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ABSTRACT

Understanding the dynamics of droplet condensation-evaporation behavior on fibers is important for
improving the performance of fibrous membranes that are used in water purification applications, e.g.,
Direct Contact Membrane Distillation (DCMD). DCMD is a promising method of purifying water when
low-grade waste heat or renewable energies are available. However, DCMD suffers from low throughput
mass flux, and it is also prone to membrane flooding. We used molecular dynamics simulations in this
work as the conventional (experimental or computational) methods do not have the required atomistic
resolution to reveal the dynamics of water condensation-evaporation on the surface of fibers. Our sim-
ulations indicate that vapor flux across the membrane remains constant (with no droplet formation on
the fiber) when the fibers’ Young-Laplace Contact Angle (YLCA) is greater than a critical value at which
condensation is suppressed. However, mass flux decreases with time at lower YLCAs due to the formation
and growth of water droplets on the fibers, which could ultimately lead to membrane flooding. We also
studied the impact of feed temperature, permeate temperature, fiber diameter, fiber position, and domain
size on the fiber critical YLCA. Optimizing these parameters allows the use of a wide array of materials in
membrane fabrication, including even hydrophilic materials, while preventing membrane flooding and
also enhancing mass flux. In this work, we also present a novel methodology to simulate steady-state
droplet condensation-evaporation process in the framework of molecular dynamics simulation, i.e., sim-
ulation times >~10 ns, in contrast to the quasi-steady-state simulations (simulation time <~2 ns)
reported in most previous studies. Our work demonstrates a simulation platform to study the dynamics
of the water condensation-evaporation on fibers and can be used to guide the design of DCMD
membranes.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

tion techniques.[3,4] Fig. 1a shows this process, where impure feed
water at high temperature evaporates and water vapor passes

Availability of safe water is critically important for public
health, whether it is being used for drinking or other domestic pur-
poses.[1] Generating fresh water from seawater, groundwater, or
wastewater can be done using water desalination processes, where
common techniques, such as reverse osmosis, multi-effect distilla-
tion, and multi-stage flash, are quite energy intensive.[2] Minimiz-
ing energy consumption or ensuring utilization of low-grade waste
heat or renewable energy is considerably important to make the
water accessible to regions lacking the necessary infrastructure.

Membrane distillation can harvest low-grade waste heat or
renewable energy, which is a promising technique at the water-
energy nexus. It also has a higher salt rejection rate and requires
lower hydraulic pressure compared to conventional water genera-
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through a hydrophobic membrane to condense on the cold perme-
ate side.[5] The hydrophobicity of the membrane prevents liquid
water to pass through. Moreover, non-volatile solutes remain in
the feed liquid stream as they are rejected by the liquid-vapor
interface. The membrane distillation process has four main config-
urations: Direct Contact Membrane Distillation (DCMD), air gap
membrane distillation, sweeping gas membrane distillation, and
vacuum membrane distillation. DCMD is the simplest of all the
configurations, therefore this work focuses on understanding, eval-
uating, and improving this process despite its lowest efficiency of
four. Fig. 1b shows the three heat transfer steps in the DCMD pro-
cess: convective heat transfer from the feed solution surface across
the boundary layer to the membrane surface, heat transfer across
the membrane by conduction, and convective heat transfer from
the membrane surface to the bulk permeate side.[6,7].
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Fig. 1. (a) Mass transfer in the DCMD process. (b) Heat transfer in the DCMD process.

The DCMD method has been studied extensively over the past
decade. Despite providing numerous advantages, this technique
has not been scaled up for large industrial and domestic applica-
tions. This is primarily due to the low mass flux achieved via this
process. Studies have indicated that the inefficiencies in the DMCD
process are due to membrane inherent properties (e.g., Young-
Laplace Contact Angle (YLCA), 0), geometrical parameters of the
membrane, and process parameters.[8-15] Gradual wetting of
the membrane coupled with fouling results in throughput decreas-
ing over time. To prevent this, membranes with large porosity,
ultra-thin thickness, high hydrophobicity, small pore size, and tor-
tuosity are preferred, which in turn limits the membrane design.

Both experimental and computational methodologies have
been used to optimize the DCMD parameters. Experimental tech-
niques provide the benefit of analyzing the process in real-time
but current techniques are not able to observe the water
evaporation-condensation dynamics inside the membrane.[12]
Computational techniques often characterize vapor transport
through a membrane by assuming a straight cylindrical pore.
[13,16-18] However, predetermined empirical factors are required
for this molecular diffusion approach that is unique for each case,
which impacts the feasibility of using this technique by increasing
complexity.[19].

