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Abstract 

In the recent decade, 3D printing technology has been used to produce spacers in the membrane industry 

due to its advantages at dealing with complicated geometries and simplifying the assembling process. A 

new spacer methodology is investigated that uses 3D printing to directly attach spacers to the membrane 

surface. The novelty of this method is that the spacer channels can be built thinner, which leads to smaller 

spacer heights. Therefore, within the same module volume, more layers can be packed and more surface 

area can be created to achieve higher permeate flux. The research goal is to design efficient models that 

help us discover the best parameters for 3D-printed spacers. Spacer heights and spacer patterns are 

directly related to pressure drop and concentration polarization (CP). Thus, computational fluid dynamics 

is useful in helping expedite the process of discovering the best designs with both low pressure drop and 

low CP. Simulations investigated spacer shapes including regular cylinders, elliptical cylinders, and 

airfoils. Spacer heights ranging from 200 µm to 500 µm were simulated to discover the height to achieve 

the same pressure drop as a 30 mil conventional spacer. Simulation results indicate that 3D-printed 

spacers with elliptical design can greatly increase water productivity in a spiral-wound module by 

increasing packing capacity. These designs also reduce CP by improving the hydrodynamics. Ellipses 

with a length:width ratio of 2.4 were optimal.  
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1. Introduction 

Reverse osmosis (RO) membranes are extensively used as a desalination technology [1], and are 

experiencing rapid growth in both municipal and industrial water treatment [2,3]. One problem that exists 

in all RO systems is the high capital and operating cost to build and maintain an RO system. To reduce 

capital cost, it is important to improve the performance of the membranes. Among all the methods to 

achieve high performance of the membranes, one of them is to enhance permeate flux through spacers, 

which alter the flow and mass transfer patterns, and therefore affect the permeate flux [4]. In addition, 

membrane area could be increased through reducing the thickness of spacers, which improves the packing 

capacity of the membrane module. By promoting  mass transfer and improving water productivity, 

spacers can help improve the hydrodynamics of the RO system [5–8]. Therefore, the capital cost of the 

system can be reduced.   

Feed spacers are used in spiral wound membrane modules to create intermembrane space and increase 

water mixing [9]. Due to its important role in the membrane field, many  groups have done research 

numerically and experimentally to improve the design of the spacers [10–13]. Different geometries such 

as ladder shapes, diamond shapes [14–17], spacers with modified filaments or twisted tapes, and multi-

layer spacers [18] were investigated and their mass flow results were studied. However, due to the 

limitations of conventional manufacturing method, the complexity of these spacers are still limited. 

Therefore, in recent years, 3D printing technology has gained attention in building and designing spacers 

[19].  

Research groups have focused on different aspects of 3D-printed spacers. Yanar et al. analyzed membrane 

spacer materials and discovered that certain printing materials can effectively reduce fouling [20]. Lee et 

al. [21] looked into 3D printing technologies based on solid, liquid, and powder, assuring its potential for 

membrane module designs. With the help of 3D printing technology, new spacer geometries have 

emerged, such as sinusoidal spacers [22], wave-like spacers [23], pillar-like spacers [24], column shaped 
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spacers [25], and triply periodic minimum surface spacers [19]. These spacers validated the accuracy of 

3D printing technology, and also showed improved performance through reducing membrane fouling, or 

improving energy efficiency.  

The unique aspect of the spacers that we are discussing in this paper is that it uses 3D printing technology 

to directly print spacers onto the membrane surface, which is different from the spacers in much of the 

published work. Spacer materials include food grade polymers, food grade epoxies, thermoplastics, and 

waxes [26]. 3D printed spacer thickness can potentially be as low as 5 mil (0.13 mm), which is much 

thinner than conventional spacers that are usually between 26 and 34 mil (0.66 mm and 0.86 mm) [9]. 

These spacers can greatly increase the amount of membrane area packed in a membrane system, and 

therefore increase the flow rate of clean water that can be produced within a single module. Compared 

with conventional spacers, these 3D-printed spacers have much higher packing capacity within the same 

module volume.  

