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Abstract - Global climate change and variability have a negative impact on a water supply and quality in remote areas by reducing 

water availability and contaminant dilution. This will continue to be exacerbated by limited and inadequate water supply, insufficient 

water treatment and low infrastructure. Thus, an economic desalination system with a small scale and footprint for such regions is strongly 

demanded in the desalination markets. Here, a direct contact membrane distillation (DCMD) process has the simplest configuration and 

potentially the highest permeate flux among all the possible MD processes. And it also can be consisted easily by a multi-stage manner 

to achieving an enhancement of compactness, productivity, versatility and cost-effectiveness. In this study, therefore, an innovative multi-

stage direct contact membrane distillation module under countercurrent-flow operation is first designed and both theoretically and 

experimentally investigated to identify the feasibility and operability of its design for the desalination. For a three-stage DCMD module 

with a membrane area of 0.01 m2 at each stage, the daily water production is found to be 21.5 kg at the inlet feed and permeate flow rates 

of 1.5 l/min and the inlet feed and permeate temperature of 70 °C and 25 °C. 
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1. Introduction 
 A multi-stage MD process with different configurations such as series, parallel and series/parallel arrangement of MD 

modules has been studied to efficiently increase water production and system performance [1,2]. It has been shown that the 

multi-stage concept for air gap membrane distillation (AGMD) and vacuum membrane distillation (VMD) processes could 

reduce energy consumption by recovering the latent heat of water vapor condensation [3,4]. By applying the multi-stage 

scheme, an improvement of MD permeate flux can be achieved with thermal entrance effects, which affects the enhancement 

of heat transfer coefficient near the inlet flow region of each stage as the thermal boundary layer begins to develop near the 

inlet region [5,6]. In addition, due to the separated module configuration, the multi-stage scheme may provide supplementary 

advantages, such as easy to maintenance, replacement and check for the leaks in the module [2]. Such a multi-stage MD 

system has been studied by many researchers [2,4,7-9]. Lee and Kim [2] presented various configurations of multi-stage 

VMD systems. Among the proposed systems which have various configuration manners, an optimized multi-stage VMD 

system configuration was determined by cost evaluation. Kim et al. [7] proposed a solar-assisted multi-stage VMD system 

with heat recovery unit, which could increase the thermal efficiency and water production. Blanco Gálvez et al. [9] reported 

an innovative solar-powered AGMD desalination system. The solar powered multi-stage AGMD system was developed and 

experimentally examined to improve the energy efficiency and reduce the water production cost. Also, the memsys had 

commercialized a vacuum-multi effect membrane distillation (V-MEMD) module, which achieved highly efficient heat 

recovery as compared to conventional thermal desalination processes. The solar driven memsys system showed good 

operating performance with a flux at approximately 7 L/m2h on a sunny day with a seawater feed [4]. 

 All of the aforementioned researches have been made an effort to develop a commercialized MD system using a multi-

stage concept due to negligible conductive heat loss through the membrane of both AGMD and VMD processes. However, 

the AGMD has several drawbacks such as complex module design and low permeate flux and the VMD also has several 

disadvantages such as treatment of non-condensable gases, requirement of additional vacuum pump and membrane pore 

wetting which easily occurs by vacuuming the permeate side of the membrane. On the other hand, a direct contact membrane 

distillation (DCMD) process has the simplest configuration and potentially the highest permeate flux among all the possible 

MD processes. In addition, the effect of diffusion of non-condensable gases on the permeate flux is negligible in DCMD 
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process due to its very small quantity compared with a high DCMD permeate flux [10]. Furthermore, DCMD can be 

configured easily with a multi-stage manner to achieving an improvement of compactness, cost-effectiveness, productivity 

and versatility.  

