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allows the operation at smaller gap sizes. Lowering the permeability promotes an
early incipience of flooding in the condenser and inhibits the energy efficiency of
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ABSTRACT

Thermal desalination of high salinity water resources is crucial for increasing freshwa-
ter supply, but efficiency enhancements are badly needed. Nanomaterial enhancements and
novel condensation regimes offer enormous potential for improving promising technologies
like membrane distillation (MD). In this work, we first examined nanofluids for MD, including
the role of nanoscale physics, and model system-level energy efficiency enhancements. Our
model included the dominant micro-mixing from Brownian motion in fine particle nanoflu-
ids (copper oxide) and the unusually high axial conduction from phonon resonance through
Van der Waals interaction in carbon nanotube nanofluids. Carbon nanotubes resulted in a
consistent, wide range of improvements; while copper oxide particles showcased diminishing
returns after a concentration of 0.7%, where Brownian motion effects reduced. However,
the enhancements at higher concentrations from liquid layering around nanoparticles were
impractical in MD, since the related high surfactant levels compromised the membrane hy-
drophobicity and promoted fouling. Dilute solutions of metallic nanofluids can be actively
integrated to enhance the performance of MD, whereas stronger nanofluid solutions should
be limited to heat exchangers that supply thermal energy to MD systems. We then in-
vestigated slippery liquid infused porous surfaces (SLIPS) for enhanced condensation rates
in MD. Dropwise condensation heat transfer was modelled considering the effects of the
departing, minimum droplet radii and the interfacial thermal resistances. Effective droplet
shedding from these surfaces led to an experimental thermal efficiency of 95%. Alternatively,
porous condensers with superior wicking properties and conductive heat transfer offered a
robust solution to high salinity desalination. We modelled the onset of flooding in porous
condensers using Darcy’s law for porous media, including the effects of the condenser per-
meability and determined the optimal condenser thickness at varying system length scales.
The increased active area of condensation resulted in a significant enhancement (96.5%)
in permeate production and 31.7% improvement in experimental thermal efficiency. How-
ever, porous condensers were only compatible with flat plate module designs limiting their

practicality.
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1. INTRODUCTION

Disclaimer: Contents of this chapter are parts of submitted journal publications [1], [2].

1.1 The need for thermal desalination

Freshwater resources are being substantially overexploited around the world to meet
rising water demand. The desalination of alternative sources like seawater, and brackish
water presents a possible solution [3]-[5], but the concentration to highly saline feeds tends
to be energy intensive [6]-[9]. Commercial pressure-driven desalination processes like reverse
osmosis are impractical at high salt concentrations [10]-[12] and thus the general consensus is
that improvements of thermal desalination technologies (prominent ones are shown in Figure
1.1) are needed for high salinity and high water recovery applications. Thermal technologies
like solar evaporators, solar stills are plagued by low water recoveries, while large scale
processes like multistage flashing and multieffect distillation require a huge amount of thermal
energy. Membrane distillation (MD) operates between these two extremes in the sense that
it utilizes low temperature heat and exhibits easy integration with renewable energy sources.
However, the inherent phase change in MD leads to proportionally high energy costs, which
often constitute about two-thirds of the total operating expense [13]. Optimizing the heat
and mass transfer in MD is therefore crucial because even minor improvements in efficiency
can reflect as major industrial cost savings [14], [15].

Over the years, fundamental studies on improving the transport physics in membrane
distillation have led to the introduction of novel configurations. However, recent investiga-
tions on enhancements in membrane distillation have failed to characterize their performance
across diverse system scales and have focused on specific configurations. In this work, we
present a comprehensive analysis of the heat and mass transfer enhancements across all the
leading MD configurations using novel working fluids [16] and effective condensation regimes
[17], [18] for optimal latent heat recovery. A methodological approach is used here to evaluate
the performance improvements in a lab-scale module, which are then extrapolated to prac-
tical MD systems using a sophisticated numerical model capturing the complex transport

physics in membrane distillation.
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Figure 1.1. Prominent thermal desalination technologies with a brief
outline of the heat and mass transfers involved in their operation. Top row
starting from left - steam generator, solar still, membrane distillation. Bottom
row starting from left - multistage flashing, multieffect distillation, humidifica-
tion dehumidification [2].

1.2 Membrane distillation

One of the emerging thermal desalination processes - membrane distillation (MD) has
shown the ability to retain performance at high salinities [19], [20]. From a broad perspec-
tive, MD systems reveal a close resemblence to counterflow heat exchangers with an added
membrane between the two channels [21]. The hydrophobic membrane prevents the perme-
ation of non volatile salts [22] to separate the hot feed stream (brine) and the cold distillate
stream (pure water). Temperature difference between the two sides of the membrane results

in a vapor pressure gradient that drives the desalination [23], [24].

1.3 Benefits of channel heat transfer enhancements

The temperature difference across MD membranes governs the pure water flux but also

leads to significant heat conduction losses [25]. In order to eliminate these losses, air gap

19



membrane distillation (AGMD) [26]-[28] introduces a thick air layer between the membrane
and condensing surface. The additional MD configurations are classified by the properties
of the gap between the membrane and condensing surface, like permeate gap membrane
distillation (PGMD) [29]-[31] where the gap is flooded with water and conductive gap mem-
brane distillation (CGMD) with high gap conductance [32], [33]. In all these configurations,
the vapor condenses within the gap and effective phase change regimes have demonstrated
significant performance enhancements [17], [18], [34]. However, these modifications are often
beneficial when flux stability is achieved from improved feed channel heat transfer using
turbulence promoters [35] and corrugations [36] but such channel structures are optimized
for specific flow conditions. As a result, methods that can preserve the feed heat transfer

enhancements across varied operating conditions are desirable.

1.4 Motivation for energy efficient high salinity desalination

Gap based MD configurations like permeate gap membrane distillation (PGMD) where
the gap is flooded with water, and conductive gap membrane distillation (CGMD) with
conductive mesh spacers in the gap, have led to reduced conduction losses [33], [37]. Notably,
these configurations enhance the performance of MD at seawater salinities (35 g/kg) but
are compromised at high salt concentrations [12]. On the other hand, air gap membrane
distillation (AGMD) systems show consistent performance across the entire salinity range
[26], [38] and are further improved by novel working fluids [16] and condensation regimes in
the gap [17], [27]. These regimes result in effective permeate removal after condensation, but
the air gap still poses a significant resistance to vapor transport limiting their performance
enhancements [34]. As a result, there is a need to improve the vapor transport across the
gap in AGMD using intricate structures that exhibit superior droplet shedding along with

efficient heat transfer characteristics.

1.5 Outline of contributions

Heat transfer enhancements in the feed channels of MD have been previously obtained

using geometrical modifications, but they are usually optimized for specific flow conditions.
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Here, we modify the thermal conductivity of the fluid using nanoparticles to achieve uniform
convective heat transfer improvements across diverse operating conditions. Moreover, un-
derstanding is lacking for dropwise condensation in AGMD at gap sizes below 2 mm and our
work on SLIPS in AGMD investigates their performance in this gap regime. Finally, we in-
troduce a novel porous wick in AGMD for superior heat and mass transfer at high salinities.
Porous condensers have been implemented in solar desalination and heat exchangers and in
this work we formally characterize the integration of porous wicks to membrane distillation.

In this work, we first outline the numerical methodology used to characterize MD systems
and describe the various efficiency metrics in chapter 2. Thereafter, in chapter 3 we modify
the intrinsic fluid properties using a novel nanofluid working medium in MD to result in
uniform performance improvements. The heat transfer enhancements from nanofluids are
modelled for different MD configurations and a comprehensive characterization of nanopar-
ticle size, distribution is carried out to attain stable nanofluid solutions. The chapter con-
cludes with a discussion on the effects of nanofluids on membrane fouling and reductions in
hydrophobicity.

In chapters 4 and 5 we focus our attention towards high salinity desalination and improv-
ing the energy efficiency of air gap membrane distillation (AGMD). The chapter 4 marks
the first comprehensive analysis of dropwise condensation on Slippery Liquid Infused Porous
Surfaces (SLIPS) in membrane distillation to mitigate flooding issues in AGMD. SLIPS en-
abled AGMD systems are effective in droplet shedding and result in significant efficiency
enhancements at practical system scales. Thereafter, in chapter 5 we introduce a novel
and robust alternative for high salinity desalination using porous condensers with superior

wicking properties in AGMD to achieve the best performance at high salt concentrations.
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2. MODELLING THE PERFORMANCE OF MEMBRANE
DISTILLATION

Disclaimer: Contents of this chapter are parts of submitted journal publications [1], [2].

2.1 Modelling membrane distillation systems

The complex heat and mass transfer physics in MD have been studied extensively through
numerical models to understand the effects of system parameters on their flux [39], [40] and
energy efficiency [19], [41], [42]. The modelling approach used here was based on the work
from Summer et al. [43], and its details can be found in previous publications [12], [21], [26],
127], [33], [34].

