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Abstract 10 

Optimization of the feed spacer geometry is one of the key challenges for improved ultrafiltration 11 

performance in water treatment and desalination. Novel feed spacers with different number of 12 

helices (1-3) along the spacer filament are proposed. To elucidate the intrinsic ability of the helical 13 

feature on filtration process improvement, experiments were conducted at two different fluid inlet 14 

velocities (U0 = 0.166 m/s and 0.182 m/s). The presence of micro-helices in the filaments aids 15 

significantly in increasing the specific permeate flux when compared to the standard spacer 16 

(without helices). The highest improvement was observed in the case of 3-helical spacer (291% 17 

specific permeate flux increase at U0 = 0.182 m/s). Furthermore, Optical Coherence Tomography 18 

(OCT) imaging demonstrated less (bio)fouling amount developed on membrane surface equipped 19 

with helical spacers, whereas, a thicker and more dense cake fouling layer appeared in the case of 20 

standard spacer. Moreover, novel helical design spacers reduce the pressure drop inside the 21 

channel. The 3-helical spacer was found to have the least feed-channel pressure drop (65% of 22 

decrease relative to standard spacer). Numerical analysis was simultaneously realized by the Direct 23 

Numerical Simulation (DNS) technique to understand the hydrodynamic behavior at an elemental 24 

level inside the filtration channel. Low shear stress and high local velocity magnitudes were 25 

observed in presence of helical spacers resulting in (bio)fouling mitigation on filtration membrane 26 

surface. 27 

 28 

Keywords: 3D-printed feed spacers; Spacer design; Biofouling; Hydrodynamics; DNS; filtration 29 
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1. Introduction 32 

The deficiency of the freshwater sources around the globe has led to rapid development of 33 

membrane desalination processes in order to accommodate industrial and domestic needs in clean 34 

water production. Although the membrane filtration over-performs conventional treatment 35 

processes in terms of final product quality, the fouling phenomena is still an unavoidable issue 36 

which significantly impends the efficiency of filtration systems [1]. Membrane fouling is caused 37 

by accumulation, deposition, adsorption or conversion (biodegradable nutrients passing 38 

pretreatment into biofouling) of the feed water constituents on the membrane surface and within 39 

its pores [2, 3]. This lowers permeate flux, deteriorates the product water quality and causes a 40 

larger feed pressure drop [4, 5]. As a result, the sustainability of membrane operations is shortened. 41 

The biofouling, which arises from the bacterial attachment to the membrane surface/spacer and 42 

subsequent proliferation, is common for all types of membrane processes. Biofouling is generally 43 

described as the most persistent among all fouling types due to the excretion of the extracellular 44 

polymeric substances which are difficult to remove by the existing cleaning methods [6-8]. 45 

To reduce the fouling load (by achieving compactness in a cross-flow setup), the majority of 46 

reverse osmosis (RO) and nanofiltration (NF) membranes, as well as some microfiltration (MF) 47 

and ultrafiltration [9] membranes are arranged in spiral wound configuration so that the membrane 48 

sheets are sandwiched between the spacer structures. The role of a feed spacer in this case is to 49 

reduce concentration polarization and fouling propensity of the feed water by enhancing the shear 50 

stress near the membrane surface so that the overall mass transfer is increased [10-12]. Although 51 

feed spacers provide a better fouling control, they are prone to biofouling. In one of early studies, 52 

Baker et al. [13] observed that fouling compounds were first accumulated along the spacer and 53 

only then became spread over the membrane surface. While studying biofouling of the RO and NF 54 

membranes, Vrouwenvelder et al. [14] found that biofouling which was developed around the 55 

spacer, created a larger pressure drop inside the module as compared to that on the membrane 56 

surface.  57 

A typical commercial spacer comprises of a net of the bonded non-woven strands. However, 58 

due to manufacturing limitations, they are available only in fewer configurations. The development 59 

of numerical simulation methods and advance manufacturing techniques like 3-dimensional (3D) 60 

printing allowed to design, fabricate and laboratory test spacers with a range of filament structures 61 

and geometries. The key parameters which influence the spacer performance include the strand 62 



3 
 

thickness, the filament alignment and size, the internal angle and the mesh size [14-20]. For the 63 

spacers of similar morphology, an increase in the spacer thickness reduces the biofouling-64 

associated pressure drop [12, 21] and eliminates the concentration polarization factor [22]. 65 

Recently, Haaksman et al. [23] suggested that despite the higher pressure drop, spacers which were 66 

arranged in layers, had a lower fouling potential comparing to a single sheet spacers due to their 67 

ability to augment the shear stress near the membrane surface. 68 

A number of studies was focused on investigating the effect of spacer positioning in the 69 

membrane module against the incoming feed flow [24-26]. Zimmer and Kottke [24] observed that 70 

the flow direction was different for zig-zag (diamond-type) and channeling spacer patterns. 71 

Overall, the orientation in which filaments are aligned with the flow direction, is less effective in 72 

reducing the concentration polarization and is less economically attractive as compared to the 73 

transverse orientation [25, 26]. The observed effect is associated with the improved hydrodynamic 74 

conditions due to an enhanced flow unsteadiness in the feed channel. The mass transport 75 

enhancement and the fouling reduction are also more pronounced when the spacer sits on the 76 

membrane surface rather than on the channel wall [27, 28]. 77 

The spacer’s geometry plays an important role in enhancing permeate flux through the 78 

membrane, and the improvement in the spacer’s performance is achieved by combination of its 79 

intrinsic properties [29]. Siddiqui et al. [30] investigated the combined effect of the spacer 80 

thickness, the mesh size and the variation in the lateral strand thickness. The authors found that a 81 

less pressure drop was achieved in spacers with a larger mesh size and when the thick and thin 82 

strands were alternated. A combined effect of the filament size (L/D where L is the distance 83 

between parallel filaments and D represents the filament diameter) and the internal angle () was 84 

comprehensively evaluated by Koutsou et al. [31] in a wide range of Reynold numbers. According 85 

to this study, although both parameters influenced pressure drop in the filtration channel, the 86 

pressure drop tended to decrease with increasing L/D ratio while increasing  resulted in higher 87 

pressure drops.  88 

A range of spacers with different filament shapes was suggested including triangular, square 89 

and circular [32], triply periodic minimal surface mathematical design (TPMS) [33], perforated 90 

