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Desalination

Aditya Narayan

ABSTRACT

This thesis presentsinvestigations onair-cooled air gap membrane distillation for
desalination and the application of radial waveguides based on total internal reflection for solar
thermal desalination.

Using anair-cooleddesign for an air gap membrane distillation (AGMD) process may result
in significantly lower energy requirements for desalination. Experiments were conducted on
AGMD module to study the effect of air gap, support mesh conductivity and hydrophobicity,
conckensing surface hydrophobicity. A novel modular design was used in which modules could
be used ira series configuration to increase the flux value for the distillate. The output from the
seriesconfiguration was found to bebout three times the produarti from a single passater
cooledsystem with the santemperature difference between the saline and clear water streams
The results also indicated that the mesh conductivity had a favorable effect on the flux value
whereas the hydrophobicityf the mesh had no significant effect. The hydrophobicity of the
condensing surface was favorable on two accodings, it led to an increase in the flux of the
distillate at temperatures below 63 and second, the temperature difference of the skdete
when it enters and leaves the module is lower which can lead to energy savings and higher yields
when used in a series configuration.

The second part of the thesis considers use ofclust radial waveguides to collect and
concentrate solar energy for use in thermal desalination processes. Thevogpitegiliidebased
solar energy concentrators are based on total internal reflectioniamdize/eliminate moving
parts, tracking structures and cost. The use of optical waveguides for thermal desalination is
explored using an analytical closeatm solution for the coupled optical and thermal transport of
solar irradiation through a radial golar waveguide concentrator integrated with a central
receiver. The analytical model is verified against and supported by computational optical ray

tracing simulations. The effects of various design and operating parameters are systematically



investigatedon the system performance, which is quantified in terms of net thermal power
delivered, aperture area required and collection efficiency. Design constraints like thermal stress,
maximum continuous operation temperature and structural constraints haveohe®lered to
identify realistic waveguide configurations which are suitable for real world applications. The
study provides realistic estimates for the performance achievable with radial planar waveguide
concentratoreceiver configuration. In addition tihis, a cost analysis has been conducted to
determine the preferred design configurations that minimize the cost per unit area of the planar
waveguide concentrator coupled to the receiver. Considering applications to thermal desalination
which is a low tenperature application, optimal design configuration of waveguide concentrator

receiver system is identified that result in the minimum levelized cost of power (LCOP).
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GENERAL AUDIENCEABSTRACT

Depleting reserves of fresh watand deteriorating quality of naturallycaurring water
reserves hasdgo growing garcity of potable water. Traeverity of this water crisis has made it
necessary to explore other sources of potable water. The abundance of seawater makes it
rewarding to explore desalithen of seawater as sourceof potable waterThis thesis presents
investigations onthe use ofair-cooled air gap membrane distillatio(AGMD), which is a
filt ration technique which can be used to remove salt and other impurities from seéwater,
desalinationRadial waveguide can be used for concentrating solar energy on a smaller surface,
which in turn @n be used to raise the temperature of a fluid passing through that surface. These
waveguides can be used to heat up the seawater feoldrehermal desalinatiqggrocess

Using anair-cooled design for an air gap membrane distillation process/ result in
significantly lower energy requirements for desalination. A novel modular design was used in
which modules could be used @&series configuation to increase the output of the potable
water The output from the series configuration was fotmdbe about three times the output
from a single paswatercooledsystem with the santemperature difference between the saline
and clear water streams

The second part of the thesis considers use ofclmst radial waveguides teollect and
concentrate solar energy for use in thermal desalination processes. Thevogpitsgiliidebased
solar energy concentrators minimize/eliminate moving parts, tracking structures and cost. The
use of optical waveguides for thermal desalinatioexiglored using an analytical closémm
solution for the coupled optical and thermal transport of solar irradiation through a radial planar
waveguide concentrator integrated with a central receiver. The analytical model is verified
against and supported/ lsomputational optical ray tracing simulations. The effects of various
design and operating parameters are systematically igatsdi on the system performance

