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Abstract.  In this study, computational fluid dynamics (CFD) analysis was conducted to investigate the flow 

pattern and to find the occurrence of dead zones in an existing capacitive deionization (CDI) cell. Newly designed 

cells—specifically designed to avoid dead zones―were analyzed by CFD in accordance with the flow rates of 15, 

25 and 35 ml/min. Next, the separation performances between the existing and newly designed cell were compared 

by conducting CDI experiments in terms of salt removal efficiency at the same flow rates. Then, the computational 

and experimental results were compared to each other. The salt removal efficiencies of the hexagon flow channel 1 

(HFC1) and hexagon flow channel 2 (HFC2) were increased 88-124% at 15 ml/min and 49-50% at 25 ml/min, 

respectively. There was no difference between the existing cell and the foursquare flow cell (FFC) at 35 ml/min. 

 
Keywords:  capacitive deionization (CDI); dead zone; flow channel; computational fluid dynamics (CFD); 
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1. Introduction 

 
For the production of ultra-pure water by the utilization of ion exchange membranes, there are 

several processes such as the electrodeionization (EDI) process (Khoiruddin et al. 2014, Turek et 

al. 2013), capacitive deionization (CDI), and membrane capacitive deionization (MCDI) 

(Biesheuvel and van der Wal 2010), etc. EDI process is a separation process which combines of 

electrodialysis and ion exchange whereas CDI, first introduced by Caudle et al. (1966), is an 

electrically induced alternative approach for extracting salt ions from concentrated saline solutions. 

In this paper, CDI which takes an attention in recent years will be discussed in more detail. 

The CDI process takes advantage of the excess ions adsorbed in the electrical double layer 

region at an electrode-solution interface when the electrode is electrically charged by an external 

power supply (Li and Zou 2011). In a CDI operation, when an electrical potential is applied to an 

electrode, charged ions in feed water are adsorbed onto the surface of the charged electrodes so 
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that an electrical double layer is formed at an electrode-solution interface (Park 2008). As a result, 

purified water is produced. In the case of a zero or reverse electrical potential, the adsorbed ions 

are desorbed back into the bulk feed solution and the saturated electrodes undergo regeneration; 

therefore, in a CDI operation, electrode performance is the key parameter for accomplishing 

complete adsorption and desorption within a desired period (Lee et al. 2011, Pei et al. 2008, Faisal 

et al. 2014). Also, the membrane module structure has an important role to perform an effective 

separation. In particular, the plate-and-frame type module needs uniform flow in both laminar and 

turbulent situations to avoid a dead zone where no separation occurs. 

During the CDI process, cell operation as well as electrode material characteristics and 

membrane-bound structure can lead to a dead zone. These dead zones can be a factor affecting salt 

removal efficiency. Depending on the module structure, the contact states of fluid and membranes 

vary and affect separation performance. 

Computational fluid dynamics (CFD) is used to analyze movement of a fluid which passes 

through or around an object. This software can predict product performance before production, 

optimize design, and examine effectiveness of operation. Turbulent flow models, such as DES 

(detached eddy simulations), LES (large eddy simulations), k-ε model and k-ω model, have been 

used for accurate flow analysis to simulate turbulent flow which cannot be calculated by 

computational fluid dynamics. Using CFD, different strategies for module design and 

consequently reduction of polarizations' effect would be possible prior to conducting costly 

experiments (Shirazi et al. 2016). 

During the past two decades, CFD has been widely used to model the hydrodynamic behavior 

of membrane-separation processes using membrane modules (Schwinge et al. 2004, Ghidossi et al. 

2006). The appropriate cell types in spiral-wound membrane modules have been suggested based 

on the three-dimensional CFD analysis of spacer-filled membrane module designs with various 

spacer arrangements. Li and Tung (2008a and b) noted that although the outward appearance was 

similar to that of a spiral channel, their results showed that the curvature of a spacer-filled channel 

affected the flow field in spiral-wound membrane modules. 

