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Abstract 

A combined experimental and numerical study is presented on the hydrodynamic characteristics of 

flow within spacer-filled channels representative of those used in spiral wound membrane (SWM) 

modules. Spacers are used in the membrane modules to maintain a uniform gap between the 

membrane layers, as well as to control the flow which may reduce the effect of fouling and 

concentration polarization phenomena.  

     A 10× scaled-up model of a spacer-filled channel was constructed that enabled detailed non-

intrusive particle image velocimetry (PIV) measurements of the average velocity and fluctuation 

flow fields. The flow characteristics were investigated for Reynolds numbers (based on the 

hydraulic diameter and the interstitial velocity) ranging from 100 to 1000. Computational studies 

were also conducted using computational fluid dynamics (CFD) and validated with the 

experimental results. 

     It was found that the main flow splits into two main streams which move parallel to the spacer 

filaments with 90° direction difference to each other. The interaction of these two streams at the 

channel centre-plane where they exchange momentum creates secondary swirling motions in the 

main flow streams. Counterclockwise swirling flows (primary vortices) that rotate with the main 

flow streams and small clockwise swirling motions (secondary vortices) observed at the corners of 

the channel and spacer filaments regions for flow at Re ≥ 350 were identified. Four different flow 

regimes were observed. Laminar-steady (Re ≤ 200), laminar-unsteady-periodic (Re around 300), 

unsteady (Re ≥ 350) and onset of turbulent flow (Re = 1000). A better design of feed spacers is 

proposed for the purpose of improving the membrane module performance. This new spacer forces 

the flow streams toward the membrane walls with a zigzag motion of flow between the spacer unit 

cells as well as promotes flow instabilities at a lower Reynolds number compared to the CONWED 

spacer. 
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Chapter 1 

Introduction and literature review 
 

 

 

1.1 Introduction 

 

Membranes are widely used nowadays in a broad range of industrial applications such as; 

petrochemical, food and beverage, pharmaceutical, electronics, drinking water, municipal 

wastewater and agriculture. A membrane works as a barrier to control the transport rate of certain 

species in a specific manner. Driving forces such as pressure, concentration, electrical field and 

temperature can be applied to transport materials through the membranes. The four developed 

industrial pressure driven membrane processes, depending on the membrane pore size, are reverse 

osmosis (RO), nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF), shown in Figure 

1.1, [1]. 
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Figure 1.1: Classification of pressure driven membrane processes as a function of pore size [1]. 

 

     Hollow fibre and Spiral Wound Membranes (SWM) are the most common commercially 

available membrane modules. SWM modules are generally more economical to operate because 

they offer the best combination of packing density, energy efficient, durability and low capital cost. 

They are mostly designed for reverse osmosis and ultrafiltration [2], and used in field applications 

of seawater desalination, brackish water treatment, industrial and municipal wastewater recovery 

and dairy processing [1]. The schematic of a typical multi-envelope spiral-wound system is 

illustrated in Figure 1.2. In SWM modules, feed solution passes axially across membrane 

envelopes. A portion permeates into the membrane envelope where it spirals toward the central 

perforated collection pipe. There is permeate spacer located between two membranes and the 

combination of two membranes and a permeate spacer is called an envelope (leaf). Industrial scale 

modules contain several membrane envelopes separated by feed spacers and located inside a 

tubular pressure vessel. The feed enters the tubular vessel and is separated into the permeate stream 

which passes through the membrane and the retentate stream which does not.   
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Figure 1.2: Exploded view of a spiral wound membrane element, [3]. 

 

     Concentration polarization and fouling are major problems in the membrane processes. 

Concentration polarization occurs due to gradual development of a high concentration layer of 

dissolved and/or suspended species near the membrane surface [4]. Concentration polarization can 

reduce the flux through the membrane walls and decrease membrane module performance. Fouling 

is another difficulty with membrane modules that occurs by increasing of foulant near membrane 

surfaces and attaching between the foulant and itself and/or the membrane surfaces [5]. Fouling 

decreases the performance of the membrane system by presenting a higher resistance to the 

passage of solvent across the membrane.  

     The performance of membrane modules can be enhanced by fluid management.  Promoting 

flow mixing as well as pushing flow towards the membrane walls can reduce the concentration 

polarization and fouling. Presenting spacers between the membrane walls is a very common way to 

control the flow in membrane modules.  The spacers are placed between the membrane sheets to 

provide a passage for feed solutions by separating adjacent membrane sheets mechanically and 
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𝑑𝑡 

𝑙𝑏 

𝜃 

𝛼 

𝑙𝑡 

𝑑𝑏 

flow 

serve to control the flow which may reduce the effect of fouling and concentration polarization 

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

the feed channel. These spacers for SWM modules have the form of net-like arrangement of 

filaments aligned parallel, transverse or at an angle to the module axis. Figure 1.3 shows a typical 

feed spacer configuration used in spiral wound membrane modules. The spacer composed of two 

layers of parallel filaments array placed at the angle   with respect to each other and aligned with 

angle α (flow attack angle) with respect to the main flow direction. As shown in this figure, lt and 

lb are the filament spacing (distance between two adjacent filament centres) and dt and db are 

filament diameters at top and bottom spacer layers respectively.  

 

 

 

 

 

 

 

Figure 1.3: A typical feed spacer configuration. 

 

     In this thesis, a combined experimental and numerical study is performed to understand the 

flow behaviour within a 10× scaled-up CONWED spacer configuration [6]. This spacer is 

composed of two cylindrical filaments layers, perpendicular to each other (  = 90°) and aligned 

45° (α = 45°) with respect to the main flow direction. The spacer filament spacing is l = 0.0211 m 

(lt =lb) and the spacer filaments diameter is d = 0.01 m (dt = db).  
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Results were obtained in a wide Reynolds number range of 100 ≤ Re ≤ 1000, in order to gain 

insight into the dynamics of different flow regimes encountered within the spacer-filled channel. 

The Reynolds number is defined consistent with previous authors [6] according to: 

 

   
    

 
                                                             (   ) 

                                                                            

 

where u is a mean interstitial velocity, and dh (= 0.01009m) is the hydraulic diameter, given by: 

 

   
  

 
 

 
 (   )

 

                                                    (   ) 

 

where     
   

   
 = 0.628 is the fluid volume fraction (voidage) , h is the channel height (h = 2d), 

    and     are the volume of spacer and channel respectively. The mean interstitial velocity is:  

 

  
 

    
                                                            (   ) 

 

where W is the channel width, and q is the volumetric flow through the test section. 

    The spacer geometry can have a significant effect on membrane modules performance [7]. The 

existence of spacers in membrane modules promotes flow instabilities and increases mixing that 

can enhance the mass transfer and decrease the concentration polarization and fouling. However 

the spacer increases the pressure loss over the membrane elements. An understanding of the fluid 

dynamics within spacer-filled channel is required in order to optimise spacer design aimed to 

enhance membrane module performance. 
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1.2 Outline of the thesis 

 

This thesis is composed of five chapters. In the remainder of this chapter, an extensive review is 

given on earlier studies on flow hydrodynamics within spacer-filled channels.  

     In Chapter 2, a description of the experimental apparatus and the measurement techniques used 

to perform the experiments are given. The results of PIV experiments are presented and discussed.  

     In Chapter 3, a description of the numerical simulations and modelling geometry is presented. 

The results of CFD are presented and discussed. The CFD simulations are validated with the 

experimental PIV data. 

     In Chapter 4, a new spacer design is introduced. Effects of spacer voidage and Reynolds 

number on the flow within the new spacer are presented and compared with those of the 

CONWED spacer.  

     In Chapter 5, summary and conclusions are given, followed by some recommendations for 

future work in this research field.  
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1.3 Literature review 

 

In recent years the important role of SWM modules commonly used in pressure driven membrane 

processes has been recognised. Insertion of feed spacers between the membrane sheets is one of 

the methods used for enhancing mass transfer performance in SWM modules. The presence of 

spacers promotes flow instabilities and eddy mixing, and destabilises boundary layer effects thus 

reducing wall concentration and fouling, in spite of increasing of pressure loss. Several 

experimental and numerical studies have been published, contributing to developing 

comprehension of the hydrodynamics and of the mass transfer in these modules. In the following, 

some of the experimental and numerical works will be reviewed with a focus on their applications 

to understand flow hydrodynamics within spacer-filled channels. 

 

1.3.1 Experimental studies 

 

In this section, a review of earlier experimental studies which were carried out to understand the 

effect of spacers on the flow behaviour within spacer filled channels is presented. An overview of 

these studies is given in Table 1.1. In this table, information about; experimental methods, 

measurement techniques, and a summary of achievements for each of these studies, is summarised. 

     Belfort and Guter [8] carried out an experimental study to investigate the effects of 21 various 

spacers, shown in Figure 1.4, on the flow behaviour in electrodialysis applications.  In this work, 

surface flow measurements using the Astropower photographic technique, pressure drop 

measurements and flow visualization with a bubble method were performed. They detected 

laminar flow regimes that eventually became unsteady and vortex shedding with increasing 

Reynolds number. No turbulent behaviour was observed in their work. They qualitatively 

confirmed the significant effect of fluid hydrodynamics on the electrodialysis processes.  They 
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concluded that a good spacer must promote mixing without excessively increasing the pressure 

drop and have the capability of minimizing stagnant flow regions. 

 

   

Figure 1.4: 21 spacer arrangement tested in Belfor and Guter work [8]. 

 

     Kang and Chang [9] performed experimental and numerical investigations to study flow 

structures in Cavity and Zigzag type of spacers in narrow channels at different Reynolds numbers.  

  

Cavity spacer type 

 

Zigzag spacer type 

 

  

Figure 1.5: Photograph of flow visualization for Cavity and Zigzag spacer types at different 

Reynolds numbers by Kang and Chang [9]. 
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They used flow visualization by blue ink as the tracer in order to investigate flow streamline 

distributions and eddy lengths. Good agreement was found between the experimental and 

numerical flow motion at low Reynolds number. They concluded that the presence of spacers in 

the membrane modules formed recirculating flow that enhanced the mass transfer and increased 

the wall shear stress over the membrane walls. As shown in Figure 1.5, three different flow 

regimes were identified in this work; a steady laminar regime with recirculation, an unsteady 

regime, and a vortex shedding regime. Moreover, the critical Reynolds number at which the flow 

became unsteady was found to be significantly lower than the critical Reynolds number for an 

empty channel. 

     Schock and Miquel [7] experimentally measured the pressure drop and mass-transfer 

characteristics in spiral wound elements for various commercial spacers. They performed this 

study in order to calculate performance of the SWM membrane and obtain an optimal module 

geometry configuration. They concluded that the spacer design could enhance significantly the 

SWM modules efficiency. In addition, as pressure drop measurements in a spacer-filled flat 

channel reproduced the measurements in spiral wound elements very well in this work, they 

claimed flat spacer-filled channels were ideally suitable to study flow behaviour in SWM modules. 

     Feron and Solt [10] studied the effect of three different rod arrangements on flow within narrow 

channels. These three rod arrangements; array of centred rods, attached staggered (zigzag) and 

small suspended staggered rods, are shown in Figure 1.6. They used dye injection and aluminium 

powder for flow visualization. They observed three flow regimes; steady flow, flow with 

oscillations and fully mixed flow. It was stated that the presence of spacer in membrane channels 

could enhance mass transfer compared to equivalent empty channels. Later in this article, they 

performed flow visualization by using dye traces in a scaled-up "NETLON" spacer at different 

Reynolds numbers. As illustrated in Figure 1.7, for low Reynolds number flow, some zigzag 

behaviour was observed. By increasing the Re, flow moved parallel to the spacer filaments and 
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changed its direction by 90° at channel sidewalls. For Rech > 250, the flow became unsteady and 

the dye traces started to break up. 

 

 

Figure 1.6: Cross sections of three rod arrangements studied by Feron and Solt [10]. 

 

 

Figure 1.7: Flow motion within "NETLON" spacer at different Reynolds numbers observed by 

Feron and Solt [10]. 

 

     Da Costa et al. [6,11] studied the effect of spacer design on flux, mass transfer and pressure loss 

properties. Various spacers at different orientations to the channel axis were tested in a flat channel 

test cell. A photograph of some of these spacer arrangements used in their work is shown in Figure 

1.8. A significant flux enhancement was achieved by placing spacers in an empty channel. 

However pressure loss was also increased by the presence of spacers. They used flow visualization 

(using dye injection and small bubbles) within various spacers to determine flow motion in spacer-

Centred 

 

Zigzag 

 

Suspended 
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filled channels. They noted that fluid followed a zigzag path while changing direction at each 

mesh, shown in Figure 1.9. In addition to the flow visualization, they found that the pressure loss 

in spacer-filled channel was mostly due to the flow kinetic loss (changing in flow motion 

direction) rather that friction loss on membrane and spacer surfaces. Moreover, they performed an 

economic analysis in order to select an optimal spacer design.  

 

 

Figure 1.8: Some of spacer arrangements used in Da Costa et al. work [11]. 

 

      

 

Figure 1.9: Zigzag flow path in a spacer-filled channel presented in Da Costa et al. work [11]. 

 

     Furthermore, Da Costa and Fane [12] studied the effect of spacer orientations on mass transfer. 

They noted that spacers with zero flow attack angle had about 50% higher fluxes than spacers 
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placed inclined to the flow direction with zigzag flow motion. Bulk flow motion was found to have 

a dominant influence in the mass transfer enhancement compared to the mixing of fluid streams. 

     Zimmerer and Kottke [13] investigated the effect of various spacer geometric parameters such 

as filament spacing and flow attack angle, on the flow and mass transfer in spacer-filled channels. 

They performed these experiments in a wind tunnel and used ammonia as a tracer. As shown in 

Figure 1.10, they observed three different flow types by changing the filament spacing and flow 

attack angle. For spacer with small filament spacing, flow moved parallel to the spacer filaments 

and changed direction at channel sidewalls. By increasing the filament spacing, the flow had a 

corkscrew motion (zigzag motion) along the longitudinal channel direction. They observed a 

mixing flow (a superposition of the first two types) for spacer with higher filament spacing.  

 

α = 60° α = 15° α = 30° 

   

Figure 1.10: Flow types observed in the work by Zimmerer and Kottke [13]. From left to right; 

parallel flow to spacer filaments, corkscrew flow and mixing flow. 

 

     Li et al. [14] performed an experimental study to validate their numerical mass transfer 

simulations results in their previous paper [15]. In addition to mass transfer measurements, 

pressure drop along the channel length was measured with a differential pressure gauge. Good 

agreement between the experimental and numerical results was reported. They found the entry 
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length in the spacer-filled channel was about three to five unit cells that was much shorter than that 

in empty channels. Furthermore, they proposed parameters for a better spacer design;     = 4, α = 

30◦ and   = 120◦. 

     Schwinge et al. [16] studied the effects of standard 2-layer spacer geometries such as mesh 

length, filament diameter and filament orientation on mass transport and pressure loss. In addition, 

a new 3-layer spacer configuration was suggested. The 3-layer spacer was composed of two thin 

layers with filament diameter  /4 at top and bottom layers and a middle layer with filament 

diameter  /2. The effect of three spacer configurations (2-layer spacers) on mass flux and pressure 

drop was investigated. These three spacer configurations are shown in Figure 1.11. The zigzag 

spacer arrangement showed the highest flux and the submerged arrangement was found to have the 

highest pressure loss.  They compared the performance of the 3-layer spacer with a 2-layer spacer 

for an identical mesh length at the same Reynolds numbers. A mass transfer enhancement of about 

9% was achieved for the 3-layer spacer whereas the pressure loss was increased about 25%.  

 

 

Figure 1.11: Zigzag, cavity and submerged spacer configurations (only the transverse filaments are 

shown) by Schwinge et al. [16]. 

 

    Li et al. [17] focused on the development of a new spacer design in order to enhance mass 

transfer in membrane modules. They compared the new spacer design with an optimal spacer (    

= 4, α = 30° and   = 120°) introduced in their previous work [14,15]. In order to have an optimal 

flow pattern in membrane modules, they suggested having longitudinal and transversal flow 
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vortices close to the membrane walls. As shown in Figure 1.12, four spacer configurations were 

investigated experimentally and numerically. They found the CFD results unreliable and therefore 

only experimental results were used in this work. A multi-layer spacer with twisted tapes was 

identified as an optimal spacer with 30% higher Sherwood number compared with the optimal 

spacer at the same pressure loss. However, this multi-layer spacer had about 40% more pressure 

loss at the same Sherwood number.  

 

 

Figure 1.12: Spacer design configurations tested in the work by Li et al. [17]. 

 

     Gimmelshtein and Semiat [18] used the particle image velocimetry (PIV) technique to 

investigate the velocity distribution and estimate the magnitude of mixing index (defined similar to 

a turbulence intensity) within a unit cell in spacer-filled channels for laminar flow with small 

fluctuations. A spacer with approximately 0.8mm thickness that is 20% thinner than the channel 

height (1mm) is used. They observed basically laminar flow with only small fluctuations with a 

minor effect of spacer on the velocity profiles in the narrow channel. This observation can be due 
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to the poor resolution of PIV measurements in the normal direction to channel walls and the 0.2 

mm gap between the spacer and the channel walls. 

     Balster et al. [19] studied the effect of several spacer configurations (standard non-woven 

spacers, multi-layer spacers of Li et al. [17] and their own multi-layer spacers) on mass transfer 

and power consumption in spiral wound membrane modules. Some of these spacer configurations 

are shown in Figure 1.13. In the standard spacer configurations (2-layer spacer), a spacer with 

rectangular twisted filaments as well as flow attack angle and filament angle of 60° was found to 

have the highest mass transfer. They claimed a 20% mass transfer enhancement for their own 

multi-layer spacer design compared to the proposed optimal standard spacer.  

 

 

Figure 1.13: Some spacer configurations tested by Balster et al. [19]. 

 

     Santos et al. [20] experimentally and numerically (CFD) studied hydrodynamic conditions for 

12 different flow-aligned spacer configurations, shown in Figure 1.14, with channel Reynolds 

numbers (     
     

 
) within the range of 25 to 300. They obtained a good agreement of 

experimentally measured pressure drop (with a U-tube manometer) with those simulated from 

CFD. They observed a negligible effect of longitudinal filaments on flow conditions.  
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Figure 1.14: Schematic of 12 spacer configurations studied in the work by Santos et al. [20]. 

 

     Willems et al. [21] used micro PIV to experimentally study liquid and liquid/gas flows through 

spacer filled channels. In this work, the thickness of the spacer was 0.7–1.1 mm and the thickness 

of the laser sheet was close to 2mm. They observed that the flow mainly moved parallel to the 

spacer filaments. They claimed that the existence of bubbles increased the unsteadiness of the 

liquid flow in the spacer-filled channel.  
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Table 1.1: Summary of experimental studies of flow hydrodynamics in spacer-filled channels. 

Reference Year Experimental Methods Summary 

Belfort and 

Guter [8] 

1971 Surface flow measurements 

using Astropower photographic 

technique, Measurements of  

pressure drop, flow visualization 

using bubble 

Laminar flow regime that eventually became unsteady and vortex shedding was 

detected. No turbulence behaviour was observed. A significant effect of fluid 

hydrodynamics on the electrodialysis processes was confirmed.  

Kang and 

Chang [9] 

1982 Flow visualization by Ink Experimental and numerical investigations were performed for Cavity and Zigzag 

type of spacer. It was concluded that the spacer forms recirculating flows that 

enhance the mass transfer and increase the wall shear stress in membrane modules. 

Moreover, three different flow regimes were identified. 

Schock and 

Miquel [7] 

1987 Measurements of  pressure drop 

and mass transfer 

They stated that spacers could enhance significantly the spiral wound element 

efficiency. Flat spacer-filled channels were found to be ideally suitable to study flow 

behaviour in SWM modules. 

Feron et al. [10] 1991 Flow visualization by dye 

injection and aluminium powder 

Based on the Reynolds number, three flow behaviours were observed within 

“NETLON” spacer; flow with zigzag motion, flow parallel to the spacer filaments 

and unsteady flow. They stated that the presence of spacer in membrane channels 

can enhance mass transfer. 

Da Costa el al. 