To overcome the limitations imposed by experimental and
macroscale computational techniques, the molecular dynamics
simulation technique has been used in this work to simulate vapor
transport through a membrane. Molecular dynamics is an atomic-
scale computational technique that can be used to understand
vapor condensation on the membrane fiber which can contribute
to membrane flooding. Visualizing this phenomenon is extremely
difficult using any other technique due to the challenges involved
in imaging the vapor inside a DCMD membrane during operation.
Furthermore, this technique can be used to understand and ana-
lyze the DCMD process including membrane properties, geometric
parameters, and operating parameters. Developing a simulation
method that closely depicts the actual process, would allow opti-
mization of the membrane properties, geometric configurations,
and operating conditions without requiring any empirical factors,
and determining their impact on the enhancement of the mass
flux.

Because of these advantages, there are a few molecular dynam-
ics simulation studies in the past decade on the dependence of the
DCMD process on membrane properties and process conditions.
[20-23] For example, Hemeda et al. performed a qualitative anal-
ysis of the DCMD process using molecular dynamics simulations
to demonstrate the impact of membrane dimensions, and temper-

ature difference between feed and permeate sides on the mass flux.
[20] They concluded that the results from the simulations follow
the trends of the actual process, and the molecular dynamics sim-
ulation can be used to optimize the DCMD process rather than trial
and error. All the molecular dynamics simulations carried out for
understanding the DCMD process consider membranes with high
hydrophobicity and no relationship has been defined for the
impact of hydrophobicity on the performance of the process. More-
over, the impact of feed temperature (Tf), permeate temperature
(Tp), temperature difference (AT), temperature gradient, and posi-
tion of fiber on water condensation on the membrane is unclear.

In this work, the impact of membrane hydrophobicity on vapor
transport, droplet condensation, and mass flux has been explored.
It is presumably known that the DCMD process requires a mem-
brane with high hydrophobicity. Understanding the phenomenon
that prevents the use of hydrophilic membranes for the DCMD pro-
cess and defining an optimum minimum YLCA would ensure the
utilization of a wide array of materials. YLCA is defined as the con-
tact angle of a certain liquid on a particular solid, and is dependent
on the liquid surface tension, solid surface energy, and solid-liquid
interfacial energy. Considering the interaction of water with a par-
ticular solid surface, the solid is considered hydrophilic (high wet-
ting) if the YLCA < 90° and it is considered hydrophobic if the
YLCA > 90°. For the sake of simplicity, a single fiber has been con-
sidered in our simulation while fiber hydrophobicity, position, and
process temperatures have been varied to fundamentally under-
stand the process.

In the remainder of this paper, we first describe the molecular
dynamics simulation approach and methodology in Section 2, fol-
lowed by the results of the simulations and discussion in Section 3.
Finally, the conclusions drawn from our simulations are presented
in Section 4.

2. Molecular dynamics simulation model and methods
2.1. Simulation domain and setup

In molecular dynamics simulations, trajectories of atoms are
determined by numerically solving Newton’s equations of motion
for a model system of interacting particles.[24,25] After the posi-
tion and velocity of these particles are initialized, each particle of
the simulation system is updated using the velocity Verlet algo-
rithm, and system properties including temperature, pressure,
and energy are calculated based on statistical mechanics.[26] We
used the open-source software package LAMMPS for our simula-
tions due to its flexibility and proven accuracy.[27].
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Fig. 2a represents the domain created in our simulations, which
is a rectangular block with height H = 22.4 nm, width W = 6.7 nm,
and length L = 20.1 nm. Periodic boundary conditions were applied
in the x and z directions, whereas a fixed boundary condition was
applied in the y-direction. The feed substrate at the bottom and the
permeate substrate at the top consist of three regions each. The
first layer, which is the thinnest of all, is fixed to act as a boundary
for the simulation domain. The second layer acts as the heat source
(or sink) with its temperature fixed using the Langevin thermostat.
The third layer is designated as the free layer that interacts with
water molecules and transfers heat (feed side) or absorbs heat
(permeate side). Such configuration of the substrates, which has
been adopted from the literature, is important for maintaining
the stability of the system.[20,28] Moreover, this configuration
makes sure that the system represents the actual DCMD process,
in which the water is heated from an external heat source.