 The ultimate objective of this work is to develop a high-performance multi-stage direct contact membrane distillation 

(MDCMD) process that is applicable to a small scale and footprint desalination system. In this study, therefore, an innovative 

MDCMD module under countercurrent-flow operation has been first designed and both theoretically and experimentally 

examined to demonstrate the feasibility and operability of module design for the desalination. A rigorous numerical model, 

which was developed in our previous work [11], has been modified to incorporate a thermal entrance effect near the inlet 

flow region of each stage for the performance prediction of MDCMD process. Further investigations have been conducted 

to identify the effect of the number of module stages on the mean permeate flux, performance ratio and daily water production 

of the MDCMD system. 

 

2. Experimental 
 As shown in the SEM images (clockwise from top left: 100х, 500х, 1,000х and 10,000х magnifications) in Fig. 1 [11], 

a commercial hydrophobic microporous PTFE/PP composite membrane has been used for this study. It appears that the knot-

fibril net structured PTFE active layer (dark gray in top right of Fig. 1) is partially covered by the PP scrim support layer 

(white gray). Here, the PTFE active layer not covered by the PP support layer at the permeate side indicates an effective area 

for diffusion, which can be expressed by the surface porosity defined as the surface area of PTFE active layer exposed to the 

permeate side divided by the total membrane surface area. The surface porosity is found to be 42% using the CAD software 

based on the SEM images. 

 

 
Fig. 1: SEM images of a commercial PTFE/PP composite membrane. Clockwise from top left: 100x, 500x, 1,000x and 10,000x 

magnifications [11]. 

 

 Fig. 2 represents a schematic (Fig. 2a) and picture (Fig. 2b) of the novel MDCMD module made of polycarbonate 

material. The module consists of two exterior units and a couple of interior units. The number of interior units depends on 

the number of stages in more than single stage, i.e., the number of interior units equal to the number of stages minus 1, while 

in the case of single stage the interior unit is not required. As shown in this figure, the rotation coupling implementation is 

employed to assemble the adjacent units. Here, the module requires no external pipelines between the stages, by incorporating 

internal flow channels with a first-in-last-out (FILO) configuration, which helps form a uniform flow in a channel width 

direction, resulting in an improvement of the MD performance. Such multi-stage module concept can achieve an 

enhancement of compactness, productivity, versatility and cost-effectiveness in the DCMD process. Specifications of 

MDCMD module include 0.01 m2 (0.1 m × 0.1 m) effective membrane area in each stage and 3 mm channel height in both 

feed and permeate sides. As a membrane support and turbulence promoter, polypropylene (PP) mesh spacers have been 

implemented in both feed and permeate channels. 
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(a)                                                                                         (b) 

Fig. 2: (a) Schematic and (b) picture of the MDCMD module with four and three stages, respectively. 

 

 
Fig. 3: Picture of the experimental set-up. 

 

 A picture of experimental set-up is shown in Fig. 3. Deionized (DI) and tap waters are used as bulk permeate and feed 

solutions, respectively. The tap water flows through the active layer side of the membrane, while DI water is circulated 

through the support layer side of the membrane in a countercurrent flow manner. Feed and permeate temperatures are kept 

constant by using a heater and chiller (RW-1025G, Lab Companion), respectively. The permeate production rate is measured 

using an electronic balance (CUX-6200H, CAS). Temperature, pressure and volume flow rate at both inlet and outlet of the 

module are simultaneously monitored at both feed and permeate sides. In order to detect the leaks or pore wetting of the 

membrane, the conductivity of feed and permeate solutions at the outlet of module is measured by a conductivity/resistivity 

sensor, and a corresponding signal is transmitted to a PC via a transmitter (M300, Mettler-Toledo Thornton) and a data 

acquisition device. The performance of MDCMD system using a composite PTFE/PP membrane has been investigated by 

varying the inlet feed temperature in the range of 50 °C − 70 °C and the number of stages from 1 to 3 while keeping inlet 

permeate temperature constant at 25 °C. The inlet feed and permeate volume flow rates in the range of 1.0 l/min to 2.5 l/min 

are tested for single-stage module and for two- and three-stage modules its values are 1.0 l/min and 1.5 l/min due to a lack 

of heating and cooling capacities. For reproducibility, all experiments are conducted more than three times and the maximum 

deviation in the measured permeate fluxes is found to be less than ± 6%. 

