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Abstract 

Creating membranes with engineered surface features has been shown to reduce membrane fouling and 1 

increase flux. Surface feature patterns can be created by several means, such as thermal embossing with 2 

hard stamps, template-based micromolding, and printing. It has been proposed that the patterns create 3 

enhanced mixing and irregular fluid flow that increases mass transfer of solutes away from the membrane. 4 

The main objective of this paper is to explore whether enhanced mixing and improved mass transfer 5 

actually do take place for reverse osmosis (RO) membranes operated in laminar flow conditions typical of 6 

full-scale applications. We analyzed velocity, concentration, shear stress, and concentration polarization 7 

(CP) profiles for flat, nanopatterned, and micropatterned membranes using computational fluid dynamics. 8 
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Our methods coupled the calculation of fluid flow with solute mass transport, rather than imposing a flux, 9 

as has often been done in other studies. A correlation between Sherwood number and mass-transfer 10 

coefficient for flat membranes was utilized to help characterize the hydrodynamic conditions. These 11 

results were in good agreement with the numerical simulations, providing support for the modeling 12 

results. Models with flat, several line and groove patterns, rectangular and circular pillars, and pyramids 13 

were explored. Feature sizes ranged from zero (flat) to 512 m. The ratio of feature length, between-14 

feature distance, and feature height was 1:1:0.5. Results indicate that patterns greatly affected velocity, 15 

shear stress, and concentration profiles. Lower shear stress was observed in the valleys between the 16 

pattern features, corresponding to the higher concentration region. Some vortices were generated in the 17 

valleys, but these were low-velocity flow features. For all of the patterned membranes CP was between 18 

1% and 64% higher than the corresponding flat membrane. It was found that pattern roughness correlated 19 

with boundary layer thickness and thus the patterns with higher roughness caused lower mass transfer of 20 

solute away from the surface. Rather than enhancing mixing to redistribute solute, the patterns 21 

accumulated solute in valleys and behind surface features. Despite the elevated CP, the nominal permeate 22 

flux increased by as much as 40% in patterned membranes due to higher surface area compared to flat 23 

membranes. The advantageous results seen in other studies where patterns have helped increase flux may 24 

be caused by the additional surface area that patterns provide. 25 

 26 

1. Introduction 27 

Surface structure has been a topic of interest in membrane science since the early days of membrane 28 

development. Reverse osmosis (RO) membrane roughness was identified as an adverse feature that leads 29 

to increased fouling [1–3]. Foulants preferentially accumulated in the valleys and caused flux decline due 30 

to “valley clogging” [1]. A recent example of those lauding the effects of flat (non-rough) membranes is 31 

Chowdhurry et al. [4], where a new technology was designed to make polyamide membranes smoother to 32 

yield better performance in water desalination.  33 
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Interestingly, another effort has been underway in the field to increase surface roughness by patterning 34 

membranes in controlled ways for fouling reduction. These patterned membranes have been studied in the 35 

past few years and results show that they are an effective way to reduce fouling and improve membrane 36 

performance [5–11]. Flat membranes have often been described as the lowest-fouling geometry, but a 37 

growing body of work is showing that adding ordered roughness via patterns may also be effective.  38 

A key to teasing out whether flat or patterned membranes are optimal for fouling control lies in 39 

understanding the mechanisms. A few different mechanisms are hypothesized to be instrumental in the 40 

patterns’ beneficial effects. Some papers have stated that turbulence at the apex of the pattern surface led 41 

to reduced deposition of microbial cells [5,7]. In a similar vein, other papers discuss high shear stress on 42 

the upper region of the patterns that decreases the attachment of foulants or helps re-entrain them after 43 

deposition [6,8,11].  Some claim that introduction of ordered roughness can disrupt the hydrodynamic 44 

boundary layer during flow over the membrane [9].  45 

Our goal is to investigate the mechanisms that might make patterns beneficial in RO systems. In many of 46 

the published papers the hypotheses about foulant mitigation are related to hydrodynamics. One important 47 

contribution is from Maruf et al. [12] who studied concentration polarization (CP) on a thin-film 48 

composite (TFC) nanofiltration membrane experimentally and discovered some benefits to the patterning 49 

for improving flux and reducing scaling. This, along with the previous studies, supports the hypothesis 50 

that patterns help create mixing and improve the mass transfer of foulants away from the membrane. 51 