The interactions between different particles in molecular
dynamics simulations are defined via interatomic potential func-
tions. In this work, we have used well-defined potential functions
that can accurately describe the behavior of actual substances. To
depict the actual process, water, air, a feed substrate, a permeate
substrate, and a fiber have been considered in the domain. For
modeling the interactions between the water molecules, the SPC/
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Fig. 2. (a) Simulation domain with a single fiber in the middle. The feed and
permeate substrates consist of multiple layers to maintain the stability of the
system. (b) Tri-layer structure of the fiber with inner sections at two ends fixed
(blue color), middle sections at two ends set at a constant temperature (brown
color), and outer section free to interact with water and/or air (purple color). The
diameter of the fiber is D. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Journal of Molecular Liquids 368 (2022) 120736

E atomistic water model is considered due to its proven accuracy
in predicting the physical properties such as density, surface ten-
sion, and evaporation enthalpy.[29] For simplicity, it was assumed
that air consisted only of nitrogen as the molecular weight of air is
almost the same as that of bi-atomic nitrogen gas, and it is simu-
lated using the Pea model for its computational efficiency.[30]
Using this model, air particles were considered as single
Lennard-Jones (LJ) spheres with parameters ¢ = 3.75 A and € =
0.189 Kcal/mol. The interactions for the fiber particles, feed sub-
strate, and permeate substrate were defined using the traditional
L] potential with parameters ¢ = 2.27 A and € = 9.44 Kcal/mol.
[31,32] Similarly, the interactions between two different molecules
(e.g., water and air, or water and fiber, etc.) were simulated using L]
potential and the parameters for the equation were calculated
based on Lorentz-Berthelot mixing rules.[33]| The standard energy
term in the L potential equation is given as:

& = Ve&, 1)
The distance parameter in the equation is calculated as an arith-
metic mean:
i+ 0j
= 2
2, 2)

where i and j in equations (1) and (2) represent the two interacting
molecules.

Oijj

2.2. Modeling of membrane fiber

For simplicity, we have considered a single fiber that is placed
in the middle of the simulation domain and extended along the
entire length in the z-direction. Considering the computational
challenge in modeling polymeric fibers due to their long chains,
we assumed the fibers to be made of copper but with modified
and realistic surface properties. When modeling the fiber in the
membrane for molecular dynamics simulations, there are two
requirements to ensure that the atomic-level kinetic behavior of
the fiber is realistic: (1) The fiber needs to be fixed at a certain
height; (2) The surface atoms of the fiber are not fixed to ensure
proper interactions with the liquid droplets, vapor, and air. If the
inner portion of the fiber is fixed (typically done by removing the
interaction forces or removing the velocity) to fix the location
and the outer portion is unconstrained, the heat transfer will inevi-
tably happen between the inner portion with 0 K temperature and
the outer portion. In other words, the inner portion of the fiber acts
as a heat sink at 0 K, which is unrealistic and will significantly
decrease the surface temperature of the fiber. To avoid this simu-
lation artifact, we modeled the fiber with a tri-layer structure with
diameter D = 2 nm in the radial direction as shown in Fig. 2b: the
inner layer, the middle layer, and the outer layer. The inner layer
was fixed; the temperature of the middle layer was set at a con-
stant temperature (based on the linear temperature profile of the
simulation domain) using a Langevin thermostat; the outer layer
is unconstrained. The inner and middle portions of the fiber were
modeled only at the left and right ends, and not through the entire
fiber length to have a minimum effect on the outer section. In this
approach, the surface temperature of the fiber will be more realis-
tic and follow the general temperature profile of the DCMD process
while at the same time the fiber is fixed at the designated height.
Furthermore, the fiber was designed to be atomically smooth by
controlling the distance between atoms (proportional to the lattice
spacing) to be less than the diameter of the water vapor molecule.

While significantly reducing the CPU time, these fibers made up
of copper will depict the surface wetting behavior of the polymeric
fibers via the modified Lorentz-Berthelot mixing rule which is
given as [20,34,35]:
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The factor ‘7’ in equation (3) changes the surface wettability
with water. The above relation and the values of ‘r’ were obtained
from the literature and the values were verified for two contact
angles of 120° and 90° on a flat surface. Although the dependence
of 0 on factor r was determined for a flat surface, the same YLCA is
expected to be obtained on a cylindrical fiber as the Young-Laplace
contact angle is a material property and is independent of the
geometry of the surface considering that the surface roughness
and heterogeneity are the same.[36].