 

3. Theoretical Approach 
 To demonstrate the feasibility and operability of MDCMD module designed in the present work, a theoretical 

investigation has been also performed. As shown in Fig. 4a, the heat and mass transfers occur simultaneously across the 
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boundary layers near the membrane surfaces and through the PTFE/PP composite membrane. Also, the presence of 

turbulence or eddy currents induced by the spacers in both channels will yield better flow characteristics. As a result, the 

thickness of thermal boundary layer in the spacer-filled channel is less than that in the empty channel, which yields the 

membrane surface temperatures to be closer to bulk temperatures. Thus, temperature polarization can be reduced, and 

permeate fluxes can be enhanced due to larger vapor pressure difference through the PTFE/PP composite membrane. Detailed 

theoretical models and solution procedure for the heat and mass transfer through the composite membrane and transport 

phenomena on the bulk feed and permeate flows have already been demonstrated in our previous work [11]. 

 

    
(a)                                                                                                (b) 

Fig. 4: (a) Schematic diagram of temperature polarization in both empty and spacer-filled channels and (b) geometric characteristics of 

a non-woven net spacer and flow pattern in spacer-filled channel. 

 

 In the present work, the theoretical model developed previously has been modified to incorporate the thermal entrance 

effect at each stage as a consequence of the adoption of multi-stage concept. In order to estimate the heat transfer coefficient 

h in both spacer-filled feed and permeate channels, therefore, the modified Dittus-Boelter’s correlation on a flat surface of 

fully developed turbulent flow has been employed as follows [5,11,12-14]: 

 

𝑁𝑢 =
ℎ𝑑ℎ
𝑘

= 𝑘𝑠𝑝0.023(1 + 6𝑑ℎ/𝐿)Re
0.8Pr0.33 (1) 

 

 With Re = 𝜌𝑣𝑑ℎ/𝜇, Pr = 𝜇𝑐𝑝/𝑘  and 𝑑ℎ =
4𝜀𝑠𝑝

2(𝑤𝑐+ℎ𝑐)/𝑤𝑐ℎ𝑐+4(1−𝜀𝑠𝑝)/𝑑𝑓
 for a spacer-filled channel, where ksp is the 

spacer factor, dh is the channel hydraulic diameter, k is the thermal conductivity of the bulk feed or permeate, L is the effective 

membrane length, εsp is the spacer porosity, wc is the channel width, hc is the channel height and df is the diameter of spacer 

filament. 

 As can be expected from the spacer factor included in Eq. (1), the spacer can be employed as a membrane support and 

turbulence promoter, resulting in an enhancement of heat and mass transfers and flow resistance [5,11,15]. As illustrated in 

Fig. 4b, the main geometric parameters of the spacer factor are; i) a hydrodynamic angle (in degree, θ), ii) a mesh size (lm), 

iii) a filament diameter (df), iv) a spacer thickness (hs) and (v) a spacer porosity (εsp) which can be estimated from 

aforementioned four geometric parameters as follows [11,15]: 

 

𝜀𝑠𝑝 = 1 −
𝜋𝑑ℎ

2

2𝑙𝑚ℎ𝑠sin𝜃
 (2) 

 

 In this study, therefore, the spacer factor correlation can be defined as follows: 

 



 

ICEPR 151-5 

𝑘𝑠𝑝 = 𝑐1 (
𝑑𝑓

ℎ𝑠
)

𝑐2

[sin (
𝜃

2
)]

𝑐3

exp[𝑐4|ln(𝜀𝑠𝑝)|
𝑐5
] (3) 

 

 Five parameters (c1, c2, c3, c4, c5) in the spacer factor above are fitted to the experimental permeate flux data by using 

a conjugate gradient method (CGM) [16]. The coefficient of determination R2, which indicates the percentage of variability 

in the dependent variables (the variance about the mean), is implemneted to analyze the fitting degree of spacer factor with 

the measured data and expressed as: 

 

