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Abstract 

This paper examines the performance of a thermal-driven tubular direct contact membrane 

distillation (DCMD) system theoretically and experimentally. A multi-step mathematical 

model was developed to predict the fresh water productivity of the tubular DCMD module 

applicable for both small and large-scale applications by considering the changes in the 

operational variables along the membrane’s length. The proposed model was verified by 

building an experimental rig which was tested under different operational conditions. The 

results showed that keeping the mass flow rates in the hot and cold channels either near the end 

or beyond the transition range of the flows results in higher water production. In addition, 

heating up the feed stream is more efficient for enhancing the water productivity than using the 

same amount of energy to cool the permeate stream down. Finally, the effects of operational 

and physical factors on the fresh water productivity of were identified and discussed. 

Keywords: Desalination; Membrane; Fresh water productivity; Heat and mass transfer 
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Nomenclature  
  

A Area (m2) P Pressure (Pa) 

a Air p Permeate 

cv Control volume Q 
Heat flux (W/m2) 

Cm 
Membrane specific mass 

transfer coefficient (kg/m2sPa) 
R Gas constant (J/kg.K) 

D Diffusion coefficient Re Reynolds number 

Dh  Hydraulic diameter (m)  r Pore radius (m) 

Dm Molecular diffusivity (m2/s) S Salinity 

Dw-a 
Water vapour diffusion 

coefficient 
Sh Sherwood number 

d Pore dimension (m) T Temperature (°C) 

de 
Vapour and air collision 

diameter (m) 
t Time 

E Energy rate (W) U 
Overall heat transfer coefficient 

(W/m2K) 

f Feed V Velocity (m/s) 

Hv Evaporation enthalpy (J/kg) v Vapour 

h 
Convective heat transfer 

coefficient (W/m2K) 
W 

Transferred molecules mean 

free path (m) 

J 
Transmembrane water flux 

(kg/m2s) 
w Water 

K 
Film mass transfer coefficient 

(m/s) 
Y Specific enthalpy (J/kg) 

Kb Boltzmann constant   

Kg 

Water vapour thermal 

conductivity inside the pores 

(W/m.K) 
Greek letters 

km 
Membrane module thermal 

conductivity (W/m.K) 
𝛿 Thickness (m) 

L Length (m) 𝜌 
Density (kg/m3) 

M Molecular weight (kg/mol) 𝜀 
Porosity 

m 
Membrane surface/mass flow 

rate (kg/s) 
𝜇 

Dynamic viscosity (m2/s) 

n Step/section number τ Membrane tortuosity 
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1. Introduction 

Water shortage has affected millions of people around the world and predictions evaluate the 

situation in the future as warning. Many researchers have tried to combat this global issue and 

various methods of desalination such as reverse osmosis and solar stills have been proposed. 

However, different practical and economic complications, including low water quality and low 

productivity of solar stills and polarization films formation, fouling generation, and high energy 

demand of reverse osmosis systems, have restricted their application [1-4]. To overcome 

abovementioned problems, a new technology called Membrane Distillation (MD) has been 

proposed which takes advantage of an advanced separation technique to produce potable water 

from saline water [5].  

Membrane-based desalination technique has several noticeable advantages such as low heat 

loss, less pre-treatment requirements, low operating pressures, and higher efficiently [6]. In 

addition, moderate temperatures can create the driving force for the membrane which enables 

the coupling of membrane-based systems with solar, geothermal energy, and waste heat 

resources to minimize the water production cost [5]. Moreover, the operation of a MD unit is 

often simple and requires the least equipment [7]. 

Membrane module includes two channels for hot (feed) and cold (permeate) flow streams 

which are separated by a membrane module having a specific porosity [8]. Water molecules 

evaporate from saline water and transfer from the feed stream having higher vapour pressure 

to the permeate stream having lower vapour pressure. The main driving force for mass transfer 

across the membrane module is the vapour pressure difference which is created as a result of 

the temperature difference [9]. The existence of these thermal processes (i.e. evaporation and 

condensation) is the main reason for the existence of the temperature and concentration 

gradient in the liquid films near the membrane surfaces which leads to creation of boundary 

layers. As a result, the membrane surfaces/sides temperatures as well as concentrations are 
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different from the flow streams mean values of these parameters inside the cold and hot 

channels. 

To obtain the produced fresh water, the vapour pressure difference between walls of the 

membrane should be multiplied by the specific mass transfer coefficient (MTC) of the 

membrane. The MTC is calculated using three mechanisms called Poiseuille flow, Knudsen 

diffusion, and Molecular diffusion [9]. Also, a combination of these mechanisms can be used 

by considering them as mass transfer resistances and arranging them in parallel and series 

configurations. To date, many researchers have investigated the performance of DCMD 

systems experimentally and theoretically using the abovementioned mass transfer mechanisms 

[10-13]. Gabelmana and Hwang [14] comprehensively reviewed the operating principles, 

applications, and relevant mathematics of hollow fibre membrane contactors. 