Design constraints like thermal stress, maximum continuous operation temperature anelstructur



constraints have been considered to identify realistic waveguide configurations which are
suitable for real world applications. In addition to this, a cost analysis has been conducted to
determine the preferred design configurations that minimize tstepes unit area of the planar
waveguide concentrator coupled to the receiver. Considering applications to thermal desalination
which is a low temperature application, optimal design configuration of waveguide concentrator

receiver system is identified theesult in the minimum levelized cost of power (LCOP).
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Chapter 1: Introduction

There is agrowing scarcity of potable water due to the depleting reserves of fresh water and
deterioration in quality of the naturally occurring water reserve8].[TThis is leading to a
looming water crisis whichnecessitates exploringlternative sources of potableater for the
future About 96.5% of all the water on earth is seawa@ifrthe remaining 3.5% only about 1%
is in the form of freshwater lakes, rivers and ground waitr the resteingfrozen water in the
form of polar ice caps, glaciers, ice and sndhe shear abundance of seawater when compared
to freshwater makes it rewarding to explore the possibilities of using it as a source of potable
water. Seawater desalination is especially useful in coastal areas as there is no additional cost of
transportabn involved. Reversesmosis has been extensively used for desalination in many
countries across the world-[4. Other methods such as membrane distillation, eleli#igsis,
and solar stills are also being explored for desalination including some dueitmowhich
renewable energy like solar, wind, wave and geothermal energy are being empléy.eadiar
thermal energy can be used as the source for energy for many of the desalination methods and
can result in lower costs [9]. The cost for desalinatiepends on the type of feed water, the
desalination method used and the type of energy used)&Pkloping a desalination method
that meets the need giotable water at the lowest cost, has low energy requirements and is
preferably powered by a renevWaBource of energy is critical.

Membrane distillation is apromising process which could be extensively used for
desalination in the future [116]. Membrane distifition canbe used with brackish water and
water containing other impurities. The main adaget of membrane distillation over reverse
osmosis is that modules based on membrane distillation are resistant to foulit®].[Direct
Contact Membrane Distillation (DCMD), Air Gap Membrane Distillation (AGMD), Sweeping
Gas Membrane Distillation (SGMDand Vacuum Membrane Distillation (VMD) are the
configurations which are used in membrane distillation. In DCMD, the hot feed solution is in
direct contact with a membrane which is in direct contact with the cold solution. A sweeping gas
which is usually iert is used to sweep the vapor which is on the permeate side of the membrane
in SGMD. In VMD, a vacuum is created on the permeate side of the membrane to direct the
vapor out of the module for condensation. AGMD is a membrane distillation configuration in
which the feed solution is in direct contact with the membrane and there is an air gap separating
the membrane and the condensing surface. The air gap between the membrane and the



condensing surface leads to a decrease in heat loss due to conduc6h H®wever, there is

an additional resistance to mass transfer due to the air gap which is a disadvantage associated
with this process. It has been shown in the past that AGMD is the most energy efficient of all
membrane distillation configurations F23).

The energy associated with pumping the hot saline feed water and the cooling fluid forms a
substantial part of the energy requirements for AGMD process. Hence, usiaig-camled
system instead of using the conventiowakercooledconfiguration may lead to a system with
lower energy requirements which will in turn lead to lower running costs and has been studied as
a part of present work. The condensing plate can be placed in such a way that it faces the
windward side wWich will lead to cooling throughuoyancyinducedconvection. There have
been studies in the past in which the internal temperatures of an AGMD module has been studied
[24]. These studies have been used in this study when compariigcoledsystem to the
more conventionalatercooledone.

Employment of a superhydrophobic condensing surface has been shown to result in a
substantial increase of permeate flux in past for the conventional AGMD configuration with a
cooling channel 35-26]. This can be attributed to the fact that hydrophobic jumping droplet
condensation has better heat transfer coefficients which results in faster condensation and an
increased permeate flux [Z28]. Warsinger et al. [25] has conducted parametric stodg two
channel AGMD system in which he studied the effect conductivity and hydrophobicity of
support mesh, hydrophobicity of the condensing surface and air gap. Using the modules in series
configuration can lead to greater yields as there is reco¥datemt heat of permeate and the
energy associated with the saline flowing out of one module is utilized in the next module.