One concern with thinner spacers is that longitudinal pressure drop can increase, which increases energy 

consumption. Therefore, it is suggested that a thin feed channel spacer with low pressure loss at a high 

mass transfer rate can be advantageous for improved water productivity [27]. For our 3D-printed spacers, 

they take up much less cross-sectional area than conventional spacers. Therefore, it is reasonable to 

believe that the spacers will not cause extra pressure drop under lower spacer height.  

Computational fluid dynamics, as a widely used analysis tool in membrane separations [28], is adopted to 

simulate the fluid flow through numerical methods and equations [29]. In this research, the first step is to 

compare pressure drop between traditional mesh spacers and novel printed spacers, and then an 

automated simulation system is built for all the 2D models to select through all the potential geometries. 

3D models will be conducted to help discover the best designs in terms of pressure drop and 

concentration polarization.   

 
2. Materials and methods 
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 A variety of simulations was performed in both 2D and 3D. 3D simulations were first conducted to 

compare the pressure drop in channels filled with conventional spacers and 3D-printed circular pillar 

spacers. These 3D simulations help discover the channel height for 3D-printed spacers in order to reach 

the same pressure drop as a channel filled with conventional spacers. After deciding on the channel 

height, 2D simulations were run to discover the best spacer designs. More 3D simulations were conducted 

again to apply the 2D designs in a realistic 3D system to investigate concentration polarization.   

2.1 Geometries studied 

2.1.1 3D geometries for pressure drop studies 

In this simulation, a membrane channel with conventional spacers is first built to investigate its pressure 

drop. Then several channels filled with 3D-printed spacers were evaluated with heights varying from 100 

µm to 500 µm. 

Our simulations for conventional spacers are based on the diamond-shaped ones. The channel height is set 

to be 0.76 mm (30 mil) which is a common thickness for spacers. The conventional spacer height is equal 

to half of the channel height and they are placed on top of each other. Traditional spacers require larger 

computing capacity due to their complex geometry. Therefore, the models try to simulate a minimum 

length while achieving reasonable results.  Models with different domain lengths including 6 mm, 12 mm, 

18 mm, and 24 mm were simulated and pressure drop values were compared. At 12 mm, pressure drop 

per length reached to a stable value, so we carefully chose 12 mm as the domain length (Figure 1 a and b). 

The domain width is 6 mm.  
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Figure 1. Membrane channels with conventional spacers (a and b) and 3D-printed spacers (c and d). The 
height of the conventional-spacer filled channel is 0.76 mm, while the height of the 3D-printed spacer 
filled channel varies in the first series of studies by performing a parametric sweep.   
 
For 3D-printed spacers, four rows and two columns of circular spacers were simulated. More shapes will 

be investigated later in the paper. Here, the spacer parameters are based on a design that has been 

prototyped in which the ratio of spacer length and distance between the centers of two nearby spacers is 

equal to 1:6 [26]. In these models, we study the spacers when d is 1 mm and compare the results with the 

conventional spacers. A conceptual model is built to help explain the boundary conditions (Figure 2). The 

feed enters the domain on the left side, and the permeate leaves the domain on the right side. The top 

surface indicated in grey is where the membrane is located, and the rate of permeation is calculated in 

Equation 1. The inlet velocity changes according to the channel height, making sure the volume flow rate 

is the same among all simulations.  

           𝑢𝑢𝑚𝑚 = 𝐴𝐴(𝛥𝛥𝑃𝑃 − 𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑐𝑐𝑤𝑤)                                       (1) 
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Figure 2. Conceptual model for 3D geometries.  
 

2.1.2 2D geometries 

Dozens of RO membrane models assembled with varied spacers were built for analysis. In this study, 

only one single element was investigated in each model. The geometries include cylinders, elliptical 

cylinders, and airfoils. These shapes have smooth features that could potentially reduce drag and improve 

hydrodynamics. They allowed an investigation of the hydrodynamic effects of different surface features. 

Spacers were set to have the same width, the same length, or the same attached area to the membrane 

surface to investigate how feature widths and feature lengths can affect the pressure drop results. All 

models were created with COMSOL Multiphysics 5.5.    

