parameters and the simulations results are presented in 

chapter 3 for both fluid flow and mass transfer. Velocity and concentration fields, wall 

shear rate, statistical properties of the flow, important non-dimensional numbers of the 

problem are presented and discussed in this chapter. It is then followed by the 

conclusions drawn from all results presented in this thesis, together with 

recommendations for future work, which are presented in Chapter 4. 
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Chapter 2 

Numerical Methodology 

 

The flow in spacer-filled channels in general is 3D and complex and depends on the 

spacer geometry. In order to understand the flow behaviour in a spacer-filled channel, an 

approach employed by researchers is to alter one geometric parameter at a time and keep 

the others constant. This method is useful to understand the influence of different 

geometric parameters on flow and mass transfer in membrane modules. 

The flow dynamics in spacer-filled channels is described by the Navier-Stokes 

equations. In the case of a turbulent flow, finding analytical solutions, ever for the 

simplest turbulent flows, is either difficult or impossible; however the governing 

equations of the flow are well defined. Therefore numerical simulations or physical 

experiments are usually employed to understand the physics of turbulent flows. Since 

large computational resources are required to simulate a turbulent flow, researchers often 

use statistical approaches to reduce the complexity. 

By decomposing the instantaneous velocity into a mean and fluctuating part, the 

Reynolds averaged Navier-Stokes (RANS) equations can be obtained for turbulent flow. 

RANS equations are not closed; therefore additional models must be employed to close 

the equations and to get a solution. Moreover these equations are not suitable for 
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investigating the detailed structures of turbulence, since these methods only give 

information about the mean flow. These methods do not provide some aspects of the 

physics and have important shortcomings for the prediction of most complex turbulent 

flows. To obtain the complete details about turbulent flows, the Navier-Stokes equations 

must be solved numerically without using any models [27]; this method is called direct 

numerical simulation (DNS). 

Another method used for turbulent flows is large eddy simulation (LES); in this 

method low-pass filtering is applied to the Navier-Stokes equations to remove small 

scales of the solution. This approach resolves the large scales in the flow and some 

models are used for the smaller scales, with this method the computational cost of the 

simulation decreases. However the filtered Navier-Stokes equations need additional 

modeling of the Reynolds stress tensor to close the system of equations [28]. 

To get the accurate results and study the effect of turbulence in detail, a direct 

approach was employed in this work to solve the system of governing equations. This 

chapter describes the numerical method, assumptions and other details that were applied 

for this purpose. 
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2.1 Direct Numerical Simulation 

In direct numerical simulation method the governing equations (Navier-Stokes 

equations) are solved without using any physical models [28]. However the 

computational cost of DNS is very high due to the wide range of time and length scales 

present in turbulence. Usually direct numerical simulations of turbulent flow are limited 

to low Reynolds number flows because the range of these scales becomes wider as the 

Reynolds number increases. 

DNS requires that the full range of scales in the flow be accurately resolved. The 

geometry of the problem determines the largest scales in the flow. The energy dissipation 

occurs at the smallest scales in the flow; these smallest scales are called the Kolmogorov 

microscales. As Re increases the Kolmogorov length scale decreases with the following 

relationship [29]: 

 
3

4

0

Re
l
η −

∼  (2.1) 

where 0l   is the integral length scale and η   is the Kolmogorov length scale. The 

Kolmogorov length scale is defined as ( )1 43η υ ε=  where ε  is the energy dissipation 

rate per unit mass and υ  is the kinematic viscosity of the fluid. The Kolmogorov length 

scale is usually two orders of magnitude smaller than the largest scales. The mesh used 

for a DNS must be sufficiently fine in all three dimensions to be able to resolve all scales 

in the flow. Therefore, according to equation (2.1) the number of grid points needed to 
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resolve the Kolmogorov length scale is proportional to 9 4Re . Previous works show good 

agreements between DNS results and experimental works when the grid resolution is of 

the order of the Kolmogorov length scale [27]. Thus a DNS requires the smallest resolved 

length scale to be only of the order of the Kolmogorov length scale.  

Pseudospectral or fully-spectral are accurate and computationally efficient methods 

which are usually employed in DNS. In spectral methods Navier-Stokes equations are 

transformed into a spectral space and the governing equations are solved in this space. 

For problems with complex geometries, finite volume method and finite difference 

method are often employed because the implementation of spectral methods is difficult 

for these problems. In these methods the physical space is discretised to a computational 

mesh and the field of each quantity, i.e. velocity, is defined with its value on the grid 

points. In the finite difference method, the value of a quantity at the neighboring grid 

points is used to estimate the derivatives at a specific grid point. The accuracy of this 

method depends on the number of neighboring points used in the calculation.  

In finite volume methods the physical space is discretised to a finite number of control 

volumes and the Navier-Stokes equations are integrated over each control volume. The 

flux entering/leaving a control volume is approximated using the value of the velocity in 

the neighboring cells. This method solves a Poisson-like equation for pressure; this can 

take most of the total CPU time. Due to the approximation of derivatives or fluxes, there 

are errors involved in both of these methods.  
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Because of high computational cost of DNS, parallel computation methods are 

employed to decreases the total computation time of the simulations. This requires 

efficient numerical methods that are suitable for parallel computing. Simulation of 

complex geometries and also compressible flows are some other challenges in the field of 

direct numerical simulations.  

 

2.2 Governing Equations and Numerical Schemes 

Previous works [30] have reported that in many membrane practical applications 

neither density nor gravity variation have a significant effect on the fluid flow. In this 

work the effect of gravity is neglected and the fluid properties such as viscosity, density, 

and mass diffusion coefficient are considered to be constant. Furthermore, the fluid is 

assumed to be Newtonian. 

The governing equations of the unsteady, incompressible flow of a Newtonian fluid 

are the mass continuity and Navier–Stokes equations, which are given by 

 0U∇⋅ =  (2.2) 

 21U U U P U
t

υ
ρ

∂
+ ⋅∇ = − ∇ + ∇

∂
 (2.3) 

where U is the velocity vector, P is pressure, t  is time and υ is kinematic viscosity of 

the fluid. 
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Since the density of the fluid is assumed to be constant and the boundary conditions of 

the momentum equation are independent of mass transfer in this work (see section 2.3), 

the solute concentration doesn’t have any influence on the velocity field. Therefore in this 

case mass transfer problem is similar to heat transfer problem and both are described with 

the following passive scalar transport equation 

 2c U c c
t

∂
+ ⋅∇ = ∇

∂
D  (2.4) 

where c  is the scalar i.e. concentration, U  is the velocity vector and the coefficient D is 

the mass diffusivity. 

