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Abstract

:

The development of advanced feed spacers under different working conditions can enhance the performance of the reverse osmosis (RO) desalination process. The 3D-printed experimental results on triply periodic minimal surfaces (TPMS)-based spacers in previous literature indicate that the spacers have higher permeation flux of water compared to those of the common commercial spacers. In this paper, a hybrid modeling approach is developed and applied to predict and evaluate the performance of TPMS-based spacers. The effect of feed channels’ height and porosity on the performance of spacers in brackish water RO (BWRO) process is studied by using a high-throughput approach. The predicted pressure drop by new simulations using the TPMS-based spacers (≈0.09–0.27 bar) from inlet to outlet in a typical two-stage BWRO system is reduced by more than 89% than that of using the commercial spacer (≈2.57 bar). Using the designed advanced spacers, the average permeation flux of water increases more than 8.6% compared to that of the commercial one. With the increase in feed channel height and porosity, the performance of spacers is gradually improved. TPMS-based spacers have significant industrial application prospects.
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1. Introduction


About 97% of the earth’s water is brine, and the rest is fresh water, of which, less than 1% is available [1,2]. With the increase in the world’s population, the shortage of freshwater resources has become a common problem all over the world [3,4]. The current technical methods for obtaining fresh water resources include reverse osmosis (RO), electrodialysis, membrane distillation, nanofiltration (NF), etc., among which, RO has become the most widely used technology in the field of desalination due to its low energy consumption and convenient operation [5,6].



Spiral wound membrane (SWM) modules are the most commonly used membrane modules in membrane processes (e.g., RO and NF). For module design, it is critical to balance flow resistance and concentration polarization. In recent years, most studies are focused on the optimal design of feed spacers as an important component of SWM modules, such as RO/NF membrane-based processes. In the RO process, feed spacers support the membrane sheets to form a flow channel. Spacers promotes turbulence in the channel and enhance mass transfer on membrane surfaces while also resulting in an increase in flow resistance. A high-performance spacer can achieve a good balance between concentration polarization and flow resistance. Therefore, it is very important to understand the flow and mass transfer characteristics in spacers-filled channels. The maturity of three-dimensional (3D) printing technology makes it possible to manufacture spacers with complex geometries [7,8,9]; therefore, various novel spacers were proposed. Lin et al. [10] compared the hydraulic and antifouling properties of four feed spacers with non-uniform filament characteristics, and the results show that the number of filament layers (single layer or double layer), the nonuniformity of filament diameter and the width of the thinning zone have a significant influence on the hydraulic performance. Park et al. [11] proposed a new type of honeycomb spacer, which has an advantage over commercial spacers on reducing concentration polarization. Koutsou et al. [12] designed a novel retentate-spacer which includes the symmetrical connection of spherical nodes and cylindrical filaments to form a net-type structure with parallelogram units. The simulated results show that the flow field and local shear stress and mass-transfer-coefficient distributions on membranes, and shear stress distributions on spacer filaments are rather uniform. In addition, some researchers suggest that applying some characteristics (such as slip velocity) on the membrane surface can also effectively reduce concentration polarization and enhance mass transfer [13,14,15].



TPMS has a large surface–volume ratio; the average curvature of all points on the surface is zero, and it has a smooth transition and good flow characteristics [16]. TPMS-based structures were studied in the fields of aerospace thermal protection structure [17], bone tissue engineering [18], and biological separation [19]. In recent years, it has also begun to appear in the experimental research on the process of membrane separation [20]. To the best of our knowledge, in the field of RO desalination, there is rare report on systematic design of TPMS-based spacers using advanced computational technologies.



In this paper, the multi-scale hybrid model is adopted, which can quickly evaluate the RO system performance of spacers. Feed spacers based on TPMS, e.g., Schwarz crossed layers of parallel, Schoen IWP, Schwarz Diamond, Lidinoid, and IW, are studied and developed by using the hybrid model. Through the hybrid model, the pressure drop and water permeation flux of TPMS-based spacers and commercial spacer at system level are evaluated and compared, and the fluid and mass transfer characteristics of TPMS-based spacers are analyzed and compared with that of the commercial spacer. Furthermore, the effects of various feed channels’ porosities and heights on the performance of spacers are also studied by using a high-throughput approach.




