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Abstract
Membrane fouling and temperature polarization are the most common issues that cause limitations to membrane distilla-
tion (MD) process. Integration of spacers has been proven to resolve those problems by inducing regions of turbulence and 
giving the required mechanical support to the membrane. In this work, a robust high-fidelity computational fluid dynamics 
simulation is carried out to assess and quantify the performance of spacer-filled DCMD module and compare it with a base-
line spacer-free DCMD module. Mainly, simulations are done to delineate the problem of concentration polarization and by 
alternating spacers material with different thermal conductivities and different displacement configurations. The performance 
of these different models is demonstrated in terms of concentration boundary layer development, temperature distributions, 
temperature polarization coefficient (TPC), mass flux, heat flux, heat transfer coefficient, and thermal efficiency. Results 
show that concentration polarization can penalize mass flux by nearly 10%, and conductive spacers have favorable effect 
on the DCMD performance compared to spacer-free in terms of TPC by 50%, mass flux by 35%, heat flux by 31%, thermal 
efficiency by 1%, and top and bottom membrane surface heat transfer coefficients of, respectively, 19% and 62%. Meanwhile, 
the stride of the spacers in the range of 1.5–3.5 mm tends to achieve a measurable mass flux. Generally, spacers integration 
has confirmed the capability of reducing concentration polarization at the membrane surface. These attained improvements 
will accelerate industrial deployments of MD.
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Introduction

Due to water and energy scarcity, low-energy desalination 
technologies have gained more attention recently (Winter 
2014; Huffman 2014). Water separation using membrane 
distillation (MD) has been risen as the lowest driving energy 
when compared to other membrane-based processes (e.g., 
reverse osmosis (RO), ultrafiltration (UF), etc.) (Ashoor 
et al. 2016; Khayet 2011). In contrast to these conventional 
isothermal membrane-based processes, MD is thermally 
driven and is operating at a temperature range of (40–80 °C) 

(Khayet 2011; Khayet and Matsuura 2011a). The working 
principle of MD employs a non-wetted hydrophobic porous 
membrane sandwiched between two thin channels, i.e., a 
warm saline feed and a cooler permeate (typically fresh 
water). The simplest configuration of MD is having both 
channels in direct contact with the membrane as illustrated 
in Fig. 1 and is nominally known as direct contact membrane 
distillation (DCMD). The resulting temperature difference 
across the membrane creates a partial pressure gradient 
which consequently initiates fresh water vapor transport 
from feed side to permeate side throughout the membrane’s 
dry pores. Although MD operates at atmospheric condi-
tions, precaution should be considered to obtain a reliable 
fouling resistant. This can be done by membrane surface 
coating or feed pre-treatment (Wang and Lin 2017; Wars-
inger et al. 2015; Razmjou et al. 2012). Nevertheless, a more 
robust solution is providing the membrane with an additional 
mechanical support by integrating spacers on both top and 
bottom membrane surfaces as depicted in Fig. 2 (Warsinger 
et al. 2015; Khayet and Matsuura 2011b). Fortunately, it has 
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been proven that such supportive mesh could contribute to 
better performance by introducing regions of turbulence flow 
near the membrane boundary layer (Warsinger et al. 2015; 
Janajreh et al. 2017a; Phattaranawik et al. 2001; Martı́nez-
Dı́ez et al. 1998). This localized turbulence tends to reduce 
polarization effects of both temperature and concentration 
at membrane surfaces leading to a higher transmembrane 
temperature difference or lower near surface brine concen-
tration which reverts to offer a great potential for system 
optimization (Albeirutty et al. 2018; Martinez-Diez and 
Vazguez-Gonzalez 1999). Hence, many researchers refer 
to spacers as “turbulence promoters” (Popović et al. 2013; 
Yang et al. 2012).

The quantification of the flux due to the integration 
of spacer has not been studied thoroughly in the litera-
ture despite the numerous experimental and simulation 
works that have been sought by several researchers to gain 
more insight into its operation (Phattaranawik et al. 2001; 
Martıńez-Dıéz et al. 1998; Albeirutty et al. 2018; Yang et al. 
2012; Hagedorn et al. 2017; Martínez and Rodríguez-Maroto 
2006; Taamneh and Bataineh 2017; Tamburini et al. 2016; 
Katsandri 2017a, b; Chang et al. 2015, 2017; Al-Sharif 
et al. 2013; Shakaib et al. 2012; Seo et al. 2017; Ahmed 
et al. 2017). Recently, Albeirutty et al. (2018) have investi-
gated experimentally the flow dynamics and heat transport 
across a spacer-filled MD channels under different attack 