Karam et al. [15] applied energy and mass conservation equations and proposed a dynamic 

model with satisfactory accuracy for performance investigation of flat-sheet direct contact 

membrane-based systems. Chen et al. [16] used a 2-D theoretical model to study the pure water 

productivity of flat-sheet membrane-based systems. The combined Poiseuille-Knudsen flow 

model showed a good accuracy for laminar flows when it was compared with the experimental 

results. Guo et al. [17] integrated flat-sheet membrane distillation modules with evaporative 

crystallizer and simulated the performance of the zero liquid discharge water desalination 

system. The results were used to determine the optimum values of operational and dimensional 

parameters of the system. 

Lawal and Khalifa [18] proposed the application of a novel regression model to predict the 

performance of a flat-sheet DCMD unit. They also applied statistical analysis of variance to 

investigate the effect of each operational parameter on water productivity of the membrane. In 

another study, Ho et al. [19] applied the separated variable method to analyse the effect of 
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various operation conditions on the efficiency of a tubular hollow-fibre DCMD unit. The 

orthogonal expansion technique was used to solve the conjugated Graetz problem. In a 

theoretical and experimental study, Bardesco et al. [20] studied the adiabatic absorption process 

of membrane distillation modules under different operational conditions. The developed model 

resulted in an evolutionary study of the major parameters in both axial and radial directions of 

the membrane module. 

Eleiwi et al. [21] used a theoretical dynamic model for analysing the performance of flat-sheet 

DCMD modules which are powered by intermittent energy supplies. Two dimensional 

advection–diffusion equations were considered as a base to analyse the heat and mass transfer 

processes. In a similar study, Bhattacharya et al. [22] developed a 2-D mathematical model to 

study the chromium (VI) removal performance of a flat-sheet DCMD system. The coupled 

Poiseuille and Knudsen models were applied to simulate the mass transfer through the 

membrane module. Zhou et al. [23] used heat and mass balance equations to simulate the 

performance of flat-sheet membrane distillation modules in a liquid desiccant air conditioning 

system. The accurate developed model provided the ability of analysing the performance of the 

system under different operational parameters and climatic conditions. 

Nakoa et al. [6] connected the flat-sheet DCMD module to a salinity gradient solar pond and 

evaluated the performance of the coupled system both experimentally and theoretically. Doung 

et al. [24] proposed a brine recycling technique to enhance the thermal efficiency of a flat-sheet 

membrane-based unit. In the proposed system, the sensible energy of the returning brine was 

recovered inside the feed tank in the form of heat.  

Elzahaby et al. [7] evaluated the effect of geometric and operational conditions on the 

performance of a solar tubular membrane-based desalination system both experimentally and 

theoretically. In a similar study, Kabeel et al. [25] used solar energy to drive a tubular DCMD 
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system and the results indicated the maximum productivity of 33.55 L/day. Shim et al. [26] 

developed a mathematical model to investigate the water productivity of the flat-sheet 

membrane module in a solar assisted DCMD system in unsteady state conditions.  

Park et al. [27] studied the effect of using screen spacers on temperature and concentration 

polarization of flat-sheet DCMD modules both theoretically and experimentally. Elmarghany 

et al. [28] investigated the thermal performance of flat-sheet DCMD modules experimentally. 

Similar theoretical and experimental studies on the performance of different types of DCMD 

modules can be found in the literature [29-34]. 

Most of the previous studies have not considered the changing nature of the operational 

parameters (e.g., salinity, temperature, and mass flow rate) along the membrane’s length. 

Ignoring the changing trend of these parameters along the membrane’s length may lead to little 

errors at the bench-scale research experiments, however, it is likely to result in noticeable errors 

in long membranes and large-scale applications. On the other hand, another group of proposed 

models are too complex imposing excessive economic costs and increase computational 

processing times [21]. In addition, most of the previous investigations have mainly focused on 

flat-sheet membrane modules, have not taken the experimental and theoretical observations 

beyond common trends, and also have not considered the effects of concentration and 

temperature polarizations.  

Therefore, the objective of this study is to provide a comprehensive theoretical and 

experimental investigation on the performance and fresh water productivity of a tubular DCMD 

system. A multi-step iterative theoretical model was developed to investigate the performance 

of the membrane module and was generalized in a way to reduce the computation costs and at 

the same time to maintain the accuracy especially for large-scale applications. Moreover, an 

experimental rig was built, tested under different operational conditions, and used to compare 
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the theoretical results obtained from the developed model with the experimental data. Finally, 

the effects of various parameters on temperature polarization and gain output ratio of the 

tubular membrane was studied in details. 

2. Mathematical modelling 

Figure 1 depicts the structure of the tubular DCMD module which consists of several feed 

channels covered in a shell that has 4 inlet and outlet ports. For determination of the 

temperature and salinity distribution along the membrane module, it should be discretised into 

smaller sections which are perpendicular to the stream direction (Fig. 1). The equations of heat 

and mass processes along with the energy and mass balance equations should be solved for 

each of these sections named as steps. The outlet parameters of each section provide the inlet 

boundary conditions for the next section. Discretization proceeds from the feed stream inlet to 

its outlet for both feed and permeate channels. Therefore, the subscript n, which shows the inlet 

conditions of the feed stream sections, represents the outlet conditions of the permeate stream 

sections (Fig. 1). It is worth noting that due to small diameter of the DCMD module and its 

large length to diameter ratio, the permeate flow is assumed to be unidirectional. 
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Fig. 1. The membrane which is discretised into smaller sections along with inlet and outlet 

boundary conditions of each section. 

