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Abstract. The growing interest in membrane distillation (MD) as a promising and competing technology in desalination 
is mainly due to (i) the ability to provide rejection of non-volatile feed solutes very close to 100%, and; (ii) operation at 
ambient pressure and temperatures, favoring the use of low exergy heat sources, heat from solar collectors and 
photovoltaic panels of high concentration. Experimental benches allow the characterization of a single membrane in a 
controlled environment through the reproduction of operational temperature conditions (60-90 °C). Among all MD 
configurations, the DCMD (Direct Contact Membrane Distillation) is the most suitable for laboratory-scale studies; its 
simplicity of installation and operation and small number of process parameters make it more suitable for the 
characterization and evaluation performance of different types of membranes. In this context, the study presents a 
theoretical-experimental analysis of the heat and mass transfer process in a DCMD module. The experiments were 
carried out in a flat sheet module under operating conditions reproduced according to the 2k factorial experimental 
design, with different levels of NaCl concentration in the feed solution, where the distillate mass flux obtained 
experimentally were compared with the results obtained through a theoretical model for distillate flux prediction. 
Overall, the theoretical and experimental results showed good agreement with each other, and with similar works with 
the DCMD configuration, such as a decrease in the permeate flux with the increase of the salinity in the feed solution, 
although they indicate that there is a slight underestimation by the theoretical lumped model, which can be attributed to 
the simplifications in the model’s design and inaccuracies of the input data of the membrane (thickness, contact angle, 
porosity and pore size distribution). 
 
Keywords: Desalination, Direct contact membrane distillation, Heat and mass transfer, hydrophobic membrane. 

 
1. INTRODUCTION 
 

Population growth and climate change have led to an increase in the consumption of drinking water and energy, so 
this growing water demand has become one of the most crucial challenges in most countries around the world (Huo et al. 
2021; X. Li et al. 2021; Z. Li, Wang, and Che 2021; Wu et al. 2021).Thus, designing efficient wastewater treatment 
systems has attracted much attention in developing countries (Emeh and Igwe 2018; Fan et al. 2021; Moondra, 2021). 
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Essential factors in desalination market research are focused on reducing energy consumption, system costs, and 
pollutant emissions. Thermal and membrane separation processes are known as the most used desalination methods. 
Membrane distillation (MD) is a thermally driven separation technique that relies on the transport of vapor through a 
microporous membrane, displayed as a barrier to the liquid phase, where the pores of the membrane will allow only water 
vapor to pass to the cold side. The driving force in MD is given by the vapor pressure gradient between the hydrophobic 
surfaces of the membrane (Deshmukh et al. 2018; Deshmukh and Elimelech 2017a; Warsinger et al. 2017). MD processes 
are energy-consuming and cost-effective technologies as they have many unique features over other pressure-driven 
membrane separation processes such as NanoFiltration (NF) and reverse osmosis (RO) (Ghaffour et al. 2019). It also 
serves as a potential technique to separate organic and heavy metals contaminants from wastewater and aqueous solutions 
(García-Payo, Izquierdo-Gil, and Fernández-Pineda 2000; Zolotarev et al. 1994). 

In this sense, an experimental test bench was built for characterization of hydrophobic membranes and evaluation of 
the thermal performance of flat sheet DCMD module under different operational parameters (inlet feed and permeate 
temperatures, inlet feed and permeate volumetric flow rates) in a fully controlled environment. The experiments were 
carried according to the 2k factorial experimental design, with different levels of NaCl concentration in the feed solution, 
where the distillate mass flux obtained experimentally were compared with the results obtained through a theoretical 
model for distillate flux prediction. 