and filament angles. Maximum performance in terms of 
highest heat transfer coefficient was recorded at a symmet-
rical attack angle of 45° and filament angle of 90°. Also, 
increasing the spacers filament angle above 90° was found 
to increase the pressure drop across the channels and there-
fore inferior the performance (Albeirutty et al. 2018). The 
angle of attack refers to the angle made between the flow 
direction and spacer orientation, whereas the filament angle 
refers to the orientation of two spacers stacked on top of each 
other forming a mesh. For instance, the illustrated spacer-
filled MD channel in Fig. 2 is oriented at angle of attack 
and at filament angle both of 90°. Hagedorn et al. (2017), 
however, have proposed a combined pressure drop and heat 
transfer correlation to evaluate the performance under dif-
ferent types of commercial spacers with different hydraulic 
diameters. The experiments were conducted at the same flow 
conditions, where it was shown that thicker spacer results 
in a better system performance in terms of lowest pressure 
drop of 0.037 bar/m and highest heat transfer coefficient 
of 5087 W/m2 K (Hagedorn et al. 2017). Earlier Martı́nez-
Dı́ez et  al. (1998) and Martínez and Rodríguez-Maroto 
(2006) have studied experimentally the mass flux enhance-
ment of a spacer-filled DCMD module when compared to a 
spacer-free module, where mass flux was predicted using a 
validated Knudsen/molecular transport model. Coarse net-
type spacers with the diameter of 0.25 mm were used and 
placed at attack and filament angles both of 90°. At identical 
flow conditions (i.e., parallel flow, flow velocity of 0.3 m/s, 
saline feed of 2 M concentration, and bulk temperature dif-
ference of 30 °C), mass flux has been enhanced by a factor of 
~ 1.65 using the spacer-filled DCMD module (Martínez and 
Rodríguez-Maroto 2006). Similar study has been also con-
ducted by Phattaranawik et al. (2001), where two types of 
spacers (i.e., coarse with the diameter of 1.15 mm, and fine 
with the diameter of 0.55 mm) were employed and resulted 
in 31–41% average mass flux gain compared to spacer-free 
module.

On the other hand, Taamneh and Bataineh (2017) have 
investigated the flow properties under several spacers 

Fig. 1   Schematic of direct contact membrane distillation (DCMD) 
under counter flow configuration

Fig. 2   Simple illustration of a 
spacer-filled DCMD channels
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filament angle using a validated 3-D computational fluid 
dynamics (CFD) model of DCMD. A dimensionless quan-
tification of pressure difference in terms of drag coefficient 
and Darcy friction factor were used to experimentally vali-
date the model. The model showed that heat transfer (or 
Nusselt number) can reach the double when using spacer-
filled DCMD channels compared to the spacer-free model 
(Taamneh and Bataineh 2017). Tamburini et al. (2016) 
have also developed a 3-D model using direct numerical 
simulation (DNS) of a spacer-filled MD channels to study 
their effect on local heat transfer. Experimental validation 
of surface Nusselt number was done using two spacer-filled 
channels separated by a polycarbonate layer. They found 
that the highest average Nusselt number (i.e., ~ 26.2) was 
obtained with spacers oriented at 45° with the flow chan-
nel. Furthermore, Katsandri (2017a, b) have developed an 
experimentally validated 3-D CFD model of a spacer-filled 
flat sheet DCMD. Assuming fully permeable membrane 
and introducing heat and mass fluxes as an additional fixed 
source to the system’s governing equations (i.e., continuity 
and energy equations), velocity, shear stress, and tempera-
ture polarization distributions were analyzed at different 
attack angles. It was found that the best spacer orientation 
was at attack angle of 45° reaching a superior MD perfor-
mance of mass flux of 100.33 kg/m2 h and heat transfer 
coefficient of 11,044–11,927 W/m2 K. Similar work was 
done earlier by (Chang et al. 2015, 2017). Using spacer 
diameter of 3 mm, the model was capable to compare 
flow pattern and system performance under two different 
spacer orientations. Elevated TPC, mass flux, and heat 
transfer coefficient values were around 0.9, 25 kg/m2 h, 
and 15,000 W/m2 K, respectively, compared to spacer-free 
of around 0.45, 17 kg/m2 h, and 2400 W/m2 K, respec-
tively. Al-Sharif et al. (2013) have developed a similar 
3-D model under hard assumptions. The model simulated 
three different spacer geometries; however, no validation 
with any experimental work was reported. Spacers config-
ured in three stacked layers were found to have the lowest 
pressure drop (− 0.346 kPa/m) across the channels which 
reflected in producing symmetrical temperature profiles 
when compared to other geometries. A 2-D CFD model 
of flat sheet DCMD was also developed by Shakaib et al. 
(2012), and the model concentrated on the role of seven 
different spacers orientations on temperature polarization 
effect. Yang et al. (2012) have carried different geometric 
sensitivity studies on the integration of baffles and spacers 
using a validated 3-D symmetrical CFD model of a hollow 
fiber MD module. The best performance has been recorded 
when integrating baffles and quad spacers simultaneously 
to the channels. This model, however, was validated using 
the average mass flux and the pressure drop across the 
channels with no reference to temperature distribution. 
Nonetheless, Seo et al. (2017) have developed a spacer 

design optimization strategy that involves fifty-one differ-
ent spacers designs compromising several configurations 
(i.e., submerged, cavity, and zigzag), filaments shapes 
(i.e., circles, rectangles, and triangles), and symmetricity 
variation targeting optimal design with the lowest possible 
temperature and concentration polarization effects. These 
studies were carried out using a 2-D CFD model of DCMD 
where the average mass flux was validated experimentally. 
The solution was sought via the commercial COMSOL 
software. Symmetric circular-zigzag configuration marked 
the best performance with 26% gain in the average mass 
flux compared to the spacer-free model.