2. Design of TPMS Spacers


In this paper, five typical TPMS-based spacers, namely, Schwarz crossed layers of parallel (CLP), Schoen IWP (IWP), Schwarz Diamond (D), Lidinoid (L), and IW, are studied. The level set approximation equations of TPMS are shown in Equations (1)–(5), respectively [20,21,22,23,24]. The commercial spacer (thickness: 28 mil, 1 mil = 0.0254 mm) used in engineering is compared to TPMS-based spacers. The detailed geometry parameters values of the commercial spacer can be found in the literature [25].
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where  x ,  y , and  z  are the Cartesian coordinate system, and  C  is the constant that controls the porosity of the spacers.



As shown in Equation (1), using the level set equation [21], two different strategies are used to perform topological analysis on the TPMS to create the unit structures [26]. In order to minimize the contact area between the spacers and the membranes and reduce the risk of biological contamination on the contact area between the membranes and the spacers [27], the spacers based on CLP and IWP are formed by the first strategy, in which solid structures are created by thickening TPMS, and the spacers based on D, L, and IW are formed by the second strategy, in which the solid structures are created by solidifying the volume separated by TPMS. The periodic unit structure of the commercial spacer and TPMS-based spacers is shown in Figure 1. All geometric structures of the TPMS-based spacers in this paper are constructed by the free software MS Lattice [28]. In previous experimental studies [20], TPMS-based spacers were fabricated by 3D printing technology, and the material used was PA 2202 (black) thermoplastic material, which is also used by default in the TPMS-based spacers considered in this work.



Porosity and Hydraulic Diameter


The porosity ( ε ) of the spacer-filled channel is defined by the following equation [29].


  ε =    V  tot   −  V  sp      V  tot        



(6)




where    V  tot     (m3) and    V  sp     (m3) are the total volume of the channel and the volume of the spacer, respectively.



Hydraulic diameter (   D H   ) is defined by the following equation [30]:


   D H  =   4 ε   2 /  h  sp   + ( 1 − ε )  S  sp   /  V  sp      



(7)




where    S  sp     (m2) is the surface area of the spacer, and    h  sp     (m) is the height of the spacer. Porosity and hydraulic diameter of the computational domains formed by all the spacers studied are shown in Table 1.





3. Numerical Method


The multi-scale hybrid model developed in previous work [31] is applied in this paper. Firstly, the 3D flow and the concentration fields in the spacer-filled channel are directly calculated. Then, the power–law relationships between the pressure drop per unit length and the average mass transfer coefficient on membrane surfaces, with respect to flow rate, are fitted and obtained, and further applied to establish the meter-scale system RO model with the consideration of concentration polarization.



3.1. Modeling and Numerical Simulations of Spacer-Filled Channels in Millimeter Scale


The commercial finite element CFD software COMSOL Multiphysics 5.3a is used to numerically solve the Navier–Stokes equations and the mass transfer equation. The spacer is composed of a repeated periodic unit structure; hydrodynamics and transfer characteristics of salt in the feed channel can be obtained through the high-fidelity multphysics coupling modeling and numerical simulation of the computational domain containing a few spacer units in the feed direction.



3.1.1. Governing Equations


The physical phenomena involved in the RO process include fluid flow (Navier–Stokes equations) and the mass transfer of salt (Diffusion-convection equation). The Navier–Stokes equations under laminar flow conditions can be described mathematically as


  ρ ( u ⋅ ∇ ) u = ∇ ⋅  [ -  P I + μ ( ∇ u  + (  ∇ u  ) T  ) ]  



(8)






  ∇ ⋅ ( ρ u ) = 0  



(9)




where   ∇ ≡   ( ∂ / ∂ x , ∂ / ∂ y , ∂ / ∂ z )  T    and    u  ≡   ( u , v , w )  T    denote the nabla operator and the velocity vector along the  x ,  y , and  z  coordinates respectively.