[6,11,12] 

1991- 

1994 

Measurements of  mass transfer 

and pressure drop, flow 

visualization using dye injection 

and micro-bubbles 

Spacers could enhance fluxes significantly. Zigzag flow motion was observed 

within spacers placed inclined to the flow direction. Economic analysis was 

performed to identify an optimal spacer design. Bulk flow motions was found to 

have dominant effect on enhancing mass transfer compared to mixing fluid streams. 
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Zimmerer  

and Kottke [13] 

1996 Flow visualization in a wind 

tunnel by tracer gas (ammonia) 

Three flow regimes were identified based on the filament spacing and flow attack 

angle; flow parallel to spacer filaments, flow with zigzag motion and mixing flow. 

Li et al. [14] 2004 Measurements of pressure drop 

and mass transfer 

Good agreement between the experimental and numerical results was reported. A 

shorter entry length in the spacer-filled channel was found in comparison to empty 

channels. An Optimal spacer design was proposed.  

Schwinge et al. 

[16] 

2004 Measurements of pressure drop 

and mass transfer 

The effect of standard 2-layer spacer geometry characteristics on mass transport and 

pressure loss was studied. In addition, a new 3-layer spacer configuration to enhance 

mass transfer was suggested. In 2-layer spacers, zigzag arrangement was found to 

have the highest flux. The 3-layer spacer enhanced the mass transfer by 9%. 

Li et al. [17] 2005 Measurements of pressure drop 

and mass transfer 

The performance of four spacer configurations was tested and compared with the 

optimal spacer suggested by Li et al. [14,15]. A new multi-layer spacer design was 

introduced with 30% higher Sherwood number compared with the optimal spacer at 

the same pressure loss. 

Gimmelshtein 

et al.  [18] 

2005 2D particle image velocimetry Introduced PIV technique to study fluid behaviour in membrane modules. A minor 

effect of spacer on the velocity profiles was observed. 

Balster et al. 

[19] 

2006 Measurements of pressure drop 

and mass transfer 

Several spacer configurations; Standard non-woven spacers, multi-layer spacers of 

Li et al. [17] and their own multi-layer spacers, were studied. 20% mass transfer 

enhancement was found for their own multi-layer spacer design compared to the 

optimal standard spacer. 

Santos et al. 

[20] 

2007 Measurements of pressure drop 12 different flow-aligned spacer configurations were studied. A negligible effect of 

longitudinal filaments on flow profiles was reported.  

Willems et al.   

[21] 

2010 2D particle image velocimetry Two-phase flow (water-air mixture) behaviour was investigated. More unsteadiness 

was observed in comparison to the single phase flow. Flow was found to move 

parallel to the spacer filaments. 
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1.3.2 Numerical studies 

 

CFD has been used widely in the field of membrane science in order to gain insights into the 

phenomena taking place inside membrane modules, [22]. The use of CFD allows us to understand 

the complex hydrodynamics generated by spacers in spacer-filled channels. Despite the useful 

results from experimental studies, local and time-dependent phenomena occurring inside 

membrane units are still not fully understood. In addition, traditional experimental techniques tend 

to disturb the flow field when making measurements. Computational fluid dynamics is therefore 

needed for obtaining further understanding of fluid flow in membrane systems in order to improve 

the performance of these modules. In this section some of the previous works focused on CFD 

simulations of fluid within spacer-filled channels are reviewed. 

 

Two-dimensional CFD studies 

Below is a review of earlier two-dimensional CFD studies. A summary of these studies is given in 

Table 1.2. In this table, information about; CFD code, solved equations, number of filaments along 

the channel length (Nch), boundary conditions and a summary of achievements for each of these 

studies, is summarised.   

     Cao et al. [23] used 2-D CFD in order to simulate flow motion in three spacer arrangements; 

cavity, zigzag and suspended, shown in Figure 1.15. They concluded that the presence of the 

spacer enhanced shear stress over the membranes surface and increased flow eddies. Moreover, it 

was stated that wall shear stress on the membrane surfaces, eddy formations and flow unsteadiness 

can have a direct influence on mass transfer enhancement. 
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Figure 1.15: Three spacer arrangements studied by Cao et al. [23]. 

 

     Schwinge, Wiley and Fletcher [24,25] studied the effect of mesh length and filament diameter 

on mass transfer and pressure loss for three spacer configurations (cavity, zigzag and submerged), 

Figure 1.16.  The characteristics of the flow such as pressure drop, wall shear, and mass transfer 

were examined for each of the geometries at different Reynolds numbers. They found that the 

submerged spacer formed the highest wall shear stress over the membrane walls however the 

zigzag spacer had the highest mass-transfer enhancement.  They concluded that spacer with the 

highest shear stress over the membrane walls (submerged) was found to not have the highest mass 

transfer enhancement necessarily. These authors also reported that the zigzag spacer configuration 

had a higher performance than the two other cavity and submerged configurations. 

 

 

Figure 1.16: Channel geometry and the spacer types used in the work by Schwinge et al. [25]. 
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     Fimbres-Weihs, Wiley and Fletcher [26] extended the work by Schwinge et al. [25] to simulate 

unsteady fluid flow with mass transfer within narrow channels filled by zigzag spacer 

configurations. They found that the mass transfer enhancement was not only related to high shear 

stress regions on the membrane surfaces but also correlated to the movement of low concentration 

fluid in the boundary layer. They noted that the latter cause dominated mass transfer enhancement 

in membrane modules.  

     Koutsou et al. [27] used periodic boundary conditions in order to investigate hydrodynamics in 

channels with suspended filaments. They analysed the effect of Reynolds number on time-

averaged velocities, Reynolds stresses, wall-shear rates and pressure drop.  Three flow regimes 

were investigated; steady, periodic and chaotic flow. The frequency of oscillations was found for 

flows in the periodic regime. Moreover, they reported that the simulation of one periodic unit cell 

was adequate in order to captures the main flow features. 
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Table 1.2: Summary of 2D CFD studies of flow hydrodynamics in spacer-filled channels. Nch is the number of filaments along the channel length. 

Reference Year Nch CFD Code,  

Solved equations 

Boundary 

conditions (BC) 

Summary 

Cao et al. 

[23] 

2000 2 FLUENT 

Equations: 

Hydrodynamics 

    turbulence model 

Inlet-outlet Cavity, zigzag and suspended spacer arrangements were studied. 

The influence of spacer on increasing shear stress over the 

membranes surface and eddy activities was confirmed. 

Schwinge et 

al. [24,25] 

2002 5 CFX 

Equations: 

Hydrodynamics and 

Mass transfer 

Steady and unsteady 

Inlet-outlet Cavity, zigzag and submerged spacer arrangements were studied. 

The zigzag spacer found to have the highest mass transfer. The 

spacer with highest shear stress over the membrane walls was 

found to not have the highest mass transfer enhancement 

necessarily.    

Fimbres-

Weihs et al. 

[26] 

2004 10 CFX 

Equations: 

Hydrodynamics and 

Mass transfer 

Unsteady 

Inlet-outlet Zigzag spacer configurations were studied. High wall shear stress 

and flow movement of low concentration fluid in the boundary 

layer were correlated to mass transfer enhancement. The latter was 

found to be the dominant cause. 

Koutsou et 

al. [27] 

2004 1 FLUENT 

Equations: 

Hydrodynamics 

Steady and unsteady 

Periodic Three flow regimes were identified; steady, periodic and chaotic 

flow. The simulation of one periodic unit cell was reported to be 

adequate to capture the main flow features. 
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Three-dimensional CFD studies 

Many 2-D CFD studies have been performed and provided valuable insights of flow behaviour 

inside spacer-filled channels. Because of the 3D and complexity of flow in the real-world 

membrane modules, two-dimensional studies are too simplified to simulate actual flow behaviour 

in these complicated geometries. Consequently, 3-D CFD studies are necessary to understand 

actual flow features in spacer-filled channels. Below is a review of earlier three-dimensional CFD 

studies. A summary of these studies is presented in Table 1.3. In this table, information about; 

CFD code, solved equations, number of spacer unit cells (Npuc) across the channel length and width 

(L×W), boundary conditions and a summary of achievements for each of these studies is 

summarised.   

     Karode and Kumar [28] performed 3-D CFD simulations of flow within spacer-filled channels 

with those commercially spacers used by Da Costa et al. [6,11,12]. Pressure drop and wall shear 

stress on the membrane walls were calculated at different Reynolds numbers. They validated their 

simulations by comparing their results to the experimentally measured pressure drop by the work 

of Da Costa et al. [6]. They found that for spacers with large filament spacing to filament diameter 

(   ) the bulk flow moved along the channel streamwise direction with zigzag motion. Similar 

behaviour was observed in the experimental study by Da Costa et al. [11]. However as shown in 

Figure 1.17, they noticed that for small    , the bulk of the flow moved parallel to the spacer 

filaments. They proposed NALTEX-51-2 as an efficient spacer with low pressure loss and high 

shear stress on the membrane walls.  

     Li et al. [15] investigated the influence of the spacer geometric parameters (distance between 

spacer filaments, filaments angle and flow attack angle) on mass transfer and power consumption. 

They found that for spacers with small     the flow had almost a negligible effect on mass transfer 

performance however for spacer with moderate     some vortex shedding was created between the 



 

 

 

24 

spacer filaments. A better spacer geometry in terms of mass transfer, with     = 4, α = 30° and   = 

120° was suggested in this work.   

 

 

Figure 1.17: Velocity vector plot of flow within CONWED spacer in the work by Karode and 

Kumar [28]. 

 

     Dendukuri, Karode and Kumar [29] evaluated the effect of four different spacer filament cross 

sections (shown in Figure 1.18) on the pressure drop for three different spacer types.  They found a 

significant decrease in the pressure loss by modifying the spacer filaments cross sectional shape.   

 

 

Figure 1.18: Different spacer filament cross sections, studied by Dendukuri et al. [29]. 

 

     Koutsou et al. [30] investigated the effect of spacer characteristics (l/d, θ) on hydrodynamic and 

mass transport phenomena in spacer-filled channels. The numerically simulated pressure drop 

results were validated by the experimental data measured in this work as well as experimental and 

theoretical results available by Schock and Miquel [7]. Good agreement was claimed between the 

experimental and numerical results. They found that the pressure drop decreased with increasing 

l/d ratio or decreasing θ. As shown in Figure 1.19, three flow features were observed in a spacer 

unit cell obtained from a simulation at a low Reynolds number. These three flow features are: 
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vortex along the diagonal of the unit cell, vortices attached to the four filaments and closed 

recirculation regions in the vicinity of the spacer filaments. Averaged wall shear stresses and RMS 

fluctuations were obtained and found to be much higher than those in an empty channel.  

 

 

Figure 1.19: Three flow features observed in a spacer unit cell by Koutsou et al. [30]. 

 

     Shakaib et al. [31] studied the effect of spacer geometric parameters such as filament spacing, 

filament diameter and flow attack angle on the flow behaviour and the wall shear stress distribution 

for two different types of diamond and parallel spacers. A zigzag nature of flow was observed for 

spacers with large filament spacing or low Reynolds number. They found that for spacers with 

small filament spacing or large flow attack angle the flow moved parallel to the spacer filaments. 

Moreover, the flow became unsteady at a lower Reynolds number by decreasing the flow attack 

angle for diamond spacers or decreasing filament spacing for parallel spacers. Later they extended 

their work [32] by adding mass transfer modelling to their simulations. They found that the flow 

became fully developed and periodic after passing 3-4 filaments. They claimed that the flow with 

zigzag nature could enhance mass transfer significantly.  

     Fimbres and Wiley [33] studied the flow behaviour within two orientations of spacers (α = 90° 

and 45°) for steady-state, laminar flow regime. They found that the spacer with α = 45° had higher 

mass transfer enhancement compared to the spacer with 90° orientation. For the spacers with α = 

45°, they identified three regions; I) parallel flow to the spacer filaments near the membrane walls, 
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II) a horizontal zigzag flow at the filament intersections and III) a zigzag behaviour when the flow 

pass through filaments, shown in Figure 1.20. Higher mass transfer regions were identified when 

the bulk flow moved toward these regions and lower mass transfer regions were detected when the 

flow was pulled back from the membrane walls. They stated that an optimal spacer design conveys 

flow toward the membrane walls while minimizing form drag produced by the bulk flow.  

 

 

Figure 1.20: Three identified flow regions in 45° orientation spacer in the work by Fimbres and 

Wiley [33]. 

 

     Li et al. [34] suggested an appropriate spacer geometry unit cell type for CFD simulation with 

periodic boundary conditions. As shown in Figure 1.21, they compared the velocity profiles 

simulated from these four types of spacer geometry unit cells at Reynolds number 112. For a 

symmetric unit cell (with similar spacer filament diameters at top and bottom channel layers) no 

difference was observed in the velocity profiles. However, for asymmetric spacers as some 

differences were observed, they suggested to use type III. Later in this paper, they studied the 

effect of full-scale spacer length and width on pressure drop for laminar flow (Re = 112). They 

concluded that, to accurately predict the flow behaviour in a full-scale spacer with no-slip 

boundary conditions at the channel lateral walls, at least 8 unit cells in spanwise and 18 unit cells 

in streamwise directions were required.  
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Figure 1.21: Spacer geometry unit cell types for CFD simulation with periodic boundary 

conditions studied by Li et al. [34].  

 

     Lau et al. [35] studied the effect of spacer filaments mesh angle on hydrodynamics and mass 

transfer. The numerical results were validated with the experimental results from their previous 

work [36]. An optimal spacer mesh angle (θ=120° and α = 30°) with minimum effective 

concentration polarization factor and highest magnitude of flow unsteadiness was suggested.  
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Table 1.3: Summary of 3D CFD studies of flow hydrodynamics in spacer-filled channels. Npuc in L×W is the number of periodic unit cells across 

the channel length (L) and channel width (W), respectively. 

Reference Year Estimated 

Npuc in L×W 

CFD Code,  

Solved equations 

Boundary 

conditions 

Summary 

Karode and 

Kumar [28] 

2001 5-16× 

3-11 

PHOENICS, 

Equations: Hydrodynamics, 

Steady 

No-Slip BC at 

channel lateral 

walls, inlet-outlet 

Flows within spacers used by Da Costa et al. [12] 

were simulated. Flow had a zigzag motion within 

spacers with large     and moved parallel to the 

spacer filaments with small    . 

Li et al. [15] 2002 1×1 CFX, 

Equations: Hydrodynamics 

with constant wall 

concentration, 

Steady and unsteady 

Periodic unit cell Effects of spacer geometric parameters on mass 

transfer and power consumption were investigated. 

An optimal spacer design was proposed.  

Dendukuri 

et al. [29] 

2005 4-7×5 FLUENT 

Equations: Hydrodynamics 

Steady and unsteady 

No-Slip BC at 

channel lateral 

walls, inlet-outlet 

The effect of spacer filaments cross section shapes on 

pressure drop was evaluated. A significant effect on 

pressure drop was observed. 

Koutsou et 

al. [30] 

2007 1×1 FLUENT 

Equations: Hydrodynamics 

Steady and unsteady 

Periodic unit cell The effect of spacer characteristics (   , θ) on 

hydrodynamic and wall shear stress over the 

membrane walls was studied. Three flow features 

were observed in a spacer unit cell; vortex along the 

diagonal of the unit cell, vortices attached to the four 

filaments and closed recirculation regions in the 

vicinity of the spacer filaments. 
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Shakaib et 

al. [31,32] 

2007 

 

 

 

 

2009 

2×1-2 [31] 

 

 

 

 

6×1 [32] 

FLUENT 

Equations: Hydrodynamics 

with constant wall 

concentration, Steady 

 

FLUENT 

Equations: Hydrodynamics 

with constant wall 

concentration, Steady 

Periodic unit cell 

[31] 

 

 

 

Periodic BC at 

channel lateral 

walls, inlet-outlet 

[32] 

Effect of spacer geometric parameters on mass 

transfer, pressure drop, flow behaviour and wall shear 

stress over the membrane surfaces was studied. 

Lower critical Reynolds number was found for spacer 

with smaller flow attack angle or filament spacing. 

Flow became fully developed and periodic after 3-4 

filaments. Flow with zigzag nature could enhance 

mass transfer significantly. 

Fimbres et 

al. [33] 

2007 1×1 CFX 

Equations: Hydrodynamics 

with constant wall 

concentration, Steady 

Periodic unit cell Flow within two orientations of spacers (α = 90° and 

45°) for steady-state, laminar flow regime was 

studied. Three flow regions in the spacer with α = 45° 

were identified. It is claimed that an optimal spacer 

conveys flow toward the membrane walls. 

Li et al. [34] 2008 1-20×1-9 FLUENT 

Equations: Hydrodynamics 

Steady and unsteady 

No-Slip BC at 

channel lateral 

walls, inlet-outlet 

An appropriate cell type for CFD simulation with 

periodic boundary conditions was suggested. At least 

8 unit cells in spanwise and 18 unit cells in 

streamwise directions were required to accurately 

predict the flow behaviour in a full-scale spacer-filled 

channel with no-slip BC at channel lateral walls. 

Lau et al. 

[35] 

2009 1×1 FLUENT 

Equations: Hydrodynamics 

and Mass transfer, Unsteady 

Periodic unit cell The effect of spacer filaments mesh angle on 

hydrodynamics and mass transfer was studied. An 

optimal spacer mesh angle (θ=120° and α = 30°) was 

suggested. 
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     In this section previous works in the field of experimental and numerical analysis of the flow 

within spacer-filled channels were discussed. The focus mainly was put on the transport 

phenomena investigation within these complex modules. As shown in this review, the performance 

of a membrane module significantly depends on the spacer dimensions. To improve modelling of 

the spacer inside the membrane modules a more fundamental understanding of the complex 

transport phenomena within these modules is required.  

     The CFD technique has been widely used for membrane applications to gain insight into fluid 

dynamics in membrane modules. Recent advances in CFD codes together with novel 

computational resources have provided powerful tools to develop detailed simulations of the flow 

field and improve the understanding of the transport phenomena within complex membrane 

modules. As reviewed in this section, researchers have investigated the fluid dynamics and mass 

transfer in spacer-filled channels using 2D CFD simulations by considering the placement of 

spacer filaments normal to the flow direction [23,24,25,26,27] and 3D CFD simulations 

[15,28,29,30,31,32,33,34,35]. These works showed that CFD is an accurate and reliable tool that 

can provide a significant insight on the transport phenomena within membrane modules. However 

these CFD studies have limitations as following: 

 Flow periodicity investigations, for using periodic spacer unit cell approach, have not been 

addressed. However it is crucial to select enough periodic unit cells in the spacer periodic 

directions, in order to have acceptable CFD simulations. 

 Flow features such as spiral structures, vortices and flow separation are not well known. 

 Information about flow regimes, particularly for flow at transitional state is not yet fully 

understood. 

 Direct validation of CFD velocity fields within spacer-filed channels with those of the 

experimental data is not available as the experimental works are limited to the use of indirect 
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experimental techniques such as measurements of pressure drop or qualitative flow 

visualization. 

 The effect of spacer-filled channel sidewalls and entrance region on the flow behaviour in Full-

scale channel modelling is not well known. 

     As state earlier, in the literature review, the validation of the CFD data of the flow field is 

generally limited to the use of indirect experimental techniques such as measurements of pressure 

drop [6,7,8,14,17,19,20] or qualitative flow visualization [6,8,9,10,13]. In order to validate the 

results of CFD simulations, advanced experimental non-intrusive techniques, such as particle 

image velocimetry (PIV), are required to measure the flow field within spacer-filed channels. 

However PIV application is subjected to severe limitations due to complexities associated with the 

visualization of flow within the narrow spacer-filled channels. In order to have fully optical access 

to the test section an approach with matching refractive index is feasible by developing a 

transparent setup of the system that involved the use of fused silica as the transparent material to 

build the spacer and channel, and a light mineral oil as the working fluid. In addition of developing 

a transparent test section, building a scaled-up geometry model is beneficial for achieving a higher 

spatial resolution of the PIV measurements.   

     The focus of this study is, therefore, on a fundamental understanding of the flow within spacer-

filed channels that can be used to develop a scientific basis for the design of novel spacers. 
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1.4 Objectives of the study 

 

The overall objective of the present thesis is to study the fluid flow within spacer-filled channels, 

both experimentally and through CFD simulations, with the aim of understanding the flow in 

membrane modules. The objectives are achieved through the following steps: 

 

1) Setup a 10× scaled-up model of a spacer-filled channel with matched refractive index test 

section. The test section is comprised of a rectangular channel of 900mm×320mm ×20mm and 

a spacer with CONWED configuration [6] with 30×9 unit cells in the streamwise and 

spanwise directions, respectively. 