Despite the abundant researches done on spacer-filled 
MD systems and their orientation and geometry effect on 
heat and mass transfer, advanced studies have appeared 
recently on the role of spacers material on membrane foul-
ing (Abid et al. 2017a). Surface coating modification of 
polymeric spacers using metallic particles as copper (Haus-
man 2011; Araújo et al. 2012; Richard et al. 2009), silver 
(Araújo et al. 2012; Yang et al. 2009; Ronen et al. 2015), 
and gold (Araújo et al. 2012) was investigated to reduce 
membrane biofouling impact. As a result, this modifica-
tion is found to provide higher and steadier permeate flux 
when compared to unmodified spacers (Yang et al. 2009; 
Ronen et al. 2015). In long-term process, surface modifica-
tion is highly subjected to degradation and therefore leads 
to unsustainable anti-fouling (Habimana et al. 2014). On 
the other hand, application of electrical potentials to spac-
ers of electrically conductive material is also a promising 
anti-fouling strategy (Abid et al. 2017a; Baek et al. 2014). 
In this method, metallic spacers [e.g., titanium (Baek et al. 
2014; Abid et al. 2017b)] are charged periodically and used 
as electrodes when fouling occurs within the process. Con-
sequently, oxidation of foulants occurs at the membrane-feed 
interface allowing a noticeable recovery of permeate flux. 
Meanwhile, the effect of using neutral metallic spacers as a 
thermally conductive material on the temperature distribu-
tion across the DCMD channels was not spotted in the lit-
erature except for the previous work of the authors (Ahmed 
et al. 2017), where typically polymeric spacers are the most 
referred in the literature. The previous study, however, was 
incomprehensive as it was carried using a non-practical 
model geometry of 2 cm. In the current study, an exten-
sion on the previous work is done where a more robust 2-D 
validated CFD model of spacer-filled DCMD is developed 
to carry different spacers (or filament) material of alterna-
tively polymer or copper based. The geometry of the cur-
rent model is more reasonable. Investigation of the effect of 
increasing the distance between tandem spacers is also done. 
The performance of the spaced models is compared with a 
spacer-free model in terms of mass flux, temperature polari-
zation coefficient (TPC), thermal efficiency, and surface heat 
transfer coefficient.
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Methodology

Model setup and development

In this work, a numerical study will be developed on 
spacer-filled DCMD module using non-isothermal com-
putational fluid dynamics (CFD) model governed by 
Navier–Stokes equations and thermally coupled with the 
porous membrane. The two-dimensional (2-D) computa-
tional domain of the DCMD baseline model consists of two 
channels (i.e., feed and permeate) at 210 mm length  by 1 
mm height where a 130-µm-thick membrane is inserted/
sandwished between them and is illustrated in Fig. 3a. A 
modified model with spacer-filled channels having a fila-
ment diameter of 0.5 mm and a shortest distance between 
two consecutive filaments set to 1.5 mm distributed equally 
at both top and bottom membrane surfaces is also shown in 
Fig. 3b. Suitable flow conditions will be applied for both 
channels arranged in a counter-current flow maintained at 
laminar regime with a given inlet velocity of 0.1 m/s (or 
Reynolds number (Re) of 100), feed inlet temperature of 
75 °C, and permeate inlet temperature of 25 °C. Such flow 
conditions seem to provide a reasonable performance as 
per the previous work of authors (Janajreh et al. 2017a, b).

The flow can be described and governed by a planar 
2-D, steady, and incompressible system of Navier–Stokes 
coupled with the energy equation to capture the fluid and 
the membrane temperature variations. System of continu-
ity, x- and y-momentum, and energy equations are repre-
sented as (Eqs. 1–4):

•	 Continuity: 

•	 x-Momentum: 

•	 y-Momentum: 

•	 Energy: 

 where u and v are, respectively, the x- and y-velocity 
components, P is the pressure, gy is the gravitational 
acceleration, Cp is the specific heat capacity, T  is the 
temperature, k is the thermal conductivity, and Sh is the 
additional heat sink/source terms which is in the case 
of DCMD attributed to the latent heat of evaporation at 
feed afterward released by condensation at permeate side.

A structured quadratic mesh is used for the geometry 
defined in Fig. 3 and is refined at top and bottom bounda-
ries of each zone to enable capturing the kinetic and ther-
mal boundary layers. Figure 4 shows the modified spacer-
filled mesh consisting of 1,233,296 cells with minimum 
orthogonal quality of 4.08E−02 and maximum aspect ratio 
of 6.935E+01 indicating a highly refined mesh. The base-
line spacer-free DCMD mesh, however, consists of 277,200 
orthogonal computational cells with perfect orthogonal 
quality of 1 and maximum aspect ratio of 4.296E+01. This 
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Fig. 3   Schematic diagram of DCMD geometry, zones, and flow configuration of a spacer-free DCMD baseline model, and b spacer-filled 
DCMD model
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baseline model was validated with experiments in the previ-
ous work of the authors (Janajreh et al. 2017b, c).

