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Abstract: The mass transfer mechanism within commercial PTFE membrane with various nominal pore sizes in spacer-
filled direct contact membrane distillation (DCMD) was determined. Mass fluxes and membrane permeability (MP) values 
for each commercial PTFE membrane were experimentally measured. The MP values increased insignificantly with 2.3% 
and 4% when the inlet temperature at feed side rose from 400C to 500C in different membrane pore sizes. All investigated 
mass transfer models except from Dusty Gas model were good enough to simulate the mass transfer inside smaller 
membrane pore sizes (0.22 µm, and 0.45 µm). Compared to combined diffusion model, the predicted mass fluxes using 
the overall mass transfer model including the contribution of Poiseuille flow obtained better agreement with experimental 
results for larger membrane pore size (1 µm). The mean absolute percentage error (MAPE) values for combined diffusion 
model were up to 16.5% compared with the Ding et al. model or Schofield et al. model (under 3%). Regarding the root 
mean square error (RMSE), the combined diffusion model obtains larger values than the mass transfer model considering 
the Poiseuille flow contribution. Consequently, the contribution of Poiseuille flow in mass transfer mechanism within smaller 
PTFE membrane pores (0.22 µm, and 0.45 µm) could be ignored, however, the contribution of Poiseuille flow to the overall 
mass transfer should be included in case of larger membrane pores (1 µm), or the case of applied transmembrane 
hydrostatic pressure. 
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1. INTRODUCTION 

Membrane distillation (MD) is one of conventional separation technologies. It is a thermally driven process and 

uses the hydrophobic microporous membranes for not only non-volatile matters separation from saline solution to 

produce freshwater [1], but also volatile compounds extraction from water or wastewater by air gap membrane 

distillation (AGMD), vacuum membrane distillation (VMD), or sweeping gas membrane distillation [2-5]. Direct contact 

membrane distillation (DCMD) is one of the most implemented popular configurations in desalination sector. In DCMD, 

both feed solution and permeate solution are kept in contact directly with hydrophobic membrane [1].   

When dealing with membrane features and performance in the context of Membrane Distillation (MD) 

technologies, several critical factors need to be considered. These encompass a comprehensive investigation into 

how water molecules traverse the intricate pore structures of membranes, an evaluation of the tortuosity parameter 

within these membrane pores, and a comprehensive understanding of various parameters influencing the diffusion 

process, particularly considering the diminishing momentum of vapour molecules [6].  

Different models and simulated methods have been used to investigate the mass transfer property within the MD 

membrane pores, such as the Fick's law model, Ballistic transport model, the dusty gas model, structural network 

models, and Schofield's model [7, 8]. The different approaches have their benefits and drawbacks. Fick’s law model 

was one of the simplest approaches to simulate the mass transfer in membrane region. Nevertheless, the membrane 

structure like the pore size, the porosity, and the tortuosity were not considered [7]. To Ballistic transport model, the 

flux prediction for all of the membranes was not accurate and the difference between measured and predicted mass 
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flux could reach up to 73% in some cases [7]. Schofield’s model ignored the effect of pore size distribution and only 

took into account the average pore size in mass transfer simulation [7]. Amongst mass transfer models, the dusty gas 

model is the most common one implemented in examining mass transfer [9]. In the dusty gas model [10], both a 

diffusion mechanism including Knudsen, molecular, and surface diffusion [11] and Poiseuille flow [11-13] should be 

taken into account in the mass transfer through the hydrophobic membrane . However, the surface diffusion and 

Poiseuille flow are not mentioned in most cases because of their insignificant contribution to the mass transport 

process [14]. Dahiru et al. [15] developed Matlab codes to predict DCMD mass fluxes based on experimental works 

from Cath et al. [16] and Andrjesdóttir et al. [17]. In this study, the Poiseuille flow was not mentioned in their predicting 

models including large pore size of membrane case (1.2 µm). Consequently, transition model (Knudsen – Molecular 

diffusion) was the most appropriate prediction model in case of the effect of operating parameters (feed temperature, 

feed flow rate, and permeate temperature) and membrane pore size. However, according to Ding et al. [6] and Damtie 

et al. [18], the impact of Poiseuille flow could be ignored in case of small nominal pore size of membrane (PTFE, 0.1 