 
2. THEORETICAL MODEL 

 
The modeling and simulation of the heat and mass transfer phenomena that occur in membrane distillation processes 

are crucial to theoretically evaluating the transport mechanisms and the interaction of parameters that influence the 
efficiency of the process. This task is essential to reduce costs and time in the experimental analysis through the variety 
of operational parameters, as well as to promote the optimization of the system. In this sense, in addition to the influence 
of membrane characteristics, one of the main factors that affects the performance of the membrane distillation process is 
the temperature polarization phenomenon shown in the schematic representation of Figure 1 and evaluated by the 
temperature polarization coefficient (CPT) obtained by: 

 

𝐶𝑃𝑇 =
𝑇!,# − 𝑇!,$
𝑇# − 𝑇$

 (1) 

 
Temperature polarization refers to the effect that the thermal boundary layer causes in reducing the temperature 

difference between the membrane surfaces (𝑇!,#	– temperature at the feed-membrane interface and 𝑇!,$ - temperature at 
the membrane-permeate interface) in relation to temperature difference between the fluid streams (𝑇# - average 
temperature of the fluid in the feed stream - and 𝑇$ - average temperature of the fluid in the permeate stream). This 
phenomenon results in a decrease in permeate production, because of the reduction of the driving force of the process 
(vapor pressure gradient) and reduction of thermal efficiency. 

 

 
 

Figure 1. illustrative drawing of the temperature polarization phenomenon. 
Adapted from (Yazgan-Birgi, Hassan Ali, and Arafat 2019). 

 
2.1 Heat transfer 

 
The heat transfer process is modeled in three regions as shown in the scheme of Figure 2: (i) the convective heat 

transfer (𝑄̇#)	 in the thermal boundary layer of the feed channel along the membrane and described by Eq. (2), (ii) the 
transmembrane heat transport (𝑄̇!) described by Eq. (3) and (iii) heat transfer by convection (𝑄̇$) in the thermal boundary 
layer of the permeate channel on the other side of the membrane. 
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Figure 2. Schematic drawing of thermal resistances in a DCMD module. Adapted from (Srisurichan et al., 2006) 
 

𝑄#̇ = ℎ#𝐴!(𝑇# − 𝑇#!) 
(2) 

 

𝑄!̇ = 𝐴!(𝑁%Δ𝐻& +
𝑘!
𝛿 (𝑇#! − 𝑇$!) (3) 

  
𝑄$̇ = ℎ$𝐴!(𝑇$! − 𝑇$) (4) 

 
where 𝑄̇	is the heat transfer rate [W], ℎ is the convection heat transfer coefficient [W/m² K], 𝐴! is the area of the 

membrane faces [m²], 𝑁% is the permeate flux [ kg/m² s], 𝛥𝐻& is the latent heat of vaporization [J/kg], 𝑘! is the effective 
thermal conductivity of the membrane [W/m K] and δ is the nominal thickness of the membrane [m]. The effective 
conductivity, 𝑘!, can be estimated from the thermal conductivities of the solid and vapor phases 𝑘!' and 𝑘!(, and the 
membrane porosity ε [-] as described in the isostrain model of Eq. (5), which the literature indicates as adequate for 
membranes with solid and gas phases approximately parallel to each other (Ali et al. 2013; Andrjesdóttir et al. 2013; 
Lawson and Lloyd 1997; Marques Lisboa et al. 2021a). 

 
𝑘! = (1 − 𝜀)𝑘!' + 𝜀𝑘!( (5) 

 
In steady-state, the three Eqs. (2), (3) and (4) can be combined to determine the surface temperatures at the membrane 

interfaces (𝑇#! and 𝑇$!), once the heat transfer coefficients are determined, equating the heat transfer rates in each region: 
 

𝑄̇# = 𝑄̇! = 𝑄̇$ (6) 

By means of the energy balance of Eq. (6), and rewriting 𝑘! 𝛿6  as ℎ!, the membrane surface temperatures on the 
feed (𝑇#!) and permeate (𝑇$!) sides can be obtained as: 

 

𝑇#! =
7ℎ! 7𝑇$ + 7

ℎ#
ℎ$
8 𝑇#8 + ℎ#𝑇# −𝑁%Δ𝐻&8

ℎ! + ℎ# 71 +
ℎ!
ℎ$
8

 (7) 

  

𝑇$! =
7ℎ! 7𝑇# + 7

ℎ$
ℎ#
8𝑇$8 + ℎ$𝑇$ +𝑁%Δ𝐻&8

ℎ! + ℎ$ 71 +
ℎ!
ℎ#
8

 (8) 