[15], column spacer [34] or helical feed spacer with double layer [35, 36]. Ahmad et al. [32] 91 

compared three spacers with basic geometry contours and concluded that although spacers with 92 

triangular-shaped profiles facilitated the lowest concentration polarization, they were less effective 93 
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in terms of energy consumption comparing to their square and circular counterparts. Sreedhar et 94 

al. [33] applied a TPMS approach to design spacers with no self-intercepting surfaces such as 95 

gyroid, P-skeleton and Schwarz types. The authors found that UF and RO biofouling experiments 96 

provided a superior performance of the gyroid spacer comparing to other tested spacers with 91% 97 

reduction in the total organic carbon (TOC) concentration and 92% reduction in the number of 98 

bacterial cells attached to the membrane surface. A recent study by Kerdi et al. [15] suggested 99 

fouling resilient perforated spacers with a range of perforations located at the filament intersections 100 

and along the strands. The new spacers achieved up to 61% of reduction in pressure drop due to 101 

the formation of additional micro-jets inside the spacer’s structure which promoted the fluid 102 

turbulence resulting in augmentation of produced permeate flux associated with clean UF 103 

membrane surface. Tan et al. [37] have recently developed 3D-vibrating spacers in order to 104 

improve the flow unsteadiness and increase the shear rate, thereby alleviating the membrane 105 

fouling in MF system. More recently, column spacers [34] have been demonstrated to effectively 106 

reduce specific energy consumption (SEC) of the filtration process by significantly reducing the 107 

pressure drop across the filtration cell.  108 

Effective cleaning of foulants can be achieved by inserting helical cleaners inside the hollow 109 

fibers [38]. However, the literature survey revealed a lack of information regarding the effect of 110 

filament tortuosity on the membrane’s performance. Li et al. [39] suggested a spacer in which a 111 

rectangular plastic ribbon was twisted around the strand. However, such design promoted an 112 

increase in Sherwood number only when sandwiched between the two non-woven spacers and no 113 

improvements were achieved for the stand-alone spacers. Balster et al. [40] reported an increase 114 

in the mass-transfer coefficient when the multi-layer spacer configurations were decorated with 115 

twisted elements. Fritzman et al. [35, 36] designed helically micro-structured spacers and showed 116 

their efficiency during both regular and submerged filtration membranes. However, the analysis 117 

of the existing literature reveals that the majority of reported studies are based on either theoretical 118 

spacer modelling implying that the spacer performance has never been evaluated in actual filtration 119 

conditions, or complicated spacer designs which would affect their cost and future 120 

commercialization. As such, development of new helical spacers which would combine simple 121 

design and improved spacer performance would be beneficial.  122 

       In our study, we developed facile and practical helical structures with one, two or three helices 123 

per filament to exploit their ability to generate the additional vortices near the membrane surface. 124 
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Generation of these vortices inherently mitigate fouling and improves permeate flux production. 125 

Therefore, it is crucial to understand the effect of number of helices on filtration performance, 126 

which has not been investigated in a typical filtration system. A few previous studies [35, 36] on 127 

helical spacer focus on spacers with double layer having thickness greater than 4 mm, which are 128 

beyond practical application range. Importantly, all newly designed spacers are symmetrical which 129 

facilitates faster unsteadiness as compared to two-layer woven commercial spacers. The 130 

introduction of the symmetrical structure allowed us to further reduce the spacer’s height 131 

comparing to previously reported [35]. The spacers were designed by using Computer Aided 132 

Design (CAD) and fabricated by using 3D printing technology [41]. They were further evaluated 133 

in well-controlled experimental conditions with respect to permeate flux decline and fouling 134 

mitigation during the (bio)fouling development. The pressure drop evolution as a function of 135 

different velocities applied inside the channel was also investigated for all spacers. The effect of 136 

number of helices on the process performance was also studied and the observed trends were 137 

compared to those achieved during filtration experiments utilizing a spacer with no helices (called 138 

standard spacer). We further applied the advanced Direct Numerical Simulation (DNS) technique 139 

[42, 43] to elucidate mechanism and key parameters which underline the improved performance 140 

of helical spacers in membrane filtration operations.  141 

 142 

2. Materials and methods 143 

2.1. Chemicals  144 

Sodium alginate and xanthan gum solutions were purchased from Sigma Aldrich (UK), and the 145 

Bacto™ yeast extract was provided by Becton Dickinson and Company (US). The Red Sea water 146 

was directly supplied to the Water Desalination and Reuse Centre (WDRC) laboratory through the 147 

submerged intake pipeline [44]. The polyethersulfone flat-sheet UF membrane with a molecular 148 

weight cut off of 100 kDa (Synder, Vacaville, CA, US) was used in all experiments. 149 

 150 

2.2. Feed solution preparation 151 

The synthetic feed solution was prepared in severe fouling conditions in order to evaluate the initial 152 

performance of our novel helical spacers in UF system at a short filtration time [15]. 1 g of yeast 153 

extract was added to 500 mL of Red Sea water [45] and the suspension was placed in the incubator 154 

(Isotemp incubator, Fisher Scientific, US) at 30 oC and continuously shaked to accelerate the 155 



6 
 

bacterial growth. After 24 h, the suspended solution was removed from the incubator, diluted with 156 

1.5 L of seawater containing 0.10 mg/L and 0.25 mg/L of sodium alginate and xanthan gum, 157 

respectively to result in 2 L of the feed solution. 158 

 159 

2.3. Ultrafiltration experiments  160 

The membrane filtration experiments were performed in a custom-made flow cell with a channel 161 

depth of 0.0012 m. The effective UF membrane’s surface area was 0.06 m (L) × 0.015 m (W). 162 

The membrane was placed in a feed channel with the selective layer face up and the spacer was 163 

put on the top of membrane. The filtration experiments were conducted in cross-flow mode for 42 164 

h. The detailed schematic of the membrane filtration system can be found elsewhere [15]. The feed 165 

solution was supplied with a gear pump (model 72211-70, Cole Parmer, Vernon Hills, IL, US). 166 