2) Develop an experimentally substantiated understanding of the flow within spacer-filled 

channel by means of particle image velocimetry (PIV).  

3) Establish the computational hydrodynamics of the spacer-filled channel with a similar 

condition used in the experimental work, through CFD simulations.  

4) Assess the validity of the flow CFD simulation through comparison with PIV results.  

5) Investigate the effect of spacer-filled channel sidewalls and entrance region on the flow 

behaviour. 

6) Investigate the effect of a new spacer design on flow behaviour. 
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1.5 Publications and presentations 

 

Journal Paper: 

Paper 1. Mojab, S.M., Pollard, A., Pharoah, J.G., Beale, S.B., Hanff, E.S. Unsteady Laminar to 

Turbulent Flow in a Spacer-Filled Channel. Flow, Turbulence and Combustion, 92, 1-2 

(2014), 563-577.  

 

Conference papers: 

Paper 2. Mojab, S.M., Beale, S.B., Pollard, A., Hanff, E.S., Pharoah, J.G. Inlet and Wall Effects 

on Fluid Flow in Doubly-Periodic Arrays of Spacer-Filled Passages. ASME, Heat 

Transfer Conference (2013), Minneapolis, USA.  

 

Paper 3. Mojab, S.M., Beale, S.B., Pharoah, J.G., Pollard, A., Hanff, E.S. Reynolds Number 

Effects on Flow in a Spacer-filled Channel. 20th Annual Conference of the CFD 

Society of Canada (2012), Canmore, Canada. 

 

Paper 4. Mojab, S.M., Hanff, E.S., Beale, S.B., Pollard, A., Pharoah, J.G. Particle image 

velocimetry investigation of flows within spacer-filled channels. 15th Int. Symp. on 

Applications of Laser Techniques to Fluid Mechanics (2010), Lisbon, Portugal. 

 

Paper 5. Beale, S.B., Pharoah, J.G., Kumar, A., Mojab, S.M. Numerical Study of Laminar Flow 

and Mass Transfer for In-Line Spacer-Filled Passages. 14th International Heat Transfer 

Conference (2010), Washington, DC, USA. 
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Papers summary: 

 

Paper 1. In this paper, the flow mechanisms, transition process and onset of turbulence in a spacer-

filled channel were investigated including the use of the velocity spectra at different Reynolds 

numbers. Moreover, typical instantaneous velocity fields of experimental (PIV) results for various 

Reynolds numbers were shown. Swirling motions in the main flow streams were identified and the 

pitch of the swirling motions was estimated for the identified vortices. This paper is included in 

Sections 2.2.3, 3.2.4 and 3.2.6 of this thesis. 

Paper 2. In this paper, a numerical investigation has been carried out to study the effect of the 

sidewalls and the number of spacer unit cells in arrays of spacer-filled channels on the local flow 

distribution, for Reynolds number, Re = 100. The effects of the number of cells and the type of 

boundary condition imposed on the channel transverse sidewalls on the friction factor were 

considered. This paper is included in Section 3.3 of this thesis. 

Paper 3. In this paper, swirl-like motions (secondary flow) were identified in the main flow 

streams in a spacer-filled channel. Time-averaged tangential velocity, flow streamlines, friction 

factor, helicity and wall shear stress were calculated. This paper is included in Section 3.2.4 of this 

thesis. 

Paper 4. In this paper, particle image velocimetry investigation of flows within a spacer-filled 

channel was presented. The experimental results were compared with CFD data. The Q criterion 

and kinetic energy power spectra were calculated to identify different flow structures. This paper is 

included in Chapter 2 and Section 3.2.3 of this thesis. 

Paper 5. In this paper, numerical calculations for laminar fluid flow and mass transfer were 

presented for a passage containing cylindrical spacers configured in an inline-square arrangement. 

Results were presented for the normalized mass transfer coefficient and driving force. This paper is 

not directly included in this thesis. 
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Chapter 2 

Experimental Study of Flow within 

Spacer-filled Channels 

 

 

 

The experimental investigation of flow within spacer-filled channels has been the subject of a 

number of studies [6,7,10,11,14]; however, they do not provide information about detailed flow 

patterns and structures. The objective of the experimental study described in this chapter is to 

investigate flow behaviour in more detail and to develop benchmark databases for the assessment 

of computational fluid dynamics (CFD) solutions. A Particle Image Velocimetry (PIV) technique 

was used to measure the instantaneous velocity fields though a 10× scaled-up transparent test 

section of a spacer-filled channel with CONWED spacer geometry, typical of industrial membrane 

spacers [6]. Reynolds numbers (based on the hydraulic diameter    and the interstitial velocity u) 

was varied in the range of 100 to 1000. All experimental facilities were designed and installed at 

the National Research Council of Canada (NRC). The design and construction of the test section 

and the rig were carried out by Ms. Christina Vanderwel [37] and Mr. Marius Maximini [38], 
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under the supervision of Dr. Ernest Hanff and Dr. Steven Beale. The installation, operation, 

calibration and some design modifications were completed in this work. 

     In this chapter, the details of the experimental apparatus and the measurement techniques used 

to perform the experiments are described in Section 2.1. The results are presented in Section 2.2 

and finally a summary of the experimental work is given in Section 2.3. 

 

2.1 Experimental Details 

2.1.1 Experimental Facilities 

 

A schematic diagram of the experimental apparatus and the flow system is shown in Figure 2.1. An 

adjustable speed positive displacement lobe pump (Wright pump, model 1300-TRA10) circulates 

the test fluid through a heat exchanger, test section and reservoir tank (clockwise in Figure 2.1). 

The pump has a maximum volumetric flow capacity of 34 m
3
/h that corresponds to a maximum 

inlet velocity to the test section of approximately 1.8m/s. A programmable speed controlled 5HP 

motor provides the drive to the pump. This pump’s advantages are the ability to handle viscous 

fluids, accurate flow metering, minimal pulsations, and gaps between the lobes that minimise the 

breaking of solid tracer particles. 

     The standard fused silica (produced by Corning Inc.) with high refractive index homogeneity 

and low inclusion content (less than 0.03mm
2
 inclusion cross section per 100cm

3
 of glass) was used 

to build the test section. The test section is comprised of a rectangular channel of 

L×W×h =  900mm×320mm×20mm (L, W and h are the channel length, width and height 

respectively) and a spacer, composed of 42 parallel cylindrical rods placed in two layers 

perpendicular to each other (θ = 90°) and aligned at 45° (α = 45°) with respect to the main flow 

direction. Figure 2.2 illustrates the spacer filament mounting steps from left to right. The fused 
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Figure 2.1: Schematic diagram of the experimental apparatus. 

 

silica rods were mounted in the grooved slots of the sidewalls, Figure 2.2 (left). To complete the 

spacer geometry, two plastic parts were built by stereo-lithography machining, Figure 2.2 (middle) 

and placed at the inlet and outlet of the channel. The resulting test section consists of 30×9 spacer 

unit cells in the streamwise and spanwise directions, respectively, Figure 2.2 (right). Figure 2.3 

shows a photograph of the spacer as well as one of the plastic parts. The diameter of each fused 

silica rod is d = 0.010m; thus the height of the channel is h = 0.020m and the spacing between the 

rod centres (filament spacing) at each layer is l = 0.0211m.  

     Two coordinate systems are used in this study, shown in Figure 2.4. The global coordinate 

system XYZ is used for the entire spacer-filled channel. The X axis is in the streamwise direction 

starting from the inlet of the channel, Z is in the vertical direction starting from the middle of the 

channel width (W), and Y that starts from the middle of channel height (h) is in the wall-normal 

direction. The local coordinate system xyz is used for one unit cell and its origin is at the centre of a 

spacer unit cell. The x axis is parallel to the upper layer spacer filaments (45° to X axis), the z axis 
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is parallel to the lower layer spacer filaments (-45° to the X axis) and the   axis, similar to Y axis, 

is across the channel height in the range of -h/2 ≤ y ≤ h/2. 

 

   

Figure 2.2: Schematic of the fused silica rods (left), two plastic parts (middle) and entire spacer 

(right). 
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Figure 2.3: Photograph of the entire spacer (left) and one of the plastic parts (right). 

 

 

Figure 2.4: Coordinate systems XYZ and xyz. 

 

     In this experiment, an optically clear light mineral oil (Penreco Drakeol #5) was used as the 

working fluid. The oil is optically clear, very safe, relatively inexpensive and non-reactive. Its 

refractive index can be adjusted through a temperature control unit to match that of the fused silica 

material that was used to build the test section enclosure and the internal spacer. The resulting 

elimination of optical distortion by the solid-spacer material permits measurement throughout the 

entire flow assembly. In order to control the fluid temperature accurately, a combined heater/chiller 

unit (NESLAB HX-300 Recirculating Chiller by Thermo Scientific) that circulates a water-glycol 
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mixture (50/50) through the secondary loop of the heat exchanger (Alfa Laval CB76-30L) was 

used. This unit can maintain temperatures in the range of 5°C to 35°C with a stability of ± 0.1°C. 

The facility temperature remained at a constant, steady state condition throughout the data 

collection periods by virtue of a control system that senses the temperature at the inlet of test 

section. Figure 2.5 (left) shows a view of the test section at room temperature without fluid, 

whereas the right part of this figure depicts the same region but partially filled with the working 

fluid at 30.1°C.  As shown in this figure, in the latter case the submerged part of the rods become 

invisible due to the matched index of refraction between the oil and fused silica rods. 

 

  

Figure 2.5: Effect of refractive index matching: spacers immersed in oil at room temperature (left) 

and partially immersed in oil at match refractive index temperature (right). 

 

     To accurately position a camera and laser on the desired measuring area within the test section, 

a positioning system was designed for this experiment, shown in Figure 2.6. It consisted of a laser 

holder, a mirror, a camera holder and five manual linear stages (Unislide, Velmex Inc.) with 

0.01mm positional accuracy. The camera holder can carry up to two cameras to allow conducting 

both 2-D and stereoscopic PIV experiments. The camera holder was mounted on three linear stages 

in order to translate the cameras in the X, Y and Z directions. In order to align the laser light sheet, 

the laser was mounted on a linear stage to move in the X direction and a mirror was mounted in 

front of the laser on another linear stage that moves in the Y direction. 
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Figure 2.6: PIV positioning system, 3-D view (left) and side view (right). 

 

     Figure 2.7 is a photograph of the experimental apparatus and PIV system setup installed at the 

NRC lab. The camera, laser, pump, pump speed controller, linear stages, temperature sensor, 

pressure gage and heat exchanger are labelled in this figure. 

camera UniSlide X 

mirror UniSlide Y 

camera UniSlide Z 

camera 

UniSlide Y 

laser UniSlide X 

test section 

cameras 

holder 

laser 



 

 

 

42 

 

Figure 2.7: Photograph of the experimental apparatus and PIV system. 

 

2.1.2 Optical error 

 

In this experimental study, it was necessary to match the refractive index of the working fluid (a 

light mineral oil, Drakeol #5) with that of the solid materials (fused silica glass) to get an 

undistorted view of the flow within the test section. The refractive index of the working fluid is 

adjusted by changing its temperature using a chiller/heater unit. By matching the index of 

refraction between the fluid and solid in the test section, it was expected to have a clear view when 

the laser light sheet passes through the test section. However a significant light reflection from the 

fused silica rods surface was observed in the preliminary PIV raw images. Two photographs of the 
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surface light reflection when the laser sheet passes at y = 0 and y = h/4 of the channel height are 

shown in Figure 2.8. It was found that the formation of micro-cracks over the fused silica rods 

surface after the grinding process caused this surface light reflection. 

 

  

Figure 2.8: Fused silica surface light reflection, when the laser light sheet passes at y = 0 (left) and 

y = h/4 (right). 

 

Crack formation mechanism 

 

In this section the crack formation mechanism in brittle-hard materials and the effect of grinding 

on the glass surface quality is described. Applying a force on the surface of a brittle material 

causes hydrostatic compression stress behind the forcing point that lead to a plastic deformation 

zone. Figure 2.9 illustrates the process of crack formation by increasing the force over the surface. 

First a radial crack develops and expands toward the inside of the material. After removing the 

force gradually, the radial crack closes and some lateral cracks due to axial stresses near the 

forcing area develop and they can grow up to the surface of material [39]. This crack formation on 

the brittle-hard materials surface is one of their properties and occurs during grinding when the 

pressure that is applied on surface passes beyond the fracture strength. 
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Figure 2.9: Crack formation mechanisms in brittle-hard materials [40]. 

 

     The existence of a minute amount of air entrained in the micro-cracks produced by the grinding 

process, makes discontinuity in the index of refraction and consequently causes light reflection 

from the glass surfaces. In order to have a high optical quality surface, in addition to the minimal 

roughness, the micro cracks underneath the surface roughness need to be removed. Although using 

a finer grain in grinding process can reduce the size of cracks, but polishing is still needed to 

ensure a significantly high quality surface.  

     Flame (fire) polishing is one method of polishing glasses. The important advantage of this 

method is the elimination of roughness and small cracks through the effect of surface tension, and 

an increase in the micro-hardness and chemical resistivity [41]. Yudin et al. [42] compared the 

surface qualities of a lead silicate crystal after polishing the surface by fire polishing and 

mechanical polishing. They observed some micro roughness remained at the mechanically 

polished surface whereas the flame polished surface was smoother and more even. Moreover, they 

measured the light transmissivity for both surfaces and found that the fire polished surface had a 

better light transmissivity in comparison to the mechanical polished surface. Finally, they 

concluded that the fire polishing method could produce surfaces with a high quality. 
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Effect of surface polishing on PIV images   

 

An experimental study was carried out to investigate the effects of different surface polishing on 

PIV images. Standard fused silica rods (produced by Corning Inc.) were used as specimens with 

different surface polishing; non-polished surface, flame-polished surface and mechanical polished 

surface. The JEOL JSM-840A scanning electron microscope (SEM) at NRC was used to capture 

the surface roughness of these specimens. For each case, two specimens as shown in Figure 2.10 

were built in order to observe surface roughness at the edge and top surface. The surface roughness 

with different magnifications from the edge and top view are shown in Figure 2.11 and Figure 

2.12, respectively. It can be observed form these figures that the unpolished surface is very rough 

with a roughness of about 1 to 10μm; In contrast, the mechanical and fired polished surfaces are 

very smooth. 

 

  

Figure 2.10: Electron microscope viewing windows at the edge (left) and top (right) surface. 
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Magnification Mechanical polished Fire polished Unpolished 

 

1000× 
   

 

5000× 
   

 

10000× 

   

Figure 2.11: Fused silica edge view (Figure 2.10, left), treated by Mechanical polishing, fire-

polishing and without polishing. The photographs were captured at different magnification. 

 

 

Magnification Mechanical polished Fire polished Unpolished 

 

 

250× 

   

 

 

1000× 

   

 

 

5000× 

   

Figure 2.12: Fused silica top surface view (Figure 2.10, right), treated by Mechanical polishing, 

fire-polishing and without polishing. The photographs were captured at different magnification. 
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     Moreover, another experiment was performed to study the effects of different fused silica 

surface polishing on the PIV image quality. A schematic representation of the experimental 

apparatus is shown in Figure 2.13. In this experiment, a light mineral oil (Drakeol #5) was used as 

the working fluid. A heater was used to match the refractive index of oil to that of the fused silica 

rod, to avoid refraction of the laser light sheet while it passes through the test section. The fluid 

was seeded with hollow glass spheres of 18 microns mean diameter and a density of 600 kg/m
3
. A 

2D-PIV system supplied by LaVision was used to perform this experiment. 

 

 

Figure 2.13: A schematic representation of the experimental apparatus. 

 

     The laser sheet illuminates a plane within the flow domain and a camera captures lights 

scattered by seed particles in the flow.  Images were captured at four different positions with 

respect to fused silica rods, shown in Figure 2.14. For cases a and c, the laser light sheet crosses 

the rod tangentially and make a maximum surface intersection area. The laser light sheet passes 

through the middle of the rod at position b and in case d the laser light sheet passes behind the rod.  

     The raw PIV images at four different laser light sheet positions (a-d) for three rods with 

different surface qualities; unpolished, mechanical polished and fired polished, are shown in Figure 

2.15. Clear PIV images were obtained from the mechanical and fired polished rods, however a 
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high light reflection can be observed for the unpolished rod. The maximum light reflection appears 

when the laser light sheet impinges tangentially on the rod surface (positions a and c).  Light 

saturated regions are only observed on the unpolished rod surface. These regions obstruct the 

capture of seed particles in front and behind them in the PIV images. Due to the presence of no-

slip boundary condition over the rod surface, some seed particles attach to the surface of the rod. 

These attached seed particles can also be observed in the images for mechanical and fire polished 

rods at a and c positions.  

 

 

Laser sheet positions: 

a) 

 

b) 

 

c)

 

d)

 

Figure 2.14: Four different laser light sheet positions with respect to the fused silica rods. 

 
     The physical dimensions of a fused silica rod (length and diameter variation along the length) 

were tested after fire polishing process and no change was observed in comparison to its original 

dimensions before the fire polishing.  

     It is found that the fire polished rods have a similar quality as the mechanical polished rods. In 

addition, based on the information we received from different optical shops, the fire polishing 

method is 12 times cheaper and 7 times faster than the mechanical polishing method for polishing 

42 fused silica rods. Therefore, the fire polishing method was chosen in order to polish the fused 

silica rods in this experiment. 
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 Unpolished Mechanical polished Fire polished 

 

 

 

a) 

   

 

 

 

b) 

   

 

 

 

c) 

   

 

 

 

d) 

   

Figure 2.15: The raw PIV images of illuminated seed particles at positions a-d (Figure 2.14) for 

three fused silica rods with different surface quality. 
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2.1.3 2D-PIV measurements 

 

A schematic representation of the two dimensional PIV setup is shown in Figure 2.16. The PIV 

system was supplied by LaVision, Inc. It included an ImagerPro Plus digital CCD camera 

(1600 × 1200 pixels) that was mounted on a three degree freedom traverse systems in XYZ 

directions with 0.01mm accuracy. The camera was oriented with its axis normal to the test section 

wall and rotated by 45° so that the edges of the image were aligned with the spacer filaments.  In 

order to maximise spatial resolution, the camera was placed such that only one unit cell in the 

entire test section was viewed. The velocity fields were measured every 1mm in the y direction at 

19 equidistant planes along the channel height (-h/2 < y < h/2). The test fluid was seeded with 

hollow glass spheres with a mean particle diameter of 18 µm and a density of 600kg/m
3
, slightly 

less than that of the test fluid (830 kg/m
3
), thus preventing them from settling on the bottom of the 

test section and obstructing the passage of the laser light sheet. A vertical light sheet was provided 

by a dual-cavity-pulsed Nd:YAG laser from Big Sky Laser Technologies with maximum power of 

70mJ/pulse at 532nm and a maximum pulse rate of 15Hz.  

     The laser source of the PIV system was mounted below the test section and produced a vertical 

light sheet with a thickness of approximately 1.5mm. The laser light sheet enters through the 

bottom of the test section, parallel to the front wall and illuminates the solid glass particles inside 

the oil. The scattered light from seed particles was observed by means of the camera. The system 

was controlled using a LaVision dual-processor Programmable Timing Unit (PTU) and images 

were processed by LaVision’s DaVis 7.2 software. 
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Figure 2.16: Schematic of the PIV setup. The dashed area corresponds to the measurement region 

for a given unit cell that is shown in detail at the bottom left corner. 

 

 

     The time delay between illumination pulses was selected such that the fastest seed particles 

would travel approximately 1/4 to 1/3 the length of the interrogation window, [43]. Based on the 

Reynolds number and the position of laser sheet across the channel height (y-direction), different 

pulse delays were set, shown in Figure 2.17. As shown in this figure, the pulse delay is minimum 

around y = h/4 and –h/4 and maximum close to the walls (y = h/2 and –h/2) and channel centre (y = 

0) corresponding to the regions with highest and lowest flow velocities, respectively.  
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Figure 2.17: Set pulse delay at different positions and Reynolds numbers. 