2.1. Energy and mass balance 

By assuming that the potential energy across each section is constant and there is no energy 

input in form of work, the steady state energy balance equations for both feed and permeate 

streams consist of two main components which are transferred energies by heat and mass [35]: 

𝐸𝑓−𝑛,𝑖𝑛 − 𝐸𝑓−𝑛,𝑜𝑢𝑡 =
𝑑𝐸𝑓−𝑐𝑣

𝑑𝑡
 (1) 

𝐸𝑓−𝑛,𝑖𝑛 = 𝐸𝑓−𝑛,𝑜𝑢𝑡 (2) 

𝑚𝑓,𝑛 (𝑌𝑓,𝑛 +
𝑉2

𝑓,𝑛

2
) = 𝑚𝑓,𝑛+1 (𝑌𝑓,𝑛+1 +

𝑉2
𝑓,𝑛+1

2
) + 𝑄𝑛𝐴𝑚,𝑛 (3) 

𝑚𝑝,𝑛 (𝑌𝑝,𝑛 +
𝑉2

𝑝,𝑛

2
) = 𝑚𝑝,𝑛+1 (𝑌𝑝,𝑛+1 +

𝑉2
𝑝,𝑛+1

2
) + 𝑄𝑛𝐴𝑚,𝑛 (4) 
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The mass flow rate of each section is different from the previous section and can be calculated 

for feed and permeate streams by: 

𝑚𝑓,𝑛+1 = 𝑚𝑓,𝑛 − 𝐽𝑤,𝑛𝐴𝑚,𝑛 (5) 

𝑚𝑝,𝑛+1 = 𝑚𝑝,𝑛 − 𝐽𝑤,𝑛𝐴𝑚,𝑛 (6) 

2.2. Heat and mass transfer 

The following assumptions are considered for modelling heat and mass transfer in the tubular 

DCMD module [35]: (i) both the feed flow in the hot channel and the permeate flow in the cold 

channel remain in the steady state and the incompressible situation; (ii) heat loss to the 

surroundings is negligible; (iii) the mass transfer due to the motion of fluid mixtures through 

porous media is considered to obey the Dusty-Gas model; and (iv) cold permeate water’s 

momentum through the membrane is neglected. 

The mass transfer in a DCMD module has been proved to be in linear relationship with the 

vapour pressure difference defined as [36]: 

𝐽𝑤 = 𝐶𝑚[𝑃𝑣(𝑇𝑓,𝑚, 𝑆𝑓,𝑚) − 𝑃𝑣(𝑇𝑝,𝑚, 𝑆𝑝,𝑚)] (7) 

Thermo-physical characteristics of water were calculated using the equations presented by 

Sharqawy et al. [37]. The heat and mass transfer coefficients along with the temperature and 

salinity at the membrane surfaces should be calculated as follows to determine the mass flux 

through the membrane.  

2.2.1. Heat transfer 

The heat transfer theoretical model of the membrane desalination system is divided into three 

sections (Fig. 2): (i) thermal energy that is transmitted from the hot water inside the feed 

channel to the boundary layer which forms adjacent to the membrane wall (Qf); (ii) combined 

heat that is transmitted by both the conduction through membrane and the water vapour 
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movement through the pores (Qm); and (iii) thermal energy is transmitted from the permeate 

boundary layer to the permeate cold water (Qp) [38].  

 

Fig. 2. Schematic diagram of heat transfer process in DCMD modules 

Qf, Qm, and Qp are defined as: 

𝑄𝑓 = ℎ𝑓(𝑇𝑓 − 𝑇𝑓,𝑚) (8) 

𝑄𝑚 = ℎ𝑚(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚) + 𝐽𝑤𝐻𝑣(𝑇𝑓,𝑚, 𝑆𝑓,𝑚) (9) 

𝑄𝑝 = ℎ𝑝(𝑇𝑝 − 𝑇𝑝,𝑚) (10) 

In Eq. (9), hm (W/m2K) can be obtained from: 

ℎ𝑚 =
𝑘𝑔𝜀 + 𝑘𝑚(1 − 𝜀)

𝛿
 (11) 

According to steady state assumption: 

𝑄𝑚 = 𝑄𝑓 = 𝑄𝑝 = 𝑄 (12) 

Total heat rate that is moved through the membrane can be obtained from: 

𝑄 = 𝑈(𝑇𝑓 − 𝑇𝑝) =

[
 
 
 
1

ℎ𝑓
+

1

ℎ𝑚 +
𝐽𝑤𝐻𝑣

(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚)

+
1

ℎ𝑝

]
 
 
 
−1

(𝑇𝑓 − 𝑇𝑝) (13) 
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The boundary layers’ convective heat transfer coefficients in hot and cold channels are 

functions of geometrical, operational, and thermo-physical parameters. Equations for 

calculating Nusselt and  Sherwood numbers, which are provided in the literature [39-45], can 

be used to obtain the convective heat and mass transfer coefficients. 