2.3. Simulations for system relaxation and dynamics

The simulation timestep is set as 1 fs unless specified. The
energy minimization of the simulation domain was performed
after setting up the system followed by two equilibration runs:
(1) The first microcanonical ensemble (constant number of mole-
cules, volume, and energy - NVE) equilibration run was done for
150 ps where the inner layer of the feed and permeate substrates,
and the inner portion of the fiber was fixed while the middle por-
tion of fiber and substrates were heated to a temperature of 298 K
using a Langevin thermostat. The water and air molecules were
also heated to a temperature of 283 K using a Langevin thermostat.
(2) The second NVE equilibration run was also done for 150 ps. The
temperature profiles of the fiber and the substrates were kept the
same with the inner section being fixed, a middle section at a tem-
perature of 298 K, and the outer portion unconstrained. Different
from the first run, the water and air molecules were kept uncon-
strained and allowed to reach equilibrium with other surfaces.
After two equilibration runs, the simulation was run for 10 ns to
probe the water dynamics. The fiber and substrates were kept in
the NVE ensemble, and their inner sections were fixed. The middle
sections of the feed substrate and permeate substrate were kept to
a temperature of 363 K and 283 K respectively. The water and air
molecules were again left unconstrained so that they could be
heated or cooled by the interactions with the outer portions of
the substrates or fiber.

2.4. Achieving a steady-state supply of water

During the simulation, as water evaporates from the feed side to
the permeate side, the water level at the feed side would decrease
with time and a final dry state would occur impacting the overall
dynamics of the system, which deviates from the intent of this sim-
ulation. The concept of disjoining pressure defining the attractive
force by the surface on fluid film is a well-established phe-
nomenon, and it increases with a decrease in the thickness of the
film. In our study, even before reaching the dry state, the film of
liquid water on the feed side becomes thin, which would increase
the disjoining pressure and decrease the evaporation rate.[37,38]
This constraint needs to be removed by constantly adding water
into the simulation domain, which mimics the real process. To
our best knowledge, there are no simple solutions to resolve this
issue. One commonly used method in the literature is to keep
the running time of the simulation short so that a quasi-steady state
is assumed where the decrease of the evaporation rate is not signif-
icant over a short period of time.[28,39] However, this method hin-
ders the potential to evaluate the long-time process, for example,
the water dynamics of evaporation and condensation. The other
method is Grand Canonical Monte Carlo (GCMC) which has been
widely used for studying diffusion at the atomic scale.[40-42] In
the grand canonical ensemble, the Temperature T, the Volume V,
and the chemical potential p are held constant, whereas the num-
ber of molecules fluctuates. In this work, water molecules can be
inserted on the feed side and deleted from the permeate side inde-

Journal of Molecular Liquids 368 (2022) 120736

pendently by applying separate GCMC ensembles with external
reservoirs. However, due to its stochastic nature, it is extremely
difficult to control the water molecules added and removed in
the simulation domain especially in the presence of the fiber as
it introduces additional resistance. Moreover, the GCMC method
inserts water molecules in a gaseous state due to which they evap-
orate quickly impacting the overall dynamics of the system. Con-
trolling the temperature of water molecules inserted in the
simulation domain and equilibrating them with the already-
present water was another challenge faced while using this
technique.

In this work, we have developed a methodology to add water
molecules into the simulation domain with a defined frequency.
We removed the condensed water from the permeate side and
added differential water to the feed side using delete_atoms and
create_atoms commands available in LAMMPS after every 0.5 ns.
The frequency of adding water molecules needs to be adjusted
based on different simulation systems and is generally dependent
on the evaporation rate from the feed side. If the evaporation rate
is too fast, water can be added at a higher frequency and vice versa.
The basic concept is to ensure that added water is not more than
10 % of the water available, otherwise the temperature reduction
in feed water is quite significant which will impact the evaporation
rate. The differential water molecules were added randomly in a
region created on the top of the already present feed water and
they were defined in a separate group using their IDs. Moreover,
to ensure that the added water molecules do not impact the
dynamics of the system, we removed the added water molecules
if they overlap with the current water molecules in the domain
while keeping the location of the rest of the particles in the domain
fixed during energy minimization. The added water was then
heated to an average temperature of the simulation domain and
the simulation was continued. A similar treatment was done on
the permeate side. Using this methodology, the simulation can
be run for an infinitely long time without affecting the stability
of the system while at the same time achieving a constant supply
and removal of water during the simulation. The methodology was
verified using the simulation domain without the fiber, which will
be discussed in the next section.