 

     As mentioned above, the PIV measurements were carried out at 19 equidistant planes (1mm 

apart) across the   direction at various Reynolds numbers. 1500 pairs of images were continuously 

recorded at a sampling frequency of 10Hz for each plane.  A second order cross-correlation 

technique [44] was used to analyse each pair of images with adaptive multi-pass algorithms [45] 

using interrogation windows starting from 128×128 pixels and ending to 32×32 pixels with 50% 

interrogation window overlap. Results were obtained for Reynolds numbers, in the range of 100 ≤ 

Re ≤ 1000, in order to gain insight into the dynamics of different flow regimes encountered within 

the spacer-filled channel.  

 

 



 

 

 

53 

2.2 Experimental results 

 

2.2.1 Time-averaged flow characteristics 

 

A unit cell at the centre of the test section (shown by the red dashed line in Figure 2.16) was 

chosen as a best representative of the entire test section for the PIV flow measurements and 

detailed analysis. This unit cell was selected at the centre of the channel in order to avoid any 

interference from the channel inlet, outlet and sidewalls on the flow behaviour. An initial 

experimental test confirmed the existence of similar velocity profiles at neighbouring cells of this 

selected unit cell.  

     The iso-surfaces of the time-averaged velocity magnitude ( ̅) at two values, 0.29m/s and 

0.23m/s for Re = 100, and 2 m/s and 1.83 m/s for Re = 1000, are shown in Figure 2.18. The higher 

and lower values are presented by fully opaque and transparent surfaces, respectively. The iso-

surfaces of  ̅ are calculated from a dataset of  ̅; made of the velocity components in the xz planes 

along the channel height measured at 19 evenly spaced planes, from -h/2 to h/2.  ̅ is the vector 

magnitude of the x and z components of time-averaged velocity ( ̅  and  ̅ ).  In this figure, the  ̅ 

iso-surfaces are coloured by  ̅ . This figure reveals that there are two main flow streams that move 

parallel to the spacer filaments at the upper and lower channel layers with a 90° difference in 

direction. There is a higher flow velocity magnitude when the main flow stream on each layer 

passes over the filaments of the other layer. The axisymmetric shape of the  ̅ iso-surfaces’ cross 

section, which can be seen in the side view of Figure 2.18, occurs due to the swirling motion in the 

flow streams as well as the interaction between the two orthogonal flow streams at channel height 

centre (y = 0). These two features of the flow are explained in more details in Chapter 3.  
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Re 100 1000 

 

 

 

top view 

  

 

 

side view 

  

 

 

3D view 

  

Figure 2.18: The iso-surfaces of time-averaged velocity magnitude at Re = 100 and 1000. 

 

     The normalised time-averaged velocity and Root Mean Square (RMS) velocity for Re = 200 

and 1000 across the unit cell centre (x = 0, z = 0 and -h/2 < y < h/2) are shown in Figure 2.19. The 

x-component, z-component, and magnitude based on them are plotted by red, blue and black, 

respectively. Note that the plotted circles indicate the measured positions at 19 planes along the y 

direction. The RMS velocity (Urms) is defined in terms of the fluctuating components as      

√ ́  ́ 
̅̅ ̅̅ ̅ , where  ́  is the fluctuating component of    (velocity components). Urms is the vector 

magnitude of the x and z components of RMS velocity (Urms,x and Urms,z). In this plot, the values are 
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normalised by the mean interstitial velocity (u). Note that the values at positions y = h/2 and -h/2 

are not included in these plots because the high velocity gradients close to the walls give rise to 

considerable uncertainties in the results. Based on this figure, the time-averaged velocity profile 

has its maximum values around y = h/4 and -h/4. At the mid-channel (y = 0) the velocity value 

drops whereas the RMS velocity has its maximum value due to the interaction of the two 

orthogonal main flow streams in this region. The time-averaged and RMS velocity components are 
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Figure 2.19: Time-averaged velocity profiles (top) and RMS velocity profiles (bottom) normalised 

by interstitial velocity (u) along the unit centre, x = 0,z = 0,-h/2 < y < h/2, for Reynolds numbers 

200 (left) and 1000 (right). The x-component, z-component, and magnitude based on them are 

plotted by red, blue and black, respectively. 
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symmetrical about axis y and generally in 3-D coordinates, they have rotational symmetry about 

the axis x = z, y = 0. Due to the symmetrical nature of the flow time-averaged velocity and RMS 

velocity, it is sufficient to post process and display the PIV results from only one half the channel 

height, 0 < y < h/2 (10 planes). 

     Figure 2.20 and Figure 2.21 show the time-averaged velocity magnitude and RMS velocity 

profiles across the unit centre line (x = 0, z = 0 and 0 ≤ y < h/2) at different Reynolds numbers. As 

shown in Figure 2.20, the peak of the normalised  ̅ profile for Re = 100 and 200 are much higher 

than those for Re ≥ 300. With increasing Reynolds number greater than 300, the time-averaged 

velocity profile becomes a more flattened profile. The shape of the normalised time-averaged 

velocity and RMS velocity profiles for Re = 100 and 200 are significantly different compared to 

those for Re ≥ 300. This difference is due to the flow transition from a steady to an unsteady 

regime between the Reynolds numbers 200 and 300. In spite of the relatively low Reynolds 

number, there appears to be substantial unsteadiness, especially near y = 0 where the flow at two 

channel layers interact (shear layer), shown in Figure 2.21. Significant RMS velocity values can be 

observed for Reynolds numbers 100 and 200 in Figure 2.21, however zero RMS velocity values 

are expected for flow at these Reynolds numbers (steady flow). The effect of different options such 

as pump pulsations, test section light reflection and laser sheet thickness on measured RMS 

velocity values was studied. The laser sheet thickness was found to have a dominant effect on the 

observed RMS velocity magnitude for Re ≤ 200. The observed Urms at Re = 100 and 200 mostly 

come from the high velocity gradient across the laser light sheet thickness, which results in seed 

particles moving at different velocities being observed in a given location. The effect of velocity 

gradients on the calculated Urms is insignificant at high Reynolds numbers (Re ≥ 300) where the 

actual flow unsteadiness dominates (see Section 2.2.2 for more details).  
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Figure 2.20: Normalised (left) and non-normalised (right) time-averaged velocity magnitude 

profiles ( ̅) along the unit cell centre line (x = 0, z = 0 and 0 ≤ y < h/2) at different Reynolds 

numbers. 

 

  

Figure 2.21: Normalised (left) and non-normalised (right) RMS velocity magnitude profiles (Urms) 

along the unit cell centre line (x = 0, z = 0 and 0 ≤ y < h/2) at different Reynolds numbers. 

 

     The vertical distributions of the normalised time-averaged velocity component profiles ( ̅  and 

 ̅ ) and normalised RMS velocity component profiles (Urms,x and Urms,z) at plane xy, z = 0 (Figure 

2.22) are shown in Figure 2.23. Red solid lines and blue dashed lines indicate the x and z 

components, respectively. The corresponding coloured contour plots of the  ̅  and  ̅  for Re = 100 

and 1000 are shown in Figure 2.24. These figures show that  ̅  is the dominant part of the flow 

velocity at the upper channel layer and the effect of z component velocity is almost negligible at 
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this layer. Thus the flow moves mostly in the x-direction or parallel to the spacer filaments at this 

layer. A similar behaviour is observed for the flow at the lower channel layer; however, instead of 

the  -direction, the flow moves in the  -direction.The  ̅  and  ̅  profiles have a higher velocity 

gradient close to the channel walls (y = h/2 and –h/2) at high Reynolds numbers (Re ≥ 300). The 

shear layer at the centre of the channel height (y = 0), where the two main flow streams at the two 

channel layers interact, expands with increasing Reynolds number.  

     Some negative values can be observed in the time-averaged velocity profiles close to the walls 

for Re ≥ 300 (unsteady flow). To have a better view of these negative values, the  ̅  and  ̅  

profiles for Reynolds numbers 100 and 1000 are shown in Figure 2.25. These regions are indicated 

with black dashed lines in this figure. This behaviour occurs due to the presence of swirling 

motions in the main flow stream at each channel layer that is almost negligible for Re ≤ 200. The 

lack of y-component of velocity in the experimental measurements does not allow observing the 

swirling motion in the flow. However this feature was clearly identified from CFD data, presented 

in Section 3.2.4 of Chapter 3.  

 

 

 

 

Figure 2.22: Illustration of the plane xy at z = 0 position. 
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Figure 2.23: x-component (red solid line) and z-component (blue dotted line) of the time-averaged 

velocity profiles (left) and RMS velocity profiles (right) at xy, z = 0 plane.  
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Figure 2.24: x-component (right) and z-component (left) of the time-averaged velocity fields (m/s) 

for Re = 100 and 1000 at xy, z = 0 plane.  

 

 
 

Figure 2.25: x-component (red solid line) and z-component (blue dotted line) of the time-averaged 

velocity profiles for Re = 1000 (left) and Re = 100 (right) along the unit centre line (z = 0, x = 0, -

h/2 < y < h/2). The black dashed lines indicate the time-averaged negative velocity regions. 
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2.2.2 Influence of the velocity gradient on PIV results 

 

 

The influence of the velocity gradient across the laser light sheet on the RMS velocity values is 

studied in this section. Due to the existence of velocity gradients with random particle locations 

along the laser light sheet, significant Urms values were observed for flows with Re ≤ 200 (steady 

flows), shown in Figure 2.21. In this section, the effect of laser sheet thickness on the calculated 

RMS from measured PIV velocity fields is explained.  

     Assume that the experimental velocity fluctuations are due to the superposition of two 

phenomena: 

a) The "y" position of the observed seed particles within the laser sheet. Here it is assumed that 

the flow is steady. Therefore the observed fluctuations are due to the fact that seed particles at 

different "y" are moving at different velocities and the RMS value depends on the slope of the 

two mean in-plane velocity components. (              ) 

b) The velocity fluctuations in the x-z plane at any point due to flow unsteadiness. Here only an 

average unsteadiness over the laser sheet thickness can be resolved. (                ) 

     The above two phenomena can be described by two independent random variables (subscripts: 

gradient, fluctuation). Therefore the variance of the sum of the two random variables is the sum of 

both variances, meaning that the experimentally observed RMS values are: 

 

              √             
                  

                                       (   ) 

and                                             √             
               

                                       (   )  

 

The RMS velocity due to the velocity gradient (             ) is calculated as: 
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                √
 

   
∑ (     ̅)

 
 

 
                                             (   ) 

where, n is the number of seed particles across the laser sheet thickness (  ) that are randomly 

distributed between   
  

 
 and   

  

 
.    is the velocity of each particle, and   ̅ is the average 

velocity of all seed particles. n is chosen as 1000 in this study in order to achieve converged 

              values. The PIV measured time-averaged velocity profiles with spline interpolation 

method was used in order to find the velocity value (  ) for seed particles at different locations 

across the laser light sheet. The               and               for various Reynolds numbers are 

presented in Figure 2.26. As shown in this figure, a significant               was observed for 

Reynolds number 100 and 200. These two Reynolds numbers are separately shown in Figure 2.27. 

For these two Reynolds numbers the magnitude of               is almost comparable to 

             , however for Re ≥ 300, a significant difference can be observed between the  

              and              .  

 

 

Figure 2.26:               (blue) and               (red) for different Reynolds numbers. 
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Figure 2.27:               (blue) and               (red) for Reynolds numbers 100, 200 and 300. 

 

                      is calculated from               and               (equation 2.2) and 

presented in Figure 2.28 for different Reynolds numbers. Note that in this plot, the calculated 

                 negative values are changed to zero. For Re ≥ 300, there is about 4% difference 

(mean absolute percentage error) between the                  and               profiles, however 

as shown separately in Figure 2.29, this difference is significant for Re = 100 and 200. This means 

that the RMS error for Reynolds numbers 100 and 200 is mainly introduced by the velocity 

gradients across the laser light sheet. 

     The effect of laser sheet thickness on RMS velocity values from PIV measurements at various 

Reynolds numbers was studied. It is found that for low Reynolds number flows (Re ≤ 200) the 

observed RMS from PIV measurements was mostly introduced from the velocity gradient along 

the laser sheet thickness not velocity fluctuations. For high Reynolds number flows (Re ≥ 300), the 

presence of the actual velocity fluctuations makes the effect of velocity gradient along the laser 

sheet thickness on RMS values almost negligible. 
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Figure 2.28:               (blue) and                  (black) for various Reynolds numbers. 

 

 

 

Figure 2.29:               (blue) and                  (black) for Reynolds numbers 100, 200 and 

300. 
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2.2.3 Instantaneous flow characteristics 

 

More details of the flow structure within the unit cell of the spacer-filled channel can be seen from 

instantaneous velocity fields. Figure 2.30 and Figure 2.31 show typical instantaneous velocity 

fields (in m/s) at plane xz and y = h/4 for Re ≤ 200 and Re ≥ 300, respectively. Black dashed lines 

indicate the position of the spacer filaments boundary at the bottom layer of channel (y = -h/4). It 

can be seen that the flow structure is notably altered with the variation of Reynolds number. 

Different flow regimes were observed from the experimental data in the spacer-filled channel. It 

was found that the flow is steady at Reynolds numbers 100 and 200. With increasing Reynolds 

number to 300 the steady flow transitions to a more meandering pattern (this behaviour of flow 

was clearly observed from CFD data and explained in more details in Section 3.2.6 of Chapter 3). 

At higher Reynolds numbers (Re ≥ 400), the flow becomes increasingly unsteady with large flow 

structures, and by Re = 1000, the flow displays a broader range of length scales and contains 

irregular structures. 
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Figure 2.30: Typical instantaneous U velocity fields (m/s) at y = h/4 from PIV for Re = 100 and 

200. Black dashed lines indicate the location of the spacer filaments boundary at the lower layer of 

channel (y = -h/4).  
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Re time 1 time 2 
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Figure 2.31: Typical instantaneous U velocity fields (m/s) at y = h/4 from PIV for Re ≥ 300. Black 

dashed lines indicate the location of the spacer filaments boundary at the lower layer of channel (y 

= -h/4).  

 

2.3 Conclusion 

 

An experimental study was performed to understand the flow behaviour within spacer-filled 

channels. In this study a close loop experimental apparatus was built at National Research Council 

of Canada. The rig consists of a lobe pump, reservoir tank, heat exchanger, heater/chiller as well as 

a test section made of fused silica glass. The test section is a 900mm×320mm×20mm fused silica 

channel filled with a 10× scaled-up spacer with CONWED configuration [6]. The spacer is made 
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of two layers of parallel fused silica rods crossing at 90° and oriented at 45° angle to the 

streamwise direction. Light mineral oil (Drakeol#5) was selected as a working fluid because its 

refractive index can readily be matched to that of fused silica glass by changing its temperature. In 

this experiment a matched index of refractive of the fused silica and oil was required in order to 

prevent the optical distortion. Initially ground fused silica rods were used in the rig on the 

assumption that their surface would be totally wetted by the refractive index matched test fluid, 

thus becoming invisible.  However this was found not to be the case due to the minute amount of 

air entrained in the micro-cracks produced by the grinding process, necessitating fire polishing the 

rods. The 2D-PIV experimental technique was used to capture two components of flow velocity 

within a unit cell in the centre of the test section. This unit cell was selected to have the minimal 

effect from the channel inlet, outlet and sidewalls. The flow velocity components at 19 equidistant 

planes through the unit cell were measured. 1500 pairs of images were continuously recorded at a 

sampling frequency of 10Hz for each plane. The experiment was performed at the Reynolds 

numbers in range of 100 to 1000 in order to capture the flow features at different regimes. 

     It was found that after the flow enters the spacer-filled channel; it splits into two main flow 

streams that move parallel to the spacer filaments at each channel layer. These two flow streams 

interact at mid-channel (y = 0). The time-averaged and RMS velocity profiles at different Reynolds 

numbers were observed to be symmetric about the y-axis and generally in 3-D coordinates about 

the X axis at y = 0. Three different flow regimes were identified in the spacer-filled channel from 

the experimental results. The flow at Reynolds numbers less than 200 was found to be steady. With 

increasing Reynolds number greater than 300, a sudden change was observed in the time-averaged 

velocity profiles. This change was also reflected in the flow structures observed in the 

instantaneous velocity fields. For Reynolds numbers higher than 300, the flow steadiness breaks to 

large structures and these large structures break to smaller and more irregular structures with 
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increasing Reynolds number. Based on these observations, it was found that the transitions from 

steady to unsteady flow occurs between the Reynolds number 200 and 300.  

     From the RMS velocity profiles along the unit cell centre line at different Reynolds numbers, it 

was found that the flow has its maximum fluctuations in the middle of channel height (y = 0) 

where the two main flow streams interact. For Re ≤ 200, when the flow is steady, it was expected 

to have zero velocity fluctuations. However, a significant RMS velocity values was observed. This 

observed Urms at Re = 100 and 200 mostly came from the high velocity gradient across the laser 

light sheet thickness, which resulted in seed particles moving at different velocities being observed 

in a given location. The effect of velocity gradients on the calculated Urms is insignificant at high 

Reynolds numbers (Re ≥ 300) where the actual flow unsteadiness dominates. 
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Chapter 3 

Numerical Study of Flow within Spacer-

filled Channels 
 

 

 

In the previous chapter, the experimental study was described. A 2D-PIV technique was used to 

measure two components of flow velocity within a unit cell at the centre of the test section. In this 

chapter, computational fluid dynamics simulations are performed to identify more features of the 

flow within this complex geometry. 

     The computational geometry used in this study is a 10× scaled-up model of the CONWED 

spacer configuration, to match those used in the experimental setup. A schematic of the spacer 

geometry and a 2×2 unit cell geometry with its dimension details are illustrated in Figure 3.1. 

Similar to the experimental work, two coordinate systems; local (xyz) and global (XYZ), are used in 

this numerical study, shown in Figure 3.1. 
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Figure 3.1: Schematics of the spacer, 2×2 unit cell geometry as well as local and global coordinate 

systems. 

 

     Similar to the experimental study, the Reynolds number (   
    

 
) is defined based on the 

hydraulic diameter (dh = 0.01009m) and interstitial velocity (u).  Likewise, the Reynolds number in 

the numerical study is in the range of 100 to 1000. 

     In this chapter, details of the computational setups will be described in Section 3.1. The unit cell 

approach will be discussed in Section 3.2; where periodicity, CFD-PIV comparison, swirling flow, 

general flow motion and flow regimes are also presented. The study of the full-scale channel 

geometry is given in Section 3.3, and finally Section 3.4 summarises the results.  

 

3.1 Computational details 

 

Direct numerical simulations for the three dimensional, time-dependent Navier–Stokes equations 

for an incompressible fluid were performed:  
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where  ⃗⃗  , p and ν are the velocity vector, pressure and kinematic viscosity, respectively. The 

physical properties ρ and ν are assumed to be constant in the present study. 

     The numerical simulations were conducted using the CFD code OpenFOAM, version 1.5 

(2008) [46]. OpenFOAM is a finite volume CFD program that is written in the C++ language for 

the Linux operating system. It has a high-level object-oriented programming interface and supports 

unstructured meshes. The second-order central difference scheme was selected to discretise the 

convective terms in the Navier–Stokes equations. This method was used due to its minimal 

numerical diffusion [47]. The pressure field was coupled to the velocity field through the pressure-

implicit split operator (PISO). The PISO algorithm is based on iterative procedures that enhance 

convergence of transient problems [48]. Crank- Nicolson scheme was employed for temporal 

discretization [49]. The Crank- Nicolson is a second order in time, implicit and neutrally stable 

scheme. To achieve temporal accuracy and numerical stability the time steps (∆t) were chosen to 

ensure a Courant number (   
   | | 

  
) of less than 0.7. | |  is the magnitude of the velocity 

through the cell and ∆x is the cell size in the direction of the velocity.  

     Two approaches were conducted in this numerical study. In the first approach, called the “unit-

cell” approach, the entire spacer-filled channel is represented by periodically repeating unit cells. 