To solve the system of equations, the finite volume method was employed in the 

present work. The governing equations are discretized in space using a second-order 

central differencing scheme and are advanced in time using second-order Crank-

Nicholson scheme [31]. The pressure-velocity coupling is handled via PISO algorithm. 

 

2.3 Boundary Conditions 

In the case of SWMs, the feed channel cross-section is a rectangle since the channel 

height is small compared to the curvature of the channel. Figure 2.1 presents a schematic 

of a channel filled with several spacers. In this geometry an array of cylinders is inserted 

in a plane-channel of thickness H . The cylinders, of diameter D , are separated equally 

by a distance L , and are located in the channel of width W . The coordinate system is 



 

21 

 

aligned with the channel such that the x axis is in streamwise direction, the y axis is 

normal to the walls and the z axis is in the spanwise direction. The corresponding velocity 

components are called u, v, and w. In both x and z direction the channel is infinite in 

extent.  

 

 

Figure 2.1 Schematic of the channel (flow direction is left to right) 

 

As shown in Figure 2.1, the channel geometry is composed of repeated elements. In 

practical applications each module may consist of over hundreds of these elements. For 

such channels, the entrance length is shorter compared to the empty channel [6]. 

Therefore the flow can be assumed to be fully developed and also periodic. This means 

the computational domain may be limited to a ‘unit cell’ containing one spacer as 

presented in Figure 2.2. Measurements of pressure drop, mass-transfer coefficient, wall 

shear stress, and other important parameters were made in this unit cell, also all the plots 

presented in this work are related to this region. Since with this method the size of 

computational flow domain is limited, the computation cost of DNS is improved. 

 

D 
L 

H x 
y 
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Figure 2.2 Geometry of the unit cell 

 
 

If properly employed, use of periodic assumption can give the essential features of the 

flow such as mean-velocity profiles, Reynolds stresses, organized structures and energy 

cascading. However constraining the flow over a single repeat unit may be too restrictive 

because in this case the large flow structures are forced to be smaller than the distance 

between two successive spacers. Lamoureux and Baliga [32] investigated the flow and 

heat transfer in periodic staggered-plate arrays for heat exchanger applications and they 

reported that in that case after five periodic modules the transient solution asymptotically 

approaches the "correct" solution. 



 

23 

 

In the x-direction (streamwise direction) the flow is assumed to be periodic with 

periodicity L. Therfore, for the velocity 

 ( , , , ) ( , , , )x L y z t x y z tU U+ =  (2.5) 

The mean pressure gradient in the flow direction is constant and is obtained by P LΔ  

where PΔ is the pressure loss for the length L  of the channel. Using this mean pressure 

gradient, the pressure term is decomposed into two parts [7]  

 ( , , , ) ( , , , )
ˆ

x y z t x y z t
PP x P

L
Δ⎛ ⎞= +⎜ ⎟

⎝ ⎠
 (2.6) 

 where the second part is periodic 

 ( ) ( ), , , , , ,
ˆ ˆ

x L y z t x y z tP P+ =  (2.7) 

  

This decomposition is applied to the Navier-Stokes equation and a cyclic boundary 

condition was implemented for the periodic part of pressure. Then the constant mean 

pressure gradient P LΔ  is treated as a body force and the cyclic condition is applied for  

P̂  in the same way as velocity is treated. In each time step the mean pressure gradient is 

prescribed a constant value but the value of that is corrected to keep the bulk velocity U  

at a fixed value. 

The bulk velocity is obtained by the following equation 
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 A
u dA

U
A

⋅
= ∫  (2.8) 

where A is the area of the channel cross-section normal to the flow direction and u is the 

velocity component in x direction. 

 Simulations start with a uniform velocity and uniform concentration initial condition 

over the whole domain. The flow is driven by the applied body force whose magnitude is 

adjusted at each time step in order to maintain the bulk velocity at a fixed value.  During 

the simulations the governing equations are integrated in time until the flow reaches a 

statistically steady state, that is when the mean variables such as velocity reach steady 

values. For the simulations it took about 10  time steps to get to the statistically steady 

state and then simulations were run for another 5 10  time steps to calculate statistical 

information of the flow. 

To prevent divergence of the solution, it was required to keep the maximum Courant 

number as low as 0.2 during the simulations. In this problem the Courant number at a 

point in the flow domain is defined as . ∆ ⁄⁄  where  is the magnitude 

of velocity vector at that point, ∆  is the time step and  is the volume of the compute 

cell at that point. 

However, even in spatially repeating fluid domains, the concentration field does not 

become spatially periodic in the same way that velocity does. Instead, the bulk 

concentration along the length of the channel gradually changes due to the permeation of 
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permeate (solute). This is similar to a heat exchanger case, where the geometry and 

velocity fields are periodic, but the bulk temperature changes from inlet to outlet. 

Patankar et al. [7] have modeled this situation by employing a dimensionless scaled 

temperature which remains spatially periodic. In this work a variation of this method by 

Beale [33] was used. 

Using the similarities between heat transfer and mass transfer it is possible to define a 

non-dimensional scaled concentration which remains spatially periodic that means the 

shape of its profile remains the same for the locations separated by a distance equal to the 

unit cell length L, however the concentration values are not the same. For the case of 

constant concentration or constant concentration gradient at the walls, the scaled 

dimensionless concentration is defined as 

 w

w b

c c
c c

φ −
=

−
 (2.9) 

where φ  is the scaled concentration, wc is concentration at the wall and bc  is the bulk 

concentration defined as 

 A A
b

A

u cdA u cdA
c

U AudA

⋅ ⋅
= =

⋅
∫ ∫
∫

 (2.10) 

where A is the area of the channel cross-section normal to the flow direction, u  is the 

velocity component in x-direction and U  is the bulk velocity. 
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A constant concentration gradient at the walls (Neumann condition) is considered for 

this work. Similar to the heat transfer problem for an empty channel, in this case  w bc c−  

is also assumed to be periodic (see section 2.5) therefore wc c−  will be identical at the 

inlet and outlet, 

 ( ) ( ) ( ) ( ), , , , , ,w x L x L y z t w x x y z tc c c c+ +− = −  (2.11) 

 or 

 ( ) ( ) ( ) ( ), , , , , ,x L y z t x y z t w x L w xc c c c c+ +− = − = Δ  (2.12) 

The value of cΔ is obtained by balancing the mass transfer through the walls with 

mass transfer through the inlet and outlet flows in the unit cell. 