3. Results and discussion

In this section, we present the results of molecular dynamics
simulations obtained for the DCMD process with fibers having dif-
ferent YLCAs. The impact of important operating parameters on the
evaporation-condensation phenomenon in the system has also
been presented.

3.1. Verification of the steady-state supply of water

First, the methodology for achieving a steady-state supply of
water discussed in Section 2.4 was tested for the simulation
domain without any fiber as shown in Fig. 3a. Considering the
evaporation-condensation dynamics, here the (net) mass transfer
in the unit of mg/m? is calculated by counting the cumulative
number of water molecules evaporating from the feed side and
condensing on the permeate side. The mass flux (unit: mg/m?ns)
is then defined as the first-order derivative of the mass transfer
as a function of time, which is the slope on the mass transfer-
time plot. Fig. 3b shows that mass flux remains constant with small
fluctuations in the case of a steady-state supply of water using our
new methodology, termed in this work as the steady-state method.
The same method was used to run the simulation for a longer time
of 25 ns and a similar trend was observed throughout without any
decay in the mass flux. On the contrary, the mass flux significantly
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Fig. 3. (a) Evaporation-condensation dynamics without the fiber. The molecules shown in purple are air molecules and in green are water molecules. (b) Mass flux remains
constant with fluctuations at every 0.5 ns for the steady-state method, whereas it decays significantly towards zero after 2 ns for the quasi-steady-state method. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

decreases after approximately 2 ns when the conventional method
(termed as quasi-steady-state method) of using a fixed number of
water molecules in the domain was used. These results agree with
the general phenomenon of evaporation-condensation on a flat
surface. The slight fluctuations in mass flux for the first case are
due to the addition of water which is at a lower temperature
(~323 K) in comparison with the already-present water in the sim-
ulation domain (~360 K). Due to this low temperature of the
incoming water, the overall temperature of the water decreases
resulting in a slightly decreasing value of mass flux. This cycle is
repeated every 0.5 ns when the water is added to the simulation
domain. The contrast in Fig. 3b verifies the steady-state supply of
water in our simulations.

3.2. Impact of fiber hydrophobicity on mass transfer

We investigated the role of fiber hydrophobicity on the mass
transfer in the membrane using the same technique to ensure a
steady-state supply of water so that a long-time simulation of
the evaporation-condensation dynamics of water on fiber can be
observed. Several YLCAs were tested including 70°, 80°, 90°, 100°,
and 120°. The feed temperature of 363 K and permeate tempera-
ture of 283 K were considered in these simulations. Fig. 4a shows
that water condenses on the fiber and starts forming a droplet
when 6 < 90° but no droplet is formed when 6 > 100°. To under-
stand the reasons for the decrease in mass flux at smaller YLCAs,
the dynamic process visualized using the Visual Molecular Dynam-
ics (VMD) software[43] indicates that for 6 = 70°, 80°, and 90°, the
water condensing on the fiber does not evaporate quickly and con-
sequently starts forming a droplet on the fiber. As mentioned in
Section 2.1, periodic boundary conditions are used in the x and z
directions due to which a mirror image of the droplet can be seen
(Fig. 4a(i) and 4a(iii)). Fig. 4b indicates that mass flux starts to
decrease when 6 < 90° due to the droplet formation on the fiber
whereas it remains constant when 6 > 100°.

This droplet creates a barrier for the transfer of water evaporat-
ing from the feed side to condense on the permeate side. On the
contrary, as the hydrophobicity of the fiber increases by increasing
the YLCA to 100° or greater, there is no droplet formation on the
fiber. Even though the water condenses on the fiber, it evaporates
quickly to the permeate side. This phenomenon can be understood
by the fact that water has a stronger interaction with the fiber at a
smaller YLCA as indicated by the higher value of the r parameter.
Due to the stronger interaction, the water molecules stay on the

fiber for enough time to transfer their energy to the fiber surface
via heat conduction. As more water molecules condense on the
fiber following the same phenomenon and release their energy,
they form a thin water film on the fiber. With further condensation
on the fiber after the formation of the film, water molecules start to
form a droplet due to the strong interaction between them, and
surface tension. Another important aspect to note is that water
molecules initially condense on the bottom surface of the fiber
and release their energy via heat conduction. With the remaining
energy, they move to the top of the fiber but as the droplet grows
in size, this motion becomes more difficult due to the greater dis-
tance between the bottom of the droplet and the top of the fiber
surface.