µm). Otherwise, the role of Poiseuille flow should be mentioned in mass transfer model in case of larger nominal pore 

size of membrane (PTFE, 0.3 µm; PVDF, 0.2 µm; PVDF, 0.45 µm). As a result, Knudsen diffusion-molecular diffusion-

Poiseuille flow transition (KMPT) model in which Poiseuille flow was parallel with the combination flow model between 

Knudsen and molecular diffusion was proposed to predict mass flux in DCMD configuration [6]. Damtie et al. [18] 

confirmed that the Poiseuille flow contributed more significant while the Knudsen diffusion decreased in case of 

increasing feed temperature. Furthermore, the flowrate had an insignificant influence on the Poiseuille mass transfer 

coefficient. In other studies, the Knudsen-Poiseuille transition model was used to predict mass flux in flat-sheet DCMD 

in case of deaeration (low pressure of air within membrane pores) for 0.45 µm PVDF membrane and 0.2 µm PP 

membrane. If the process solutions have not been degassed, the viscous flux could be neglected in mass transfer 

model [12, 13]. According to [19], the mass transfer within membrane pores depended on the pore size. If the nominal 

pore size was larger than 2 µm, the molecular diffusion, the Poiseuille flow, or the Poiseuille – molecular diffusion 

combination was responsible for the mass transfer mechanism within the membrane pores. The dominant mechanism 

of mass transfer is Knudsen diffusion when the nominal pore size of membrane is 0.01 µm [8]. From many studies 

[20-24], the used membranes had the nominal pore size in the range of 0.1 µm – 1 µm, therefore the calculated 

Knudsen number was from 0.1 to 1. As a result, the Knudsen-molecular diffusion transition form was dominant mass 

transfer mechanism in the mass flux prediction of DCMD configuration [23-25]. Four selective mass transfer models 

through membrane pores are illustrated in Figure 1. 
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Figure 1. Electrical analogue of different models for predicting MD membrane mass transfer coefficient: (a) Combined diffusion 

model [26]; (b) Ding et al. model [6]; (c) Dusty gas model [27] ; (d) Schofield et al. model [13] ; (e) Phattaranawik et al. model [28] 

Consequently, there has not been a consistent determination in selecting the most appropriate mass transfer 

mechanism within membrane pores amongst existing studies. This study aims to determine the influence level of 

viscous flow (or Poiseuille flow) on the overall mass transfer mechanism within different membrane pore size (0.22 

µm – 0.45 µm – 1 µm) through analysing the mass transfer correlations in existing studies in comparison with 

experimental results. To confirm the best agreement between experimental and modelling results, the root mean 

square error (RMSE) and mean absolute percentage error (MAPE) are used [29-32]. 

2. THEORY 

2.1. Heat Transfer 

Direct contact membrane distillation is a complex process involving both heat and mass transfer, as illustrated in 

Figure 2. To begin with, the convective heat is transferred across the liquid boundary layer to the feed membrane 

surface. Next, heat in form of conduction heat and vapour latent heat passes through membrane pores. Finally, the 

convective heat is removed from membrane surface across the liquid boundary layer in permeate side. 

The heat transfer rate across the boundary layer of both the feed side and the permeate side: 

Qf=hf×A×(Tf-Tm,f) (1) 

Qp=hp×A×(Tm,p-Tp)  (2) 
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Figure 2. Heat and mass transfer in spacer-filled DCMD module 

The heat transfer rate through the membrane can be expressed [11]: 

Qm=
km

δ
×A×(Tm,f-Tm,p)+Jw×A×ΔHv,w 

(3) 

According to [24], amongst different models to predict the thermal conductivity of membrane (km), the Type II 

thermal conductivity model proposed by Maxwell obtained the best agreement between measured and calculated 

heat transfer rate as well as mass flux, therefore this model is applied in this study, as described below [24, 33]: 

km=
kg[1+2βφ+(2β

3
-0.1β)φ2+0.05φ3 exp(4.5β)]

1-βφ
 

  

β= (kp-kg) (kp+2kg)⁄  

  

φ=1-εm 

(4) 

As mentioned in [11, 33, 34], the thermal conductivity of PTFE ranged from 0.25 W.m-1.K–1 to 0.27 W.m–1.K–1 at 

296K. So, kg = 0.027 W.m–1.K–1 and kp = 0.27 W.m–1.K–1 were assumed to calculate km. The porosity of PTFE 

membrane was 75%. 