With the objective of reducing the costs associated with desalinaicoooled AGMD
modules which have been assemhblederies configuration are being studied in this paper. A
parametric study in which the effect of air gap and hydrophobicity and conductivity of the
support mesh for aair-cooledsingle channel system is being conducted as part of this study.
The effect of having a hydrophobic condensing surface on the permeate flux is also being studied
for the air-cooled module and in the case when the modules have been placed in series

configuration.



The second part of the thesis is motivated leyabjective of making the desalination process
fully sustainable by using solar energy concentration systems to meet the thermal needs of a
desalination system.

Solar energy harvesting can be done by either optically concentrating the energy or by using
photovoltaic cells to convert the solar energy into electrical energy. In concentrated solar thermal
(CST) systems, light collecting elements which are basicallgel mirror surfaces to focus
sunlight on a smaller area is used. It can be used for applications such as power generation,
thermal desalination, etc. Currently, in utility scale CST power plants parabolic troughs or flat
mirrors (heliostats) are used whidrack the sun diurnally to concentrate sunlight onto the
receiver B0,31]. Concentrated Solar thermal systems which use solar tracking are effective, but
they suffer from major drawbacks like tracking error caused by wind loading, tracking cost, and
the high capital cost of the mirrors and support struct@@. [To achieve the tracking motion
and to support the heavy mirrors or the troughs, support structure and pylon, drive systems, and
wiring are needed which account for almosi 8% of the total cosf31]. Active tracking
requires the heliostats or troughs to move. This movement needs them to be spaced apart to limit
shading losses, thus leading to poor lasd efficiency 30-33]. The drawback with
implementing wide spread use to solar energy ishigk costs associated with it. To achieve
competitive costs, solutions which eliminate the need for active tracking of the sum are required
[30,34].

Optical waveguide based approach which utilizes total internal reflection (TIR) to
concentrate sunlightrmo a smaller area is a promising approach. Planar waveguide solar
concentrators are being explored in the area of photovoltaic based solar energy harvesting
systems to focus solar irradiation on to the small area of solar 88#5]. Concentrated solar
thermal systems based on total internal reflection can be based on either of the following two
approaches: (a) luminescent solar concentrators (LSC) and (b)opiics solar concentrators
with coupling features, which is the focus of this study. LSC stgsif a waveguide dispersed
with luminescent molecules (such as organic dyes, quantum dots, etc.) that absorb the incident
light and reemit at longer wavelengths. Some of theenaitted radiation undergoes total internal
reflection and is guided towardbe receiver 41-45. In a TIR based microptics solar
concentrator, the incoming sunlight is focused by a lens array onto localized scatterers in the

waveguide, which guides the light rays to the receivers by total internal reflection. Non



sequential raytracing studies and laboratory premffconcept demonstrations of mieoptic
concentrators fabricated for concentrating photovoltaics are being condd&dd];[ this
concept has not yet been applied to CST applications. Due to its lightweight nature the mounting
and positioning of the waveguides does not require a lot of structural support, which in turn
simplifies structural design and reduces cost. Since, them astive tracking involved in this
concept the overall cost of the system is low and thedaedefficiency is also better as there are
no shading concerng%]. It has been shown that these systems have the ability to focus the
sunlight throughout the gawith only a few centimeters of lateral movemet®,47]. This leads
to considerable reduction in the tracking cost. Fixed axis concentrators which have no tracking
mechanism can be used as seasonal concentra8lis especially for lower temperature
applications. Selfracking planar concentrators based on thermal phase change act8jaamd|
light induced refractive index changg(], that canachieve high levels of concentration over a
wide acceptance angle (> 40 degrees) are also being explored.

TIR based optical waveguides have been explored for concentrated photovoltaics
applications 35-50] but there have been very few investigations ofdtecept for concentrated
solar thermal applications. The numerical efforts of in this field have been mostly limited to
optical analysis based on ray trace modeli®f37,39,48,49], with a few exceptions of recent
experimental effort in analyzing themiperature distribution within a luminescent waveguide for
photovoltaic applications5fl]. However, to implement the TIR concept in CST applications an
integrated optical and thermal analysis of the system is required. lth#ss an analytical
closed brm solution for the coupled optical and thermal transport in a TIR based ideal planar
waveguide concentrator integrated with central receiver is presented. In this study the possibility
of using a radial waveguide which concentrates the light towardsetiiteally placed receiver
instead of the conventional planar waveguide design which has the receiver at the ends of the
waveguidehas been exploredrhe radial design could lead to better geometric concentration
ratio as the light rays are focused on alnaurface and better collection efficiency as the rays
travel for a shorter distance before they are collected at the receiver. The spatial distribution of
temperature and the irradiation reaching the receiver has been obtained based on various design
and operating parameters. The results guide us towards effective design of the system based on
the considerations of thermal stress, wind loading, net thermal power delivered to the receiver,