2.2.2. Mass transfer 

The salinity at the membrane surface was determined by using the mass balance equation and 

film theory on the feed side boundary layer [46]:  

𝑆𝑓,𝑚 = 𝑆𝑓exp⁡(
𝐽𝑤

𝜌𝑓𝐾
) (14) 

The film mass transfer coefficient (K) can be obtained by using Sherwood number (Sh) which 

can be obtained by [47]: 

𝑆ℎ =
𝐾𝐷ℎ

𝐷𝑚
 (14) 

𝑆ℎ = 0.13𝑅𝑒0.64𝑆𝑐0.38, 𝑅𝑒 < 2100 (15) 

𝑆ℎ = 0.23𝑅𝑒0.8𝑆𝑐0.33, 𝑅𝑒 > 2100 (16) 

The dimensionless parameter of Sc in the abovementioned equations Schmidt number which 

can be calculated by [47]: 

𝑆𝑐 =
𝜇

𝜌𝐷𝑚
 (17) 

The readers are referred to [38, 48, 49] for further information regarding detailed process of 

convective mass transfer calculations. 

Knudsen number has been introduced to specify a quantitative measurement for determining 

flow type [50]. 

𝐾𝑛 =
𝑊

𝑑
 (18) 
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Three different types of flow mechanism can take place inside the membrane considering the 

different ranges of Knudsen number (Kn) [38]. For Kn<0.01, the flow is specified as molecular 

diffusion, in which molecule-molecule collisions are predominant instead of molecule-pore 

surface collisions. For Kn>1, the flow is specified as Knudsen mechanism that is completely 

opposite to the molecular diffusion, and Kn between 0.01 and 1 is specified as transition process 

that is called Knudsen-molecular diffusion. However, it should be noted that in some 

references, the transition range is extended up to 10 and Kn between 0.01 and 10 is considered 

as transition region [51]. 

The average transported molecules free path is calculated by [6]: 

𝑆 =
𝐾𝑏𝑇

1.44𝜋𝑃𝑑𝑒
2
 (19) 

Cm for Knudsen flow mechanisms is obtained by [9]: 

𝐶𝑚 =
2

3

𝜀𝑟

𝜏𝛿
(

8𝑀

𝜋𝑅𝑇
)
0.5

 (20) 

Cm for molecular diffusion is obtained from [8]: 

𝐶𝑚 =
𝜀𝑟

𝜏𝛿

𝑃𝐷

𝑃𝑎

𝑀

𝑅𝑇
 (21) 

Cm for Knudsen-molecular diffusion transition mechanism is calculated by Eq. (22) [8]: 

𝐶𝑚 = [
2

3

𝜀𝑟

𝜏𝛿
(

8𝑀

𝜋𝑅𝑇
)
0.5

+
𝜀𝑟

𝜏𝛿

𝑃𝐷

𝑃𝑎

𝑀

𝑅𝑇
] (22) 

The correlations presented by [52] was used to calculate the tortuosity of the DCMD module 

and its value was obtained to be 1.5. 

An iterative computer modelling should be implemented to calculate Tf,m and Tp,m. The program 

starts by estimating the temperature of the hot and cold membrane surfaces. These values are 

presumed to be equivalent to Tf and Tp that are the bulk temperatures of feed and product 
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streams, respectively. The heat transfer coefficients is estimated by (i) entering input 

geometrical parameters and (ii) calculating operational and thermo-physical parameters. Then, 

the calculated heat transfer coefficients are used to define new quantities of Tf,m and Tp,m using 

Eq. (23) and (24). 

𝑇𝑓,𝑚 =

ℎ𝑚 (𝑇𝑝 + (
ℎ𝑝

ℎ𝑓
) 𝑇𝑓) + ℎ𝑓𝑇𝑓 + 𝐽𝑤𝐻𝑣

ℎ𝑚 + ℎ𝑓 (1 +
ℎ𝑚

ℎ𝑝
)

 (23) 

𝑇𝑝,𝑚 =

ℎ𝑚 (𝑇𝑓 + (
ℎ𝑝

ℎ𝑓
) 𝑇𝑝) + ℎ𝑝𝑇𝑝 + 𝐽𝑤𝐻𝑣

ℎ𝑚 + ℎ𝑝 (1 +
ℎ𝑚

ℎ𝑓
)

 (24) 

Repeating this process by a number of iterations will allow to specify the final values of Tf,m 

and Tp,m with acceptable precision and move to the last step to calculate other parameters such 

as the fresh water production rate. 

