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ABSTRACT 

The global water shortage has become a serious threat for the world and the most 

promising solution for the water issue is the desalination of seawater or brackish water. In 

this work, direct contact membrane distillation (DCMD) as one of thermal desalination 

technologies was numerically and exprimentally analyzed to study its performance. 

A large DCMD system with multiple membrane modules in a parallel arrangement 

running on the waste heat from a diesel power generator was numerically analyzed using 

a thermo-fluid network model to study the technical feasibility of the use of the low-grade 

engine waste heat and simulate the distillation performance of the DCMD system. Next, a 

small DCMD experimental apparatus was fabricated to test for the distillation performance 

for various operating conditions (inlet temperatures, flow rates of feed and permeate 

streams and NaCl concentration) and design variables (filament spacing of a screen spacer 

in the flow channels and flow configuration).  

In the DCMD, two different regimes were observed in the water flux behavior 

regarding the salinity of feed water. In the first regime, from low NaCl concentration to 

90% saturated NaCl concentration, there was a gradual decrease in the water flux due to 

the suppression of vapor pressure at the feed water which is simulated by a CFD model. In 

the second regime, at higher 90% saturated NaCl concentration, there was a sharp drop in 

the water flux due to the deposition of NaCl crystals on the membrane surface which is 

simulated by an analytical model using the adjusting parameter from the experiment. 

Finally, a nanoscale DCMD using Carbon Nanotube (CNT) membrane was 

numerically analyzed using non-equilibrium molecular dynamics (NEMD) simulation for 

different diameters and lengths of the CNT and operating conditions such as system 
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temperature, temperature difference between the feed (hot) and permeate (cold) reservoirs, 

and sodium chloride (NaCl) concentration in the feed reservoir. The distillation 

performance of the DCMD systems is enhanced by increasing system temperature, 

temperature difference between feed and permeate streams, and decreasing the NaCl 

concentration. The permeability of the CNT membrane (1.8 × 10-5 liter/m2-s-Pa) was found 

two orders-of-magnitudes higher than a Polytetrafluoroethylene (PTFE) membrane (1.7 × 

10-7 liter/m2-s-Pa ) used in our experimental work.  
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CHAPTER 1: INTRODUCTION 

1.1   DESALINATION 

Each day humans must consume a certain amount of water to survive. While nearly 

70% of the world is covered by water, only 2.5% is fresh and suitable for drinking. On the 

other hand, much of this freshwater is trapped in glaciers and snowfields, and less than 1% 

is readily accessible for direct human use (Figure 1.1). During the last century, water usage 

has increased at twice the rate of population increase. The United Nation estimates that in 

less than 25 years, if present water consumption trends continue,  5 billion people will be 

living in areas where it will be impossible or difficult to meet basic water needs for 

sanitation, cooking and drinking. With consideration of no alternate resource for water, a 

solution for the water shortage crisis is desalination water from the ocean and sea. 

Nowadays, this solution is the easiest way to provide water demand for human beings.  

 

 

Figure 1.1 Distribution of water in the world 

Desalination technologies are classified into two different types, thermal process 

technologies and mechanical or electrical technologies as shown in Fig 1.2. In the first 

type, thermal process technologies, the heated feed water is allowed to evaporate in the 
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evaporator to produce water vapor which is condensed in a condenser to produce distillate. 

In the second type of desalination, fresh water is produced from saline water by allowing 

water molecules (reverse osmosis) or ions (electro-dialysis) to pass through membranes by 

applying s high pressure above osmotic pressure or an electric potential. The most common 

thermal desalination systems are humidification and dehumidification (HDH), multi-stage 

flash (MSF), multi-effect distillation (MED), vapor compressor desalination (VCD). The 

main concept of HDH is that a higher temperature of the air has a higher capacity of the 

moisture. For the HDH system, a large number of stages is needed to achieve a large water 

production and therefore, results in a large capital cost. The efficiency of the HDH can be 

improved by recapturing the enthalpy of vaporization, separating the evaporation and 

condensation processes, and incorporating regenerative heating of the feed water stream in 

the condenser [1]. In the MSF system, the feed saline water is heated above the saturation 

temperature and is made flash in the vessel where low pressure is maintained. MED 

consists of vessels maintained successively at low pressure where saline water is sprayed 

in. The heat required to cause evaporation in the first vessel can be supplied by solar energy 

and the latent heat of the produced vapors in the previous vessels are successfully utilized 

for the next vessel in MED. In VCD, hot saline water is flashed into low-pressure vessels 

and the vapors are compressed with a compressor to raise condensation pressure and 

temperature. Another way to separate salt from water is to solidify salt in the saline water 

in freeze desalination systems. The saline water is cooled below its freezing point, and the 

ice crystals of pure water are formed on the surface. 
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Figure 1.2 Different types of water desalination technologies 

In water distillation technologies, membrane-based technologies have been 

growing in the last decades. Most of the membrane transport processes are working on an 

osmotic pressure, an electric potential or a chemical potential at a uniform temperature 

such as reverse osmosis membrane and electro dialysis.  However, membrane distillation 

is running on the partial pressure gradient due to non-isothermal process through a 

membrane which is porous. In fact, membrane distillation (MD) is a water distillation 

technology using liquid/vapor phase changes (evaporation and condensation) in which only 

water vapor molecules are transported through a micro/nano-porous hydrophobic 

membrane driven by the vapor pressure difference created between hot (feed) and cold 

(permeate) fluid streams. The pore sizes are ranging from several nanometers to few 

micrometers. Currently, micro/nano-porous membrane distillation is made of different 

polymers as polypropylene (PP), polyvinylidene fluoride (PVDF), polytetrafluoroethylene 

(PTFE) and polyethylene (PE). To improve the productivity of the membrane distillation 

(MD), the design of the membrane distillation can be modified with micro- and 
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nanostructures morphologies [2, 3]. The MD represents one of the most recent 

developments in thermal distillation processes despite the fact that the technology has been 

around since the late 60’s. Recently, interest in MD has been aroused due to the 

environmental concerns and rising energy prices. Nowadays, MD has become cost-

competitive with conventional distillation technologies. 

There are four different membrane distillation configurations including direct 

contact, air gap, sweeping air gap, and vacuum membrane. In Direct Contact Membrane 

Distillation (DCMD), feed hot water is in direct contact with membrane, and therefore, 

evaporation occurs at the entrance of the membrane pores [Fig. 1.3(a)]. The generated 

vapor is driven to the other side of membrane by saturation vapor difference, since 

permeate stream with a lower temperature exists at the other side of membrane. Due to the 

high hydrophobicity of the membrane (contact angle 120°), liquid water cannot penetrate 

to the membrane pores, only water vapor transport from feed water to the permeate side. 

Due to the simplicity of the DCMD system, it is used extensively. The drawback of this 

system is a high heat loss through the membrane by conduction heat transfer. In Air Gap 

Membrane Distillation (AGMD), feed water has direct contact with the membrane, while 

there is stagnant air between the permeate side of the membrane and the condensation 

surface for the permeate vapor [Fig. 1.3(b)]. The stagnant air in the system conveys both 

advantage and disadvantage for the distillation performance. The main advantage is the 

reduction of heat loss by conduction heat transfer since air thermal conductivity is lower 

than water. The disadvantage of AGMD is that there is an additional mass resistance for 

water vapor transport due to the air gap. In sweeping gas membrane distillation (SGMD), 

non-condensable gas such as air is used to sweep the vapor on the permeate membrane side 
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to condense outside the membrane module [Fig. 1.3(c)]. The gas flow, like in AGMD, 

reduces the conduction heat loss across the membrane and enhances the mass diffusion of 

water vapor. The main disadvantage of this configuration is that a small volume of 

permeate diffuses in a large sweep gas volume, requiring a large condenser because of a 

low partial pressure for water vapor. In the vacuum membrane distillation (VMD) 

configuration, a vacuum pump is used to create a vacuum on the permeate membrane side 

[Fig. 1.3(d)] and condensation takes place outside the membrane module [4, 5]. DCMD 

remains a good choice because of its lower mass resistance and simple design, save for its 

disadvantage of a higher heat conduction loss. 

 

Figure 1.3 Schematic representations of (a) DCMD, (b) AGMD, (c) SGMD, and 

(d)VMD systems 

Powering MD systems using renewable and waste heat has shown much promise, 

demonstrated by the work of several researchers [6-11]. Saffarini et al. performed an 

economic evaluation of solar-powered DCMD systems and found that the most economic 

configuration is a DCMD system coupled with a heat exchanger compared to AGMD and 

VMD [8]. Suarez et al. performed experiments on a DCMD system driven by a Salinity 
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Gradient Solar Pond system to measure its water production rates and associated energy 

consumption [10]. Sarbatly and Chiam evaluated the combination of geothermal energy 

with VMD, and showed that geothermal energy could reduce the total energy consumption 

by approximately 95% and cost by at least $0.72/m3 [9]. 

The MD suffers from low water flux and researchers are searching to find a suitable 

material for the better water flux performance. Carbon Nanotubes (CNTs) with the unique 

nature of the one-dimensional structure, exceptional electrical, mechanical and thermal 

characteristics have inspired many researchers to use in the membrane distillation. 

Recently, Gethard et al. [12] showed that for a membrane distillation, adding CNT to 

polyvinylidene fluoride (PVDF) is effective to enhance water flux by 85%. They postulated 

that the increase in the water flux might be attributed to the high capacity of diffusion 

transport of water vapor via the smooth surface [13] and the hydrophobic nature of CNT 

[14]. Most recently, An et al. illustrated that adding CNT to polyvinylidene fluoride-

hexafluoropropylene (PVDF-HFP) membrane results in more than 100 % improvement in 

water flux of membrane distillation [15]. This improvement was explained by CNT surface 

diffusion. Furthermore, buckypaper membrane is a CNT-based membrane, and was 

implemented in a direct contact membrane distillation with 99% salt rejection [16, 17]. 

  



7 

 

1.2 MULTISCALE HEAT AND MASS TRANSFER IN PHASE 

CHANGE SYSTEMS 

In many engineering systems, the discontinuity of materials is not considered since 

the scale of the material is large enough to obtain the bulk material properties from the 

average behavior of its nano/microstructure. The continuous behavior of the material is 

defined by mass m, which is expressed as a continuous function of volume by density. In 

other words, the nano/microscopic discontinuous distribution of mass is reestablished by 

density which is a continuous mass distribution in space. Based on the continuum 

hypothesis, governing equations for large-scale engineering systems are derived from the 

combination of constitutive law and conservation principles of mass, momentum and 

energy which work perfectly for the macroscale. These governing equations are usually 

introduced by a group of partial differential equations and are coupled with boundary or 

initial conditions to solve either a boundary value system or initial boundary value system.  

To solve a specific boundary or initial value system showing the continuous behavior, 

various analytical and numerical methods are available such as finite difference method 

(FDM), finite volume method (FVM), and finite element method (FEM).  

In macroscale engineering systems, the mean free path of molecules is very small 

compared with the characteristic length of the system, and therefore, many engineering 

systems are properly defined by a hypothetical continuum model. However, there are some 

engineering systems which do not appropriately fit into the continuum assumption. For 

instance, to describe a reservoir is being filled by different particles, the shapes, 

dimensions, mass, and the interaction between particles and wall should be individually 

considered. For each particle, the interaction law is coupled with momentum balance to 
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provide governing equations describing that particle. Therefore, in a discontinuum system, 

a set governing equations of all particles are solved to determine the final state of each 

particle, while in a continuum system, the number of governing equations does not depend 

on the size of the system [18]. 

In the discontinuum (nano/microscale) system, the number of equations is 

determined by the number of particles. Discontinuum systems have a rarely analytical 

solution. There are several numerical methods such as Monte Carlo, discrete element 

method, discontinuous deformation analysis, and molecular dynamics method that are able 

to find an approximation of the solution of the discontinuum systems. In Monte Carlo 

molecular modeling, statistical mechanics is adopted to find the equilibration condition of 

the system, without considering the time required for the equilibrium. Discrete element 

methods and discontinuous deformation analysis use grain-scale particles with friction 

interactions . In molecular dynamics method, the atom interactions are calculated using the 

second law of Newton, where the atoms are assumed to exist in a force field determining 

the forces between different atoms. This method was first developed by Fermi, Pasta, Ulam 

and Tsingou in the mid-1950s after the effectiveness of Monte Carlo simulation was 

approved. By advancement of computing performance and parallel programming, 

LAMMPS ( Large-Scale Atomic/Molecular Massively Parallel Simulator) was developed 

for the molecular dynamics program in 2001 by Sandia National Laboratories [19]. 

Currently, multi-scale phase change systems are used in different applications such 

as water purification, water harvesting, and thermal management. In water purification 

technology, one of the multi-scale phase change systems is membrane distillation. This 

membrane is running on the partial pressure gradient due to non-isothermal process 
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through a nanoporous membrane. In the membrane distillation, water flows inside mili 

channels with truly continuum behavior, but water is evaporated at the interface of the 

channel and membrane and conducted through nanoporous membrane which does not 

follow continuum behavior. The pore size of the membrane ranges from several 

nanometers to a few micrometers depending on liquid entry pressure and permeability. The 

liquid entry pressure, the minimum hydrostatic pressure required for feed solution to enter 

the pore, should be as high as possible requiring small pore size. However, the pore size of 

the membrane should be big to deliver high water production. Therefore, appropriate pore 

size and distribution should be chosen to compromise between high liquid entry pressure 

and permeability [20].  

The membrane channel diameter (pore size) is critical in the transportation of the 

molecules through the membrane as shown in Fig. 1.4. There are two different mechanisms 

to describe the transport of the molecules in membrane distillation including Knudsen and 

Molecular diffusions. If the mean free path of the transported molecules is higher than the 

membrane channel diameter, the collisions between the molecules and the flow channel 

wall is dominant compared to the collisions between the molecules, and the mass transport 

is governed by Knudsen diffusion. If the mean free path of the transported molecules is 

smaller than the membrane channel diameter, the mass transport is described by molecular 

diffusion.  
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Figure 1.4 Schematic representations of Knudsen and molecular diffusions 

 

Scaling is one of the important technical issues to address in membrane desalination 

technologies where the high brine concentrations close to its saturation limit are used. In a 

membrane distillation using highly concentrated solutions, salt crystals are formed and 

deposited on the membrane surface in the feed channel due to oversaturation, resulting in 

the blockage of the opening area of the membrane as illustrated in Fig. 1.5. This blockage 

causes a rapid reduction in the distilled water production. The scaling is another example 

of the multiscale systems in which the nuclei of salt crystals are created in a nanoscale size. 

If the nuclei are stable, they grow to microscale, until the resultant force from the solution 

and membrane leads to the deposition of the crystals on the membrane surface. The 

modeling of the salt scaling is challenging and requires taking all forces exerted on salt 

crystals from the solution and membrane into account. 
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Figure 1.5 Schematic representation of crystal deposition  
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CHAPTER 2: DIRECT CONTACT MEMBRANE 

DISTILLATION USING DIESEL ENGINE WASTE HEAT 

Critical off-grid locations often use diesel power generators as a means of 

producing portable and reliable electricity. Diesel generators are compact, quickly 

deployable, and energy-efficient, and generate immense amounts of waste heat. Harvesting 

the waste heat from the diesel generators can provide a reliable and consistent source of 

heat. In fact, over 50% of the energy from diesel fuel is wasted in the form of low and 

high–grade heat by the engine cooling system and exhaust, respectively. Therefore, 

because of the combined demand for potable water and electrical power in disaster-stricken 

areas, it is reasonable to employ the MD system running on the waste heat of diesel 

generators. Here, a numerical analysis using a thermal-hydraulic network model was 

performed for the DCMD systems running on the waste heat of the diesel engine cooling 

system to investigate the effects of various operating and design variables of the DCMD 

systems on water distillation performance and thermal efficiency. 

2.1  NUMERICAL METHOD 

The schematic of the DCMD system considered for this study is depicted in Fig. 