 

Figure 3. Spacer geometries. (a) Ellipses with the same width (1 mm) but different lengths (0.5 mm to 4 
mm). (b) Ellipses with the same length (4 mm) but different widths (0.5 mm to 4 mm). (c)(d) Ellipses and 
airfoils with the same total area, but different x-axis and y-axis lengths. The x-axis length ranges from 1 
mm to 3 mm for 2D simulations, and y-axis length ranges accordingly.  
 

2.1.3 3D geometries for concentration polarization studies 
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3D geometries were built to investigate concentration polarization (CP) in different models. These 

geometries were matching the experiments we are planning to conduct in the lab with SEPA cell (Figure 

4). The size of the cell is 146 mm in length, 95 mm in width, and 0.42 mm in height.   

 

Figure 4. SEPA test cell in the lab.  
 

To determine the ideal parameters of the 3D-printed spacers including the diameter and the distance, a 

series of calculations was performed shown in Figure 5. In these calculations, our goal is to find the 

maximum distance between spacers while making sure the membrane channels are still well separated by 

spacers, given a spiral wound unit with the inner diameter of 19 mm and 29 mm. These two inner 

diameters are commonly used in the industry. For the circular pillars, the assumption is that the spacer 

height (h) is equal to the spacer length or diameter (d). Each simulation domain includes four rows of 

features in two columns, and the distance D is determined through Equations (2)-(5).  
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Figure 5. Calculation of spacer distance (indicated in green color in the figure) based on a 
permeate tube of a spiral wound element with an inner dimension of 19 mm (r = 9.5 mm).  

 
To calculate the arc length in the circle, first calculate a:  

                                                      𝑎𝑎 = �(𝑟𝑟 + ℎ)2 + �ℎ
2
�
2
                                                                (2) 

Then calculate b: 

                                                           𝑏𝑏 = √𝑎𝑎2 − 𝑟𝑟2                                                                          (3) 

Angle (θ + γ) can be derived after calculating the values for tangent a and tangent b:  

                                𝜃𝜃 = arctan �0.5ℎ
𝑟𝑟+ℎ

�,  𝛾𝛾 = arctan �𝑏𝑏
𝑟𝑟
�                                              (4) 

After knowing the angle θ + γ we are able to calculate the arc length, also known as the spacer distance D 

indicated in red color:  

                                           𝐷𝐷 = 2 ∙ 2𝜋𝜋𝜋𝜋 𝜃𝜃+𝛾𝛾
360° 

                                                                        (5) 

Under these calculations, for a spacer that has a 0.42 mm in length and 0.42 mm in height, the distance 

between spacers is 6 mm and 7.3 mm respectively when the inner diameter of the membrane unit is equal 

to 19 mm and 29 mm.  

Different offsets were also studied with the geometries having different staggering levels. Staggering 

level percentage ranges from 0% when the patterns are perfectly in line and 100% when the patterns are 

completely staggered (Figure 6).  

 

Figure 6. Spacer offsets including in-line and staggered-ones. The 100% staggered offset is 
when the second row of spacers fall in the middle of the first row.  

 

2.2 Mesh generation 
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For 2D models, triangular meshes were built and the number of elements were in the same magnitude for 

all models. A mesh sensitivity test was conducted to make sure that the mesh density change would not 

have a big influence on the results. For 3D models, tetrahedral meshes were generated and mesh 

sensitivity test was conducted. More information can be found in the supplemental material.  

 

2.3 Governing equations 

The first two parts of simulations include only fluid flow. Therefore, the equations used are Equations (6) 

and (7). For the last part of simulations, fluid flow and transport of solute were described by Equations (7) 

- (8) 

 𝜌𝜌(∇ ∙u)u=-∇P + μ∇ ∙ (∇𝐮𝐮 + ∇uT) (6) 

 ∇ ∙u=0 (7) 

 u∇ ∙ 𝑐𝑐 = 𝐷𝐷∇2𝑐𝑐 (8) 

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

concentration. Equation (6) is the Navier-Stokes equation that is used to describe the motion of fluid. 