2.3. Multi-step process 

Figure 3 indicates the flowchart of the computation process developed in this study for 

theoretical modelling the DCMD module. With the aim of determining the temperature and 

salinity distribution along the membrane module, heat and mass transfer equations for a single 

section (Eq. (7)-(24)) should be applied. Then, mass and energy balance equations (Eq. (1)-

(6)) should be used to calculate the inlet conditions of the next section. Combination of Eq. (3) 

and (4) results in an equation with the outlet temperature and salinity as the unknown 

parameters. The salt mass balance equation (Eq. (25)) provides an additional equation to 

eliminate one of the unknowns. As the produced equation is not linearly related to the outlet 

temperature, numerical methods such as Secant Method should be used to solve it.  

𝑚𝑓,𝑛

𝜌𝑓,𝑛
𝑆𝑓,𝑛 =

𝑚𝑓,𝑛+1

𝜌𝑓,𝑛+1
𝑆𝑓,𝑛+1 (25) 
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The mathematical model starts with initial guesses of total water flux through the membrane 

(Jwa) and outlet temperature of the permeate stream (Ta). Using the abovementioned procedure 

and by applying the below boundary conditions (Eq. (26)-(35)), the inlet temperature of the 

permeate stream should be calculated and compared with the actual value. If the difference is 

not within the specified error range, the initial guess should be changed. The calculations 

should be repeated until an acceptable difference (0.0001 °C) between the calculated and actual 

outlet temperature is reached. The same process should be repeated for the inlet mass flow rate 

of the permeate stream. It’s worth mentioning that finding the optimum number of steps plays 

an important role in computation time and 20 was obtained to be the optimum step number in 

all the theoretical simulations of this study. 

𝑚𝑤 = ∑ 𝐽𝑤,𝑛𝐴𝑚,𝑛

𝑛=𝑗

𝑛=1

 (26) 

𝑇𝑓,0 = 𝑇𝑓,𝑖𝑛 (27) 

𝑇𝑓,𝑗 = 𝑇𝑓,𝑜𝑢𝑡 (28) 

𝑇𝑑,0 = 𝑇𝑓,𝑖𝑛 − 𝑇𝑎 (29) 

𝑇𝑑,𝑗 = 𝑇𝑑,𝑖𝑛 (30) 

𝑆𝑓,0 = 𝑆𝑓,𝑖𝑛 (31) 

𝑆𝑓,𝑗 = 𝑆𝑓,𝑜𝑢𝑡 (32) 

𝑆𝑝,0 = 0 (33) 

𝑆𝑝,𝑗 = 0 (34) 

𝑚𝑝,0 = 𝑚𝑝,𝑖𝑛 + ∑ 𝐽𝑤𝑎,𝑛𝐴𝑚,𝑛

𝑗

𝑛=1

 (35) 
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Fig. 3. Algorithm of the computation process for modelling the tubular DCMD 
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3. Experimental setup and instrumentation 

3.1. Experimental setup description 

Figure 4 depicts the components of the experimental setup. The system mainly consists of a 

tubular DCMD module; feed and permeate water storage tanks; a National Instrument Data 

Acquisition (NI-DAQ) unit; a power unit; two pumps; two flow meters; six thermocouples; a 

computer; valves; pipes; and fittings. The specifications of tubular DCMD are summarised in 

Table 1. 

Sodium Chloride was dissolved in tap water to make the feed synthetic saline water and its 

salinity was constantly monitored using a conductivity meter. The saline water was heated up 

in the feed water storage tank using a 2 kW electric heater and its temperature was controlled 

by both a thermostat and a T-type thermocouple. Two pumps were used to circulate the feed 

and permeate flows in the hot and cold loops of the system. The flow rates of the feed and 

permeate streams were regulated via two valves located after the pumps and monitored using 

two flowmeters. Six thermocouples, which are monitored using a NI-DAQ system, were used 

to measure the temperatures at different points of the system. In order to record the data, 

LabVIEW 2014 software was used to write an application-based program interface and data 

was recorded at 10-second intervals. 
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Fig 4. Components of the tubular DCMD setup: (a) schematic diagram, and (b) real picture. 
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Table 1. The specifications of the tubular DCMD module used in this study. 

Characteristic Value Characteristic Value 

Model type  
MD 090 TP 2N 

ANSI 
Membrane material Polypropylene 

Nominal module diameter 9 cm Membrane thickness 1.5 mm 

Inner diameter of 

membrane module 
5.5 mm 

Outer diameter of 

membrane module  
8.5 mm 

Membrane module length 75 cm Membrane porosity 75% 

Membrane area 0.2 m2 Potting material Polypropylene 

Average pore size 0.2 µm Outer shell material Polypropylene 

 

3.2. Uncertainty analysis  

The uncertainty of measured parameters includes systematic errors (i.e. calibration, data 

acquisition, and instrument accuracy) and random errors. The total uncertainty was estimated 

by applying the standard deviation method and was defined as [53]: 

𝑊𝑡 = √𝜀𝑠
2 + 𝜀𝑟

2 (36) 

where, Wt represents the total uncertainty and εr and εs are the random and systematic errors, 

respectively, that can be calculated by [54]: 

𝜀𝑠 = √∑𝜀𝑠,𝑖
2

𝑛

𝑖=1

 (37) 
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𝜀𝑟 = √∑𝜀𝑟,𝑖
2

𝑛

𝑖=1

 (38) 

The parameter n in Eq. (37) and (38) represents the error source number and 𝜀𝑟,𝑖 can be obtained 

from [55]: 

𝜀𝑟,𝑖 = √
∑ (𝜑𝑖 − 𝜑̅)2𝑛

𝑖=1

𝑁(𝑁 − 1)
 (39) 

where 𝜑̅ and N represent the average value and the number of times a parameter is measured, 

respectively. 