The permeate container was placed on a digital balance (Model MS3002S, Mettler Toledo, 167 

Columbus, OH, US) and the mass of the produced permeate was recorded by using LabView data 168 

acquisition system (Version 1.48, U.S. National Institute of Health, US). The specific permeate 169 

flux (Js) was calculated according to Eq. (1):  170 

0/
.

w
s

m
J P

A t

 
=   

          (1) 171 

where Δmw is the permeate weight (kg), A is the feed channel area (m2), Δt is the filtration time 172 

(h), and ΔP0 is the pressure drop (Pa) inside the channel at t = 0.  173 

The pressure drop gradient in the feed channel due to the spacer insertion was calculated from 174 

the pressure difference between the inlet pressure (PA, Pa) and outlet pressure (PB, Pa) of the 175 

module by utilizing two identical pre-calibrated pressure sensors (model PX309-050G, Omega, 176 

UK) according to Eq. (2): 177 

( )A BP PP

L L

−
=

 
          (2) 178 

where ΔL is the length of the feed channel (m). 179 

The porosity (Φ) of the feed channel was calculated as follows: 180 

1
spacer

channel

V

V
 = −           (3) 181 

where Vspacer is the volume of the feed spacer (m3) and Vchannel is the volume of filtration channel 182 

(m3) having the dimensions of 0.060 m × 0.015 m × 0.0012 m (L × W × H).  183 



7 
 

 184 

2.4. Optical Coherence Tomography (OCT) 185 

The Optical Coherence Tomography (THORLABS, HYPERION) with a central wavelength of 186 

930 nm was applied in this study to evaluate the (bio)fouling and corresponding biofilm growth in 187 

the feed channel filled with different spacers. The OCT probe was fixed at the center of the 188 

filtration channel with a refractive index of 1.35 and wavelength of 930 nm was used for all 189 

experiments [46]. The resulting two-dimensional images of membrane and accumulated 190 

(bio)fouling were acquired under the steady-state permeate flux conditions. These were further 191 

processed (adjustment of contrast/brightness, smoothing) by utilizing ImageJ software (Version 192 

1.48, U.S. National Institute of Health, US). 193 

 194 

2.5. Design and prototyping of feed spacers  195 

All the spacers used in this work were designed in the CAD system by employing SolidWorks 196 

software (Dassault Systems SolidWorks Corporation, Version 2016) and printed through a UV 197 

polymerization of liquid resin (Acrylate monomer, BV-007) on a 3D-printer (Model 125, Version 198 

3.4.5, MiiCraft Inc., Taiwan) with a resolution of 25 m of printing layer. Totally, four different 199 

symmetric spacers (standard, 1, 2 and 3-helices along the filaments) were prototyped. Standard 200 

spacer (no helices in the filaments) was the spacer used as reference for the assessment of helical 201 

spacer performances in a cross-flow UF module. The geometrical parameters of the spacers 202 

including the filament thickness (1 mm), the strand angle ( = 45o), incident flow angle ( = 90o) 203 

and the node (filament intersection) thickness (1.2 mm) were the same for all tested spacers. The 204 

associated dimensions for all printed spacers are presented in Figure 1a. It is relevant to highlight 205 

that the clearance (free space between the spacer and the membrane surface where the fluid can 206 

flow) is calculated to 0.1 mm at each side of spacer filament. Upon printing completion, the spacers 207 

were cut to a size of 0.06 m × 0.015 m to fit the feed channel area. Figure 1a shows the CAD 208 

model designs with dimensions and digital photos of (1) standard, (2) 1-helical, (3) 2-helical and 209 

(4) 3-helical. The maximum number of helices created along the spacer filaments was set at three 210 

helices due to a 3D-printing limitation.  211 
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 212 

Figure 1. Details of helical spacer design and computational domain. (a) CAD (left, the dimensional unit 213 

is mm) and digital photographs (right) along with the dimensions of standard and helical spacers. The cut 214 

depth in helical filaments is 0.35 mm, T and W represent the uncut thickness and the width of helices, 215 

respectively (for 1-helical: T = 0.48 mm and W = 0.80 mm, for 2-helical: T = 0.35 mm and W = 0.65 mm, 216 

and for 3-helical: T = 0.25 mm, W = 0.45 mm). (b) Computational domain and boundary conditions 217 

corresponding to 3-helical spacer along with channel dimensions as used in numerical simulations. Same 218 

computational domain was utilized for all other types of spacers for simulations. 219 

(a) 

(b) 
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 220 

2.6. Numerical modelling  221 

The numerical modelling of spacer’s performance inside the feed channel was performed by 222 

solving the direct Navier-Stokes equations (Eqs. (4) and (5), non-dimensional forms) with 223 

incompressible flow assumption by DNS technique to achieve elemental temporal and spatial flow 224 

resolution. 225 

.( ) 0u =            (4) 226 

( ) 1
.( ) P . ( )

Re

Tu
uu u u g

t



 +  = − +   +  +
 

      (5) 227 

where ∇ is the three-dimensional space gradient, �⃗�  is the velocity feed vector, t is the time, P is the 228 

pressure, and Re is the Reynolds number. 229 

The Re was calculated based on channel thickness (H = 1.2 mm) and the feed inlet velocity 230 

(Uo) (according to Eq. (6)): 231 

0Re
U H


=            (6) 232 

where  is the fluid density and 𝜇 is the fluid viscosity. The velocity was non-dimensionalised by 233 

the inlet feed velocity (Uo), pressure was non-dimensionalised by ρUo2, and all spatial coordinates 234 

were non-dimensionalised by the channel thickness (H) and time with H/Uo. In most filtration 235 

studies, the Reynolds number is generally defined based on hydraulic diameter. As for given 236 

helical spacer design, the channel porosity and surface area/volume are different, using hydraulic 237 

diameter will produce different Reynolds number for each design. Therefore, to simplify and keep 238 

the relative comparison of all spacers at constant Reynolds number, the channel thickness is used 239 

to define the Reynolds number.   240 

A range of assumptions was made in order to solve the Navier-Stokes equations, which include 241 