2.1(a). The DCMD system consists of a feed loop and a permeate loop connected by a 

nanoscale porous, hydrophobic membrane. Saline water is considered as feed water for the 

DCMD system. Each loop consists of a heat exchanger and an external connection: a heat 

exchanger (HX1) and brine influx (ṁb) in the feed loop, and a heat exchanger (HX2) and 

distillate output (ṁd) in the permeate loop. The brine influx and distillate output are at an 

equal flow rate for the mass balance of the DCMD system. The heat exchanger (HX1) 
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receives the heat (Qin) from the diesel engine coolant (heat source) for the feed loop, while 

the heat exchanger (HX2) dissipates the same amount of heat (Qout) to ambient (heat sink) 

for the permeate loop. Therefore, it satisfies the energy balance of the DCMD system. 

For the DCMD membrane in Fig. 2.1(a), phase change occurs in the hydrophobic 

pores of the membrane surfaces in direct contact with the feed and permeate streams at its 

respective vapor pressure: evaporation (qfg) on the feed side of the membrane and 

condensation (qfg) on the permeate side. The difference between the vapor pressures set by 

the respective concentration of the feed stream and saturation temperatures of the feed and 

permeate streams is the driving force of the water vapor flow through the membrane. A 

parasitic conduction heat transfer, qk (heat loss) across the solid phase of the membrane is 

unavoidable with any temperature difference between the fluid streams. The sensible heat 

carried by the feed and permeate streams flowing into the membrane is used for the latent 

heat required for the phase change for water distillation as well as the conduction loss. 

Figure 2.1(b) shows the schematic of a DCMD system consisting of Nm membrane modules 

of the same length connected in parallel which was used in analysis with the results 

presented in Fig. 2.11. The main flows of the feed and permeate streams are equally divided 

into each membrane module flowing in a counterflow configuration. 

The following assumptions were used in the numerical analysis of the DCMD 

system using a thermal-hydraulic network model. 

(i) There are no polarization effects for velocities, temperatures and concentrations of 

feed and permeate streams in the membrane channels which are filled with a mesh 

spacer. That is, the lateral variations of velocity, temperature and concentration are 

negligible and vary along only x-direction (flow directions). Therefore, the local fluid 
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velocity, temperature and concentration on the membrane equals the bulk fluid 

velocity, temperature and concentration in the membrane channels, respectively. But 

the water vapor flow through the membrane perpendicular to the fluid flow direction 

in the membrane channels is counted in this one-dimensional analysis. 

The one-dimensional approach is justifiable by the fact that a mesh spacer 

installed in the feed and permeate channels to physically support the fragile 

membrane, creates strong “turbulent mixing” as the fluid flows through tortuous paths 

in the mesh-filled channels and therefore greatly enhances the heat and mass transfer 

in the channels. Phattaranawik [21] reported an experimental measurement result of 

the temperature polarization coefficient of spacer-filled channels to be in the range of 

0.9–0.97 which means the channel flow are well mixed in a lateral direction (along 

the channel height), and thus, the temperature gradient in the channels are negligible 

in the lateral direction. Furthermore, several researchers [22, 23] reported the 

concentration polarization coefficient (the ratio of the wall concentration to the bulk 

concentration) is in the range of 1.04–1.1 which suggests a negligible concentration 

polarization effect. Such an analogy between momentum, heat and mass transfer are 

well established by a boundary layer theory [24]. 

(ii) Liquid flow-through across the membrane does not occur due to a high capillary 

pressure head in the nanopores in the hydrophobic membrane made of PTFE. 

(iii)A complete rejection of salt takes place in the DCMD and thus no trace of salt is found 

in the permeate water. 
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Figure 2.1 (a). Schematic of a single-module DCMD system used for thermal-

hydraulic network modeling. (b) Schematic of a multiple-module DCMD system 

connected in a parallel arrangement 

(a) 

(b) 
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A one-dimensional formulation was used for the numerical analysis based on the 

aforementioned assumptions. The governing equations for mass, energy and concentration 

conservations can be expressed as a function of only the x variable which is aligned with 

the feed flow direction but opposite the permeate flow. The mass conservation equations 

of the feed and permeate streams in an infinitesimal control volume [dotted boxes in Fig. 

2.1(a)] are given by 

f

m

m
J W

x


= −


, (2.1) 

p

m

m
J W

x


= −


, (2.2) 

where Wm is the widths of the membrane channels set to 1 m for simplicity. The height of 

the channels is not required to model the one-dimensional flow network. 

The energy conservation equations for the feed and permeate streams in the 

membrane channels are given by 

 
f f p

f w w m f m fg m m

m

T T T
m c c J W T J W h k W

x 

 −
= − −


 (2.3) 

 
p f p

p w w m p m fg m m

m

T T T
m c c J W T J W h k W

x 

 −
= − −


 (2.4) 

where J  is the water mass flux, 
fgh  is the latent heat of evaporation or condensation, and

m  is the thickness of the membrane. mk is the effective thermal conductivity of the 

membrane and calculated by 

( ), 1m e m m m gk k k = − + , (2.5) 
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where m , mk , and 
gk  are the porosity and bulk thermal conductivity of the membrane 

material, and thermal conductivity of water vapor, respectively. 

The salt concentration in the feed channel is assumed to vary along only the flow 

(x) direction because of a negligible concentration polarization effect due to a strong flow 

mixing by a mesh spacer and can be determined based on a one-dimensional salt 

conservation equation and is given by 

m

f

J WC
C

x m


=


, (2.6) 

where C  is the salt concentration in the feed channel of the MD system. To determine J in 

Eq . (2.6), the pore size of the membrane and mean free path of the water vapor or air are 

critical. The main variable determining the actual mass transport mechanism in a certain 

membrane pore is Knudsen number (Kn) expressed as the ratio of the mean free path of 

the transported molecules to the pore size of the membrane. 

Kn
pd


= , (2.7) 

For a binary mixture of water vapor and air. The mean free path of water vapor in 

the air (λwv-a) is determined at the average membrane temperature 

( )
2

1

[( ) / 2] 1 /

B m
wv a

wv a T w a

k T

p M M


  
− =

+ +
, (2.8) 

where Bk  is the Boltzmann constant, Tp  the total pressure (1.013×105 Pa for DCMD), and 

σwv and σa is the collision diameter of the water vapor ( 2.641×10-10 m) and air ( 3.711×10-

10 m), and Mw and Ma the molecular weights of water and air. 
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Figure 2.2 Mechanism of mass transport of the membrane distillation with pore size 

distribution 

If Knudsen is greater than one (Kn>1, or dp < λ). It means that the mean free path 

of the transported molecules is large in comparison with the membrane pore size, the 

collisions of the molecule-pore overcomes the collisions of molecule-molecule, thus, the 

molecules are transported by Knudsen transport. If Knudsen is smaller than 0.01 

(Kn<0.01), the mass transport through the membrane pore is manipulated by molecular 

diffusion of trapped air inside the membrane pore because of low solubility of air in the 

water. In the transition region, 0.01, 0.01<Kn<1, both molecular diffusion and Knudsen 

diffusion have a contribution to the mass transport inside the pore. The combination of 

molecular and Knudsen diffusion is used to define the permeability of each membrane 

pore. Phattaranawik et. al. [25] considered the effect of pore size distribution for the 

commercial membranes as shown in Fig. 2.2. They used lognormal distribution for the pore 

sizes as  
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where n(dp) is the number of pores with diameter of dp, dm the mean pore diameter, and 

SDlog the standard deviation of lognormal function. Regarding the practical mean free path 

in the MD, the area of lognormal distribution for pure ordinary diffusion is less than 1%. 

Thus, the effect of purely molecular diffusion can be ignored. To obtain the total fluxes, 

the Knudsen and transition contribution are integrated in each region over the pore size 

distribution. 
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The average pore sizes are calculated and the molar flux for each region are 

obtained at the location of 50% of the number of pores in each region. By substituting the 

average pore size and its molar flux, the total molar flux can be rewritten as  
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. (2.11) 

Equation (2.11) is not simple enough. For more simplification, the fractions of the 

membrane area are assumed to be the fraction of the number of pores in each region 
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multiplied by the square of the mean pore diameter. Therefore, the fractions of the pore 

number are obtained by the cumulative distribution function of lognormal distribution (Φ). 
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By substituting Eq. (2.12) and (2.13) into Eq. (2.11), the correlation of mass transfer 

obtained from the idea of the pore size distribution 
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The cumulative distribution function in Eq. (2.14) is the weight fractions representing the 

significance of each region. It is noteworthy that other distribution functions can also be 

used. Fick’s law is applied to derive the molar mass of membrane with the existence of the 

air as follows 

( )wv a wv
mol mol a

a

D p
J p J J

RT p




−=  + + . (2.15) 

The effect of the air flux is in the form of counter-molecular diffusion and the relationship 

between Jmol and Ja can be obtained by Graham’s law 
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= − . (2.16) 

The correlation of molecular diffusion by considering air flux is determined by 

combination of Eqs. (2.13) and (2.14). 
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The series combination of Knudsen and molecular diffusion are given by 
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The Knudsen diffusion can be written by: 
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where m  is pore tortuosity. The diffusive flux of water vapor in membrane distillation is 

determined by combination of Eqs. (2.17), (1.18) and (1.19) as follows 
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By integrating Eq. (2.20), the steady state flux of water vapor in transition condition is 

calculated by 
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where m , m , m  and 
pd  are porosity, tortuosity, thickness, and pore diameter of the 

membrane, respectively and their values are listed in Table 2.1. KnD  is the diffusivity for 

Knudsen diffusion. T wv ap D −  is a product of the total pressure ( Tp ) and water-vapor 

diffusivity (Dwv-a) in the air and has the unit of [Pa m2 s-1]. mT  is the membrane temperature 

in Kevin and determined by the average of the local feed and permeate temperatures (Tm,f, 

Tm,p) on the membrane surfaces. wM  and aM  are the molecular weights of water and air, 

respectively. 

 

Table 2.1 Dimensional and thermophysical properties of membrane and baseline 

operating conditions and dimension of Direct Contact Membrane Distillation system 

Dimensional and thermophysical properties of membrane 

Membrane 

type 
δm (m) dp (m) m  m  km (Wm-1K-1) 

QM022 67  10-6 3.6 10-7 0.8 1.79 0.23 

Baseline operating conditions and dimensions of DCMD module 

Tf,i (C) Tp,i (C) 
�̇�𝑓 =  �̇�𝑝  

(kg s-1) 

Lm 

(m) 

Wm 

(m) 
C f,i (gr L-1) 

70 40 1 1 1 35 
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In Eq. (2.21), the vapor pressures (pv,f, pv,p) of the feed and permeate streams are 

evaluated at their local fluid temperatures. For non-ideal binary mixtures with the non-

volatile solute (NaCl), the partial pressure can be determined by 

(1 )v w satp a M p= −  (2.25) 

where the water activity in NaCl solutions, aw, is a function of the composition and 

determined by [26] 

21 0.5 10wa M M= − −  (2.26) 

where M is the mole fraction of NaCl solutions. The pure water saturation pressure (psat) 

in the unit of Pascal can be determined by the Antoine equation and is given by [27] 

3816.44
exp 23.1964

46.13
satp

T

 
= − 

− 
 (2.27) 

where T is the fluid temperature in the unit of Kelvin. The presence of salt in the feed water 

decreases the water vapor pressure in proportion to the salt concentration, as shown in Eq. 

(2.11). For seawater with a mole fraction of 0.01 (C = 35 gr/L), the vapor pressure is 

decreased by 1.6% at 60°C. 

The thermal efficiency of the DCMD system can be defined by the ratio of the 

phase change heat transfer to the total heat transfer across the membrane which is used to 

measure the efficiency of the thermal energy utilization of the membrane distillation and 

is given by 

fg

t

fg k

q

q q
 =

+
 (2.28) 

where, 
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The diesel engine loses a large portion of the combustion heat through engine 

cooling (about 20% of the fuel energy) and exhaust gas (about 30% of the fuel energy). In 

this analysis, the engine coolant is considered as the heat source for the DCMD system. A 

flat plate heat exchanger (HX1) is used to exchange the heat between the engine coolant 

and the feed stream in a counter-flow arrangement. The dimensions of the flat plate heat 

exchanger are listed in Table 2.2. The technical specifications [28] of a commercial diesel 

generator (Cummins, model KTA38-G9) reports that 672 kW is ejected to the engine 

cooling system and the temperature and flow rate of the engine coolant available for the 

heat exchanger are 110C and 6.8 kg/s, respectively. 

Table 2.2 Dimensions and thermophysical property of the flat-plate heat exchanger 

(HX1) used for diesel engine cooling system 

L HX (m) WHX (m) ap (m) δp (m) kp (Wm-1K-1) 

0.87 0.38 3 10-3 0.42 10-3 13.2 

The energy supply (qin) from the heat source heat exchanger (HX1) required for the 

DCMD system can be determined from an energy balance and is given by 

, , , , , , ,( ) ( )in b i w b i f i w f i f i b i w f o m fg kq m c T m c T m m c T N q q+ = − − = +  (2.31) 

where Nm is the number of membrane modules in the DCMD system. For the one-module 

system, Nm = 1. 
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From an energy balance, the temperature of the mixed flow of the brine inflow and 

feed water entering into the heat source heat exchanger (HX1) is determined by 

, , , , , ,f o w f o b w b i f i w HX f im c T m c T m c T+ =  (2.32) 

The energy balance for the heat exchanger (HX1) is described by 

( ) ( ), , , , , ,in f o w f i HX f i eg eg eg i eg oq m c T T m c T T= − = −  (2.33) 

The heat transfer area of the heat source heat exchanger (HX1) is determined using 

ε-NTU method [24]. The heat exchanger effectiveness ( HX ) is calculated by 

( )
( )

, ,

min , ,

h h i h o

HX

h i c i

C T T

C T T


−
=

−
 (2.34) 

where the subscript h is for the hot fluid (feed stream) and the subscript c is for cold fluid 

(permeate stream). For a heat exchanger in a counterflow configuration, the relation for ε 

and NTU is given by 

( )

( )

1 exp NTU 1

1- exp NTU 1-

r

HX

r r

C

C C


− − −  =
−  

 (2.35) 

where NTU is the number of the unit. rC  is the ratio between the minimum and maximum 

heat capacity rates. U  is the overall heat transfer coefficient. NTU and U are determined 

by 

min

NTU
UA

C
=  (2.36) 

1 1 1p

h p cU h k h


= + +  (2.37) 
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where minC  is the minimum heat capacity. hh  and ch are the hot-side and cold-side 

convective heat transfer coefficients, respectively. 
p  and 

pk  are the thickness and thermal 

conductivity of the plate walls of the heat exchanger, respectively, and their values are 

listed in Table 2.2. 

The heat source heat exchanger (HX1) was assumed to be a flat plate heat 

exchanger [29]. The heat transfer correlations of the flat plate heat exchanger used to 

calculate the convective heat transfer coefficients ( hh , ch ) are given by 
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 (2.38) 
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 =  

(2.39) 

where m  is the flow rate of the feed stream or engine coolant. HXN  is the number of the 

flow channels, cA  is the cross-sectional area of the flow channels, and hD  is the hydraulic 

diameter of the flow channel in the flat plate heat exchanger.  is the dynamic viscosity 

and 
fk  is the thermal conductivity and Pr is Prandtl number of the fluids. Using the 

dimensions of the flat plate heat exchanger in Table 2.2, cA  and hD  are determined by 

c p HXA a W=  (2.40) 

( )
4
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p HX

h

p HX

a W
D

a W
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+
 (2.41) 
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where 
pa and HXW  are the channel height of the heat exchanger (the gap between the plates) 

and the width of the plate for the flat plate heat exchanger. 