The propagation of errors method was applied to evaluate the uncertainty of the calculated 

parameters. The results uncertainty (WR) can be determined by [56, 57]: 

𝑊𝑅 = √∑(
𝜕𝑅

𝜕𝑥𝑖
𝑊𝑖)

2𝑛

𝑖=1

 (40) 

where R=R (x1, x2, …, xn) 

In Eq. (40), parameter x is an independent variable and W represents the uncertainty in that 

variable. Table 2 provides information about different calculated and measured quantities and 

their related uncertainties. 

Table 2. Uncertainty analysis for measured and calculated quantities. 

Parameter 

Measurement 

instrument 

Operating  

range 

Systematic 

uncertainty 

(± %)  

Random 

uncertainty 

(± %) 

Total 

Uncertainty 

(± %) 

Temperature 
T-Type 

Thermocouple 
-150 – 300 °C 1.42 0.32 ± 1.7 
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Salinity Conductivity meter 0-200 g/L 2.15 0.65 ± 2.24 

Flow rate Flow meter 0 – 0.07 kg/s 1.34 0.45 ± 2 

TPC - - - - ± 4.3 

GOR - - - - ± 5.6 

 

4. Results and discussions 

Figure 5 shows the variations of mass flux through the membrane wall based on different feed 

and permeate mass flow rates at different feed concentrations. The graphs clearly show that 

increasing mass flow rates positively affect the fresh water productivity. This is mainly because 

higher mass flow rates result in higher velocities and turbulence levels. The direct effect is the 

increase in the mixing which occurs inside the boundary layers resulting in higher heat and 

mass transfer coefficients. This effect can also be seen in Fig. 6 which shows the influence of 

feed and permeate mass flow rates on the heat transfer coefficient of both hot and cold streams. 

Increasing the mass flow rates from 5 to 20 L/min increases the hot and cold channel heat 

transfer coefficients by 3.19 and 4.27 kW/m2K, respectively, resulting in water productivity 

increase of 15 g/m2min at 35 g/L NaCl concentration. It is worth mentioning that Fig.6 was 

drawn by calculating the experimental heat transfer rate on both sides of the membrane 

considering the mass flow rates, specific heat capacities and inlet and outlet temperatures of 

the membrane module. Then, Eq. (8) and (10) were used to calculate the heat transfer 

coefficient on both feed and permeate sides of the membrane. 

In addition, higher mass flow rate results in higher shear force which is generated between the 

fluid and the membrane surfaces which reduces the boundary layer thickness. This significantly 

decreases the effect of temperature and concentration polarization leading to lower temperature 
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difference between the membrane wall and bulk stream. This positively affects the mass flux 

because as the temperatures at the membrane interface get closer to bulk stream temperatures, 

the vapour pressure difference across the membrane which acts as the main driving force for 

vapour molecules increases leading to higher fresh water productivity. 

Another interesting behaviour which can be seen in Fig. 5 is the steep slope of the graphs in 

the approximate mass flow rate range of 5 to 12 L/min which is mainly attributed to the change 

of state of flow from laminar to turbulent in this region named transition area. As the Reynolds 

number increases towards the turbulent region, the momentum and energy exchange enhances 

leading to higher heat transfer coefficient and mass flux through the membrane. Therefore, in 

large-scale applications, it is highly recommended to keep both the feed and permeate flow rate 

either near the end or beyond the transition range.  

It can also be observed that for mass flow rate of 10 L/min for example, increasing the feed 

salinity slightly decreases the permeate water production mainly when salinity increases from 

0 g/L to 10 g/L. Further increasing the feed stream salinity from 10 g/L to 20 and 35 g/L 

decreases the mass flux through the membrane by only 1.4 and 1.2%, respectively. Therefore, 

when the DCMD module is considered as a whole, the effect of salinity on the overall water 

production rate is considered insignificant comparing to the effect of other parameters such as 

feed temperature. This is primarily because increasing the salinity enhances concentration 

polarization leading to higher vapour permeation resistance across the membrane. Moreover, 

changing the feed water salinity changes the thermo-physical properties of the feed stream. For 

example, higher salinity of feed water reduces the thermal conductivity of the feed stream 

retarding the overall heat transfer process. However, the effect of increased salinity on thermo-

physical properties is not as significant as the effect of variation of other parameters such as 

temperature. Therefore, the permeate productivity reduction due to increased salinity is not 

significant. In addition, higher salinity of feed stream increases the possibility of scaling and 
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fouling by covering some of the membrane’s effective area which reduces the evaporation on 

the feed side and decreases the vapour pressure difference across the membrane. The key 

finding is that the permeate water productivity of the tubular DCMD module is independent of 

the feed water salinity. 