Often mixing is shown through vortices observed as circular flow streamlines in modeling results. Vortex 52 

formation and mixing of sufficient magnitude should also reduce CP and thus reduce the driving force 53 

needed for water permeation. CP, caused by rejection of salt ions on the membrane surface, has been 54 

widely studied in RO systems [13–15]. It is influenced by salt properties, membrane properties, and 55 

hydrodynamics [16,17]. It can be an important indicator of flux decline, and is a phenomenon that is 56 

related to the occurrence of fouling [18–20]. Studying CP can help us understand the ways in which 57 

hydrodynamics are affected by patterns.  58 
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The details of water flow in membrane channels – the hydrodynamics – are difficult to measure 59 

experimentally in the lab; mathematical models can help in this regard. Many studies have focused on 60 

analytical models to predict CP, in which the classic film theory provides an estimate of the degree of CP 61 

based on the flux and mass transport [21]. Numerical models also have been developed to combine 62 

computational fluid dynamics (CFD) and solute mass transport. Navier-Stokes, continuity, and 63 

convective-diffusion equations are coupled to solve for the fluid flow velocities in the channel above the 64 

membrane and the salt concentrations that define the CP layer and affect the water flux [13,22].  65 

A critical piece to the numerical modeling accuracy is to use fully coupled flow and solute transport 66 

equations [13]. In one modeling approach, investigators simplified governing equations and assumed that 67 

the permeation velocity does not depend on axial position and therefore remains constant along the length 68 

of the membrane channel [23]. This decoupling of flux and solute concentration can decrease the 69 

accuracy of the models since permeate flux is affected by osmotic pressure that increases down the 70 

channel. Another group used analytical models to theoretically predict permeation flux, and used 71 

numerical simulation to predict flow and mass transfer [24]. That approach is better than assuming 72 

constant flux, but is still not a complete coupling. Xie et al. [25] studied CP in spacer filled channels by 73 

fully coupling flow and mass transport equations. They predicted CP mitigation that was consistent with 74 

experimental results. In our models, flow and mass transport equations are likewise combined to solve for 75 

mass transfer. Osmotic pressure is linearly related to salt concentration, and flux is calculated by taking 76 

into account both the hydraulic and osmotic pressures.  77 

The approach of this study was to investigate the hydrodynamics in the channels above membranes that 78 

have various-shaped patterns covering a large size range. Literature was reviewed to determine what 79 

pattern sizes would be relevant. RO surface roughness ranges from 40 nm to 100 nm [1,26]. Lee et al. [8] 80 

designed prism patterns that were 400 µm wide and 200 µm tall. Jang et al. [27] studied both nanometer-81 

and micrometer-scale patterns. Won et al. [7] investigated prism patterns ranging from 25 µm to 400 µm. 82 

For this study we wanted to cover a size range that would encompass all of the literature numbers, then go 83 
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above and below that range. Some of the pattern sizes used here are larger than previously fabricated, but 84 

allow us to explore the limits of hydrodynamic effects. For each size we built eight geometries that cover 85 

elementary shapes including lines and grooves, pillars, and pyramids. A Sherwood correlation was 86 

compared to the data for the flat membrane and confirmed that our multi-scale models were behaving 87 

rationally compared to experiments. Mass-transfer coefficients were interpreted based on flow and 88 

concentration regimes and were used to calculate the parameters of the Sherwood correlation. A 89 

relationship between theoretical boundary layer thickness and membrane roughness was revealed. This 90 

paper provides a detailed discussion of hydrodynamic effects of patterns, including CP, shear stress, 91 

velocity streamlines, and permeate flux.  92 

2. Materials and methods 93 

2.1 Geometries studied 94 

Multiple models of RO membranes patterned with varied geometries were built for analysis. The 95 

geometries include flat, several line and groove patterns, rectangular and circular pillars, and pyramids 96 

(Figure 1). These shapes covered several elementary geometries and allowed an investigation of the 97 

hydrodynamic effects of regularly ordered surface features. Most models were created with SolidWorks 98 

and imported into COMSOL Multiphysics 5.3 using the COMSOL CAD import tool.  99 

 100 

Figure 1. Patterns studied include (a) flat, (b) line and groove [LG] rectangle, (c) LG trapezoid, (d) LG 101 
triangle, (e) LG circle, (f) rectangular pillars, (g) pyramids, and (h) circular pillars.  102 
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 103 

Figure 2 shows a conceptual model for how fluid flow was simulated. To be consistent with an ongoing 104 

project in our lab, we used a feed (inlet) velocity (uin) with a 1 m entrance length to achieve a fully 105 

developed laminar flow regime at the entrance, a feed solute concentration (cb) of 0.025 M, and a 106 

diffusion coefficient of 10-9 m2/s at the temperature of 20 °C. The feed concentration and diffusion 107 

coefficients were chosen to fall within a range of typical values that might be found for salt-rejecting 108 

membrane systems such as brackish water desalination or softening. We chose to hold these variables 109 

constant as we studied different pattern types and sizes. Reynolds number is around 300 under all 110 

circumstances.  111 

Periodic boundaries were set up on both sides parallel to the flow direction (planes a-b-e-f and d-c-g-h in 112 