2.2  RESULTS AND DISCUSSIONS 

A Direct Contact Membrane Distillation (DCMD) system running on diesel waste 

heat was numerically analyzed using a thermal-hydraulic network model. The DCMD 

system receives the waste heat from a diesel engine cooling system (heat source) via a heat 

source heat exchanger (HX1) to the feed loop as shown in Fig. 2.1(a). A second heat 

exchanger (HX2) between the permeate stream and ambient (heat sink) was used to 

dissipate the heat from the permeate loop to ambient. In this study, the HX2 was assumed 

to be efficient and capable of maintaining the inlet temperature of the permeate stream (Tp,i) 

at a set temperature of 40ºC. A counterflow configuration between the feed stream and 

engine coolant flow in HX1 was used to achieve an efficient heat exchange. The thermo-

physical properties of the membrane are listed in Table 2.1. 

In the first part of this section, a DCMD system consisting of one membrane module 

system was analyzed to investigate the effects of the inlet temperatures and flow rates of 

the feed and permeate streams and the membrane length on membrane distillation 

performance. The results are presented in Fig. 2.2 to 10. The operating conditions used for 

the analysis are the baseline conditions listed in Table 2.1 save for the variables subject to 

change. In the second part, another DCMD system consisting of multiple (Nm) membrane 

modules connected in a parallel arrangement [Fig. 2.1(b)] was analyzed under a constraint 

that the multiple module DCMD system received a fixed amount of the engine waste heat 

transferred via HX1 (qin=672 kW). The results are presented in Fig. 2.10. 
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2.2.1 Effect of Membrane Length 

Figures 2.3 through 2.5 show the effects of the membrane module length (Lm) on 

the feed and permeate temperature, mass flux, water production rate, and thermal efficiency 

of the DCMD system. As shown in Fig. 2.3, as the membrane module length (the 

convective heat transfer area) increased, the outlet temperature of the feed stream 

decreased, but the outlet temperature of the permeate stream increased. Note that the x-

direction is aligned with the feed flow direction but opposite the permeate flow direction 

(i.e., counterflow configuration). Figure 2.3 also shows the variations in the vapor pressure 

difference (p) between the feed and permeate streams which rapidly decreased because 

of the steep change in the saturation pressure of water, especially in the feed stream at 

higher temperatures, according to the Antoine correlation in Eq. (2.27). In turn, the vapor 

pressure difference was much higher for shorter modules where a larger temperature 

difference was maintained between the feed and permeate streams.  
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Figure 2.3 Variations of feed and permeate fluid temperatures in a single-module 

DCMD system and the vapor pressure difference across the membrane with different 

membrane length under the baseline conditions 

Figure 2.4(a) shows that the water mass flux (J) through the membrane was higher 

for shorter membrane modules and decreased according to the behavior of the vapor 

pressure difference in Fig. 2.3. The variation of the conduction and phase change heat 

fluxes along the membrane is shown in Fig. 2.4(b). The conduction heat flux [

, ,( ) /k m m f m p mq k T T  = − ] remained constant due to a relatively constant temperature 

difference between the feed and permeate streams, while the phase change heat flux (

fg fgq J h = ) rapidly decreased as the mass flux does. The heat transfer rates for the 

conduction and phase change, and thermal efficiency are shown in Fig. 2.5(a). As discussed 

above, a longer membrane module consumed less heat in the phase change heat transfer, 

qfg, while the conduction heat transfer, qk linearly increased with the membrane length and 

in turn, the thermal efficiency decreased. Figure 2.5(b) shows that longer membrane 

modules (larger membrane area) produced more distilled water but at lower thermal 
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efficiencies. This result is due to the vapor pressure difference (water mass production) that 

is reduced, which consumes less heat during the phase change (evaporation and 

condensation), while the conduction heat loss, which is proportional to the temperature 

difference across the membrane, remains similar. Such an inefficient use of the heat for the 

membrane distillation leads to lower thermal efficiency. 

 

Figure 2.4 (a) Variation of mass flux of water distillate production and (b) conduction 

and phase change heat fluxes in a single-module DCMD system with different 

membrane length under the baseline conditions 

(a) 

(b) 
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Figure 2.5 Effects of membrane module length on (a) heat transfer rates and thermal 

efficiency and (b) total water distillate production rate in a single-module DCMD 

system 

fgq

t

kq

(a) 

(b) 
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2.2.2 Effect of Salt Concentration 

Figure 2.6(a) shows the effect of the NaCl concentration at the inlet of the feed 

channel on the water mass flux and the concentration variation in the feed channel for the 

baseline salt concentration. The baseline salt concentration is 35 gr L-1 (mole fraction, M = 

0.01) which was chosen based on the salt concentration of seawater. The NaCl 

concentration was varied from 0 to 210 gr L-1. The water vapor pressure of the salt solution 

decreases with the salt concentration according to Eq. (2.25). Therefore, the mass flux 

decreases with the salt concentration due to the decrease in the vapor pressure of the feed 

water. Since the reduction in the vapor pressure is compounded as the water is distilled 

along the feed stream and in turn, the solution concentration gets stronger. Figure 2.6(b) 

shows that both the water production and thermal efficiency decrease similarly with respect 

to the salt concentration. 
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Figure 2.6 (a) Variation of mass flux of water production with different inlet feed 

concentration and the profile of NaCl concentration along the MD channel under the 

baseline conditions. (b) Effect of inlet feed concentration on thermal efficiency and 

total water production rate in a single-module DCMD system 

 

(a) 

(b) 
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2.2.3 Effect of Feed and Permeate Water Flow Rate 

The effects of the feed and permeate flow rates were investigated and the results 

are shown in Figs. 2.7 (a-b) and 2.8 (a-b). For simplicity in the analysis, the feed and 

permeate flow rates were assumed to be equal. Figure 2.7 shows that as the feed and 

permeate flow rates (sensible heat) are increased, the temperature variations of the feed and 

permeate waters will eventually become nearly linear by matching the energy supply and 

demand for the water production by evaporation and condensation. In Fig. 2.7(b), the mass 

flux of the water production exhibits a similar trend found in the temperature results of Fig. 

2.7(a) because of the mass transfer and vapor pressure relation in a logarithmic function 

[Eq. (2.21)] and the saturation pressure and temperature relation in an exponential function 

[Antoine relation Eq. (2.27)]. 
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Figure 2.7 (a) Effect of feed and permeate mass flow rates on the temperature profiles 

and (b) the mass flux of the water distillate production of a single-module DCMD 

system 

The thermal efficiency and heat transfer rates for the conduction and phase change 

are shown in Fig. 2.8(a). As the feed and permeate flow rates are increased, the phase 

change heat transfer outpaces the conduction loss and in turn, the thermal efficiency is 

(a) 

(b) 
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increased. Note that the thermal efficiency increases very rapidly at the low mass flow rates 

which can be explained by two reasons. First, the low flow rates create a smaller 

temperature difference between the feed and permeate streams and in turn, the smaller 

vapor pressure difference across the membrane as shown in Fig. 2.7. Secondly, the higher 

ratio of the mass flux for water production to the mass flow rate [Eq. (2.6)] rapidly increases 

the concentration in the feed channel. Figure 2.8(b) shows that the water production 

increases as the flow feed and permeate mass flow rates increase. Higher flow rates of the 

feed and permeate streams are always desirable to increase the water production and 

thermal efficiency. However, there would be a penalty in the increased pumping power due 

to the increased pressure drop in the DCMD system with the higher feed and permeate flow 

rates. According to the Darcy-Weisbach correlation, the pumping power increases by the 

square of the respective mass flow rate of the feed and permeate streams. 
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Figure 2.8 Effects of feed and permeate mass flow rates on (a) the heat transfer rates 

and thermal efficiency and (b) total water distillate production of a single-module 

DCMD system 

2.2.4 Effect of Feed and Permeate Inlet Temperature 

The effect of the inlet temperature of the feed stream on the water production is 

shown in Fig. 2.9 The permeate inlet temperature was kept at 40C as the baseline 

(a) 

(b) 
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condition, while the feed inlet temperature was varied from 45 to 70C. Figure 2.9 shows 

that the mass flux quickly decreased as the feed inlet temperature was decreased. This result 

is due to the rapid decrease in the vapor pressure at relatively high temperatures. 

 

Figure 2.9 Effect of feed inlet temperature on the mass flux of the water distillate 

production of a single-module DCMD system 

The effects of the inlet temperatures difference (ITD, 
, ,i f i p iT T T = − ) of the feed 

and permeate streams into the membrane module on the water production and thermal 

efficiency are illustrated in Fig. 2.10. The inlet temperature difference was changed by 

varying the inlet temperature of one fluid stream while keeping the other fluid temperature 

constant. In the first case, the permeate inlet temperature (
,p iT ) was varied from 69 to 40C 

with a fixed inlet temperature of the feed stream (
,f iT ) at 70C. In the second case, the feed 

inlet temperature (
,f iT ) was increased from 41 to 70C with a fixed inlet temperature of the 

permeate stream (
,p iT ) at 40C. It is observed in Fig. 2.10 that the water production is 
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increased with increasing ITD and the first case where the feed water temperature is higher, 

produced more efficiently water than the second case where the feed water temperature is 

lower. These results are attributed to the fact that conduction heat loss increases linearly 

with the temperature difference between fluid streams but the vapor pressure changes 

(phase change heat transfer) exponentially with the fluid temperature, especially at high 

temperatures. The optimum ITD for a maximum thermal efficiency exists around 6C in 

the first case where the permeate water temperature and therefore the vapor pressure (phase 

change heat transfer) are decreased. In the second case, however, the thermal efficiency is 

increased continuously since the phase change heat transfer always outpaces the 

conduction heat loss, as the feed temperature increases. The different behaviors of the 

conduction and phase change heat transfers provide a useful insight into the temperature 

control of the fluid temperatures. To sum, it is always desirable to keep the ITD (e.g., by 

decreasing the permeate water temperature as in the first case and increasing the feed water 

temperature as in the second case) as high as possible for high thermal efficiency and more 

water production, only if the permeate water temperature is relatively high so that it needs 

to be decreased. Figure 2.10 also explains how greatly water production would be affected 

by the thermal performance of the heat sink heat exchanger [HX2 in Fig. 1(a)] in an attempt 

to keep the permeate temperature low. If the heat sink (e.g., ambient air) temperature is 

very high that the cooling is not sufficient, the permeate inlet temperature rises even higher 

resulting in a reduction of the water production. 
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Figure 2.10 Variations of total water distillate production and thermal efficiency of a 

single-module DCMD system with varying inlet temperature difference of feed and 

permeate streams 

2.2.5 Parallel Arrangement of Multiple Direct Contact Membrane Distillation 

Modules 

A second DCMD system consisting of multiple membrane modules in a parallel 

arrangement [Fig. 2.1(b)] was analyzed under the condition that a fixed amount of energy 

supply (qin) of 672 kW was utilized from the diesel engine coolant and the results are 

presented in Fig. 2.11. The baseline operating conditions listed in Table 2.1 were used in 

the analysis, except the membrane length. Figure 2.11(a) shows the variations in the heat 

transfer area (AHX) of HX1, the total membrane surface area (Am), and the number of the 

DCMD modules (Nm) by varying the length (Lm) of the DCMD modules. A shorter module 

produces more water because it operates at a higher feed water temperature. As a result, 

the high feed water temperature enters HX1 causing a small temperature difference 

between the feed water and engine coolant and requiring a large heat transfer area (AHX) to 

exchange the fixed amount of energy supply in HX1. Since a shorter DCMD module 
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provides a smaller membrane area (Am), a greater number (Nm) of the short membrane 

modules are required for water production. Although it is common to increase the heat 

transfer area (AHX) by increasing the number ( HXN ) of the flow channels in HX1, since the 

heat transfer coefficient is decreased due to the reduced Reynolds number, it is more 

desirable to choose a reasonably long membrane (e.g., Lm = 0.5 m) which would also lower 

the hardware cost associated with more modules with shorter membrane systems. 

Figure 2.11(b) shows the variations in the total water production ( dm ), mass flux 

(J) of the DCMD system and the heat exchanger effectiveness (HX) of HX1 with respect 

to the length of the DCMD modules. As the membrane module gets longer, the water 

production (mass flux) slowly decreases, despite the increase in total membrane surface 

area (Am) as shown in Fig. 2.11(a). This is due to the heat conduction loss across the 

membrane which increases linearly with the membrane surface area. Thus, a longer 

membrane loses more heat resulting in less water production and lower thermal efficiency. 

The heat exchanger effectiveness of HX1 decreases for the longer DCMD module system 

because the inlet temperature difference between the feed (cold) and engine coolant (hot) 

in HX1 increases. Therefore, the higher heat exchanger effectiveness is another reason to 

design a DCMD system with a greater number of short membrane modules to achieve 

higher water production, thermal efficiency, and heat exchanger effectiveness. 
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Figure 2.11 (a) Variations of heat transfer area of the heat source heat exchanger 

(HX1), number of membrane modules and total membrane area of a multiple-module 

DCMD system with varying membrane module length. (b) Variations of total water 

distillate production, mass flux, and thermal efficiency and effectiveness of the heat 

source heat exchanger (HX1) of a multiple-module DCMD system with varying 

membrane module length. 

 

(a) 

(b) 
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2.3   SUMMARY 

A Direct Contact Membrane Distillation (DCMD) system running on the waste heat 

from a diesel generator was numerically analyzed using one-dimensional energy and mass 

analysis. The results show that a greater number of shorter membrane modules connected 

in parallel improve water production and thermal efficiency of the DCMD system, and 

effectiveness of the heat source heat exchanger. It was also found that the higher feed water 

temperature, liquid flow rates, and greater temperature difference between the feed and 

permeate streams are desirable to increase DCMD water production and  thermal 

efficiency.  
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CHAPTER 3: HEAT AND MASS TRANSFER IN DIRECT 

CONTACT MEMBRANE DISTILLATION  

In this section, a two-dimensional CFD model was developed to study the effects 

of variable operating conditions such as temperature, flow rate, flow arrangement and 

salinity on the distilled water production and thermal performance of a DCMD system. The 

CFD model has taken a transmembrane mass flux and conduction and phase change heat 

transfer at the permeable membrane walls into consideration. This comprehensive model 

is accomplished to accurately analyze the velocity, temperature and concentration 

boundary layer formation (polarization effect) on the membrane surfaces. Experimental 

data collected from a DCMD system has validated the numerical results. 

3.1  NUMERICAL METHOD 

ANSYS FLUENT, a commercial package, is used to develop a Computational Fluid 

Dynamics (CFD) model to simulate the heat and mass transfer in the DCMD. The DCMD 

system consists of two flow channels for feed and permeate streams separated by a nano-

porous (permeable) membrane. Figure 3.1(a) illustrates the two-dimensional 

computational domain in the x- and y-directions used in the CFD analysis. The flow in the 

membrane channels was assumed to be symmetric in the z-direction because of a large 

aspect ratio of the membrane channels (Wm >> Hm). 

The MD module consists of two acrylic plates that compress and seal the layers of 

mesh screen spacer and membrane. Each compression plate features a recessed surface to 

create a flow channel whose boundary is sealed with an O-ring and channel walls formed 

by the compression plate and the membrane. The screen spacers are made of polypropylene 
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and have longitudinal and transverse filaments woven in a rectangular pattern forming a 

double-layer structure. The longitudinal filaments are oriented along the flow direction and 

located on the permeable membrane side, whereas the transverse filaments are orthogonal 

to the flow direction and located on the side of the impermeable channel wall [Figs. 3.1(b-

c)]. After clamping the compression plates, the screen filaments were deformed slightly. It 

was found from a direct measurement that the deformed filament had a width of 2.1 mm 

and a height of 0.9 mm and the center-to-center spacing (S) between the screen filaments 

of 10 mm as shown in Fig. 3.1(b). 

The two-dimensional computational domain as shown in Fig. 3.1(b) was meshed to 

create finer meshes near solid walls using high skewness using a size function [Fig. 3.1(c)]. 

The quality of the mesh was checked for a dependency of the results of CFD analysis on 

different mesh sizes by comparing the results of water production rate and pressure drop in 

the channel flows. Finer meshes were used for the flow regions adjacent to solid walls such 

as the membrane and channel walls. Considering the computational time and accuracy, a 

mesh system consisting of 475,000 elements was used for the CFD analysis as shown in 

Fig. 3.1(c). The mesh lines in green color are too fine to show visibly and such fine meshes 

are necessary for the accuracy in the simulation. 