To quantify the impact created by the presence of fiber and the
creation of droplets, transport resistance (R) was calculated for all
the YLCAs considered in this study. The transport resistance (R) can
be mathematically given as [21]:

R :]ef _]e.p )

Ty
where ] is the DCMD mass flux, J.and J., are the evaporation mass
flux from the feed side and permeate side respectively. Since the
evaporation from the permeate side is extremely small compared
to the feed side, we can assume that J,, is equal to zero, therefore
the equation can be simplified as:

(4)

.]ef
R=", (5)

Fig. 5 indicates that transport resistances for 6 = 100° and 120°
remain constant with only small fluctuations. The non-zero resis-
tance for these YLCAs is only due to the presence of fiber. However,
for the 6 = 90°, 80°, and 70°, the transport resistances keep increas-
ing due to the formation and growth of droplets on the fiber. This is
again because, at a smaller YLCA, the interaction strength between
fiber and water increases, and the droplet formation rate also
increases.

3.3. Droplet growth on fiber

To understand what finally happens with droplets formed on
the fiber, the simulation was kept running for a total time of
25 ns for 6 = 70°. Fig. 6a visualizes this behavior and indicates that
the droplet keeps growing and finally covers the entire surface of
the fiber. This droplet formation and growth has an adverse effect
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Fig. 4. Impact of YLCAs. (a) VMD snapshots at the simulation time t = 10 ns when the YLCAs (6) are different (i) 6 = 70° (ii) 6 = 80° (iii) 6 = 90° (iv) 6 = 100° (v) 6 = 120°. (b) Mass

flux decreases with time when 6 < 90° and it remains constant when 6 > 100°.
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Fig. 5. Impact of YLCA on the transport resistance (R). The R remains constant when
6 > 100° as there is no droplet formation, however for 6 < 90°, it keeps on increasing
due to the droplet formation and growth on the fiber.

on the performance as shown by decreasing mass flux values in
Fig. 6b, and it can ultimately lead to membrane flooding on the
macroscale. Therefore, if the membrane is designed properly by
considering the factors that impact the droplet formation on fibers,
this condition can be minimized.

The rate of water transport from the feed side to the fiber is
greater than that from the fiber to the permeate side due to which
the droplet size keeps on increasing even after the droplet covers
the entire surface of the fiber. However, the mass flux becomes
constant as it is only being contributed by the evaporation of water
from the fiber to the permeate side.

3.4. Factors affecting critical YLCA

Critical YLCA is the minimum contact angle at which water con-
densation on fiber is suppressed in the DCMD environment. Based
on the simulation parameters in Sections 3.2-3.3 (Tf ~ 363 K and
T, ~ 283 K), the critical YLCA was determined to be 100°. Feed tem-
perature, permeate temperature, fiber diameter, simulation
domain height, and position of the fiber are the major factors that
might impact the value of critical YLCA. Mathematically, this can
be given as:

ecri =f (Tfy Tpv dfv Hv Zf)v (6)

where, ©,; represents critical YLCA, T, Tp, di, H, and z¢ represent
feed temperature, permeate temperature, the diameter of the fiber,
the height of the simulation domain, and the position of fiber
respectively. In this work, we mostly evaluate the impact of T¢
and T, on the critical YLCA while briefly discussing the influence
of fiber position, fiber diameter, and the height of the simulation
domain. Table 1 represents the temperatures considered in this
study. The temperature range for Tf was taken to be 323-363 K,
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Fig. 6. (a) Droplet formation and growth at 0 = 70° at (i) t = 16.5 ns (ii) t = 16.7 ns (iii) t = 17 ns. (b) Mass transfer and mass flux for 6 = 70°. Mass transfer decreases till 17 ns
and then becomes linear. Similarly, mass flux also decreases till 17 ns and then becomes constant.

Table 1
Feed temperatures, permeate temperatures, and associated temperature difference
for determining the critical YLCA. ©.,; increases with an increase in AT and Tg.