The mass transfer control equation of salt is as follows:


  ∇ ⋅ ( D ∇ c ) = u ⋅ ∇ c  



(10)




where  D  (m2/s) and  c  (mol/m3) are the diffusivity and molar concentration of salt in the feed water, respectively.




3.1.2. Boundary Conditions


In the 3D CFD model, periodic boundary conditions are imposed on both sides of the spacer-filled channel along the feed direction and the membrane surfaces are considered as the permeable walls. The permeation flux of fresh water    J w    (m3/(m2∙h)) is expressed as


   J w  =  L p  ( P −  P p  −  f  os   ⋅ c )  



(11)




where    L p    (lmh/bar) is the hydraulic permeability,  P  (bar) is the hydraulic pressure on the membrane surface,    P p    (bar) is the hydraulic pressure on the permeate side, and    f  os     (bar/(mol/m3)) is van’t Hoff factor to convert concentration to osmotic pressure. The boundary condition (Equation (12)) that the flux of salt is zero is applied to the membrane surfaces, that is, the intercept rate of salt is assumed to be 100%.


  ( − D ∇ c + c u ) ⋅ n = 0  



(12)




where  n  is the unit normal vector of the membrane surfaces.



The adopted 3D CFD model is a fully coupled model that couples fluid and mass transfer. By applying the above boundary conditions, the Navier–Stokes equations and mass transfer equation are solved to obtain the hydrodynamics and the transfer characteristics of salt component in the feed channel. The value of related parameters used in the simulations can be found in the literature [31].




3.1.3. Selection of Computational Domain and Mesh Independence Test


The pressure drop per unit length varies little with the increasing of periodic units when the computational domain is formed by more than four TPMS-based spacers units, as is shown in Figure 2. The size of the computational domain is shown in Table 2 with respect to commercial 28 mil spacer and the five TPMS-based spacers.



Mesh independence analysis is performed using tetrahedral discrete elements. The estimated first order derivative of average pressure (  d    P ¯   c  / d x  , bar/m) with respect to the number of spatial finite elements for models is shown in Figure 3, which indicates that the computational results are already basically unchanged by using more than 0.75 million meshes. Mesh independence analysis by other spacers is consistent with that of the CLP spacer. When the spatial finite elements of the spacer-filled computational domains are more than 1.34 [32], 0.75, 1.47, 0.61, 1.26, and 0.95 million, respectively, the computational results are already basically unchanged. Discretization model of the computational domain formed by CLP spacer is shown in Figure 4. Eight layers of boundary layer mesh are applied to the top and bottom membrane walls to capture the drastically changing velocity and concentration fields near the membrane walls.





3.2. Establishment and Solution of Meter-Scale RO System Model


The power–law relationships between the pressure drop per unit length and the average mass transfer coefficient on membrane surfaces with respect to flow rate can be obtained from the millimeter-level high-fidelity CFD model. The above relationships are further substituted into the established system-level RO model (meter level) [31], which is shown in Equation (13), to evaluate the performance of spacers in this paper. The RO system in this work refers to an entire two-stage BWRO system [31].


        d Q   d X   = −  J w  ⋅ A   X = 0 ,   Q =  Q 0  ,       d ( Δ P )   d X   = −  k 2   Q   t 2      X = 0 ,   Δ P = Δ  P 0  ,      J w  =  L p  [ Δ P − Δ π exp (  J w  /   k ¯  m  )     Δ π =  Q 0  Δ  π 0  / Q       k ¯  m  =  k 3   Q   t 3         