Lin et al. (2006) performed laboratory-scale and pilot-scale flow analysis for a mixed solution 

with methanol and C5 in the pervaporation process to analyze the process efficiency and also used 

the CFD flow analysis to investigate dead zones in the module. Furthermore, flow channel flux in 

a cell or a module through CFD flow analysis to increase efficiency has been investigated 

(Fontalvo et al. 2006). Takaba and Nakao (2005) conducted CFD flow analysis in gas separation to 

investigate concentration polarization and designed a membrane module in the ideal selectivity 

conditions for polarization. Rahimi et al. (2005) preliminarily analyzed membrane permeability 

depending on pressure by using CFD and then obtained similar results under the same conditions 

in the final study. 

In this study, CFD analysis was conducted to investigate the flow pattern and to find the 

occurrence of dead zones in the existing CDI cell. On the basis of the CFD analysis, new CDI 

cells—designed to avoid dead zones in which the separation performance is affected—were 

designed. Also, this new cell was analyzed by CFD. Next, the separation performances between 

the old and newly designed cell were compared by conducting CDI experiments in terms of the 

salt removal efficiency. Finally, CFD analysis and separation performance, i.e., calculation and 

experimental results were mutually compared. For the flow pattern, the flow rates of 15, 25, and 

35 ml/min were used in both CFD and CDI experiments. The adsorption/desorption electric 

potential was 1 V/0 V and adsorption/desorption time was 3 min/1 min. 
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2. Experimental procedures 
 

2.1 Materials 
 

Sodium chloride (NaCl, 99.5%) was purchased from OCI, Korea. The carbon electrode was 

provided by Pureechem (Chungbuk, Korea). All CDI cells were made from poly(methyl 

methacrylate) plates. 
 

2.2 Simulation tool 
 

The software used in the study was ANSYS CFX version 15.07 and the k-epsilon (k-ε) 

turbulent flow model was adopted. In addition, mesh was set on the basis of one million elements 

and it was checked that skewness was less than 0.9 for calculation. A wall condition (noninvasive 

condition) was established on the wall of an internal flow field because a boundary layer arises 

from viscosity, but not in fully developed flow. The target was an error tolerance of 0.00001. The 

inlet was dependent on flux setting and the outlet was set at atmospheric pressure. From the 

simulation, the pressure applied on a cell at each flow rate, fluid behavior at each point inside a 

cell, and the presence/range of a dead zone in each flow channel were analyzed. 
  

2.3 Cell configuration 
 

As shown in Fig. 1, the foursquare flow channel (FFC), hexagonal flow channel 1 (HFC1), and 

hexagonal flow channel 2 (HFC2), which angle in below part was larger than that of HFC1, were 

prepared for CFD analysis. The outer size of the cell was 16 cm x 16 cm and the flow channel 

areas of each cell were 144, 114, and 107 cm2, respectively, for FFC, HFC1, and HFC2. The 

electrode area in a flow channel which was separated 1 cm from each face of the flow channel was 

100, 75 and 70 cm2 (directly measured from Fig. 1) in order, respectively again, for FFC, HFC1, 

and HFC2. 
  

2.4 CDI experiment (Lee et al. 2010) 
 

Schematic diagram of the CDI cell and CDI experimental apparatus are illustrated in Fig. 2. 

 

 

   

(a) Foursquare (FFC) (b) Hexagon 1 (HFC1) (c) Hexagon 2 (HFC2) 

Fig. 1 Detailed size and shape of (a) the existing cell (FFC); and (b) newly designed HFC1; and (c) HFC2 
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Fig. 2 Schematic diagram of experimental apparatus 

 
 

The CDI system consists of a feed tank, a peristaltic pump (IWAKI, PST-100), a TDS 

conductivity meter (OAKATRON, Japan), a potentiostat (WPG 100, WonATech Corp.), and a 

CDI unit cell. This CDI unit—regardless of the shape (foursquare or hexagon)—is made of two 

carbon electrode sheets separated by a non-conductive spacer that prevents an electrical short and 

allows the feed solution to flow. Graphite sheets on both outer sides of the electrodes play the role 

of current collector. Two silicon sheets of 1 mm thickness lie in between the outer sides of the 

current collectors and the 10 mm thick Plexiglas®  plate to act as seals. 