In this section, we provide a high-level view of the model explaining the underlying physics
and the approach used to quantify the transport processes. A computational element of the
MD model discretized along the length of the module is shown in Figure 2.1, outlining the
various mass flow rates, heat fluxes and temperatures. The governing equations are described
for each control volume (hot feed side, gap, cold feed side) inside the discretized element and

solved simultaneously using Engineering Equation Solver (EES) [44].

2.1.1 Hot feed side equations

Energy balance is carried out using a control volume in the hot feed channel to relate the

heat transfer across the membrane and the bulk feed temperatures using,

Qout = mf,inhf,in - mf,outhf,out

where Qout is the net heat transfer out of the control volume, 7 represents the mass flow
rate and and h is the specific enthalpy of the feed. The subscripts f,in and f,out refer to

the feed entering and leaving the computational element respectively. The temperature
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Figure 2.1. Computational element of the MD model: A graphical
representation of the various heat and mass transfers involved in an air gap
membrane distillation system. The heat transfer across the membrane is gov-
erned by conduction and vapor transport. The feed, permeate mass flow rates
and enthalpy are shown along with the variation of temperature over the width
of the module.

variations along the width of the channel are captured using boundary layers and governed

by a convective heat transfer relation.

q.Ollt
Tf,b - Tf,m — Kf

where T represents temperature, ¢ represents the heat flux through the membrane and
hy ¢ is the convective heat transfer coefficient obtained using well-validated heat transfer
correlations for rectangular channels [45]. Here, the subscript f, b refers to the feed bulk and
f,m refers to the surface of the membrane on the feed side. The water vapor flux across the

membrane is related to the thermally induced vapor pressure gradient using the relation,
Im = B (Pfm — Pam)
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where J,, represents the vapor flux across the membrane, B represents the membrane per-
meability, Py, is the vapor pressure near the membrane on the feed side and F,,, is the

vapor pressure on the gap side.

2.1.2 Gap transport equations

The transport of water vapor across the gap in an air gap membrane distillation system

(AGMD) is modelled using a binary diffusion equation as shown below,

Jm CaDw—a I 1 + XTi — La,m
= n _—
My,  dgp—9 Tam — 1

where J,, is the vapor flux, M, is the molecular weight of water, ¢, is the molar concentration
of air, dg,, is the gap size, 0 the film thickness and x is the mole fraction of vapor in the
gap. Here, subscript i represents the air-water interface and the a, m subscript represents the
membrane-air interface. Moreover, the heat transfer through the air gap is captured using a

convective-diffusive equation for temperature given as,

where u represents the convective velocity obtained using the mass flux J,, and a represents
the thermal diffusivity of the air-vapor mixture. The film-wise condensation in AGMD
is modelled using Nusselt’s falling film theory on a flat plate and the increments in film
thickness o are related to the incoming vapor flux .J,,.

In flooded gap configurations like permeate gap membrane distillation (PGMD) and
conductive gap membrane distillation (CGMD), the vapor condenses at the gap-membrane
interface and that simplifies the mass transport analysis. The heat transfer across the gap
is then governed by conduction across the gap having a suitable thermal conductivity (Kgap

= 0.6 for PGMD and 10 for CGMD).
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2.1.3 Cold feed side equations

The analysis of the cold feed side is similar to that of the hot feed side but without any
mass transfer across channel. Energy balance is carried out to relate the incoming heat with
the increase in the bulk fluid temperature on the cold side. The temperature variations along
the width of the channel are captured using boundary layers governed by a convective heat

transfer relation.

2.2 Efficiency metrics in membrane distillation

2.2.1 First law efficiency metric: GOR

Perhaps the most common metric describing the efficiency of thermal desalination nor-
malizes the specific energy consumption by the enthalpy of vaporization. This creates a

dimensionless unit called the gained output ratio or GOR [1], [2].

Tperh sg

o

GOR =

where e, [kg/s| represents the permeate flux output from MD system, hy, [kJ/kg] is the
latent heat of vaporization and Qj [KW] is the thermal energy input required. This metric
can thought of as a ratio of how many times better the process is compared to simply boiling
and condensing without energy recovery. This metric may be identical to the "evaporation
efficiency” (7evap) Often described in the solar evaporation field. Values can be as high as 20,
but for systems without heat recovery, such as most direct solar evaporators or single-stage

solar stills, the upper limit is 1 (100%).

2.2.2 Thermal efficiency

To understand the local level performance, a thermal efficiency, n,, is used. This widely-
applicable metric describes what fraction of incoming energy is kept to perform a process or
sub-process. In thermal water production, the 7y, of a particular step is useful for describing

losses from individual parts of the process, such as heat losses to the environment, lost solar
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energy from reflection, and conduction losses within a system. In the present context, this
metric is most often used to describe heat transfer for the evaporation step in membrane
distillation, and thus, .

Qvap

TNth = —=
Qtotal

where Qvap is the heat transfer from evaporation, and thal equals the sum of evaporation

Qvap, and various losses. Usually these losses are from conduction, Qcond, but for solar
evaporation may include reflection of light. This thermal efficiency can be calculated easily
from lab-scale experimental data with setups that have flowing feed water. Here, Qvap is
simply a function of the pure water production rate ri,, and enthalpy of evaporation, while
the denominator can be described as a function total enthalpy removed by the feed stream

(f), which can be described by the heat capacity c,:

mphfg

N = —— :
", Ty — 1y oTh o)

where the temperatures are taken at the inlet (i) and outlet (o) of some portion of the feed

side as shown in Figure 2.2.

2.2.3 Second law efficiency

By combining the first and second laws, one can analyze the available work, called exergy,
between processes. This quantity is defined as the possible work that can be extracted from
an energy source (e.g. sunlight or heat) that interacts with the environment. We call the

least work for a separation process Wieast;

I/Vleast = (gper + gb) - }%1}% (gsw - gb)

where g is the Gibbs free energy, RR is the recovery ratio of pure water, and the subscripts

are per for pure permeate, b for brine, and sw for seawater. The Gibbs free energy values are
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Figure 2.2. Heat and mass transfer in membrane distillation: Heat
input and heat recovery in the module, showing key parameters to calculate the
thermal efficiency of membrane distillation, 7;,. The heat transfer rates shown
are those that define 7, and the feed temperatures shown can be used to easily
calculate the overall thermal efficiency 7, or the heat transfer effectiveness e
for the system [1], [2].

a function of the salt concentration. Wi..s can be implemented with the actual work used

by a real process, Wused, to create a universal efficiency, called the 2nd law efficiency n;y;

V.Vleast _ Exergy Change _ Qleast
Wused Wused Qused

nir =

this efficiency, 7y, is universal, as the exergy change can be calculated for any input to
power the separation process, including heat, sunlight, fuels, or concentration differences.
In membrane distillation, the second law efficiency is often expressed in terms of Qleast and
Qused and Figure 2.3 shows the variation of least heat of separation with changes in feed

salinity and the desired recovery ratio of the desalination process.
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Figure 2.3. Least heat of separation: Least heat in kWh/m? required to
obtain freshwater as a function of the feed inlet salinity and desired recovery
ratio from the desalination process. Gibbs free energy is used to calculate the
theoretical least heat and property evaluations are carried out in the salinity
range of 0-120 g/kg [2].
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3. NANOFLUIDS IMPROVE ENERGY EFFICIENCY OF
MEMBRANE DISTILLATION

Disclaimer: Contents of this chapter are part of a submitted journal publication [16].

3.1 Heat transfer enhancements via nanofluids

Intrinsic fluid properties, notably thermal conductivity, directly affect the heat transfer
and can be modified to attain performance improvements [46], [47]. To do so, high thermal
conductivity nanofluids have been used in heat exchangers (15%-41% efficiency enhance-
ments at concetrations of 0.1%-2%) [48]-[50], and their application is extended to MD here.
Nanofluids are formed by suspending highly conductive nanoparticles (with size scales be-
low 100 nm) in low conductivity base solutions [51]-[53]. Nanoparticles affect the thermal
transport properties of the base fluid, improving thermal conductivity by mainly two mech-
anisms [54]. First, the static dispersion of particles results in simple concentration-based
linear enhancements [55], [56], which fail to explain the significant conductivity increments
observed in extremely dilute nanofluids [57]-[62]. These low concentration improvements are
attributed to the second enhancement mechanism; the random motion of nanoparticles in
the solution, also known as Brownian motion [63]. Randomly moving particles with high
surface energy carry packets of fluid around, resulting in a phenomena called micro-mixing
[64], [65]. Such micro-scale interactions in the fluid lead to a lower local temperature gradi-
ent for a given heat flux which, macroscopically translates to higher thermal conductivity.
Nanoparticle-based thermal collectors have enhanced the productivity of solar stills and
flashing desalination systems [66]-[71]. Additionally, immobilized nanoparticles in solar MD
membranes effectively concentrated the solar radiation near the membrane to achieve higher
permeate flux [72], [73]. However, these studies used nanoparticles to absorb thermal energy
instead of explicitly improving the convective heat transfer using nanofluids.