The flow, heat and mass transfers within the feed and permeate channels are 

governed by the conservation laws of mass, momentum, energy, and concentration. The 

concentration equation was solved for only the feed channel. The governing equations for 

mass, momentum, energy, and concentration can be found in ANSYS Fluent [30]. 

The flow in the membrane channels filled with a mesh spacer is turbulent. The Spalart–

Allmaras (SA) turbulence model used for this CFD simulation takes streamline curvature 
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and flow rotation effects into account which are necessary to analyze the complex flow in 

the MD channels. The results from the SA model [31] were compared to those from another 

common turbulence model like the Shear Stress Transport (SST) k-ω turbulence model and 

found to be in good agreement. The SIMPLE algorithm was used for coupled pressure–

velocity equations, and a second-order accuracy was employed for the spatial discretization 

scheme. Convergence criteria were set to 1×10-12 for the residuals of continuity, velocity 

and concentration components and energy equations. The governing equations for mass, 

momentum, energy, and concentration in tensor form are given by 
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the prime sign shows the fluctuation component of the variables and all variables in Eqs. 

(3.1-7) are time-averaged. Velocity is expressed as ( , ) ( ) ( , )i k i k i ku x t U x u x t= +  which the 

time averaged velocity is defined as
0

1
( ) lim ( , )

T

i k k
T

U x u x t dt
T→

=  .  is called the turbulent 

kinematic viscosity and Eq. (3.4) shows the governing equation for the transported variable 

( ) in the Spalart-Allmaras model. G  and D  are the production and destruction of 

turbulent viscosity, respectively. Turbulent viscosity, t is calculated based on turbulent 

kinematic viscosity ( ) and viscous damping function ( 1vf ) regarding Eq. (3.5). Turbulent 

heat transport is determined by Eq. (3.6) where k  is the thermal conductivity, E is the total 

energy and 
,ij e is the effective deviatoric stress tensor. tD  is the coefficient of diffusion 

describing the strength of turbulence. Further details about the Spalart-Allmaras model can 

be found in [31]. 

A velocity boundary condition was used at the inlets of the feed and permeate 

channels and a pressure boundary condition was used at the outlets of the channels. The 

boundary conditions used for the simulation are marked in the simulation domain as 

illustrated in Fig. 3.1(c) and the equations are listed below. 

(i) Feed or permeate channel inlets: 
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(ii) Feed or permeate channel outlets: 
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, , or  f o p op p p= . (3.9) 

(iii) Impermeable walls of feed and permeate channels: 
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 (iv) Feed side of permeable membrane: 
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(v) Permeate side of permeable membrane: 
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Here, q  is the total heat flux which is a sum of (i) the phase change heat transfer 

(evaporation and condensation) through the membrane,  ( )fg fgq Jh = , and (ii) the 

conduction heat transfer through the membrane, 
, , ,( ) /k m e f m p m mq k T T   = −  . J is the 

transmembrane mass flux, and δm is the thickness of the membrane. 
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Figure 3.1 (a) Computational domain, (b) geometries and dimensions of the filaments 

of the mesh screen spacer and the spacing between the filaments of the DCMD system 

and (c) boundary conditions used for CFD analysis 

(a) 

(b) 

(c) 
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The effective thermal conductivity of the membrane, km,e can be determined by 

considering the conduction heat transfers through the solid and gas phases of the membrane 

and is calculated by 

( ), 1m e m m m gk k k = − + , (3.13) 

where, m and km, are the porosity and the bulk thermal conductivity of the membrane 

material, respectively. kg is the thermal conductivity of water vapor. 

The fluid velocity normal to the membrane walls [v in Eqs. (3.4) and (3.5)] is 

determined from the transmembrane mass flux, J [Eq. (3.7)]. The wall heat flux ( q ) 

applied to the membrane surfaces includes a latent heat ( fgq ) and a conduction heat transfer 

( kq ). The transmembrane mass flux, wall heat flux and concentration gradients for the 

permeable membrane surfaces are calculated using a User Defined Function (UDF) 

embedded in the FLUENT. 

The water vapor transfer through the nanochannel network in the membrane can be 

simulated as gas transport in porous media known as the Dusty Gas Model (DGM) which 

is characterized by four available mechanisms: surface diffusion, molecular diffusion, 

Knudsen diffusion, and viscous flow. In the DCMD system, the surface diffusion and 

viscous flow are negligible [25]. In the Knudsen diffusion regime, the gas density is so low 

that a gas molecule can travel without colliding with other gas molecules (i.e., long mean 

free path) or the nanochannels are so narrow that the number of molecule-wall collisions 

is much more than molecule-molecule collisions. In contrast, in the molecular-diffusion 

regime, the number of molecule-molecule collisions dominate molecule-wall collisions. 
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Since the mean free path of the water molecules flow is comparable to the pore size 

of MD membrane materials, the mass transport through the membrane is at a transition 

regime. It means that the frequency of the collisions between the water molecules and pore 

wall of the membrane (Knudsen diffusion) is comparable to the collisions between the 

water molecules (molecular diffusion). Thus, the series combination of the molecular and 

Knudsen diffusion is used to determine the water mass flux as follows [25] 
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where m , m , m , and pd  are the tortuosity, porosity, thickness, and pore diameter of the 

membrane, respectively, and their values are listed in Table 3.1. KnD  is the diffusivity for 

Knudsen diffusion. T wv ap D −  is a product of the total pressure ( Tp ) and water-vapor 

diffusivity ( wv aD − ) in the air and has the unit of [Pa-m2 /s]. mT  is the membrane temperature 

in Kelvin and determined by the average of the local feed and permeate temperatures (Tf,m, 

Tp,m) on the membrane surfaces. wM and aM  are the molecular masses of water and air, 

respectively. 
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Table 3.1 Dimensional and thermophysical properties of the membrane used in the 

DCMD system 

Membrane type 
δm 

[m] 

dp 

[m] 

εm 

[-] 

τm 

[-] 

km 

[W/m-K] 

θc 

[] 

QM022 84  10-6 0.36  10-6 0.62 2.34 0.23 127 

In Eq. (3.7), the vapor pressures ( ,v fp , ,v pp ) of the feed and permeate streams are 

evaluated at their local fluid temperatures on the membrane surfaces. For non-ideal binary 

mixtures containing a non-volatile solute (NaCl), the vapor pressure can be determined by 

( )1v satp M p= − , (3.18) 

where the water activity of NaCl solutions, aw, is a function of the salt concentration and 

determined by [26] 

21 0.5 10wa M M= − − , (3.19) 

where M is the mole fraction of NaCl solutions. The pure water saturation pressure (psat) 

in the unit of Pascal can be determined by the Antoine equation [27] below 

3816.44
exp 23.1964

46.13
satp

T

 
= − 

− 
, (3.20) 

where T is the local fluid temperature in Kelvin. 

Finally, the water production rate is given by 

w mm JA= , (3.21) 

where Am is the membrane area ( m m mA W L= ). 

Figure 3.2 shows a thermal circuit showing the thermal resistances and heat 

transfers in the membrane module. The heat transfers are (i) convection heat transfer (
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,f pq q  ) between the feed and permeate streams, and the membrane surfaces; (ii) phase 

change heat transfer ( fgq ) of evaporation on the feed membrane surface and condensation 

on the permeate membrane surface, which are carried by the water vapor flow through the 

membrane (advection); and (iv) conduction heat transfer ( kq ) across the membrane, a 

parasitic heat loss. Note that the advection and conduction heat transfers occur in parallel 

(Fig. 3.2). 

The thermal resistances ( R ) based on a heat flux are used in the thermal circuit 

shown in Fig. 3.2 The total thermal resistance of the thermal circuit is given by 
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where fR  and pR  are the convective thermal resistances in the feed and permeate channels, 

respectively. kR  is the conduction thermal resistance across the membrane and is calculated 

by ,/k m m eR k = . fgR  is the thermal resistance of the phase change heat transfer which is 
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carried by the water vapor flow through the membrane. ,k fgR  is the sum of the conduction 

thermal resistance and phase change thermal resistance connected in parallel, i.e., 

( )
1

1 1

,k fg k fgR R R
−

− −  = + . 

 

Figure 3.2 Thermal circuit diagram for heat transfers in the DCMD system 

The Temperature Polarization Coefficient (TPC) is often used to measure the 

efficacy of the convective heat transfer in the flow channels and is given by 

, ,

, ,

TPC=
f m p m

f b p b

T T

T T

−

−
, 

(3.27) 

where, ,f mT  and ,p mT  are the feed and permeate fluid temperatures on the membrane 

surfaces. ,f bT  and ,p bT  are the bulk fluid temperatures of the feed and permeate flows. The 

TPC can be expressed using thermal resistances (Fig. 3.2) and is given by 

,
TPC= 1

k fg f p

T T

R R R

R R

  +
= −

 
, 

(3.28) 

A TPC of unity means that the convective heat transfer of the channel flows is so effective 

that the convective resistances ( fR  and pR ) can be considered negligible. That is, 

,T k fgR R =  and therefore, , ,f m f bT T=  and , ,p m p bT T= . In this case, the membrane distillation 
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is limited by the mass transport via the membrane rather than the convective heat transfer 

between the liquid (feed and permeate) flows and the membrane surfaces. 

The Concentration Polarization Coefficient (CPC) is used to measure a lateral 

variation of the mass concentration in the feed channel and is given by 

,

,

CPC=
f m

f b

C

C
, 

(3.29) 

where ,f mC  and ,f bC  are the concentrations on the membrane surface and bulk fluid. 

The thermal efficiency of the DCMD system can be defined by the ratio of the 

phase change heat transfer to the total heat transfer across the membrane. The thermal 

efficiency is a barometer of the efficiency of the thermal energy utilization of membrane 

distillation and is given by 
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3.2  RESULTS AND DISCUSSION 

The characteristics of distilled water production with varying inlet feed 

temperatures paired with the baseline inlet permeate temperature, and varying inlet 

permeate temperatures paired with the baseline inlet feed temperature were investigated. 

The parameter ranges used in this study are listed in Table 3.2, with the baseline conditions 
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in parentheses. The baseline inlet feed and permeate temperatures were 60°C and 25°C, 

respectively. For simplicity, the feed and permeate flow rates were set to be equal to each 

other ( f pm m= ), with the baseline flow rates of the feed and permeate streams at 9.7 g/s 

(or 581 CCM). The inlet feed temperature varied from 45°C to 75°C in increments of 5°C, 

while the inlet permeate temperature varied from 10°C to 40°C in increments of 5°C. 

Table 3.2. Operating conditions and dimensions of the DCMD system 

Operating conditions (baseline conditions) 

Tf,i 

[C] 

Tp,i 

[C] 
 f pm m=  

[g/s] 

Cf,i 

[kg-NaCl/kg] 

45 ~ 75 

(60) 

10 ~ 40 

(25) 

4.8 ~ 14.5 

(9.7) 

0 ~ 0.0457 

(0) 

Dimensions of the DCMD system 

Lm [mm] Wm [mm] 
Hm 

[mm] 
Am [m2] (= Lm  

Wm) 

150 95.3 1.6 0.0143 

3.2.1 Baseline Results of Flow, Heat and Mass Transfers 

The CFD simulation results using the baseline conditions (Table 3.2) in a 

counterflow arrangement are shown in Figure 3.3. The velocity and temperature contours 

in the flow channels at the inlets, midsections, and outlets of the channels are shown in 

Figs. 3.3(a,b). Figure 3.3(a) shows the velocity contour and streamlines in the feed and 

permeate channels. In a counterflow arrangement, the feed stream flows from left to right 

in the top channel while the permeate stream flows in the opposite direction in the bottom 

channel. It is observed from Fig. 3.3(a) that each stream repeats an acceleration (converging 

flow) and a deceleration (diverging flow), as it flows through the narrow regions before 

and after the spacer filaments, respectively. This repetitive flow pattern throughout the 
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channels results in the fluctuations in the temperature and pressure as they can be seen in 

the following figures. In addition, the vortexes formed downstream of the filaments further 

promote the flow mixing. The figure also shows that the insertion of the mesh spacer 

shortens the entrance region at the channel inlets due to turbulent mixing of meandering 

flows. Figure 3.3(b) shows the temperature contours in the flow channels. Note that the 

dense temperature contours at the narrow channels indicate a thinner thermal boundary 

layer which leads to a heat transfer enhancement. 

Figure 3.3(c) shows the variations of the membrane surface temperatures in the feed 

and permeate channels. It is observed that the membrane temperatures fluctuate with the 

converging-diverging flow around the spacer filaments. The peaks of the membrane 

temperature (Tf,m) on the feed side, valleys of the membrane temperature (Tp,m) on the 

permeate side, and the peaks of the membrane temperature difference (ΔTm) coincide with 

the locations of the mesh screen filament [Fig. 3.3(b)]. The conduction heat flux ( kq ) 

across the membrane exhibits a similar slight fluctuation in the membrane temperature 

difference (ΔTm) but stays relatively constant. In contrast, the latent heat flux ( fgq ) rapidly 

decreases at the inlet of the feed channel, because the water vapor pressure of the feed 

stream exponentially decreases with decreasing temperature. This vapor pressure result is 

discussed more in Fig. 3.3(d). The variations of the water vapor pressure difference (pv) 

between the feed and permeate channels rapidly decreased due to the steep change in the 

vapor pressure of water, especially in the feed stream at higher temperatures, according to 

the Antoine relation in Eq. (3.20). This result is because the sensitivity of the saturation 

pressure is greater at higher temperatures. The changes in water mass flux (J) show a trend 
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similar to that of changes in pressure difference since the water mass flux is chiefly 

influenced by the water vapor pressure difference across the membrane. 

 

(a) 

(b) 
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Figure 3.3 (a) velocity contour in the feed and permeate channels, (b) temperature 

contour in the feed and permeate channels, (c) variations of fluid temperatures of the 

feed and permeate channels and conduction and phase change heat fluxes, and (d) 

variations of the vapor pressures of the feed and permeate channels and vapor 

pressure difference between the feed and permeate channels and membrane mass flux 

(d) 

(c) 
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3.2.2 Parametric Study 

The key operational parameters of a DCMD system such as inlet temperatures and 

flow rates of the feed and permeate streams and salinity of the feed stream were varied to 

study the DCMD performance characteristics such as water production rates, heat transfer 

rates, and thermal efficiency. 

The experimental and numerical results of feed inlet temperature variation are 

compared in Figure 3.4. It is interesting to observe in Fig. 3.4(a) that, with an increasing 

feed temperature, the water production rate exponentially increased. This is because the 

water vapor pressure of the feed stream and therefore, the water vapor pressure difference 

between the feed and permeate streams rapidly increase due to the steep increase in the 

vapor pressure of water in the feed stream, especially at higher temperatures as seen in Fig. 

3.4(d). For the same reason, in Fig. 3.4(b), the phase change heat transfer (qfg) also rapidly 

increases with the feed water temperature. In contrast, the conduction heat transfer (qk) 

linearly increases with the feed temperature because of the linear increase in the 

temperature difference between the feed and permeate streams [Fig. 3.4(a)]. Since the 

phase change heat transfer outpaces the conduction heat transfer which is a parasitic heat 

loss for the MD operation, especially at higher feed temperatures, the thermal efficiency 

[Eq. (3.30)] increases. 

The influences of the permeate inlet temperature on the water production rate and 

the outlet temperatures of the feed and permeate flows were investigated and the 

experimental and numerical results are shown in Fig. 3.5. The increasing permeate inlet 

temperature means a decrease in the temperature difference and therefore, the vapor 

pressure difference between the feed and permeate streams, which leads to a reduction in 
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water production as shown in Fig. 3.5(a). The water vapor pressure tends to linearly change 

at lower fluid temperatures but exponentially at higher fluid temperatures [Eq. (3.20)]. 