A feed solution of 100~110 mg/L sodium chloride with a flow rate of 15, 25 and 35 ml/min 

was allowed to flow continuously into the two entry holes on the CDI unit cell surface. Water 

came out of the exit hole on the center of the CDI cell surface. The ion conductivity of the effluent 

water was measured every 3 s and recorded in the computer. Fixed potentials of 1.0 V for 

adsorption and 0 V for desorption were applied to the CDI cell for the adsorption/desorption time 

of 3 min/1 min and controlled by a potentiostat. 
 
 

3. Results and discussion 
 

3.1 CFD analysis 
 

3.1.1 Internal pressure depending on the feed flow rate 
The internal pressure was investigated for 3 types of CDI cells according to the feed flow rates 

(Fig. 3). In general, the internal pressure increases as the feed flow rate increases. And, the internal 

pressure of the FFC cell is the lowest among the cells in question. This is due to the flow channel 
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FFC 

 

HFC1 

HFC2 

 (a) 15 ml/min (b) 25 ml/min (c) 35 ml/min 

Fig. 3 Analysis of the internal pressure for each cell 

 

 

 

 

area. In other words, the area of the FFC cell is larger than the other cells of HFC1 and HFC2. 

Though it was hard to find the difference between HFC1 and HFC2, it may be considered that the 

pressure development in HFC1 looked slightly greater than that in HFC2. 

 

3.1.2 Velocity vectors 
Velocity vectors in each CDI cell were analyzed (Fig. 4). In FFC, dead zones were observed in 

two spots (indicated by circle) except the inlet edge at all the fluid rates; however, the dead zone 

area tends to decrease as the flow rate increases. In HFC1 and HFC2, the dead zone area was 

remarkably reduced at any flow rates. When HFC1 is compared with HFC2, the velocity vectors of 

HFC1 are more active than those of HFC2 at all flow rates. This result coincided with the previous 

internal pressure analysis that the internal pressure in HFC1 is slightly more developed than that in  
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FFC 

 

HFC1 

HFC2 

 (a) 15 ml/min (b) 25 ml/min (c) 35 ml/min 

Fig. 4. Velocity vectors in the flow channels of each cell 
 

 

 

 

HFC2. From FFC’s velocity vectors, if the dead zones indicated by circles are removed, the feed 

flow would cover the overall surface and the cell shape turns into the hexagon (see Fig. 4. FFC at 

35 ml/min). As a result, it is regarded that the hexagon shape cell is more effective than the square 

cell. Also if the both lateral length in HFC1 and HFC2 is lessened, the dead zones could be 

perfectly removed. 

 

3.1.3 Streamlines depending on the feed flow rate 
The streamlines are depicted in Fig. 5 for all cells. Dead zones could be observed in all 3 cells. 

The range of the dead zone in the FFC cell is relatively wide and the second most broad is in 

HFC2. Finally, the HFC1 has the smallest dead zone. These results coincided in the previous 

studies of the internal pressure and velocity vectors. 
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FFC 

 

HFC1 

HFC2 

 (a) 15 ml/min (b) 25 ml/min (c) 35 ml/min 

Fig. 5 Streamlining vectors in the flow channels in each cell 

 

 

3.2 CDI experimental analysis 
 

To find out whether the CFD analysis matched with the experimental CDI results, a CDI 

experiment was carried out in terms of the effluent concentration for the existing cell (FFC) and 

two newly designed cells (HFC1 and HFC2). The effluent concentrations for each cell and flow 

rate were shown in Fig. 6. At 15 ml/min, the effluent concentrations were 145.4, 144.1, and 138.5 

mg/L, respectively, for FFC, HFC1, and HFC2. Additionally, the minimum concentrations were 82, 

70, and 83.5 mg/L, respectively. From these values, the salt removal efficiencies defined by Eq. 1 