collection efficiency and aperture area requirement. A simple awaysisis presented, and a



new performance metric namely, levelized cost of power (LA®iRjroduced to provide useful
insights into optimal waveguide concentrateceiver configurations that yield the minimum
levelized cost of power (LCOP) basedtbe tradeoff between cost and thermal power delivered

to the receiver. This study also provides a feasible path forward towards meeting the cost and
performance objectives for applications such as, thermal based desali®&t8), [and CST

power generabn.



Chapter 2. Air -cooledAir Gap Membrane Distillation Module

2.1. Introduction

Experimental setupsthe AGMD moduleand superhydrophobic surface prepava are
described in this chapteFurther n this dapter, the results frorthe different configurations
have been discussddllowed bythe conclusions that can be inferred from these resttis.
validation of results is followed by the parametric study in which the effect of the various

parameters on the performance of thecpss is studied.
2.2 Experimental setup and the AGMD module

The schematic of the experimental setup to perform various optimization and parametric
studies on considered AGMD module is shown in Figure 1. The feed water is stored in 5 gallon
tank and an imnrsion water heater with a thermostat is used to keep the feed water at a
temperature which is within + 0% of the desired temperature. The feed water is pumped to
the AGMD module by a revolution water pump (12 VDC, 7.5 Amps). It had a maximum flow
rateof 3 GPM and the shutoff pressure of Ba¥s A flowmeter was used to measure the flow
rate of the feed water. Thermocouples were used to monitor the water temperature at the inlet
and outlet and the condensing plate temperature. Instead of using elcbahind the
condensing plate, a fan (5 VDC, 0.5 Amps) was placed on the other side of the condensing plate
and forced convection was used for cooling purposes.

The effect of membrane material, pore size, thickness, porosity and membrane support on
permate flux for an AGMDprocess has been studied [54,385gger pore size, lesser thickness
and absence of support structure results in increase in permeate flux. But lack of support
structure can result in a fragile membrane which will need to be repléiesd Also, the pore
size cannot be very large as it will let impurities through the pores. These considerations led us to
choose a polytetrafluoroethylene (PTFE) membrane with propylene support structure, a pore size
of 0.45 em and tthd cXh®ssm ftorofour6 Oexprer i ment al
for the experiments were supplied by Membrane Solutions, Shanghai, China. The membrane in
the module was held in place using an acrylic piece and a mesh. Copper, Aluminum, Steel and
Plastic meshes wetesed for this purpose to study the effect of conductivity oh the support mesh

on permeate flux. The AGMD module which was used in the experiments was made from



acrylic. The module contains a saline channel, an air gap aag-emoledcondensingsurface.

The feed channel is 65 mm X 63 mm X 12.7 mm. The channel is serpentine and has six walls
with width 5 mm each to guide the saline feed through the channel. The serpentine channel helps
to maximize the time for which the feed comes in contact th#ghmembrane and the pressure on

the saline side of the membrane. Alsaadi et al. [54] has shown that the saline residence time

inside the AGMD module has a positive effect on the flux.
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Figure 1. (a) Schematic illustration of the AGMD apparatus diagram for the experiments and
the parametric study; and (b) photograph of the setup.



Copper plates were used as condensing surfaces. The vapor which passed through the
membrane upon condensing on thekbptate was allowed to drip down under the effect of
gravity and collected in a flask. The air gap was created by inserting combination of acrylic
sheets and gaskets of different thicknesses between the membrane and the condensing plate.
When the saline & water exits the module, its temperature is recorded and it is released back
into the feed water storage tank. The ppm level of impurities in the feed water was kept in a

range of 150 170 ppm by adding water.
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Figure 2. (a)Exploded CADdrawing, (b) photograph of the AGMAair-cooledmodule used in

the experiments.