Since the permeate temperature is always lower than the feed stream in the DCMD 

operating conditions, the impact of the change in the permeate temperature on the water 

production rate (phase change heat transfer) is always less profound than the change in the 

feed temperature. 
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Figure 3.4 Effect of feed temperature on (a) water production rate and outlet fluid 

temperature and (b) conduction and phase change heat transfer rates and thermal 

efficiency of the DCMD system 

Unlike the phase change heat transfer in a strong coupling with the feed water 

temperature, the conduction heat transfer is unbiased with the feed and permeate streams 

because it is affected by only the temperature difference between the feed and permeate 

(a) 

(b) 
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streams, not by the magnitude of the fluid temperature. These contrasting results are 

manifested in Fig. 3.5(b), which shows that both the conduction and phase change heat 

transfer rates decrease with increasing permeate inlet temperatures, but the reduction in the 

conduction heat transfer decreases faster than the phase change transfer and therefore, the 

thermal efficiency decreases. A similar conclusion can be drawn with the results shown in 

Fig. 3.4(b). The differences between the computational and experimental results are about 

7% for the water production rate for both varying feed and permeate inlet temperatures 

[Figs. 3.4(a) and 3.5(a)]. Possible sources of these errors are instrument error and 

assumptions in the CFD simulation such as negligible heat loss with the ambient and 

conduction in the acrylic plates of the MD module. 
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Figure 3.5 Effect of permeate temperature on (a) water production rate and outlet 

fluid temperature and (b) conduction and phase change heat transfer rates and 

thermal efficiency of the DCMD system 

The effects of the flow rates of the feed and permeate streams on water production 

were investigated and the results are shown in Fig. 3.6. The flow rates for the feed and 

permeate loops are equivalent in this study. The baseline flow rate is 9.7 g/s (581 CCM) 

(a) 

(b) 
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which corresponds to an inlet velocity of 6.3 cm/s ( , ,f i p iU U= ). The lower bound of the 

inlet velocity is 3.1 cm/s (4.8 g/s or 290 CCM at room temperature) and the upper bound 

is 9.4 cm/s (14.5 g/s or 872 CCM). Figure 3.6(a) shows that as the flow rates for the feed 

and permeate flows are increased, the water production increases because higher flow rates 

create more uniform temperatures in the feed and permeate channels. Figure 3.6(b) shows 

that the conduction and phase change heat transfer increase with the flow rate due to the 

increase in temperature difference between feed and permeate streams. The thermal 

efficiency also increases as shown in Fig. 3.6(a). The maximum error between the 

experimental and numerical results for the water production is 15% at the lower bound 

flow rate (290 CCM) where the effect of the heat loss to ambient is relatively large 

compared to the heat transfer in the MD system. 
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Figure 3.6 Effect of mass flow rates of the feed and permeate channels on (a) water 

production rate and outlet fluid temperature and (b) heat transfer rates and thermal 

efficiency of a DCMD system 

Figure 3.7 shows the effect of the salinity of NaCl/water mixtures on the water 

production performance. The concentrations of the salt water experiments range from 0 

(pure water) to 0.0457 kg-NaCl/kg (0.014 mole fraction). This range captures the average 

(a) 

(b) 
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salinity of seawater, which is about 0.035 g-NaCl/L (0.01 mole fraction). Pure water was 

used as the baseline condition for the parametric study. The presence of NaCl in saline 

water impedes the phase change and reduces the water vapor pressure [Eq. (3.18)]. It is 

observed in Fig. 3.7(a) that when the salt concentration in the feed water increases, the 

water vapor pressure and thus, the water production rate decreases. The reduced water 

production consumes less heat from the feed stream and therefore, the outlet feed 

temperature increases. By the same reasoning, the permeate stream comes out of the MD 

module at a lower temperature. 

Figure 3.7(b) shows the distribution of the salt concentration on the membrane 

surface in the feed channel and its associated vapor pressure in the case of the highest salt 

concentration (Cf,i=0.0457 kg-NaCl/kg). The salt concentration oscillation is synchronized 

with the vapor pressure which affects the water production and the salt concentration. The 

oscillations of the salt concentration and water vapor pressure result from the converging-

diverging flow around the spacer filaments (Fig. 3.3). The peaks of the oscillation coincide 

with the location of the mesh screen filament where the flow is being choked by the mesh 

filaments where the flow accelerates. The salt concentration at the outlet is higher than that 

of the inlet because of the water distillation. The vapor pressure decreases with both higher 

salt concentration and decreasing feed temperature [Fig. 3.3(c)].  

Figure 3.7(c) shows the salt concentration contour in the feed channel for the case 

of the highest salt concentration. It is observed that a thin concentration boundary layer 

with higher concentration is formed near the membrane where the water distillation (loss 

of pure water) occurs. The largest error between experimental and CFD simulation results 

of the water production rate occurs for the upper bound salinity solution, at 15%. 
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Figure 3.7 (a) Effect of NaCl concentration in the feed channel on water production 

rate. (b) Variation of NaCl concentration on the membrane surface and saturation 

pressure in the feed channel and (c) contour of the NaCl concentration in the feed 

channel for a salt concentration of Cf,i=0.0457 kg-NaCl/kg 

(a) 

(b) 

(c) 
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3.2.3 Effect of Mesh Screen Filament Spacing 

The mesh screen installed in the flow channels [Fig. 3.1(b)] is often used as a spacer 

to support the flexible membrane in the flow channels. At the same time, it acts as an insert 

that enhances the convective heat transfer of the channels, which causes a converging 

(accelerating) and diverging (decelerating) flow through a winding flow path around the 

mesh screen filaments and also creates a flow mixing and disturbs of the boundary layers 

formed on the membrane surfaces [Figs. 3.3(a-b)]. Recall that the filament spacing of the 

mesh spacer used for this study as the baseline condition is 10 mm. To study the effect of 

the mesh spacer on the water production performance, two additional cases – (i) no spacer 

and (ii) a mesh spacer with a filament spacing 5 mm – were analyzed. 

Figures 3.8(a) and (b) show various thermal resistances and heat transfers taking 

place in the membrane module for the 5 mm and 10 mm screen filament spacing and the 

case with no mesh screen spacer. In Fig. 3.8(a), four different thermal resistances, defined 

per surface area [Eqs. (3.22-3.26)], were compared. The total thermal resistance ( TR ) is 

composed of the convective thermal resistances ( fR  and pR ) in the feed and permeate 

channels and a parallel combination ( ,k fgR ) of the conduction and phase change thermal 

resistances (Fig. 3.2). As shown in Fig. 3.8(a), the convective thermal resistances decrease 

with the insertion of mesh screen spacers, especially one with smaller spacing between 

mesh screen filaments. This is due to the aforementioned converging-and-diverging flow 

in the feed and permeate channels.  

Figure 3.8(b) shows the membrane surface temperatures in the feed and permeate 

channels. It is observed that as the mesh filament spacing is decreased, the difference in 
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the membrane surface temperatures and therefore, the conduction and phase change heat 

transfers are increased, leading to higher vapor pressure differences between the feed and 

permeate streams and subsequent transmembrane mass flux enhancement [Fig. 3.8(c)]. 

The enhancement of the convection heat transfer (a reduction in the convective 

thermal resistances) in the flow channels is mainly attributed to the increased area affected 

by the accelerating flow (converging) in the narrowed region below the mesh spacer 

filaments. The reduced convection thermal resistances are also manifested by increased 

Temperature Polarization Coefficients [TPC, Eq. (3.28)] as shown in Fig. 3.9, which makes 

the membrane surface temperature in each channel approach its bulk fluid temperature. 

Figure 3.9 also shows the Concentration Polarization Coefficient [CPC, Eq. (3.29)] of the 

highest salt concentration case (Cf,i=0.0457 kg-NaCl/kg) [see Figs. 3.7(b,c)]. A higher CPC 

means a smaller difference between the bulk fluid concentration to the concentration on 

the membrane surface. The changes in the CPC follows the trend found in the TPC. Such 

a coupling between momentum, heat and mass transfer are expressed by the Chilton–

Colburn J-factor analogy [32]. The smaller the screen spacing gets, the less the polarization 

effects are. 



71 

 

 

(a) 

(b) 
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Figure 3.8 Effect of non-spacer and spacer-filled channels with mesh screen filament 

spacings of 10 mm and 5 mm on (a) thermal resistances including convection thermal 

resistance in the feed (red lines) and permeate (blue lines) streams, combination of 

conduction and phase change thermal resistances (green lines) and total thermal 

resistance (black lines) (b) membrane surface temperatures in the feed (red lines) and 

permeate (blue lines) channels and conduction (green lines) and phase change (black 

lines) heat fluxes and (c) mass fluxes and differences of saturation pressure between 

the feed and permeate channels 

 

Figure 3.9 Variations of temperature and concentration polarization coefficients for 

non-spacer and spacer-filled channels with mesh screen filament spacings of 10 mm 

and 5 mm. The concentration polarization coefficients are based on a salt 

concentration of Cf,i=0.0457 kg-NaCl/kg 

(c) 
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3.2.4 Effect of Flow Configuration 

Two possible flow configurations for DCMD systems are counter and parallel 

flows. A counterflow configuration is the baseline condition for the results in the previous 

graphs. A parallel flow configuration was considered for the numerical analysis and the 

results are shown in Fig. 3.11. In the parallel configuration, the permeate stream flows from 

left to right (i.e., x-direction), identical to the feed stream flow. 

Figure 3.11(a) shows the comparison between the thermal resistances for the two 

flow configurations. The convection thermal resistance is the lowest at the inlets of each 

flow configuration because of the entrance effect of a developing flow [32]. As the flow 

continues to pass through the channels, the flow gets more developed, and the averaged 

convection thermal resistances increase and converge to the values of a fully-developed 

flow. Note that the left side of Fig. 3.11(a) is the inlet of the feed stream and the right side 

is the inlet of the permeate stream in a counterflow configuration, while the left side is the 

inlets of both the feed and permeate streams for a parallel flow configuration. The mixed 

inlet/outlet configuration of the counterflow results in a more uniform total thermal 

resistance. 

Figure 3.11(b) shows that the temperature profiles of the parallel feed and permeate 

streams quickly converge into each other along the flow direction and thus, the temperature 

difference and associated heat transfer between the feed and permeate streams decrease 

exponentially. Recall that the temperature difference in the counterflow configuration is 

approximately uniform [Fig. 3.4(c)]. Figure 3.11(c) shows the profiles of the saturation 

pressure, pressure difference, and transmembrane mass flux of the parallel configuration. 

These results rapidly decrease because of the exponential decrease in the temperature 
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difference shown in Fig. 3.11(b). In the parallel configuration, the inlet temperatures of the 

feed and permeate flows are highest and lowest, respectively. The increased inlet 

temperature difference with the lowest inlet temperature of the permeate stream 

excessively increases the pressure difference at the inlet but this effect is limited to a short 

distance from the inlet. Overall, the water production in the parallel flow configuration is 

worse than the counterflow configuration. In the baseline conditions, the water production 

of the parallel flow is 4% less than that of the counterflow. 

 

 

(a) 
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Figure 3.10 Variations of (a) thermal resistances for counter and parallel flows 

including convection thermal resistance in the feed (red lines) and permeate (blue 

lines) streams, combination of conduction and phase change thermal resistances 

(green lines) and total thermal resistance (black lines) (b) membrane surface 

temperatures in the feed (red solid line) and permeate (blue solid line) channels, 

temperature difference between feed and permeate streams (black solid line) and 

conduction (green solid line) and phase change (black dashed line) heat fluxes and (c) 

vapor pressures (red and blue solid lines), differences of vapor pressure between the 

feed and permeate channels (black dashed line) and mass flux of the membrane 

module (black solid line) for parallel flow arrangement and mesh screen filament 

spacing of 10 mm 

(b) 

(c) 
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3.3   SUMMARY 

Computational Fluid Dynamics (CFD) model of a direct contact membrane 

distillation (DCMD) considering transmembrane mass flux and heat conduction and 

associated phase change heat transfer (evaporation and condensation) was developed. The 

CFD model analyzed the effects of filament spacing of a screen spacer in the flow channels 

and flow configuration (counterflow and parallel) on the water distillation performance. 

This study concluded that high water distillation is achieved by using low permeate 

temperature, high feed temperature, high feed and permeate flow rates, and less salt 

concentration in a counterflow configuration. The water distillation is more influenced by 

the feed temperature than the permeate temperature due to the water saturation pressure-

temperature relation. The simulation results also showed that the convection thermal 

resistances in the feed and permeate channels are decreased by using screen spacers, 

especially one with smaller spacing between mesh screen filaments, and therefore, the 

temperature and concentration polarization effects are decreased in the feed and permeate 

channels. 
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CHAPTER 4: SCALING EFFECT ON PERFORMANCE OF 

MEMBRANE DISTILLATION CRYSTALLIZATION FOR 

HYPERSALINE BRINES 

The global water crisis for drinking, industrial, and irrigation purposes has become a 

serious threat for populations all around the world. The most promising solution for the 

water issue is the desalination of seawater or brackish water. The main commercially 

available desalination technologies are categorized into thermal and membrane processes. 

Due to the energy-intensive processes in thermal technologies, membrane technologies 

have progressed remarkably in the past few decades [33].  

Among membrane technologies, reverse osmosis (RO) is one of the common 

membrane technologies to produce drinking water. However, a huge volume of brine with 

high salinity is generated from RO technology [34, 35]. The RO bine is dumped into rivers 

and the treatment of the RO brine is critical to reduce the harmful effect on the ecosystem. 

Membrane distillation (MD) is an appropriate membrane purification technology to treat 

the RO brine since this technology has illustrated a high water rejection performance for 

highly concentrated brine [36]. After water recovery by MD technology, the output brine 

can be processed by a crystallization equipment which recovers inorganic salt from the 

brine [37]. The combination of MD and crystallization processes is called membrane 

distillation crystallization technology to convert the RO brine into purified water and salt 

crystal. Therefore, by membrane distillation crystallization process, the output brine of the 

RO system is treated in order to reduce negative environmental impact. 

Membrane  distillation  is a  hydrophobic  membrane  utilizing the distillation  process  

at a lower operating temperature than boiling temperature to produce purified water. There 
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are four different configurations for MD including direct contact, air gap, sweeping gas, 

and vacuum membrane distillation [38]. In direct contact membrane distillation (DCMD), 

a common configuration, there are two streams with different temperatures called feed and 

permeate streams and a membrane in between. The vapor pressure difference between feed 

and permeate streams is the driving force to transport water vapor through the membrane. 

Due to the fouling resistance [39], less sensitivity to feed concentration [40] and a small 

volume of discharge, the MD has been considered as one of the most efficient technologies 

for recovery of highly concentrated brine [41]. The MD can be coupled with other systems 

when waste heat, solar [42] or geothermal [9] sources are available. The high reliability of 

MD systems at a highly concentrated feed water solution provides the possibility of running 

the MD system up to saturation condition in the feed water and treating the brine of the 

MD in a crystallizer to produce salt crystals. The membrane distillation crystallization 

(MDC) [43-45] can be part of a zero liquid discharge system [46] as a target to eliminate 

all the liquid from the RO brine which is harmful to the ecosystem if it is dumped into 

waterways without treatment. 