(1) the feed water was assumed to follow the behavior of a Newtonian fluid, (2) the membrane 242 

was treated as a solid surface (as the permeate flow ~10 m/s per spacer cell) is typically very 243 

small compared to the cross-flow allowing no-slip boundary conditions on the membrane surface, 244 

and (3) due to symmetry and recurrence of the spacer filaments, the periodicity was assumed in 245 

the span-wise direction. The DNS simulations were performed on the ANSYS Fluent software 246 

(Version 2016, Canonsburg, PA, US). The momentum and pressure terms were modelled by the 247 

Quadratic Upstream Interpolation for Convective Kinematics method and second-order 248 
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discretization [47], respectively. Pressure-velocity coupling was achieved by using SIMPLE 249 

algorithm [48]. All simulations were performed on a supercomputer by using 1024 cores on Intel 250 

Haswell Processor (2 CPU socket per node, 16 cores per CPU, 2.3 GHz with 128 GB of memory 251 

per node) available at in-house Supercomputing Facility (Shaheen II, King Abdullah University 252 

of Science and Technology, Saudi Arabia) [49].  253 

Numerical validation of the solver using the above computation methodology was firstly 254 

performed by comparing DNS results of a commercial spacer with the experimental particle image 255 

velocimetry (PIV) data, which is present elsewhere [43]. The same computational framework was 256 

extended to study the helical spacers, as presented in this work. The computational domain, along 257 

with boundary conditions, is presented for 3-helical spacer, as shown in Figure 1b. The same 258 

computational domain and boundary conditions are used for all spacers investigated in this study.  259 

Owing to the geometrical complexity of the helical spacer, tetrahedral meshes were used to 260 

discretize the computational domain. Prior to actual simulations, mesh and time independence 261 

studies were performed by systematically refining mesh and time steps. The number of mesh points 262 

in the computational domain was increased successively until the boundary layer profile in the 263 

center of the spacer cell was reproducible within less than 1% relative error between successive 264 

meshes. A grid of ~ 64 million control volumes and a time step of 0.005 (dimensionless) was found 265 

to sufficiently resolve all associated spatial and temporal discretization errors, which was finally 266 

used to perform simulations in the present work. Upon selection of the appropriate mesh, 267 

numerical validation of the present simulation was achieved by comparing the measured 268 

experimental pressure drop with those predicted by the present DNS simulations (Section 3.2.2). 269 

 270 

3. Results and discussion 271 

The objective of this study was to design novel spacers with one, two or three helices and test 272 

numerically and experimentally their performance in pressure-driven membrane separation 273 

processes. DNS simulations were conducted to investigate the effect of helical design on the 274 

hydrodynamics and the shear stress magnitude inside the spacer-filled feed channel. The effect of 275 

the inlet feed flow velocity (U0) on the specific flux, (bio)fouling and pressure drop gradient in the 276 

spacer-filled channel was also experimentally evaluated. 277 

Experiments were conducted under constant volumetric feed flow rate conditions at the inlet 278 

feed flow velocities of U0 = 0.162 (Re = 194.4) and 0.188 m/s (Re = 225.6). The velocity of 0.162 279 
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m/s was used as it corresponds to the inlet velocity commonly operating in membrane filtration 280 

processes [23], whereas the higher feed flow velocity of 0.188 m/s was carried out to evaluate the 281 

effect of unsteadiness/turbulence on process performance and the (bio)fouling development. Such 282 

experimental design enabled us to comprehensively compare the changes in the specific permeate 283 

flux, (bio)fouling morphology/spatial distribution, and pressure drop gradient with respect to 284 

different operating conditions. The experimental and simulated data were then compared in order 285 

to elucidate the effect of hydrodynamic conditions and to optimize the performance of helical 286 

spacers.  287 

 288 

3.1. Experimental investigation of helical spacer performance in filtration system  289 

3.1.1. Effect of the inlet feed flow velocity of 0.162 m/s on UF membrane performance 290 

Figure 2 shows changes in the specific permeate flux over the course of filtration (a) and the  291 

specific permeate flux increase at a steady-state for helical spacers compared to standard spacer 292 

(b) at U0 = 0.162 m/s. As seen in Figure 2a, all specific permeate fluxes followed the same trend 293 

with the rapid decline within initial ten hours of filtration and then reached the steady state 294 

(unchanged specific flux values over filtration time). However, the initial specific flux at t = 0 was 295 

different for standard and helical spacers. Among the four tested spacers, 3-helical spacer produced 296 

the highest initial specific permeate flux of 0.0168 LMH/Pa as compared to other spacers (0.0150 297 

LMH/Pa, 0.0135 LMH/Pa and 0.0048 LMH/Pa for 1-helical, 2-helical and standard spacers, 298 

respectively). In steady state conditions, the performance of helical spacers was also superior 299 

comparing to that of standard one (0.0041 LMH/Pa, 0.0035 LMH/Pa, 0.0064 LMH/Pa and 0.0019 300 

LMH/Pa for 1-helical, 2-helical, 3-helical spacers and standard spacer, respectively). As shown in 301 

Figure 2b, the specific permeate flux improvements achieved with the helical spacers (as compared 302 

to standard spacer) followed the order of 3-helical (237%) > 1-helical (116%) > 2-helical (84%). 303 

It is important to mention here that specific flux enhancement does not follow expected chronical 304 

order (3-helical > 2-helical > 1-helical). In fact, 1-helical performed better than 2-helical which is 305 

attributed to lower pressure drop (Eq. (1)) for the case of 1-helical spacer when compared to 2-306 

helical (discussed in subsequent sections 3.1.3 and 3.2.2). Ghaffour et al. [50] found 307 

experimentally an optimum steady state flux at 1.6 helices/2 cm using similar type of wound stems 308 

in circular helices installed in a tubular UF module. Further explanation of these results is discussed 309 

in the next sections.  310 
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 311 

Figure 2. Specific permeate flux over the course of filtration (a) with average specific permeate flux at a 312 

steady-state filtration (inset) and percentage of flux recovery relative to the standard spacer as a function 313 

of number of helices in spacer’s structure (b). The inlet feed flow velocity was U0 = 0.162 m/s. 314 