Figure 2) to avoid edge effects caused by no-slip walls; this boundary condition creates a model with 113 

infinite width. At the concentrate (outlet) side, the pressure was set at 2,800 kPa (400 psi), which (like the 114 

feed concentration and diffusion coefficient) is within a range of typical values for salt-rejecting 115 

membrane processes. Viscous stress and diffusive flux at the outlet were assumed to be negligible. The 116 

boundary on the top (a-b-c-d in Figure 2) was a moving wall (see Table 1).  117 

The flux normal to the wall at the membrane (um) was calculated with Equation (1). The flux was set as a 118 

boundary condition at the membrane wall:  119 

 𝑢𝑚 = 𝐴(𝛥𝑃 − 𝑎𝑜𝑠𝑚𝑐𝑤) (1) 120 

The membrane water permeability (A) was 5.24 × 10-12 m/(s·Pa), the osmotic coefficient (aosm) was 4,872 121 

Pa/(mol/m3), and the salt concentration at the membrane wall (cW) was calculated during the simulation. 122 

The transmembrane applied pressure (ΔP) was calculated by subtracting the permeate pressure from the 123 

applied pressure calculated next to the membrane; permeate pressure was zero, so 𝛥P was equal to the 124 

applied pressure. 125 
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  126 

Figure 2. Conceptual model for the membrane simulations. The membrane is at the bottom (pink color). 127 
The block represents the water- and solute-filled space above the RO membrane. Boundary conditions are 128 
listed in Table 1. At wall a-b-c-d water is moving parallel to the membrane surface with a velocity 129 
adjusted based on Equation (2).  Wall a-b-f-e and d-c-g-h are periodic boundaries. The average inlet 130 
velocity at wall a-d-h-e is set according to the model size, also using Equation (2). Inlet concentration is 131 
0.025 M. The pressure at the concentrate boundary is 2800 kPa.  132 

 133 

Table 1. Boundary conditions for membrane channel simulations. Boundary designations correspond to 134 
Figure 2. Conditions are listed using Cartesian coordinates; for example, (0,0,um) designates zero flow (no 135 
slip) in the x and y directions, and a flow of um in the z direction. 136 

Boundary designation Fluid flow Solute mass transport 

Moving wall (a-b-c-d) u = (uH, 0, 0) Impermeable 

Inlet (a-d-h-e) u = uin cb = 0.025 M 

Outlet (b-c-g-f) P = 2800 kPa Outlet 

Side wall a-b-f-e ua-b-f-e = ud-c-g-h ca-b-f-e = cd-c-g-h 

Side wall d-c-g-h ua-b-f-e = ud-c-g-h ca-b-f-e = cd-c-g-h 

Permeable membrane e-f-g-h u = (0,0,-um) Impermeable 

 137 

In actual RO systems, water flow is bounded by membranes above and below each flow channel. The size 138 

of the flow channel depends on the thickness of the feed spacer, typically on the order of 1 mm. This 139 

means that if a pattern is large enough (about a fourth of 1 mm or larger), the flow around the pattern 140 

would be affected not only by the pattern but also by the opposite wall bounding the flow. In designing 141 
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this study, we initially used feed channels of a realistic (~1 mm) size, but noticed that the opposite-wall 142 

effects became more influential than the pattern effects as pattern size grew. To alleviate this problem, we 143 

based our simulations on channels that were 16 mm tall. We saw that this was far enough from the 144 

membrane to avoid influencing the flow patterns and CP near the membrane surface. 145 

Another challenge in this study was its multi-scale nature; we wanted to simulate a wide range of pattern 146 

sizes to fully explore the effects of size on flow behavior. The difficulty was that if we kept the simulation 147 

size the same for all patterns, we would need a large simulation space to accommodate the large patterns, 148 

and would need extremely dense finite elements when using that large simulation space with small 149 

patterns. Instead these models simulate only a portion of the flow channel above the membrane surface; 150 

we scaled the size of the simulation box with the size of the pattern features. This approach required 151 

changing the way the inlet velocity was handled, since we expected a laminar-flow velocity profile in the 152 

channel. We applied a moving wall at plane a-b-c-d in Figure 2, the side opposite the membrane. The 153 

average velocity uave was calculated with Equation (2), and umax is the maximum velocity when H = Hc in 154 