At the steady state: 

Qf=Qm=Qp (5) 

The temperature at the membrane surface in both feed side and permeate side can be derived from Equations 

(1), (2), (3), (5): 
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Tm,f=

hm (Tp+
hf

hp
Tf) +hfTf-JwΔHv,w

hm+hf (1+
hm

hp
)

 (6) 

Tm,p=

hm (Tf+
hp

hf
Tp) +hpTp+JwΔHv,w

hm+hp (1+
hm

hf
)

 (7) 

The film heat transfer coefficient (hf, hp) can be determined by using a correlation in case of effect of spacer [35, 36]: 

hi=0.664kdc Rei
0.5

Pri
0.33 (

2dh

lm
)

0.5

×
ki

dh

 

kdc=1.654 (
df

ts
)

-0.039

ε0.75 (sin (
θ

2
))

0.086

 

(8) 

In case of using spacer in DCMD module channel, the hydraulic diameter (dh), and spacer porosity (ɛ) could be 

calculated as [35-37]. 

𝜀 = 1 −
𝜋𝑑𝑓

2

2𝑙𝑚𝑡𝑠𝑠𝑖𝑛𝜃
 (9) 

 

𝑑ℎ =
4𝜀

(2(𝑊 + 𝑡) 𝑊𝑡 + (1 − 𝜀)𝑆𝑣𝑠𝑝⁄ )
 

𝑆𝑣𝑠𝑝 = 4 𝑑𝑓⁄  

(10) 

2.2. Mass Transfer Through Membrane Pores 

In the DCMD, the mass transfer includes two processes:  the volatile component transfers across the boundary 

layers to the feed-membrane surface, and then passes through the membrane pores. Assuming that measured mass 

flux is proportional to the vapor pressure difference being the driving force for the mass transfer process, so the mass 

transfer through membrane itself can be expressed [23, 26, 27, 38, 39]: 

𝐽𝑤=𝐶𝑚 (p
v,sf

 - p
v,sp

) (11) 

Where the partial pressures of water vapour being a function of surface temperatures are mentioned in some 

studies [24, 40].  

 

𝑝𝑣,𝑠𝑖 = 𝛼𝑤𝑖 × 𝑒𝑥𝑝 (23.238 −
3841

𝑇𝑚,𝑖 − 45
) (12) 

Where i=f (feed), or i=p (permeate); and αwi is the water activity of solution at feed or permeate side in DCMD 

module. 

To examine the influence of Poiseuille flow in the general mass transfer flow model in membrane pores in case of 

larger pore size of membrane, the different membrane mass transfer coefficients were investigated, as shown in  

Table 1 : 
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Table 1. Various mass transfer models to predict the membrane mass transfer coefficient through membrane pores 

Mass transfer model Membrane mass transfer coefficient Notes 

Combined diffusion 
model [26] Cm=

1

RTmδ
(

3τ

2εr
(

πM

8RTm

)

1/2

+
p

a
τ

MεPD
)

-1

 
• Air is present in membrane pores. 

• No transmembrane hydrostatic pressure [41] 

Ding et al. model [6] 

Cm=
1

RTmδ
[(

3τ

2εr
(

πM

8RTm

)

1/2

+
p

a
τ

εPD
)

−1

+ 0.125
𝜀𝑟2𝑀𝑃𝑚

𝜏𝜇
]  

• A three-parameter model is developed for larger 
nominal mean pore diameter (Knudsen diffusion 
– molecular diffusion - Poiseuille flow transition). 

Schofield et al. model 
[13] Cm=

1

RTmδ
[(

3τ

2εr
(

πM

8RTm

)

1/2

+
τμ

0.125𝜀𝑟2𝑀𝑃𝑚

)

−1

+
𝑀𝜀𝑃𝐷

𝑃𝑎𝜏
]  

Considering the effect of Poiseuille flow 

Phattaranawik et al. 
model [28] 

Cm=
1

RTmδ

[
 
 
 
 

𝑃𝑎𝜏

𝑀𝜀𝑃𝐷
+

3𝜏

2𝜀𝑟
(

𝜋𝑀

8𝑅𝑇𝑚

)
1 2⁄

+
1

(
2𝜀𝑟
3𝜏

(
8𝑅𝑇𝑚

𝜋𝑀
)