Due to the spatially periodic geometry of this spacer-filled channel the flow is also assumed to be 

periodic. The unit cell approach is advantageous in understanding flow structures in greater details 

at high spatial resolutions without simulating the full-scale membrane module [50] however using 

periodic boundary conditions may impose constraints on the calculated results. In the second 

approach, the full-scale channel with inlet and outlet boundary conditions was studied. In this 
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approach the effects of channel inlet and sidewalls on the flow behaviour was investigated. In the 

experimental studies, due to the limited number of unit cells in the streamwise and spanwise 

directions of the spacer-filled channel, the measured results can be affected from the inlet and 

channel sidewalls. Therefore the observed flow behaviour may be different to what is in the real 

membrane modules. In order to have a reasonable understanding of flow behaviour in spacer-filled 

channels, having enough number of unit cells in the spanwise and streamwise directions in the 

experimental test section is essential. In this study the flow properties gained from simulating of 

the full-scale channel is compared with those obtaining from the unit cell approach. The results 

later are compared with experimental data.    

 

3.2 Unit cell approach 

 

The spacer-filled channel in this work is spatially periodic in four directions (x, z, X, Z), therefore 

four different periodic unit cells can possibly be used to simulate the flow within this geometry. 

Schematics of these four periodic unit cells are illustrated in Figure 3.2. Type 1 and 2 are spatially 

periodic in the x and z directions and type 3 and 4 in the X and Z directions. The unit cell type 1 

was chosen for the CFD simulations in this study. 
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Figure 3.2: Four types of possible periodic unit cells in the spacer-filled channel. 

 

     A typical 2×2 unit cell geometry (2 unit cells in the   direction and 2 unit cells in the   

direction) is shown in Figure 3.3. The boundary conditions prescribed in the present simulations 

are periodic velocity components in the x and z directions and no-slip boundary conditions on the 

spacer and membrane walls. In general, the pressure is not periodic and will drop in streamwise 

channel direction (X). The pressure is split into the periodic pressure  ̃ and the non-periodic 

pressure 
  

  
  (pressure gradient along the flow streamwise direction).  

   ̃  
  

  
                                                                        (   ) 

The pressure gradient in the flow direction was adjusted to match the desired mass flow rate based 

on the Reynolds number. It is introduced into the source term in the momentum equation such that: 
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Figure 3.3: Schematic view of the 2×2 unit cell geometry. 

 

     An unstructured hexahedral mesh was created using a Cartesian mesh which was refined by the 

octree method [51] in the vicinity of the walls, and fitted (snapped) to the surface of the geometry. 

The mesh generation utility was supplied with OpenFOAM. Figure 3.4 illustrates meshing details 

for a 2×2 unit cell geometry. The view of the snapped and unsnapped Cartesian meshes to the 

geometry surface for the 2×2 unit cell geometry is shown in Figure 3.5. 
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Figure 3.4: CFD mesh details of the 2×2 unit cell geometry. 

 

 

 

 

 

 

 

Figure 3.5: CFD mesh details of a side view of the 2×2 unit cell geometry with not-snapped (top) 

and snapped (bottom) mesh to the surface of geometry. 

 

     The Grid Convergence Index (GCI), based on the Richardson extrapolation method [52] and 

suggested by Roache [53], was conducted at the highest Reynolds number (Re = 1000) for a single 

unit cell in order to find an appropriate mesh resolution for CFD simulations. To determine grid 

convergence, four grid resolutions were investigated, namely “coarse”, “intermediate”, “fine”, and 
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“very fine” with 0.38, 1.33, 2.68 and 5.53 million cells in each mesh, respectively. Relative error 

values for the time-averaged velocity magnitude between the coarse ( ̅      ) and fine ( ̅    ) 

mesh resolutions is used to evaluate grid convergence.   

 

  
 ̅        ̅    

 ̅    

                                                         (   ) 

 

     The root mean square of the relative error for 1000 consistent points located in the 

computational domain was used to provide an initial scalar measure of the grid convergence. 
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The GCI can be defined as  

 

      

    

    
                                                           (   ) 

 

where   is the grid refinement ratio = (Nfine/Ncoarse)
1/3

 , P is the order of the discretization method 

that based on second-order discretization of all terms in space is equal to 2, and Fs is the factor of 

safety. P  based on second-order discretization of all terms in space is equal to 2 and Fs  is selected 

to be 3 to ensure the GCI value is equal to εrms when r = 2 and P = 2.   

     Table 3.1 presents the results of grid convergence study. A solution is typically considered grid 

converged when      < 1% (the equivalent GCI value is 5.1% [54]). This criterion is satisfied for 

the “intermediate”, “fine”, and “very fine” meshes where the values of      and GCI are less than 

0.3% and 1.5%, respectively.  Hence the computational model in the present work has been carried 
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out with a grid size of 1.33 million cells for one unit cell geometry (starting with a 216 000 cell 

uniform Cartesian mesh and refined in 3 octree levels). The numerical simulations were processed 

in parallel on 25-100 CPUs (Intel XEON processors) based on the number of simulated periodic 

unit cells. 

 

Table 3.1: Summary of the grid convergence study for a single unit cell at Re = 1000. 

Mesh resolutions 
Number of Cells 

(million) 
r εrms GCI  

coarse - intermediate 0.38 – 1.33 1.52 24.53 56.51 

intermediate - fine 1.33 – 2.68 1.26 0.25 1.26 

fine – very fine 2.68 – 5.53 1.27 0.19 0.93 

 

 

3.2.1 Flow periodicity 

 

Most of the previous studies have been conducted on the simulation of a single unit cell, e.g. Li et 

al. [15], Koutsou et al. [30] and Ranade and Kumar [50], however despite the symmetric and 

periodic geometry of spacer-filled channels, the unit cell approach is not valid for cases where the 

flow is not periodic. It is crucial to select enough unit cells in the spacer periodic directions, in 

order to not constrain the flow. The objective of this section is to investigate the influence of 

simulating a single versus multiple periodic geometric unit cells with periodic boundary conditions 

imposed on both the   and   directions, on the flow structures. In order to show the validity of 

using the unit cell approach as a representative of the full-scale spacer-filled channel, the simulated 

results of multiple unit cells were compared with those of a single unit cell. 

     The friction factor, time-averaged velocity contours, time-averaged velocity profiles and RMS 

velocity profiles are compared for 1×1 and 2×2 unit cell geometries at different Reynolds numbers 
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in order to investigate the validity of the unit cell approach for modelling flow in the spacer-filled 

channel.  

 

Friction Factor 

The calculated friction factor obtained from simulations of 1×1, 2×2, and 3×3 unit cells at different 

Reynolds numbers are presented in Figure 3.6.  

The friction factor is defined as: 

 

  
   

     
                                                                 (   ) 

 

where ∆P, h, u, ρ and    are the pressure drop, channel height, interstitial velocity, density, and unit 

spacer length along the flow direction (X), respectively.    is defined as    √   , where l is the 

filament spacing (the distance between filament centres).  

 

 

Figure 3.6: Friction factor from the simulation of 1×1, 2×2, and 3×3 unit cells at different 

Reynolds numbers. 



 

 

 

79 

     It can be seen in Figure 3.6 that for Re ≤ 300 and Re ≥ 450 there is no significant difference in 

the calculated friction factor for 1×1 and 2×2 unit cells. While the friction factors for the 2×2 unit 

cell geometry at Re = 350 and 400 are much larger (about 88%) than those from one unit cell. The 

discontinuity in the friction factor profile represents the transition of the flow from a steady to an 

unsteady regime. The critical Reynolds number, at which the flow transitions to an unsteady 

regime, was found to be between 400 and 450 from the simulation of 1×1 unit cell compared to the 

Reynolds number between 300 and 350 from the simulation of 2×2 unit cells.  The numerical 

simulations for 3×3 unit cells are also performed at Reynolds numbers 300 and 350. The calculated 

friction factor values of 3×3 unit cells are quite similar (99%) to those for 2×2 unit cells. 

 

Time averaged velocity contours 

Figure 3.7 shows the time-averaged velocity ( ̅) contours for Reynolds numbers 100, 300, 400 and 

500. For Re = 100 and 300 the  ̅ contours for 1×1 and 2×2 unit cells are identical; however, with 

increasing Reynolds numbers to 400 a significant difference can be seen between 1×1 and 2×2 unit 

cells results. For Re=500, even though the friction factor values for 1×1 and 2×2 unit cells are 

identical (99.8%), their velocity contours are slightly different. 

 

Time Averaged and RMS velocity profiles 

Figure 3.8 and Figure 3.9 show the comparison of the normalised time-averaged and RMS velocity 

profiles along the centre line of each unit cell in the 2×2 unit cell geometry. As shown in Figure 

3.8, for Reynolds numbers 100 and 300, the  ̅ profiles of the four unit cells are identical, whereas 

for Reynolds numbers 500 and 1000, 1% difference is identified in the average  ̅ profiles. The 

Urms profiles at each unit cell centre, for Reynolds number 350 are identical and for Reynolds 

number 500 and 1000 are almost identical with a difference of about 1%, Figure 3.9. As the 
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differences between the four  ̅ and Urms profiles in the 2×2 unit cell geometry are small (1%), one 

of the unit cell is selected as a representative of the four unit cells in the 2×2 unit cell geometry in 

order to compare  ̅ and Urms profiles with those of the 1×1 unit cell geometry.  

 

Re 1×1 unit cell 2×2 unit cells 
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300 
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Figure 3.7: Time-averaged velocity contours at plane xy, z = 0 for different Reynolds numbers. 
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Figure 3.8: Time-averaged velocity profiles along the four unit cell centre lines of the 2×2 unit cell 

geometry at Re = 100, 300, 500 and 1000.  

 

 

Figure 3.9: RMS velocity profiles along the four unit cell centre lines of the 2×2 unit cell geometry 

at Re = 350, 500 and 1000.  
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     A comparison of  ̅ profiles along a unit cell centre line (x = 0, z = 0, -h/2 < y < h/2) for 1×1 and 

2×2 unit cell geometries is shown in Figure 3.10. The  ̅ profiles of 1×1and 2×2 unit cells are 

indicted with red dotted line and black solid line, respectively. The  ̅ profiles for 1×1 and 2×2 unit 

cells at Re ≤ 300 are identical and at Re ≥ 500 are different about 3% (mean absolute percentage 

error). A significant difference can be seen for Re = 350 and 400. This discrepancy was also 

observed in the friction factor values at these Reynolds numbers (Figure 3.6). The  ̅ profiles for 

these two Reynolds numbers are presented separately in Figure 3.11. The  ̅ profiles for 1×1 and 

2×2 unit cell geometries differ by 41% and 43% for Re = 350 and 400, respectively. This 

significant difference is due to having different flow regimes at 350 ≤ Re ≤ 400 by simulating 1×1 

or 2×2 unit cells geometry. In this range of Reynolds numbers, the simulated flow is found to be 

laminar within 1×1 unit cell and unsteady within 2×2 unit cells. 

 

 

 

Figure 3.10: Time-averaged velocity profiles along the unit cell centre line (x = 0, z = 0, -h/2 < y < 

h/2) for 1×1 (red dotted line) and 2×2 (black solid line) unit cell geometries at different Reynolds 

numbers. 
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Figure 3.11: Time-averaged velocity profiles along a unit cell centre line (x = 0, z = 0, -h/2 < y < 

h/2) for 1×1 (red dotted line) and 2×2 (black solid line) unit cell geometries at Re = 350 and 400. 

 

     A comparison of calculated RMS velocity (Urms) profiles for 1×1 and 2×2 unit cell geometries 

is shown in Figure 3.12. The Urms values are zero for Re ≤ 200 for both 1×1 and 2×2 unit cells and 

are almost identical for Re ≥ 500 with a difference of about 3%. For Re = 300, there is a 29% 

average difference between 1×1 and 2×2 unit cells Urms profiles, and this difference increases to 

121% and 138% for Reynolds numbers of 350 and 400, respectively. Note that the difference in  ̅ 

profiles between 1×1 and 2×2 unit cell simulations at Re = 300 is about 3% while in Urms profiles 

this difference is about 29%. The Urms profiles for Re = 300, 350, and 400 are presented separately 

in Figure 3.13. The Urms values at Re = 300, 350, and 400 within the 2×2 unit cell geometry is 

much larger than that within the 1×1 unit cell geometry.  
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Figure 3.12: RMS velocity profile along a unit cell centre line (x = 0, z = 0, -h/2 < y < h/2) for 1×1 

(red dotted line) and 2×2 unit cell (black solid line) geometries at different Reynolds numbers. 

 

 

Figure 3.13: RMS velocity profile along a unit cell centre line (x = 0, z = 0, -h/2 < y < h/2) for 1×1 

(red dotted line) and 2×2 unit cell (black solid line) geometries at Re = 300, 350 and 400. 
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     A summary of the friction factor, time-averaged velocity profiles, and RMS velocity profiles 

average differences from the modelling of 1×1 and 2×2 unit cell geometries at different Reynolds 

numbers is given in Table 3.2. According to this table, for Re ≤ 200 (as the flow is steady), using 

the 1×1 unit cell can be acceptable in order to simulate flow through CFD whereas for Re ≥ 300 at 

least 2×2 unit cell geometry is required to produce acceptable results. 

 

Table 3.2: Summary of f,  ̅, and Urms differences from the simulation of 1×1 and 2×2 unit cell 

geometries at different Reynolds numbers. The calculated differences for  ̅, and Urms in this table 

are mean absolute percentage errors. 

Re f  ̅ Urms 

Re ≤ 200 0.2% 0.1% 0.1% 

Re = 300 0.2% 0.1% 29% 

350 ≤ Re ≤ 400 88% 42% 130% 

Re ≥ 500 1% 3% 3% 

 

3.2.2 Time-averaged flow characteristics 

 

In the previous section, it was found that for Re ≥ 300 at least 2 unit cells at spatial periodic 

directions (x and z) are required in order to have acceptable results in CFD simulations. 

Consequently, 2×2 unit cells were used for all of the CFD simulations in the unit cell approach. 

Time-averaged velocity magnitude iso-surfaces, time-averaged velocity profiles and RMS velocity 

profiles of flow within the 2×2 unit cell geometry simulated with periodic boundary conditions are 

presented in this section. 
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Velocity magnitude iso-surfaces 

Figure 3.14 and Figure 3.15 show the iso-surfaces of time-averaged velocity magnitude at Re ≤ 

300 and Re ≥ 350, respectively. The iso-surfaces were calculated at two values:  94% and 83% of 

the maximum  ̅, shown with fully opaque and transparent surface, respectively. 94% and 83% of 

the maximum  ̅ are selected in order to clearly illustrate the different main flow streams within the 

2×2 unit cell geometry. The iso-surfaces are coloured by the  -component of  ̅ ( ̅ ). These figures 

depict that there are two main flow streams that move parallel to the spacer filaments at upper and 

lower channel layers with a 90° difference in direction. These two main streams can be 

distinguished by the red and blue colours in these figures for all Reynolds numbers.  

 

Re top view side view 3D view 
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Figure 3.14: Iso-surfaces of time-averaged velocity magnitude at two values:  94% (fully opaque 

surface) and 83% (transparent surface) of the maximum  ̅, coloured by  ̅  for Re = 100 and 300. 
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Re top view side view 3D view 
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Figure 3.15: Iso-surfaces of time-averaged velocity magnitude at two values:  94% (fully opaque 

surface) and 83% (transparent surface) of the maximum  ̅, coloured by  ̅  for Re = 350, 500 and 

1000. 

 

Time-averaged velocity and RMS velocity profile 

Time-averaged velocity profiles and RMS velocity profiles along the unit cell centre line (x = 0, z 

= 0, -h/2 < y < h/2) at different Reynolds numbers are presented in Figure 3.16 and Figure 3.17, 

respectively. In Figure 3.16, two peaks that represent places of maximum time-averaged velocity 
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regions can be identified. At Re = 100, these two peaks are close to y = -h/4 and h/4. At Reynolds 

number 300 (onset of the unsteady regime), these peaks shift toward the middle channel height (y 

= 0). By further increasing Re ≥ 350, in addition to a sudden shift of the velocity peaks toward the 

y = -h/4 and h/4, there is a significant change in the profile shape as it becomes more flat. These 

differences are due to the flow transition from a steady to an unsteady regime between the 

Reynolds numbers 300 and 350. As can be seen in this figure, the velocity gradient near the 

channel walls (y = -h/2 and h/2) increases with increasing Reynolds number. 

     As shown in Figure 3.17, the RMS velocity profile for Re ≤ 200 is zero as the flow is steady. At 

Reynolds number 300, velocity fluctuations start to appears primarily around the middle channel (y 

= 0). For Re ≥ 350 the flow transitions to an unsteady regime. The maximum velocity fluctuations 

occur at y = 0 where the two orthogonal flow streams from the two channel layers interact. There is 

a significant decrease in the velocity fluctuations around y = -h/4 and h/4 where the  ̅ profile has 

its maximum values. 

 

Figure 3.16: Time-averaged velocity magnitude profiles along a unit cell centre line (x = 0, z = 0, -

h/2 < y < h/2) at 100 < Re < 1000. 



 

 

 

89 

 

Figure 3.17: RMS velocity profiles along a unit cell centre line (x = 0, z = 0, -h/2 < y < h/2). 

 

3.2.3 Comparison of PIV and CFD results 

 

The CFD results were validated against the experimental data presented in Chapter 2. Components 

of velocity in the x and z directions within 19 equidistant vertical planes (xz planes) along the 

channel height (y-direction) were measured experimentally within a unit cell, shown in Figure 

2.16.  Friction factor, time-averaged velocity profiles, RMS velocity profiles and iso-surfaces of 

time-averaged velocity simulated by CFD were validated against the experimental data. 

 

Friction factor 

Figure 3.18 compares the friction factor ( f ) values calculated from CFD simulations and measured 

from experiments at different Reynolds numbers. The experimental friction factor was measured 

by a Bourdon tube low pressure gauge (with 3% accuracy) installed at the inlet of the test section. 

Note that the pressure gauge was not able to measure pressure for Reynolds numbers lower than 
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400. It can be seen from this figure that the simulated and measured friction factor average profiles 

for Re ≥ 400 have a discrepancy of about 8%. It was found that the effect of channel sidewalls in 

the experiment is the main cause of this 8% discrepancy. The channel sidewalls work as a barrier 

in front of the main flow streams and change the flow direction by 90°. This increases the kinetic 

losses due to directional flow changes and therefore increases the friction factor value. In Section 

3.3.4 of this thesis, 16% difference is found between the friction factor calculated from the CFD 

simulation of the entire spacer-filled channel (9×30 unit cells) with wall boundary conditions at the 

channel sidewalls and that from the CFD simulation of a 2×2 unit cell geometry with periodic 

boundary conditions for Reynolds number 100. At higher Reynolds numbers (Re > 400), due to the 

unsteady behaviour of the flow, the directional flow changes may have less influence on the kinetic 

losses compared to the steady flow, however more numerical studies are needed to investigate this 

effect. In addition to the effect of channel sidewalls, the extra pressure loss in the diffuser and 

outlet pipe which connected the test section with the reservoir tank (Figure 2.1), contributes to this 

discrepancy seen in the friction factor values between the CFD and experimental data.

 

Figure 3.18: Comparison of friction factor values from CFD (dotted line) and PIV (solid line) data. 
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Time-averaged velocity and RMS velocity profile 

Time-averaged velocity profiles, calculated from only two velocity components ( ̅   ̅ ), across 

the unit cell centre line (x = 0, z = 0, -h/2 < y < h/2) at various Reynolds numbers, simulated by 

CFD were validated against the experimental data, shown in Figure 3.19. The CFD and PIV data 

are indicated by black solid line and blue dotted line, respectively. In this comparison, only two 

components of velocity ( ̅   ̅ ) from the CFD simulations are considered to calculate velocity 

magnitude as in PIV measurements only two components of velocity were measured. Due to the 

symmetric behaviour of   ̅, only the results for a half channel height (0 ≤ y < h/2) are shown in this 

figure. Note that the PIV data close to the wall (y = h/2) have been discarded due to the high 

velocity gradient in this location.  