(13)




where dimensionless length   X =  x   n  meb   ⋅  l x     ,   X ∈   0 ,   1     indicates first stage RO,   X ∈   1 ,   2     indicates the second stage RO.  x  (m) is the length from the inlet to the RO system along the flow ( x  direction) direction, and    l x    (m) is the length of spacer parallel to flow ( x  direction) per membrane element.    n  meb     is the number of membrane elements per vessel,  Q  (m3/h) is the total flow rate in feed channel, and   Δ P   (bar) is the transmembrane pressure difference.    Q 0    (m3/h) and   Δ  P 0    (bar) are the inlet flow rate and the inlet transmembrane pressure difference, respectively, and      k ¯   m    (m/s) is the average mass transfer coefficient on membrane surface.    k 2    and    k 3    are the front factors, and    t 2    and    t 3    are exponential coefficients. The definitions of      k ¯   m    (m/s) is given in Equation (14).  Q  (m3/h) can be calculated by Equation (15).


     k ¯   m  =        ∫ 0 L   d x    ∫ 0 W   (   − D    c r  −  c w    ⋅     ∂ c   ∂ z             z =  H 2    ) d y      ∫ 0 L   d x    ∫ 0 W   d y          



(14)




where    c r    (mol/m3) and    c w    (mol/m3) represent the concentration of the brine in the feed channel and the concentration on membrane walls respectively.


  Q =  n  sp    N  pv   H  l y  ε  u ¯   



(15)




where    n  sp     and    N  pv     correspond to the number of spacers of each membrane element and the number of first or second stage pressure vessels respectively.    l y    (m) is each membrane element perpendicular to the length of the spacer in the flow ( y  direction), and   u ¯   (m/s) is the average inlet velocity. The relevant parameters of RO system can be found in previous work [31,32].





4. Results and Discussion


4.1. RO System-Level Performance


The comparison of simulated results (commercial spacer) using the hybrid model with plant data is shown in recent literature [31,32], and the hybrid model can predict well the performance of the spacer at the RO system level. In the RO industrial process, the inlet flow rate is generally used, and we use the same inlet flow rate (346 m3/h) for the established BWRO systems with respect to various feed spacers, referred to the measurement of a typical BWRO plant [31]. The inlet flow rate is converted to the corresponding inlet flow velocity. In order to obtain the local hydrodynamics and transport characteristic at various locations along feed direction of RO system, we calculate CFD models under different average inlet velocity conditions with respect to TPMS-based spacers (0.005–0.10 m/s) and commercial 28 mil spacer (0.05–0.25 m/s). The power–law relationships between the pressure drop per unit length and the average mass transfer coefficient, with respect to flow rate, is established.



The transmembrane pressure,   Δ P   (bar), and difference value of water permeation flux between TPMS-based spacers and commercial spacer,   Δ  J w    (m3/(m2∙h)), for the whole membrane systems are presented in Figure 5a,b respectively. The total pressure drop,   Δ  P c    (bar), and average permeation flux of water,      J ¯   w    (m3/(m2∙h)), for the whole RO systems are shown in Figure 6a,b respectively.



Compared with the commercial spacer, TPMS-based spacers have obvious advantages in pressure drop and water flux. The total pressure drop is about 2.57 bar for the commercial spacer. As a comparison, the transmembrane pressure in TPMS-based spacers is almost flat along the feed direction. Among these TPMS-based spacers, the IW structure performs best in terms of pressure drop, with a total pressure drop of 0.09 bar. Compared with that of the 28 mil commercial spacer, average permeation flux of water for CLP, IWP, D, L, and IW spacers increased by 8.6%, 8.6%, 9.0%, 8.9%, and 8.7%, respectively. Among them, the D and L spacers are slightly better than other TPMS-based spacers in average permeation flux of water. Therefore, TPMS-based spacers perform well at the RO system level and have significant industrial application prospects in the brackish water RO desalination process. Furthermore, the local flow and mass transfer characteristics of TPMS-based spacer-filled channels are analyzed and discussed in the next section.