In this study, a membrane distillation crystallization was used to recover purified 

water from highly concentrated NaCl solutions and produce NaCl crystals. The effects of 

Sodium Chloride concentration from zero to saturation condition, inlet feed and permeate 

temperatures and flow rate of feed and permeate on the MD performance were studied. For 

the crystallization part, the effect of the cooling rate was investigated on the crystal size, 

and the generated crystals were analyzed under a microscope to determine their sizes. 
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4.1  EXPERIMENTAL METHOD 

Figure 4.1 illustrates the schematic of the experimental set-up for DCMD. The 

DCMD system includes feed water and permeate water loops. Each loop has a fluid 

reservoir made of CPVC piping, a DC pump, a heater (feed water loop) or a chiller 

(permeate water loop), and a rotameter flow meter. To measure inlet and outlet feed and 

permeate temperature of MD modules, four thermocouples were used. The membrane is 

made of PTFE membrane by CLARCOR’s manufacturer with a model number of QM022 

and size of 150 mm in length and 95.3 mm in width. Two polypropylene mesh screens and 

acrylic plates support the membrane at the top and bottom.  The detailed design for the MD 

experiment set-up was explained in our previous work. A new crystallization loop was 

added to the existing MD set-up to produce salt crystal from the saturated feed water 

generated by the MD operation. This crystallization loop consisted of a crystallization 

reservoir, a chiller, and a filtration set-up. Salt crystals were filtered with a 2 μm cellulose 

paper from Whatman. 
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Figure 4.1 Schematic of the MC experimental setup 

The steady-state condition is captured when the readings of temperature and flow rate 

stay in the range of desired temperature ± 0.5ºC and flow rate ± 2 CCM. An average water 

production is determined after 60 minutes running in the steady-state condition. To ensure 

repeatability of the experiment, each case was tested three times. The scale measuring 

water production has an error of ± 1 g. The temperature measurement using T-type 

thermocouple has an error of ± 1°C. 

In the feed water loop, salty water from small concentrations of NaCl (Fisher 

Chemical, S271-1) was circulated to a near saturation condition to find the effect of salt 

concentration on the distilled water output. The concentration of NaCl was measured by a 

digital refractometer (Hanna Instruments, HI96811). In addition, the density measurement 

was used to assess the salinity of a sample solution. The feed water volume in pluming was 

calculated by calibration curve, feed water reservoir volume and NaCl mass. Therefore, an 



81 

 

accurate amount of NaCl was used to add the total volume to prepare the desired 

concentration for the experiment. 

After running the MD operation up to the saturation condition measured by the 

amount of water production, the feed water was transferred to the crystallization reservoir 

for cooling. The temperature inside the crystallization reservoir was measured by a T-type 

thermocouple to reach the ambient temperature by forced or natural cooling methods. 

Then, the generated NaCl crystals were filtered to collect for analyzing under the 

microscope (Eclipse LV100, Nikon) to determine the size distribution. 

4.2  NUMERICAL AND ANALYTICAL ANALYSIS 

The distilled water flux of the membrane distillation depends on the salinity of feed 

water. Regarding the feed water salinity, the water flux can be split into two regimes. In the 

first regime, there is a gradual decrease in the distilled water flux due to the effect of salinity 

on the depression of vapor pressure. In the second regime, there is a sharp drop in the 

distilled water flux due to the blockage of open surface by the deposition of NaCl crystals 

on the membrane surface. The first regime was simulated by a computational fluid 

dynamics (CFD) model and second regime was captured by an analytical approach with 

adjusting parameters from the MD experiment. A CFD model was performed by ANSYS 

FLUENT to capture the heat and mass transfer in the DCMD. The CFD model was 

explained in chapter 3 section 3.1. The water vapor flux is expressed by 
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where τm, εm, δm, and dp are the properties of the membrane including tortuosity, porosity, 

thickness, and pore diameter of the membrane, respectively, and their values are tabulated 

in Table 4.1. Tm is the average temperature of the membrane at the interface of membrane 

and channels (Tf,m, Tp,m). Mw and Ma represent the molecular weight of water and air, 

respectively. In the second regime, when there was a sharp decrease in the water flux due 

to the blockage of open surface in the membrane, an analytical approach was used. The 

reduction in the open surface is proportional to the feed flowrate intensifying the tangential 

force in the force balance. In addition, the rate of pore blockage relates to the current pore 

condition. Therefore, the rate of blockage is formulated as  

f

d a
aQ

d t
 , 

(4.5) 

m ma A= , (4.6) 

where Qf  is the volumetric flow rate [m3/s] in the feed channel and a is the open surface of 

the membrane which is defined by the product of porosity and membrane surface. 

A variable representing the ratio of the blocked area to the permeate volume was 

defined by Hermia [47] to correlate the rate of the decrease in the open surface to the feed 

water flow rate. This correlation was modified by Ramezanianpour et. al. [48] and they 



83 

 

introduce a new variable as the ratio of roughness to the hydraulic diameter of the channel 

(Cm e/dh) to capture the effect of roughness of the deposited salt crystals on the membrane. 

The blocked area to permeate volume (ξ) is defined below and it was used to correlate the 

rate of the blockage area to the feed water flow rate 
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where ρf and ρp are the density of feed water and NaCl salt, respectively. ds is the mean 

particle size of salt crystals, ψ is the shape factor, mp is the mass fraction of NaCl in the 

water, Cm is the coefficient of deposited mass relating the effect of roughness on residual 

mass, e is the effective roughness height, and dh is the hydrodynamic diameter of the feed 

channel. 

To adhere a particle to the membrane surface, the force balance in Fig. 4.2 results 

in 
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where FT is the tangential force exerting on the crystals from the fluid. FA is the adhesion 

force between sodium chloride crystal and membrane surface and FL is the lubrication force 

resisting motion of crystals due to the roughness of the membrane. CT is the stress 

coefficient of tangential force and it depends on the volumetric flow rate (Qf), hydraulic 

diameter (dh) and membrane surface (Am). CA is the adjusting parameter which depends on 

the membrane material, type of salinity, operating condition in the experiment and is 

determined from the experimental data. CL is a lubrication constant depending on viscosity 

(μ) and permeable surface factor (φ) and is defined by Goren [49]. 

By substituting Eqs. (4.10-4.15) into Eq. (4.9) and integrating with respect to time, 

it is seen that the equivalent roughness (e) depends on time(t) as follows 

( )
1

ln T A

T L

C e C t
C

C C

 −
= + , 

(4.16) 

where the integration constant of C1 is determined by the original roughness of the 

polypropylene membrane surface which is 15 nm at t=0. The equivalent roughness is 

calculated as given 

1exp T
A

L

T

C t
C C

C
e

C




  
+ +  

  = . 

(4.17) 

Substituting Eq. (4.17) into Eq. (4.16) and integrating with respect to time, the result is 

given as 
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(4.18) 

where the constant of integration C2 is determined regarding the initial open area ( 0a ).  The 

values of the constant variables in Eq. (4.18) are listed in Table 4.2. 

 

Figure 4.2 Force balance on a NaCl crystal 

 

Table 4.1 Dimensional and thermophysical properties of the membrane used in the 

DCMD experiment 

Membrane 

type 

δm 

[m] 

dp 

[m] 

εm 

[-] 

τm 

[-] 

km 

[W/m-K] 

θc 

[] 

QM022 84  10-6 0.36  10-6 0.62 2.34 0.23 127 

 

Table 4.2 Constant parameters used in Eq. (4.18) 

Cm 

[-] 

ψ 

[-] 

ds 

[m] 

0.08 0.6 5  10-5 
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4.3  RESULTS AND DISCUSSION 

The membrane distillation crystallization experiments were performed to investigate 

the effects of the NaCl concentration, inlet feed and permeate temperatures and flow rates 

on the MD performance. The operating conditions in the experiment are listed in Table 4.2. 

After running the MD operation, the brines of the MD for three different inlet feed 

temperatures (45°C, 60°C, and 75°C) were treated by the crystallization unit by two natural 

and forced cooling processes to produce the NaCl crystals. The results of CFD and 

analytical models were compared with the experimental data to illustrate the validity range 

of each model. 

4.3.1 Effect of Salt Concentration 

The results of water flux, outlet feed and permeate water temperatures are shown in 

Fig. 4.3. The NaCl concentration was varied from zero to a highly concentrated solution to 

0.328 [kg-NaCl/kg]. The water flux decreases with the concentration of the feed water 

solutions and CFD results of water flux are in good agreement with experimental results. 

The decrease in the water flux at small and mildly concentration of feed water is due to the 

suppression of the vapor pressure in the feed water. But, at a highly concentrated feed water 

solution, around 0.3 [kg-NaCl/kg], the water flux of the CFD simulation slightly deviates 

from the water flux in the experiment and this deviation shows the trace of the scaling 

effect where the NaCl crystals are deposited on the membrane surface which results in the 

blockage of the membrane pores. As the water flux decreases, feed and permeate water 

leave the channels with a smaller change in the temperature. Therefore, the outlet feed 

water temperatures are higher, and the outlet permeate water temperatures are lower.  
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Figure 4.3 Effect of feed water concentration on water flux, outlet feed, and permeate 

water temperatures 

4.3.2 Effect of Inlet Feed and Permeate Temperatures 

The effects of feed inlet temperature are illustrated in Fig. 4.4 when the feed water 

concentrate is 0.2 [kg-NaCl/kg]. The results show that the water flux increases by 

increasing inlet feed temperature due to the increase in the pressure difference in Eq. (4.1). 

Although the saturation pressure is increased exponentially with temperature for pure 

water, the vapor pressure of salt water is suppressed by the smaller water activity. By 

increasing the inlet feed temperature, the permeate water exits the channel with higher 

temperatures due to the higher water flux. The effects of inlet permeate temperature on 

water flux, feed and permeate outlet temperatures are shown in Fig. 4.5. By increasing the 

inlet permeate temperature, the water flux decreases due to the smaller temperature 

difference across the membrane and therefore outlet feed temperatures are higher. 
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Figure 4.4 Effect of inlet feed temperature on water flux, outlet feed, and permeate 

temperatures 

 

 

Figure 4.5 Effect of inlet permeate temperature on water flux, outlet feed and 

permeate temperatures 

4.3.3 Effect of Flow Rate 

The experimental and numerical results of water flux, feed and permeate outlet 

temperatures for different water flow rates in the feed and permeate channels are shown in 
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Fig. 4.6. It is noteworthy that the flow rates in the feed and permeate channels are the same 

and the flow rates were varied from 290 CCM to 872 CCM. The water flux increases by 

increasing the flow rate in the feed and permeate channels. This water flux increase is 

attributed to the thinner velocity and temperature boundary layers at higher flow rates and 

therefore there is a more uniform temperature at channels to reduce thermal resistance and 

increase the water flux production. The feed water leaves the channel at higher 

temperatures and permeate outlet temperatures have lower values due to the less 

temperature change at a higher flow rate. 

 

Figure 4.6 Effects of feed and permeate flow rates on water flux, outlet feed and 

permeate temperatures 

4.3.4 Membrane Distillation Scaling 

The MD experiments were started with 80% of saturation condition at temperatures 

of 75°C, 60°C and 45°C which are the feed inlet temperatures for three individual 

experiments. In these experiments, there is no makeup water to keep the concentration 

constant in the feed water and therefore, the concentration of the feed water increases by 
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losing water at the feed water loop. It was observed two different regimes in the water flux 

behavior regarding the salinity. The first regime is a gradual decrease in the water flux due 

to an increase in the NaCl concentration resulting in the suppression of the vapor pressure 

at feed water. This regime was simulated by the CFD model and there is a good agreement 

between the experimental and numerical results. 

In the second regime, it was observed that the water flux starts to drop sharply when 

the concentration of the feed water is about 90% of the saturation condition as shown in 

Fig. 4.7. It is attributed to the fact that in the saturation condition, the NaCl crystals were 

formed in the feed water and the deposition of crystals on the membrane surface leads to 

the blockage of the membrane pores. The continuous running MD operation eventually 

results in the zero water flux. The results show that the higher feed water temperature 

results in a higher decrease in the water flux. The sharp drop in the water flux was captured 

by the analytical correlation of Eq. (4.18). the relation between CA in Eq. (4.18) and feed 

inlet temperature was determined from the experimental data as CA = -1.5×10-8 (Tf,i-

25)+1.64×10-6. Figure 4.7 shows that the CFD simulation predicts the behavior of the water 

flux reduction when the saturation ratio is smaller than 0.9 while the analytical captures 

the sharp drop in the water flux when the saturation ratio is bigger than 0.9.  
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Figure 4.7 Water flux and saturation ratio versus time in MD operation 

4.3.5 Effects of Cooling Rates in Crystallization Process 

The brines of MD operations for three different feed inlet temperatures (75°C, 60°C 

and 45°C) were cooled down to the ambient temperature by forced and natural cooling 

methods. For the forced cooling method, the cold water of the chiller was continuously 

circulated in the crystallizer reservoir. The variations of the temperature versus time are 

shown in Fig. 4.8. The results show that the forced cooling method is more efficient than 

natural cooling method and the rate of cooling is higher when the inlet feed temperature is 

higher. The filtered crystals were examined under the microscope (Fig. 4.9) to derive the 

distribution of the crystals as shown in Fig. 4.10. The crystallization process started with 

nucleation which is controlled by degree of super-saturation and continued with growth of 

nucleus which is manipulated by diffusion mechanism. The results demonstrate that the 

forced cooling method results in a smaller crystal size. This is attributed to the fact that the 

crystal nuclei have less time to grow to a larger size crystal, while in natural cooling, 

crystals are allowed to grow due to having more time.  
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The criteria required for the ions (Na+ and Cl-) to join the nucleate depends on the 

difference between the nucleus free energy and the solute free energy. If the energy of the 

nucleus is less than the solute, then nucleate starts to grow which occurs in super-saturation 

solution. In addition, homogeneous crystallization nucleation is governed by surface free 

energy and volume free energy. While a nucleus grows, the surface free energy increases 

but volume free energy decreases. The opposing effects of these two energy types provides 

a critical nucleus size, above which the crystal is stable. This critical nucleus size is smaller 

for higher super-saturation degree of the brine. Therefore, the smaller crystals are generated 

in the higher feed water temperatures with higher super-saturation degrees as illustrated in 

Fig. 4.10. 

 

Figure 4.8 Brine temperature profiles in the crystallization process 
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Figure 4.9 Microscopic images of NaCl crystals for natural and forced cooling 

methods 

 

Figure 4.10 Distribution of salt crystal sizes for forced and natural cooling 

4.3   SUMMARY 

An experimental setup of membrane distillation crystallization was designed, and 

several experiments were performed. The experimental results showed that by increasing 

the NaCl concentration up to 90% of saturation condition, the water flux decreased due to 
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the suppression of vapor pressure in the feed water and the CFD model results showed 

good agreement with experimental results. At the NaCl concentration higher than 90% of 

saturation condition, the NaCl crystals deposited on the membrane surface and the water 

flux dropped sharply and the analytical model predicted the crystal deposition effect on 

water flux performance for different inlet feed temperatures. In the crystallization process, 

the size of NaCl crystals was affected by the cooling rates and the higher cooling rates 

delivered the smaller crystal sizes. 
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CHAPTER 5: CARBON NANOTUBE DIRECT CONTACT 

MEMBRANE DISTILLATION 

Carbon Nanotubes (CNTs) with the exceptional electrical, mechanical and thermal 

characteristics have inspired many researchers to use them for many applications such as 

nanosensors, energy storage, and drug delivery. The experimental [50, 51] and theoretical 

[14, 52] studies report that the water flow rate through the CNT is higher than the 

estimation of Hagen-Poiseuille correlation by several orders of magnitude. This 

extraordinary result of water transport through CNT inspired researchers to use CNTs as 

desalination membranes. Recently, Gethard et al. [12] showed that adding CNT to 

polyvinylidene fluoride (PVDF) membrane is effective to enhance the water flux by 85%. 

They postulated that the increase in the water flux might be attributed to fast diffusion 

transport of water vapor through the smooth [13] and hydrophobic CNT [14]. Most 

recently, An et al. illustrated that adding CNT to polyvinylidene fluoride-

hexafluoropropylene (PVDF-HFP) membrane results in more than 100 % improvement in 

water flux of membrane distillation [15]. This improvement was explained by CNT surface 

diffusion. Furthermore, the buckypaper membrane, a CNT-based membrane, was used for 

a direct contact membrane distillation to achieve 99% salt rejection [16, 17]. 