 Walls Inlet Outlet

c A u cdA u cdA
y
∂

⋅ = ⋅ − ⋅
∂ ∫ ∫D  (2.13) 

where c y∂ ∂ is the prescribed concentration gradient on the walls, D is the diffusivity 

and WallsA is the total area of the top and bottom walls. This relation is valid for the cases 

where there is no flow rejection from the walls. Using equation (2.10) the right hand side 

of Equation (2.13) can be presented in terms of the bulk concentrations at inlet and outlet 

as  

 ( )Walls b binlet Outlet

c A c c U A c U A
y
∂

⋅ = − ⋅ ⋅ = Δ ⋅ ⋅
∂
D  (2.14) 
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Thus the value of cΔ can be obtained in terms of concentration gradient at the wall, 

surface areas, diffusivity and the bulk velocity. 

 Walls

Inlet

A cc
U A y

∂
Δ = ⋅ ⋅

∂
D

 (2.15) 

The value of cΔ  is used as the scalar jump for the unit cell between inlet and outlet 

that means 

 ( ) ( ), , , , , ,x L y z t x y z tc c c+ = + Δ  (2.16) 

In spanwise direction, cyclic boundary condition is employed that means velocity, 

pressure and concentration fields are identical on the boundary surfaces which are normal 

to the cylinder axis. 

At the top and bottom walls, however a permeable wall boundary condition in which 

the wall concentration is dependent on the permeation velocity would be more accurate. 

In practice the relative magnitude of the permeation velocity in membrane modules is 

usually orders of magnitude smaller than the average fluid velocity, therefore the effect of 

permeation on mass-transfer and wall shear stress is negligible [34]. Moreover, for the 

flow conditions in nanofiltration and reverse osmosis modules, Geraldes and Afonso [8] 

have reported that the simulation of the cases without permeation can be used to obtain 

the wall conditions for the cases where permeation exist. Therefore the impermeable wall 

condition can provide useful insights into the mass-transfer phenomena taking place 

inside narrow spacer-filled channels, and the results of this approach can still provide a 
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good approximation of the flow and mass transport in SWMs. Thus no-slip, no-

penetration conditions are employed on the channel walls in this work. 

The cylinder surface were treated as no-slip walls with no mass transfer, where all 

velocity components and the concentration gradient normal to the surface are set to zero (

0u v w= = =  and 0c n∂ ∂ = ).  

To get the concentration field first the velocity field is obtained for the flow domain 

using the periodic and cyclic boundary conditions. In the second step the concentration 

field is obtained by solving the scalar transport equation. This is done by using the 

velocity field solution and applying the concentration jump cΔ  to the inlet and outlet. 

A normalization procedure is employed to get dimensionless results that can be 

applied to other cases with the same characteristics. This procedure is also useful for the 

experimental works, where scaled-up spacer configurations are used. The cylinder 

diameter, D , which is half of the channel thickness H , is chosen as the characteristic 

length, and the bulk velocity U  as the characteristic velocity, then the characteristic time 

will be D U . The Reynolds number for this problem is defined as 

 U DRe
υ
⋅

=  (2.17) 

where υ  is the kinematic viscosity of the fluid. It may be noted that different definitions 

of Reynolds number have been used in the literature, for example using the hydraulic 
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diameter of the channel as the characteristic length or considering the porosity of the 

channel due to the presence of the spacers [35]. 

 

2.4 Computer Software and Computational Facilities  

The open source C++ code, OpenFOAM, was employed to carry out numerical 

calculations of this work. The numerical methods and the required boundary conditions 

which are discussed in the previous sections were implemented in a solver which is based 

on this CFD package. 

OpenFOAM (Open Field Operation and Manipulation) is a C++ toolbox including 

libraries and solvers for computational fluid dynamics (CFD) and some other continuum 

mechanics problems. Development of the code started at Imperial College in the late 

1980s and the motivation was to generate a powerful and flexible simulation platform. 

Then it has been revised several times to meet the latest advanced features of the C++ 

language. It has a large user community across most areas of engineering and science, 

from both commercial and academic organizations. 

OpenFOAM can employ finite volume method to solve a system of partial differential 

equations defined on a 3D unstructured mesh of polyhedral cells. Domain decomposition 

parallelism is integrated at a low level in the codes and therefore solvers can be 

developed without any coding for parallel processing. 

Some other important features of OpenFOAM are: 
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• Among the first major scientific software written in C++, 

• Providing top-level human-readable descriptions of partial differential 

equations, 

• A major general-purpose CFD package that uses polyhedral cells. 

• The most general purpose CFD software which is released under the open-

source license 

Gambit was used to generate the computational grids and then the grid was converted 

to a format which can be handled in OpenFOAM environment.  

Fluid dynamics computations, for practical applications such as spacer-filled channels, 

require unstructured grids which can faithfully represent complex geometries while 

minimizing the number of grid points and hence computation time. In addition 

OpenFOAM treats all grids as unstructured grid. Therefore all grids used in this study are 

unstructured. 

Figure 2.3 shows an unstructured grid used in the simulations, as presented in this 

figure in order to closely capture boundary layers and high shear zones, the 

computational grid is chosen to be finer near the cylinder and the walls. The first row is 

located on the walls with the distance 1y+ ≤  from the wall. The distribution of grid 

points in spanwise direction is uniform. Near the walls hexahedral elements are used, 

whereas in the rest of the flow field the grid is comprised of pentahedral (wedge-shaped) 

elements. By numerical experimentation, it was found that a grid containing 
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approximately 2,500,000 compute cells is adequate for the range of Reynolds numbers 

covered in this study. Table 2.1 presents the maximum values of wall units of the mesh in 

each direction for the grids located on the cylinder surface and on the walls. This data is 

obtained for the highest Reynolds number considered in this work (Re = 800) 

 

 Normal to surface 
direction 

Streamwise 
direction Spanwise direction 

Grids on the walls 0.69 4.2 3.2 
Grids on the 

cylinder surface 0.98 4.6 4.6 

Table 2.1 Maximum values of wall units of the mesh in each direction for the grids located 

on the cylinder surface and on the walls (calculated for the highest Re considered in this 

work) 

 

The simulations were carried out on SHARCNET HP clusters. SHARCNET is part of 

seven consortia of Canadian academic institutions that share a network of high 

performance computers. Each simulation was performed on 64 processors (Intel Xeon 

2.86 GHz). Computations are parallelized using OpenMPI, a high performance message 

passing interface (MPI) library, moreover CPUs communicate via InfiniBand 

interconnection. 
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Figure 2.3 An unstructured grid used in the simulations (top figure) and the grid structure 

close to the cylinder surface and the wall (bottom figure) 
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2.5 Code Verification 

Before employing a CFD code for solving a complex problem, it has to be verified. 