The flow is considered as steady where the boundary 
conditions are flow inlet Dirichlet (given velocity and tem-
perature values) and outlet Neumann (zero velocity gradient 
and constant atmospheric pressure). Standard k-epsilon (k-ε) 
turbulent model is activated to capture the localized turbu-
lence around the spacers fixing the turbulent intensity at 5% 
and turbulent viscosity ratio at 10 for the inlets and outlets of 
both channels. Stationary bulk, membrane, and spacers walls 
are subjected to no-slip and no-penetrating velocity condi-
tion 

(

Vw = 0m∕s
)

 . The channels outer walls are thermally 
insulated (zero heat flux), while internally the spacers and 
membrane walls are coupled with feed and permeate chan-
nels. The feed and permeate enter the domain at Re = 100, 
i.e., 0.1 m/s, while thermally are at 75 °C and 25 °C, respec-
tively. Thermo-physical properties of the porous polyvi-
nylidenefluoride (PVDF) membrane, the brine feed, and the 
fresh permeate are listed in Table 1. The model is developed 
within the Ansys/Fluent 16.2 environment which is based 
on finite volume method (FVM) and segregated solver. The 
semi-implicit method for pressure-linked equations (SIM-
PLE) algorithm is used for pressure–velocity coupling and 
the second-order upwind spatial derivatives for discretiza-
tion of the conservation equations (i.e., momentum and 
energy). A tight computational tolerance on the residuals of 

10−15 was used to all the scalar equations (i.e., continuity, 
and x- and y-momentums and energy).

Spacers designs

In this work, three analysis studies are carried out and 
the considered domains are those have been presented in 
numerous DCMD per previous work of the authors and other 
researcher, Janajreh et al. (2017a), Chang et al. (2015, 2017), 
Ahmed et al. (2017) and are summarized as follows: 

1.	 The effect of different spacers materials on the DCMD 
performance is done first. It entails a comparison in the 
performance between a “non-conductive” and conduc-
tive spacer. The non-conductive spacers are set to be pol-
ymer based using identical thermo-physical properties 
of the polymeric PVDF membrane material, whereas 
copper material is selected for the conductive spacers 
case (see Table 1).

2.	 In the second study, modification on the spacer displace-
ment is done by increasing the distance between two 
consecutive spacers. These models including 0, 106, 
and 53 distributed equally through the DCMD module 
length of 21 cm. A schematic of the baseline and spacer 
cases is illustrated in Fig. 5 and is denoted as (a) BL, 
(b) D1.5, and (c) D3.5, respectively. The models were 

Fig. 4   Cut-way of spacer-filled DCMD computational domain and discretized mesh

Table 1   Thermo-physical 
properties of the materials used 
in the DCMD numerical model

a Using weighted average
b At 3.5% salinity and 75 °C
c At 0% salinity and 25 °C

Material Density (kg/m3) Specific heat 
(J/kg K)

Thermal conductiv-
ity (W/m K)

Dynamic 
viscosity 
(kg/m s)

PVDF (Iguchi et al. 2007) 1175 1325 0.2622 –
Water Vapor 0.554 2014 0.0261 –
Porous membranea 302.2 1896.9 0.0662 –
Saline sea waterb (Sharqawy 

et al. 2010)
1000.5 4022.8 0.642 4.145E−4

Pure waterc 998.2 4182 0.6 1.003E−3
Copper 8978 381 387.6 –
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solved, and consequently, their DCMD performance 
was evaluated and compared. Comparative evaluation 
between the baseline DCMD model in these two studies 
will be presented in terms of mass flux, TPC, thermal 
efficiency, and heat transfer coefficient.

3.	 Third study focuses on the influence of the spacers on 
concentration polarization and its localized distributions 
as this information is very difficult to obtain experimen-
tally. Operation at high concentration can lead to salt 
accumulation, performance drop, and fouling. Therefore, 
information of both temperature and concentration dis-
tribution would be of a great help to avoid fouling since 
proper integrating of spacers could mitigate and remedy 
such problem. This has been done by modeling the feed 
side of both BL and D1.5 cases (see Fig. 5) with flow of 
two-species mixture of brine and fresh water and observ-
ing the variation of the brine specie spatially along and 
perpendicularly away from the membrane surface as 

fresh water species is transported out from that mem-
brane surface.

Performance metrics evaluation

Because of the thermally coupled membrane, the tempera-
ture distribution at the top and bottom membrane surfaces is 
the most pronounced flow variable. As the temperature dis-
tribution and velocity fields are computed from the numeri-
cal model, system performance metrics including mass 
flux, TPC, heat flux, and thermal efficiency are evaluated 
subsequently using theoretical models to assess the DCMD 
performance.