(Lee et al. 2006) were 19.4, 32.6, and 24.5% (Table 2), respectively. At 25 ml/min, the maximum 

effluent concentrations were 138.4, 132, and 132.9 mg/L in order, while the minimum values were 

85.8, 82.6, and 88.6 mg/L. As a result, the salt removal efficiency was calculated at 16.6, 18.7, and 

17.3%. Also at 35 ml/min, the maximum effluent concentrations were 139.9, 131.3, and 128.1 

mg/L, and the minimum values were 86.3, 97.2, and 94 mg/L. Furthermore, the salt removal 

efficiencies were 16.8, 11.4, and 11.1%, respectively. 
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(a) 15 ml/min 

 

 

(b) 25 ml/min 
 

 

(c) 35 ml/min 

Fig. 6 Effluent concentrations at (a) 15 ml/min; (b) 25 ml/min; and (c) 35 ml/min in each cell 
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Salt removal efficiency (%) =  1 −
𝐶𝑒𝑓𝑓

𝐶0
 × 100 (1) 

 
where Ceff is the lowest concentration of NaCl in the effluent at the adsorption step and C0 is the 

concentration of feed solution. 

In the previous CFD analysis, the dead zone size of the FFC cell was the largest. The maximum 

concentrations were the lowest while the minimum concentrations were the largest among the 

three cells value because the adsorption in this dead zone is limited in FFC cell. However, the 

maximum and minimum concentrations were shown to be erratic. In other words, there was no 

consistency compared between cells. The reason may be due to the different electrode areas for the 

3 cell types. As mentioned, the electrode areas were 100, 75, and 70 cm2 for FFC, HFC1 and 

HFC2, respectively. Therefore, we should consider the electrode area for which cell is the most 

effective or shows the best performance. Because the principles of the CDI process can be 

regarded as adsorption and desorption, the adsorption and desorption concentrations per the 

effective electrode area were calculated by using Eqs. (2) and (3). Eq. (2) illustrates the 

concentration of the adsorbed salt on the electrode surface per the electrode area whereas Eq. (3) is 

defined as the desorption concentration from the electrode surface per the electrode area. The 

calculated values are illustrated in Table 1. 
 

Adsorbed concentration per unit area 

=
 Feed concentration − Minimum effluent concentration   

𝑚𝑔
𝐿

 

Effective electrode area (𝑐𝑚2)
 

(2) 

 

Desorbed concentration per unit area =
Maximum effluent concentration  

𝑚𝑔
𝐿

 

Effective electrode area (𝑐𝑚2)
 (3) 

 
In most cases of the values calculated from Eqs. (2) and (3) at each flow rate, the efficiencies of 

HFC1 and HFC2 are better than that of FFC. These results coincide well with the CFD analysis. 

The decrease of the dead zone has a great influence on the adsorption capability at the low flow 

rate in particular, while at the high flow rate of 35 ml/min there is no the significant difference 

between the cells. This is the same as the tendency in CFD analysis in Fig. 6. Between the two cell 

types of HFC1 and HFC2, HFC1 is better than HFC2 at 15 ml/min, but HFC2 is better at 25 

ml/min and 35 ml/min by a narrow margin. This is also a similar trend to CFD analysis. For the 

 

 
Table 1 Adsorbed and desorbed concentrations by a factor of the electrode area in each cell 

 
15 ml/min 25 ml/min 35 ml/min 

Adsorbed* Desorbed** Adsorbed* Desorbed** Adsorbed* Desorbed** 

FFC 0.21 1.39 0.17 1.38 0.17 1.40 

HFC1 0.45 1.92 0.25 1.76 0.15 1.75 

HFC2 0.30 2.08 0.27 1.90 0.17 1.83 
* Calculated from Eq. (2), unit: (mg/L)/cm2 

** Calculated from Eq. (3), unit: (mg/L)/cm2 

123



 

 

 

 

 

 

Se Hwan Kwon and Ji Won Rhim 

Table 2 Salt removal efficiency by a factor of the electrode area in each cell 

 
Salt removal efficiency Salt removal efficiency by a factor of electrode area 

FFC HFC1 HFC2 FFC HFC1* HFC2** 

15 ml/min 19.4 32.6 24.5 19.4 43.5 35.0 

25 ml/min 16.6 18.7 17.3 16.6 24.9 24.7 

35 ml/min 16.8 10.4 11.1 16.8 16.1 15.9 

 

 

desorbed concentration, HFC2 clearly shows the best performance than any other cell type even 

though the electrode area was the smallest and next is then HFC1 and FFC in order. 