Moreover, a good agreement can be seen between the theoretical and experimental results 

attesting the reliability of the developed multi-step theoretical model to predict the performance 

of tubular DCMD modules under different conditions. The major difference between 

theoretical and experimental data occurs in the transient area due to the fact that flow exhibits 

unpredictable behaviours in this region. The highest difference in this region occurs for salinity 

of 35 g/L and mass flow rate of 7.5 L/min where the predicted mass flux is 2.3 g/m2min higher 

than the experimental data. These differences at mass flow rate of 7.5 L/min are 2, 1.93, and 

1.9 g/m2min for salinities of 0, 10, and 20 g/L, respectively. 
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Fig. 5. Fresh water productivity based on different feed and permeate mass flow rates at 

different feed concentrations: (a) distilled water, (b) 10 g/L, (c) 20 g/L, and (d) 35 g/L 

(seawater) 
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Fig. 6. The effect of feed and permeate mass flow rates on the heat transfer coefficient of hot 

and cold streams. 

Figure 7 indicates the effects of feed and permeate temperatures on the fresh water productivity 

as a function of salinity. The mass flow rates of both channels were set at 10 L/min in the 

developed model while the permeate temperature in Fig. 8a was 25 °C and the feed temperature 

in Fig. 8b was 60 °C. At all salinities, higher feed temperatures as well as lower permeate 

temperatures result in higher water productivity. This is because the temperature and vapour 

pressure are directly related. Increasing the feed temperature increases the vapour pressure on 

feed side while decreasing the permeate temperature decreases the permeate side vapour 

pressure. Any or both of these changes increases the vapour pressure difference across the 

membrane, which acts as the main driving force of vapour movement across the membrane 

wall. 

In addition, the slope of changes in permeate mass flux through the membrane is steeper at 

high feed and permeate temperatures. The main reason for this is that the relation between 
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temperature and vapour pressure is exponential. This means that the changes in vapour pressure 

with variation of temperature are more significant at high temperatures compared with low 

temperatures resulting in steeper mass flux increase or decrease through the membrane at high 

feed and permeate temperatures, respectively. Moreover, the data in Fig. 7 supports the 

independency of the tubular DCMD system’s performance from feed water salinity. Although 

increasing the salinity of the feed stream enhances the concentration polarization, increases the 

vapour permeation resistance across the membrane, negatively affects the thermo-physical 

properties of the feed stream, and finally reduces the water productivity of the membrane, the 

effect of salinity on mass flux is not as significant as the effect of other parameters such as 

temperature. For instance, decreasing salinity from 20 to 10 g/L (i.e. 100% decrease) results in 

2.8 g/m2min increase in water productivity, while increasing feed temperature from 30 to 60 

°C increases this parameter by 52 g/m2min. 
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Fig. 7. Effects of (a) feed and (b) permeate temperature on water productivity of the tubular 

DCMD module as a function of feed salinity. 

The water productivity increase percentage based on different feed and permeate temperatures 

is shown in Fig. 8. The bottom bars in Fig. 8 indicate the increase of water productivity at 

different permeate temperatures upon increasing the feed temperature from 50 °C to 60 °C. 

Similarly, the top bars depict the increase of water productivity at different feed temperatures 

upon decreasing the permeate temperature from 35 °C to 25 °C.  

It can be seen that when feed temperature increases, the enhanced productivity is more 

significant at higher permeate temperatures. This suggests that percentagewise, running the 

DCMD system at higher feed temperature is more efficient in increasing the water productivity 

at high permeate temperatures. The increase percentage in water productivity by decreasing the 

permeate temperature has a declining trend at higher feed temperatures reaching the 

insignificant value of 5.5% at the feed temperature of 70 °C. Therefore, although running the 

DCMD system at lower permeate temperatures positively affects its fresh water productivity, 

this effect is significantly greater at lower feed temperatures. 
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Overall, while both increasing the feed inlet temperature and decreasing the permeate inlet 

temperature have a positive effect on the water productivity of the tubular DCMD systems, the 

former is noticeably more efficient than the latter.  

 

Fig. 8.  Water productivity increase percentage of a tubular DCMD system based on different 

feed and permeate temperatures 

Figure 9 depicts the changes in water productivity of the tubular DCMD system at various feed 

to permeate temperature ratios. The results show that the mass flux through the membrane 

increases exponentially albeit at different slopes depending on the permeate temperature. It can 

be seen that the variations slope decreases as the permeate water cools down from 40 °C to 20 

°C. It is interesting to know that to reach the water productivity of 60 g/m2min, for instance, 

the feed temperature should be set at 60 °C for permeate temperature of 20 °C, at 65 °C for 

permeate temperature of 30 °C, and at 69 °C for permeate temperature of 40 °C. This supports 

the results presented in Fig. 8 stating that to increase the water productivity of the tubular 
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DCMD system, heating up the feed stream is more effective than using the same amount of 

energy to cool the permeate stream down. 