For verification a problem with an exact solution must be chosen that involves the 

important phenomena that will be encountered in the simulation. In this work Poiseuille 

flow was chosen to verify the performance of our numerical method. Poiseuille flow is 

the laminar flow of viscous fluid in a channel that is formed by two stationary parallel 

plates. The flow is driven by maintaining a pressure gradient in the flow channel as 

presented in Figure 2.4.  

This problem is important as a verification tool for this study because its geometry is 

basically a spacer-filled channel without spacers and also for the same boundary 

conditions that we are using in this work it has exact solutions for both fluid flow and 

scalar transport. 

 

 

Figure 2.4 Poiseuille Flow Domain 

x y 
z 
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Assumptions for this verification are: 

• Steady flow 

• Laminar flow 

• Constant properties 

• Constant pressure gradient in x direction 

• Fully developed flow 

• Newtonian fluid 

Since there is no velocity component in the z direction, the equations governing the 

flow and scalar transport in Poiseuille flow are: 

 0u v
x y
∂ ∂

+ =
∂ ∂

 (2.18) 

 
2 2

2 2

1u u p u uu v
x y x x y

υ
ρ

⎛ ⎞∂ ∂ ∂ ∂ ∂
+ = − + +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

 (2.19) 

 
2 2

2 2

1v v p v vu v
x y y x y

υ
ρ

⎛ ⎞∂ ∂ ∂ ∂ ∂
+ = − + +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

 (2.20) 

 
2 2

2 2

c c c cu v
x y x y

⎛ ⎞∂ ∂ ∂ ∂
+ = +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

D  (2.21) 
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The flow is considered to be symmetric about the centre plane and the gradient of the 

scalar is considered to be constant on the walls so the boundary conditions on the solution 

are: 

 0;  0,  0,  0u cy v
y y
∂ ∂

= = = =
∂ ∂

 (2.22) 

 ;  0,  0,  constantcy u v
y

δ ∂
= = = =

∂
 (2.23) 

There are exact solutions to the above system of equations. The velocity profile is 

parabolic and the concentration profile is 4th order, also the concentration varies linearly 

in the flow direction according to the following equations [36] 

 
2

2

3 1
2

yu U
δ

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (2.24) 

  

 
2 435 5 3 1

17 8 4 8
w

w b

c c y y
c c

φ
δ δ

⎛ ⎞− ⎛ ⎞ ⎛ ⎞= = − +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟− ⎝ ⎠ ⎝ ⎠⎝ ⎠
 (2.25) 

 

 c c
x U yδ
∂ ∂

=
∂ ⋅ ∂

D  (2.26) 

A similar unstructured mesh has been used in this verification to evaluate the 

performance of the unstructured mesh for this work. There is no spacer in the channel but 
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other geometrical parameters of the channel are the same as is used in the main 

simulations.  

A body force was applied to drive the flow, and the simulation was run until the 

velocity profile converged to a steady state solution. The simulation was conducted for 

Re=50. To compare and verify the results nondimensionalized velocity and temperature 

are used. A dimensionless velocity is obtained using the bulk velocity and dimensionless 

temperature is defined by Equation (2.9). Then the average error is calculated by the 

following equation: 

 
1

( ) ( )
( )

N Numerical Exact
n

Exact

u i u i
u i

error
N

=

−

=
∑

 (2.27) 

Figure 2.5 shows the numerical results for velocity profile compared to the exact 

solution, the average error for velocity profile is 46.4 10−× . A similar comparison for the 

concentration profile is shown in Figure 2.6, the average concentration error is 45 10−× . 

As expected the variation of concentration in x direction is linear both on the walls and 

on the centreline (Figure 2.7). 
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Figure 2.5 Analytical and numerical results for velocity profile for Poiseuille flow 

 

 

Figure 2.6 Analytical and numerical dimensionless concentration profiles for Poiseuille flow 
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Figure 2.7 Concentration distribution on the wall and at the centreline obtained from 

simulation 

To provide an indication of channel pressure drop, the friction factor is usually used. 

Similarly the Sherwood number is a dimensionless mass transfer rate and in this case is 

defined by the following relation 

 
0

h

w b y

D cSh
c c y =

∂
=

− ∂
 (2.28) 

where  hD  is the hydraulic diameter of the channel ( 2H for a plane channel). Table 2.2 

compares the numerical and exact values of the friction factor and Sherwood number for 

Poiseuille flow. The relative error of Sherwood number is higher by an order of 

magnitude and that is because in the integration process for the calculation of bulk 

concentration, the velocity and its error is involved. 
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 Exact Numerical  Error 

f  0.48 0.480088 41.8 10−×  

Sh  8.235 8.245 31.2 10−×  

Table 2.2 Verification of friction factor and Sherwood number for Poiseuille flow (constant 

concentration gradient at the walls) 
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Chapter 3 

Results and Discussion 

 

In this chapter simulation results are presented and discussed for both hydrodynamics 

and mass transfer of the spacer filled channels. At the beginning of this chapter, 

simulation parameters such as geometrical and computational details are presented. 

Attention is then turned to the hydrodynamics of the flow including velocity fields, flow 

structures, flow statistics, shear rate on the walls and the overall pressure loss. The results 

of mass transfer calculations including concentration fields, local and average Sherwood 

number and Stanton number for the unit cell are also presented and discussed. 

3.1 Simulations Parameters 

In this study the flow is assumed to be fully developed inside a spacer-filled channel. 

The channel is assumed to be infinitely long in the streamwise and spanwise directions. 

The computational domain is limited to a ‘unit cell’ which includes one cylinder. The 

dimensions of the unit cell are presented in Figure 3.1. The length of the domain in the 

streamwise direction is 6D, which is in fact the distance between two successive spacers. 