Figure 3.  155 

 𝑢(𝐻) =
3

2
𝑢𝑎𝑣𝑒 [1 − (

𝐻𝑐−𝐻

𝐻𝑐
)

2
] (2) 156 

 157 

Figure 3. Velocity adjustment based on planar Poiseuille flow. The total channel height 2H is assumed to 158 
be 16 mm with an average velocity uave = 0.1 m/s. Based on each model height H, u(H) is calculated 159 
through Equation (2), which is applied on the top wall. A new average velocity uave is integrated through 160 
Equation (2) and is applied at the inlet velocity.  161 
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 162 

Each model included four rows of features, making the total simulated length eight times as long as the 163 

feature length (Figure 4). Flat membranes with the same total projected length were simulated as the 164 

control group. In this paper we refer to each model by its pattern shape and pattern size; for example, a 165 

line and groove model with a rectangular profile and a 512 µm feature length is called LG rectangle 512. 166 

The corresponding flat membrane with the same simulation block size is called Flat 512.  167 

 168 

Figure 4. Parameters defining the model geometry, shown with a prism pattern as an 169 
example. The feature length (l) is shown along with the between-feature distance (d). d is 170 
equal to l in all of the models. The total length of the simulation box L is equal to 8l, 171 
because four features are simulated along the flow path, with three spaces between and 172 
additional space at the beginning and end. The total width of the simulation box W is 173 
equal to 4l. The height (H) of the simulated portion of the channel is set to a number 174 
where the channel height is much higher than the pattern height. (See Table 2). The 175 
feature height (h) is equal to 0.5l. Patterns have a distance of 0.5d to the edges, so that 176 
when adding periodic boundary conditions, these patterns repeat with the same between-177 
feature distance. 178 

 179 

Table 2 shows pattern feature sizes. Pattern lengths range from 125 nm to 512 µm, with each subsequent 180 

model being four times the length of the previous. With eight pattern styles (including flat) and seven 181 

sizes, there were 56 models in all. The feature length (l) was the same as the between-feature distance (d), 182 
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while the height (h) of the features was equal to half of the length; we denote this geometric ratio as l:d:h 183 

= 1:1:0.5 (see Table 2 for details). Some initial simulations covered different ratios of feature length to 184 

between-feature distance, from 0.5 to 2, but those results did not seem to give useful insight; decreasing 185 

the ratio only made the patterns behave more like flat membranes. To keep the scope of our study 186 

reasonable, we proceeded with only one ratio of feature length to between-feature distance. This is similar 187 

to patterns described in previous work [9, 12]. Due to convergence issues that result in extremely high 188 

values (singularities) around sharp edges, edges were curved by adding fillets with a radius that was one 189 

fifth of the height. 190 

Table 2. Parameters of the geometries.  191 

Feature 

Length, l 

(µm) 

Feature Height, 

h (= 0.5·l) (µm) 

Between-Feature 

Distance, d (= l) 

(µm) 

Total Length, L 

(µm) 

Total Width, 

W 

(µm) 

Total 

Height, H 

(µm) 

0.125 0.0625 0.125 1 0.5 1.95 

0.5 0.25 0.5 4 2 7.81 

2 1  2 16 8 31.25 

8 4  8 64 32 125 

32 16 32 256 128 500 

128 64 128 1024 512 2000 

512 256 512 4096 2048 8000 

 192 

2.2 Mesh generation 193 

The CFD models used in this work consisted of a mesh of tetrahedral finite elements that filled the space 194 

above the membrane. At and near the membrane boundary layer the meshes were much finer to 195 

characterize the steep gradient of salt concentration changes near the surface. A mesh sensitivity study 196 

was performed to determine the influence of mesh density on the results. With increasing mesh density 197 

there was a change in CP and flux values; however, the values stabilized as the density increased (Figure 198 
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S1). For example, with 512 µm-long line and groove (LG) triangular patterns, 492,078 mesh elements 199 

resulted in CP that was only 5% higher than when 350,097 mesh elements were used. Table S1 shows the 200 

mesh element numbers of all the simulations. The lowest mesh element number was 440,000 and highest 201 

was over 800,000. Mesh sensitivity tests were conducted for each model, making sure the results were 202 

independent from the mesh element numbers.  203 

2.3 Governing equations 204 

Fluid flow and transport of solute were described by Equations (3) - (5) 205 

 𝜌(∇ ∙u)u=-∇P + µ∇ ∙ (∇𝐮 + ∇uT) (3) 206 

 ∇ ∙u=0 (4) 207 

 u∇ ∙ 𝑐 = 𝐷∇2𝑐 (5) 208 

where u is fluid velocity, t is time, ρ is density, P is pressure, µ is dynamic viscosity, and c is 209 

concentration. Equation (3) is the Navier-Stokes equation that is used to describe the motion of fluid. 210 