1 2⁄

+
𝑀𝜀𝑃𝐷
𝑃𝑎𝜏

)
]
 
 
 
 
−1

 

In case of multi-pore size of membrane 

Dusty gas model 
(DGM) [27] 

Cm=
1

RTmδ

[
 
 
 
 

𝜇𝜏

0.125𝜀𝑟2𝑀𝑃𝑚

+
1

(
2𝜀𝑟
3𝜏

(
8𝑅𝑇𝑚

𝜋𝑀
)

1 2⁄

+
𝑀𝜀𝑃𝐷
𝑃𝑎𝜏

)
]
 
 
 
 
−1

 

DGM considered the effect of surface diffusion 
which is neglected in MD process. Knudsen 
diffusion, molecular diffusion, and Poiseuille flow 
are mentioned in this model. 
DGM is developed for isothermal system. This 
model is applied for MD (non-isothermal system) 
when average temperature across the membrane 
is assumed (Tm < (200C – 530C) [41-43] 

The determination of mass transfer through membrane pores in MD depend on Knudsen number (Kn). The 

Knudsen flow model is dominant when Knudsen number is larger than 1 (Kn>1). If Knudsen number is smaller than 

0.01 (Kn < 0.01), molecular diffusion model is the main mass transfer within the membrane pores for all MD 

configurations except from VMD. For DCMD, when Knudsen number is in the range of (0.01 – 1) or no transmembrane 

hydrostatic pressure is applied, the combined Knudsen / molecular diffusion flow is dominant mechanism in 

membrane pores. The Poiseuille model or viscous flow is dominant mechanism when membrane pore size is larger 

than the mean free path of transported water molecules, and the hydrostatic pressure at transmembrane is applied. 

For VMD configuration, the operative mechanism is combined Knudsen / viscous flow model when there is a presence 

of transmembrane hydrostatic pressure, and the Knudsen number is in the transition range (0.01 < Kn < 1). Generally, 

the interconnectivity of membrane pores is ignored in mass flux prediction in most of MD publications. Therefore, 

Monte Carlo (MC) simulation models are developed to solve this limitation relating to studying both heat and mass 

transfer in DCMD [42]. Some empirical models have been developed such as artificial neural network (ANN) or 

response surface methodology (RSM) to be independent of the determination of mass transport mechanism through 

MD membrane. These models are used to optimize the MD installations by considering the effect of combination of 

input operating parameters on given outputs (permeate flux maximization or energy consumption minimization) [41]. 

For water/air, PD (Pa.m2/s) is evaluated [11] : 

PD=1.895×10
-5

Tm
2.072

   (13) 

3. EXPERIMENTAL SET-UP 

A lab-scale DCMD apparatus was showed in Figure 3. The flat-sheet membrane module was employed with a 

treatment area of 225 cm2 and 4 cm channel height. Plastic spacers were used on both sides of DCMD module to 

support the membrane and improve the heat transfer. Three kinds of commercially hydrophobic PTFE membranes 

with different pore sizes (YKF10028, YKF10029, YKF10030) supplied by UNM company, China were used. The 

nominal pore size diameter of membrane was 0.22 µm (PTFE022), 0.45 µm (PTFE045), 1 µm (PTFE1), respectively. 

The thickness of all examined membranes is in the range of (180-200) µm. A temperature controller controlled the 

temperature of feed saline solution in a hot water bath (BE-25L-T). A combination of chiller (CW-5000) and plate heat 

exchanger was used to cool down the freshwater at permeate side to fixed temperature. Both solutions on hot and 
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cold side were pumped counter-currently. Temperatures of feed and permeate solutions at the inlet and outlet of 

DCMD module were measured by four temperature sensor PT100. For collecting experimental data, a data logger 

(DI-2108) was used. The freshwater production of DCMD system was measured over a time interval and weighed by 

using a digital scale.  

In this study, the feed inlet temperature, Tfi was in the range (400C – 500C) with 50C increment, while 200C was 

fixed for the permeate inlet temperature, Tpi. The equivalent volume flow rates for both sides of DCMD module were 

0.017 L/s and 0.03 L/s, respectively. The concentration of feed solution changed from 20000 ppm to 40000 ppm. 

Freshwater was used on permeate side, and the salinity of freshwater was under 100 ppm in all experiments (met 

the irrigation requirement criteria in Vietnam).  For ensuring the reliable measured results, each experimental set was 

repeated three times. 