 315 

The specific permeate fluxes observed in our study were well-correlated with the morphology 316 

and spatial distribution of (bio)fouling observed in membrane’s vicinity. Figure 3 shows OCT 317 

images of membrane’s selective and support layers and accumulated (bio)fouling with respect to 318 

different spacer types under the same operating conditions as before. As seen in Figure 3a, a cake-319 

type (bio)fouling with the estimated average thickness of 43 ± 9 m was strongly attached to the 320 

entire surface of membrane exposed to a standard spacer. As opposite, the (bio)fouling profiles of 321 

helical spacers rendered more heterogeneous and less dense structures with lower (bio)mass 322 

amount on the membrane (Figures 3b-d). Furthermore, the (bio)fouling achieved with 2-helical 323 

spacer tended to be thicker, denser and occupied larger area as compared to that of 1- and 3-helical 324 

spacers. The enhanced (bio)fouling accumulation in this case is likely a reason for the least specific 325 

flux improvement observed with the 2-helical spacer (84%, Figure 2b). The observed trends clearly 326 

indicate the reduced fouling propensity of 3-helical spacer so it can provide better fouling control 327 

near the membrane surface thus promoting sustainable membrane filtration operations. 328 

 329 
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 330 

Figure 3. OCT images showed membrane’s separation layer (bright yellow color), support layer (bottom, 331 

orange color) and accumulated (bio)fouling (top, orange color) with respect to standard spacer (a), 1-332 

helical spacer (b), 2-helical spacer (c) and 3-helical spacer (d) (scale bar is 100 µm). The inlet feed flow 333 

velocity was U0 = 0.162 m/s. 334 

 335 

3.1.2. Effect of the inlet feed flow velocity of 0.188 m/s on UF membrane performance 336 

As seen in Figure 4a, similar trends with respect to changes in specific permeate flux as a function 337 

of filtration time and spacer types were observed at a feed flow velocity of U0 = 0.188 m/s as 338 

compared to that at U0 = 0.162 m/s. Under the same operating conditions, the initial steep specific 339 

permeate flux decline was followed by a steady state specific permeate flux for all four spacer 340 

designs for the remaining filtration time. Moreover, the extent of the specific permeate flux 341 

improvements for helical spacers as compared to standard spacer followed the same ascending 342 

order of 3-helical spacer (291%) > 1-helical spacer (136%) > 2-helical spacer (109%) (Figure 4b). 343 

However, the comparison of the specific permeate fluxes observed under the steady state 344 

conditions revealed that specific permeate fluxes measured at U0 = 0.188 m/s were consistently 345 

lower as compared to those measured at U0 = 0.162 m/s (Figure 2a).  346 

 347 
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 348 

Figure 4. Specific permeate flux over the course of filtration (a) with average specific permeate flux at a 349 

steady-state filtration (inset) and percentage of flux recovery relative to the standard spacer as a function 350 

of number of helices in spacer’s structure (b). The inlet feed flow velocity was U0 = 0.188 m/s. 351 

 352 

We attributed this phenomenon to the induced (bio)fouling development at higher inlet feed 353 

flow velocities as it has been suggested by other researchers [51-54]. Indeed, when comparing 354 

OCT images shown on Figures 3 and 5, more (bio)fouling can be seen in the field of view on each 355 

corresponding membrane at U0 = 0.188 m/s. Thus, in experiment with the standard spacer at U0 = 356 

0.188 m/s, a thicker cake (bio)fouling (estimated average thickness = 92 ± 9 m) covered the entire 357 

membrane surface. This implies that under high flow velocities, the standard spacer was not 358 

capable to efficiently reduce the membrane’s (bio)fouling (Figure 5a). In contrast, at the same high 359 

velocity, the membrane surfaces appeared to be significantly cleaner when the helical spacers were 360 

applied (Figures 5b-d). Likewise, for the fouling experiments conducted at U0 = 0.162 m/s, lower 361 

signs of (bio)fouling were detected on the surface of membrane equipped with a 3-helical spacer 362 

as compared to membrane surfaces covered by 1- or 2-helical spacers. This phenomenon explains 363 

the observed delay of specific flux to attain the steady state, as shown in Figure 4a. The above 364 

observations prove that the novel helical spacers are capable of not only enhancing the specific 365 

permeate flux across the membrane but also are an effective tool in fouling mitigation and control 366 

at higher feed flow velocities when (bio)fouling attachment and proliferation is enhanced due to 367 

favorable operating conditions. 368 
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 369 

Figure 5. OCT images showed membrane’s separation layer (bright yellow color), support layer (bottom, 370 

orange color) and accumulated (bio)fouling (top, orange color) with respect to standard spacer (a) [15], 1-371 

helical spacer (b), 2-helical spacer (c) and 3-helical spacer (d) (scale bar is 100 µm). The inlet feed flow 372 

velocity was U0 = 0.188 m/s. 373 

 374 

3.1.3. Effect of the feed velocity on hydraulic resistance in the feed channel equipped with spacers 375 

Despite the wide usage of spacers in pressure-driven membrane separation due to their dual ability 376 

to improve permeate flux and alleviate associated concentration polarization and membrane 377 

(bio)fouling, the feed channel pressure drop which is caused by corresponding reduction in the 378 

active membrane surface area (reduced channel porosity due to fouling) remains a problem which 379 

hampers process performance and increases operational costs due to higher energy consumption. 380 

As such, there is a continuous need to develop and customize spacers that minimize the hydraulic 381 

resistance towards the permeate flow. In present study, we investigated the effect of inlet flow 382 

velocities in a range of 0.009 m/s to 0.304 m/s (10.8 < Re < 364.8) on the pressure drop gradient 383 

in the spacer-filled feed channel in presence of our prototyped helical and standard spacers. As 384 

shown in Figure 6, the pressure drop gradients followed Bernoulli’s order with increasing flow 385 

velocity regardless of the spacer type. The observed trends are consistent with previous studies 386 

which reported a quadratic increase in hydraulic resistance of the spacer-filled feed channel with 387 

the increase in the feed flow velocity [15, 23]. When comparing absolute values of the pressure 388 