𝑅2 = 1 −
∑ (𝐽𝑚,𝑒𝑥𝑝,𝑖 − 𝐽𝑚,𝑠𝑖𝑚,𝑖)

2𝑁
𝑖=1

∑ (𝐽𝑚,𝑒𝑥𝑝,𝑖 − 𝐽�̅�,𝑠𝑖𝑚,𝑖)
2𝑁

𝑖=1

 (4) 

 

 with 𝐽�̅�,𝑒𝑥𝑝 =
1

𝑁
∑ 𝐽𝑚,𝑒𝑥𝑝,𝑖
𝑁
𝑖=1  

 where Jm,exp and Jm,sim are the mean value of measured and predicted permeate fluxes, respectively, and N is the number 

of measured permeate flux data. 

 For the performance investigation of MDMCD process using a multi-stage concept, the mean performance ratio (PR) 

are expressed as [11] 

 

𝑃𝑅 =
1

𝐿
∫ 𝜂𝑧𝑑𝑧

𝐿

0

 (5) 

 

 where ηz is the local performance ratio, determined as the ratio of the vaporization heat associated with the permeate 

flux to the heat transferred through the membrane, and given by [11] 

 

𝜂𝑧 =
𝜀𝐽𝑧∆𝐻|𝑎𝑙 + (1 − 𝜖)𝐽𝑧∆𝐻|𝑎𝑙−𝑠𝑙

𝑄𝑚
 (6) 

 

 where ε is the surface porosity of composite membrane mentioned in the first paragraph of Section 2, Jz is the local 

permeate flux, ∆𝐻|𝑎𝑙  and ∆𝐻|𝑎𝑙−𝑠𝑙  are the enthalpy of evaporation at the mean temperature through the active layer 

membrane and the active/support layer membrane, respectively, and Qm is the heat flux through the membrane. 

 

4. Results and Discussion 
 In order to identify the feasibility and operability of multi-stage module design with a countercurrent-flow 

configuration developed in the present work, experimental and theoretical investigations on its performance have been 

carried out by varying an inlet feed temperature in the range of 50 °C − 70 °C at the inlet permeate temperature of 25 °C and 

the feed and permeate volume flow rates in the range of 1.0 l/min − 1.5 l/min. 

 With an increase in the inlet feed temperature from 50 °C to 70 °C at the both stream flow rates of 1.0 l/min for single-

stage module, the measured mean permeate flux increases from 11.9 kg/m2h to 31.2 kg/m2h, whereas the model prediction 

shows the increase of mean permeate flux from 10.9 kg/m2h to 29.1 kg/m2h. The mean performance ratio increases 

asymptotically from 62.2% to 80.7% (black lines in Fig. 5a). It is shown that, at the both stream flow rates of 1.5 l/min, the 

measured mean permeate flux increases from 14.1 kg/m2h to 37.7 kg/m2h and the model-based permeate flux increases from 

13.8 kg/m2h to 37.7 kg/m2h. Also, the mean performance ratio increases gradually from 62.8% to 81.3% (red lines in Fig. 

5a). A good agreement between the measured and predicted data is observed, i.e., maximum relative deviations of 8.4% for 

1.0 l/min and 3.5% for 1.5 l/min. It is noted that a higher permeate flux is achieved at a higher feed temperature as the partial 

vapor pressure increases exponentially with a temperature. Furthermore, a higher flow rate provides an enhanced heat transfer 

through both feed and permeate boundary layers and then reduces the temperature polarization, which indicates a higher 

transmembrane temperature difference resulting in a higher permeate flux in DCMD process [3,17-21]. 
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(a)                                                                                                            (b) 

 

 
(c) 

Fig. 5: Effect of inlet feed temperature and flow rate (1.0 l/min and 1.5 l/min) on the mean permeate flux (measured and predicted) and 

performance ratio (predicted) of (a) single-, (b) two- and (c) three-stage modules. 