 
Figure 3. Experimental set-up 

The uncertainties of experimental results were calculated by using The Taylor series method (TSM). The 

uncertainties of measurement devices were showed in Table 2, and the maximum uncertainty values of experimental 

mass fluxes were 0.0046 kg/m2-h for PTFE022 membrane, and 0.0047 kg/m2-h for PTFE045 and PTFE1 membranes. 

Table 2. Uncertainties of experimental devices 

Temperature sensor PT100 ± 0.50C 

Flow sensor (YF-S201) ±10% of the reading 

Longitudinal dimensions ±0.01mm 

Digital scale (weight) ±0.1 g 

Time ±0.2s 

For evaluating the accuracy of experimental mass fluxes and determining the most appropriate mass transfer 

model inside pores of membrane, the standard deviation (SD), the root mean square error (RMSE), and the mean 

absolute percentage error (MAPE) were also applied. 

4. RESULTS AND DISCUSSIONS 

4.1. Effect of Pore Size Of Membrane On Predicted Mass Fluxes Model Selection Under Different Operating 

Conditions 

For the confirmation of the most appropriate mass transfer mechanism through pores of membrane, the 

experiments were carried out under effect of various experimental conditions, as described in Table 3. The nominal 

pore size of membranes varied from 0.22 µm to 1 µm. 
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Table 3. Experimental conditions for investigating the effect of pore size of membranes on mass fluxes in spacer-filled 
DCMD. 

Experiment No. Tfi (
0C) Tpi (

0C) Vf = Vp (L/s) Sf (ppm) 

I.1 40 

20 0.03 20000 I.2 45 

I.3; II.1; III.1 50 

II.2 50 20 0.017 20000 

III.2 50 20 0.03 40000 

The predicted mass fluxes implemented various mass transfer models described in  

Table 1. To determine the most suitable mass transfer model for membrane pores, two metrics, namely RMSE 

and MAPE, were utilized. It can be clearly seen that DGM could not be used to predict the mass fluxes in DCMD in 

all range of experimental membrane. In case of 0.22 µm PTFE membrane, all the mass transfer model except DGM 

could be applied to calculate the overall mass transfer coefficient through membrane pores, as shown in Figure 4 and 

Table 4. The large error of mass flux between experimental and DGM could be explained by the establishment of 

DGM depended on isothermal assumption, which was not suitable for DCMD configuration when thermal effect 

occurred across the transmembrane surface (non-isothermal system) [27]. These results were also coincident to other 

studies [18, 44] when the dependence of MD permeate mass flux on both feed and permeate temperature were 

confirmed. 

  

 

Figure 4. Experimental and predicted mass fluxes under effect of different experimental conditions in case of 0.22 µm pore size 

Table 4. Estimating the dominant mass transfer model within membrane pores for 0.22µm commercial PTFE membrane 

Parameters Experimental No. 

I.1 I.2 I.3, II.1, III.1 II.2 III.2 

SD  0.125 0.193 0.280 0.154 0.095 

RMSE 

Combined diffusion model 0.26 0.22 0.40 0.43 0.50 

Ding et al. model 0.35 0.27 0.27 0.19 0.22 

Schofield et al. model 0.33 0.22 0.24 0.23 0.19 

Phattaranawik et al. model 0.39 0.27 0.34 0.28 0.36 
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Dusty gas model 8.31 11.68 16.04 15.16 15.77 

MAPE (%) 

Combined diffusion model 2.15 1.52 1.84 1.83 2.28 

Ding et al. model 3.57 2.03 1.41 1.03 1.20 

Schofield et al. model 3.54 1.86 1.43 1.47 1.19 

Phattaranawik et al. model 4.05 2.07 2.03 1.74 2.13 

Dusty gas model 99.01 98.93 98.83 98.79 98.89 

As illustrated in Figure 5 and Table 5, both mass transfer models proposed by Ding et al. [6] and Schofield et al. 

[13] obtained the best agreement between the calculated and measured mass fluxes for 0.45 µm PTFE membrane. 

The combined diffusion model and Phattaranawik et al. model could be also used, but the modelling results were less 

accurate with higher RMSE and MAPE values. 