16 
 

drop gradients at each tested feed flow velocity, significant differences were observed regarding 389 

the spacer type and number of helices in the spacer structure.  390 

 391 

 392 

Figure 6. Differential pressure drop gradient (Pa/m) in the feed channel as a function of the inlet feed 393 

velocity for different spacers. 394 

 395 

The maximum pressure drop gradient was observed for the standard spacer with ΔP/ΔL 396 

increasing from 2716 Pa/m at a lowest flow velocity of 0.009 m/s to 170400 Pa/m at a highest flow 397 

velocity of 0.304 m/s. The pressure drop gradients of helical spacers were significantly lower than 398 

that of standard spacer and followed the order of 2-helical > 1-helical > 3-helical. In tested feed 399 

flow velocity range, 3-helical spacer offered the least pressure drop gradients of 20.9 Pa/m – 63615 400 

Pa/m as compared to 1378 Pa/m – 82770 Pa/m and 1671 Pa/m – 95740 Pa/m for 1- and 2-helical 401 

spacers, respectively. However, the percentages of the feed channel porosity calculated at different 402 

number of helices were 79.5%, 79.4% and 79.1% for 1-helical, 2-helical and 3-helical spacers, 403 

respectively against 66% for standard spacer. These porosity values of helical designs were quite 404 

close suggesting that factors associated with the local hydrodynamic conditions at elemental level 405 

(around the filaments) dominate inside the channel rather than the channel porosity as explained 406 

in subsequent section 3.2.2. It is expected that the presence of helices on the filaments would 407 

produce more flow instability comparing to standard spacer equipped with smooth cylindrical 408 
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filaments. As a result of this instability, the attached vortices behind the helical filament would 409 

destabilize faster (compared to cylindrical filament) and produce vortex shedding resulting in 410 

reduction of drag force (which is directly proportional to pressure drop) as observed in flow past 411 

bluff bodies and flow past rigid cylinders [55, 56]. Consequently, the spacer with three helices 412 

which will have more unsteadiness comparing to those with one or two helices has the least 413 

pressure drop.  414 

The percentage of the pressure drop decrease between the helical and standard spacers was the 415 

highest for the spacer with 3-helical (65% and 64.6%, respectively), followed by 1-helical (54.9% 416 

and 54.4%, respectively) and 2-helical spacers (46.9% and 45.8%, respectively) at both tested feed 417 

flow velocities (U0= 0.162 m/s and U0 = 0.188 m/s). Indeed, 3-helical spacer contributed to the 418 

reduction in pressure drop by 10% and 20% compared to 1- and 2-helical spacers, respectively (for 419 

both inlet feed velocities). The optimal performance was then achieved by 3-helical spacer not 420 

only in terms of specific permeate flux improvement and reduced (bio)fouling propensity but also 421 

by lowering energy consumption in a wide range of the feed flow velocities. 422 

 423 

3.2. Numerical study of helical spacer performance inside the filtration channel 424 

3.2.1. Importance of the hydrodynamics conditions in the (bio)fouling control for helical spacers 425 

The role of the feed flow velocity in (bio)fouling mitigation inside the spacer-filled channels was 426 

recently discussed [10, 53, 57]. In general, an increase in the feed flow velocity implies higher 427 

organic load inside the module due to the enhanced flow of contaminants towards the membrane 428 

surface. Our study addressed the effect of operating conditions on the performance of novel helical 429 

spacers by evaluating the specific permeate fluxes and corresponding (bio)fouling profiles at 430 

different inlet feed flow velocities. As demonstrated in present study, a decrease in the specific 431 

permeate flux with increasing the feed flow velocity from 0.162 m/s to 0.188 m/s with all spacer 432 

types. Consequently, the corresponding (bio)fouling profiles achieved at U0 = 0.188 m/s were more 433 

pronounced and the amount of (bio)mass accumulated in membrane’s vicinity was higher 434 

comparing to that achieved at U0  = 0.162 m/s. Our study revealed that low velocity conditions had 435 

less impact on membrane’s (bio)fouling which is in the full agreement with previous studies which 436 

showed that high hydrodynamics in the channel led to the formation of more stable and dense 437 

biofilms [58-60].  438 

 439 
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3.2.2. DNS simulated pressure drop profiles in the helical spacer-filled feed channel 440 

In the present study, we experimentally measured the actual pressure gradients occurred in the feed 441 

channel filled with helical spacers at various feed flow velocities (Figure 6). However, further deep 442 

optimization of spacer’s performance in order to elucidate their antifouling potential and their 443 

energetic expenditure requires comprehensive understanding of the process at a single cell level. 444 

In order to achieve this task, a DNS model was developed and validated by simulating the pressure 445 

drop gradients inside the feed channel. Two consecutive spacer cells with their adjacent half-cells 446 

(simulated spacer cells are shown in Figures 9-12) were simulated and spatial pressure was 447 

measured along the flow direction at a distance of one-fourth of channel width from the side 448 

periodic wall and in the middle of the flow channel thickness. Simulated pressure drop gradients 449 

were then compared with those measured experimentally to verify the accuracy of the DNS model. 450 

Figure 7 shows simulated pressure profiles along the simulated spacer cells at two different inlet 451 

feed flow velocities (Figures 7a-b) and non-dimensional velocity magnitude variation along the 452 

filament line in second spacer filament cell for helical spacers (Figure 7c).  453 

As seen in Figures 7a-b, the pressure drop patterns for all spacers followed the same trend with 454 

initial steep decline (pressure drop before filament) followed by a plateau (pressure drop after 455 

filament). The comparison of the simulated pressure drop profiles corresponding to the same 456 

spacer type revealed that they were consistently higher at U0 = 0.188 m/s than at U0 = 0.162 m/s. 457 

Among tested spacers, the standard spacer had the maximum pressure drop along the simulated 458 

channel length (ΔPstandard = 960 Pa and 1196 Pa at U0 = 0.162 m/s and 0.188 m/s, respectively) 459 

followed by helical spacers. Similarly to experimentally measured pressure drop gradients, 3-460 

helical spacer had the least simulated pressure drop values (ΔP3-helical = 335 Pa and 394 Pa at U0 = 461 

0.162 m/s and 0.188 m/s, respectively) comparing to 1-helical (ΔP1-helical = 432 Pa and 521 Pa at 462 