     Mean absolute differences about 13% and 12% between CFD and PIV time-averaged velocity 

profiles are found for Re = 100 and 200, respectively. The differences decrease to about 4% and 

4.3% for Re = 500 and 1000, respectively. In the Section 3.3.4 of this chapter, the full-scale 9×30 

unit cell channel is simulated at Re = 100. It is found that the presence of the channel sidewalls 

increases the velocity at the channel centre. The comparison of the time-averaged velocity profile 

from the simulations of the full-scale channel with that of the 2×2 unit cell geometry at Re = 100, 

shows 9% difference. The influence of channel sidewalls on the velocity profiles for Re > 350 

reduces due to the presence of mixing and unsteadiness in the flow. 

     For Re = 300 a significant difference was observed that is shown separately in Figure 3.20. As 

noted before, the transition Reynolds number to unsteady flow, from CFD data is found to be 

between 300 and 350 whereas from the experimental results is between 200 and  300. As shown in 

Figure 3.20, the experimental  ̅ profile for Re = 300 is more similar to that for Re = 350 (unsteady 

flow) than Re = 300 from the CFD data. Therefore, it can be concluded that the flow in the 

experimental study transitions to an unsteady regime at a lower Reynolds number than in the CFD 

simulations. This difference can be possibly attributed to the lobe pump pulsations that generate 
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fluctuations in the flow velocity, channel sidewalls that change the flow direction and increase 

mixing and fluctuation in the flow, and the flow inlet condition in the experimental apparatus. 

 

Figure 3.19: Time-averaged velocity magnitude profiles along a unit cell centre line (x = 0, z = 0, 0 

≤ y < h/2) from CFD (black solid line) and PIV (blue dotted line) at different Reynolds numbers. 

 

Figure 3.20: Time-averaged velocity magnitude profiles along a unit cell centre line (x = 0, z = 0, 0 

≤ y < h/2) from CFD (black solid line) and PIV (blue dotted line) at transition Reynolds numbers. 
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     A comparison of the experimental and computational RMS velocity profiles along the unit cell 

centre line at different Reynolds numbers is shown in Figure 3.21. Mean absolute differences of 

about 6% and 7% are found for Re = 400 and Re = 1000, respectively. For Re = 100 and 200, The 

Urms profile is zero as the flow is steady (no fluctuation in the flow velocity).  A significant 

discrepancy can be seen for Re = 300. At this Reynolds number, some velocity fluctuations can be 

seen in the CFD data, mostly in the vicinity of the middle channel height (y = 0). Reynolds number 

300 is in the transition regime when the flow transitions from a steady to an unsteady condition.  

 

 

Figure 3.21: RMS velocity profiles along a unit cell centre line (x = 0, z = 0, 0 ≤ y < h/2) from CFD 

(black solid line) and PIV data (blue dotted line) at different Reynolds numbers. 

 

Time-Averaged velocity magnitude iso-surfaces 

A qualitative comparison of the iso-surfaces of  ̅ at Re = 100 and 1000 from PIV and CFD data is 

presented in Figure 3.22. The  ̅ iso-surfaces were coloured by  ̅  and illustrated at two values: 

0.29m/s and 0.23m/s for Re = 100, as well as 2m/s and 1.83m/s for Re = 1000. In this figure, the 

higher value is illustrated with a fully opaque colour and the lower value is presented by a 
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transparent colour. Note that the time-averaged velocity magnitude was calculated from the x and z 

components of velocity for this figure. In general, good qualitative agreement between PIV and 

CFD  ̅ iso-surfaces can be observed. The figure shows two separate main flow streams that move 

parallel to the spacer filaments at each channel layer.  
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Figure 3.22: Iso-surfaces of the time-averaged velocity magnitude from PIV and CFD data at 

Reynolds numbers 100 and 1000, coloured by  ̅ . 
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3.2.4 Swirling flow 

 

Figure 3.23 and Figure 3.24 show typical computed instantaneous velocity magnitude ( ) iso-

surfaces at two values:  94% (solid colour) and 83% (transparent colour) of the maximum of  ̅, for 

low (100 and 300) and high (350, 500 and 1000) Reynolds numbers, respectively. The iso-surfaces 

were coloured by  ̅  to distinguish the flow direction in the two channel layers. The corresponding 

time-averaged velocity iso-surfaces ( ̅) were already plotted in Figure 3.14 and Figure 3.15. It is 

clear from these figures that for flow with Reynolds number higher that 350, the laminar behaviour 

transitions to an irregular state with large scale flow structures. At Reynolds number 1000, the 

large flow structures break down into smaller scale structures. 
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Figure 3.23: Typical instantaneous velocity magnitude iso-surfaces at two values: 94% (fully 

opaque colour) and 83% (transparent colour) of the maximum  ̅, coloured by  ̅  for Re = 100 and 

300. 
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Re top view side view 3D view 
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Figure 3.24: Typical instantaneous velocity magnitude Iso-surfaces at two values:  94% (fully 

opaque colour) and 83% (transparent colour) of the maximum  ̅, coloured by  ̅  for Re = 350, 500 

and 1000. 

 

     Time-averaged velocity streamlines at different Reynolds numbers are illustrated in Figure 

3.25. Some swirl-like motions are identified in the main flow streams.  These spiral structures 

(vortices) are more noticeable in the flow at high Reynolds numbers (Re ≥ 350). As shown in this 

figure, the flow “corkscrews” along the x-direction in upper channel layer and z-direction in lower 

channel layer; as it flows parallel to the spacer filaments. This rotating motion in the upper channel 
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flow is induced by shear from the lower channel layer (-h/2 < y < 0), where the flow is at 90° to 

that in the upper channel, and vice versa. 
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Figure 3.25:  ̅ streamlines at different Reynolds numbers. 
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     In order to identify these vortices, vector plot over colour mapped fields of the time-averaged 

tangential velocity ( ̅     ̅   ̅  ) on a plane (x = 0, 0 ≤ y < h/2) at various Reynolds numbers, 

are presented in Figure 3.26.  ̅  and  ̅  are the y and z components of time-averaged velocity, 

respectively. For Re ≤ 300, a primary counterclockwise vortex between the spacer filaments is 

apparent. As the Reynolds number increases beyond 350, in addition to the primary vortex, a pair 

of clockwise secondary vortices is also observed adjacent the junction of the spacer filaments and 

the membrane wall. These vortices are indicated with red lines on the vector plot of the time-

averaged tangential velocity ( ̅  ) for Re = 300 and 1000 in Figure 3.27. 
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Figure 3.26: Vector plot over colour mapped fields of the time-averaged tangential velocity ( ̅  ) 

at plane yz, x = 0, 0 ≤ y < h/2 for different Reynolds numbers. 
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Figure 3.27: Velocity vector field of the time-averaged tangential velocity ( ̅  ) at plane zy, x = 0, 

0 ≤ y < h/2 for Re = 300 and 1000. The red lines indicate the identified vortices. 

 

     The ratio of the normalised time-averaged tangential velocity ( ̅    ) is calculated for each 

vortex to study the variation of swirl strength at different Reynolds numbers, Figure 3.28. Note that 

the indicated vortex numbers correspond to those in Figure 3.27. It can be seen from this figure 

that as the Reynolds number increases from 300 to 350, the  ̅     value of the primary vortex 

(vortex 1) significantly increases. As can be seen in this figure, for Re ≥ 350, in addition to the 

primary vortex, two secondary vertices (vortex 2 and vortex 3) also form. For unsteady flow (Re ≥ 

350), the  ̅      value of the primary vortex is about 4.5 times greater than that of the two 

secondary vortices. There is about 35% difference between values of the  ̅     for vortex 2 and 

vortex 3. 
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Figure 3.28: Variation of the normalised tangential velocity magnitude by Reynolds numbers for 

three identified vortices (illustrated at Figure 3.27) at the upper channel layer.  

 

     An overall picture of the flow swirling motions in the 2×2 unit cell geometry is illustrated in 

Figure 3.29. To better recognise these swirling motions, the flow at the upper and lower layer of 

the channel is shown separately in Figure 3.30. There are two primary (counterclockwise) and four 

secondary (clockwise) swirling motions at each layer. The vortex core for each swirling motion 

was identified by illustrating the iso-surfaces of a small value of  ̅   for the upper channel layer 

and  ̅   for the lower channel layer. The vortex cores are depicted with three colours, red for 

primary vortices, and green and blue for the secondary vortices in Figure 3.29 and Figure 3.30. The 

centre of the primary vortices (or vortex core) is located almost at the centre of the cavity between 

spacer filaments.  
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Figure 3.29: Illustration of the flow swirling motions in the 2×2 unit cell geometry. 

 

  

Figure 3.30: Illustration of the flow swirling motions at the upper channel layer (left) and lower 

channel layer (right) in the 2×2 unit cell geometry. 

 

     In order to estimate the length of swirl pitch for each vortex at various Reynolds numbers, 

streamlines of the time-averaged velocity emitted from lines crossing the vortex cores in the upper 

channel layer (0 ≤ y < h/2) are plotted in Figure 3.31. The swirl pitch is the length required for a 

particle to trace out and complete one 360
O
 turn, measured parallel to the axis of the swirl motion. 
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Re side view 3D view 
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Figure 3.31: Flow streamlines emitted from three lines crossing the swirl centres. 
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The emitted streamlines from these lines are coloured by three different colours that are consistent 

with the illustrated swirling motions of flow in Figure 3.30 (left). Note that the amount of 

streamline rotation illustrated in Figure 3.31 is for 2×2 unit cells. The swirl pitch for the primary 

vortex at Re ≤ 300 is found to be about 24l, whereas in the unsteady regime this is about 6l, i.e., 

the flow completes one rotation after passing 6 filament spacing lengths. This indicates a 

significant increase in the amount of flow rotation in the unsteady flow regime. The swirl pitches 

for the secondary vortices, 2 and 3, at Re = 1000 are 2l and 4l, respectively. A summary of the 

swirl pitch values at different Reynolds numbers for the three vortices is given in Table 3.3. Based 

on this table, vortex 2 has smaller swirl pitch values (higher swirl rotation angles) at different 

Reynolds numbers in comparison to the two other vortices. 

 

Table 3.3: Summary of the swirl pitch values for three vortices at the upper channel layer at 

different Reynolds numbers. 

 vortex 1  

(red) 

vortex 2  

(blue) 

vortex 3  

(green) 

Re < 300 24l - - 

Re = 350 9l 3l 10l 

Re = 500 8l 2l 7l 

Re = 1000 6l 2l 4l 

 

 

     The flow swirling motions can also be observed by the   -criterion that is a coherent structure 

detecting method suggested by Jeong and Hussain [55]. In this method, the velocity gradient tensor 

   is decomposed into its symmetric part (the rate of deformation or strain-rate tensor,  ) and 

antisymmetric part (the spin tensor,  ), where   
      

 
 and   

      

 
. A vortex is defined as 

a region where the second eigenvalue    of the symmetric tensor       is negative. The vortex 
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shells are visualised as an iso-surface of   = -138 for Re = 500 and    = -1111 for Re = 1000 in 

Figure 3.32. 
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Figure 3.32:    iso-surface at Re = 500 and 1000. 

 

     Normalised helicity [56] iso-surfaces at different views are shown in Figure 3.33 for Reynolds 

number 1000. Helicity is computed as ( ̅  ) (| ̅|| |), where  ̅ is the time-averaged velocity 

vector,   is the vorticity vector, and | ̅| and | | are their magnitudes. Normalised helicity 

physically represents the cosine of the angle between velocity vector and vorticity vector and it is 

between ±1. The helicity iso-surfaces are illustrated at two values: 0.52 and -0.95, in blue and 

yellow, respectively. The sign of helicity value indicates the direction of flow swirling [57]. The 

yellow colour indicates the primary vortex with counterclockwise rotation and the blue colour 

shows the two secondary vortices with clockwise rotation.   
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Figure 3.33: Helicity iso-surfaces at Re = 1000. 

 

 

3.2.5 Flow motion within the 2×2 unit cell geometry 

 

Flow pathlines at Re = 1000 are illustrated in Figure 3.34. Flow from a plane (xy, -h/2 < y < 0, 0 < 

x < L) at the lower channel layer is coloured by blue and from a plane (zy, -h/2 < y < 0, 0 < z < L) 

at the upper channel layer by orange.  The position of these two planes (upper plane and lower 

plane) is indicated in Figure 3.34. As can be seen from this figure, the main flow streams move 

parallel to the spacer filaments with a swirling motion. Small portions of the flow separate from the 

main flow stream and enter to the other channel layer. This behaviour can also be observed from 

the iso-surfaces of the time-averaged velocity ( ̅), illustrated in Figure 3.35. In this figure  ̅ iso-

surfaces for each Reynolds number are plotted at two values. The higher value is 0.94 of the 

maximum time-averaged velocity ( ̅   ) and illustrated with a fully opaque surface for all 

Reynolds numbers. The lower value that is illustrated with a transparent surface is 0.38, 0.4, 0.78 

and 0.8 of the maximum time-averaged velocity, for Reynolds numbers 100, 300, 500 and 1000, 

respectively. The  ̅ iso-surfaces are coloured by  ̅  for an easier identification of flow motion at 

two channel layers. The higher value is selected to show that the main flow streams move parallel 

to the spacer filaments and the lower value is selected to show the flow tendency to separate from 

the main flow stream. In this figure, the dotted line circles indicate the separation regions.   
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Figure 3.34: Flow pathlines at Reynolds number 1000, emitted from plane xy (left), and plane yz 

and xy (right). 
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Re = 100 

 

 

Re = 300 

  

Re = 500 

  

Re = 1000 

   

Figure 3.35: Iso-surfaces of  ̅, coloured by  ̅  for Re = 100, 300, 500 and 1000. The dashed 

circles indicate the location of flow separation from the main flow stream at the top channel layer. 

 

     A schematic of the general flow motion behaviour within the 2×2 unit cells geometry is 

illustrated in Figure 3.36. The flow streams are indicated with orange in the upper channel layer 

and blue in the lower channel layer. The flow streams move and swirl parallel to the spacer 

filaments at each channel layer. A portion of the flow separates from the main flow streams at a 

channel layer and transfers to the other channel layer. This flow separation occurs due to the 

swirling motion in the flow streams as well as the interaction between the two orthogonal flow 

streams at the channel height centre (y = 0).  
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Figure 3.36: General flow motion behaviour within a 2×2 unit cell geometry.  

 

3.2.6 Flow regimes 

 

Further insight into the flow regimes within the spacer-filled channel can be gained by analysing 

the velocity time histories and spectra at different Reynolds numbers. The compensated velocity 

power spectral density (PSD) calculated using an FFT of the fluctuating velocity magnitude as a 

function of Strouhal number (St) and history of the normalised velocity fluctuation magnitude 

(     (   ̅)  , where   is the instantaneous velocity,  ̅ is the time-averaged velocity and   

is the interstitial velocity) versus the normalised time (tu/h) at three locations (x = 0, z = 0 and y = -

h/4, 0 , h/4) are shown in Figure 3.37 and Figure 3.38, for Re ≤ 300 and Re ≥ 350, respectively. 

The compensated spectra are defined as             [58], where   is the frequency (Hz). An 

inertial sub-range is present if the Reynolds number is high enough to provide a broad spectrum of 

frequencies and if PSD.f
5/3

/u
2 

remains constant over a reasonable breadth of frequency (the so-

called Kolmogorov -5/3 region, [59]). The Strouhal number is the non-dimensional frequency, 

which is defined as St = fh/u.          
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     At low Reynolds numbers flow (Re = 100 and 200),      display no oscillation with time as the 

flow in this range of Reynolds numbers is steady. At Reynolds number 250, oscillatory unsteady-

periodic behaviour is apparent in the flow. It should be noted that for flow at Re = 250 and 300, the 

amplitude of the oscillations at y = 0 are much greater than at y = –h/4 and y = +h/4, which 

indicates that the velocity oscillation contains more energy at the middle of the channel than 

elsewhere. The fluctuations at –h/4 and +h/4 have a 180° phase shift relative to each other. A base 

frequency f0 as well as some harmonics are readily apparent (f0=16.79, 2f0=32.96, 3 f0=49.13, 4 

f0=65 Hz) for Re = 250 and (f0=19.5, 2f0=38.5, 3f0=57.4, 4f0=76.3, 5f0=95.2, 6f0=114.8 Hz) for Re 

= 300. The Strouhal numbers associated with the predominant mode are St = 1.18 and St = 1.15 at 

Reynolds number 250 and 300, respectively. Further increase in the Reynolds number (Re ≥ 350) 

causes the flow to transition from a flow with well-defined frequency extrema to one that displays 

more random behaviour over a broad range of frequencies. As is seen in Figure 3.38 the inertial 

sub-range of compensated normalised PSD covers a wider frequency range at higher Reynolds 

numbers. It is maintained that the flow at Re = 1000 can be considered to be the onset of a 

turbulent regime, based on the PSD diagram and the observation of flow structures from PIV 

results at this Reynolds number, see also Figure 2.31. 

     To better understand the periodic flow behaviour at Re = 250 and 300, the normalised velocity 

fluctuations and magnitude are plotted at three locations (x = 0, z = 0 and y = -h/4, 0 , +h/4) in 

Figure 3.39. At y = +h/4,    and   
  are similar due to the predominant magnitude of the x-

component of velocity in the upper channel layer: As previously mentioned, in the upper channel, 

the main flow stream moves parallel to the filaments in the x-direction. Conversely,    and   
  are 

similar at y = -h/4, in the lower channel. The predominant behaviour of   
  and   

   at upper and 

lower channel layer can be observed in Figure 3.40. Figure 3.40 indicates the normalised mean 

velocity components and magnitude at three locations (x = 0, z = 0 and y = -h/4, 0 , +h/4) for Re = 

250 and 300. The amplitudes of the velocity fluctuation components at y = 0 are about one order of  
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Figure 3.37: History of the normalised velocity magnitude fluctuation (left) and the corresponding 

normalised power spectral density (PSD) (right) at three positions (x = 0, z = 0 and y = h/4, 0, h/4) 

for Re ≤ 300. 
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Figure 3.38: History of the normalised velocity magnitude fluctuation (left) and the corresponding 

normalised power spectral density (PSD) (right) at three positions (x = 0, z = 0 and y = h/4, 0, h/4) 

for Re ≥ 350 

 

magnitude larger than those at the two other locations. This is due to the interaction of two main 

orthogonal flow streams in the shear layer at the centre of the channel. All fluctuating velocity 

components wavelengths are similar at each location. There is no phase shift between the velocity 

fluctuations components at y = 0 location; however, at the other two locations there is about 45° 

phase shift between   
   and other velocity fluctuation components. This zero phase shift between 
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velocity components at y = 0 is due to the same contribution of x and z components to the total 

velocity magnitude, as shown in Figure 3.40. Comparison of the fluctuating velocity components 

at the two Reynolds numbers (Figure 3.39) indicates that their profiles deform and become 

asymmetric as Reynolds number approaches 300. Further increases in Reynolds number (Re > 

300) result transition from this unsteady-periodic behaviour into an irregular pattern. 

 

y Re = 250 Re = 300 

 

 

 

 
 

  

 

 

  

  

 

 

 
 

 
 

  

Figure 3.39: History of normalised fluctuating velocity components and magnitude at three 

locations (x = 0, z = 0 and y = -h/4, 0, h/4) for Reynolds numbers 250 and 300. 
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y Re = 250 Re = 300 

 

 

 

 
 

  

 

 

  

  

 

 

 
 

 
 

  

Figure 3.40: History of normalised time-averaged velocity components and magnitude at three 

locations (x = 0, z = 0 and y = -h/4, 0, h/4) for Reynolds numbers 250 and 300. 
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3.3 Full-scale spacer-filled channel modelling approach 

 

A number of experimental and computational studies have been conducted to investigate the 

effects of spacer geometry on flow behaviour within the passages of spacer-filled channels. In the 

numerical studies, researchers either modelled the full-scale spacer-filled channel [28,34] or a 

‘unit-cell’, representative of the entire channel [15,30,31,33,35]. A summary of some of the 

previous experimental studies as well as numerical studies which modelled full-scale spacer-filled 

channels is provided in Table 3.4. In this table, for each study, the number of spacer unit cells 

across the channel width (NZ) is estimated based on the channel width (W), the spacer filament 

spacing (l), flow attack angle (α) and angle between the spacer filaments (). As shown in Table 1, 

the number of unit cells employed by different authors varies substantially. This number can have 

a significant influence in the flow behaviour. For the cases that the spacer is placed in the channel 

with zero flow attack angle [10,20], the influence of the channel sidewalls on the flow behaviour 

can be reduced as the flow moves parallel to the channel sidewalls. In order to achieve reliable 

results, a sufficient number of unit cells across channel width and length is required. A spacer-

filled channel should be long enough that the flow reaches fully-developed conditions after passing 

the channel entrance region. Moreover, the channel should be wide enough to have similar flow 

behaviour in the unit cells at the channel width centre. 