Mass transfer

Due to temperature polarization, the saturated pressure gra-
dient across membrane surfaces occurs and drives the mass 

Fig. 5   Schematic diagram of the 
baseline (a) and two types of 
spacer-filled DCMD model with 
distance between two succes-
sive spacers of b 1.5 mm and c 
3.5 mm, respectively

(a) Type: BL

(b) Type: D1.5

(c) Type: D3.5
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transfer through the hydrophobic porous membrane. The 
general mass flux expression is as per the work of Chen and 
coworkers and is written as (Chen et al. 2009):

where cm is the membrane mass coefficient, Psat
f

 and Psat
p

 are 
the saturated water vapor pressures at the feed and permeate 
membrane surface, respectively. The vapor pressure of pure 
water is related to the membrane surface temperature at the 
same side and is estimated using the Antoine equation 
(Blackshaw 1979) as:

where Tm,p is the membrane surface temperature at the per-
meate side. Adjustment is required for the binary mixture 
as in the case of the feed side and per the work of Chen and 
others (Janajreh et al. 2017b; Chen et al. 2009; Janajreh and 
Suwwan 2014):

where Tm,f is the membrane surface temperature at the feed 
side, mw is the mole fraction of the water in saline solution, 
and aw is the water activity in the feed mixture solution. In 
desalination application, water activity in NaCl solutions 
is estimated using the correlation equation of Lawson and 
Lloyd (1997) and Khayet (2011) and when using mNaCl as 
the mole fraction of salt, the aw is written as:

(5)J�� = cm

(

Psat
f

− Psat
p

)

(6)Psat
p

= exp

(

23.1964 −
3815.44

Tm,p − 46.13

)

(7)Psat
f

= mwaw exp

(

23.1964 −
3815.44

Tm,f − 46.13

)

(8)aw = 1 −
mNaCl

2
− 10m2

NaCl

Three essential membrane mass coefficient models are 
stated in the literature to describe the mass transport across 
the porous membrane (Chen et al. 2009): (1) the Knudsen 
diffusion, (2) the Poiseuille flow, and (3) the molecular dif-
fusion. Whereas many combinations of the three models 
were presented in the literature, dusty gas model (DGM) and 
KM-P model are common examples of combined models for 
predicting mass flux (Orfi and Loussif 2010). DGM com-
bines Poiseuille flow model with diffusion models (Knudsen 
and molecular) in parallel configuration, whereas the KM-P 
model combines diffusion models in parallel configuration 
and added to them the Poiseuille flow model. At small pore 
size, the molecular diffusion model can be ignored without 
compromising the accuracy of the results (Chen et al. 2009). 
In this work, a simplification of the KM-P model is done by 
eliminating the molecular effect and combining both Knud-
sen and Poiseuille models in series following the work of 
Chen et al. (2009) and Seo et al. (2017). Figure 6 compares 
the DGM, KM-P, and the adopted K-P combined models. 
The modified K-P adopted model can be described as:

where �(T) and �(T) are the contribution of Knudsen and 
Poiseuille models, respectively, and are both selected to be 
unity in this study. Mw is the molecular weight of water, 
Tm is the mean membrane temperature, R is the universal 
gas constant (8.315 J/mol K), Pm is the membrane mean 
pressure of partial pressures at top and bottom membrane 
surfaces found as per Eqs. 6 and 7, �v is the gas viscosity, rp 
is the pore radius, � is the membrane porosity, and finally � 
is the tortuosity factor which is defined as the direct inverse 
of porosity in the case of polymer structures (Elias-Kohav 

(9)

cm = cK + cP = 1.064�(T)
�rp

��m

√

Mw

RTm
+ 0.125�(T)

�r2
p

��m

MwPm

RTm�v

Fig. 6   Electrical analogy circuit 
representing different combina-
tion of mass transport models: a 
DGM, b KM-P, and the adopted 
in this work the c K-P model

(a) DGM       (b) KM-P        (c) K-P
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and Sheintuch 1991). The membrane used in the simulation 
and experimental validation of this work was the electrospun 
polyvinylidenefluoride–hexafluoropropylene (PVDF–HFP) 
membrane developed by Lalia et al. (2013, 2017). The mem-
brane is characterized by a pore size and porosity of 0.1 µm 
and 80%, respectively. Subsequently, the equivalent thermo-
physical properties of the porous membrane (i.e., density, 
thermal conductivity, and specific heat) stated earlier in 
Table 1 were evaluated using the permeability (or porosity) 
weighted average relation.

Heat transfer

The heat transfer in DCMD can be described in a series of 
three thermal resistances: (1) convective transfers through 
the feed boundary layer (qf), (2) combined transfer across the 
membrane (qm), and finally (3) convective transfer through 
the permeate boundary layer (qp) (Khayet 2011; Khayet and 
Matsuura 2011a). The total heat flux across the membrane 
(qm) is attributed to a combination of the conduction (qc) and 
latent heat of evaporation (qv) and expressed as:

where h is the membrane heat transfer coefficient. The con-
duction part is due to the bulk membrane material, while the 

(10)qm = qc + qv = hAΔTm

evaporation takes place in the membrane pores. Taking ΔHv 
to be the enthalpy due to the latent heat of the transmem-
brane mass flux, it can be written as described by Termpi-
yakul et al. (2005) as:

The conductive heat flux fraction is described by Fourier 
heat equation as:

where km is the equivalent thermal conductivity of the 
membrane and is due to the bulk conductivity ( kb ) and the 
vapor conductivity ( kg ) of the weighted volume average (see 
Table 1). The subscripts f and p signify the feed and perme-
ate, respectively. Thermal efficiency represents the fraction 
of the heat used as latent heat of evaporation to the total heat 
flux of Eq. (10) and is described as:

(11)qv = J��ΔHv

(12)ΔHv = 1.7535Tm + 2024.3

(13)qc = −
km

�m

(

Tm,f − Tm,p

)

(14)� =
qv

qm
=

J��ΔHm

qm

Fig. 7   Detailed illustration 
of the temperature polariza-
tion phenomenon in a typical 
DCMD process
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On the other hand, temperature polarization coefficient, 
TPC (or � ) defines the ratio of membrane boundary layer 
resistance to the total/bulk heat transfer resistance and is 
expressed using temperature distributions at bulk and mem-
brane surfaces (see Fig. 7) as (Martinez-Diez and Vazguez-
Gonzalez 1999; De Záarate et al. 1993):

where subscripts m, f, p, and b refers to the membrane, feed, 
permeate, and bulk, respectively.