To examine the performance of nanofluids in MD, here we presented a comprehensive
energy efficiency analysis of the leading MD configurations (AGMD, PGMD and CGMD)
with carbon nanotubes (MWCNT) and copper oxide (CuO) nanoparticles in the feed chan-
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Water Molecules Copper Oxide Nanoparticles Water Molecules Carbon Nanotubes

Brownian motion of nanoparticles Heat conduction along CNTs

Figure 3.1. Heat transfer enhancement using nanofluids: The dom-
inant modes of heat transfer enhancement using copper oxide nanoparticles
and carbon nanotubes in a distilled water basefluid. Brownian motion and the
associated micro-mixing is the dominant mechanism for improved heat trans-
fer in copper oxide nanofluid. Van der Waals interaction of carbon nanotubes
results in a substantially high axial heat conduction through phonon resonance
across the fluid.

nels. The effects of particle size, concentration and temperature on the thermal conductivity
were modelled and benchmark efficiency metrics were calculated from these heat transfer
enhancements. Characterization of nanofluids was done using SEM imaging and dynamic
light scattering (DLS) to analyse the stable particle size distribution in the solution. From
these results, we determined the agglomeration mechanisms in nanofluids emphasizing the
role of surfactants in solution stability. Finally, the effects of nanofluids on membrane fouling
and surface hydrophobicity were investigated by measuring the static contact angle of water

and SEM characterization of the fouled membranes.

3.2 Materials and Methods

Methods overview: Nanofluids were created by adding purchased nanoparticles along
with surfactants to a base deionized water solution and mixed with stirring and sonication
to disperse the nanoparticles. Dynamic light scattering (DLS) was carried out to determine
the agglomerate sizes in nanofluids after different sonication durations. Thereafter, SEM
images of dried nanofluid solutions and fouling tested membranes were taken to visualize the

particle dispersion. The contact angle of water on fouling tested membranes was measured
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to study their hydrophobicity after exposure to nanofluids. Finally, the thermal conductiv-
ity enhancements and property variations (density, specific heat and viscosity) of nanofluids
were modelled to estimate the energy efficiency of MD systems using a comprehensive ther-
modynamic framework.

Materials and chemicals: Multi-walled carbon nanotubes (MWCNTs) with 9.5 nm aver-
age diameter, 1.5 um average length, 250 m?/g specific surface area and 90% purity were
purchased from Nanocyl SA (Nanocyl SA, Sambreville, Belgium). Copper(II) oxide (CuO)
nanoparticles with 10 nm average diameter and 99% purity, Polyvinylpyrrolidone (PVP,
average MW 40,000) and Sodium dodecylbenzene sulfonate (SDBS, Purity> 99%) surfac-
tants were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Unlaminated poly
tetrafluoroethylene (PTFE) membrane with pore size 0.2 wm, porosity 0.8, and thickness 50
um was purchased from Sterlitech (Sterlitech, Kent, WA).

3.2.1 Experimental methods

Preparation of Nanofluids: Copper oxide nanoparticles (for CuO-Water nanofluid) or
multi-walled carbon nanotubes (for MWCNT-Water nanofluid) were added to a solution of
SDBS surfactant mixed with deionized water, as shown in Figure 3.2. Magnetic stirring was
carried out to break down the macroscopic lumps of SDBS and nanoparticles in the solution.
In order to get nanometer scale particles, the nanofluid was subsequently sonicated (Q700
Sonicator, Qsonica, Newtown, CT) at 45% vibration amplitude and 20 kHz frequency. The
SDBS surfactant helped in stabilizing the nanoparticles agglomerating in the solution and
the required sonication duration varied with the desired nanofluid concentration (6 different
samples were made as shown in Table 3.1).

Membrane Fouling Studies: Nanofluid solutions (copper oxide and carbon nanotubes)
were circulated in a lab-scale MD module to investigate their effects on the fouling and
hydrophobicity of a PTFE membrane. A 800 ml of 0.1% nanofluid solution was pumped
through the feed channel for 2 hours, at a constant flow rate of 1 litre/min and a temperature
of 50°C where fouling occured. The module was flushed with deionized water before and

after the test to remove surface adhered impurities and nanoparticles. Finally, the membrane
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Figure 3.2. Preparation of nanofluids: Nanofluid preparation using
sodium dodecylbenzenesulfonate (SDBS) surfactant and sonication. Copper
oxide nanoparticles are shown as orange spheres and multi-walled carbon nan-
otubes are represented by gray stands (top, middle).

Table 3.1. Copper oxide (CuO) and carbon nanotube (MWCNT) nanofluids
characterized for MD, with details on their concentration and sonication du-

Sample Nanoparticle  con- Surfactant con- Sonication du- Usage

centration centration ration
1 0.001% CuO 0.005% SDBS 180 mins DLS studies
2 0.001% CuO 0.05% SDBS 180 mins DLS studies
3 0.1% CuO 0.3% SDBS 80 mins Membrane fouling
4 0.001% MWCNT 0.005% SDBS 180 mins DLS studies
5 0.001% MWCNT 0.05% SDBS 180 mins DLS studies
6 0.1% MWCNT 0.5% SDBS 80 mins Membrane fouling

was cleaned under a steady stream of deionized water for 5 minutes and naturally dried for
characterization.

Nanofluid and Membrane Characterization: The agglomerate sizes in nanofluids were

analyzed with sonication duration using dynamic light scattering (DLS) model Malvern

Zetasizer Nano ZS. 0.001% CuO-Water and MWCNT-Water nanofluids were prepared with

two different SDBS surfactant concentrations (0.05 and 0.005%) and samples were taken from

the solutions at specific time intervals during 3 hour sonication runs of the nanofluids. The
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morphological characterizations of nanofluids and membrane fouling were obtained using field
emission scanning electron microscopy (FESEM model Hitachi S-4800). Nanofluid solutions
were dried on a glass plate before SEM imaging. Energy dispersive x-ray spectroscopy (EDS)

was used to identify copper oxide nanoparticles in the fouling tested membrane.

3.2.2 Numerical modelling

The computational MD model was based on one-dimensional finite difference method,
where properties varied along the length and were assumed to be constant along the width.
Mass and energy conservation equations were solved for each discretized control volume
using the built-in property evaluation functions of engineering equation solver (EES) [44].
Span-wise property variations were accounted for using thin temperature and concentration
boundary layers. The nanofluids were treated as homogeneous entities with properties mod-
ified according to relations from prior literature [74]. These relations included the effects of
temperature and material properties like particle size, and volume fraction on the micro-scale

particle dynamics.

Nanofluid thermal conductivity relations

Nanofluids exhibit unusual enhancements in thermal conductivity at very low nanopar-
ticle concentrations and so numerous studies have been aimed at capturing this variation
both analytically and experimentally [75]-[79].

In the present analysis, an analytical study from Koo et al. [80] on the variation of thermal
conductivity was adopted for CuO-Water nanofluid. Numerous reviews have supported
the validity of this relation with experimental data [74], [79], [81]-[85]. The conductivity
enhancements with contributions from static particle dispersion and Brownian motion of

particles were derived as shown below.

keﬁ = kstatic + kbrownian
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Figure 3.3. Nanofluids in membrane distillation: Membrane Distillation
(MD) schematic with the addition of nanofluids. Three different configurations
can be made by modifying the gap properties between the membrane and con-
denser plate. Air gap membrane distillation (AGMD), shown above, introduces
a stagnant air medium in the gap region, permeate gap membrane distillation
(PGMD) is obtained when the gap is flooded with water and finally conductive
gap membrane distillation (CGMD) has conductive spacers stacked up in the

gap.

The static enhancement expression used was identical to the one given by Maxwell [55],

kstatic _ 1+ - 3ap (:Tpf B 1)
b e ()
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where «,, is the particle volume fraction, k, is the thermal conductivity of nanoparticle and
kyr that of the base fluid. The brownian motion contribution to thermal conductivity was

derived from time averaged kinetic theory [80], [86] and given as,

kT
k rownian — S * 104 0
b Bappuscs oD

where pys is the density, ¢ is the specific heat of the base fluid, & is the boltzmann constant,
D the average diameter of particles and T the bulk temperature [80]. The term [ is related to
particle motion; it includes the effects of micro-mixing and is determined from experimental

data. For CuO nanoparticles with concentration below 1% we have [30],
B = 0.0137 (100a,) ">

Carbon nanotubes have a fibrous structure and in order to accurately capture their interac-
tion, a verified [87]-[89] experimental correlation from Esfe et al. [90] was used to model the
MWCNT-Water nanofluid. The correlation was valid for concentrations below 1% and for

temperatures between 25 - 55°C which are prevalent in most MD systems.

kop  (360.69 +T)

ko (405.59 — 110800y,)

Nanofluid properties: density, specific heat and viscosity

Density relations for nanofluids were derived assuming a simple static distribution of

nanoparticles in the basefluid, and governed by a general fractional relation [91].

Pnf = PpQp + Pof (1—ap)

where p,; is the density of nanofluid and pyy is the density of basefluid. The specific heat of

nanofluids followed a similar concentration based relation given as [91],

P Pof
Conf = ( £ ) QpCpp + ( ) (1 =) oy
Pnf Pnf



where ¢, ,,5 represents the specific heat of nanofluid, ¢, is the specific heat of basefluid and
cp,p the specific heat of nanoparticles.