Equation (7) is the continuity equation. Equation (8) is the convection-diffusion equation. Momentum and 

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

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

concentration profile. Solutions were found using COMSOL Multiphysics 5.5 run on the Palmetto 

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

 

3. Results and discussion  

3.1 Pressure drop for spacers with different heights and geometries 

Pressure drop is first studied in membrane systems with conventional spacers and 3D-printed spacers. 

Conventional spacer height is set at 30 mil (0.76 mm), while a parametric study for 3D-printed spacers is 

conducted with varying heights. The study domain is the same as the one in Figure 1. Pressure drop 
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results are shown in Figure 7 when maintaining the same inlet velocity (a) or volumetric flux (b). As the 

spacer heights decrease, pressure drop results increase.  

 

 
Figure 7. Pressure drop for 3D-printed spacers forming various channel heights under (a) constant 
crossflow velocity and (b) constant volumetric flow rate.  
 

The blocking area of the two channels are calculated. In our simulations, the conventional spacer blocking 

percentage is 3.2% and the 3D-printed spacer is 2.2%. Literature review was conducted to estimate the 

percentage in common spacer filled channels that are in practice. Calculation shows that the percentage 

can range between 3.9% and 8% (see supplemental material) [30]. Reduced blocking area can be 

beneficial for improving permeate flux within one layer of permeation.  

Results show that given the same velocity, to achieve the same pressure drop, 3D-printed spacers had a 

height of 0.32 mm (Figure 7a), which is less than half as thick compared with conventional spacers. 

Therefore, within the same volume, when using 3D-printed spacers instead of conventional spacers, one 

is able to pack in much more layers. One might wonder since the channel height is thinner, if there would 

be less water being treated in the channel. Therefore, a comparison with the same volumetric flow rate is 

also plotted where all channels maintain the same flow rate of water being treated while the height is 

changing. Decreasing channel height causes the crossflow velocity to increase. The results show that the 
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thickness of the 3D-printed spacers is 0.42 mm (Figure 7b), still much lower than the conventional one. 

Based on a typical spiral wound membrane unit in Figure 5, modules are assembled with each membrane 

“sandwich” containing one layer of spacer, one layer of membrane, one layer of permeate carrier, and 

another layer of membrane. Assuming the inner and outer dimension is 19 mm and  

 

After deciding the channel height for 3D-printed spacers, single elements in 2D simulations were studied 

to see how the geometries would affect the pressure drop results. At first, both ellipses and airfoils were 

studied. The area is maintained as the same while lengths and widths being changed (Figure 8). Results 

show that ellipses and airfoils perform more or less the same and that airfoils did not show much more 

improvement than ellipses. Therefore, more simulations were focused on ellipses as it is easier to 

manufacture them. In Figure 9, ellipses are studied varying only lengths or widths. Cylinders are also 

studied when the length and width are the same. Results show that ellipses work better than cylinders 

when given the same length or same width. The best pressure drop result occurs when length to width 

ratio is 2.4.  

 
Figure 8. Results for ellipses and airfoils with different x-axis lengths. Figure a is the pressure drop results 
for both ellipses and airfoils, Figure b shows the velocity profile for airfoils, and Figure c shows the shear 
stress profile for airfoils. 
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Figure 9. Results for ellipses with varying widths or lengths. In (a), ellipses all had the same length 
(4mm) but the widths varied from 0.5 mm to 4 mm. In (b), ellipses all had the same width (1 mm) but the 
lengths varied from 0.5 mm to 4 mm. More simulations for different constant lengths and widths are 
conducted and are discussed in the supplemental material. 

 
 
It is quite straightforward to notice that when maintaining the same length while changing widths, 

pressure drop increases when width increases (Figure 9a). In Figure 9b, pressure drop first decreases 

dramatically when the x-axis length of the geometries increases while the width stays the same. This is 

because shear stress has been decreased as the x-axis length increases. When the x:y axis length ratio 

reaches 2:1 to 3:1, pressure drop value reaches the lowest. Then as the x-axis length keeps increasing, 

pressure drop starts to increase again because the drag around the shapes increased. A more thorough 

study about the best length to width ratio is studied. Results show that when the ratio equals 2.4:1, 

pressure drop is the lowest. This is when setting the ellipse width as a constant number and only changes 