The effects of various parameters and conditions on the performancaicicanledair gap
membrane distillation module werstudied in this experimental study. The Feed water
temperature was varied from 40 to % and its effect on the permeate flux was studied. Flow
rate of about 2 L/min was maintained by controlling the current input to the circulation pump.
The volume of le distillate collected in the flask (V) was measured for a given time (t) to
calculate the permeate flux. The effective area of the membrane (A) was also used in this

calculation.

®
o~ g 1
Oa o ‘%_() (1)
The system was made in form of modules which could be placed in series configuration. This

resulted in a scalable design in which the output could be increased or decreased by adding or



removing modules. Effect of hydrophobicity of the copper condensimfacgu and the

hydrophobicity and conductivity of the support mesh were also studied during the trials.

2.3 Superhydrophobic surface preparation and contact angle measurement

In recent times, there have been attempts to dev@taphene based hydrophobicatings
[56-59]. In this studywe have focusdon usingcopper based coatings on the condensing plate.
Copper based superhydrophobic surfaces as considered in this study were prepared through an
electrodeposition based process to generate inhererdusaldle superhydrophobic coatings as
descibed by Jain and Pitchumar8(]. Electrodes, copper sheet/mesh and platinum mesh were
cleaned with acetone and deionized water to remove any dirt and grease from the surface and
employed as working electrode andode, respectively. Two step electrodeposition process as
described by Hghdoost and Pitchumani [6ivhere application of high potential is followed by
a small potential to obtain a multiscale and stable deposit, was employed. The electrolyte was an
aqueas solution containing CuS@1 M) and HSO4 (0.5 M). Potentistatic electrodeposition at
1.1V, followed by electrodeposition at 0.15 V for 10 secs, was performed and inherent copper
based deposit was obtained on considered copper back plate and coppeFumgermore,
deposition time was optimized to obtain the deposit thickness of about 30um on the considered
sample. After electrodeposition, surfaces were rinsed with acetone and deionized water and dried
with nitrogen gas.

As a final step, the agsrepaed surfaces were modified through immersion in 0.02 M
methanol solution of stearic acid at room temperature for 24 hours. The modified samples were
then washed with methanol to remove any residual organic acid on the surface, followed by
washing with deioized water and then dried for further characterization and study.

Multiscale cauliflowershaped morphology was obtained on the prepared superhydrophobic
surface, as observed in Fig. 3. Fig. 3 also shows the equivalent drop shape and water contact
angle onthe prepared superhydrophobic coatings surface. An aggressive fractal texturing with
globular asperities at multiple scales leads to the observed superhydrophobicity with contact
angles of 158 for the prepared superhydrophobic copper back condensing Plasence of
multiscale asperities and superhydrophobic nature of the coating ensured the high nucleation
density and dropwise and jumping droplet condensation on the superhydrophobic condensing

back plate.



Figure 3. The prepared superhydrophobsurfacealong with the equivalent drop shape and

water contact angle on the prepared superhydrophobic coatings surface

2.4. Results and Discussion
2.4.1 Validation of results

The design and performance of the basrecooled AGMD module was validated against
previously studied conventional AGMD system design by Warsinger et al [25]. Flux output was
compared for a basic AGMD configuration with a plastic mesh as a membrane support and pure
copper condensing surface as a baekepIThe inconsistencies between presented and previously
studied designs such as use of air cooling instead of conventional water cooling channel and
different air gap thicknesses, did not allow a straightforward comparison of flux output between
two desgns. Furthermore, with an increase in saline feed temperature, condensing plate
temperature increases, which leads to an improved convective heat transfer from condensing
plate to ambient air. Hence, it was not feasible to get a consistent temperaarend#fbetween
hot saline feed liquid and condensing back plate for the studied configuration at various saline
feed temperatures, unlike a conventionatercooled systems where a constant temperature

difference can be maintained for varionket saline feed temperatures.
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To normalize the effect of inconsistencies and allow the validation of designed AGMD
configuration, a corrected flux value specified and considered. Corrected flux approximately
modifies the actual flux values to obtain the flux for any different air gap thickness and
temperature difference, assuming a linear effect of these parameters and can be given as:

Y4 )
y4 @)

#1 00 MAMBALL 6g
where, d = air gap [mm]
dp2s) = air gap [mm] used by Warsinger et al [25]
T = Temperature difference between the
o Tos) = Temperature difference between the condensing surface anditigectannel
as reported by Warsinger et al [25]

Real flux and corrected flux values as obtained from the present study for various feed
temperatures are compared with the flux output for the conventional AGMD setup described by
Warsinger et al [25] and are shown in FigdréA similar trend of real fluwalues between both
the studies can be observed from the same. In addition, a small variation of-4Bétit@tween
corrected flux for present study and flux output as reported by Warsinger et al, validates the
designed setup and various design and pedace parameters. Based on this validationaihe
cooledAGMD system has been optimized through various experimental parametric studies as

described in following subsections.
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Figure 4. Comparison of the results for th&-cooledAGMD module with the conventional
AGMD module results in Warsinger et al [25].
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2.4.2 Effect of air gap

A parametric study to study the effect of various system and process variables on the
performance of thair-cooled module was conducted. FiguBeshows the effect of air gap
dimensions on the flux for the process. Flux is the parameter which has been used to gauge the
performance of the membrane distillation process. Thefanitux is L/m?hr, where the amount
of condenste formed is measured in liters ath@ area of the membrane exposed for the droplets
to cross over is measured irf.nAs can be seen from Figuseflux increases somewhat linearly
with increase in saline feed temperature. The flux values are highélse case when the air gap
is smallest and it becomes noticeably lower when the air gap increases. It has been shown that an

increase in air gap results in decrease in mass flux due to an addégs@nce to mass transfer

[62].
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Figure 5. Flux versus Saline Feed Temperature at different aiy diap

2.4.3 Effect of support mesh conductivity

The effect of mesh conductivity on the flux was studied using Plastic, Steel, Aluminum and
Copper meshes. The meshes are essential for holding the menmbpdeneei and reduce bulging
of the membrane due to the pressure difference on the two sides. The meshes had an open area in

the range of 65% to 66%, so that they do not interfere with the vapor transfer across the
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membrane. As can be seen from Figéréhe module with the Copper mesh performs the best
and the plastic mesh results in the lowest yields. The steel and aluminum mesh have flux values
between copper and plastic.

It is seen that the modules with meshes that have higher conductivity have hajgieriis
is due to better heat conduction across the air ga@3p5The highly conductive mesh surfaces
reduce resistance to heat transfer in the air\gégen the saline feed temperature is above®0
the air gap in the module gets flooded and tFect of the mesh conductivity is more

pronounced at these temperatures.
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Figure 6. The effect of support mesh with different timal conductivities on the flux
2.4.4 Effect ofhydrophobicity of support mesh and condensing surface with small air gap

Hydrophobic condensing plate and hydrophobic mesh surface also affect the yields for the
process. Figure7 shows the flux values for the different condensing plate and mesh
combinations for a small air gap (0.7 mm) configuration. When a control mestdisvhssh is a
normal copper mesh, the modules with hydrophobic back plate have better flux values at lower
temperature. This has been attributed to hydrophobic jumping droplet condensa@&. [25

At temperatures above &C, the module with the control tlaplate surface performs better.
This is due to the fact that at these temperatures, the air gap is flooded and both the control
surface and the hydrophobic surface behave similarly. The hydrophobic surface has lower yields
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at high temperatures becausetbé fact that thermal conductivity of the condensing plate
reduces due to the hydrophobic coating, which results in higher temperature for the back plate
and this | eads to a | ower oT which in turn | e
The hydrophobicity of the mesh hasnegative effect on the yield which can be seen in
Figure7, this is due to the fact that the mesh is not a condensing surface. The hydrophobic mesh

has lower conductivity when compared to control copper mesh and this leads to the lesser yield.
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Figure 7. Effect of hydrophobicity of the support mesh and the condensing surface on the flux

when air gap, d = 0.7 mm.
2.4.5 Effect of hydrophobicity of support mesh and condensing surface with larger air gap

When the air gap is increased from 0.7 mn%.@® mm, the hydrophobic condensing surface
performs better than the control surface, as can be seen in Bagliee yield from the module
with the control surface improves considerably when the temperature goes beyodd 60
Flooding at high temperatureggates the positive effects of hydrophobicity like jumping droplet
condensation while the lower conductivity of the hydrophobic surface affects the yield
negatively. The hydrophobic mesh surfaces have the same effect as they had in the case of lesser
air gap.