Equation (4) is the continuity equation. Equation (5) is the convection-diffusion equation. Momentum and 211 

mass transport were fully coupled in the sense that the Navier-Stokes, continuity, and convection-212 

diffusion equations were solved simultaneously, and flux was set as a boundary condition to calculate the 213 

concentration profile. Solutions were found using COMSOL Multiphysics 5.3 run on the Palmetto 214 

Cluster, Clemson University’s primary high-performance computing resource.  215 

 216 

3. Results and discussion  217 

3.1 Sherwood correlation and numerical simulations 218 

This study encompassed a wide range of pattern sizes, which were simulated using models that also 219 

varied in size; thus, it was important to ensure that the conclusions drawn were independent of model 220 
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size. To do so, we evaluated our model behavior in light of the classical understanding of how membranes 221 

typically perform. One approach reported by Mulder [28] is to use a Sherwood correlation derived from 222 

experimental data sets to study mass transfer. We used CP data from our full size range of flat-membrane 223 

models and used the Sherwood correlation and expressions in Equations (6) through (8) to fit a CP curve 224 

through the entire data set (Figure 5).  225 

 𝑆ℎ = 𝑎 ∙ 𝑅𝑒𝑏 ∙ 𝑆𝑐𝑐 ∙ (
𝑑ℎ

𝐿
)

𝑑
 (6) 226 

 𝑘 = 𝑆ℎ ∙
𝐷

𝑑ℎ
 (7) 227 

 CP factor =  
𝑐𝑚

𝑐𝑏
= exp (

𝐽

𝑘
) (8) 228 

Here a, b, c, and d are parameters in the Sherwood correlation, dh is hydraulic diameter, L is channel 229 

length, k is the mass-transfer coefficient, Sh is the Sherwood number, D is the diffusion coefficient, cm is 230 

the solute concentration at the membrane surface, cb is the bulk solute concentration, and J is water flux 231 

through the membrane. The CP factor is defined as the ratio of salt concentration at the membrane surface 232 

to bulk concentration (cm/cb) as shown in Equation (8). Because the model sizes change and thus a 233 

calculated bulk concentration could also change, we set cb equal to the feed concentration (cf) when 234 

calculating the CP factor. 235 

The a parameter value that resulted in the best fit to the data set was a = 1.85. The b, c, and d parameters 236 

were all 0.275. These parameter values fall within the typical expected ranges for similar processes 237 

[28,29]. This gives us confidence that our Sherwood correlation equation was valid and that the models 238 

were behaving similarly to the experiments that were used to create the Sherwood correlations in the 239 

literature. More importantly, the models for systems with different membrane sizes gave data that 240 

converged onto one master curve, lending credibility to our methods for multi-scale modeling. (Figure S2 241 

in Supporting Information is a plot without velocity adjustment for comparison.)  242 
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 243 

Figure 5. CP factor results for five flat-membrane models of various sizes. The fitted curve was 244 
produced using Equations (6) – (8) with a = 1.85 and b = c = d = 0.275. 245 

 246 

3.2 Concentration and shear stress                                        247 

The solute concentration profiles for flat-membrane models showed a low concentration at the entrance 248 

with a gradual increase toward the downstream end, as would be expected (Figure 6). CP was manifest 249 

with a high concentration near the membrane surface and a decrease toward the bulk solution. For 250 

patterned membranes, a high concentration accumulated in the valleys and a much lower concentration 251 

was seen at the apex of the features.  252 



14 
 

 253 

Figure 6. Concentration profiles along the membrane surface for flat and the seven 254 
patterns of interest. Shown here are results from the 512 µm feature size models. Results 255 
from other sizes looked similar, though the maximum concentrations were lower. Cut 256 
plane results are shown on the right. For the patterns that are not heterogeneous in the 257 
direction that is perpendicular to the page, two cut planes were chosen: one is between 258 
two features and one cuts through the middle of a feature.  259 
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  260 

Figure 7. Concentration profile along the membrane surface for (1a, 1b) LG Rectangle 512, (2a, 2b) LG 261 
Trapezoid 512, and (3a, 3b) LG Triangle 512. Concentration profiles for (1c, 2c, 3c) Flat 512 are also 262 
shown. All geometries are aligned for parallel comparison.  263 