This distance was chosen to be in the range of industrial spacers [11]. In practice usually 

two layers of spacers keep the channel walls apart; therefore, the channel height was 
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chosen to be twice the diameter of the cylinder, in other words spacer blockage at the 

minimum cross-section is 50%. In addition, the channel width in the spanwise direction is 

4D. In all simulations an unstructured mesh with 2.5 millions grid points was used. 

To study the effect of cylinder location on the flow and mass transfer, three different 

geometries, presented in Figure 3.2, are considered. For all three cases geometry 

parameters are the same except for the distance of the spacer from the walls. In 

commercial membranes, spacers are usually adjacent to the walls. However there are 

situations where spacers may be located at the channel centre. Any deviation from these 

two designs, which happens during the operation of membrane module, may move a 

spacer to an off-centre location in the membrane channel. 

 

Figure 3.1 Computational Domain and the coordinate system; flow is from left to right. 
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Figure 3.2 Three different geometries considered in this work (a) spacer at the centre (b) 

spacer in an off-centre location (c) spacer attached to the bottom wall 
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The cylinder diameter and bulk velocity of the flow (the characteristic length and 

velocity of the problem) and also the density of the fluid are chosen to be unity; As a 

result, length, velocity and some other quantities in the problem are automatically 

normalized. A specific Reynolds number for each simulation is achieved by setting the 

value of viscosity. 

To study the effect of turbulence in membrane modules, three Reynolds numbers 300, 

500 and 800 were chosen. These are relatively high in the range of operation of 

membrane modules for reverse osmosis process [37]. A Schmidt number of unity is 

considered in this work. The Schmidt number is defined as the ratio of momentum 

diffusivity (viscosity) to the mass diffusivity, and is used to characterize fluid flows in 

which there are simultaneous momentum and mass transport processes. It physically 

relates the relative thickness of the hydrodynamic boundary layer and mass transfer 

boundary layer and is defined as: 

 Sc ν
=
D

 (3.1) 

where ν  is the kinematic viscosity and D  is mass diffusivity. 
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3.2 Hydrodynamics 

3.2.1 Velocity Field and Flow Structures 

Time resolved data from DNS can provide insights to many details and features of the 

flow. In this section the velocity field results are presented and discussed. Figure 3.3 

presents the contours of dimensionless velocity at Re=800 for three different 

configurations considered in this work. The velocity vector fields corresponding to these 

velocity contours are presented in Figure 3.4. The flow that is already pretreated by 

upstream cylinders (by application of streamwise periodic boundary condition) 

approaches the cylinder. There is a stagnation point in front of the cylinder where the 

velocity is low and pressure increases due to stagnation. The location of the stagnation 

point oscillates due to upstream flow oscillations; however, it moves slightly to a higher 

location for cylinder near the bottom wall. As presented in Figure 3.3, the flow 

reorganizes as it passes the gaps between the cylinder and the walls where the velocity is 

high and passage height is small. For all cases there is a closed recirculation region 

beyond the cylinder. On the cylinder, the flow separates at the top and bottom points. 

Vortex shedding from these points is the major cause of the large scale flow oscillations 

observed in the channel. A closed recirculation region is observed behind the cylinder in 

Figure 3.4. After the cylinder the flow passage diverges and this causes separation of the 

boundary layer from the walls and formation of spanwise vortices on the walls. The 

vortices move downstream from the cylinder until the flow reattaches to the wall close to 
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the next cylinder. The location of the separation point on the wall is influenced by the 

vortex shedding from the cylinder. It is hypothesized that this wall-region recirculation 

will affect the mass transfer from wall; indeed, previous work on membranes [12, 37] 

supports this hypothesis. As the cylinder approaches the bottom wall, the size of 

recirculation region on the top wall decreases.  
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Figure 3.3 Contours of dimensionless instantaneous velocity for cylinder displacements 

from the bottom wall (see Figure 3.2) at Re=800 



 

47 

 

 

Figure 3.4 Instantaneous velocity vector fields for cylinder displacements from the bottom 

wall (see Figure 3.2) at Re=800  
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The second invariant of the velocity gradient tensor (denoted as Q) is often used for 

the visualization of turbulent flow. Isosurfaces of Q are used to identify turbulent 

coherent structures. For incompressible flow Q is defined [38] as 

 ( )1
2 ij ji ij jiQ S S R R= − −  (3.2) 

where ( )1
2ij i j j iS u x u x= ∂ ∂ + ∂ ∂  and ( )1

2ij i j j iR u x u x= ∂ ∂ −∂ ∂  are symmetric and 

anti-symmetric parts of the velocity gradient tensor. An isosurface of the Q value for flow 

in the channel with cylinder at the centre at Re=800 is presented in Figure 3.5. In this 

figure some horseshoe structures are observed at the front of the cylinder. Also, a system 

of long vortex structures are observed in the wake region behind the cylinder, and the 

structures maintain their general shape as they flow downstream until they reach the next 

cylinder and form the horseshoe structures around that cylinder. 
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Figure 3.5 An isosurface of the second invariant of the velocity gradient tensor (Q-value) at 

Re=800 (spacer at the centre of the channel, flow from left to right), (a) top view (b) 3D 

isometric view of the channel 

(a) 

(b) 
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The velocity components and their fluctuations were averaged over time; after about 

10  time steps that the simulation reached a statistically steady state, the velocity is 

averaged over another 5 10 time steps. Figure 3.6 presents the contours of average 

velocity in the channel. For a cylinder at the channel centre there is a low velocity region 

behind the cylinder that contains a closed recirculation region. There is also a region 

associated with velocity values at the front of the cylinder that are well below the free 

stream magnitude due to stagnation. In the gap between the cylinder and wall, the flow 

velocity becomes about twice the bulk velocity of the flow. The contours of average 

velocity indicate that as the cylinder approaches the bottom wall, the flow in the channel 

is divided into a high velocity region above the cylinder and a low velocity region at the 

bottom half channel. 
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Figure 3.6 The average velocity fields at Re=800 for different configurations of the cylinder 

location  
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Turbulence kinetic energy (TKE) is the mean kinetic energy per unit mass of the broad 

spectrum of eddy sizes in a turbulent flow. The turbulence kinetic energy is characterized 

by the root-mean-square (RMS) of velocity fluctuations. It is defined as 

 ( ) ( ) ( )( )2 2 21
2

k u v w′ ′ ′= + +  (3.3) 

where u′ , v′ and w′are fluctuations of velocity components in x, y and z direction 

respectively. Figure 3.7 presents contours of turbulence kinetic energy fields for 

simulations at Re=800. For a cylinder at the centre of the channel, the contours of k value 

are symmetric with respect to the channel median plane, as expected. In this case the 

maximum fluctuations occur downstream of the cylinder at the centre of the channel. 