 
Thus, evaluating the flow regime, laminar or turbulent, through the Reynolds number (Re), the indicated 

correlation was selected to calculate the Nusselt number from which it is possible to obtain the heat transfer coefficient 
of the channel feed and permeate as: 

 

h =
𝑁𝑢	k
𝑑)

 (9) 
 

where k is the thermal conductivity [W/m K], ρ is the density [kg/m³], µ is the dynamic viscosity [Pa.s], and 𝑐$ is the 
specific heat [J/kgK]. 
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The correlations for the Nusselt number in the feed and permeate channels under laminar flow conditions, Eq. (10) 
(Rehm 1986), were adopted according to the models described in the literature for DCMD membrane distillation 
(Andrjesdóttir et al. 2013; Marques Lisboa et al. 2021b). 

 

𝑁𝑢 = 4.36 +
0,036𝑅𝑒𝑃𝑟 G𝑑)𝐿 I

1 + 0,0011 J𝑅𝑒𝑃𝑟 G𝑑)𝐿 IK
* +⁄  𝑅𝑒 < 2100 (10) 

 
2.2 Mass transfer 

 
The permeate flux through the membrane (𝑁%) can be described by the Dusty-Gas model, based on the Maxwell-

Stefan relationships. Neglecting surface diffusion, the Dusty-Gas model is presented in Eq. (11), (Lawson and Lloyd 
1997): 

 
𝐽%
𝐷%-

+
𝑝.𝐽% − 𝑝%𝐽.

𝐷%./
= −

1
𝑅𝑇!

∇𝑝% (11) 

 
where 𝐽% and 𝐽. are the molar fluxes of water vapor and air [mol/m² s], 𝑝% and 𝑝. are the partial pressures of water 

vapor and air inside the pore [Pa], 𝐷%-  is the diffusivity of Knudsen, 𝐷%./  is the molecular diffusivity of water in the air, 
𝑇! is the thermodynamic average temperature inside the pores and R is the universal gas constant. 

Therefore, the permeate flow, 𝑁%, defined by Eq. (12), is determined from the permeate molar flow, 𝐽%, from Eq. 
(13), which is the result of Eq. (11) neglecting viscous transport and surface diffusion, zero airflows (𝐽. ≅ 0) inside the 
pores and considering the Dalton's law (Deshmukh and Elimelech 2017b; Marques Lisboa et al. 2021a): 

 
𝑁% = 𝐽%𝑀% (12) 
  

𝐽% = 𝐶)012/$)/304056
𝐷%./

𝑅𝑇!𝛿
ln V

𝐷%./ −𝐷7##𝑝.
8.$

𝐷%./ −𝐷7##𝑝$
8.$W (13) 

 
where δ is the membrane thickness, 𝑀% is the molecular mass of water 𝐷7## is the effective diffusion calculated from 

Eq. (14), 𝑝.
8.$ and	𝑝$

8.$ are the partial vapor pressures at the membrane interface on the feed and permeate sides, 
respectively. 

 

𝐷7## = V
𝐷%-𝐷%./

𝐷%./ + 𝑃𝐷%-
W (14) 

 
The Knudsen diffusivity 𝐷%-  and the molecular diffusivity of water in air 𝐷%./  are calculated from Eqs. (15) and (16), 

respectively: 
 

𝐷%- =
𝜀𝑑$
3𝜏 Y

8𝑅𝑇!
𝜋𝑀%

 (15) 

  
𝐷%./ = 4,46 ∙ 109:

𝜀
𝜏 𝑇!

*,++; (16) 
 
where ε is the membrane porosity, τ is the membrane tortuosity and 𝑑$ is the membrane pore diameter. 
Considering that the phenomenon of capillary depression is a consequence of the hydrophobicity of the membrane, 

we propose the correction factor, 𝐶)612/$)/304056 [-], described by Eq. (17). The curved region formed at the entrance of 
the membrane pores increases the total area of the liquid-vapor interface according to the value of the contact angle, θ, 
which varies from membrane to membrane. 