 264 

Figure 7 compares the concentration profile along the longitudinal axes of the LG rectangle, LG 265 

trapezoid, LG triangle, and Flat 512 models. The flat-membrane results show a classic CP boundary layer 266 

development, with concentration gradually increasing from entrance to exit. In the LG trapezoid results 267 

there was a periodically fluctuating concentration profile. At the elevated portions of the pattern (the 268 

“peaks,” or “plateaus” in this case) the concentration is lower than would be present in the flat-membrane 269 

case, giving some credence to the idea that patterns can help lower CP. But in the valleys the 270 

concentration is much higher than the flat-membrane case; the net result for the entire membrane is that 271 

the LG pattern caused an increase in CP.   272 

The analysis performed above to compare the LG trapezoid with its flat-membrane analog was repeated 273 

for all 40 pattern models. CP factors were calculated and normalized to the analogous flat-membrane CP 274 
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factor (Figure 8). All of the data points fall above the flat-membrane dotted line, indicating that all 275 

patterns (and all sizes) increased CP. We tested different salt concentrations, different diffusion 276 

coefficients, and crossflow velocities, and the overall conclusion remained the same: CP was always 277 

elevated in patterned membranes compared to flat ones. So here we are only reporting one salt 278 

concentration (25 mol/m3), one diffusion coefficient (10-9 m2/s), and one crossflow velocity (0.1 m/s).  279 

 280 

 281 

Figure 8. CP results normalized to flat membranes with the same block size. All 282 
seven sizes are presented (0.125, 0.5, 2, 8, 32, 128, and 512 µm). Feed concentration 283 
was 25 mol/m3 and the diffusion coefficient was 10-9 m2/s. Crossflow velocity was 284 
scaled as described in Figure 3 to model a 0.1 m/s flow channel. 285 

 286 

Shear stress profiles showed the opposite trend from the concentration profiles, with the highest shear in 287 

the apex of the patterns and the lowest in the valleys (Figure 9). Values decreased along the length of the 288 

channel with each peak value being smaller (shown with red color that fades to orange-yellow; this is 289 
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most obvious in the LG rectangle pattern, Figure 9b). These results are consistent with the idea that higher 290 

shear stress reduces CP [25,30]  291 

 292 

Figure 9. Shear stress profiles along the membrane surface for flat and the seven patterns of 293 
interest. Letters indicate the same geometries designated in Figures 1 and 6. Shown here are 294 
results from the 512 µm feature size models. Results from other sizes looked similar, though the 295 
shear stress values differed.  296 

 297 

3.3 Velocity profile and streamlines 298 

Velocity was studied to investigate the mixing condition in the system. In general, the velocity profile fits 299 

the expected distribution for planar Poiseuille flow between two parallel plates, with lower values near the 300 

no-slip boundary and higher values increasing toward the center of the geometry [31]. Figure 10 shows 301 

the velocity profile near the surface of the Flat and LG rectangle 512 membranes.  302 
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 303 

Figure 10. Velocity profile near the membrane surface for (a) Flat 512 and (b) LG rectangle 512. 304 
The simulation space in the graph is 800 µm above the membrane surface.  305 

 306 

Some vortices were observed in the valleys between the features (Figure 11). These vortices act like lid-307 

driven cavities, which is a benchmark problem in CFD [32]. Flow symmetries were distorted and stream 308 

directions were changed; however, the velocities for these vortices were low. Others have discussed 309 

vortex formation being helpful in the removal of foulants in patterned membranes [8,12]. Here, though we 310 

also observed vortices, they did not promote enough mass transfer of salt away from the membrane 311 

surface to decrease CP.  312 

 313 

Figure 11. Streamline profile for LG rectangle 512. The color indicates 314 
the velocity. Vortices are seen in between features with low velocities 315 
(shown in blue color).  316 
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 317 

3.4 Permeate flux 318 

Permeate flux is negatively associated with salt concentration on the membrane surface according to 319 

Equation (1) due to the increase in osmotic pressure (See Figure S3 for the linear correlation). Figure 12 320 

shows normalized permeate flux on each geometry with the largest pattern size (512 m). Permeate flux 321 

has a higher value at the entrance for each membrane because of a relatively high net pressure difference 322 

at the beginning. Flux values are also higher at the peaks (or plateaus) of patterns and lower in the valleys 323 

due to the effects of CP.  324 

 325 

Figure 12. Permeate flux profiles along the membrane surface for the flat and seven patterns 326 
of interest. Letters indicate the same patterns designated in Figure 1, 6, and 9. Shown here 327 
are results from the 512 µm feature size models. Results from other sizes looked similar, 328 
though the permeate flux values differed.  329 

