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ABSTRACT

Direct contact membrane distillation (DCMD) is a thermal desalination process with
applications to treating high-concentration waste brines During that process, membrane
spacers play a key role in supporting membrane surfaces andpacting temperature
polarization, concentration polarization, and mineral saling. However, the in uence that
spacer parameters have on temperature and concentration l@Gzation is not well
understood, because they are dicult to study experimentdy and numerically. We
consequently develop a series of experiments to investigdhe e ects of spacer parameters
on temperature and concentration polarization in a bencheale DCMD system. We also
propose a simple ladder-type spacer whose geometry can betayatically varied to
explore the impacts of vortical ow structures, membrane guport, and membrane
blockage. The performance of the spacers is investigatedr f(ooth low and
high-concentration feeds to explore the e ects of spacers doth temperature polarization
and mineral scaling.

Overall, our experiments suggest that ux production whenreating low concentration
brines was predominantly determined by a competition betvem the position of the transverse
laments relative to the membrane surface, membrane blocga due to the spacer, and the
downstream spacing between transverse laments. Our ressifor high-concentration feeds
show that the position of the transverse laments in the feedhannel play a dominant role in
determining where salts precipitate. In all cases studiede found that scaling preferentially
occurred just upstream of the feed transverse laments, no atter whether the lament
was adjacent to the membrane or outer plate. We also found théeed spacers tailored to
optimizing ux production for low-concentration feeds temed to promote mineral scaling

for high-concentration feeds.
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CHAPTER 1
INTRODUCTION

Membrane distillation is a thermal desalination process i applications to treating
high-concentration waste brines, such as those produced t®verse osmosis systems (RO)
and oil and gas operations [2{8]. Though there are several@paches to membrane
distillation, such as air gap and vapor membrane distillatin, the current study focuses on
direct contact membrane distillation (DCMD). In this con guration, warm feed solution
and cool distilled water ow on opposite sides of a hydrophabd microporous membrane in
either a cocurrent or countercurrent con guration, as illstrated in Figure 1.1. Though
hydrophobicity prevents the liquid feed and distilled wate from entering the membrane
pores, the temperature di erence across the membrane geatss a higher partial vapor
pressure on the feed side of the membrane than the distillat&his causes water to
evaporate from the feed side of the membrane, travel throughe vapor- lled pores, and
condense on the distillate side of the membrane. Non-volaikolutes (i.e. salts) remain in

the feed [3, 9].
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Figure 1.1 Sketch (not to scale) of a DCMD system operating in @ncurrent con guration

-

DCMD has several advantages over RO that make it an attracteroption for treating
high concentration waste brines [3, 4]. First, though the derence in partial vapor pressure
across the membrane is sensitive to the transmembrane temateire di erence, it is only
weakly a ected by salt concentration [3, 10]. DCMD is consegntly insensitive to osmotic

pressure and able to reject 99-100% of salts. Additionallyinse DCMD is not a pressure



driven process, it does not require the costly high-pressupumps and piping used in RO.
Finally, MD operates at feed temperatures below 9@, which can be readily produced by
low grade heat or renewable energy sources.

Temperature polarization and concentration polarizatiorare two key challenges
a ecting the energy e ciency, water recovery, and operational cost of DCMD systems
[6, 9, 11{17]. Temperature polarization refers to the fornteon of thermal boundary layers
along the feed and distillate surfaces of the membrane due heat transfer through the
membrane, as sketched in Figure 1.1. This reduces the transm®ane temperature
di erence and the rate of vapor production. Concentration plarization refers to the
formation of a concentration boundary layer along the feedugface of the membrane. This
occurs because solutes are advected toward the membraneerehthey accumulate because
they are non-volatile. Concentration polarization reducethe partial vapor pressure of the
feed solution on the membrane, and consequently reduces @aproduction. Concentration
polarization is further responsible for mineral scaling, lch occurs when the solute
concentration at the feed membrane surface exceeds the sation limit, causing solutes to
precipitate onto the membrane. This blocks the membrane pes, reduces vapor

production, and can also lead to pore-wetting and permanentembrane damage [3, 18, 19].

Upper Membrane

Lower Membrane

Figure 1.2 lllustration of non-woven spacer between two memdnes

Temperature and concentration polarization in DCMD system are strongly in uenced
by the presence of membrane spacers. Spacers are mesh-ligsgenals that separate and

support tightly-packed membrane sheets in membrane septom systems, as illustrated in



Figure 1.2. In addition to that primary purpose, spacers alsa ect pressure losses and
pumping costs. Thinner spacers decrease the ow channel ¢jiati and increase the amount
of membrane surface area that can tin a system volume. Thisomes at the expense of
increasing the downstream pressure drop and associated ging costs to drive the feed
and distillate ows. Spacers also generate ow structureshiit play a key role in
temperature polarization [14{17, 20]. A study by Phattaramawik et al. [14] show that
spacers tend to decrease temperature polarization by protimg mixing of the thermal
boundary layers with the bulk uid. Though less studied in DQVID, numerous studies
show that spacers in uence concentration polarization in @ by creating regions of low
feed velocity or mixing where solutes tend to accumulate amfecipitate [21{24]. These
regions, often referred to as \dead zones," tend to occur abwtact points where the spacer

meets the membrane surface [24{26].