The dispersion of nanoparticles in the base fluid increases the viscosity of the solution,
and as a result, nanofluid viscosity correlations have been studied extensively [84], [92] to
quantify the associated increased pressure drops. Here a well-validated correlation proposed
by Naik and Sundar [93] was used to model the viscosity changes with particle concentration

and temperature for CuO-Water nanofluids.

Hnf _ 3 444 (Tma">0'514 (01829
Mo P

min

The viscosity of MWCNT-Water nanofluids was modelled using a correlation from Esfe et
al. [90] given as,

Fnf _ 38.158a;, — 0.0017357T + 1.1296

My f

where j1,,5 represents the viscosity of nanofluid and p; the viscosity of basefluid.

3.3 Results and Discussion

The performance of MD systems implementing nanofluids was quantified numerically
along with investigating particle size, dispersion with sonication duration, surfactant con-
centration and the effects of nanofluids on membrane fouling and hydrophobicity. First,
the variation of thermal conductivity with particle concentration was studied at the average
operating temperature of MD modules in section 3.3.1. The micro-mixing from Brownian
motion significantly increased the heat transfer in copper oxide nanofluids and the Van der
Waals interaction of carbon nanotubes led to substantial axial conduction through phonon
resonance across the basefluid, improving its thermal conductivity. Thereafter, the energy
efficiency enhancements with varying nanoparticle concentration were compared for different
MD configurations outlining the relative effects of improved channel heat transfer in section
3.3.2. The optimal performance of CGMD systems was studied with particle concentration

to affirm new benchmark efficiency metrics for MD in section 3.3.3.
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SEM images of dried nanofluid solutions were compared before and after sonication in
section 3.3.4 to check for particle agglomeration. Particle interaction directly affected the
nanoscale thermal transport, with reduced Brownian motion enabled mixing in copper oxide
nanofluids and increased axial conduction across carbon nanotube nanofluids. Effects of
SDBS surfactant and sonciation duration on the stable particle sizes in nanofluids were
examined using the DLS technique in section 3.3.5. Finally, the membrane fouling and
hydrophobicity were tested in section 3.3.6 using SEM imaging and static contact angle

measurements after circulating nanofluids in the MD module.

3.3.1 Modelled thermal conductivity enhancements from nanofluids
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Figure 3.4. Property variations in nanofluids: A) Variation of ther-
mal conductivity for CuO-Water and Carbon Nanotube (MWCNT)-Water
nanofluid by particle volume fraction, where contributions to thermal con-
ductivity from Brownian motion are shown by shaded regions. B) Property
changes relative to seawater in the feed at various nanoparticle concentrations,
including viscosity pu, density p, heat capacity ¢, and conductivity k. Prop-
erties were evaluated at an average temperature of the MD system (55°C).
Brownian motion and the interaction of particles significantly increases the
nanofluid thermal conductivity compared to seawater (0.668 [IW/mK]).

Thermal conductivity enhancements from carbon nanotubes and copper oxide nanoparti-
cles were modelled for dilute nanofluids (below 1% concentration). Brownian motion and the

related micro-mixing played a major role in increasing the thermal conductivity at very low
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nanofluid concentrations as seen in Figure 3.4A. When increasing the nanoparticle concentra-
tion, agglomeration was amplified, resulting in larger particles and reducing the significance
of Brownian motion. Static enhancements dominated the thermal conductivity of nanofluids
at higher concentrations, eventually tapering off the conductivity curve, as seen with copper
oxide nanoparticles in Figure 3.4A. The static conductive transport was particularly promi-
nent in nanotubes where axial interactions led to long chains carrying heat across the fluid
(higher slope in 3.4A) [94]. Moreover, the increased particle density for nanotubes resulted
in significantly lower Brownian enhancements compared to copper oxide and showed an early

transition to static thermal transport [95].

3.3.2 Relative energy efficiency of various MD configurations

The energy efficiency of thermal desalination systems is described by gained output ratio
(GOR), which is defined as heat of vaporization of permeate divided by the heat input
required for the MD system [1].

GOR = Mwerltsg
h

where e, [kg/s| represents the permeate flux output from MD system, hy, [kJ/kg| is the
latent heat of vaporization and @, [kW] is the thermal energy input required. Practical
MD systems have GOR values ranging from 3-7 [31], [33], [96] with new configurations like
vacuum-assisted air gap membrane distillation (V-AGMD) [97] peaking at 13.5.

Percentage efficiency enhancements from the nanofluids were calculated compared to us-
ing seawater in the feed channel, and plotted at varying particle concentration as shown
in Figure 3.5A and 3.5B (modelling conditions given in Appendix A). The dominant heat
transfer resistance of the gap region in AGMD and PGMD, limited the optimum energy
benefits from using nanofluids in the feed channels. On the other hand, the CGMD config-
uration with high gap conductance showed remarkable increments in energy efficiency and

proved to be more sensitive to the improved feed heat transfer.
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Figure 3.5. Nanofluid improvements by MD configuration: A), B)
Relative enhancement of energy efficiency (GOR) with nanoparticle volume
fraction for AGMD, PGMD and CGMD configurations. AGMD and PGMD
configurations showed lower enhancements due to a dominant gap heat transfer
resistance. Energy efficiency (GOR) vs gap thermal conductivity: C),
D) for a CGMD configuration using nanofluids in the feed channels. Nanopar-
ticle concentration was varied for copper oxide and carbon nanotubes along
with changes to the gap thermal conductivity. A point for water flooded gap
enhancement (PGMD) is also shown for comparison. The optimal performance
does not change much for copper oxide nanoparticles after a concentration of
roughly 0.7%, whereas carbon nanotubes show more continuous improvements.
The difference is likely due to separate thermal mechanisms being dominant,
as copper oxide nanofluids are highly dependant on Brownian motion, which
is reduced by agglomeration at higher nanofluid concentrations.

39

30



3.3.3 Benchmark efficiency metrics for conductive gap MD systems

Modelling the energy efficiency enhancements in section 3.3.2, we observed that CGMD
systems show substantial improvements using nanofluids in the feed channel. The maximum
attainable energy efficiency of CGMD systems incorporating nanofluids was then evaluated
at different nanoparticle concentrations (Figure 3.5C and 3.5D).

Here, we see that increasing the gap thermal conductivity in CGMD promoted higher ef-
ficiencies, but quickly had diminishing returns above k ~ 10 W/mK value as shown in Figure
3.5C and 3.5D. We observed that energy efficiency changes very little above a threshold gap
thermal conductivity, where the thermal resistance of the gap becomes negligible [33]. This
plot provided an estimation of the benchmark performance of MD resulting from improved

feed channel heat transfer using nanofluids and a highly conductive gap in CGMD.

3.3.4 Particle dispersion after sonication of nanofluids

The clustering of nanoparticles significantly affects the thermal conductivity enhance-
ments [98] and as a result, the stabilization of nanofluids using sonication and surfactants
is critical. The increase in particle sizes hinders the Brownian motion at low concentra-
tions [83], [99], [100] but results in effective liquid layering at higher concentrations [101].
This indicates that clustering reaps benefits to a certain extent, however, can also lead to
sedimentation at larger characteristic sizes [102].

We investigated the effects of sonication, and surfactant addition on the stability of
nanofluids and used SEM imaging to visualize the particle dispersion. The particles in a mag-
netically stirred nanofluid solution were compared with those in another solution sonicated
for 2 hours at the same concentration. Sonication of the nanofluid reduced the micro-scale
structures in the solution to nanometer sized particles for copper oxide (Figure 3.6C and
3.6D) and distinct nanometer scale strands for carbon nanotubes (Figure 3.6A and 3.6B).
Moreover, the characteristic size scales observed in Figure 3.6 after sonication were larger
than the nominal copper oxide particles and carbon nanotubes respectively. This indicated

that particle interaction was prominent during sonication and the resulting agglomerates
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Figure 3.6. Sonication of nanofluids: Effects of sonication on the cluster-
ing of nanoparticles in 0.001% nanofluid with 0.005% SDBS solution samples
dried on a glass plate. Carbon nanotubes showed massive agglomeration A)
after magnetic stirring and were widely dispersed after 2 hours of sonicaiton
B). The length of nanotube agglomerates stayed above 500 nm even after
sonication due to their strong axial interaction forces. These long, surfactant
stabilized nanotube strands reduce the Brownian motion but are very effective
in static conduction across the fluid. Copper oxide clusters of the order of 1
pm C) were broken down to characteristic size scales smaller than 200 nm D),
which effectively contributed to thermal conductivity enhancements from their
Brownian motion. Nanofluid particle size vs sonication, via dynamic
light scattering: Variation of average particle size of carbon nanotubes E)
and copper oxide F') with sonication duration for two different concentrations
of SDBS surfactant (0.05% and 0.005%). The SDBS surfactant showed reduced
effectiveness above a concentration of 0.01% (yellow, 0.05% SDBS). Particle
sizes increased abruptly after longer sonication durations for 0.05% SDBS con-
centration, due to the development of stable air bubbles in the solution which
inhibited the nanoparticle cluster breakage.
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were stabilized through micelle structures formed by the surrounding surfactant molecules

in the solution.