4.2. Local Flow and Mass-Transfer Characteristics


4.2.1. Hydrodynamics and Pressure Drop


The contours of velocity magnitude on various yz-slices and streamlines for the spacer-filled (commercial, CLP, IWP, D, L, and IW) channels are shown in Figure 7a–f. Due to the existence of the spacer, the fluid is forced to move forward, and the streamlines take the form of waves. Compared with the commercial spacer-filled channel, the streamlines in the TPMS spacer-filled channels are smoother due to the special structure. CLP, IWP, L, IW, and commercial spacer-filled channels generally have two different high-speed zones (see Figure 7). The fluid flows through the spacer in IWP spacer-filled channels; there will be a significantly large flow stagnation zone in the middle on the yz-slices of channels, where the risk of fouling increases.



The contours of pressure differential (with respect to the one at the outlet of the computational domain) in the spacer-filled channels (commercial spacer and TPMS-based spacers) are shown in Figure 8. The pressure in these spacer-filled channels seems to show the same trend, and the pressure change occurs mainly at the position of the spacers. In the CLP spacer-filled channels, the pressure drop appears to be more continuous.



The trend relationship between flow rate  Q  and the pressure drop per unit length   −   Δ  P c   L    is shown in Figure 9. The pressure drop per unit length increases with the increase in flow rate. At the same flow rate, the pressure drop per unit length of TPMS-based spacers is much smaller than that of the commercial spacer, indicating that TPMS-based spacers have a great advantage in flow resistance.



The Darcy friction coefficients (   f D  =   −   Δ  P c   L     D H  /    1 2  ρ   u ¯  2     ) based on DH for channels (commercial and TPMS-based) are shown in Figure 10. In the open channel, the 3D numerical simulation matches closely with    f D  = 96 / R  e   D H      [31]. In IW and L spacer-filled channels,    f D    is very similar in the commercial spacer-filled channels correlation, about two times larger than CLP spacer-filled channels. Compared to other TPMS-based spacer-filled channels, the reason why the CLP spacer-filled channel has a lower f value is that it not only has a lower pressure drop per unit length, but also has a smaller hydraulic diameter value.



The power–law correlation between fD and Re in all spacer-filled channels is shown in Table 3. The exponent of the Reynolds number in CLP spacer-filled channel (−0.86) is closer to that in a flat channel (−1), which is related to the fact that the fluid encounters fewer obstacles in the direction of flow in CLP spacer-filled channel.




4.2.2. Mass Transfer and Concentration Polarization


By comparing the concentration distribution on the surface of each channel top membrane, compared with the commercial spacer-filled channel, the CLP, IWP, and IW spacers have a higher concentration distribution on the surfaces of the channel membrane as a whole (see Figure 11). Among the TPMS-based spacers, the concentration polarization of the L and D spacers is relatively small. Compared with other TPMS-based spacers, it may be related to the more internal flow channels formed by the two kinds of spacers.



Furthermore, according to the location of the high-speed areas in spacer-filled channels in Figure 7, the two high-speed areas of the CLP and IWP spacer-filled channels are relatively concentrated, and the flow stagnation areas are relatively concentrated and larger, which is not conducive to fluid mixing in the channel. The D spacer-filled channel has multiple smaller high-speed zones. The high-speed area of L spacer-filled channel is larger and the fluid retention area is smaller. Compared with the CLP and IWP spacer-filled channels, the mixing situation in the D and L spacer-filled channel is more uniform, which is beneficial to enhance the mass transfer.



The mass transfer coefficient km is related to salt concentration gradient at membrane wall by the following equation [31]:


   k m  (  c r  −  c w  ) = − D       ∂ c   ∂ z       z = H / 2    



(16)







The     k ¯  m    over the length of five-unit cells in commercial spacer-filled channels and four cells in TPMS spacer-filled channels is calculated and is plotted as a function of flow rate  Q  on a loglog scale, as shown in Figure 12. In the range of flow rate studied, the average mass transfer coefficient TPMS-based spacer-filled channels is lower than that of commercial spacer-filled channel and the average mass transfer coefficient in D and L spacer-filled channels is larger than that of other TPMS-based spacer-filled channels. The power–law relationship between     k ¯  m    and  Q  in all spacer-filled channels is shown in Table 4. Among the TPMS-based spacer-filled channels, the fitting function of only L spacer-filled channel has a larger slope close to that of the commercial spacer-filled channel.