Next the salt removal efficiency was measured for all three types of cells at 15, 25, and 35 

ml/min as shown in Table 2. However, the measured values could not be equally compared 

because the electrode area of each cell is different. Therefore, Eq. 4 was proposed to compare the 

salt removal efficiency with the consideration of the electrode area of each cell. 
 

Salt removal efficiency (%) =  1 −
𝐶𝑒𝑓𝑓

𝐶0
  

Area of electrode (HFC1 or HFC2)

 Area of standard electrode (FFC)
 × 100 (4) 

 

The re-calculated efficiencies on the basis of the FFC’s electrode area are illustrated in Table 2. 

As expected, the efficiencies of HFC1 and HFC2 increased by a factor of the ratio of the electrode 

areas. At the low flow rate, HFC1 is more efficient than HFC2 and there is no statistical difference 

at a higher flow rate. In this case, the efficiencies of HFC1 and HFC2 increased 88-124% at 15 

ml/min and 49-50% at 25 ml/min, respectively. No difference was observed at 35 ml/min. As the 

flow rate increases, the gap between FFC and HFC1 or HFC2 at each flow rate was reduced 

gradually and reached no difference at 35 ml/min. When the voltage is applied on the electrode, 

the ions in solution move to the electrode by the attraction force, which is constant, according to 

the applied voltage intensity. However, if the flow rate is increased gradually, the magnitude of the 

vector of the flow direction could be higher than the magnitude of the attraction of the electrode 

direction. At this point, the adsorption concentration may be reduced in any type of cell, identical 

to the trend in Fig. 6. Therefore, the low flow rate is better than the high flow rate in CDI operation 

from the viewpoint of the salt removal efficiency. 

 

 

4. Conclusions 
 

In this study, the computational fluid dynamics analysis has been conducted to investigate the 

flow pattern and to find the occurrence of dead zones in the existing CDI cell (FFC) and newly 

designed cells (HFC1 and HFC2) at 15, 25 and 35 ml/min. The separation performances between 

the existing and newly designed cells were compared by conducting CDI experiments in terms of 

the salt removal efficiency at same flow rates. From this study, several conclusions can be drawn 

as follows: 
 

 In general, the internal pressure increases as the feed flow rate increases. The internal 

pressure of the FFC cell is lower than the new cells due to the flow channel area, where the 

area of the FFC cell is the largest compared to HFC1 and HFC2. 

 The area of the dead zones in FFC was the largest and tended to decrease as the flow rate 
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increased. In HFC1 and HFC2, the dead zones were remarkably reduced at the low flow rate 

while at higher flow rate the dead zones were hardly comparable to the FFC. 

 The decrease of the dead zone had a great influence on the adsorption capability, especially 

at the low flow rate in CDI experiments; however, at the high flow rate of 35 ml/min there 

was no significant difference between the cells. This is the same as the tendency in CFD 

analysis. 

 The adsorbed and desorbed concentrations per electrode were greatly improved for the 

HFC1 and HFC2 cells at the lower flow rates. 

 The salt removal efficiencies of HFC1 and HFC2 were increased 88-124% at 15 ml/min and 

49-50% at 25 ml/min, respectively. There was no significant difference at 35 ml/min when 

compared with FFC. 

 Overall, the newly designed cells of hexagon types, HFC1 and HFC2 were superior to the 

existing cell, FFC, from the viewpoints of the flow pattern, the adsorbed and desorbed 

concentrations, and the salt removal efficiency. 

 Next paper will carry the CFD analysis for the regular hexagon and circle disc type cells out 

and experimental performance comparisons with ion exchange polymers coated onto carbon 

electrodes. 
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