Figure 1.3 @) Commercial non-woven spacer - idealizaed illustratiorbY Commercial non-
woven spacer - picture €) Ladder-type spacer - idealizaed illustrationd) Herringbone and
zigzag ladder-type spacerse] Helical spacer {) Three layer spacer

Numerous studies have explored novel spacer designs thatréase permeate production
in MD and RO systems by promoting ow structures that mix the polarization layers with
the bulk [20, 27{31]. These studies also show that enhancedxing usually comes at the
cost of increasing the downstream pressure losses [15, &),2B, 31{43]. The most
common spacer design in commercial use is a non-woven mesextfuded polypropylene
laments. The net thickness of the mesh typically varies b&teen 0.6-1.5mm [44].

Non-woven spacers are sometimes idealized in the literatuas two distinct layers of
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non-intersecting cylindrical laments, as illustrated inFigure 1.3@). In actuality, the
laments have variable cross-sections and meet in complieal welds, as demonstrated by
the photograph in Figure 1.3b). Though intersecting laments are usually perpendicular
to each other, the mesh is typically oriented such that all &ments are roughly 45to the
downstream ow direction. Such spacers are consequentiyteri called \diamond spacers.”
This design has persisted largely unchanged for several dées [23, 44{46]. Another design
frequently considered in academic literature is the \laddetype spacer” sketched in Figure
1.3(c). This design consists of longitudinal laments orientedn the downstream direction.
These are connected by transverse laments, usually at 96r 45° to the downstream ow.
Other variants use transverse laments with a herringbonerazigzag pattern to promote
mixing [23, 47{49], as in Figure 1.3{). It should be noted that though ladder-type spacers
are often discussed in literature, we found few examples afiler-type spacers used in
industry. The de nition of ladder-type spacers can also beosnewhat vague. Some sources
refer to them as simply diamond spacers oriented such thatelr laments are parallel and

perpendicular to the downstream direction.

C) (b) (€

@QM@%%

Figure 1.4 From top to bottom (a) lament cross sections - frontop to bottom - circular,
hexagonal, and rectangular (b) cross section orientation from top to bottom - cavity
orientation adjacent to impermeable plate, cavity orientdon adjacent to membrane, and
zigzag orientation (c) angle of attack orientation - from tp to bottom - 90° lament
orientation, 45° lament orientation

While the laments of diamond and ladder-type spacers have gpoximately round
cross-sections, research by Ic@t al. [30] suggests that laments with rectangular and

hexagonal cross-sections, as in Figure 1aj({promote mass transfer, though at the expense
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of higher pressure drops. Another area of lament research@rres the in uence of
transverse lament position relative to the membrane surfee. Research by Geraldest al.
[47] suggests that when transverse laments are located apgite the membrane, the
unobstructed concentration boundary layer is able to comuously grow, producing large
concentrations on the membrane. However, transverse lamisnadjacent to the membrane
disrupt the concentration boundary layer growth and therep reduce the maximum
concentration on the membrane surface. The angle of attacletween a lament and the
downstream ow has also received considerable attentiontulies have shown that
transverse laments oriented 90 to the incoming ow result in large pressure losses and
the formation of a dead zone behind the lament. Studies coaguently show that
orienting transverse laments 48 to the downstream ow reduces both pressure losses and
dead zones [41, 45, 50].

Recently, the increased availability of additive manufacetring has motivated the
proposal of more complicated spacer designs [20, 27{29, 86, 51{53]. The most common
method of additive manufacturing in these studies is seleet laser sintering, because it
has the necessary resolution to accurately capture complggometries on the small scales
required for membrane spacers [20, 27, 29, 51]. Three-lagpacers, sketched in Figure
1.3(f), are one such design. A study by Let al. [27] found that this design increases mass
transfer, though once again, at the expense of increasingetpressure loss. Membrane
spacers with helical laments have also been prototyped witadditive manufacturing.
These laments are inspired by static helical mixers used tblend uids in pipe ows
[22, 28, 30, 31]. Though popular in chemical processing aipptions with pipe diameters
on the order of several centimeters or more, helical lamestmay present a manufacturing
challenge for spacers, because spacers must be mass pratatew cost to meet industrial
demands. Research by Kerdet al. [40] investigated diamond spacers with laments
containing small through-holes oriented in the downstreardirection. Experiments and
CFD simulations performed by Kerdiet al. suggest that such holes generate uid jets that

reduce dead zones and biofouling due to bacterial attachmesn the membrane surface.
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Additionally, these spacers achieved a higher ux and lowerrgssure drop than identical
spacers without lament holes. Another study by Thomaset al. [20] showed that complex
feed spacers with triply periodic minimal surfaces incread permeate production in

DCMD systems and performed well when treating high-concemtion brines.