3.3.5 Particle size analysis with dynamic light scattering

In order to determine the optimal surfactant concentration and sonication duration for
stable solutions, we performed dynamic light scattering (DLS) studies on the nanofluids. The
average particle sizes of copper oxide and carbon nanotubes decreased significantly after 20
minutes of sonication as shown in Figure 3.6E and 3.6F and then attained stability, where
the interaction of nanoparticles balanced their break-up from sonication. We observed that
the amount of SDBS in the solution affected the particle sizes and above a concentration of
0.01%, SDBS showed decreased effectiveness (for a 0.001% nanofluid concentration). From
the results obtained in Figure 3.6E and 3.6F, we concluded that stable solutions can be
made by using roughly 5 times more SDBS concentration than the required nanofluid con-
centration and performing at least 75 minutes of sonication. Moreover, prolonged exposure
to sonication (3 hour duration in Figure 3.6E and 3.6F) resulted in the formation of bubbles
in the nanofluids which inhibited the cluster breakage and led to a substantial increase in
the average particle size [103]. Several studies on metal oxide [103]-[105] (alumina, zirco-
nia and titanium dioxide) and carbon nanotube [106] nanofluids have reported this unusual

observation with some cases leading to structural defects in the nanoparticles.

3.3.6 Effects of nanofluids on membrane fouling and hydrophobicity

While the surfactants help in dispersion of the nanofluids, they pose a risk to MD because
they reduce the surface tension of the feed water, which can compromise the hydrophobicity
of PTFE membranes [107]. As the membrane looses its hydrophocity, mineral salts from
the feed can permeate through the membrane affecting distillate quality and flux production
[108], [109]. Nanofluids in the feed channel can aggravate this issue by fouling the wetted
membrane, where the nanoparticles adhere to the membrane surface reducing its permeabil-
ity. We investigated the effects of nanofluids with SDBS surfactant on the membrane fouling,

surface hydrophobicity using SEM imaging and static contact angle measurements of water.
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Figure 3.7. Macroscopic images of PTFE membrane after fouling
tests with MWCNT and copper oxide nanofluids. Part A) shows a clean
PTFE membrane and B), C) show the fouled counterparts, flushed with water
for 5 minutes to remove the loosely adhered particles. Carbon nanotubes show
substantial membrane fouling at the macroscale B) due to their higher particle
density in comparison to copper oxide nanoparticles C).

Macroscopic images of the PTFE membrane (Figure 3.7) after fouling tests with nanoflu-
ids, showed significant carbon nanotube deposits in comparison to copper oxide nanopar-
ticles. MWCNT nanofluids resulted in extensive fouling of the membrane with nanotubes
interacting at the microscale with PTFE fibres as seen in Figure 3.8B and 3.8E. Copper oxide
nanoparticles on the other hand, showed very little fouling with some microscale agglomer-
ate deposition on the membrane (Figure 3.8C and 3.8F). In order to quantify the decreasing
membrane hydrophobicity, we measured the static contact angle of water on the fouling
tested membrane samples and compared the results with that of a clean PTFE membrane.

The static contact angle of water on the membrane decreased after fouling studies with
nanofluids indicating a marginal loss in membrane hydrophobicity (Figure 3.9). The contact
angle measurements after using nanofluids were similar for both copper oxide and carbon
nanotubes with the latter showing slightly higher variations. This was expected since the
concentration of SDBS was the same in both the samples and thus would equally affect

the hydrophobicity. The large variations in measurement for carbon nanotubes were the
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Figure 3.8. Membrane fouling from nanofluids: SEM micrographs show-
ing the fouling of a PTFE membrane using 0.1% nanofluid solutions. Dark
black spots in part B) show significant clustering of carbon nanotubes on
the membrane surface and interactions with the membrane fibres at the mi-
croscale E). SDBS surfactant reduces the surface tension of the feed, decreasing
the membrane hydrophobicity and allowing nanoparticles to interact with the
membrane. Nanotubes have a very high number density (number of parti-
cles per unit volume) and as a result, showed extensive membrane fouling.
Negligible membrane fouling is observed using copper oxide with very few
micrometer scale agglomerates C), F) interacting with the membrane fibres.
Energy dispersive x-ray spectroscopy (EDS) was used to identify the copper
oxide nanoparticles in the membrane.

result of an uneven membrane surface caused by extensive fouling. We concluded that the
SDBS surfactant marginally decreases the membrane hydrophobicity resulting in fouling
from nanoparticles. The extent of membrane fouling can be reduced by using nanoparticles

that have lower number densities (number of particles per unit volume).
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Figure 3.9. Hydrophobicity comparison of the fouled membranes:
Static contact angle of water on a clean PTFE membrane and two nanofluid
fouling tested PTFE membrane samples. The reduction in membrane hy-
drophobicity is nearly equal after using CuO-Water and MWCNT-Water
nanofluids in the feed channel, since they have the same SDBS surfactant
concentration. The carbon nanotube fouled membrane sample shows a rela-
tively higher variation in measurements due to the uneven membrane surface
caused by significant nanotube deposition.
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4. SLIPPERY LIQUID INFUSED POROUS SURFACES (SLIPS)
FOR HIGH EFFICIENCY AIR GAP MEMBRANE
DISTILLATION

Disclaimer: Contents of this chapter are part of a submitted journal publication [17].

4.1 Background

4.1.1 Flooding in air gap membrane distillation

Air gap membrane distillation (AGMD) is the most versatile of all MD configurations and
has the smallest sensible heat loss [22], [27], but at the same time it is limited by low permeate
flux production [110]. Various studies have compared AGMD with new MD configurations
like permeate gap membrane distillation (PGMD) on the basis of energy efficiency (gained
output ratio i.e. GOR) and flux production rate to show the significant resistance to mass
transfer offered by the air gap [5], [12], [43], [111]. As a result, there is a need to optimize
the heat and mass transfer in the gap of AGMD systems for high recovery and high salinity
applications [15], [112], [113].

Reducing the gap thickness in AGMD systems can improve the heat and mass transfer
phenomena across the gap and result in performance enhancements [34], [114]. However,
operating at gap sizes below 2 mm presents a strong possibility of flooding the air gap from
the permeate being condensed inside the module [34]. Flooding is especially prominent in
AGMD systems relying on film-wise condensation on metallic condenser plates for phase
change and permeate removal. Moreover, the onset of flooding at a particular location
decreases the mass transfer resistance across the gap and progresses into a complete flooding

of the air gap making the AGMD system act like a PGMD configuration [12].

4.1.2 Novel condensation regime on SLIPS

Enhanced surfaces and surface modifications have been tested at length to promote drop-
wise condensation in AGMD system (shown in Figure 4.1) and to extract all the benefits

of a small air gap thickness [27], [34]. For dropwise condensation, the condensate is in the
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form of discrete droplets, which are removed from the surface by gravity before they can
coalesce with neighboring droplets (Figure 4.1). Moreover, the continuous removal of con-
densate droplets from the surface leads to replenishment of the nucleation sites for vapor to
condense, with the thermal resistance significantly reduced in the absence of the additional
condensate film on the condensate surface. This study marks the first comprehensive analysis
of dropwise condensation on Slippery Liquid Infused Porous Surfaces (SLIPS) in membrane
distillation. The performance of SLIPS in terms of energy efficiency and permeate produc-
tion is examined using an in-house designed laboratory-scale AGMD system at low air gap
thickness. Other parameters, such as the hot feed side temperature, and temperature differ-
ence between the hot and cold sides were varied to study their effects on the performance of
SLIPS. The experimental results are then used to modify the gap transport phenomena to
numerically model SLIPS inside the AGMD system and find the optimal air gap thickness at
different salinities. Finally, the performance is compared with that of baseline (where plain

copper surface is used) to evaluate the advantages of using SLIPS inside an AGMD system.

4.2 Modeling of SLIPS surfaces in MD

4.2.1 Overview

A one-dimensional finite difference based numerical model [12], [16], [21], [26], [27], [33],
[34], [43] was developed to capture the heat transfer and thermodynamics of AGMD systems.
The computational domain was discretized along the length of the module with properties
assumed to be constant across the width (dimension mentioned in experimental methodology
section and detailed dimensions of system can be found in Appendix B). Transport processes
(heat and mass transfer) and associated property variations (salt concentration and feed
temperature) across the depth were quantified using thermal and concentration boundary
layers. Mass and energy conservation equations were outlined for each computational element
and the resulting set of coupled equations were solved iteratively using Engineering Equation
Solver (EES) [44]. The film-wise regime was modelled using a laminar flat plate condensation

analysis at ambient conditions, and dropwise condensation was realized using a well-validated
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Figure 4.1. Condensation regimes in membrane distillation:
Schematic of an air gap membrane distillation system showing film-wise con-
densation on unstructured copper surface (top), droplet shedding on SLIPS and
jumping droplet condensation on superhydrophobic surfaces (below). Temper-
ature variations across the membrane and air gap are described along with the
dominant heat and mass transfer resistances in the system [17].

heat transfer correlation from Bonner [115]. The solution methodology adopted was similar

to previous studies [33], [43] and accurately captured the energy efficiency of MD systems.