From Figure 12 and Table 4, combined with the analysis of the membrane surface concentration in Figure 10, it can be found that the enhanced mass transfer ability of CLP, IWP and IW spacers is significantly weaker than that of the commercial spacer. In the reverse osmosis process, the water production capacity is affected by the flow resistance and concentration polarization. Under the brackish water conditions in this work, the feed of salt concentration is very low. Compared with concentration polarization, the flow resistance has a greater impact on the water production capacity in BWRO, which has been proven in previous studies [31,32].



In the section of hydrodynamics and pressure drop, we analyzed that the TPMS-based spacers have a significant advantage in flow resistance; therefore, SWM modules based on CLP, IWP, and IW spacers have better performance than that of the commercial 28 mil spacer for brackish water RO desalination processes considered in this work. It is consistent with the results obtained by system-level model above. The total pressure drop of the RO system based on TPMS spacers is much lower than that of commercial spacer and the water production capacity of the RO system has been greatly improved. Compared with other TPMS-based spacers, the RO system total pressure drops of the L spacer and D spacer are not much different, but the mass transfer capacity is stronger, and the water production capacity of the RO system is slightly improved. When dealing with seawater desalination (high salt concentration), the influence of concentration polarization is significant. In this case, enhancement of mass transfer is also crucial in module design. Therefore, it can be predicted that under seawater conditions, the performance of the L and D spacers may be significantly better than other TPMS-based spacers.





4.3. Structural Parameters Analysis with a High-throughput Approach


In this section, the effects of the height and porosity of feed channels (Different heights and porosity of feed channels based-on TPMS are shown in Table 5.) on the performance of spacers are studied by using a high-throughput approach. Sixty different geometries are investigated. The results obtained by the hybrid model without considering concentration polarization (hydrodynamic-only 3D CFD model and system-level model that neglects the effect of concentration polarization) and considering concentration polarization are compared in BWRO in our previous work [32] and there was sufficiently small difference. The system-level model that neglects the effect of concentration polarization is shown in Equation (17). The hybrid model not considering concentration polarization is adopted in this section to improve computational efficiency.


        d Q   d X   = −  J w  ⋅ A   X = 0 ,   Q =  Q 0  ,       d ( Δ P )   d X   = −  k 2   Q   t 2      X = 0 ,   Δ P = Δ  P 0  ,      J w  =  L p  [ Δ P − Δ π ]     Δ π =  Q 0  Δ  π 0  / Q      



(17)







All 3D CFD models are carried out in the TH-Starlight HPC system established by the national Super-computing in Guangzhou. In order to balance computational time and computational efficiency, 96 cores (4 nodes) are chosen for hydrodynamics-only CFD model in this work. The selection of nodes was discussed in our previous work [32].



Figure 13 shows TPMS-based spacers structure (a) CLP, (b) IWP, and (c) D with four types of porosity in each case. The average permeation flux of water and total pressure drop of RO system for feed channels with different height and porosity based on TPMS are shown in Figure 14. It can be observed that a consistent trend, lower pressure drop, and higher water flux are located in the upper right, with the height and porosity of feed channels increasing, the performance of spacers is gradually improved. Among the three kinds of TPMS-based spacers studied, the performance of the CLP spacer is little affected by the change of height and porosity of channels. As the porosity of the feed channels increases, the smaller the bending amplitude of the channel, and the smaller the pressure drop of the channel. As the height of the feed channels increases, the value of hydraulic diameter is increased to some extent, and the pressure drop of channel is reduced. In the RO process, there are many factors that affect the flux of water, such as flow resistance, concentration polarization, scaling, etc. From Equation (11), it can be seen from the permeation flux of water formula that the driving force is determined by the transmembrane pressure and the osmotic pressure. The pressure drop in the channel affects the transmembrane pressure at different positions along the feeding direction, which, in turn, affects the permeation flux of water, while the pressure drop is positively related to flow resistance. In the case of BWRO in this paper, the transmembrane pressure is much larger than the osmotic pressure. In our previous study [32], the relationship between the transmembrane pressure and osmotic pressure was quantified by calculating the flow resistance coefficient and concentration polarization (CP) coefficient in the channel and the former was found to be about nine times higher than the latter, indicating that the effect of flow resistance dominates in the BWRO process and neglecting CP does not lead to a significant error in predictions of flux. As the channel height and porosity increase, the pressure drop within the channel decreases and the driving force increases. Therefore, the permeation flux of water increases. In order to select the optimal spacer structure, both consumable material and strength of the spacer should be considered at the same time, which is beyond the scope of this work.