 

Fig. 9. Water productivity of the tubular DCMD system at various feed to permeate 

temperature ratios 

For quantifying the influence of the temperature polarization on fresh water productivity of the 

tubular DCMD module, the temperature polarization coefficient can be calculated by [58]: 

𝑇𝑃𝐶 =
𝑇𝑓,𝑚 − 𝑇𝑝,𝑚

𝑇𝑓 − 𝑇𝑝
 (41) 

where, Tf (°C) and Tp (°C) are the average feed and permeate bulk temperatures at the inlet and 

outlet of the membrane module. Moreover, Tf,m (°C) and Tp,m (°C) are the average membrane 

surface temperatures at the hot and cold sides. As measuring the membrane surface temperature 

is almost impossible [9], the mean values obtained from the theoretical model were used for 

both theoretical and experimental calculations. The temperature polarization is one of the 

factors which retards the mass transfer driving force leading to lower water productivity. 
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Therefore, changing any parameter that increases the TPC and makes it closer to 1 is desirable. 

It should be noted that the purpose of considering changing trend and temperature polarization 

along the membrane module in the mathematical modelling of the DCMD module is not the 

removal of mean values from the studies, but to increase their accuracy. 

Figure 10 indicates the changes of TPC as a function of the feed stream temperature at different 

feed mass flow rates. At all feed temperatures, increasing the feed mass flow rate has a positive 

effect on TPC. This is due to the fact that increasing the mass flow rate increases the Reynolds 

number and consequently the turbulence level, resulting in higher velocity and lower thermal 

boundary layer thickness. Consequently, the heat transfer rate increases and the temperature at 

the membrane wall gets closer to the respective bulk temperature.  

Figure 10 also shows that at a constant feed mass flow rate, increasing the feed stream 

temperature leads to higher values of the TPC. Increasing the feed temperature changes the 

thermo-physical properties of the fluid such as thermal conductivity and dynamic viscosity. 

This results in higher heat transfer rate between the bulk stream and boundary layer and also 

higher turbulence level, and both of these parameters has a positive effect on the TPC. In 

addition, higher feed temperature increases the temperature difference across the membrane 

leading to higher convective heat transfer rate.  
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Fig. 10. Changes of temperature polarization coefficient (TPC) as a function of the feed 

stream temperature at different feed mass flow rates 

Gained output ratio (GOR) is defined as the division of the vaporization latent heat of the 

produced distillate water by the thermal energy consumed in the feed channel [59]: 

𝐺𝑂𝑅 =
𝑀𝑝𝐻𝑣

𝑚𝑓𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
 (42) 

Figure 11 shows the changes in GOR values based on feed temperature at various feed mass 

flow rates. The results indicate that at a constant feed temperature, increasing the feed mass 

flow rate has a positive effect on the GOR value. Higher mass flow rates lead to higher 

turbulence levels and lower boundary layer thicknesses which in return increases the heat 

transfer which occurs between bulk stream and boundary layer. This enhances the evaporation 

and hence, the GOR value increases. The results also demonstrate that increasing the feed 

temperature at a constant mass flow rate increases the GOR values. This is mainly due to the 

effect of temperature on the thermo-physical properties of the feed stream such as dynamic 

viscosity and thermal conductivity which consequently increases the heat transfer from bulk 

stream to boundary layer and enhances the evaporation. 
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Fig. 11. Variations of GOR values based on feed temperature at various feed mass flow rates 

Figure 12 indicates the effect of membrane’s length on the water productivity of the tubular 

DCMD module at different feed temperatures. The results show that at all feed temperatures, 

the mass flux through the membrane decreases exponentially as the membrane’s length 

increases. This is mainly due to the fact that as feed stream moves along the membrane, its salt 

concentration increases. Salinity increase not only enhances concentration polarization leading 

to higher vapour permeation resistance across the membrane, but also changes the thermo-

physical properties of the feed stream. For example, higher salinity of feed water reduces the 

thermal conductivity of the feed stream affecting the overall heat transfer process negatively. 

Overall, higher salinity of feed stream retards the heat and mass transfer process leading to 

decrease in fresh water productivity. 
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Fig. 12. Mass flux along the membrane at different feed temperatures 

5. Conclusions 

This study investigated the water productivity of a tubular DCMD system under different 

conditions both theoretically and experimentally. The results proved the capability of the 

developed model to accurately predict the performance of tubular DCMD modules even in 

large-scale applications in an economic manner. It was also found that the water productivity 

decreases noticeably upon increasing the membrane’s length. The fresh water productivity of 

the tubular DCMD module is independent of the feed water salinity and increasing the mass 

flow rates have a positive effect on TPC and permeate water productivity of the tubular DCMD 

module. Based on the results, it is highly recommended to keep both the feed and permeate 

flow rate near or in the turbulent range of the flows. In addition, although increasing the mass 

flow rate increases the turbulence level, it decreases the residence time. Therefore, studying 
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the effect of residence time on water productivity of the tubular DCMD system can be the 

future research direction. 
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