 

𝐶)012/$)/304056 =
2

[1 + sin(𝜃)] 
(17) 
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3. LABORATORY BENCH FOR MEMBRANE CHARACTERIZATION 
 
A desalination bench was designed and built for the characterization of commercial membranes and 

superhydrophobic modified membranes in the membrane distillation process for the DCMD configuration. 
The proposed experimental system (Figure 3) consists of two hydraulic circuits: a feed circuit described by the orange 

lines, where the saltwater flows, and a permeate circuit described by the blue lines, where the distilled water flows. In this 
configuration, the membrane is the only existing barrier that separates the feed stream from the permeate stream. The 
heating of the feed stream and the cooling of the permeate stream are carried out with the aid of two heat exchangers 
connected to two ultra-thermostatic baths to control the temperatures of both streams. The range established for the feed 
temperature was 65-85°C and the permeate temperature was 25-40°C. The flow rate for feed and permeate was established 
by the operational limit of the pumps available on the laboratory bench (0.2 – 0.8 L/min). 

 

 
 

Figure 3. Schematic drawing of the benchtop membrane distillation system designed and built in the laboratory in 
DCMD configuration with flat sheet module. 

 
3.1 Operating conditions in the laboratory bench and the experimental planning 

 
Different sets of experiments were carried out to investigate the effects of fluid temperatures and feed solute 

concentration on the permeate flow. The parametric characterization of the experiments was carried out through the 
execution of the 2k factorial planning matrix with a central point, in which the operational parameters that are feed and 
permeate temperature and feed and permeate flow vary in the levels 65 - 85°C (feed temperature, central point 75 oC), 25 
- 40°C (permeate temperature, central point 32.5 oC), and 0.2 - 0.8 L/min (feed and permeate flow, central point 0.5 
L/min). 

Initially, all experiments were performed with deionized water (DI) flowing in countercurrent through the two 
channels, feed and permeate, of the board-frame membrane module with AQUASTILL PE membrane, whose parameters 
are described in Table 1. All values found for the properties, presented in this table, refer to the membrane characterization 
process carried out.  

 
Table 1. Properties of the membranes used in the experiment. 

 

Parameters Properties of the PE membrane 
Measured Manufacturer 

Contact angle (𝜃) 99.5º (±2%) NR(1) 
Porosity (𝜀) 89.2% (± 4%) 85% 

Porous radius (𝑟$) NV (1) 0.16 µm(1) 
Thickness (𝛿) 91 ± 10 μm 110 µm(1) 

(1) Manufacturer's values (PE-AQUASTILL), NV - Not Verified, NR - Not Reported 
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After carrying out experiments with deionized water flowing in the feed and permeate channels with PE-
AQUASTILL membranes, additional experiments were carried out under the operational conditions established for the 
central points in the experimental design (Table 2), using two levels of saline water concentration (initially planned as 
15g/l and 35g/l of NaCl) flowing through the feed channel with the same PE-AQUASTILL membrane. 

It is important to emphasize that in the permeate channel (cold side) and feed channel (hot side), the flow in both 
channels was characterized as in the laminar regime, with Reynolds number varying between 500<Re<2100. The 
hydraulic diameter (𝑑)) determined from the geometric characteristics of the DCMD module was 3.2 mm and the 
membrane specific area (𝐴!) is 0.005062 m². 

 
4. RESULTS AND DISCUSSION 

 
4.1 Verification of the experimental bench 

 
Firstly, an important test adopted for commissioning the experimental bench is the monitoring of the mass flow rate 

balance, which was verified through the mass registered in the balances of the feed and permeate circuits within the 
determined interval of acquisition time, after reaching the steady-state regime, here considered when the variation of the 
parameters controlled according to the experimental design, feed and permeate inlet temperature, and feed and permeate 
inlet flow is less than 2% of the specified value. 

Figure 4a presents the mass balance for the water that permeates through the membrane, given by relation between 
the water mass flow rate lost by the feed side and water mass flow rate gained by the permeate side, and Fig. 4b shows 
the energy balance in each side of the DCMD module, for each experiment performed. These figures shows that the 
experimental results obtained for the distillate mass flow are within the experimental error of ±10%, while some 
experimental findings for the energy balance are slightly out of this range.  