5. Conclusions


In this paper, a previously proposed hybrid model (millimeter-scale 3D CFD model and meter-scale RO system model) is used to study the performance of TPMS-based spacers. Compared with that of the commercial spacer, the water production efficiency using TPMS-based spacers has markedly improved. The performance in the L spacer and the D spacer is slightly better than other TPMS-based spacers. Then, the local flow and mass-transfer characteristics of TPMS-based spacers are analyzed and discussed. Finally, the effect of channels’ height and porosity on performance of TPMS-based spacers is studied by using a high-throughput approach. As the channel height and channel porosity increase, the performance of the TPMS-based spacers is gradually improving. The contact area of the membrane with the spacer is an important factor for maintaining the feed channel, although it was applied in the BWRO process in the previous experiments [20] (the operating pressure used was 8.16 bar), but in future work it would be interesting and valuable to carry out further experiments to investigate whether the spacer structure designed in this paper can be applied to the BWRO process under higher pressure.



The method proposed in this paper has the potential to be used to systematically evaluate the performance of the feed spacer and provide suggestions for the development of a suitable feed spacer at different conditions and further accelerate the production and commercialization of high-performance RO membranes.
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Figure 1. Diagram of the unit periodic structure of (a) commercial, (b) CLP, (c) IWP, (d) D, (e) L, and (f) IW spacers. 
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Figure 2. The relationship between the number of periodic units and pressure drop per unit length. 
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Figure 3. The mesh independence analysis of the computational domain composed of CLP spacer at    u ¯    = 0.093 m/s. 
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Figure 4. (a) Discretization model (CLP) of the whole computational domain (≈0.75 million elements), (b) a spacer unit, and (c) zoomed spacer unit section. 
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Figure 5. (a) The transmembrane pressure,   Δ P   (bar), and (b) difference value of water permeation flux between TPMS-based spacers and commercial spacer,   Δ  J w    (m3/(m2∙h)), for the whole membrane systems from inlet to outlet. Different colors represent commercial, CLP, IWP, D, L, and IW spacer-filled channels, respectively. 
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Figure 6. (a) The total pressure drop (difference value between the average pressure at the inlet and the average pressure at the outlet),   Δ  P c    (bar), and (b) average permeation flux of water,      J ¯   w    (m3/(m2∙h)), for the whole RO system. 
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Figure 7. Contours of velocity magnitude (m/s) on eight yz-slices and streamlines at    u ¯  = 0.1   m/s in (a) commercial spacer-filled channel, (b) CLP spacer-filled channel, (c) IWP spacer-filled channel, (d) D spacer-filled channel, (e) L spacer-filled channel, and (f) IW spacer-filled channel. 
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Figure 8. Contours of pressure differential on an xy-slice which is cut at z = 1/2 of height of the computational domain at    u ¯  = 0.1   m/s in (a) commercial spacer-filled channel, (b) CLP spacer-filled channel, (c) IWP spacer-filled channel, (d) D spacer-filled channel, (e) L spacer-filled channel, and (f) IW spacer-filled channel. 
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Figure 9. Comparison of pressure drop for Commercial, CLP, IWP, D, L, and IW spacer-filled channels obtained from 3D simulations. 
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Figure 10. Comparison of Darcy friction coefficient vs. Reynolds number relationships for Commercial, CLP, IWP, D, L, and IW spacer-filled channels obtained using 3D simulations. Re is based on DH. 
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Figure 11. Contours of salt concentration (mol/m3) on top membrane surface at    u ¯  = 0.1   m/s in (a) commercial spacer-filled channel, (b) CLP spacer-filled channel, (c) IWP spacer-filled channel, (d) D spacer-filled channel, (e) L spacer-filled channel, and (f) IW spacer-filled channel. 
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Figure 12. Cell-average mass transfer coefficient     k ¯  m    in a length of five-unit cells as a function of flow rate in commercial spacer-filled channel and a length of four-unit cells as a function of flow rate in TPMS-based spacer-filled channel. 
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Figure 13. TPMS-based spacers structure (a) CLP, (b) IWP, and (c) D with four types of porosity in each case. From left to right, the porosity of spacer-filled channels increases in turn. 
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Figure 14. The total pressure drop,   Δ  P c    (bar), and average permeation flux of water,      J ¯   w    (m3/(m2∙h)), for feed channels with different height and porosity filled with (a) CLP, (b) IWP, and (c) D based on TPMS, respectively. 
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Table 1. Porosity and hydraulic diameter of the computational domains formed by CLP, IWP, D, L, and IW and commercial spacers.
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	The Type of Spacer
	   Porosity   ( ε )   
	    Hydraulic   Diameter   (  D H  ,   m )   ×    10 3     