U0 = 0.162 m/s and 0.188 m/s, respectively) and 2-helical spacers (ΔP2-helical = 510 Pa and 622 Pa 463 

at U0 = 0.162 m/s and 0.188 m/s, respectively). Furthermore, pressure drops associated with 1-464 

helical spacer were smaller than those of 2-helical regardless of the feed flow velocity. Although 465 

these two spacers had roughly the same channel’s porosity, the (bio)fouling observed on the 466 

membrane surface with 2-helical spacer (Figure 3c and Figure 5c) was more pronounced than that 467 

developed in case of 1-helical spacer (Figure 3b and Figure 5b). This potentially suggests that the 468 

1-helical spacer tends to have more unsteadiness than the 2-helical spacer (also observed in 469 
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subsequent spatial velocity plots from Figures 9-10). More unsteadiness aids in effective cleaning 470 

the membrane as it experiences fluctuating shear stress on its surface.  471 

 472 

 473 

Figure 7. Numerically simulated pressure profiles across the spacer-filled channel length at inlet feed 474 

flow velocities of U0 = 0.162 m/s (a), U0 = 0.188 m/s (b) and non-dimensional velocity magnitude 475 

variation along the filament line (between points, xo = 9.90, yo = 0.50, zo = -2.97 and x1 = 11.50, y1 =0.50, 476 

z1 = -1.37, in non-dimensional units) in second spacer filament cell for helical spacers (c). Dash-dot lines 477 

in (c) indicate respective average values. 478 

 479 

As seen from experimental and numerical findings that pressure drop follows a non-chronical 480 

order (2-helical > 1-helical > 3-helical). As a result, the variation in specific permeate flux also 481 

follows the similar order as pressure drop effects the specific flux values (Eq. (1)). Further, effects 482 

from channel porosities (for helical spacers, section 3.1.3) are negligible. Therefore, local flow 483 

around the spacer filament can only affect the pressure drop. It is relevant to highlight that when 484 
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spacer design changes, the local flow velocity around the filament also changes resulting in 485 

variation of pressure drop. To elucidate on this matter, velocity magnitudes from computation data 486 

along a line (between points, xo= 9.90, yo =0.50, zo= -2.97 and x1=11.50, y1 =0.50, z1= -1.37, in 487 

non-dimensional units) close to a single filament were extracted from the second filament cell for 488 

all helical spacers. Figure 7c shows the variation of non-dimensional velocity magnitude along the 489 

extracted line for all helical spacers. It is clearly seen that 1-helical spacer archives a higher local 490 

velocity magnitude at the single helical turn as all the feed flow has to pass over the filament. 491 

Whereas, when the number of helices slot increases (2-helical and 3-helical), the incoming feed 492 

fluid momentum is distributed, as a result lower local velocity magnitudes are observed. However, 493 

when average values are computed (Figure 7c), it follows that 3-helical has highest non-494 

dimensional velocity magnitude (0.308) followed by 1-helical (0.273) and 2-helical (0.208) 495 

spacers. As average velocities in fluid flow are inversely proportional to pressure (Bernoulli 496 

principal [61]), we anticipate highest pressure drop for 2-helical spacer, followed by 1-helical and 497 

3-helical spacers. Thus, local hydrodynamics associated with design change of the spacer filament 498 

affect the average pressure drop, which in turn affects the specific flux and follows a non-chronical 499 

order in performance (3-helical > 1-helical > 2-helical). 500 

We further estimated theoretical pressure drop gradients (ΔP/ΔL) and compared them to 501 

experimentally measured values as seen in Figure 8. A good consistency between the numerical 502 

and experimental datasets was observed at any spacer type confirming that chosen DNS model 503 

was fairly adequate in describing the pressure drop inside the feed channel. 504 

 505 

 506 

Figure 8. Comparison between the experimental and numerical data of pressure drop gradient in the 507 

spacer-filled channels at different inlet feed flow velocities (U0 = 0.162 m/s and U0 = 0.188 m/s). 508 
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3.2.3. Non-dimensional local velocity magnitude in presence of helical spacers 509 

The non-dimensional local velocity magnitudes at the central plane of the feed channel for all 510 

spacers at feed velocities of 0.162 m/s and 0.188 m/s are presented in Figures 9 and 10, 511 

respectively. For all spacer designs, upon entering the spacer cell, the incoming fluid was first 512 

divided into two streams through the filament intersections and later merged in the middle of the 513 

cell. As shown in Figures 9-10, depending on the spacer type, the extent of the local velocity 514 

magnitudes were different in the areas under and downstream the filaments. For standard spacer, 515 

the low velocity regions (blue color) were found along the downstream of the filaments, while 516 

higher velocity magnitudes were observed in the places where the incoming divided stream meets 517 

in the downstream of the filament intersection. Similar trends were observed by Chen et al. [62] 518 

who related this phenomenon to the formation of the attached vortex enveloping downstream of 519 

the filament. For all helical spacers, the downstream filament region had alternating patterns of the 520 

high and low velocities. Furthermore, flow velocities for standard spacer were visually perturbed 521 

indicating highly unsteady state, while for helical spacers the velocity profiles were well-defined 522 

suggesting a quasi-periodic state [55].  523 

As seen in Figure 9, the distribution of the local velocity magnitudes inside the spacer cell 524 

varied from spacer to another one. The comparison of velocity magnitudes achieved with standard 525 

(Figure 9a) and helical spacers (Figures 9b-d) clearly showed that while blue and green areas (i.e. 526 

regions with lower and relatively higher local velocities, respectively) were alternated inside the 527 

spacer cell, the green color predominated in the local velocity contours of helical spacers. The 528 

observed trend can be explained as follows. The presence of helices on the cylindrical filament 529 

will reduce filament’s cross-sectional area and release free space inside the feed channel (i.e., result 530 

in higher channel porosity). As a consequence, less fluid momentum drop will occur inside the 531 

flow cell, thereby increasing the local velocity inside the channel. Such conditions are reflected in 532 