4.2.2 Dropwise condensation

Dropwise condensation on superhydrophobic surfaces has been considered previously to
study the effects of gravity on droplet shedding and condensate removal [116], [117]. In the
current work, a correlation developed by Bonner [115] was used to calculate the heat transfer
coefficient associated with dropwise condensation. Several reviews and studies have consid-

ered this relation for their analysis to establish credibility [118]-[122]. A heat flux dependent
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correlation was obtained by fitting experimental data available on dropwise condensation for

a temperature range of 48-100°C [115] and was given as,

k sin
h=2.7
7’61/27"11/47"2/4 (1 — cos 9)

where k represents the thermal conductivity of water, 6 represents the contact angle on the

condenser surface, rq4, r; and r; were given as,

o \"? kT sin 0 v+ 1 (RgTsat ) 1/2 20T 4
rg=|— = Ty = —/—
¢ 09 poht, \1 —cosf ) \y—1 21 " phy AT

where o is the surface tension, p is the density of water, g is the acceleration due to gravity,

T is the saturation temperature of vapor at atmospheric pressure, p, the density of water
vapor, hy, the latent heat, v the heat capacity ratio, R, is the specific ideal gas constant for
water vapor and AT is the difference between the surface temperature and the saturation
temperature.

The correlation involved several droplet radii to capture the physics where r; represents
the departing droplet radius, r; represents the effective length equating conduction and
interfacial resistance and r; gives the minimum droplet radius. Some scatter was observed in
the experimental data when compared with the fitted relation, but a good correspondence

was maintained at average operating temperatures of MD systems (50-60°C).

4.2.3 Numerical Methodology

Experimental data for baseline tests with film-wise condensation on a copper plate was
obtained and the flux, efficiency values served as foundations for comparing the performance
of SLIPS enabled AGMD system and also provided a dataset for tweaking model parameters.
Several model parameters were tweaked to better represent the actual transport physics.
Modelling the gap transport phenomena has an intrinsic counter-flow diffusion assumption
of vapor in air. However, in the experiments, mesh spacers were introduced to support the

membrane which influenced the vapor and thermal transport across the gap, a tolerable
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assumption [27], [34]. As shown in the lower equation D,,_, (diffusion coefficient) was fitted

to better represent the experimental gap transport;

Jm CaDw—al 1 + Xy — xa,m
= n A A
My,  dgp—9 Tom — 1

where J,, is the vapor flux, M, is the molecular weight of water, ¢, is the molar concentration
of air, dg,, is the gap size, ¢ the film thickness and x is the mole fraction of vapor in the
gap. Here, subscript i represents the air-water interface and the a, m subscript represents the
membrane-air interface. Notably, the membrane dipped a little onto the mesh spacer with
the feed flow reducing the gap size by a measured value of 0.25 mm. Equivalent gap size
corrections were made to all model runs, achieving uniformity across the results. Finally,
film-wise condensation would sometimes result in water drops getting trapped in the mesh
spacers, and effectively increased the gap conductivity (kywater is roughly 0.6 compared to
Emesn 0of 0.2 W/m-K). Subsequently, the effective gap thermal conductivity was changed to
take this issue into account.

Once the baseline efficiency and flux values from the numerical model were validated
experimentally [17], the same parameters were used to quantify and compare the values for
SLIPS enabled AGMD system. Experimental readings at four different sets of temperatures
were taken with averaging from three runs for each set [17]. Numerical corrections for gap
transport were carried from the baseline validation results and used in conjunction with the

dropwise heat transfer correlation given in section 4.2.2.

4.3 Results and Discussions

Thermal efficiency and permeate production from AGMD systems with dropwise and
film-wise condensation were modelled, and described in our analysis. Numerical algorithms
formulated using the technique mentioned above are suitable for relatively large-scale systems
where the assumptions of steady state and fully developed phenomena hold true. For lab-
scale systems, parametric studies need to be carried out to match the modelling results with
experimental observations, as done here. In section 4.3.1, the baseline flux and thermal

efficiency values were matched from experiments and numerical solutions by tweaking the
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gap diffusion and thermal transport coefficients. Flux values were found to be matching well
but the computed thermal efficiency overshot the experimental efficiency due to losses in
the actual setup. The section 4.3.2 gives the efficiency plots for SLIPS in AGMD obtained
after matching flux data from the experiments. Finally, the section 4.3.3 gives an idea of
performance improvements for practical scale systems over a salinity range of 5-105 g/kg

and the optimal gap sizes were obtained at each salinity.

4.3.1 Efficiency validation for baseline AGMD

The experiments and numerical model showcased improvements in thermal efficiency
at higher temperatures (Figure 4.2). This metric compares energy used for evaporation
with the total energy transported through the membrane; as the temperature increases, the
evaporation rate increases exponentially, while conduction losses are linear. As seen in Figure
4.2, the computed efficiency values (black) obtained from matching the flux and performing
parametric corrections were found to lie within the ranges of experimental (red) errors. The
experimental module had inherent operating thermal losses and so efficiency was found to

be consistently lower than model results.

4.3.2 Efficiency validation for SLIPS AGMD

Efficiency values from experiments and the numerical model were compared in Figure
4.3 for SLIPS enabled AGMD systems. Numerical results correlated well with experimental
data, with slight deviations at low temperatures where the model slightly over-predicted
efficiency. For SLIPS, droplet shedding at low flux values resulted in more water drops being
essentially held in the mesh through surface tension, and so the gap conductivity increased
and led to lower efficiency. In other words, gap thermal resistance was lower for SLIPS
in experiments than in the SLIPS model and the experiments exhibited lower efficiency at
smaller flux values. At elevated temperatures, where the flux was significantly higher (as
seen in Figure 4.3), droplets had a tendency to shed through the mesh and decreased the
gap conductivity a bit in accordance with the SLIPS model.
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Figure 4.2. Thermal efficiency validation for film-wise condensation:
Comparison of the experimental and modeling results for film-wise condensa-
tion inside a lab scale membrane distillation module. The increase in the hot
feed side temperature results in a higher driving force for vapor production
across the membrane. The enhancements in vapor production follow an expo-
nential trend with temperature and outweigh the conduction losses across the
membrane, thereby improving the thermal efficiency [17].
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Figure 4.3. Thermal efficiency validation for SLIPS: Comparison of
the experimental and modeling results for SLIPS condensation inside a lab
scale membrane distillation module. Minor deviations in thermal efficiency
were observed at lower feed temperatures due to the droplet entrapment in
the mesh spacers at such low permeate flux values. The droplets effectively
increased the thermal conductivity of the gap and resulted in higher conduction
losses and compromised thermal efficiency compared to the model results [17].
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4.3.3 Practical performance metrics

Lab-scale experimental tests usually involve smaller module lengths where the thermal
efficiency serves well in judging performance. This metric is powerful, for practical systems
as these experimental results can be extrapolated to create full scale system models that
examine realizable performance enhancement from SLIPS condensation.

In AGMD, there is a key trade off caused by the air gap depth: larger depths reduce
thermal conduction losses, but also increase the resistance to vapor diffusion across the gap.
Therefore, for given membrane module dimensions, there exists a gap size that optimizes
the energy efficiency (GOR). Here, the optimal gap thickness was determined and was used
to plot Figure 4.4. Baseline frontiers for 5 and 35 g/kg feed were plotted at gap sizes that
show the incipience of flooding (0.1 and 0.14 mm respectively), whereas the SLIPS frontiers
at these salinities were at their optimal gap sizes. Module length was varied from 0.5 to 30
m to properly capture the GOR value peaks for the considered salinity range of 5-105 g/kg.

AGMD systems with SLIPS condensation showed higher efficiencies than film-wise sys-
tems, especially at larger module lengths. At very low salinities, the performance of both
SLIPS and film-wise condensation became nearly identical, with SLIPS showing slightly
higher efficiency and flux as seen in Figure 4.4. As we moved to higher salinities the distinc-
tion in efficiency of SLIPS becomes apparent and the frontiers shift downwards. Moreover,
at low salinities, the optimal gap size for SLIPS was so small that film-wise condensation
at these conditions resulted in flooding. As a result, film-wise condensation at 5 and 35
g/kg were modelled at the gap size before the onset flooding (0.1 and 0.14 mm respectively)

whereas for other salinities gap size was identical to SLIPS.
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Figure 4.4. SLIPS performance improvement: Energy efficiency and
permeate production with module length for SLIPS and film-wise condensation
at various salinities and matching air gap sizes. Efficiency curves were plotted
at the optimal gap size at each salinity for SLIPS and the enhancements were
shaded for clarity. For film-wise condensation, frontiers at 5 and 35 g/kg
salinities had been plotted at the gap sizes that prevent flooding (0.1 and 0.14
mm respectively) whereas for other salinities gap size was identical to SLIPS.
Module length was varied from 0.5 to 30 m to properly capture the GOR value
peaks for the considered salinity range of 5-105 g/kg [17].
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5. POROUS CONDENSERS IN MEMBRANE DISTILLATION
FOR EFFICIENT HIGH SALINITY DESALINATION

Disclaimer: Contents of this chapter are part of a submitted journal publication [18].