These high fluctuation regions are due to vortex shedding from the top and bottom 

surface of the cylinder. Also fluctuations are a minimum in the gaps between cylinder 

and walls where the flow is accelerated which tends to damp turbulence fluctuations. 

When the cylinder is located at off-centre positions, the maximum fluctuation region is 

related to the vortex shedding from the top surface of the cylinder since the vortex 

shedding from the bottom surface is close to the wall and interacts with the boundary 

layer. For a spacer attached to the wall the maximum fluctuation region is a shear layer 

between the faster moving flow at the upper part of the channel and the slower moving 

flow in the cavity formed between two successive cylinders. 
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Figure 3.7 Contours of dimensionless turbulence kinetic energy at Re=800 for the three 

cylinder positions. 
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3.2.2 Fourier Analysis of The Velocity Time Series 

To obtain further information about the dynamics of the flow in spacer-filled channels, 

a Fourier analysis of the time-dependent velocity was carried out at a point in the middle 

of the channel between successive spacers. The velocity component in the y direction was 

used for this analysis [37]. The instantaneous velocity was recorded at that point for each 

time step. These data were then subjected to a fast Fourier transform (FFT) [39] and the 

frequency spectra associated with the wall-normal velocity component were obtained by 

calculating the square of the absolute value of the coefficients obtained from the FFT. 

The time series for this variable is provided in Figure 3.8 for the spacer located at the 

centre of channel. The flow is chaotic and it doesn’t follow a fully time-repetitive pattern. 

This confirms the results found by Fimbres-Weihs [37]. As the Reynolds number 

increased, the oscillations display higher frequencies, which is synonymous with a 

broadening of the scales of turbulent length scales. 

 

 

 

 



 

55 

 

 

Figure 3.8 Time series of the v velocity component (normal to the walls) for spacers located 

at the centre, (a) Re=300 (b) Re=500 (c) Re=800 
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Figure 3.9 presents the frequency spectra that correspond to the velocity time series 

presented in Figure 3.8 at Re=800. The blue line has a slope of -5/3, which represents the 

Kolmogorov scaling theory of the inertial range in turbulence [29]. The frequency spectra 

are obtained using dimensionless time and velocity and therefore energy and frequency 

are dimensionless in the figures. For this case, a maximum at a frequency of 0.48 is 

detected; this peak corresponds to the vortex shedding frequency.   

 

 

Figure 3.9 Frequency spectra of velocity for spacer in the centre at Re=800, the blue line 

represents the Kolmogorov scaling theory 
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Figure 3.10 presents the frequency spectra of the wall normal velocity component (v) 

for three Reynolds numbers with the cylinder in the centre of the channel. For all flow 

Reynolds numbers, there is a pronounced energy peak around dimensionless frequency of 

0.5 and the magnitude of which diminishes as Re increases. Again, the dark line with the 

slope of -5/3 represents the Kolmogorov scaling theory of the inertial range in turbulence. 

The minor difference in slope around the -5/3 range with increased Reynolds number 

suggests that the flow is developing towards a broader turbulent state. 

The Strouhal number is a dimensionless number describing oscillating flow 

charactristics. Strouhal Number is defined as 

 
0

Dstr
U
ω ⋅

=  (3.4) 

where  is the frequency of vortex shedding, D is the characteristic length (cylinder 

diameter) and  is a reference velocity. 

  Previous experimental [40] and numerical results [41] suggest that the Strouhal number 

for cross-flow over single unconfined circular cylinders increases slightly with Reynolds 

number and stabilizes at about 0.21 for cylinder Reynolds numbers over 500. Strouhal 

number values of 0.22 to 0.24 for the flows at Reynolds numbers of 300 to 800 are 

obtained using twice the bulk velocity as the reference velocity (which is, in fact, the 

average velocity of the fluid in the gap between the filament and the opposite wall) and 

the cylinder diameter as the length scale [37]. 
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Figure 3.10 Frequency spectra of wall normal velocity at three Reynolds numbers (spacer in 

centre of channel) 

 

Figure 3.11 presents the frequency spectra as a function of the spacer position for the 

case of Re=800. The velocity is obtained at a point in the middle of the channel for all 

three cases. In this figure, the energy content at the higher frequencies is very similar for 

all configurations; at low frequencies, it is apparent that the energy content increases 
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eddies generated from the cylinder top surface. Therefore, the energy spectra obtained 

displays higher energy content at lower frequencies for spacers either attached or close to 

the wall. 

    

 

Figure 3.11 Frequency spectra of wall normal velocity for different geometries at Re=800 
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3.2.3 Local Wall Shear Rate and Average Pressure Loss 

In this section the local value of the time averaged dimensionless wall shear rate is 

presented. The wall shear rate, denoted by , is defined as the magnitude of the velocity 

gradient at the wall. The shear rates are normalized by U/D, where it will be recalled that 

D and U are the length and velocity scales considered to non-dimensionalise variables. 

The value of the local wall shear rate can affect the local mass transfer coefficient in 

membrane elements [37]. Figure 3.12 presents the distribution of the wall shear rate 

along the channel for the case spacer is at the centre. For this case shear rate values are 

identical on the top and bottom walls due to the geometrical symmetry and therefore a 

single curve is presented for each Reynolds number. Due to presence of the spacer, the 

shear rate distribution is highly deviated from the uniform distribution which occurs in 

empty channel. As the flow approaches the cylinder from upstream it accelerates around 

the cylinder and the shear rate increases on the walls. The maximum shear rate on the 

walls occurs near the constrictions above and below the cylinder. As Reynolds number 

increases this maximum is slightly shifted upstream. There are low shear rate region 

downstream of the cylinder where the shear rate is low due to the appearance of eddies on 

the walls and separation of the boundary layer. As expected the shear rate increases with 

Reynolds number but the locations of maximum and minimum shear rates do not change 

significantly. 