The RMSE– the root mean square error – of the mass balance, for all saline concentration experimentally studied, 
were 0.14	g/min for the deionized water, 0.08 g/min for saltwater saline concentration of 18.6±0.8 g/L, and 0.09 g/min 
for saltwater saline concentration of 35.5±2.2 g/L, respectively. On the other hand, the RMSE results for the energy 
balance, for all experiments carried out in deionized water, 18.6±0.8 g/l and 35.5±2.2 g/l, was 0.081, 0.311 and 0.312, 
respectively.  

 

  
(a) (b) 

 
Figure 4. Checking the (a) mass balance, (b) energy balance.  

 
4.2 Comparison of experimental results and theoretical model 

 
The simulated experiments were obtained for five parameters: inlet temperature in the feed channel (𝑇#,0<), inlet 

temperature in the permeate channel (𝑇$,0<), feed flow at the inlet (𝑉#,0<), permeate flow at the inlet (𝑉$,0<) and salt 
concentration of the feed stream (𝐶=.>?), highlighting that the response variable is the average permeate flux (𝑁%), used 
as a parameter for comparison with the experimental results obtained on the LabMEMS laboratory bench. 

The results of experiments and simulations are presented in Table 2. The model results indicate a slight decrease in 
permeate flow with increasing concentration, as can be seen in the simulated permeate mass flow center point values 
(𝑁%,'0!@?.571) in Table 2. This trend agrees with other studies reported in the literature on membrane distillation analysis 
(Andrjesdóttir et al. 2013; Lawson and Lloyd 1996; Martínez and Rodríguez-Maroto 2007). 

There is a good agreement between the simulated permeate flow results (𝑁%,'0!@?.571 	) with the experimental ones 
(𝑁%,7A$720!7<5.? 		) in most operational conditions evaluated, regardless of the saline concentration used. However, it is 
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worth noting that the model seems to underestimate the permeate flow values of the experimental results. This can be 
attributed to the simplification of the temperature profiles along the length of the module in the prediction of heat transfer, 
obtained through the correlations of the Nusselt number, used to estimate the surface temperatures in the membrane on 
the feed and permeate sides, but other effects may have some relevance, such as the imprecision associated with the 
geometric and morphological parameters of the membrane described in Table 1, which directly impact the estimation of 
parameters such as the effective membrane conductivity, the hydrophobicity correction coefficient or the Knudsen 
diffusion coefficients, 𝐷%- , and molecular diffusion of water in the air, 𝐷%./ , which can significantly modify the response 
of the DGM model in determining permeate flow. 

However, it is important to note that despite apparently underestimating the flow of permeate 𝑁%, the model values 
presented a mean square error of 2.52 kg/m²h in different operational settings and with concentrations of up to 35 g/L of 
NaCl in the feed solution, indicating a satisfactory prediction capacity for different operating conditions. 

It is worth noting that to monitor the concentration of the solution in the feed tank, a calibration curve was estimated 
to convert the electrical conductivity measured in the feed tank to a common concentration of NaCl. The theoretical 
concentrations of the solutions used in the construction of the calibration curve were: 5.0 g/L; 15.0 g/L; and 35 g/L and 
conductivity measurements were performed using a DM-32 benchtop conductivity meter with a conductivity cell with a 
constant equal to 1 cm-1 (DIGIMED). The experimental points and the calibration curve estimated are obtained from: 

 
𝐶=.>? = 0.89712𝜎 − 3.7811 ( 25 ) 

 
where 𝜎 is the electrical conductivity [mS/cm]. 

 
Table 2. Experimental and simulated distillate mass flux for different operating parameters (2k factorial experimental). 