Te (K) Tp (K) AT (K) Critical YLCA
323 283 40 83
333 203 40 85
343 303 40 85
353 313 40 85
363 323 40 85
333 283 50 88
343 203 50 89
353 303 50 90
363 313 50 90
343 283 60 90
353 203 60 91
363 303 60 91
353 283 70 94
363 203 70 94
363 283 80 98

and that for T, was taken to be 283-323 K. These temperature
ranges are in agreement with the previous studies done for under-
standing DCMD process at the macroscale.

The simulation results shown in Fig. 7 are based on the simula-
tion setup shown in Fig. 2a where the fiber is in the middle, which
indicate that ©,; has a strong dependence on AT. At a constant feed
or permeate temperature, critical YLCA increases with an increase
in AT. This is because as AT increases, the temperature difference
across the fiber also increases allowing the water vapor to con-
dense easily on the fiber at lower contact angles. Therefore, a mate-
rial with higher hydrophobicity (lower wettability) will be

required as the AT increases. At a constant AT, the O increases
with an increase in feed temperature but the increase is not signif-
icant. The increase in ©.,; can be explained by the fact that as AT is
constant, the permeate temperature also increases and it becomes
difficult for the water vapor to condense on the permeate side
which is more elevated with an increase in water evaporating from
the feed side due to greater feed temperature. The same is the case
for the dependence of ©.; on permeate temperature at a constant
AT. Furthermore, at a constant feed temperature, ©.; decreases
with an increase in permeate temperature as shown in Fig. 7b.
The value of AT decreases with an increase in permeate tempera-
ture if the feed temperature remains constant. The temperature of
the fiber also increases and prevents water vapor from condensing
on the fiber surface resulting in a lower critical contact angle.
Therefore, at a constant AT, fiber material with higher hydropho-
bicity will be required with an increase in Tror T, and at a constant
Ty, material with higher wettability can be used with an increase in
Tp.

’ Previous results indicate that increasing AT will increase the
critical YLCA. This would result in a decrease in the material selec-
tion array for an efficient DCMD process. However, further analysis
shown in Fig. 8 indicates that mass flux would increase with the
increase in AT. Therefore, considering a lower AT for the less
hydrophobicity requirement will result in the mass flux to
decrease, and hence, there is a compromise between membrane
hydrophobicity and mass flux.

In the previous results, we demonstrated the impact of AT on
the critical YLCA while keeping the height of the simulation
domain (H) constant. However, the temperature gradient that is
the change in temperature over H should also be evaluated to
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Fig. 8. (a) Increase in mass flux with AT at T, = 283 K. (b) Increase in mass flux with AT at T, = 293 K.

assess its impact on critical YLCA. Two cases were considered in
which the temperature gradient was varied by considering 2H
and H/2 as the height of the simulation domain but the AT was
kept the same. Simulation domains with height H and H/2 are
shown in Fig. 9. The results indicate that the critical YLCA is not
dependent on the temperature gradient and only changes with
AT. This is because the number of air molecules in the simulation
domain also changes with the change in H due to which the tem-
perature distribution of the fiber remains the same and hence, the
water condensation-evaporation on the fiber follows the same
trend. Since the evaporation-condensation rate at the fiber
remains the same, ©.; shows no change with the increase or
decrease in height of the simulation domain. Although, the O
remains the same but the change in temperature gradient by
changing H impacts the mass flux. For the case when AT is 40 K
and the temperature gradient is increased by reducing the height
of the simulation domain to H/2, the mass flux at the critical YLCA
increases, whereas it decreases when the temperature gradient is
reduced by increasing the height of the simulation domain to 2H.
This is because as the size of the simulation domain is halved,
water molecules experience fewer collisions and take less time to
reach the permeate side due to a smaller distance and hence the
mass flux increases.

As mentioned in Section 3.2, water molecules condense on the
bottom side of the fiber and release their energy via heat conduc-
tion. These water molecules translate to and evaporate from the
top side of the fiber. Therefore, if the diameter of the fiber is

increased, the value of ©; might change as indicated by Equation
(6), due to a greater distance between the bottom and top sides of
the fiber. To explain the impact of fiber diameter on the critical
YLCA, we evaluated the phenomenon with a fiber diameter of 2D
(i.e.,, 4 nm) as shown in Fig. 10. The feed temperature of 363 K
and permeate temperature of 283 K were considered for this vari-
ation. The results indicate that ©,; increases from 98° to 101, i.e.,
the fiber with a higher hydrophobicity is required, when the fiber
diameter is doubled. Moreover, the mass flux reduces by increasing
the diameter of the fiber due to a greater time required by the
water molecules to evaporate from the fiber and reach the perme-
ate side.