  

 

Figure 5. Experimental and predicted mass fluxes under effect of different experimental conditions in case of 0.45 µm pore size 

Table 5. Estimating the dominant mass transfer model within membrane pores for 0.45µm commercial PTFE membrane 

Parameters Experimental No. 

I.1 I.2 I.3, II.1, III.1 II.2 III.2 

SD  0.125 0.122 0.171 0.218 0.197 

RMSE 

Combined diffusion model 0.27 0.22 0.55 0.47 0.51 

Ding et al. model 0.13 0.20 0.16 0.25 0.36 

Schofield et al. model 0.13 0.29 0.22 0.28 0.31 

Phattaranawik et al. model 0.37 0.34 0.68 0.62 0.73 

Dusty gas model 8.29 11.47 15.99 15.02 15.73 

MAPE (%) 

Combined diffusion model 2.82 1.76 3.16 2.49 2.41 

Ding et al. model 1.52 1.64 0.80 1.53 1.83 

Schofield et al. model 1.49 2.17 1.29 1.68 1.78 

Phattaranawik et al. model 3.74 2.77 3.59 3.57 3.99 

Dusty gas model 96.01 95.83 95.50 95.33 95.72 

In case of 1µm PTFE membrane, it can be clearly seen that Poiseuille flow contributed a vital role to the overall 

mass transfer through membrane pores of membrane, as shown in Figure 6 and Error! Reference source not 

found.. The predicted mass fluxes from Ding et al. model and Schofield et al. model gave the best agreement with 

experimental mass fluxes in all investing conditions, while there was a larger difference between theoretical and 
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experimental results when combined diffusion model and Phattaranawik et al. model were implemented. While the 

maximum values of RMSE and MAPE for Ding et al. model and Schofield et al. model were 0.42 and 2.95%, these 

values for combined diffusion model and Phattaranawik et al. model were over 3 and 16.5%, respectively, as shown 

in Error! Reference source not found.. 

  Overall, the Poiseuille flow contributed insignificantly to overall mass transfer model when the pore size of 

membrane was not large enough, partially from 0.22 µm to 0.45 µm. However, the contribution of Poiseuille to the 

overall mass transfer was more considerable in case of larger pore size (1 µm). 

  

 
Figure 6. Experimental and predicted mass fluxes under effect of different experimental conditions in case of 1 µm pore size 

Table 6. Estimating the dominant mass transfer model within membrane pores for 1 µm commercial PTFE membrane 

Parameters Experimental No. 

I.1 I.2 I.3, II.1, III.1 II.2 III.2 

SD  0.166 0.229 0.293 0.220 0.229 

RMSE 

Combined diffusion model 1.14 1.47 2.47 3.05 2.65 

Ding et al. model 0.15 0.39 0.27 0.06 0.13 

Schofield et al. model 0.16 0.42 0.31 0.08 0.16 

Phattaranawik et al. model 1.23 1.57 2.57 3.17 2.36 

Dusty gas model 7.84 10.86 15.15 14.96 15.02 

MAPE (%) 

Combined diffusion model 11.90 11.02 13.07 16.50 14.26 

Ding et al. model 1.42 2.72 1.28 0.26 0.69 

Schofield et al. model 1.59 2.95 1.62 0.32 0.86 

Phattaranawik et al. model 12.78 11.70 13.60 17.12 12.70 

Dusty gas model 81.67 81.43 80.31 80.95 80.90 

4.2. Mass Transfer Mechanism In Pores Of Membrane 

As demonstrated in the models presented in  
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Table 1, in any flow mechanism, the temperature in membrane pores affected the membrane permeability (MP). 

The combined diffusion model and Ding et al. model was chosen to investigate whether or not the Poiseuille flow 

contribute to the mass transfer coefficient through membrane pores (or membrane permeability). In the experimental 

range of feed inlet temperature (Tfi) and experimental mass fluxes, the experimental MP values could be derived as 

shown in Figure 7. The feed inlet temperature varied from 400C to 500C with 50C increment, whereas 200C was the 

fixed permeate inlet temperature. The volume flowrates were kept equally in both feed and permeate side with 0.03 

L/s. The feed concentration was 20000 ppm, and freshwater with salinity in the range of under 100 ppm was used in 

permeate side. 