     In this section, numerical simulations for full-scale spacer-filled channels with 30 unit cells in 

the streamwise direction (NX = 30) and 3 to 15 unit cells in the spanwise direction (NZ =3, 5, 9, 15) 

are performed at Reynolds number 100. A summary of the simulated cases is given in Table 3.5. 

The influence of NZ as well as the channel sidewalls on the flow behaviour is studied. The velocity 

profiles from the numerically modeled cases are compared with those experimentally measured in 

the NZ×NX = 9×30 channel. The flow motion in the 9×30 unit cell channel is studied by presenting 

the velocity streamlines from numerical simulations. 



 

 

 

115 

Table 3.4: Summary of the experimental and full-scale numerical works in previous literatures. 

Reference Study 
L × W  

(mm
2
) 

Spacer specifications 
NZ 

d (mm) l (mm)   (deg.) α (deg.) 

Feron et al. [10] Experimental 900 ×100 3-7 30-120 90 0 1 

Da Costa el al. 

[6,11] 
Experimental 203×25 0.5-

1.21 

1.74-

13.46 
45-135 0-77 3-11 

Li et al. [14] Experimental  800 × 100 2-3 6.6-8 60-120 0-60 7-12 

Gimmelshtein et 

al. [18] 
Experimental 190 ×40 0.37 2-3 90 45 9-14 

Santos et al. [20] Experimental 150 × 30 1 3.8-11.4 90 0 1-3 

Koutsou et al. 

[30] 

Experimental 400 × 145 1 6-12 90-120 45 7-17 

Li and Tung [34] Experimental

/Numerical 

355 × 34 0.4-0.6 2.55- 3 90 45 8-9 

Karode and 

Kumar [28] 

Numerical 35×25 0.7-

1.07 

2.17-

5.37 

45-129 0-160 3-11 

 

 

Table 3.5: Summary of the cases for full-scale channel CFD simulations. NZ, NX are the total 

number of unit cells in the spanwise and streamwise directions, respectively. 

Cases NZ NX Lateral boundary 

Case 1,  9×30   9 30 no-slip 

Case 2, 15×30   15 30 no-slip 

Case 3,  3×30   3 30 periodic 

Case 4,  5×30   5 30 periodic 
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3.3.1 Numerical details 

 

A schematic of the 9×30 unit cell geometry (NZ = 9, NX = 30) similar to that used in the 

experimental work, with its boundary conditions and coordinate systems is shown in Figure 3.41. 

 

 

 

Figure 3.41: Schematic of a 9×30 unit cell geometry with its boundary conditions. 

 

     The CFD simulations were performed using the open-source CFD code, OpenFOAM version 

1.5 (2008). An unstructured hexahedral mesh was created from a rectilinear mesh, which was 

refined by an octree method (h-refinement) near the walls, and fitted to the surface of the geometry 

(r-refinement). The mesh generation utility is supplied as part of the OpenFOAM distribution. To 

determine grid independence, the flow within a 2×2 unit cell geometry was simulated for Re = 100, 

with two different mesh resolutions (38,500 and 1.27×10
6
 cells for each unit cell). The velocity 

profiles along the unit cell centre line (x = 0, z = 0, -h/2 < y < h/2) are presented in Figure 3.42.  

The U profiles for these two grid sizes are almost identical with a difference of less than 1%. Using 

this grid resolution is reasonable given the steady flow conditions (Re = 100). The computational 

simulations have been carried out with a grid size of 38,500 cells for each spacer unit cell in the 

full-scale spacer-filled channel (for example; for the 9×30 unit cell geometry, a mesh with 

10,395,000 cells was used).  
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Figure 3.42: Comparison of local velocity profiles along a unit cell centre line for fine (5.1×10
6
  

cells) and coarse (154,000 cells) mesh of the 2×2 unit cell geometry at Re = 100. 

 

3.3.2 Effect of channel sidewalls on flow 

 

To study the effect of the number of unit cells across the channel width (NZ) as well as channel 

sidewalls on the flow, velocity profiles at the centre of unit cells along the channel length (X-

direction) and width (Z-direction) were compared for the cases given in Table 3.5. The velocity 

profile at each unit cell is presented along the unit cell centreline, x = 0, z = 0, -h/2 < y < h/2. A 

schematic of the 9×30 unit cell geometry and the position of these unit cell centres are shown in 

Figure 3.43. The unit cell centres along the X direction begin at the channel inlet, IX = 0. The unit 

cell centres along the Z direction begin at the channel width centre, IZ = 0, and are numbered with 

positive and negative integers toward the channel sidewalls. The same unit cell numbering is 

specified for other cases; however, the number of unit cells along the channel width can be 

different for each case, see Table 3.5. 
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Figure 3.43: Unit cell numbering system for the 9×30 unit cell geometry. 

 

     Figure 3.44 presents the velocity profiles for unit cells located along the streamwise X direction, 

1≤ IX ≤15 at IZ = 0, for four cases of different values of NZ with both no-slip and periodic 

boundary conditions being imposed at Z = ± W/2 . All results are for Re = 100. For the 9×30 unit 

cell geometry with no slip boundary condition at the sidewalls, the flow reaches a fully-developed 

condition after 6 cells from the inlet. By increasing the channel width to 15 units, the entrance 

length increases to 9 unit cells. For both 3×30 and 5×30 unit cell geometries with periodic 

boundary conditions, the flow reaches a fully-developed condition after 5 unit cells. Therefore, the 

flow develops more rapidly with a shorter entrance length for the cases with periodic boundary 

conditions compared to cases with no-slip boundary condition on the sidewalls. 

     The velocity profiles at the unit cells in the Z direction are shown in Figure 3.45 for the four 

cases (Table 3.5). Velocity profiles are aggregated (upper portion) and separated (lower portion); 

and in the latter cases, shown as a direct function of cell location. The lower portion of each tile 

shows symmetrical velocity profile behaviour about the point Y = 0 (channel height centre). Due to 

the symmetrical flow behaviour in the Z direction, velocity profiles for only half the width are 

displayed in the upper portion of each tile in Figure 3.45. For the cases with no-slip wall boundary 

conditions, there is a significant effect on the velocity profiles of the three unit cells close to the 

sidewalls. The average velocity difference between the unit cells IZ = ±1 and IZ = 0 for the  9×30 

and 15×30 geometry is about 1.6% and 0.1%, respectively. The velocity profiles are identical in 
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cases with periodic boundary condition, which implies there is no wall effect on the velocity 

profiles. 

 

a) 9×30 channel, with no-slip BC 

 

b) 15×30 channel, with no-slip BC 

 

c) 3×30 channel, with periodic BC 

 

d) 5×30 channel, with periodic BC 

 

Figure 3.44: Centre-line velocity profiles for first 15 rows along the streamwise X-direction for (a) 

9×30 and (b) 15×30 channels with no-slip lateral boundary conditions, and (c) 3×30 and (d) 5×30 

channels with periodic lateral boundary conditions, at Re = 100. 
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a) 9×30 channel, with no-slip BC 

 

 

b) 15×30 channel, with no-slip BC 

 

 

c) 3×30 channel, with periodic BC 

 

 

d) 5×30 channel, with periodic BC 

 

 

Figure 3.45: Centre-line velocity profiles for unit cells across the lateral Z-direction plotted in 

superposition (top) and in sequence (bottom) for (a) 9×30 and (b) 15×30 channels with no-slip 

lateral boundary conditions, and (c) 3×30 and (d) 5×30 channels with periodic lateral boundary 

conditions, at Re = 100. 
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     A comparison of normalised velocity profile at the channel centre unit cell, IZ = 0, IX = 15, for 

the previously-discussed four cases, as well as at a unit-cell centre of the 2×2 unit cell geometry 

with periodic boundary conditions and experimental data is presented in Figure 3.46.  The velocity 

profiles for the 3×30 and 5×30 channels with periodic boundary conditions are identical. 

Comparing the average velocity profiles of the 3×30 channel and the 2×2 unit cells shows a small 

difference of 1% that can be due to the existence of an entrance region in the 3×30 channel. The 

velocity profiles of the 9×30 and 15×30 channels with wall boundary conditions are respectively 

9% and 6% greater than of those for channels with periodic boundary conditions, which indicates 

that the presence of the channel sidewalls increases the velocity at the channel centre, IZ = 0. Good 

agreement is obtained for the velocity profiles (with 4% difference) for the 9×30 channel in terms 

of comparison of the PIV experimental measurements and the numerical calculations. 

 

 

Figure 3.46: A comparison of normalised velocity profiles for different cases, at Re = 100. 
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3.3.3 Flow motion in a 9×30 unit cell channel with walls BC at lateral 

sides 

 

In order to investigate the effect of channel sidewalls on the flow motion in a 9×30 unit cell 

channel, the iso-surface of   (at value 0.2m/s) is shown in Figure 3.47, presented with and without 

spacer filaments. The   iso-surface is coloured by    in order to distinguish the flow motions 

clearly at upper and lower channel layers.  This figure shows that the flow in each channel layer 

moves parallel to the spacer filaments and close to the channel sidewalls changes direction 90° and 

shifts from one layer to another channel layer. The black arrows in this figure show this behaviour. 

This flow behaviour can also be seen in Figure 3.48. This figure presents a rake of particle tracks 

that originate from random points (100 random points) at a plane (X = 0, -h/2 < Y < h/2) 

with/without spacer filaments exhibited. Streamlines are coloured by   . The bulk of the flow 

changes direction at the unit cell adjacent to the channel sidewalls but a small portion changes 

direction at the second or third unit cell from the channel sidewalls. Some streamlines, representing 

a small portion of the flow, display a zigzag motion as they pass through the middle channel, Y = 0. 

A better view of motion close to a channel sidewall is shown in Figure 3.49. The same 

phenomenon was observed in physical experiments when seed particles were initially introduced 

into the flow. 
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Figure 3.47:   Iso-surface (value 0.2m/s) coloured by   , presented without (top) and with 

(bottom) spacer filaments. Bulk fluid motion direction is indicted by black arrows. 

 

 

 

Figure 3.48:   streamlines coloured by   , presented without (top) and with (bottom) spacer 

filaments. Bulk flow motion direction is indicted by black arrows. 
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Figure 3.49: Flow motion close to channel sidewall. 

 

3.3.4 Effect of channel sidewalls on Friction Factor 

 

The pressure field at plane XZ, Y = 0 for the 9×30 unit cell channel is shown in Figure 3.50. This 

figure shows the pressure decreases gradually along the channel length (X-direction). The pressure 

variation along the channel length (Y = 0, Z = 0) for different cases is shown in Figure 3.51. 

Correspondingly, the friction factors ( f ) for the same cases are compared in Figure 3.52. The 

friction factor for 1×1and 2×2 unit cells with periodic boundary conditions is almost identical. The 

friction factor for 3×30 and 5×30 unit cell channel with periodic boundary condition at the channel 

sidewalls is also almost identical which shows that the channel width does not have any effect on 

friction factor value when the periodic boundary condition is used for the channel sidewalls. The f 

for the 3×30 channel is 4% greater than that for the 1×1unit cell. This difference is due to the 

presence of an entrance region in the 3×30 channel. Using wall boundary conditions at the channel 

sidewalls, causes a significant increase in the friction factor in comparison to those with periodic 

boundary conditions. In this case the channel width has an effect on the friction factor values. By 

increasing the channel width, the f decreases and gradually becomes closer to the friction factor for 

the cases with periodic boundary condition. The  f  for the 5×30 unit cell channel with wall 
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boundary conditions is about 30% greater than of that for channels with periodic boundary 

conditions. This difference reduces to 14% and 7%, with increasing the number of unit cells along 

the channel width to 9 and 15, respectively.  

 

 

Figure 3.50: Pressure field at plane XZ, Y = 0 for 9×30 channel, at Re = 100. 

 

 

Figure 3.51: Pressure variation along the channel length at Y = 0, Z = 0 for different cases at Re = 

100. 
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Figure 3.52: Friction factor for different cases at Re = 100.  

 

3.4 Conclusion 

 

In this chapter, the flow within spacer-filled channel passages with the CONWED spacer [6] for 

the Reynolds number ranging from 100 to 1000 has been studied numerically. The numerical 

simulations were conducted using two approaches, “periodic unit cells’ and “full-scale” channel 

modelling.  In the first approach, the entire spacer-filled channel is represented by periodically 

repeating unit cells. In the second approach full-scale channel simulations were performed to 

understand the effects of channel inlet and sidewalls on the flow behaviour.  

     In order to use the “unit cell” approach, it is crucial to investigate the flow periodicity. It was 

found that using a 1×1 unit cell was sufficient for flow with Re ≤ 200 (steady flow), however for 

Re ≥ 300 at least 2×2 unit cells were required. Consequently, for the “unit cell” approach, 2×2 unit 

cells were used for all CFD simulations. 
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     The CFD results from the unit cell approach were validated by the experimental data presented 

in Chapter 2. Comparison of the time-averaged velocity profiles from CFD and PIV data showed a 

difference of about 12% for Re ≤ 200 and 4% for Re ≥ 400. It was found that the presence of 

channel sidewalls has a significant influence on the flow behaviour. From the simulation of the 

full-scale channel with wall boundary conditions at the channel sidewalls, about 9% increase was 

found on the time-averaged velocity profile at the channel unit cell centre for Reynolds number 

100 compared with that of the 2×2 unit cell geometry with periodic boundary conditions. The 

presence of sidewalls has less effect on the flow at high Reynolds numbers when the flow is 

unsteady. A significant difference between the time-averaged velocity profiles from CFD and PIV 

data was observed at Re = 300 near the transition Reynolds number. The transition Reynolds 

number from the steady to the unsteady regime based on the CFD data was found to be 300 < Re < 

350 whereas based on the experimental results was 200 < Re < 300. Therefore, the flow in the 

experimental study transition to an unsteady regime at a lower Reynolds number than in the CFD 

simulations. This earlier transition in the experiments can be associated with the lobe pump 

pulsations that generate fluctuations in the flow velocity, channel sidewalls that change the flow 

direction and increase mixing and fluctuations in the flow, and the flow inlet condition in the 

experimental apparatus. Moreover, the RMS velocity calculated from the CFD data showed a 

difference of about 7% compared with that from the PIV data for Re ≥ 400.  It was found that for 

flow at Reynolds numbers 100 and 200 the observed RMS from PIV measurements was mostly 

introduced from the velocity gradient along the laser sheet thickness not velocity fluctuations. 

     It was found that the main flow splits into two streams which move parallel to the spacer 

filaments with 90° direction difference to each other. These two streams interact at the channel 

centre-plane (y = 0) where they exchange momentum. This results in a shear layer interaction in 

this region. In addition, the 90° direction difference in the principal directions of the flow streams, 

gives rise to tangential forces on the two flow streams. These tangential forces cause secondary 
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swirling motions in the main flow streams. Consequently, counterclockwise swirling flows 

(primary vortices) that rotate with the main flow streams, parallel to the spacer filaments, were 

observed. In addition, a pair of clockwise secondary vortices was also observed adjacent the 

junction of the spacer filaments and the membrane wall as the Reynolds number increased beyond 

350 (unsteady flow). The flow separation from the main flow stream in a channel layer and transfer 

and mix into the other channel layer occurs due to the flow swirling motion and the interaction of 

the two orthogonal main flow streams at the channel centre height (y = 0).  

     By studying the history of the velocity fluctuation magnitude and the normalised power spectral 

density at different Reynolds numbers, four different flow regimes were identified. The flow is 

steady for Re ≤ 200. With increasing Reynolds number, a periodic behaviour appears in the flow. 

This behaviour was observed at Reynolds numbers 250 and 300 with Strouhal numbers St = 1.18 

and St = 1.15, respectively. The periodic structures break up into more random and finer structures 

for Re ≥ 350 when the flow transitions to an unsteady regime. It was found that the flow is at the 

onset of turbulent regime at Reynolds number 1000. 

     Full-scale spacer-filled channels were modelled with various number of unit cells along the 

channel width and fixed 30 unit cells along the channel length at Re = 100. It was found that when 

the flow enters the channel, after crossing some unit cells (entrance region), it reaches a fully 

developed condition. The entrance region length depends on the number of unit cells along the 

channel width and the type of boundary conditions used on the channel sidewalls. The entrance 

region length was 9 and 6 unit cells for the 15×30 and 9×30 unit cell channels respectively, when 

wall boundary conditions were applied on the channel sidewalls. Applying periodic boundary 

conditions on the channel sidewalls reduces the entrance region to 5 unit cells for two cases 3×30 

and 5×30 unit cell channels. Compared to the channels with wall boundary condition, the channel 

width did not have any effect on the channel entrance region length when periodic boundary 

conditions were set on the channel sidewalls.  
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     It was found that the friction factor and the time-averaged velocity profiles were independent to 

the channel width when periodic boundary conditions imposed at the channel sidewalls. Using wall 

boundary conditions on the channel sidewalls increased the time-averaged velocity profiles 9% and 

6% at the middle of the 9×30 and 15×30 channel compared to the channels with periodic boundary 

conditions. This increase in the time-averaged velocity profiles is due to the concentration of fluid 

at the middle of the channel width because of the presence of channel sidewalls. A significant 

increase in the friction factor was observed for the cases with wall boundary conditions on the 

channel sidewalls. By increasing the channel width, the friction factor converged to that of the 

cases with periodic boundary conditions.  
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Chapter 4 

A new spacer design 

 

 

 

Feed channel spacers are used to control the fluid flow between membrane walls; therefore their 

optimization is a key feature of the spiral-wound elements. Ideal spacer geometries should convey 

fluid flow towards the membrane walls and promote mixing while keeping energy losses to a 

minimum, [33]. By considering these factors, a new two-layer spacer configuration called 

“ZIGZAG”, as it forces the flow to have a zigzag-like motion between the spacer meshes, is 

proposed in this chapter. The flow around the new spacer is simulated and the results are compared 

with those for the CONWED spacer geometry. Note that the flow within the CONWED spacer 

configuration was studied experimentally and numerically in the Chapters 2 and 3 of this thesis. 

This chapter presents a preliminary study of the flow within this new spacer, however more 

investigations are required to understand the effect of this new spacer design on membrane 

performance. 
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4.1 Geometry and numerical simulation 

 

The ZIGZAG and CONWED spacer configurations with their dimensions are illustrated in Figure 

4.1. d = 0.01m is the filament diameter, h is the channel height (h = 2d) and l is the filament 

spacing (l = 0.0211m) that are equivalent to the dimensions of the CONWED spacer. Both spacers 

consist of two layers of filaments that are aligned at 45° to the streamwise channel direction (X). 

For the CONWED spacer, the filaments at each layer are arranged parallel with spacing equal to l 

while, for the ZIGZAG spacer, filaments have a net-type configuration with spacing equal to 2l at 

each layer. Similar to the CONWED spacer, the ZIGZAG spacer is also spatially periodic in four  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic configuration for the CONWED (top) and ZIGZAG (bottom) spacers. 
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directions X, Z, x and z; however, its periodic unit cell is proportional to 2×2 unit cells of the 

CONWED geometry, shown in Figure 4.1. The two spacers have a similar voidage (ε). According 

to DaCosta et al. [6],     
   

   
, where     and     are the volume of spacer and channel 

respectively. In order to investigate the flow behaviour around the ZIGZAG spacer geometry and 

compare with that of the CONWED spacer, 14 cases with three different spacer voidage (ε1 = 

0.628, ε2 = 0.752, ε3 = 0.814) at three different Reynolds numbers were studied. A summary of 

these cases is given in Table 4.1. 