5.1 Heat transfer enhancements using porous condensers

Porous metallic condensers can substantially improve condensation heat transfer. Metal
foams have been extensively studied in heat exchangers [123], [124] to achieve 2-3 times
better heat transfer coefficients [125]-[128]. Surface modifications of these condensers have
a strong effect on their wicking properties, and can be implemented to significantly reduce
their thermal resistance [129], [130]. Moreover, the gravitationally driven flow regimes in
these condensers make them ideal for effective passive droplet removal after their nucleation
[131]. Porous condensers have been used to enhance the performance of solar stills [132],
[133] and show significant promise for thermal desalination systems [134]. While not previ-
ously studied, they are particularly promising for MD systems which closely resemble heat
exchangers. However, their effective integration with MD (shown in Figure 5.1) demands an
overall understanding of the enhancements using lab-scale experiments and robust thermo-
dynamic models.

In this work, we comprehensively characterized the performance of a porous condenser
air gap membrane distillation system (PC-AGMD) using experiments and modelling. The
results compare the energy efficiency and permeate production with leading MD configura-
tions (AGMD, PGMD and CGMD). The performance of these MD configurations was then
studied at higher salt concentrations, where PC-AGMD proved to be the most effective in de-
salination. The effects of permeability and thickness on the flooding of the porous condensers
were modelled and the optimal wick thickness was determined to facilitate PC-AGMD mod-
ule design. Finally, condensation studies were carried out on the porous condenser after
being used in the membrane distillation module to visualize the droplet nucleation sites and

check for flooding of the condenser.
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Figure 5.1. Porous condensers in membrane distillation: Experimental
setup for a PC-AGMD system showing the porous copper condenser inside the
membrane distillation module and an enlarged view of the porous structure.
Schematic showing the heat and mass transfer across a PC-AGMD and AGMD
system.

5.2 Materials and Methods

Materials and chemicals: Sodium Chloride, ACS grade, research product interna-
tional, USA. Copper foam, 50 PPI, Xiamen Lith Machine Limited, and plastic mesh spacer

from Macmaster.

5.2.1 Experimental methods

The membrane distillation machine (Convergence Industry, BV, Netherlands) was ran
with a closed-loop flow diagram. The setup was fully automatic with four PT100 temperature
sensors, four pressure sensors, and two liquid flow controllers to adjust the flow. The machine
was controlled with LabVIEW-based software. The PTFE unlaminated membrane filter, 0.2
micron, was supplied from Sterlitech, USA. The conductivity of the permeate was controlled
using a conductivity meter (HQ40D, Hach, USA). An effective membrane area of 60 cm?
(Figure 5.1) and a gap size of 3 mm was used for running flux and thermal efficiency tests of
AGMD and PC-AGMD. The module was insulated with Polyurethane foam (Macmaster) to

reduce the environmental heat losses. The gap size in AGMD was adjusted using a plastic
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mesh and for PC-AGMD, the plastic mesh was replaced with a 3 mm copper foam. The
experiment was conducted at different values of Ti.q (50, 60, 70, 80°C) and T¢.,1q (30, 40, 50,
60°C). The feed flow rate was set to 22 liters/hour and the saltwater (35 g/kg) was made
using deionized water and Sodium Chloride (ACS grade, research product international,
USA). Each test was ran at a constant AT = Tieedin — Teordin = 20 £ 0.44°C and recorded
two hours after stability. Five test runs of AGMD and PC-AGMD were carried out and an
average of results was reported. The average pressure of the recirculation feed was set to

0.1 £0.05 bar.

5.2.2 Numerical methodology

The thermodynamics of MD systems have been comprehensively studied through numer-
ical models to understand the transport phenomena [135]-[137] and their effects on energy
efficiency [138] and permeate production [139]. The numerical methodology adopted in this
study was based on the work from Summer et al. [43] which has been widely used and vali-
dated to characterize the performance of MD [12], [16], [17], [21], [27], [33], [34].. Here, we
clarify the additional equations and modelling to model porous condensers (section 5.2.3)

A one-dimensional finite difference model was developed to capture the variation of prop-
erties along the length of the MD module. Temperature and concentration profiles along the
channel width were determined using boundary layer effects. The governing equations for
mass and energy conservation were solved in discretized control volumes using the property
evaluation functions of engineering equation solver (EES) [44]. Mass transport through the
porous condenser was modelled using the Darcy’s law for porous media flow including the
effects of condenser permeability, thickness and the temperature gradient for condensation

[140].

5.2.3 Heat and mass transfer through porous condensers

The analysis of condensation on porous wicks closely resembles Nusselt’s falling film the-

ory [140]. Heat transfer across the porous condenser was governed by the local conductance
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of the condenser, which in the present analysis (assuming a constant wick thickness) was

given by,

where h, is the condensation heat transfer coefficient, kyiq is the thermal conductivity of
the porous condenser with condensate and ¢. represents the thickness of the condenser.
Gravitational pressure gradient drove the water vapor condensing inside the porous wick
and as a result influenced the local rate of condensation. Moreover, using Darcy’s law
for porous media we checked for flooding of the wick when the pressure gradient became
insufficient to drive the local permeate flow rate. At the incipience of flooding we defined

the maximum permeate flow rate as,

Kpd.w (dp) KO WpPtg
Mmax = - -
o \d2 ) o p

where x is the porous condenser permeability, d. is the thickness of condenser, w represents
the width of the condenser, p and p represent the density and viscosity of water respectively

and ¢ is the gravitational acceleration.

5.3 Results and Discussions

The performance of porous condensers in air gap membrane distillation was experimen-
tally quantified, along with numerical investigations on the effects of feed salinity, con-
denser permeability and flooding on the transport enhancements. First, the energy effi-
ciency and permeate production of a lab-scale porous condenser air gap membrane distilla-
tion (PC-AGMD) system were studied relative to conventional AGMD systems in section
5.3.1. The performance of these configurations was then numerically examined along with
leading PGMD and CGMD configurations at commercial module length scales across vary-
ing salt concentrations in section 5.3.2. Thereafter, the optimal porous condenser thickness
at different module lengths was determined in section 5.3.3 to provide guidelines for design-

ing PC-AGMD systems. Finally, condensation imaging of the porous copper condenser was
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done at atmospheric conditions to study the droplet nucleation sites and check for flooding

in section 5.3.4.

5.3.1 Experimental thermal efficiency and permeate production

Porous condensers in the air gap significantly increased the permeate flux and boosted the
thermal efficiency of membrane distillation, as shown in figure 5.2. The average flux improve-
ment with porous condenser was 96.5%, with an associated thermal efficiency enhancement
of 31.7%. The high porosity of the porous condenser improved the vapor condensation, by
virtue of the increased surface area for condensation compared to a flat sheet condenser.
Moreover, it was effective in water transport across the air gap due to the wicking properties
of the condenser. The dramatic improvements in permeate flux reflected in Figure 5.2 lead
to higher latent heat recovery and proportionally higher energy efficiency of the membrane

distillation system.
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Figure 5.2. Experimental performance comparison of PC-AGMD
and AGMD: Comparison of the permeate flux and thermal efficiency across
different MD configurations with variations in the top temperature of the feed
at seawater salinity. The average flux improvement with the porous condenser
was 96.5%, and the thermal efficiency enhancement was 31.7%. Porous con-
densers are very effective in water transport across the air gap due to their
wicking properties and result in dramatic permeate flux enhancements. Flux
improvements result in increased latent heat reovery which effectively trans-
lates to higher energy efficiency.
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5.3.2 Performance comparison of MD configurations

The energy efficiency (GOR) and permeate production of PC-AGMD were modelled us-
ing the conditions given in Appendix C and compared to other gap based MD configurations
as shown in Figure 5.3. PC-AGMD outperformed AGMD and PGMD due to the improved
conductive heat transfer across the gap and increased active surface area for vapor con-
densation. On the other hand, CGMD performed the best at seawater salt concentrations
(especially at larger module lengths) but was significantly compromised at high salinities as
observed in Figure 5.3. Overall, the PC-AGMD configuration was more efficient than its air,
permeate gap counterparts and proved to be the most effective at higher salt concentrations

as shown in Figure 5.3.
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Figure 5.3. Relative performance comparison of PC-AGMD with
leading MD configurations: GOR-flux frontiers across different MD con-
figurations with variations in the module length at seawater salt concentration
and high salinity (175 g/kg). PC-AGMD outperforms AGMD and PGMD due
to the improved conductive heat transfer across the gap and increased active
surface area for vapor condensation. CGMD performs the best at seawater
salt concentrations but is significantly compromised at high salinities where
PC-AGMD provides the best performance. The gap size is maintained at 3
mm across all the configurations and the rest of the modeling conditions are
mentioned in the Appendix C.
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5.3.3 Optimal condenser thickness for seawater desalination

The resistance to mass transfer in MD systems is a strong function of the thickness of
the gap separating the membrane and the condenser. Furthermore, as the gap thickness
decreases, its thermal conductance increases, which improves the overall energy efficiency
of the system. We determined the optimal porous condenser thickness that results in the
highest energy efficiency enhancements without flooding the condenser at increasing module
lengths. Condensers with higher permeability were effective in droplet removal at smaller
gap sizes and thereby achieved better energy efficiency in comparison to lower permeability

wicks as seen in Figure 5.4.
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Figure 5.4. Optimized porous condenser thickness: Optimal porous
condenser thickness with increasing module length at various wick permeabil-
ities. Increasing the permeability of the condenser results in more effective
droplet removal, and thus allows the operation at smaller gap sizes. Lowering
the permeability promotes an early incipience of flooding in the condenser and
inhibits the energy efficiency of the PC-AGMD configuration.