	CLP
	0.88
	1.37



	IWP
	0.90
	1.79



	D
	0.89
	1.68



	L
	0.87
	1.88



	IW
	0.90
	2.36



	Commercial

(thickness of 28 mil)
	0.90
	0.95
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Table 2. The size of computational domain with respect to various spacers.
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	Parameters
	Commercial
	CLP
	IWP
	D
	L
	IW





	Length, L (m) × 103
	19.714
	15.272
	9.2
	9.2
	18.4
	18.4



	Width, W (m) × 103
	3.943
	4.6
	2.3
	2.3
	4.6
	4.6



	Height, H (m) × 103
	0.701
	2.3
	2.3
	2.3
	2.3
	2.3



	Unit length, l (m) × 103
	3.943
	3.818
	2.3
	2.3
	4.6
	4.6
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Table 3. The power–law correlation between fD and Re in all spacer-filled channels.
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	The Type of Spacer
	fD
	R2





	Commercial
	29.93 Re −0.53
	0.998



	CLP
	41.90 Re −0.86
	0.998



	IWP
	44.17 Re −0.67
	0.999



	D
	37.74 Re −0.61
	0.999



	L
	12.83 Re −0.441
	0.963



	IW
	21.72 Re −0.55
	0.997







R2 represents the correlation coefficients.













[image: Table] 





Table 4. The power–law correlation between     k ¯  m    and Q in all spacer-filled channels.
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	The Type of Spacer
	      k ¯   m    ∝       
	R2





	Commercial
	      Q  0.46     
	0.998



	CLP
	      Q  0.28     
	0.986



	IWP
	      Q  0.31     
	0.997



	D
	      Q  0.33     
	0.997



	L
	      Q  0.41     
	0.972



	IW
	      Q  0.30     
	0.998







R2 represents the correlation coefficients.
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Table 5. Different heights and porosity of feed channels based-on TPMS.
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Height (m) × 103

	
CLP

	
1.9 2.0 2.1 2.2 2.3




	
IWP

	
1.9 2.0 2.1 2.2 2.3




	
D

	
1.9 2.0 2.1 2.2 2.3




	
Porosity (-)

	
CLP

	
0.58 0.68 0.78 0.88




	
IWP

	
0.59 0.69 0.80 0.90




	
D

	
0.60 0.70 0.80 0.90
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