 

Figure 7. Estimating experimental MP values 

The calculated and theoretical MP values based on two following methods: combined diffusion model and Ding et 

al. model under effect of different feed inlet temperature were described in Figure 8 for various pore size of commercial 

PTFE membranes, respectively. 

As can be seen from Figure 8, the measured MP values increased trivial with increasing feed inlet temperature in 

both models. According to [6], the Knudsen-molecular transition could be implemented to illustrate the mass transfer 

mechanism in membrane pores. They showed that the measured MP values increased under 10% when the average 

membrane surface temperature (Tm) reached up to nearly 350C [6]. The same results were obtained in this study 

when the maximum difference of experimental MP values was only from 2.3% to 4% for three various nominal pore 

size of membranes including PTFE022, PTFE045, and PTFE1 in the estimated range of the average membrane 

surface temperatures being between 300C and 350C. However, the comparison between the theoretical and 

experimental MP may provide us more important information. From Figure 8, the difference between experimental 

and theoretical mass transfer coefficient in case of smaller membrane pore size (0.22 µm; 0.45 µm) in both models 

was insignificant. However, for 1µm membrane pore size, this difference became larger with nearly 16% for combined 

diffusion model, while the Ding et al. model gave a trivial difference (under 4%). Additionally, the fluctuation of MP 

value for PTFE1 membrane was larger than that for PTFE022, and PTFE045 membranes. As explained by Ding et 

al. [6], this difference may be attributed to Poiseuille flow. Obviously, the Poiseuille flow contributed a considerable 

role to the overall mass transfer mechanism in larger membrane pores (1µm), and this result was also proved by 

study of Damtie et al. [18]. When feed inlet temperature reached to 600C or 700C, Damtie et al. also showed 

inconsiderable increase with under 10% in MPs [18]. 
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(a) (b) 

Figure 8. Experimental and theoretical membrane permeability values for different PTFE membranes according to (a) Combined 

diffusion model; (b) Ding et al. model. 

 

Figure 9. Knudsen and Poiseuille mass transfer coefficient regarding to feed inlet temperature for different membrane pore sizes 

implementing Ding et al. model. 

It is no doubt that larger membrane pores obtained larger permeate fluxes in all range of experimental feed inlet 

temperatures, as shown in Figure 4, Figure 5 , and Figure 6. This result was due to the higher mass transfer coefficient 

(Figure 8) and thermal efficiency [18]. The increase of mass fluxes due to the leakage of feed solution through 

membrane to permeate side was also checked by measuring the salinity of freshwater production after each 

experimental run. All freshwater production obtained under 100 ppm of salinity. This meant there was no damage of 

membrane during experimental runs resulting in the error of experimental results. Additionally, the thermal efficiency 

was the ratio between evaporation of water molecules due to the latent heat and the total transported heat through 

the membrane [45]. As can be seen from Figure 4, Figure 5, and Figure 6, the mass fluxes were always higher for 

larger membrane pore size. As a result, the higher thermal efficiency was obtained for the larger membrane pore 

size. 

As Figure 9 indicates that there was an insignificant decrease in Knudsen mass transfer coefficients as the feed 

inlet temperature increased across all the membrane ranges investigated. However, the fluctuation of Poiseuille mass 

transfer coefficient for 1µm PTFE membrane was more severe than that for smaller PTFE membrane in the same 

range of experimental temperatures. Consequently, the contribution of Poiseuille flow to the overall mass transfer 

model was more considerable in case of larger membrane pore size, and this conclusion was also proved through 

the better agreement of experimental and theoretical results in terms of mass fluxes and mass transfer coefficients 

when Ding et al. model was implemented in comparison to combined diffusion model. 
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CONCLUSIONS 

The mass transfer behaviour within commercial PTFE membrane sample structure under the impact of different 

nominal pore sizes and operating conditions has been investigated experimentally and theoretically. With 0.22 – 1 

µm nominal pore size of commercial PTFE membranes, the MP values increased insignificantly, with 2.3% and 4% 

when the Tfi increased from 400C to 500C (the inlet permeate temperature was kept at 200C). The Poiseuille flow 

mass transfer mechanism contributed considerably to overall mass transfer model in case of larger membrane pore 

size (1 µm), or in case of larger feed inlet temperature (although the overall mass transfer coefficient fluctuated 

insignificantly) [18]. The contribution of Poiseuille flow in Ding et al. model and Schofield et al. model was also 

reflected through the smallest MAPE and RMSE values in comparison to other investigated mass transfer models.   