(15)� =
Tm,f − Tm,p

Tb,f − Tb,p
=

ΔTm

ΔTb

Results and discussion

Model validation

As temperature profile at membrane and bulk surfaces is the 
most important parameter obtained from the CFD model, an 
experimental validation of temperature measurement was 
carried out. The geometry of the DCMD experimental unit 
used was identical to the CFD model, where two thermal 
reservoirs each with a peristaltic pump (i.e., feed and per-
meate) were attached as depicted in Fig. 8a. The DCMD 
unit was fixed with 24 T-type thermocouples distributed 
equally at both channels to capture the temperature at both 
membrane and bulk temperatures (see Fig. 8b). For each 

Fig. 8   Experimental apparatus showing a the full setup, b a top view of the DCMD unit attached with the T-type thermocouples showing the 
thermocouples placement at bulk and membrane surfaces
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channel, six of the thermocouples were placed 1 mm deeper 
to capture the membrane surface temperature as seen in the 
zoomed section depicted in Fig. 8c. Electrospun PVDF–HFP 
membrane developed by Laila et al. (2013, 2017) was used 
in the experiments. Validation was carried out by operating 
both model and experiment using the same conditions with 
feed temperature of 50 °C, permeate temperature of 25 °C, 
and flow velocity of 0.1 m/s. Figure 9 shows the temperature 
and TPC values of the twenty-four spatially located thermo-
couples and their corresponding numerical values. A good 
agreement between both experimental and numerical results 
is clearly noticeable.

Effect of spacer material

Temperature contours of DCMD baseline model, polymeric, 
and copper spacer-filled model under the same flow condi-
tions (i.e., inlet feed temperature: 75 °C, inlet permeate tem-
perature: 25 °C, inlet flow velocity: 0.1 m/s) are illustrated in 
Fig. 10. The contours were captured at the channel midway 
(from x = 0.105 m to x = 0.115 m) for better visualization. 
These values are well behaved as they are bounded by the 
imposed boundary conditions. The two channels appear to 
be semi-isolated, and more so for the spacer-filled model. 
These results serve as validation of the deployed high-fidel-
ity numerical model. This can be translated to have the high-
est temperature polarization effect in the DCMD baseline 

Fig. 9   Validation results of temperature (left) and TPC (right) of both experiments and simulations (T: top, B: bottom, F: feed, M: membrane, 
and P: permeate)

Fig. 10   Temperature contours 
(°C) of the DCMD baseline 
(a), polymer spacer-filled (b), 
and copper spacer-filled models 
captured at a 1-cm-long section 
bounded from x = 0.105 m to 
x = 0.115 m
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model compared to both polymeric and copper spacer-filled 
models. Moreover, copper-based spaced DCMD channels 
shows lower polarization than that in the polymer-based one. 
This is because of the higher thermal conductivity of cop-
per than that of the polymer. More precisely, Fig. 11a shows 
the temperature distributions at the bulk and membrane sur-
faces of the three different cases. A zoomed temperature 
distribution of the three models is also shown in Fig. 11b 
taken from a 2-cm section at a midway distance. Due to the 
high thermal conductivity of copper spacers, it allowed high 
heat transfer across the channel depth which is illustrated in 
the elevated membrane surface temperature at the feed side 
and thus maintaining a large transmembrane temperature 
gradient. In contrast, the poor thermal conductivity of the 
polymeric material leads to a significant reduction in the 
feed side membrane temperatures and thus thicker thermal 
boundary layer.

The effect of spacer material on TPC is depicted in 
Fig. 12. Spaced DCMD configuration of both materials 
introduces an undulated behavior on the TPC profile. 

Fig. 11   Temperature distribution of the conductive/non-conduc-
tive spacer-filled DCMD model compared with the baseline model 
recorded at a full module length, and b at a zoomed midway section 
of 2 cm length

Fig. 12   TPC distribution of the copper and polymer spaced DCMD 
models compared with the spacer-free baseline model

Fig. 13   Mass flux distribution of the copper and polymer spaced 
DCMD models compared with the spacer-free baseline model

Fig. 14   Thermal efficiency distribution of the copper and polymer 
spaced DCMD models compared with the spacer-free baseline model
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However, copper-based spacers show an optimistic undu-
lation effect with average TPC value of 0.876 compared 
to 0.793 and 0.582 for the polymer-based and spacer-free 
models, respectively. A highly frequented TPC behavior 
is observed for the polymeric spaced model due to the 
high thermal boundary layer resistance across the spacer 
material, and still, polymer spaced DCMD module shows 
also in average a lower temperature polarization than the 
spacer-free DCMD module. Mass flux and thermal effi-
ciency distributions of the three models are displayed in 
Figs. 13 and 14, respectively. Correspondingly, superior 

performance is observed for the copper spaced DCMD 
module reaching an average mass flux of 58.7 kg/m2 h 
and average thermal efficiency of 69.49%. Polymer spaced 
module has also shown an elevated average mass flux pro-
duction of 53.4 kg/m2 h and thermal efficiency of 69.23%. 
Nevertheless, thermal efficiency shows a negligible influ-
ence by the integration of spacer since thermal efficiency 
is mainly dominated by the membrane properties and feed 
temperature which were fixed in all cases.