A membrane consists of multiple fibers and the position of
fibers in the membrane will be different relative to the feed and
permeate sides. Equation (6) indicates that ©.,; might also depend
on the position of the fiber in the simulation domain. To briefly
explain the impact of fiber position on the critical YLCA, we consid-
ered two more cases. In the first case, the fiber was moved closer to
the feed side and the fiber was moved closer to the permeate side
in the second case, shown in Fig. 11. The temperature of the fiber
changes with its position and follows the same linear temperature
profile. Both these variations were done for Tr ~363 K and T, ~
323 K so the AT was 40 K. The results indicate that the critical YLCA
changes from 85° (when the fiber was in the middle) to 79° by
moving the fiber closer to the feed side. This shows that fiber mate-
rials with higher wettability can be used. Since the fiber is closer to
the feed side, it will have a higher temperature, and also water
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Fig. 9. Top panel: VMD snapshots of the simulation domains with the height of 2H (left) and H/2 (right), respectively. Bottom panel: Mass flux vs time for simulations with

different domain heights (different temperature gradients).

molecules interacting with the fiber will have a relatively higher
temperature due to fewer collisions with air molecules. This results
in a decrease of O in this case. Moreover, when the fiber is moved
closer to the permeate side, the exact opposite trend is observed as
the critical YLCA increases from 85° to 91°. These results clearly
show that ©,; not only depends on AT but also has a strong depen-
dence on the position of the fiber which should be considered
when selecting the material for the membrane. However, at the
critical YLCA, mass flux values remain the same regardless of the
fiber position in the simulation domain.

3.5. Membrane design guidelines

Equation (6) evaluates the impact of factors including feed tem-
perature (Tr), permeate temperature (T,), fiber position (zf) with
respect to the feed and permeate sides, simulation domain height
(H), and fiber diameter (d¢) on fiber hydrophobicity (6;) require-
ments. The simulation results indicate that ©; is not dependent
on the simulation domain height (H). However, optimizing other
parameters would allow the use of hydrophilic materials for mem-
brane fibers and membranes with hydrophobicity gradient across
their thickness can help to enhance the efficiency of the DCMD pro-

cess. Following are the key design guidelines based on the simula-
tion results:

(i) Lowering AT (difference between feed and permeate tem-
peratures) would allow the use of fiber materials with less
hydrophobicity (lower YLCA). Although, this would reduce
the mass flux values achieved from the process.

(ii) Fibers closer to the feed side are less prone to droplet forma-
tion at the same contact angle. In other words, lower
hydrophobic materials can be used for fibers close to the
feed side and opposite is true for fibers closer to the perme-
ate side.

(iii) Increasing the diameter of the fiber increases the hydropho-
bicity requirement. Therefore, fibers with lower wettability
will be required if the diameter of the fiber is increased.

4. Conclusions

This work presented here demonstrate the use of molecular
dynamics simulations in improving the understanding of the
DCMD process. Nanoscale phenomena such as water condensation
and evaporation on a fiber as well as the dynamics of droplet for-
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mation and growth are studied in this paper. Our results indicate
that droplet formation on the fibers can be prevented if the fibers
are made of a material with an YLCA that is greater than a critical
value. This allows the fibers to remain dry and allow water vapor to
travel from the feed side to the permeate side with minimal resis-
tance (i.e., maximum mass flux). On the other hand, when the
fibers’ YLCA is smaller than the above critical value, water droplets
form on the fibers and consequently lower the rate of mass transfer
across the membrane or lead to membrane flooding. Our simula-
tion results indicate that ©.; depends strongly on AT amongst
other factors such as feed and permeate temperatures, the fiber
diameter, and the distance between the fiber and feed or permeate
(increasing AT increases O;). However, for a given AT, O was
seen to increase with feed and permeate temperatures. In other
words, less hydrophobic materials can be used for DCMD, when
the temperature difference across the membrane is lower.

Although our simulations are on scales 3-4 orders of magnitude
smaller than those of the actual process, the parameter assessment
reported in this paper provides a guideline for selecting the most
appropriate materials for the membrane. For instance, our simula-
tions revealed that fibers closer to the feed side are more prone to
droplet formation. Therefore, creating membranes having a
hydrophobicity-gradient across their thickness can help to
enhance the efficiency of the DCMD process.
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