Figure 1.5 Idealized diamond spacer de ned using 3 non-dingonal parameters (adapted
from Koutsou et al. [1])

In summary, work to date shows strong potential for novel sga&r designs to increase
the performance of MD, RO, and other membrane separation presses. This potential is
nevertheless balanced by signi cant challenges, of whiche following three motivate the

current study.

(1) Many of the proposed spacer designs cannot be manufa&drat the required
volumes and low costs required of industry, even with receadvances in 3D printing.

(2) Novel spacer designs are often initially motivated by a searcher's experience and
intuition, after which experimental and numerical studiesare performed to measure
their performance and gain some understanding of their uignechanics. As
demonstrated by Koutsouet al. [1, 54], performing parametric studies of
conventional diamond spacers is already quite challengingven when the spacers are
idealized to be de ned by only three non-dimensional parartess, as sketched in
Figure 1.5. As the complexity of designs increase, the chalignof performing
parametric studies increases as well. This makes it hardery gain a full

understanding of the underlying uid mechanics.



(3) Itis not clear whether a spacer tailored to RO (for which @ncentration polarization
is a primary concern) will operate equally well in MD systemg@or which
temperature polarization is an additional concern). Evenof MD systems, it is not
clear whether a spacer tailored to low concentration bring$or which temperature
polarization is the main issue) will work well for high cona#ration brines (for which
mineral scaling due to concentration polarization is a gréar concern). Indeed, some
studies have observed that increasing the vapor ux of MD sy@ms can come at the
expense of increasing concentration polarization and mia scaling [55, 56]. Even
for xed feed conditions, a spacer tailored to the feed chashof a DCMD system
may not be optimal for the distillate channel. Moreover, theoptimal feed design
likely depends on the feed and distillate ow rates, as thesmpact whether the ow

is steady, unsteady, laminar, or turbulent.

impermeable plate
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\‘/filaments
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transverse filaments

membrane

Figure 1.6 Ladder-type Spacer

The current study explores these issues by considering a fgnof relatively simple
ladder-type spacers with longitudinal laments connectedby perpendicular transverse
laments, as sketched in Figure 1.6. All laments have simpleactangular cross sections
that are easily manufactured using a fused deposition modej printer (FDM), which is
the most common and inexpensive method of additive manufactng. FDM printing works

by tracing a desired geometry with a hot printer head througtlwhich melted thermoplastic



is extruded and deposited onto a heated bed of plastic or gtkasAdditional layers of melted
thermoplastic are deposited above the original layer to for a desired geometry. After all
the thermoplastic layers have been extruded, the printed gemetry is allowed to cool and
solidify.

From a purely structural perspective, the primary purpose fathe longitudinal laments
in Figure 1.6 is to support the membrane surface by dividing thfeed and distillate ows
into N rectangular ducts of equal widthS, and heightH_, as illustrated in Figure 1.6.
Meanwhile, the transverse laments support the longitudial laments and set the duct
width S_. Without transverse laments, the longitudinal laments would need to be fused
directly to the membrane or outer plates. Depending on the mmtation of the spacer, the
transverse laments can be either adjacent to the membranaigace (as in Figure 1.6) or
adjacent to the plate. When adjacent to the membrane, the trasverse laments provide
additional support to the membrane, though at the cost of inbducing extra contact lines
between the spacer and membrane. The converse is true wheacgrs are adjacent to the
outer plates. In addition to our basic design, we perform sekal experiments in which the
transverse laments are equidistant from the plate and menmane, such that they touch
neither. In that case, the spacer requires a FDM printer cap#d of printing support
material beneath the transverse laments to prevent them fym collapsing during the print
process. The support material is removed once the spacer asnplete.

From a uid dynamics perspective, the ladder-type spacersatget two complementary
types of ow structures. In the absence of transverse lames, the longitudinal laments
divide the feed and distillate ows into N rectangular ducts. In that case, the only
potential ow regimes are laminar or turbulent duct ows. The critical Reynolds number
for transition to turbulence in duct ows is a function of the aspect ratio (S_./H_). At an
aspect ratio of 1, the critical Reynolds number is reportedotbe in the range of
1673 Re. 2060, whereReis de ned asRe= UH = andU is the mean velocity
[57, 58]. In the limit S.=H,_ !'1 , the duct tends to a 2D channel ow andRe; tends to

2800 [57, 58]. No matter whether the ow is laminar or turbulety we expect temperature
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and concentration polarization in a duct ow to be strongesnear the contact lines where
the longitudinal laments meet the membrane surface. This &s been shown

experimentally and numerically for RO systems by Lyster an@€ohenet al. [59].