 
Num. 
run 

𝑪𝑵𝒂𝑪𝒍 
[g/L] 

𝑻𝒊𝒏 
Feed 
[°C] 

𝑻𝒊𝒏 
Permeate 

[°C] 

𝑽̇ 
Feed 

[L/min] 

𝑽̇ 
Permeate 
[L/min] 

Nw,experimental 
[kg/m²h] 

Nw,simulated 
[kg/m²h] 

Relative 
deviation 

1 0 [DI] 65.0 ± 0.8 25.0 ± 0.3 0.21 ± 0.01 0.21 ± 0.01 15.9 ± 0.3 15.80 -0.4 % 
2 0 [DI] 85.0 ± 2.5 25.1 ± 0.5 0.25± 0.01 0.80± 0.01 31.1 ± 0.8 34.14 9.9 % 
3 0 [DI] 65.0 ±1.3 40.0 ± 0.5 0.24± 0.01 0.82± 0.01 15.0 ± 0.3 14.01 -6.7 % 
4 0 [DI] 85.3 ±1.5 39.9 ± 0.6 0.20± 0.01 0.22 ± 0.01 27.3 ± 0.8 26.46 -2.9 % 
5 0 [DI] 65.0 ± 0.8 25.0 ± 0.3 0.82± 0.01 0.82± 0.01 23.3 ± 0.6 24.71 6.1 % 
6 0 [DI] 85.0 ± 1.3 25.0 ± 0.4 0.81± 0.01 0.22 ± 0.01 47.5 ± 2.2 42.94 -9.6 % 
7 0 [DI] 65.0 ± 0.8 40.0 ± 0.5 0.86± 0.01 0.23 ± 0.01 15.2 ± 0.3 15.49 2.2 % 
8 0 [DI] 85.1 ± 1.3 40.1 ± 0.5 0.82± 0.01 0.82± 0.01 44.5 ± 2.0 43.25 -2.7 % 

9 (C) 0 [DI] 75.0 ± 1.1 32.5 ± 0.4 0.54± 0.01 0.53± 0.01 32.1 ± 1.0 28.24 -12.0 % 
10 (C) 0 [DI] 75.0 ± 1.9 32.6 ± 0.4 0.55± 0.01 0.54± 0.01 32.7 ± 1.1 28.52 -12.6 % 
11 (C) 0 [DI] 75.1 ± 1.0 32.5 ± 0.4 0.55± 0.01 0.54± 0.01 32.2 ± 1.0 28.59 -11.1 % 
12 (C) 0 [DI] 75.0 ± 1.0 32.5 ± 0.4 0.54± 0.01 0.54± 0.01 32.2 ± 1.0 28.2 -12.2 % 
13 (C) 0 [DI] 74.9 ± 1.0 32.5 ± 0.4 0.53± 0.01 0.54± 0.01 31.9 ± 1.0 28.10 -11.7 % 
9 (C) 18.0 ± 0.3 75.1 ± 2.0 32.5 ± 0.4 0.52± 0.01 0.52± 0.01 30.2 ± 0.8 27.95 -7.3 % 
10 (C) 18.5 ± 0.3 75.0 ± 1.9 32.6 ± 0.5 0.52± 0.01 0.51± 0.01 29.1 ± 0.8 27.72 -4.6 % 
11 (C) 18.5 ± 0.3 74.9 ± 1.7 32.5 ± 0.5 0.52± 0.01 0.52± 0.01 28.3 ± 0.8 27.73 -2.0 % 
12 (C) 18.8 ± 0.2 75.0 ± 2.2 32.5 ± 0.5 0.52± 0.01 0.52± 0.01 28.0 ± 0.8 27.75 -0.9 % 
13 (C) 19.1 ± 0.1 75.0 ± 2.0 32.5 ± 0.4 0.52± 0.01 0.52± 0.01 26.6 ± 0.7 27.77 +4.4 % 
9 (C) 37.4 ± 0.2 75.1 ± 1.9 32.4 ± 0.4 0.51± 0.02 0.51± 0.01 28.1 ± 0.8 27.55 -1.9 % 
10 (C) 34.9 ± 0.2 75.1 ± 1.3 32.5 ± 0.4 0.51± 0.01 0.53± 0.01 31.2 ± 0.8 27.55 -11.7 % 
11 (C) 34.9 ± 0.4 75.1 ± 1.4 32.5 ± 0.4 0.51± 0.03 0.53± 0.03 30.5 ± 0.8 27.63 -9.3 % 
12 (C) 35.0 ± 0.4 75.3 ± 1.6 32.6 ± 0.4 0.51± 0.03 0.53± 0.03 30.1 ± 0.8 27.74 -7.8 % 
13 (C) 35.1 ± 0.3 75.1 ± 1.1 32.5 ± 0.5 0.50± 0.03 0.53± 0.03 28.3 ± 0.7 27.47 -2.7 % 