Additionally, distributions of heat transfer coefficient 
at both top and bottom membrane surfaces of the copper 
and polymer spaced models compared with the spacer-free 
baseline model are depicted in Figs. 15 and 16, respectively. 
Overall, it is noticeable that bottom surface has elevated heat 
transfer coefficient when compared to the top surface. This 
can be explained by the conservation of energy across the 
feed, membrane, and permeate channel. Results also show 
that copper spaced DCMD led to higher heat transfer coef-
ficient with an average gain of ~ 19% at the top membrane 
surface and 62.5% at the bottom membrane surface when 
compared to the baseline. These results are in good agree-
ment with the literature (Katsandri 2017b; Chang et al. 
2017). Table 2 quantifies the average values of heat transfer 
coefficients of both copper and polymer spacer-filled DCMD 
models with relative gain percentages compared to the base-
line spacer-free DCMD model.

Effect of spacer displacement

Velocity vectors and contours of turbulent kinetic energy at 
the two different types of spacers distributions (i.e., D1.5 
and D3.5) are illustrated in Figs. 17 and 18, respectively. 
These profiles cover the developed steady flow from a 
midway region of 1 cm long bounded from x = 0.105 m to 
x = 0.115 m. Velocity vectors show an increase in the local 
velocity in the area between spacers and bulk walls, while 
stagnant regions near membrane surface are clearly noticed. 
In type D1.5, stagnant regions are more pronounced and dis-
continuity of flow exists at membrane surface as the conse-
quent spacer body seems to be placed within the downstream 
boundary of the preceding spacer leading to insufficient 
time and space for the development of vortices behind the 
upstream. In the other case, however (i.e., D3.5), reattach-
ment of the flow is allowed at membrane surface before the 
flow goes over the next spacer. Since velocity and turbulence 

Fig. 15   Top membrane surface heat transfer coefficients of baseline 
and spacer-filled (polymer and copper) DCMD models

Fig. 16   Bottom membrane surface heat transfer coefficients of base-
line and spacer-filled (polymer and copper) DCMD models

Table 2   Average heat transfer 
coefficients at top and bottom 
membrane surfaces of baseline, 
copper- and polymer- spaced 
models

Spacers material Surface heat transfer coefficient (W/m2 K)

Top membrane Gain (%) Bottom membrane Gain (%)

No spacers (baseline) 288.94 – 680.22 –
Polymer 323.36 11.91 975.76 43.45
Copper 343.62 18.92 1105.31 62.49
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are directly related, the same behavior can be noticed in the 
contours of turbulent kinetic energy in Fig. 18. Regions of 
turbulence are located near the spacer surfaces, followed by 
separation of flow and formation of wake region. When the 
distance between spacers was extended to D3.5, an increase 
in turbulent kinetic energy is observed at the membrane 
surface.

Temperature distributions across the DCMD channels 
for spacer-free (i.e., BL), D1.5, and D3.5 models are pre-
sented in Fig. 19. Magnified profile at the midway region 
(from x = 0.09 m to x = 0.11 m) is presented in Fig. 19b. A 
less fluctuating profile is noticed for type D3.5 compared 
to D1.5. Nevertheless, both types seem to be close to each 
other making higher transmembrane temperature differ-
ence than the spacer-free DCMD model. Similarly, slightly 
lower oscillation of TPC distribution of D3.5 compared 
to D1.5 is observed in Fig. 20. This is translated to an 
average TPC value of 0.879 and 0.877 for D3.5 and D1.5, 
respectively. Profiles of mass flux and thermal efficiency 
showing comparable performance of both cases (D1.5 and 
D3.5) are also displayed in Figs. 21 and 22, respectively. 

A negligible gain was observed in type D3.5 with an aver-
age mass flux of 59 kg/m2 h and thermal efficiency of 
69.52% compared to 58.77 kg/m2 h and 69.50% for D1.5. 
Accordingly, transmembrane heat flux of 3864.29 W and 
3878.5 W was recorded for D1.5 and D3.5, respectively. 
Table 3 provides a quantitative summary of the role of 
spacer integration on the average DCMD performance 
metrics at the studied spacers material and displacement.