 330 

Similar to CP factor calculation, a method to quantify permeate flux was conducted. Figure 13 shows 331 

results where all the permeate flux values are normalized to the respective flat-membrane results. This 332 

figure demonstrates that the flat membranes have the highest average permeate flux when calculated on 333 

the basis of total surface area. Note that the Y-axis is magnified and the flux reduction was never greater 334 

than 6%.  335 
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 336 

 337 

Figure 13. Normalized permeate flux calculated through total surface area. 338 

The flux results in Figure 13 were calculated as the total water flow divided by the total surface area. The 339 

surface areas of patterned membranes are higher than flat membranes, thus affecting the calculation. 340 

Another way to calculate flux is to divide the total water flow by projected area. Projected area is 341 

calculated as the total length (L) multiplied by the total width (1/2 L), and is the same for flat and 342 

patterned membranes. For comparison with real-world applications, the projected-area flux calculation 343 

may be more appropriate because actual membrane modules built with patterned membranes would 344 

indeed have higher surface area than flat-membrane modules.  345 

Projected-area flux results (Figure 14) tell a different story than actual-area flux results (Figure 13). The 346 

patterned-membrane simulations had higher water throughput than flat membranes. For example, the 347 

rectangular pillar pattern had about 40% higher projected-area flux and its surface area was likewise 348 
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about 41% greater than the flat membrane. For another example, the LG circle pattern had about 24% 349 

higher flux and its projected area was about 25% higher than the flat membrane.  350 

Considering the flux analysis and the CP factor analysis together, this modeling effort suggests that the 351 

benefit of patterns for salt-rejecting systems may be their increased membrane surface area. Patterns were 352 

not able to induce mixing that reduced CP, but they still prove beneficial in terms of total water 353 

throughput, having more area for water flow. The results here showed a similar trend as Won et al. [7], 354 

where patterned membranes have a higher flux when calculating through projected area, but lower flux 355 

when calculating through the actual area. The models here are likely predicting higher projected-flux 356 

values than would be seen in reality because we did not include the effects of flow through the membrane 357 

support layer, nor the effects of varying active-layer morphology that may occur when membranes are 358 

patterned. Still, any increase in surface area that is realized in practice through membrane patterning 359 

should result in a commensurate increase in flux.  360 

 361 

 362 

 363 

Figure 14. Projected-area flux normalized to the flat-membrane flux. 364 

 365 
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Along with flux, it is worth discussing pressure drop at this point. For this study our goal was to 366 

understand the CP effects and we designed the models with simulation spaces that were much taller than 367 

the simulation lengths so that pressure drop would not be a driver in the results. All the pressure drop 368 

results were below 500 Pa/m, which is much smaller than in full-scale RO processes. Most of the pressure 369 

drop in full-scale systems is due to spacers. The patterns envisioned here would cause less pressure drop 370 

than spacers. 371 

 372 

3.4 Roughness vs. Boundary layer thickness 373 

The results presented above seemed to indicate that membranes with larger features caused larger 374 

increases in CP, but different shapes resulted in different CP values. We were curious as to whether all the 375 

shapes could be described with a single parameter value that would help predict their performance.  376 

Roughness was the first shape parameter we chose to investigate and it proved fruitful. Roughness (Ra) 377 

can be defined in several ways, with one of the simplest being the average deviation in height of the 378 

membrane surface (Equation (9)) [33].  379 

 𝑅𝑎 =
1

𝐿
∫ |𝑧(𝑥)|𝑑𝑥

𝐿

0
  (9) 380 

Thus, flat membranes have zero roughness, while patterned membranes with tall peaks and deep valleys 381 

have high roughness. A term called roughness normalized to pattern height (Rah) is defined as Ra /h, 382 

which helps quantify the percentage of the elevated area.  383 

The chosen membrane performance indicator was boundary layer thickness () calculated through 384 

Equation (10). 385 

 𝛿 =
𝐷

𝑘
 (10) 386 
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Overall, a linear correlation between roughness and boundary layer thickness was observed. Figure 15a 387 

shows the data for all the geometries grouped by pattern size; boundary layer thickness correlated with 388 

roughness in each set. Figure 15b shows the average of all the data in Figure 15a and again a strong 389 

correlation exists. This finding supports the hypothesis that adding patterns onto membranes results in 390 

increased boundary layer thickness, decreased mass transfer, and therefore increased CP. This makes 391 

sense in light of the classical flat-plate boundary layer model [34]. Tangential flow results in solute being 392 

swept away from the surface, but with patterns present solutes in the valleys are shielded from the 393 

sweeping fluid. The net effect is that the greater the roughness the greater the boundary layer thickness.  394 