5.3.4 Condensation images at atmospheric conditions

Condensation inside MD systems occurs at atmospheric pressures and as a result follows

the same physics as in open air, gravity driven processes. We visualized the condensation
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inside the porous condenser using a high speed camera and compared images from the onset
of nucleation to the formation of large droplets as shown in Figure 5.5. The pores of the
metallic condenser offer ideal nucleation sites for formation of several tiny water droplets
which coalesce as time progresses. However, the resulting large water droplets do not flood
the pores of the condenser (as shown by red circles in Figure 5.5) and can be easily shed

from the structure using gravity.

Start of water vapor condensation End of water vapor condensation

Figure 5.5. Condensation imaging of porous condensers: Open air
condensation imaging of porous condensers at the beginning of droplet nucle-
ation and after coalescence of smaller droplets to larger sizes (shown by red
circles). Numerous tiny droplets are formed at the initial phase on the surface
of the porous condenser indicating the availability of nucleation sites. Droplet
coalescence does not flood the pores of the condenser and the large droplets
are shed easily from their nucleation sites by gravity.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Nanofluids for energy efficient desalination

Metallic nanoparticles of characteristic size scales below an order of 100 nm can result
in effective micro-mixing of the feed from their Brownian motion at low concentrations. In
addition, the Van der Waal interaction of fibrous nanotubes can achieve even higher static
conduction enhancements across the nanofluid. The improvements in heat transfer from
these mechanisms can promote significantly higher efficiencies in membrane distillation across
diverse operating conditions and system scales. However, as we demonstrated from nanofluid
characterization, stable dispersions demand optimized sonication durations and surfactant
concentrations. Moreover, surfactants reduced the membrane hydrophobicity and served as
promoters for membrane fouling affecting the performance of MD. Dilute solutions of metallic
nanofluids showed minimal membrane fouling and can be used in the channels for significant
heat transfer improvements. The fouling concerns of carbon nanotubes promote their usage
in heat exchangers for thermal input to MD systems, instead of directly suspending them in

the channels.

6.2 Novel condensation surfaces enhance high salinity desalination

The performance of air gap membrane distillation (AGMD) using SLIPS surface for vapor
condensation was comprehensively studied and compared to film-wise condensation through
experiments and numerical analysis. Condensation images on SLIPS surfaces showcased
tiny droplet nucleation sites marking their potential to operate at small air gap thickness
without flooding. The flux production is higher for SLIPS at all temperatures compared to
film-wise condensation on a copper plate showing that the improved condensation regime
help in faster droplet removal from the surface and increases the available nucleation sites.
The modelled optimal air gap thickness for the highest efficiency at different salinities for
SLIPS and filwise condensation are markedly different and the baseline copper surface floods

at an air gap thickness equal to the optimal air gap thickness for SLIPS.
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Gravitationally driven wicking properties and the increased droplet nucleation sites in
porous condensers significantly enhance the mass transport in gap based membrane distilla-
tion systems. Additionally, the high thermal conductivity of the metallic structure results in
effective latent heat removal and superior heat recovery in MD. The average flux improve-
ment with porous condenser was 96.5%, with an associated thermal efficiency enhancement
of 31.7%. Delayed incipience of flooding in our PC-AGMD configuration is especially bene-
ficial for high salinity desalination where equivalent PGMD and CGMD systems show poor
performance. However, porous condensers are only compatible with flat plate module designs

and thus are limited in their applicability to commercial spiral wound module designs.

6.3 Future work

The success of the Brownian motion and axial conduction enhancement mechanisms
suggests that other magnetic nanoparticles and hybrid nanofluids can be used in MD owing to
their controllability and ease of separation. In conjunction, special membrane modifications
that help in retaining their hydrophobicity at higher nanofluid concentrations can further
push the performance frontiers in MD.

Our experimental studies showed that SLIPS can achieve higher efficiencies by operating
at lower gap sizes compared to baseline copper surface and further tests need to be done to
evaluate the impact of leakage of the lubricant into the condensate over time by performing
permeate quality tests. Moreover, experimental investigations into the flooding of the porous
condensers are needed to validate the expected performance enhancements and provide a
comprehensive characterization of the condensation regime.

Finally, configurations like vacuum membrane distillation (VMD) [141]-[145] and vacuum
air gap membrane distillation (VAGMD) [97], [146], [147], supplement the thermal driving
force in MD using an applied pressure gradient and significantly enhance the permeate
production. However, maintaining extremely low gap pressures is challenging and as a result
these diffusion-less regimes aren’t frequently accessed in MD. As a result, understanding
is still lacking on the further jump in flux at very low air pressures, where diffusion is no

longer significant. Accurately capturing the rapid heat and mass transfer physics in such
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multiphase systems at low pressures has the potential to lead the design of high recovery

thermal desalination.
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A. NANOFLUID MODEL SYSTEM PARAMETERS

Table A.1. System parameters used in the numerical model for nanofluids in

membrane distillation

Parameter Symbol Value Units
Membrane permeability coefficient B, 2% 10710 S
Membrane thickness Om 200 pm
Membrane porosity ) 0.8 -
Membrane thermal conductivity ko 0.2 W/m K
Membrane width per unit flow rate W/ f i 12 m/(kg/s)
Module length L 6 m

Top temperature Ttin 85 °C
Seawater inlet temperature Tswin 25 °C
Channel height den, 1 mm
Feed inlet salinity Saly, 35 g/kg
Gap thickness dgap 1 mm
Gap conductivity (CGMD) Egap 10 W/m K
Gap conductivity (PGMD) Egap 0.668 W/m K
Gap spacer conductivity (AGMD) K gap,spacer 0.2 W/m K
Specific heat capacity (copper oxide) Cp.CuO 531 J/kg K
Density of copper oxide PCuO 6310 kg/m3
Thermal conductivity of copper oxide kp.cuo 76.5 W/m K
Average particle diameter (CuO) D, cuo 29 nm
Diffusivity of salt in water Dy 1 1.76 % 107° m? /s
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B. SLIPS MODEL SYSTEM PARAMETERS

Table B.1. System parameters used in the numerical model for SLIPS in

membrane distillation

Parameter Symbol Value Units
Membrane permeability coefficient B, 2% 10710 S
Membrane thickness Om 200 pm
Membrane porosity ) 0.8 -
Membrane thermal conductivity ko 0.2 W/m K
Membrane width per unit flow rate W/ f i 12 m/(kg/s)
Module length L 6 m

Top temperature Ttin 85 °C
Seawater inlet temperature Tswin 25 °C
Channel height den, 1 mm
Feed inlet salinity Saly, 35 g/kg
Gap thickness dgap 0.1 mm
Gap conductivity (CGMD) Egap 10 W/m K
Gap conductivity (PGMD) Egap 0.668 W/m K
Gap spacer conductivity (AGMD) K gap,spacer 0.2 W/m K
Diffusivity of salt in water Dy 1.76 % 1072 m?/s
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C. POROUS CONDENSER MODEL SYSTEM PARAMETERS

Table C.1. System parameters used in the numerical model for porous con-
densers in membrane distillation

Parameter Symbol Value Units
Membrane permeability coefficient B, 2% 10710 S
Membrane thickness Om 200 pm
Membrane porosity ) 0.8 -
Membrane thermal conductivity ko 0.2 W/m K
Membrane width per unit flow rate W/ f i 12 m/(kg/s)
Module length L 6 m

Top temperature Ttin 85 °C
Seawater inlet temperature Tswin 25 °C
Channel height den, 1 mm
Feed inlet salinity Saly, 35 g/kg
Gap thickness dgap 0.1 mm
Gap conductivity (CGMD) Egap 10 W/m K
Gap conductivity (PGMD) Egap 0.668 W/m K
Gap spacer conductivity (AGMD) K gap,spacer 0.2 W/m K
Porous condenser thickness O 3 mm
Condenser permeability K 1.25% 107° m?
Wick thermal conductivity Kwick 14.7 W/m K
Diffusivity of salt in water Dy 1 1.76 % 107° m?/s
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