Figures 9b-d, which show an upsurge in the areas with higher local flow velocities when the 533 

number of helices was increased from one to three. As a result, the central plane of a flow channel 534 

filled with 3-helical spacer appeared the least patterned with the highest observed local fluid 535 

velocities.  536 
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 537 

Figure 9. Non-dimensional velocity magnitude at a central plane of the feed channel for different spacers 538 

at the inlet feed flow velocity of U0 = 0.162 m/s. The flow path was from the top to the bottom. The 539 

corresponding computational domain is presented in Figure 1b. 540 

 541 

A comparison of the model outputs at the feed inlet flow velocities of 0.162 m/s and 0.188 m/s 542 

showed that the overall local velocity magnitude in spacer cell was higher at U0 = 0.188 m/s (Figure 543 

10). Consistently with this observation, the regions of low and high velocities downstream of the 544 

filaments in the central plane of the feed channel appeared more  perturbed comparing to those 545 

achieved at U0 = 0.162 m/s. The effect of number of helices in filament’s structure on the local 546 

velocity magnitude at U0 = 0.188 m/s followed the same trend as that of 0.162 m/s. Thus, the 547 

highest local velocity was found for 3-helical spacer while the lowest local velocity was achieved 548 

in standard spacer.  549 
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 550 

Figure 10. Non-dimensional velocity magnitude at a central plane of the feed channel for different 551 

spacers at the inlet feed flow velocity of U0 = 0.188 m/s. The flow path was from the top to the bottom. 552 

The corresponding computational domain is presented in Figure 1b. 553 

 554 

3.2.4. Non-dimensional shear stress in presence of helical spacers 555 

Shear stress near the membrane surface is another important parameter which needs to be taken 556 

into account when evaluating spacer’s performance because it affects not only mass transfer but 557 

also its (bio)fouling propensity [23]. Figure 11 shows contours of the non-dimensional shear 558 

stresses for the bottom wall for different spacers at U0 = 0.162 m/s. The shear stress observed under 559 

filaments of a standard spacer was significantly higher as compared to those observed under 560 

filaments of helical spacers. While higher shear stress is required to reduce accumulation of 561 

foulants near the membrane surface, it may also promote bacterial adhesion and proliferation [63]. 562 

As a result, the increased biomass accumulation near the membrane surface will create additional 563 

resistance to the flow and adversely affect spacer’s performance. The shear stress patterns 564 

produced in our study were well-correlated with the (bio)fouling profiles of standard and helical 565 

spacers measured at U0 = 0.162 m/s with more (bio)fouling observed in case of standard spacer as 566 



24 
 

compared to helical ones (Figure 3). Moreover, a good consistency among the shear stress, specific 567 

permeate fluxes and (bio)fouling was observed so that the standard spacer exhibited the lowest 568 

specific permeate flux (Figure 2a) while having the highest shear stress magnitude resulting in the 569 

highest (bio)fouling development (Figure 3a).  570 

 571 

Figure 11. Contours of the non-dimensional shear stresses for the bottom wall for different spacers at the 572 

inlet feed flow velocity of U0 = 0.162 m/s. The flow path was from the left to the right. 573 

 574 

As seen in Figures 11b-d, the magnitude of shear stress decreased for all helical spacers when 575 

compared to the standard one. Moreover, the shear stress fluctuations which are needed to mitigate 576 

bacterial seeding, were more prominent inside the cells of helical spacers. As the number of helices 577 

increased, the perturbation in shear stress also increased thereby providing enhanced fluctuating 578 

shear stress environment under the filament so that the (bio)fouling seeding is reduced. Among 579 

helical spacers, 3-helical spacer exhibited a compromise between the shear stress magnitude and 580 

the fluctuating unsteady shear which explains its superior performance in terms of biofouling 581 

minimization (Figure 3d) and specific permeate flux increase (Figure 2) comparing to other helical 582 

spacers. Although these trends were retained when the inlet feed water velocity was increased to 583 

U0 = 0.188 m/s, the magnitude of shear stress in this case was higher for all spacer types (Figure 584 

12), resulting in lower specific permeate fluxes (Figure 4) and more profound (bio)fouling (Figure 585 

5) as compared to those observed at U0 = 0.162 m/s. 586 
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 587 

Figure 12. Contours of the non-dimensional shear stresses for the bottom wall for different spacers at the 588 

inlet feed flow velocity of U0 = 0.188 m/s. The flow path was from the left to the right. 589 

 590 

The present study with novel helical-shaped feed spacers for enhanced membrane filtration 591 

performance was focused on UF process. We envisage similar performance of these proposed 592 

spacers in NF and RO applications facing similar fouling issues [64]. Future work on 593 

comprehensive evaluation of the efficiency of novel helical-shaped spacers is underway. 594 

 595 

4. Conclusions 596 

The performance of three novel feed spacers with helical structures was evaluated in a membrane 597 

filtration process. The intrinsic effect of helice number (one, two or three) created along the spacer 598 

filaments was experimentally investigated in terms of improvement in specific permeate flux, 599 

(bio)fouling mitigation and pressure drop decrease at two different feed flow velocities (U0 = 0.162 600 

m/s and U0 = 0.188 m/s). Regardless of the rate of fluid velocity, all helical spacers contributed to 601 

increase in the specific permeate flux when compared to a conventional standard spacer with 602 

cylindrical filaments. The spacer with the highest number of helices (3-helical) achieved the 603 

highest increase in specific permeate flux (237% and 291% at U0 = 0.162 m/s and U0 = 0.188 m/s, 604 

respectively). Furthermore, the performance of helical spacers led to a decrease in pressure drop 605 

(estimated of 65%, 55% and 46% for 3-helical, 1-helical and 2-helical spacers, respectively 606 

relative to standard spacer) so that the energy consumption of overall filtration module could be 607 

lowered. The relevance of this helical design in filtration performance was further 608 

hydrodynamically proved at an elemental level by utilizing DNS. Unsteadiness/turbulence was 609 

generated around the cut in helical filaments due to the release of free space in the channel which 610 
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aided to raise the downstream local velocity magnitude. Moreover, contrary to standard spacer, 611 

low shear stress under the helical filaments was observed associated with fluctuating fluid shear 612 

in the cells of helical spacers. This unsteady fluid behavior was more pronounced for 3-helical 613 

spacer explaining its highest increase in specific permeate flux and its reduced (bio)fouling 614 

propensity on membrane surface as demonstrated by optical coherence tomography images. 615 

 616 
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