In predicting performance for future patterned membranes, it may be possible to estimate CP based on the 395 

roughness without running full CFD simulations. Alternatively, pattern designs may exist that alter the 396 

hydrodynamics in creative ways resulting in a breakdown in the roughness vs. boundary-layer-thickness 397 

correlation; data would then fall under the line in Figure 15b resulting in better water flux.  398 

One possible way to break down the roughness vs. boundary-layer-thickness correlation is to change the 399 

flow orientation for the line-and-groove patterns. This is somewhat challenging using our current 400 

simulation techniques because repeating boundary conditions cannot be used for all flow orientations; 401 

however, we were able to add new simulations at the end of the study to evaluate the parallel flow case 402 

for rectangular line-and-groove patterns. We modified Figure 15 to include the new results and we show 403 

those in Figure S4. The parallel flow orientation did decrease the average boundary layer thickness by 404 

about 9%, but this is still not far from the correlation line. CP values in flat membranes were still lower 405 

than CP values in parallel flow line-and-groove patterns. Future work should explore novel geometries 406 

that might cause interesting flow disruptions to break the roughness vs. boundary-layer-thickness trend.  407 
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 408 

Figure 15. Roughness normalized to pattern height (Rah) versus boundary layer thickness (). (a) 409 
Five data series on the same plot corresponding to five sizes for each geometry. (b) Average value of 410 
the five data sets in (a).  411 

 412 

4. Conclusions 413 

Patterned membranes with various shapes were studied for their potential to affect CP in RO membrane 414 

processes. A multi-scale modeling approach was used to enable investigation of a wide pattern size range. 415 

Velocity profile, concentration, shear stress, and permeate flux were evaluated. A Sherwood correlation 416 

fit the simulation results, affirming that the models were behaving rationally. None of the patterns 417 

decreased CP, although vortices were discovered near the membrane surface. Others have postulated that 418 

vortex formation would result in decreased mass buildup, but that was not the case for these laminar-flow 419 

simulations representing the regime that would exist for actual RO operations. Vortices that did form had 420 

low velocity so were not able to effectively scour the membrane surface. The mechanism for increased 421 

CP was related to roughness: increased roughness caused thicker boundary layers, and thus decreased the 422 

mass transfer coefficient.  423 

An increase in CP caused a decrease in local water flux, as would be expected from the enhanced osmotic 424 

pressure in the CP layer. However, using a projected-area calculation (which is more relevant to full-scale 425 

systems) resulted in greater water flux in patterned membranes than flat membranes. The additional 426 
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surface area provided by the patterns counteracted the exacerbated CP to yield an overall greater water 427 

throughput. This suggests that in experimental work that has shown patterned membranes performing 428 

better than flat membranes, the extra surface area resulting from patterning might be the reason that 429 

nominal flux was increased. 430 
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Supplemental material 535 

 536 

Figure S1. Mesh sensitivity test for LG Rectangle patterns. 537 

 538 

Figure S2. CP factor results for five flat-membrane models of various sizes, without velocity adjustment. 539 

All the velocities were set at 0.1 m/s at the entrance, with a moving wall of 0.15 m/s on the top. The fitted 540 

curve was produced using Equations (6) – (8). 541 
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 542 

Table S1. Mesh element numbers for all patterns with all sizes.  543 

Feature 
length, 
l (µm) Flat 

LG 
Rectangle 

LG 
Trapezoid LG Triangle LG Circle 

Rectangular 
pillar Pyramid Circular pillar 

0.125 443,218 463,461 567,745 616,702 446,708 566,431 705,368 860,311 

0.5 444,119 483,660 564,306 611,359 446,153 582,987 660,647 834,288 

2  525,837  479,332  567,923  610,875  445,945  530,820  720,567  859,366  

8 499,631  478,404  566,225  610,929  445,797  457,736  723,312  859,963  

32 446,020  451,954  567,062  616,332  446,886  477,885  720,524  788,899  

128 442,397  455,535  566,967  617,568  446,721  452,537  721,845  882,716  

512 451,021  568,847  524,624  709,048  550,004  620,022  721,339  835,400  

 544 

 545 

Figure S3. Normalized flux vs. normalized CP factor for all membranes. 546 
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  547 

Figure S4. Roughness normalized to pattern height (Rah) versus boundary layer thickness (). (a) Five 548 
data series on the same plot corresponding to five sizes for each geometry. (b) Average value of the 549 
five data sets in (a). These are the same plots as Figure 15 except that the parallel-flow case for LG 550 
Rectangles has been added.  551 

 552 