 

 For the two-stage DCMD module at the both stream flow rates of 1.0 l/min (black lines in Fig. 5b), the measured mean 

permeate flux increases from 11.5 kg/m2h to 29.4 kg/m2h, whereas and the predicted mean permeate flux increases from 10.4 

kg/m2h to 27.6 kg/m2h, with an increase in the inlet feed temperature from 50 °C to 70 °C. The mean performance ratio 

increases from 62.2 % to 80.5 %. At the inlet feed and permeate flow rates of 1.5 l/min (red lines in Fig. 5b), the measured 

mean permeate flux increases from 13.2 kg/m2h to 36.7 kg/m2h and the model-based permeate flux increases from 13.5 

kg/m2h to 36.2 kg/m2h. Also, the performance ratio increases gradually from 63.1 % to 81.6 %. The model predictions on 

the permeate flux are also in good accordance with the measured results, i.e., maximum deviations of 10.2% and 5.4% for 

1.0 l/min and 1.5 l/min, respectively. 

 For the three-stage module at the both stream flow rates of 1.0 l/min (black lines in Fig. 5c), the measured mean 

permeate flux increases from 10.1 kg/m2h to 24.0 kg/m2h and the model prediction shows the increase of mean permeate 

flux from 9.82 kg/m2h to 25.2 kg/m2h, with increasing inlet feed temperature. The predicted mean performance ratio increases 

from 61.8 % to 79.8 %. With the both stream flow rates of 1.5 l/min (red lines in Fig. 5c), the measured mean permeate flux 

increases from 11.4 kg/m2h to 29.9 kg/m2h, while the predicted mean permeate flux increases from 12.8 kg/m2h to 34.0 

kg/m2h. The mean performance ratio also increases from 62.6 % to 81.2 %. Here, the maximum relative deviations between 

measured and predicted results on the mean permeate flux are found to be 5.0% for 1.0 l/min and 13.7% for 1.5 l/min.  
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 Based on the experimental results aforementioned, the convective heat transfer coefficient at the feed and permeate 

boundary layers is obtained from the procedures described in Section 3. The heat transfer coefficient obtained is correlated 

with spacer characteristics by the multiple linear regressions. The best fit between measured and simulated permeate fluxes 

is achieved with the squared correlation coefficient of 0.944. 

 At the inlet feed and permeate flow rates of 1.5 l/min, the model-based mean permeate flux and daily water production 

by varying the inlet feed temperature from 50 °C to 70 °C are compared with regard to the number of module stages, i.e., 

single- (black lines), two- (red lines) and three-stage (blue lines) (Fig. 6). It is noted that as the number of module stages 

increases from single- to two- and three-stage, on average, the mean permeate flux (solid lines) decreases by 4% and 9%, 

whereas the daily water production (dashed lines) increases by 92% and 172%, i.e., 1.92 times and 2.72 times, with an 

increase in the effective membrane area.  

 The relative good agreement between prediction results and experimental data, therefore, demonstrates that multi-

stage module concept designed may achieve an enhancement of compactness, productivity, versatility and cost-effectiveness 

in the DCMD process. 

 

 
Fig. 6: Effect of inlet feed temperature on the predicted mean permeate flux and daily water production of single-, two- and three-stage 

module. 

 

5. Conclusion 
 In this paper, a novel multi-stage direct contact membrane distillation (MDCMD) system is designed and its 

performance is examined both theoretically and experimentally. The MDCMD module with a countercurrent-flow 

configuration, applicable to a small scale and footprint desalination system while retaining a process performance, is first 

designed, and then experimental and theoretical studies are successfully performed to demonstrate the feasibility and 

operability of module design in terms of permeate flux, daily water production and performance ratio. Here, the theoretical 

model is modified to incorporate a thermal entrance effect at the inlet flow region of each stage, which has a positive influence 

on the DCMD performance. Model predictions and measured data for mean permeate flux are compared and shown to be in 

good agreement. It is shown that as the number of module stages increases from single- to two- and three-stage, the mean 

permeate flux decreases by 4% and 9%, while the daily water production increases by 1.92 times and 2.72 times with an 

increase in the effective membrane area, which makes the proposed MDCMD module an attractive and energy-efficient 

concept for desalination application. 
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