 

 



 

61 

 

 

Figure 3.12 Non-dimensional wall shear rate for spacer at the centre 

 

Figure 3.13 presents the distribution of shear rate on the walls for spacer located off-

centre in the channel. The shear rate on the top and bottom wall is no longer the same. 

The local maximum below the cylinder is about twice the local maxima above the 

cylinder. This is because of small gap below the cylinder which makes the boundary 

layer thinner and therefore a higher velocity gradient occurs on the wall below the 

cylinder. However for the rest of the channel the shear rate on the top wall is higher. This 

is because according to Figure 3.6 the average velocity is higher near the top wall 
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The shear rate in the case of the spacer attached to the bottom wall is presented in 

Figure 3.14. A local minimum upstream of the cylinder corresponds to the separation 

point on the bottom wall in front of the cylinder. There is also a region of low shear rate 

right behind the cylinder which is due to a low speed recirculation region observed in 

section 3.2.1. As in other geometries there is a maximum in shear rate above the cylinder 

on the top wall because the flow passage is narrowed in this region. 

 

 

Figure 3.13 Non-dimensional shear rate at the top and bottom walls for spacer located off-

centre in the channel 
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Figure 3.14 Non-dimensional shear rate on the top and bottom walls (spacer attached to the 

bottom wall) 

 

A high pressure drop in spacer-filled channels is an additional energy cost required to 

achieve the improved mass transfer, therefore it is considered as an important factor in 
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the spacer is at the centre pressure drop has the highest values and as spacer approaches 

the bottom wall pressure drop decreases. This is because when spacer is attached or close 

to the bottom wall there is bigger gap between the spacer and the top wall, therefore the 

fluid can flow through this region and is less affected by the obstacles. 

 

 

 

Figure 3.15 The average pressure drop in the channel versus Reynolds number 
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3.3 Mass Transfer 

3.3.1 Instantaneous Concentration Field 

Along with hydrodynamic calculations, mass transfer is investigated in this work by 

solving the scalar transport equation at each time step. Figure 3.16 presents the 

instantaneous concentration fields at Re=800 for three different configurations considered 

in this work. The species transfer into the flow domain through the walls at a constant 

rate. A region of high concentration fluid is observed downstream the cylinder on the 

walls for cylinder at centre and off-centre locations. This is also the region of flow 

separation, as seen in Figure 3.4. When the cylinder is attached to the wall this region is 

right behind the cylinder where there is a closed low speed recirculation zone. Moreover 

the concentration near the walls upstream the cylinder decreases as the flow approaches 

the cylinders that are at the centre or off-centre locations, this is where the flow reattaches 

the wall.  In reattachment region, there is flow of low concentration fluid toward the 

membrane wall, where the concentration is high. This creates a low concentration region 

at reattachment location. Near the separation point due to the convection of high 

concentration fluid from the walls, a high concentration region is formed, that slows 

diffusion from the wall. 
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Figure 3.16 Instantaneous concentration fields for three different cases at Re=800 
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3.3.2 Local and Overall Sherwood Number 

If a constant concentration gradient is applied as a boundary condition on the walls, in 

the case of an empty channel the variation of the bulk concentration along the channel 

will be linear (see section 2.5). In that case the local bulk concentration can be used as a 

reference concentration for the local Sherwood number calculations. However in this 

study the distribution of the bulk concentration is not linear due to the presence of 

spacers. Moreover complexity of the geometry and the application of high resolution 

unstructured mesh make it very costly to calculate the local bulk concentration. Therefore 

an alternative reference concentration [33] is employed in this work for Sherwood 

number calculations. This reference concentration is obtained by averaging the bulk 

concentration at the inlet and outlet cross-sections of the unit cell: 

 , ,

2
b inlet b outlet

ref

c c
c

+
=  (3.5) 

The bulk concentration bc  for each cross-section is obtained from equation (2.10).  

 

The Sherwood number, (also called the mass transfer Nusselt number) is a 

dimensionless number used in the study of mass-transfer. It shows the ratio of convective 

to diffusive mass transport between bulk fluid the wall. The Sherwood number is defined 

as following: 

 hK DSh ⋅
=
D

 (3.6) 
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where K is the mass transfer coefficient,  is the hydraulic diameter of the channel, and 

 is mass diffusivity. For this problem the mass transfer coefficient is defined as 

 Wall

w ref

c
y

K
c c

∂
∂

=
−

D

 (3.7) 

where D is again mass diffusivity, 
Wall

c y∂ ∂ is the concentration gradient on the wall, and 

w refc c− is the driving force concentration difference between wall and the flow. 

Therefore the local Sherwood number is given by the following equation 

 h

w ref Wall

D cSh
c c y

∂
= ⋅

− ∂
 (3.8) 

where  is hydraulic diameter of the channel,   is local concentration on the wall,  

is the reference concentration of the fluid obtained from equation (3.5), and  
Wall

c y∂ ∂  is 

the concentration gradient at the wall. 

The time-averaged local Sherwood number was calculated for all cases. Figure 3.17 

presents the local Sh for the case which spacer is located at the centre. Due to the 

symmetry the distribution of the Sherwood number on the top and bottom walls is the 

same and therefore single result is presented for both walls. This figure shows that 

Sherwood number increases as Re increases. As presented in section 3.2.2 at higher 

Reynolds numbers, turbulence effect is stronger and therefore mixing is enhanced in the 

channel; this improves mass transfer from the walls. There are two local high Sherwood 
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number regions in the channel. The bigger one happens around the cylinder on the walls. 

This local maximum is due to flow acceleration around the cylinder that enhances mass 

transfer on the walls. The other one is behind the cylinder at the same location where 

recirculation was found on the walls (section 3.2.1).  

 

 

 

Figure 3.17 Sherwood number along the channel for spacer at the centre 
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For a cylinder located off-centre in the channel, the distributions of the Sherwood 

number (Figure 3.18) on the top and bottom walls are considerably different. While on 

the top wall the changes in Sh are small, on the bottom wall the local Sh shows a high 

variation. The peak in local mass transfer rate, which is due to flow acceleration around 

the cylinder, is much bigger for the bottom wall which has a smaller distance to the 

cylinder. 3D away from the cylinder the values of Sherwood number on the top and 

bottom walls are similar.  