In this paper, the water vapor transport through a single CNT in direct contact 

membrane distillation (DCMD) was investigated using non-equilibrium molecular 

dynamics (NEMD) simulation to study the effectiveness of the CNT membrane for the 

water distillation. The DCMD system used for the simulation consists of two reservoirs for 

feed and permeate water connected via a single CNT. The temperature of the feed reservoir 

was maintained at a higher temperature than that of the permeate reservoir to establish a 
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difference in the saturation pressure in the hot and cold reservoirs and create a water vapor 

flow through the CNT tube. The distillation performance of the CNT DCMD system was 

calculated by NEMD simulation for different CNT diameters and lengths, atomic attraction 

strength between water molecules and CNT, and operating conditions such as system 

temperature, temperature difference between the feed (hot) and permeate (cold) reservoirs, 

and sodium chloride (NaCl) concentration in the feed reservoir. In this study, liquid 

flooding in a CNT using a piston-driven flow was also investigated to determine the onset 

pressure of flooding and contact angle for different CNT diameter. 

5.1  NUMERICAL METHOD 

The extended Simple Point Charge (SPC/E) water model is used in this study to 

simulate water molecules. The SPC/E model, besides its simplicity, predicts well the 

properties of water compared with other water models such as TIP3P, TIP5P, and TIP4P 

[53]. It is specifically shown that water surface tension predicted by the SPC/E model 

shows the best agreement with the experimental results among other water models [54]. In 

the CNT membrane distillation, the surface tension of the water plays a key role on the 

creation of the water meniscus at the opening of the CNT, and therefore, the SPC/E model 

is the best choice to simulate the interactions between water molecules for the CNT 

membrane distillation system. The SPC/E model developed by Berendsen et al. [55] can 

handle the interaction between Oxygen atoms using Lennard-Jones potential and the 

electrostatic forces due to the charge of Oxygen and Hydrogen atoms. The SHAKE [56] 

program is used to maintain the specified bonds and angles of the water molecules in the 

equilibrium which are 0.1 nm and 109.47º for H–O bond length and H–O–H angle, 
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respectively. The ions of sodium and chloride are also modeled as charged Lennard-Jones 

particles [57] which are expressed as 

, 12 6
4

ij ij i j

w ij ij

i jij ij ij

q q

r r r

 
 

 
= − + 

  
 , (5.1) 

where   and   are the Lennard-Jones parameters between atoms i and j are listed in Table 

5.1 [58, 59]. iq  is the charge of the ith atom. The cross Lennard-Jones interactions are 

modeled by the Lorentz-Berthelot rules, i.e., 
1

2( )ij i j  = +  and ( ) 2ij i j  = + , which 

are used to determine the potential parameters between different atom types and the cut-

off distance is 15 Å. The long-range coulombic interactions of the charged atoms are 

determined by the particle-particle particle-mesh (PPPM) method [60]. 

Although stable single-walled CNTs with diameter higher than 1.5 nm cannot 

easily be fabricated, the interaction between water and carbon is the same for single-wall 

and multi-wall CNTs due to the short-range interactions between carbon and water. Also, 

carbon atoms in single-walled CNT are located in a fixed position for computational 

efficiency for this study [52, 61]. 
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Table 5.1 The Lennard-Jones parameters and charges of the simulated atoms 

Parameters ε [kcal/mole] σ [Å] q [e] 

Oxygen-Oxygen (O-O)  0.1553 3.1660 -0.8476 

Hydrogen-Hydrogen (H-H) 0.0000 0.0000 +0.4238 

Carbon-Carbon (C-C) 0.0700 3.5500 - 

Sodium ion- Sodium ion (Na+-Na+) 0.1247 2.8760 +1.0000 

Chloride ion- Chloride ion (Cl--Cl-) 0.1247 3.7850 -1.0000 

Figure 5.1 shows the domain of the CNT DCMD system used for the NEMD 

simulation. The CNT DCMD system is composed of a CNT connecting two water 

reservoirs: each confined by two graphene sheets. For flooding simulation, water molecules 

are only placed in the top reservoir with a size of Lx  Ly  Lz = 12 nm × 12 nm × 4 nm 

[Fig. 5.1(a)]. The top graphene sheet of the top reservoir works as a piston and is moved 

down by a certain incremental distance to squeeze the water molecules out of the top 

reservoir [Fig. 5.1(b)]. After each incremental movement, the water molecules are allowed 

to reach equilibrium for 1 ns with the NVT ensemble at 300 K. In the equilibrium, the 

reservoir pressure is calculated based on the total force exerted by water molecules on the 

top graphene sheet (piston) as follows 

1 1

g w
n n

ij

p

i j ij

d

dr



= =

= − −F , (5.2) 

,p z
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where ij , and ijr are the Lennard-Jones (LJ) potential and distance between atoms i and j. 

pF and ,p zF are the total and z-directional force applied on the piston by water molecules. 

pp and pA are the pressure and area of the piston. On a large scale, the Young-Laplace 

equation defines the discontinuity of the pressure across the meniscus (vapor/liquid 

interface)  inside the capillary tube. 

For a sufficiently small tube diameter, the Young-Laplace equation can be 

simplified as  

4 cos
c

CNT

p
d

 
= , (5.4) 

where cp  is the pressure imbalance across the liquid interface which is called capillary 

pressure.   denotes water surface tension. θ is the contact angle and CNTd  is the CNT 

diameter. 

For the water distillation operation, the bottom and top reservoirs with the same 

volume of Lx  Ly  Lz = 12 nm × 12 nm × 4 nm are filled with water molecules as shown 

in Fig. 5.1(c). An NVT ensemble is applied to the water molecules in the reservoirs to 

maintain them at preset hot and cold temperatures in the respective bottom and top 

reservoirs. Due to the temperature (saturation pressure) difference between the reservoirs, 

the water liquid molecules evaporate at the opening of the CNT in the hot reservoir, flow 

through the CNT and condense in the cold reservoir. At the beginning of the MD 

simulation, the water liquid molecules inside the reservoirs were equilibrated for 1 ns to 
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reach the preset temperatures. The simulation continued for 20 ns with a time step of 1 fs 

to calculate water vapor flux through the CNT. 

 

Figure 5.1 CNT membrane (a) before and (b) after flooding condition, and (c) CNT 

DCMD system showing water vapor flow between the hot and cold reservoirs 

In the CNT DCMD, the partial pressure difference between two water reservoirs is 

the driving force for water vapor flow through the CNT. Since the CNT diameter is smaller 

than the mean free path of the water vapor molecules, the water vapor transport through 

the CNT is at Knudsen diffusion regime, where the water vapor molecules collisions with 

the CNT wall are more dominant than collisions between the water vapor molecules. The 

mass flux of water molecules in a cylindrical tube in the Knudsen regime is given by [62] 

B

MD
MD sat

ave CNT

D
J p

k T L
=  , (5.5) 

where MDJ  is the water vapor flux. MDD , Bk , aveT , and CNTL  are the mass transport 

diffusivity, Boltzmann constant, average temperature of the system and length of the CNT, 
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respectively. satp  is the saturation pressure difference between the hot (feed) and cold 

(permeate) reservoirs. MDD  is directly calculated by Eq. (5.5) using MDJ  and satp  from 

the MD simulation. 

A theoretical equation for the mass transport diffusivity for the Knudsen regime is 

formulated using the Kinetic Theory [63] and the Knudsen diffusivity is given by 

A B
Kn

4

3 2

CNT ave

w

d N k T
D

M
= , (5.6) 

where CNTd , AN , and wM are the diameter of CNT, Avogadro number, and water 

molecular weight, respectively. It is noteworthy that for the Knudsen diffusivity (DKn ), all 

molecular collisions are assumed to be purely diffuse, and therefore the tangential 

momentum of the molecules is completely lost after a collision. 

Smoluchowski modified the Knudsen correlation and postulated that a collision can 

be either diffusive or specular. The Tangential Momentum Accommodation Coefficient 

(TMAC) is defined as a ratio of diffusive collisions to total collisions in the system and is 

given by 

, ,

,

t i t r

MD
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f
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−
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(5.7) 

where ,t iv  and ,t rv  are the average tangential velocities of impinging and reflected water 

molecules respectively, which are obtained from MD simulation. MDf  = 1 means that the 

collision is diffuse, i.e., total loss of the tangential velocity after a collision. MDf  = 0 
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indicates that the collision is specular, i.e., no loss of the tangential velocity after a collision. 

For the combined collisions of the diffuse and specular types, water molecules existing 

within the cut-off distance from the carbon atoms of the CNT are attracted to the potential 

well and lose the kinetic momentum to the carbon atoms for a certain residence time before 

leaving the potential well beyond the cut-off distance. The Smoluchowski diffusivity is the 

modified Knudsen diffusivity using the TMAC [63] and is given by 

MD
Sm Kn

MD

2 f
D D

f

 −
=  

 
, 

(5.8) 

Besides the transport diffusivity occurring inside the CNT, there is a translational 

self-diffusion of water molecules inside the water reservoir and the self-diffusion 

coefficient can be determined from the mean square displacement of water molecules as 

follows 

2

H2O
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6t

r
D

t→


=


, 

(5.9) 

where Δr is the displacement in the water molecule’s coordinates after a time interval of 

Δt. The angle bracket denotes the average displacement over all the water molecules. 

5.2  MODEL VALIDATION 

To validate the MD simulation results from this study, the MD-simulated mass 

diffusivity of the water vapor molecules flowing through a single CNT was compared with 

available experimental results in literature. Bui et al. [64] used a nano-scale membrane 

made of vertically-aligned CNTs (average diameter of 3.3 nm and average length of 25 

μm) for water vapor diffusion through the CNTs between two nitrogen streams with 
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different water vapor concentrations. Figure 5.2(a) illustrates the pressure profile (not 

scaled) across the CNT membrane showing the vapor and saturation (liquid) pressure 

differences (Δpv, Δpsat) and capillary pressure changes (Δpc,h, Δpc,c) across the liquid/vapor 

interfaces. For a fair comparison with the experimental results for the pure water vapor 

transport, the saturation pressure difference (Δpsat = Δpv - Δpc,h + Δpc,c) in Eq. (5.5) which 

was commonly used for the mass flux calculation for the membrane distillation including 

the capillary pressure effect across the vapor/liquid interfaces, was replaced with the vapor 

pressure difference (Δpv) of the water vapor flow through the CNT which is the condition 

used in the experiment in literature [64]. The water vapor pressure was calculated using the 

saturation pressure by the Kelvin equation [65] as below, 

4 cos
( )e x p m c

v sat

CNT g

V
p p T

d R T

  
= −  

 
, (5.10) 

where pv is the vapor pressure and psat is the saturation (liquid) pressure which are separated 

by the vapor/liquid interface. γ, Vm, dCNT, and Rg are the surface tension and molar volume 

of water, CNT diameter, and gas constant. T denotes the temperature of water vapor. The 

capillary pressure jump and drop across the vapor/liquid interfaces are calculated by 

4 cos
( ) ( ) 1 e x p ,m

c sat v sat

CNT g

V
p p T p p T

d R T

   
 = − = − −   

   

 (5.11) 
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Figure 5.2 (a) Pressure profile across the CNT membrane (not scaled). (b) 

Comparison of the mass diffusivities from the MD simulation and experimental 

measurement [64] 

Figure 5.2(b) shows the comparison of the mass diffusivities from the MD 

simulation and experimental measurement. The MD-simulated mass diffusivities were 

calculated using two kinds of the pressure differences between: (i) vapor pressures (Δpv = 

(a) 

(b) 
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pv,h - pv,c) and (ii) saturation pressures [Δpsat = psat(Th) – psat (Tc)]. The MD-simulated mass 

diffusivity based on the vapor pressure difference shows better agreement with the 

experimental measurement as shown in Fig. 5.2(b). 

5.3  RESULTS AND DISCUSSION 

5.3.1 Onset of Liquid Flooding and Contact Angle 

Hydrophobicity of the CNT is critical to prevent the water liquid from entering 

(flooding) the CNT. If the capillary pressure of the convex meniscus formed at the entrance 

of the CNT is less than the water liquid pressure in the reservoir, the water liquid is pushed 

into the CNT causing an unwanted flooding. The pressure of the water liquid causing the 

flooding was calculated by molecular dynamics simulation. Also, the contact angle of the 

meniscus at the entrance of the CNT wall, which quantifies the hydrophobicity of the CNT 

with water and helps us to find the desirable operating conditions for the CNT DCMD 

system, was obtained on the verge of the flooding. 

The liquid pressure of the top reservoir causing liquid flooding into the CNT was 

determined by moving the piston (upper wall of the top reservoir) down to pressurize the 

liquid reservoir and push the liquid into the CNT [Fig. 5.1(a,b)]. Figure 5.3 shows the water 

pressure variation with increasing piston displacement at three incremental movements (Δz 

= 0.01, 0.02, and 0.05 nm). For the flooding simulation, the temperature of the water 

molecules was kept at 300 K using an NVT ensemble. 

For the incremental movements of 0.02 nm and 0.01 nm, the water pressure 

suddenly drops from its peak when the flooding occurs, while the incremental movement 
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of 0.05 nm doesn’t capture such a pressure drop. The rapid pressure drop is the indication 

of the flooding and right after the liquid pressure reaches the maximum pressure value as 

shown in Fig. 5.3. The flooding pressures of 0.02 and 0.01 incremental movements differ 

only 0.2%. Therefore, the results of 0.01 nm incremental movement were used to find the 

flooding pressure ( fp ) for different CNT diameters as shown in Fig. 5.4(b). 

Contact angle, which is an indicator of surface wettability, affects the water 

flooding in the CNT. The contact angle between water and CNT is at its maximum value 

at the onset of flooding, which is determined by the liquid-side angle [θc in Fig. 5.4(a)] 

between the vertical line in the cutoff distance (σC-O) from the inner wall of CNT and the 

tangent line of the vapor/liquid interface at the triple contact point. The vapor/liquid 

interface is defined by an isochoric profile with a value of 50% of water density (at 300 

K). Figure 5.4(a) shows the isochoric profile and its curve fitting in the CNT with the 

diameter of 5.0 nm. Figure 5.4(b) shows that as the CNT diameter increases, the contact 

angle increases because the coordination number of the water molecules at the vapor/liquid 

interface decreases due to higher distortion of the hydrogen bond of water molecules at the 

interface. The MD simulation results of the contact angle are in good agreement with the 

results from a reference [66]. The flooding pressure or liquid entry pressure (LEP) 

predictions from the MD simulations agree well with the results of the capillary pressure 

(Δpc) from the Young-Laplace equation [Eq. (5.4)] as shown in Fig. 5.5. 
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Figure 5.3 Effect of different incremental movement on showing water meniscus 

rupture 

 

(a) 
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Figure 5.4 (a) Isochoric profile and curve fitting of 5.0 nm CNT diameter. (b) 

Variation of contact angle with respect to CNT diameter 

 

Figure 5.5 Variation of contact angle with respect to CNT diameter 

In the following sections, the water distillation performance of the CNT membrane 

system was investigated by varying the operating conditions and CNT dimensions. The 

operating variables including system temperature (average of water reservoir temperatures) 

(b) 
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and temperature difference between the reservoirs control the pressure difference as the 

driving force for the water vapor flow through the CNT. The diameter and length of the 

CNT affect the frequency of the collision and interatomic force between the water 

molecules and CNT wall. Furthermore, the impact of attraction strength between water 

molecules and CNT on the water vapor transport was explored. Finally, the effect of 

sodium and chloride ions in the hot reservoir on water vapor distillation was investigated. 

The conditions and dimensions of the MD simulations are listed in Table 5.2. 

Table 5.2 NEMD simulation conditions and dimensions 

Variables Values 

Tave 
† [K] 323 333* 343 353  

Th [K] / Tc [K] 313/333 323/343* 353/333 343/363  

ΔT † [K] 20 20 20 20  

ΔT † [K] 10 20* 30 40  

Th [K] / Tc [K] 328/338 323/343* 318/348 313/353  

Tave 
† [K] 333 333 333 333  

d
CNT

 [nm] 2.7 5.0* 7.5 9.5  

L
CNT

 [nm] 

(L
CNT

 / d
CNT

) 

10 

(2) 

20* 

(4) 

50 

(10) 

100 

(20) 
 

εC-O [kcal/mole] 0.1383 0.1127* 0.0576 0.0115 0.0023 

C [M] 0.0* 0.5 1.0 2.1  

* Baseline values used for the NEMD simulation. 