the lengths. According to Figure 8, when varying both widths and lengths at the same time and keeping 

the total area the same, the best ratio is 2.6:1 for ellipses and 2.8:1 for airfoils. From these studies the 

conclusion is that when the spacer width is determined, increasing spacer length will increase pressure 

drop. However, when the spacer length is determined while the width is changing, the best result for 

pressure drop is when the length and width ratio is between 2:1 and 3:1. The studies on these single 

elements give us a direction on designing geometries with low pressure drop, which saves energy and 

therefore reduces the cost of an entire membrane unit.  
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3.2 Concentration, shear stress, and permeate flux 

For simulations including salt concentration, the models are first validated through comparing 2D and 3D 

results. The results show similar curves, giving us confidence that the models are behaving well.  

 
Figure 10. 2D and 3D concentration results for geometry with a length of 130 mm. 

 

Concentration profile was characterized on both an empty channel and channels filled with 3D printed 

spacers, and the quantitative results are shown through the calculation of CP factor, which is defined as 

the surface concentration (cm) to bulk concentration (cb).  3D printed spacers with elliptical cylinders 

(length:width = 2.4:1) have in-line and staggered offsets. The comparison for CP, shear stress, and 

permeate flux profile is shown in Figure 11. Shear stress profile shows the distribution of shear stress at 

different locations of the membrane channel. It can be observed that adding spacers increased shear stress 

especially at the places around the spacers. Concentration and shear stress profiles help us see how the 

hydrodynamics of the channels have changed due to the addition of the spacers. Permeate results show 

that membranes with patterns successfully improved permeate flux, especially towards the end of the 

channel. The average permeate flux result is shown in Figure 12, giving us a more quantitative 

understanding. Permeate results show that membranes with patterns successfully improved permeate flux, 

especially towards the end of the channel. The average permeate flux result is shown in Figure 12, giving 

us a more quantitative understanding.  
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Figure 11. Concentration profile for (a1) an empty channel, (a2) a channel filled with in-line spacers, and  
(a3) a channel filled with staggered spacers. Shear stress profile for (b1) an empty channel, (b2) a channel 
filled with in-line spacers, and (b3) a channel filled with staggered spacers. Permeate flux profile for (c1) 
an empty channel, (c2) a channel filled with in-line spacers, and (c3) staggered spacers. All channel 
heights are 0.42 mm. All spacers are in an elliptical shape with a length of 1 mm and a width of 0.42 mm. 
The distance between features is 6 mm.  

 
Figure 12. CP and permeate flux results for models with an empty channel and spacers with different 
staggering levels. The staggering degree goes from 0% (completely in-line) to 100% (completely 
staggered). 
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3.3 Velocity profile and streamlines 

The system has a low Reynolds number (around 20) due to its thin channel height. Velocity profile fits 

the planar Poiseuille flow and is under laminar flow pattern. Part of flat membrane’s side view of the 

velocity profile is shown below. Like the concentration results, 2D and 3D models are both simulated and 

a matching curve is discovered to prove the accuracy of the models.  

 

Figure 13. Velocity profile for the side view of the channel. The profile fits a typical laminar flow. 

 
4. Conclusions 

3D printed spacers with improved hydrodynamics and packing capacity were evaluated using 

computational models. Both 2D and 3D models were built to expedite the discovery of the best 

arrangement. Results show that 3D spacers that are directly printed onto the membrane surface can enable 

modules to be built with thinner feed channels than conventional designs while having the same pressure 

drop. Thinner feed channels would mean the packing capacity is greatly increased compared to 

conventional spacers. Circles, airfoils, and ellipses were all investigated under different lengths and 

widths, and in the end, one shape was determined with a proper length to width ratio for the best 

performance. A practical solution was also found through calculating the parameters based on a realistic 

reverse osmosis membrane unit. Among all the simulations, the best design is elliptical cylinders with a 

length to width ratio equal to 2.4, and a between-feature distance of 6 mm. The layout of the spacers did 
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not play a big role in changing the concentration results; however, all channels filled with spacers reduced 

CP by 21% compared to an empty channel.  
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