To sum up, based on this study’s results, the role of the Poiseuille flow mechanism in mass flux prediction of PTFE 

1µm membrane sample needs to be considered. For PTFE 0.22 µm and 0.45 µm membrane samples, all investigated 

mass transfer models except from Dusty Gas model could be responsible for the overall mass transfer prediction. 

DGM obtained the largest difference between experimental and predicted mass flux. This was due to the isothermal 

assumption of DGM that was not suitable for MD process when the thermal effect across membrane surfaces should 

be taken into account. Different membrane materials with larger nominal pore size (>1 µm) needs to be investigated 

further to have more adequate and accurate conclusions about the effect of membrane pore sizes on overall mass 

transfer mechanism within membrane pores. 
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Nomenclature 

A ̶ Membrane area, m2 

Cm ̶ Membrane permeability, kg.m-2.s-1.Pa-1 

Ckm ̶ Membrane permeability for Knudsen-molecular diffusion mechanism, kg.m-2.s-1.Pa-1 

Ckmv ̶ Membrane permeability for Knudsen-molecular-viscous flow, kg.m-2.s-1.Pa-1 

wv
H

,
  

̶ Vapour enthalpy of water, kJ/kg 

Jw ̶ Experimental mass flux, kg.m-2.s-1 

M ̶ Molecular weight of water, kg.mol-1 

MAPE ̶ Mean absolute percentage error, % 

Pa ̶ Entrapped air pressure, Pa 

Pm ̶ Mean pressure within the membrane pores (or total pressure), Pa 

Pr ̶ Prandtl number 

Qf ̶ Heat transfer rate through feed thermal boundary layer, W 

Qm ̶ Heat transfer rate through the membrane, W 

Qp ̶ Heat transfer rate through permeate thermal boundary layer, W 

R ̶ Gas constant, J.mol-1.K-1 

Re ̶ Reynolds number 

RMSE ̶ Root mean square error 

S ̶ Feed salinity, g.kg-1  

SD ̶ Standard deviation 

Svsp ̶ Specific surface of the spacer, m-1 

Tf ̶ Bulk feed side temperature, K 

Tf,i ̶ Feed inlet temperature, K 

Tm ̶ Mean temperature at membrane surface, K 

Tm,f ̶ Temperature at the feed-membrane interface, K 

Tm,p ̶ Temperature at the permeate-membrane interface, K 

Tp ̶ Bulk permeate side temperature, K 
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Tp,i ̶ Permeate inlet temperature, K 

Vf ̶ Volume flow rate at feed side, L.s-1 

Vp ̶ Volume flow rate at permeate side, L.s-1 

W ̶ Width of channel, m 

df ̶ Filament diameter, m 

dh ̶ Hydraulic diameter in case of spacer-filled channels, m 

dp ̶ Membrane pore diameter, m 

hf ̶ Heat transfer coefficient at feed side, W.m-2.K-1 

hm ̶ Heat transfer coefficient of the whole membrane, W.m-2.K-1 

hp ̶ Heat transfer coefficient at permeate side, W.m-2.K-1 

k ̶ Thermal conductivity of water, W.m-1.K-1  

kB ̶ Boltzman constant, J.K-1  

kg ̶ Thermal conductivity of gas phase, W.m-1.K-1  

km ̶ Thermal conductivity of membrane, W.m-1.K-1  

kp ̶ Thermal conductivity of membrane material, W.m-1.K-1  

lm ̶ Mesh size, m 

pv,sf ̶ Partial pressure of water vapour at feed-membrane surface, Pa 

pv,sp ̶ Partial pressure of water vapour at permeate-membrane surface, Pa 

r ̶ Mean pore size radius, m 

t ̶ Thickness of channel, m 

ts ̶ Spacer thickness, m 

Greek symbols 

τ ̶ Membrane tortuosity 

εm ̶ Membrane porosity 

ε ̶ Spacer porosity 

δ ̶ Membrane thickness, m 

θ ̶ Angle between filaments of spacer, deg. 

µ ̶ Dynamic viscosity, kg.m-1.s-1  

β ̶ The reduced thermal polarizability 

φ ̶ Volume fraction of the dispersed phase (spheres) 

Subscripts 

f ̶ Feed 

p ̶ Permeate 
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