Concentration polarization

Results of the concentration polarization at feed channel of 
the BL and D1.5 models are depicted in Fig. 23. It shows 
the line spatial distributions of the salinity starting from the 
entry and moving toward the exit. The entry condition was 
assumed at 3% NaCl concentration which is the fixed value 
of the channel bulk wall (y = 0.001 m). However, the concen-
tration at the membrane boundary layer increases asymptoti-
cally starting from 3% and exceeding the double value at the 
exit and reaching 7.5% while averaging 7% for the baseline 
model. As the layer is closer to the membrane surface, their 

Fig. 17   Velocity vectors (m/s) 
of spacer-filled DCMD models 
using 1.5 mm (above) and 
3.5 mm (bottom) spacer dis-
placement running at Re = 100 
(captured at midway section of 
1 cm length for better visualiza-
tion)

Fig. 18   Contours of turbulent 
kinetic energy (m2/s2) of spacer-
filled DCMD models using 
1.5 mm (above) and 3.5 mm 
(bottom) spacer displacement 
running at Re = 100 (captured at 
midway section of 1 cm length 
for better visualization)
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brine concentration is exasperated. The concentration bound-
ary layer is more clearly observed by the vertical lines of the 

baseline model than the spacer filled, and an increase in the 
surface value and layer thickness is obvious due to the flow and 
transportation of the fresh water specie. One needs to recall 
Eqs. 7 and 8 which influence the magnitude of the driving 
pressure on the brine side as any increase in the concentra-
tion would compromise such values. Therefore, attainment 
of 7% concentration would decrease the water activity from 
aw = 0.976 value to aw = 0.916 value (i.e., reduction of 6% in 
pressure), and hence, in the transported fresh flux by relying 
on Eq. 5 through which this flux is nearly proportional to it, 
should one relax the dependency on the mass flux coefficient 
without any loss of generality. It is clear from Fig. 23 (right) 

Fig. 19   Temperature distribution of DCMD spacer-filled model 
of type D1.5 and D3.5 compared with the spacer-free BL model 
recorded at a full module length, and b at a zoomed midway section 
of 2 cm length

Fig. 20   TPC distribution of DCMD model spaced with copper at dif-
ferent displacement (D1.5 and D3.5) compared with the BL model

Fig. 21   Mass flux distribution of DCMD model spaced with cop-
per at different displacement (D1.5 and D3.5) compared with the BL 
model

Fig. 22   Thermal efficiency distribution of DCMD model spaced with 
copper at different displacement (D1.5 and D3.5) compared with the 
BL model
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Table 3   DCMD quantitative metrics and comparison of polymer- and copper- spaced models using 1.5 mm and 3.5 mm spacers displacement

Spacers material Spacers 
displacement 
(mm)

Avg. TPC Gain (%) Total sensible 
heat flux (W)

Gain (%) Avg. mass 
flux (kg/
m2 h)

Gain (%) Avg. thermal 
efficiency (%)

Gain (%)

No spacers (baseline) – 0.582 – 2949.09 – 43.30 – 68.69 –
Polymer 1.5 0.793 36.21 3544.23 20.18 53.40 23.32 69.23 0.79

3.5 0.839 44.10 3721.95 26.21 55.99 29.30 69.30 0.90
Copper 1.5 0.877 50.56 3864.29 31.03 58.77 35.70 69.50 1.18

3.5 0.879 50.92 3878.50 31.52 59.00 36.24 69.52 1.21

Fig. 23   Vertical distributions of water salinity and their boundary layer growth along the length of the feed channel of the BL spacer-free (left) 
and the D.15 spacer-filled (right) DCMD models

Fig. 24   Feed channel salinity contours showing the concentration polarization effect of BL (top) and D1.5 (bottom) models
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that the exit salinity at the membrane surface drops from 
7.5% for the BL to 5.5% for D1.5. Contours of salinity for the 
spacer-free and spacer-filled feed channels are also depicted in 
Fig. 24. Although areas below spacers are highly concentrated, 
average salinity at the membrane wall has reduced from 7 to 
6% when D1.5 spacers are integrated. This would enhance the 
average water activity reaching 0.93. As a result, the role of 
spacer in mixing the flow and mitigating the development of 
concentration polarization is becoming more evident.

Conclusion

In this work, high fidelity validated CFD modeling is carried 
out to assess the performance of DCMD with spacer-filled 
channels. The model simulated different spacers material 
(i.e., conductive vs. non-conductive) and different spac-
ers displacement and results are compared to the baseline 
DCMD with free channels. The results are shown in terms 
of bulk and membrane surface temperature profiles, tem-
perature polarization coefficient (TPC), mass flux, heat flux, 
thermal efficiency, and heat transfer coefficient at membrane 
surfaces. The integration of copper spacers led to a superior 
DCMD performance with TPC of 0.88, average mass flux 
of 58.8 kg/m2 h, and average thermal efficiency of 69.5%. 
Polymer spacers also tend to increase the performance but 
with lower trends having a TPC value of 0.79, average mass 
flux of 56 kg/m2 h, and average thermal efficiency of 69.2%. 
On the other hand, increasing the distance between spacer 
filaments from 1.5 to 3.5 mm seems to be insufficient to 
show a noticeable gain in the DCMD performance. Finally, 
spacer has strong influence on the naturally developed con-
centration polarization that shows to reduce the fresh flux 
by stipulated magnitude near 6%. Depending on the flow 
condition recovering, fresh flux loss with proper integration 
of the spacers is very possible. In summary, using conduc-
tive-based spacers materials could improve the performance 
more profoundly than changing the spacers orientation or 
displacement and mitigating concentration development and 
fresh flux restriction that may cause membrane fouling.
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