 

Figure 3.18 Sherwood number along the channel on the top and bottom walls for spacer at 

off-centre location 
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For spacers attached to the bottom walls the variation of Sh along the top wall (Figure 

3.19) is small and it shows a more uniform distribution compared to other two cases. In 

this case the distance of the spacer from the top wall is bigger and therefore the effect of 

flow acceleration around the cylinder is small. As it was observed in the study of the flow 

structures (section 3.2.1) there wasn’t a significant recirculation regions close to the top 

wall thus the second local maximum, due to recirculation on the wall, is not considerable 

in this case.  On the bottom wall the minimum mass transfer occurs right behind the 

cylinder. This is a closed recirculation region with low velocity which is also discussed in 

section 3.3.1. Away from the cylinder strong effect of vortices close to the bottom wall 

enhances the mass transfer. 

Compared to the case where the spacer is at the centre the Sherwood number value on 

the bottom wall is higher for the cylinder upstream and lower for cylinder downstream, 

however for the top wall Sherwood number is lower everywhere. Thus the overall 

Sherwood number is expected to be lower for this configuration. 
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Figure 3.19 Sherwood number along the channel on the top and bottom walls for spacer 

attached to the bottom wall 

To evaluate the overall mass transfer performance of the spacer-filled channels, the 
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number for all Reynolds numbers. As mentioned earlier in this section, in the case of 

having spacers at the centre mass transfer is enhanced on both the top and bottom walls 

due to flow acceleration around the spacer and also due to strong convection by eddies on 

the walls in cylinder downstream region. While in the case of spacers attached to the 

bottom wall the flow acceleration effect is small on the wall and therefore has a small 

contribution to mass transfer enhancement in the channel. In this case convection has the 

main roll in mass transfer. Hence the Sherwood number decreases as spacer approaches 

the bottom wall.  

 

Figure 3.20 Overall Sherwood number versus Reynolds number for nine different cases 
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The Stanton number is another dimensionless number which is used to characterize 

heat transfer and mass transfer in forced convection flows. The Stanton number shows 

the ratio of the overall heat/mass transport from the wall to the convective effects in the 

mainstream. The Stanton number for mass transfer is defined in terms of Sherwood 

number, Reynolds number, and Schmidt number as follow: 

 ShSt
Re Sc

=
⋅

 (3.9) 

As mentioned in section 3.1, a Schmidt number of unity is considered in this study. 

Figure 3.21 presents the variation of Stanton number as Re increases for different 

configurations.  For all geometries St  decreases as Re  increases; it shows that mass 

transfer increases more slowly than convection effects as Re increases. 

 

Figure 3.21 Overall Stanton number versus Reynolds number for all nine cases 
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Chapter 4 

Conclusions and Recommendations 

4.1 Conclusions 

In the present work, fluid flow and mass transfer was studied in spacer-filled channels 

consisting of a plane-channel in which a periodic array of cylinders is located. Navier-

Stokes and scalar transport equations are solved numerically by Direct Numerical 

Simulation method in order to obtain a better understanding of the behaviour, the flow 

structures and features, as well as the statistical characteristics of the flow. Simulations 

are carried out for Reynolds numbers of 300, 500 and 800. Also three different 

configurations are considered, cylinder at the centre of the channel, cylinder at off-centre 

location, and cylinder attached to the wall. 

By employing periodic boundary conditions in the streamwise direction and cyclic 

boundary condition in spanwise direction the computational domain is restricted to one 

cell containing one cylinder; this makes significant savings in computational cost.  

The instantaneous velocity fields reveal that in spacer-filled channel, several vortices 

form at the top and bottom wall behind the cylinder and are convected downstream 

toward the next spacers. Due to the acceleration of the fluid, above each spacer there is a 

relaminarising region and the local shear rate is significantly increased in this region. The 
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convection of the shed vortices in the channel causes local changes in wall shear stress 

and may decrease fouling in membrane systems. 

Comparison of the flow structures and the local shear rate results with local Sherwood 

number distribution on the walls suggest that flow acceleration around the spacers close 

to the wall and the vortices near the wall have important effect on mass transfer 

enhancement. Vortices near the membrane walls enhance mass transfer by mixing the 

high concentration fluid on the wall with the low concentration bulk fluid. 

At Reynolds numbers investigated in this work, the main component of pressure loss 

for the geometries analyzed is form drag. Therefore, greater energy savings can be 

achieved by reducing this type of drag. However the vortices located downstream of the 

spacers increase form drag, but they also enhance mass transfer by renewing the 

boundary layer fluid through flow separation and reattachment. 

For spacer at the centre however mass transfer coefficient is higher, pressure loss is 

also high, which leads to higher energy cost, therefore to achieve optimized operation 

condition for membrane modules, a careful economic analysis is required. 
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4.2 Recommendation 

Computational fluid dynamics can be used to investigate the relationships between 

spacer configurations, Reynolds number and the fluid flow. From this study, it can be 

concluded that the fluid flow and mass transfer in spacer-filled channels is highly 

affected by geometry characteristics. The effect of spacer location was investigated in 

this work. 

The size and interval of spacers might be the other important parameters to be 

considered for optimization of the spacer design. A large interval of spacers may allow 

redevelopment of the boundary layer between the spacers. Reducing the spacers interval 

leads to a more frequent disturbance of the boundary layer. However, when the spacer 

interval is small, the pressure loss becomes high. Therefore a comprehensive study of the 

spacer performance should consider the direct effects of spacers on mass transfer 

phenomena.  

A spacer design for optimal mass transfer should primarily promote the mixing such 

that the fluid close to the membrane wall is frequently renewed. To reduce the mass 

transfer boundary layer thickness, wall shear stress perpendicular to the bulk flow should 

also be enhanced. The understanding obtained in this study is expected to contribute to 

the optimization studies of practical membrane modules, where three-dimensional net-

type spacers and more realistic geometries are applied. 
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An experimental study can be carried out to evaluate the numerical results of this 

study. It is useful to verify assumption of periodic geometric elements and cyclic 

boundary conditions. Particle Image Velocimetry of spacer-filled channels can provide us 

with two or three dimensional time resolved data for this purpose.  

In this work Schmidt number of unity in considered. However a higher Schmidt 

number, which is typical of the fluids in industrial applications of membrane modules, 

can be considered; for instance for salt solution Sc is about 600. However in that case the 

mass transfer phenomena are of a much smaller scale as an effect of the higher Schmidt 

number. This makes the achievement of adequate special resolution for concentration 

boundary layers difficult. 
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