† Definitions: ( ) 2ave h cT T T= + , h cT T T = − . 

5.3.2 Effect of System Temperature 

The system temperature of the CNT DCMD greatly affects the water transport 

diffusivity and mass flux through the CNT. To investigate the effect of the system 

temperature on the distillation performance, the average reservoir temperature (Tave) was 

changed from 323 K to 353 K, while maintaining a fixed temperature difference between 
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the reservoirs, ΔT = 20 K. The saturation pressure in the hot reservoir is varied from 0.2 to 

0.7 bar and in the cold reservoir ranges from 0.07 to 0.3 bar. The MD transport diffusivity 

(DMD) calculated by Eq. (5.5) using the results from the MD simulations for different 

system temperatures are shown in Fig. 5.6. As the system temperature increases, the water 

vapor mass flux increases due to the increased kinetic energy of water molecules. The 

trends of the MD transport, Smoluchowski and Knudsen diffusivities with the temperature 

are similar, but the MD transport diffusivity is roughly an order of magnitude higher than 

the Knudsen diffusivity and approximately 10% higher than the Smoluchowski diffusivity. 

The one order-of-magnitude difference between the MD transport and Knudsen 

diffusivities attributes to the inherent surface smoothness of the CNT which greatly reduces 

the tangential momentum loss of the collided water vapor molecules. The difference 

between the MD transport and Smoluchowski diffusivities is due to the small length-to-

diameter ratio of the CNT (LCNT / dCNT = 4 in Table 5.2), because the length-to-diameter 

ratio is assumed to be relatively large (LCNT / dCNT > 10) in the Smoluchowski model where 

the particles experience an infinitely large number of collisions in their path through the 

CNT. The TMAC ( fMD) is much smaller than one, which indicates that specular collisions 

are more dominant than diffusive ones. 

The TMAC decreases with increasing system temperature because the residence 

time of water molecules in the cut-off distance from the CNT atoms decreases due to the 

higher kinetic energy of water molecules, and therefore, the momentum exchange between 

the water molecules and CNT wall decreases. The permeability of the CNT membrane (1.8 

× 10-5 liter/m2-s-Pa) for the baseline condition (Table 5.2) is two orders-of-magnitudes 
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higher than a Polytetrafluoroethylene (PTFE) membrane (1.7 × 10-7 liter/m2-s-Pa) used in 

our experimental work in Chapter 3. This huge enhancement attributes to the very high 

Knudsen diffusion of the CNT membrane (more than one order-of-magnitude) and the 

elimination of the molecular diffusion resistance between water vapor and air molecules 

occurring in the experiment using the PTFE membrane. 

 

Figure 5.6 Variations of water vapor flux, diffusivity, and TMAC with respect to 

system temperature 

5.3.3 Effect of Reservoir Temperature Difference 

The temperature difference between the reservoirs determines the pressure 

difference between two reservoirs, which drives the water vapor through the CNT. The 

temperature difference (ΔT=Th-Tc) between the reservoirs was varied with four different 

temperatures of 10, 20, 30, and 40 K, while keeping the system temperature constant at the 

baseline value, i.e., Tave [= (Th+Tc)/2] = 333 K (Table 5.2). In Fig. 5.7, when the reservoir 

temperature difference increases, the water vapor flux increases approximately linearly due 
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to the increase in the saturation pressure difference between the hot and cold reservoirs. 

However, the transport diffusivities and TMAC remain relatively constant because the 

average system temperature was kept constant. 

 

Figure 5.7 Effect of reservoir temperature difference on water vapor flux, diffusivity, 

and TMAC 

5.3.4 Effect of CNT Diameter 

There is some evidence that the phase transition of the confined water in the CNT 

deviates dramatically from the behavior of bulk water. Agrawal [67] experimentally 

showed that water at room temperature exists in a form of ice in a CNT with 1 nm diameter. 

Also, Chaban [68] reported that the boiling temperature of water is dramatically increased 

when the water molecules are trapped inside a CNT with a diameter of less than 2.85 nm. 

In this study, we also found that, at the entrance of a CNT with a diameter of less than 1.5 

nm, the water evaporation hardly occurs. Due to the hydrophobicity of CNT, water 

molecules at the vapor/liquid phase are repelled by CNT, and therefore the water molecules 
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need high thermal energy or temperature to overcome the repulsion and enter into the CNT. 

Therefore, the CNT diameters bigger than twice the cut-off distance (30 Å) should be 

chosen to initiate the evaporation of water molecules. 

In Fig. 5.8, all the diffusivities (MD, Knudsen, and Smoluchowski) increase with 

the CNT diameter. This is due to the fact that by increasing the CNT diameter with a 

constant length, the probability of the collisions between the water vapor molecules and 

CNT wall decreases. The big deviation of the Knudsen diffusivity from the MD transport 

diffusivity is due to the assumption of purely diffuse collision for the Knudsen diffusivity 

resulting in too low diffusivity. The difference between the MD transport and 

Smoluchowski diffusivities is due to the fact that the Smoluchowski diffusivity is accurate 

for a large number of collisions of the water molecules with the CNT wall likely happening 

in a very long tube. It is worth noting that by decreasing diameter (dCNT) with a constant 

length (LCNT), the differences between the MD transport and Smoluchowski diffusivities 

values become smaller due to higher LCNT / dCNT. As shown in Fig. 5.8, the TMAC 

decreases with decreasing CNT diameter because more carbon atoms are involved to repel 

the water vapor molecules at their impacts on the CNT wall due to the higher curvature of 

the smaller CNT diameter. Thus, the residence time of the water vapor molecules in the 

cut-off distance decreases as shown in Fig. 5.8, and therefore, the momentum exchange 

between the water vapor molecules and CNT wall decreases. 
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Figure 5.8 Variations of water vapor flux, diffusivity, TMAC, and collision residence 

time of water molecules with respect to CNT diameter 

5.3.5 Effect of CNT Length 

The effect of the CNT length (LCNT) on the water vapor flux and mass transport 

diffusivities was investigated. In this section, the CNT length was increased, while the CNT 

diameter was kept constant at dCNT = 5.0 nm (Table 5.2). As shown in Fig. 5.9, as the CNT 

length increases, the water vapor flux exponentially decreases because of more collisions 

in longer CNT. Because of the same reason, the MD transport diffusivity decreases with 

increasing CNT length, while the Knudsen and Smoluchowski diffusivities remain 

constant which don’t capture the effect of the length of the flow path. 

For a generalized conclusion, an aspect ratio (LCNT / dCNT), CNT diameter to its 

length, was used in the second x-axis (top) of Fig. 5.9 to clearly show the critical aspect 

ratio for scale effect. The deviation of the MD transport diffusivity from the Smoluchowski 

diffusivity for smaller aspect ratios (LCNT / dCNT <10) refers to “size effect” in the mass 
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diffusivity calculation, while for higher aspect ratios (LCNT / dCNT >10), the MD transport 

and Smoluchowski diffusivities are in good agreement. For smaller aspect ratios less than 

10, a considerable number of water molecules pass through without collisions on the CNT 

wall which results in a higher mass diffusivity. However, for higher aspect ratios larger 

than 10, the mass diffusivity is smaller due to less possibility of direct transport where 

collisions of water molecules with CNT wall are more frequent and the Smoluchowski 

correlation [Eq. (5.8)] is applicable. Note that in the Smoluchowski correlation, the length 

of the tube is not a variable because it is assumed to be large enough compared to the tube 

diameter which results in an insignificant direct transport (without collision). The results 

show that the TMAC ( fMD) is relatively constant for different CNT lengths because fMD 

considers only the collision type (e.g. diffusive, specular) and mostly depends on local 

interaction forces between the water molecules and CNT atoms. 

 

Figure 5.9 Effect of CNT length on water vapor flux, mass diffusivities, and TMAC 
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5.3.6 Effect of Interatomic Force Between CNT and Water 

To understand the Knudsen diffusion and water vapor transport, the energy constant 

(ε C-O) in the LJ potential between carbon atoms and water molecules varied from 0.0144 

to 0.1500 kcal/mol. Figure 5.10 shows that the water vapor flux and transport diffusivities 

decrease as the energy constant increases. This is attributed to the fact that the residence 

time (τr) of water molecules increases with increasing as shown in Fig. 5.10. For lower 

C-O , water molecules striking the CNT wall instantaneously bounce back, while for 

higher C-O , water molecules stay longer on the wall. As a consequence, more momentum 

of the water molecules is lost, resulting in a high TMAC as shown in Fig. 5.10. The 

Knudsen diffusivity cannot capture the collision mode between water molecules and CNT 

wall, while the Smoluchowski diffusivity implicitly considers it by using TMAC in the 

model. Figure 5.10 also shows that the difference between the MD transport and Knudsen 

diffusivities decreases as (attraction forces) between the water molecules and CNT 

increases. It means that the strong attraction between water molecules and CNT causes 

more momentum exchange between them and the collisions become more diffusive. In this 

study, the value of C-O  cannot exceed the value of O-O . The reason is that for higher than, 

the interactions between water molecules and CNT become stronger than that of between 

water molecules, and therefore there is no hydrophobic CNT behavior to avoid flooding. 

The deviation of the MD transport and Smoluchowski diffusivities is due to the size effect 

discussed in Section 5.3.4. 
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Figure 5.10 Variations of water vapor flux, diffusivity, TMAC and residence time 

with respect to energy constant of LJ potential between water molecules and carbon 

atoms 

5.3.7 Effect of Impurity 

It is interesting to investigate the effect of impurity (e.g., NaCl) in the feed water 

for the membrane distillation. Figure 5.11 shows that the self-diffusion coefficient [ H2OD

in Eq. (5.9)] of water molecules decreases with increasing NaCl concentration which 

attributes to the fact of increasing interactions between the water molecules and impurity 

ions. The presence of sodium chloride (NaCl) in the feed water creates an ionic-dipole 

attraction between the water molecules and NaCl ions, which is stronger than the normal 

hydrogen bonds between water molecules, and therefore more energy is required to break 

the ion-dipole attraction, resulting in less evaporation of the water molecules at the 

meniscus. In addition, according to the Lorentz-Berthelot rules using the epsilons of the 

same atoms in Table 5.1, the epsilon in LJ potential between water molecules and carbon 
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atoms is 0.1043 kcal/mole and the epsilon between the ions of impurity and carbon atoms 

is 0.0934 kcal/mole. The smaller epsilon (i.e., interaction) between the ions and carbon 

atoms means the ions (Na+ and Cl-) replacing the water molecules in the feed reservoir 

creates less pressure than that of pure water according to Eqs. (5.2-5.3). The decrease in 

the pressure of the feed reservoir causes a lower pressure difference between the reservoirs, 

and thus the water vapor flux decreases as illustrated in Fig. 5.11. However, the mass 

diffusivities and TMAC of water molecules inside the CNT does not change with 

concentration because the impurity stays only in the feed reservoir and does not enter into 

the CNT during the simulation time. 

 

Figure 5.11 Effect of Sodium Chloride concentration on water vapor flux, diffusivity 

and TMAC 

5.4  SUMMARY 

Non-equilibrium Molecular Dynamics (NEMD) simulations were performed to 

investigate the water distillation performance of a CNT DCMD system. The MD 
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simulation results showed that the water vapor transport through the CNT is enhanced by 

increasing the system temperature, reservoir temperature difference, and CNT diameter, 

while adverse results were observed by increasing the CNT length, attraction strength 

between water molecules and CNT, and sodium chloride concentration. The transport 

diffusivity increases with high system temperature, large CNT diameter with smaller 

length-to-diameter ratio, and small energy constant between water molecules and CNT. 

The permeability of the CNT membrane is two orders-of-magnitudes higher than a 

Polytetrafluoroethylene (PTFE) membrane due to much higher Knudsen diffusion of the 

CNT membrane (more than one order-of-magnitude) than that of the PTFE membrane. It 

is also found that the tangential momentum accommodation coefficient (TMAC) increases 

with CNT diameter and energy constant between water molecules and CNT, but it 

decreases with the system temperature. Since the TMAC is small for the CNT, the MD 

transport diffusivity is higher than the Knudsen diffusivity by an order of magnitude. The 

results illustrated that the size effect is critical in determining mass diffusivity for the 

length-to-diameter ratio smaller than ten.  
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CHAPTER 6: CONCLUSIONS 

The performance of the direct contact membrane distillation (DCMD) was analyzed 

in the multiple-module DCMD system using waste heat of the diesel engine by developing 

a thermal-hydraulic network model, in the single module DCMD by doing experiment and 

conducting computational fluid mechanics (CFD) simulation and in the carbon nanotube 

(CNT) DCMD by using molecular dynamics (MD) simulation. 

  In the multiple-module DCMD system, the numerical analysis using the one-

dimensional model of DCMDs and thermal-hydraulic connection with the diesel engine 

was developed. The analysis suggested that a flat plate heat exchanger was a viable choice 

for effective heat exchange from the diesel engine to the parallel DCMDs. It was found 

that the water distillate production was increased by increasing the flow rates and inlet 

temperature differences (ITD) of the feed and permeate streams. A high NaCl 

concentration in the feed stream lowered its vapor pressure and therefore decreased the 

water production. Shorter membranes produced larger water mass flux at higher thermal 

efficiency. Therefore, for a multiple-module DCMD system, a greater number of shorter 

membrane modules in a parallel arrangement was more effective in the water production, 

as long as the heat exchanger for diesel engine waste heat recovery was large enough. 

In the single module DCMD, a CFD simulation of the DCMD system was validated 

by the experiment for different temperatures, flow rates of the feed and permeate streams, 

and salinity of the feed stream. It was found that a lower permeate water temperature, 

higher feed water temperature, lower salinity, and higher flow rates produced more distilled 

water. It was also found that distilled water production was influenced more by the feed 

temperature than the permeate temperature and a counterflow configuration produced more 
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distilled water than that of the parallel flow configuration. The insertion of a mesh screen 

spacer in the flow channels, especially one with smaller spacing between mesh screen 

filaments, enhanced the convective heat transfer due to a converging-diverging flow around 

the screen spacer filaments and thus, reduced the temperature and concentration 

polarizations in the DCMD channels resulting in a higher distilled water production. 

In the experiment, two different regimes in the water flux behavior were observed 

regarding the salinity. In the first regime, at the small salinities, there is a gradual decrease 

in the water flux due to the suppression of the vapor pressure at the feed water. This regime 

was simulated by the CFD model and there was a good agreement between experimental 

and numerical results. In the second regime, at high salinities near to saturation condition, 

there is a sharp drop in the water flux due to the deposition of the salt crystals on the 

membrane surface and block the area of the opening pores. This regime was captured by 

an analytical approach since CFD model results deviated from the experimental results. 

A nanoscale CNT DCMD was simulated by non-equilibrium Molecular Dynamics 

(NEMD) to investigate the water vapor flux of the CNT DCMD. The NEMD simulation 

results showed that the permeability of the CNT membrane was two orders-of-magnitude 

higher than the Polytetrafluoroethylene (PTFE) membrane used in the experiment. 

Therefore, CNT is a promising substitution for PTFE polymer in DCMD. The water vapor 

transport through the CNT was enhanced by increasing the system temperature, reservoir 

temperature difference and CNT diameter, while adverse results were observed from the 

CNT length, attraction strength between water molecules and CNT, and sodium chloride 

concentration. The MD transport diffusivity increased with high system temperature, large 

CNT diameter and aspect ratio, and small energy constant between water molecules and 
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CNT. It was also found that Knudson and Smoluchowski models were not capable to 

accurately predict the MD transport diffusivity inside CNT DCMD because the NEMD 

simulation result of the MD transport diffusivity was higher than Knudsen diffusivity by 

an order of magnitude and was higher than Smoluchowski diffusivity by 10% for small 

aspect ratio of CNT. 
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