The results here show that the conductivity of the mesh, the air gap and the hydrophobicity of
the condensing plate have a significant effect on the flux values for the system. The

hydrophobicity of the mesh has no significant pesiteffect on theyield. Figure ® shows the
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effects of both air gap and hydrophobicity of the condensing surface on the yield. From the
figure, it canbe sea that even though the hydrophobic surface performs better than the control
surface at large air gap, the yield ibpides is lower than the yield of the control surface module

at lesser air gap.
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Figure 8. (a) Effect of hydrophobicity of the support mesh and the condensing surface on th
flux when air gap, d = 5.0 mifb) Cumulative effect of the hydrophobicity of the condensing

surface and air gap, d on the flux
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2.4.6 Effect of air gap and hydrophobicity of the mesh on the saline feed temperature and

the cumulative yield in series configuration

Although, the yield from the control surface and small air gap configuration is highest at high
temperature (7&C), using a hydrophobic surface has its own advantages even at such high
temperatures, even though the flux is slightly lower. Because dbwer conductivity of the
hydrophobic back plate, the temperature drop for the saline water after it passes through the
module is less when compared to the control back plate case. This can be useful as lower drop in
temperature will lead to lesser heatimgjuirement when it goes to the hot reservoir, which can
lead to lesser energy requirements.

The lower drop in saline temperatures can also be useful when the modules are placed in
series and the saline coming out of one module is the saline feed fuexihmodule. It can be
seen that in such a series configuration, the temperature drop is more in the case of control
surface and small air gaps. Large air gap cases have a smaller drop in the saline feed temperature

for the consecutive modules.
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Figure 9. Saline Feed Temperature versus the respective stages during the series configuration
trials and the effect of hydrophobicity of the condensing @atethe air gap, d on the same
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To study how the different configurations work in a series configuratlmn,exit saline
temperature of the first module was used as the feed saline temperature for the second module
and so on. The trials were conducted till the saline feed temperature dropped to bevas0
the flux reduces ansiderably after that. Figur@ shows the saline feed temperature for the
respective stages. As can be seen from the figure, the feed temperature decreases faster for the
control back plate ansimallair gaps. The corresponding cumulative yields can be seen in Figure
10. The cumulatie yield increases sharply for the two configurations with small air gap but as
the number of stages increase, the flux readings for hydrophobic surface back plate configuration
surges ahead, as it has higher yield for later stages because the tempeoptuseless for
consecutive stages in this case and lower temperature drop means higher saline feed temperature
for a given stage. The saline feed temperaturectly affects the flux and thus, it results in
higher cumulative flux for hydrophobic surfacd$e highest cumulative fluis generatedor
the case Wh hydrophobic condensing plate and small air gap of 0.7 mm. Even the hydrophobic
condensing surface with large air gap of 5.0 mm case has better cumulative flux values than the

control condensingusface cases.

50 T i I ‘ i LI i 1} T i | T ‘ 1 1 i | i T T 1} 1 i
- O Control Surface, d = 0.7 mm ]
| O Hydrophobic Surface, d =0.7 mm O ]
40|~ ~  Control Surface, d = 5.0 mm .
| ©  Hydrophobic Surface, d = 5.0 mm S 1
= [ - A 1
- o i
& 301 0 A ]
& - 9 8
£ :
= - o A :
X 20 A ]
= n . ]
L B = |
| A B
10 ]
| g -
0 7\ 1 L L ‘ L Ll L L Ll L | Ll ‘ L L L | L L | Ll L ‘ Il L \7

0 1 2 3 4 5 6 7 8
Stage

Figure 10. Cumulative Yield for the respective stages during the series configuration trials and

the effect of hydrophobicity of the condensing pkate the air gap, d on the same
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