 
For a visual comparison between the experimental and simulated results for the distillate mass flux, Fig. 5 illustrates 

the good agreement of this parameter, based on the 2k factorial experiments design of Table 2. 
The Pareto chart in Figure 6 shows the statistical significance of the factors evaluated and their interactions about the 

permeate flux. It is observed that the factors referring to the feed temperature and the feed flow showed greater 
significance in the response variable. Factors with values to the right on the red dashed line indicate that they should be 
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considered statistically significant. The factors for feed temperature and feed flow rate showed the highest significance 
in the response variable. However, permeate temperature and permeate flow rate can be also statistically significant. The 
negative value of the effect of permeate temperature in the Pareto diagram and because the response variable Nw is 
negatively impacted with the increase of this variable.  

 

 
 

Figure 5. Comparison between the experimental and simulated distillate mass flux. 
 

 
Figure 6. Pareto Chart for the standardized effects of the laboratory bench experiment. 

 
From the analysis of the Pareto diagram, an empirical model obtained by regression allows the estimation of the 

studied response variable (permeate flow, Nw) for values contained in the ranges established in the experimental design. 
The response surfaces shown in Figure 7 were obtained from this analysis. 

 

  
(a) (b) 

Figure 7. Mean permeate flux response surface (a) Nw x (Vfeed; Tfeed). (b) Nw x (Tpermeate; Tfeed). 
 

The effect of the feed temperature (Tfeed) on the increase of the response variable as observed in Figure 7a and Figure 
7b is an expected behavior, since this variable is exponentially related to the vapor pressure, markedly affecting the 
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pressure gradient in the thickness membrane, and thus favoring the transport of water vapor through it. The significance 
of the feed flow in the permeate flow was also expected, given that an increase in the net current results in a reduction in 
the thickness of the boundary layer, which decreases temperature polarization effects, providing greater permeate flux. 

On the other hand, decreasing the permeate inlet temperatures can increase the permeate flux, however, for lower 
temperatures, it increases the electrical consumption of the system due to the greater need for pumping energy (higher 
viscosity) and eventually fluid cooling (EL -BOURAWI et al., 2006). 
 
5. CONCLUSIONS 

 
It can be concluded from this study of the laboratory bench of membrane distillation that the theoretical and 

experimental results showed good agreement with each other, in addition to having led to conclusions like those of other 
works with the DCMD configuration, such as a decrease in the permeate flux with increasing salinity in the feed solution. 

The results also show that the inlet temperature of the feed stream and the feed flow at the inlet are the factors that 
exert the greatest influence on the permeate flow obtained. The first factor is directly related to the driving force of the 
permeate flow, due to the relationship between vapor pressure and temperature of the feed stream at the membrane 
interface.  

Observing the values found for mass and energy balance between permeate and feed streams values, it can be 
concluded that they were acceptable since the results found were within the region considered satisfactory for the values, 
even without considering any losses to the external environment.  

The comparison between the experimental results of the distillate flux and the model results indicated that there is a 
slight underestimation by the theoretical model, which can be attributed to the various simplifications in the model design 
and the inaccuracies of the input data. The main sources of these differences can be progressively evaluated through 
critical comparisons with the local models to be implemented via CFD for this case in the next step. Thus, it is intended 
to improve this lumped-parameter model (lumped model) from these observations. The lumped model is very useful for 
the design of desalination equipment and can be used for a first search in the optimization of the process, delimiting the 
search region for a simulation via CFD, enabling this tool by reducing the computational cost. 

Finally, according to satisfactory experimental validation results and a good agreement between the experimental and 
theoretical model results, the experimental test bench developed and built in the laboratory is ready to be employed in 
hydrophobic membrane characterization and evaluation of the thermal performance of the flat sheet DCMD module under 
different operational conditions.  
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