Table 4.1: ZIGZAG and CONWED spacers with three spacer voidages (ε1 = 0.628, ε2 = 0.752, ε3 = 

0.814) at three Reynolds numbers (100, 200, 300).  

case spacer  Re  filament spacing ε  case spacer  Re  filament spacing ε 

1 CONWED 100   ε1  8 ZIGZAG 100 2  ε1 

2 CONWED 200   ε1  9 ZIGZAG 200 2  ε1 

3 CONWED 300   ε1  10 ZIGZAG 300 2  ε1 

4 CONWED 100 1.5   ε2  11 ZIGZAG 100 3   ε2 

5 CONWED 200 1.5   ε2  12 ZIGZAG 200 3   ε2 

6 CONWED 300 1.5   ε2  13 ZIGZAG 300 3   ε2 

7 CONWED 100 2   ε3  14 ZIGZAG 100 4   ε3 

 

     Schematics of a single periodic unit cell (1×1) of the ZIGZAG spacer and 2×2 unit cells of the 

CONWED spacer with three different spacer voidages are illustrated in Figure 4.2. 

2×2 unit cells, CONWED spacer 

 

ε1 = 0.628     ε2 = 0.752            ε3 = 0.814 

1×1 unit cell, ZIGZAG spacer 

 

 ε1 = 0.628     ε2 = 0.752            ε3 = 0.814 

Figure 4.2: Schematic of 2×2 unit cells of the CONWED spacer (left) and 1×1unit cells of the 

ZIGZAG spacer (right) with different spacer voidages. 
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     In order to have a same flow rate into the spacer channels with different spacer voidages, the 

Reynolds number is calculated based on the half channel height (h/2). The channel Reynolds 

number is defined as follows:  

 

     
     

 
                                                                        (   ) 

 

where u is the interstitial velocity and   is the dynamic viscosity. 

     In order to compare the flow behaviour within the CONWED and ZIGZAG spacers, friction 

factor, time-averaged velocity profiles and RMS velocity profiles were calculated. The friction 

factor is calculated as:  

 

  
    

       
                                                                        (   ) 

 

where ∆P is the pressure drop, ρ is the fluid density and    (   √    ) is the unit spacer length 

along the channel length (X-direction). 

     The open source CFD code OpenFOAM 1.7 is used to solve the continuity and momentum 

equations to simulate the flow within the spacer-filled channels. The geometry is created and 

meshed using the snappyHexMesh package, provided by OpenFOAM 1.7. Periodic boundary 

conditions are specified in the x and z directions (perpendicular to the spacer filaments) and wall 

boundary conditions are defined for the spacer filaments and membranes surfaces. 

 

4.2 Results and discussion 

 
To show a general view of the flow motion within the ZIGZAG spacer, the iso-surface of time-

averaged velocity magnitude at Reynolds number 100 is shown in Figure 4.3. The iso-surface is 

coloured by the y-component of velocity ( ̅ ) to show the flow motion tendency toward the 
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membrane walls. As shown in this figure, fluid follows a zigzag path while changing direction at 

each spacer mesh. A flow with a zigzag nature can improve the membrane mass transfer as it 

moves toward the membrane walls [25,32].  

 

 

 

Figure 4.3: Iso-surface of time-averaged velocity magnitude at Re = 100 within the ZIGZAG 

spacer with ε2 spacer voidage. 

 

4.2.1 Effects of spacer voidage on the flow behaviour 

 

In this section the effect of spacer voidage on the flow behaviour for both CONWED and ZIGZAG 

spacers is studied. The normalised time-averaged velocity profiles, RMS velocity profiles, iso-

surfaces of time-averaged velocity magnitude and friction factor are compared for the cases with 

Re = 100 presented in Table 4.1 (cases 1, 4, 7, 8, 11 and 14). 

     Figure 4.4 compares the time-averaged velocity fields and iso-surfaces of flow within the 

ZIGZAG and CONWED spacers with different spacer voidages (ε1 , ε2 , ε3). For the CONWED 

spacer, the main flow streams tend to move parallel to the spacer filaments. As can be seen in 

Figure 4.4 (right), by increasing the spacer voidage, the time-averaged velocity iso-surfaces take 

on an elliptical shape. The flow within the ZIGZAG spacer has a zigzag-like motion and moves up 

Flow direction 

  

𝑧 
𝑦 



 

 

 

135 

and down in the streamwise direction between spacer unit cells. The time-averaged velocity fields 

for the ZIGZAG spacer illustrated in Figure 4.4 (left) are shown separately in Figure 4.5. It can be 

seen in this figure that with increasing the spacer voidage, the flow changes direction with a 

smoother angle between the spacer unit cells.   

 

 ZIGZAG spacer CONWED spacer 

 

 

 

ε1 

 

 

 

 

 

 

ε2 

 

 

 

 

ε3 

  

Figure 4.4: Time-averaged velocity field and iso-surfaces of flow around the ZIGZAG (left) and 

CONWED (right) spacers with ε1 , ε2 and ε3 spacer voidages at Re = 100. 
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 45°cross view 3D view 
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Figure 4.5: Time-averaged velocity fields for the ZIGZAG spacer with ε1 , ε2 and ε3 spacer voidages 

at Re = 100. 

 

     The normalised time-averaged velocity profiles and RMS velocity profiles across the channel 

height at the locations shown in Figure 4.6, for the ZIGZAG and CONWED spacers at Re = 100 

are shown in Figure 4.7 and Figure 4.8, respectively.  For both spacer geometries, the time-

averaged velocity decreases with increasing the spacer voidage which indicates the smoother 

motion of flow in spacers with larger voidage. From these figures, it is evident that for the 

ZIGZAG spacer the Reynolds number at which flow becomes unsteady is lower than that for the 

CONWED spacer. The flow is unsteady within the ZIGZAG spacer with ε1 , ε2 and ε3 spacer 

voidages however for the CONWED spacer the flow becomes unsteady with only ε3 spacer 

voidage at Reynolds number 100. Increasing the filament spacing of the CONWED spacer, 

generates more instability in flow. In contrast, the RMS velocity decreases with increasing the 

spacer voidage in the ZIGZAG spacer which can be due to the smoother zigzag motion of flow 

between the spacer meshes.  
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Figure 4.6: Location points for plotting time-averaged velocity and RMS velocity profiles for the 

CONWED (left) and ZIGZAG (right) spacers. 

 

 

  

Figure 4.7: Normalised time-averaged velocity (left) and RMS velocity (right) profiles across the 

channel height (at black and red location points presented in Figure 4.6) for the ZIGZAG spacer 

with ε1 , ε2 and ε3 spacer voidages at Re = 100. 
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Figure 4.8: Normalised time-averaged velocity (left) and RMS velocity (right) profiles across the 

unit cell centre (black location point presented in Figure 4.6) for the CONWED spacer with ε1 , ε2 

and ε3 spacer voidages at Re = 100. 

 

    Figure 4.9 compares the friction factor for the ZIGZAG and CONWED spacers with different 

spacer voidages at Reynolds number 100. For spacers with ε1, the friction factor of the ZIGZAG 

spacer is 115% greater than that of the CONWED spacer. By increasing the spacer voidage to ε2 

and ε3, this difference decreases to 55% and 35% respectively. The friction factor for the ZIGZAG 

spacer with ε2 is 5% less than that for the CONWED spacer with ε1.  

 

Figure 4.9: Friction factor for ZIGZAG and CONWED spacers with ε1 , ε2 and ε3 spacer voidages at 

Re = 100. 
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4.2.2 Effect of Reynolds number on flow 

 

In this section the effect of Reynolds number on the flow behaviour for spacers with ε1 and ε2 

spacer voidages is studied. The time-averaged velocity profiles, RMS velocity profiles and friction 

factor were compared for all cases in Table 4.1 except cases with ε3 spacer voidage (cases 7 and 

14). 

     The time-averaged and RMS velocity profiles for the ZIGZAG and CONWED spacer 

configurations at three different Reynolds numbers (100, 200 and 300) are shown in Figure 4.10 

and Figure 4.11, respectively. These profiles are plotted along the channel height (Y direction) at 

locations indicated with a black dot on Figure 4.6 (left) for the CONWED spacer, and black and 

red dots on Figure 4.6 (right) for the ZIGZAG spacer.  As shown in Figure 4.10, the flow is steady 

at Reynolds number 100 and 200 for the CONWED spacer with ε1 and it starts to become unsteady 

at Re = 300. By increasing the filament spacing to ε2, the flow starts to become unsteady at Re = 

200. Increasing the filament spacing to ε2 promotes flow fluctuations and decreases the peak value 

of the time-averaged velocity profiles.  

     As shown in Figure 4.11, the flow becomes unsteady within the ZIGZAG spacer at Re ≥ 100 

for both ε1 and ε2 spacer voidages. By increasing the spacer voidage from ε1 to ε2, time-averaged 

velocity and RMS velocity profile peak values decrease. The decrease in the peak values is due to 

the smoother movement of flow within the ZIGZAG spacer with a higher spacer voidage.  
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Figure 4.10: Normalised time-averaged velocity profiles (left) and RMS velocity profiles (right) 

across channel height (at the black location point indicated on Figure 4.6) for the CONWED spacer 

with ε1 and ε2 spacer voidages at three Reynolds numbers 100 (solid line), 200 (dashed line) and 

300 (dotted line). 
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Figure 4.11: Normalised time-averaged velocity profiles (left) and RMS velocity profiles (right) 

across channel height (at black and red location points indicated on Figure 4.6) for the ZIGZAG 

spacer with ε1 and ε2 spacer voidages at three Reynolds numbers 100 (solid line), 200 (dashed line) 

and 300 (dotted line). 

 

     The friction factors for the CONWED and ZIGZAG spacers with ε1 and ε2 spacer voidages at 

different Reynolds numbers are shown in Figure 4.12. By increasing the spacer voidage from ε1 to 

ε2, a significant decrease in the friction factor of about 127% is observed for the ZIGZAG spacer. 

However, for the CONWED spacer, the friction factor decreases of about 40% for Re = 100, and 

increases about 22% and 49% for Reynolds numbers 200 and 300, respectively. This increase in 

the friction factor can be explained due to the unsteady nature of flow within the CONWED spacer 
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with ε2 for Re ≥ 200. As shown in Figure 4.10, for the CONWED spacer with ε1 the flow becomes 

unsteady for Re ≥ 300 whereas with ε2 spacer voidage, the flow is unsteady for Re ≥ 200.  

 

 

Figure 4.12: Friction factor for the ZIGZAG (blue) and CONWED (black) spacers with ε1 (solid 

line) and ε2 (dotted line) spacer voidage at three Reynolds numbers 100, 200 and 300. 

 

4.3 Conclusions 

 
A new configuration of spacer, called “ZIGZAG”, was proposed. The flow behaviour within the 

new spacer was studied for three spacer voidages (ε1 = 0.628, ε2 = 0.752, ε3 = 0.814) at three 

Reynolds numbers (100, 200, 300). The friction factor values, time-averaged velocity profiles and 

RMS velocity profiles for the ZIGZAG spacer were compared with those of the CONWED spacer.  

The ZIGZAG spacer design forces the flow streams toward the membrane walls and creates a 

zigzag like flow motion between the spacer unit cells. A higher permeation though the membrane 

walls is expected when the flow has a zigzag motion, [25,32]. 
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It was found that the friction factor for the ZIGZAG spacer with ε2 spacer voidage is 

comparable with that of the CONWED spacer with ε1. In addition, within the ZIGZAG spacer, the 

flow transitions to an unsteady regime at Re < 100 compared to Re > 300 for the CONWED spacer 

with ε1 and Re ≥ 200 for the CONWED spacer with ε2.  
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Chapter 5 

Conclusions and Recommendations for 

Future Work 
 

 

 

5.1 Summary of achievements 

 

In this thesis, a combined experimental and computational investigation has been carried out to 

study the flow behaviour in spacer-filled channels, representative of those used in spiral-wound 

membrane modules. The flow around a spacer with 10× scaled-up CONWED geometry [6] (a 

typical diamond shape spacer) was investigated for Reynolds numbers (based on the hydraulic 

diameter    and the interstitial velocity  ) in the range of 100 to 1000. The spacer consists of two 

layers of parallel rods, placed on top of each other with 90° difference angle and aligned at 45° 

with respect to the streamwise flow direction. An experimental rig has been built to capture two 

components of flow velocity by using the particle image velocimetry (PIV) technique. CFD 

simulations were performed in two approaches, “periodic unit cell” and “full-scale” channel 

modelling using the CFD code, OPENFOAM.  
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Flow periodicity 

Despite the symmetric and periodic geometry of the spacer-filled channel, the unit cell approach is 

not valid for cases where flow is not periodic. It is crucial to select enough periodic unit cells in the 

spacer periodic directions, in order to have acceptable CFD simulations. It was found that for flow 

at Re ≤ 200 (while the flow is steady), using 1×1 unit cell can be acceptable whereas for Re ≥ 300 

at least 2×2 unit cells are required to produce acceptable results. 

 

Flow features 

     The results obtained show that the flow moves parallel between the spacer filaments at each 

channel layer. Some swirl-like motions were identified in the main flow streams. These spiral 

structures (vortices) are more noticeable in the flow at high Reynolds numbers (Re ≥ 350). This 

rotating motion at each channel layer was induced by tangential forces applied from the interaction 

of two orthogonal main flow streams at two channel layers. As the Reynolds number increases 

beyond 350, in addition to the primary vortex with a counterclockwise rotation, a pair of clockwise 

secondary vortices was also observed adjacent to the junction of the spacer filaments and the 

membrane wall. The flow swirling motions were also identified from the iso-surfaces of   -

criterion and normalised helicity. Existence of the swirling motions in the spacer-filled channel is 

important for enhancing mass transfer in the membrane modules. While the flow streams move and 

swirl parallel to the spacer filaments, small portions of the flow separate from the main flow stream 

in a channel layer and transfer and mix into the other channel layer. The flow transfers from a 

channel layer to the another channel layer due to the flow swirling motion and the interaction of 

the two orthogonal main flow streams at the channel centre height (y = 0).  
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Flow Regimes 

     The numerical results reveal two distinct bifurcations in the flow states. The flow is steady for 

small Reynolds numbers (Re ≤ 200), while it becomes oscillatory at a Reynolds number of about 

250. A predominant frequency and some harmonics are clearly detected (St = 1.18) for Re = 250 

and (St = 1.15) for Re = 300. By further increasing of the Reynolds number (Re ≥ 350), the flow 

transitions to fully unstable and the velocity oscillations are no longer fundamentally periodic. It is 

believed that the flow at Re = 1000 may be considered to be the onset of a turbulent regime. In 

summary, four different flow regimes were found in the spacer-filled channel that are; laminar-

steady (Re ≤ 200), laminar-unsteady-periodic (Re around 300), unsteady (Re ≥ 350) and onset of 

turbulent flow (Re = 1000). 

 

CFD PIV comparison 

     The CFD results from the unit cell approach were validated against the experimental data 

obtained using the PIV technique. Comparison of the time-averaged velocity profiles from CFD 

and PIV data shows a difference of about 12% for Re ≤ 200 and 4% for Re ≥ 400. From the 

simulation of the full-scale channel at Reynolds number 100, it was found that the presence of 

channel sidewalls increases the time-averaged velocity profile at the channel unit cell centre about 

9% compared with that of the 2×2 unit cell geometry with periodic boundary conditions. The effect 

of channel sidewalls decreases on the flow at high Reynolds numbers (Re ≥ 400) as the flow is 

unsteady. A significant difference between the time-averaged velocity profiles from CFD and PIV 

data was observed near the transition Reynolds number (Re = 300). From the PIV data, it was 

found that the transition to unsteady flow occurs at a Reynolds number between 200 and 300 

whereas from the CFD data, it was between 300 and 350. This earlier transition in the experiments 

can be possibly associated with the lobe pump pulsations that generate fluctuations in the flow 

velocity, channel sidewalls that change the flow direction and increase mixing and fluctuations in 
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the flow, and the flow inlet condition in the experimental apparatus. An average difference of 

about 7% was found in the RMS velocity profiles of the CFD and PIV data for Re ≥ 400 (unsteady 

flow).  However, for Re ≤ 200 (steady flow), in the PIV data, a significant RMS velocity values 

was observed while it was expected to have zero velocity fluctuations. This observed Urms at Re ≤ 

200 mostly came from the high velocity gradient along the laser light sheet thickness which 

introduced statistical bias in valid measurements due to the random particle location and therefore 

presented fluctuations in steady flow results. The effect of velocity gradients on the calculated Urms 

is insignificant at high Reynolds numbers (Re ≥ 300) where the actual flow unsteadiness 

dominates. 

 

Full-scale channel modelling 

     From simulations of the full-scale spacer-filled channels at Re =100, it was found that the 

entrance region length depends on the number of unit cells along the channel width for cases with 

wall boundary condition at channel sidewalls. The entrance region length was found to be 9 and 6 

unit cells for the 15×30 and 9×30 channels with wall boundary condition, respectively. The 

entrance length was decreased to 5 unit cells when periodic boundary conditions are imposed at the 

channel sidewalls. The channel sidewalls increase the velocity magnitude at the channel centre. In 

addition to the increase of velocity magnitude, it also increases the friction factor. By increasing 

the channel width, the effect of channel sidewalls on the flow decreases. These considerations are 

important when performing calculations for finite-sized membrane assemblies, since even if the 

number of unit-cells is very large, care must be exercised when extrapolating results from idealised 

doubly-periodic performance calculations. 

     Particle traces in the 9×30 channel revealed that when the flow becomes fully developed after 

crossing the entrance region (6 unit cells), it moves parallel to the spacer filaments at each channel 

layer. Most of the flow switches from one layer to the other, changing direction by 90°, at the cell 
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adjacent to the channel sidewalls. Small portions of the flow do so in the second and third cells 

from the channel sidewalls. Therefore the flow within three cells next to the channel sidewalls is 

significantly influenced by the presence of walls. For cases with periodic boundary conditions at 

the channel lateral walls, all velocity profiles at cells across the channel width were found to be 

identical.  

 

A new spacer design 

     A new spacer, called “ZIGZAG”, has been proposed. The new spacer forces the flow streams 

toward the membrane walls and creates a zigzag like motion of flow between the spacer unit cells. 

It was found that the ZIGZAG spacer promotes flow instabilities at a lower Reynolds number 

compared to the CONWED spacer and hence increases mixing inside the feed channels of 

membrane modules. A higher rate of flow mixing as well as zigzag flow motion within the new 

spacer can be associated with mass transfer enhancement in the membrane modules. 

 

5.2 Recommendations for future research 

 

In this section some recommendations for possible future research for both experimental and 

numerical studies are presented. 

 

Experimental work 

 

 The maximum recording rate of the PIV equipment used in the experimental work was 15Hz. 

In order to capture of the detailed interaction of flow structures in space and time, time-

resolved PIV with velocity mapping at high frequencies are required.  
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 In this experimental work, only 2 components of velocity are measured. In order to properly 

characterise the complex 3-D flow within spacer-filled channel, all three components of 

velocity must be measured, necessitating the use of 3-D PIV. 

 The following modifications to the experimental apparatus are suggested: 

o Adding two accurate differential manometers connected to both ends of the test section 

in order to measure pressure drop along the channel length. 

o Adding vibration dampers at appropriate locations can decrease the vibration 

magnitude generated by the pump and transferred to the test section and PIV supports. 

o Adding flow straighteners at the test section inlet make the flow more uniform with 

less free stream turbulence before entering the test section. 

o  Separating the PIV holders from the test section frame stops transferring pump and 

fluid flow vibrations to the camera and laser. 

o Adding a fluid filter unit to the flow loop can filter the glass seed particles when 

needed. 

 

Numerical work 

 

 In this work, the membrane walls are assumed to be impermeable and no mass transfer through 

them were modelled. Including a mass transfer study will give a better understanding about the 

effect of spacer on membrane performance.   

 The flow behaviour in the transitional range (between steady and unsteady flow) is 

complex and needs further investigation. 

 In this numerical work, the full-scale channel was only modelled for flow at Re = 100 (steady 

flow). The impact of the channel inlet and sidewalls on the flow behaviour under transitional 

and unsteady regimes need to be investigated.  



 

 

 

150 

 The spacer filament spacing can have a significant effect on flow behaviour. Study the flow 

within spacers with different filament spacing can reveal more basic knowledge about this 

complex flow motion in spacer-filled channels. 

 In this work, the channel is assumed to be flat. However in spiral wound membrane modules, 

channels are curved. The influence of the curvature of spacer-filled channels on the flow 

behaviour needs to be investigated, particularly at low radii of curvature.    
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