() (b)

(c) (d)
U= =

Figure 1.7 (a) Recirculation regions in ow over a transverséament adjacent to membrane
(b) Merged recirculation region between transverse lamés (c) Recirculation regions in ow
over a transverse lament in the center of a channel (d) Vorteshedding behind a transverse
lament

In contrast to the longitudinal laments, transverse laments only generate contact
lines when the lament is adjacent to the membrane. In that cse, the contact line is
perpendicular to the downstream ow direction and associad with vortical ow
structures. That is because transverse laments generatdéub-body type ows
characterized by boundary layer separation. The case of agle transverse lament
adjacent to the membrane or outer plate generates what is kwa as \ ow over a rib" in
the uid mechanics community [60, 61]. This ow is sketchedn Figure 1.7@), and is a
combination of two other classic ows known as ow over a forard facing step and ow
over a backward facing step. In the laminar regime, a rib tersdto generate streamlines
such as those sketched in Figure 1&), with vortical structures ahead, above, and behind
the lament. When ow occurs over a series of closely spaceds, the vortical structures
ahead and behind adjacent ribs can merge as sketched in Figar&(p). Flows over ribbed

surfaces have been studied extensively for applicationsreducing the wall shear stress of



turbulent ows [61, 62]. If not adjacent to a bounding wall, atransverse lament can
generate a steady wake, as in Figure 1¢j( unsteady laminar vortex shedding as in Figure
1.7(d), or transition to turbulence. It is also worth noting that studies have observed that
duct ows with ribs tend to transition to turbulence at much lower critical Reynolds
numbers than for ducts without ribs [60{69].

The proposed ladder-type spacer addresses the three chadles discussed earlier as

follows.

(1) The spacer has a relatively simple geometry that can be sy manufactured on a
FDM printer, often without the need for secondary support magrial.

(2) The geometry of the proposed spacer lends itself to a pamatric study that
systematically varies the geometry of the longitudinal andéransverse laments to
explore their in uence on membrane structural support and uid mechanics.

(3) By testing the spacer for di erent feed and distillate ow rates, we can explore the
sensitivity of spacer performance to ow regime. By furtheconsidering di erent feed
conditions, we can explore whether a spacer that works wetirflow concentration

feeds works equally well for high-concentration feeds withineral scaling.

The remaining thesis is organized as follows. Chapter 2 suranizes our experimental
and numerical methods. Chapters 3 and 4 present our resultslore speci cally, chapter 3
presents our results for low-concentration feed conditisrin which temperature polarization
is the primary concern. Chapter 4 presents our results fordi-concentration feeds in

which mineral scaling is the primary concern. We summarizeupresults in Chapter 5.
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CHAPTER 2
METHODOLOGY

2.1 Spacer Dimensions

Figure 2.1 shows the six dimensions that de ne the spacers siatered in our study. A
Cartesian coordinate system is introduced in the isometrimew of panel @) to help
visualize the remaining views shown in panel$®)-(d). The transverse laments have a
width W+, a heightHt, and are spaced a distanc8; apart. The longitudinal spacers have
a width W, a heightH_, and are spaced a distancg_ apart. Throughout our study, H_
is set to 1.5 mm because that is the height for which our ow deis designed. This is also
a typical height for DCMD systems. We also x the thickness ofhe longitudinal laments
to W, =1 mm. This was chosen by considering that thinner longitudhal spacers could
damage the membrane when the membrane is placed under consgren between the feed
and distillate spacers. To investigate that possibility, w compressed a membrane coupon
between a ladder-type spacer (Spacer A in table 3.1) and a 1@ kass for 24 hours, after
which we inspected the membrane with a microscope and ran epnents with our DCMD
system to test for leakage. The thicknes#/, = 1 mm showed no signs of damage. We did

not investigate thinner values, as we preferred to err on th&de of caution.

(a) Isometric View (b) Top View
[ |

Z<—t« Xj | |:kSL

X
|<—>ST |
Front View Right View
(© @ 9
X T Lo
| v
| HT%H 0 = LM

Figure 2.1 Ladder-type spacer dimensions investigated inglparametric study
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Our experiments vary the remaining four variables, , Sy, Wy, and W, which we

non-dimensionalize with respect tH_ as,

Hr

_ = SL
H ' -

; H_L

e

Wy
— 2.1
o @1

We refer to as the duct blockage ratio. When =0, there is no transverse lament,
and the duct is completely unobstructed. When =1, the transverse lament completely
blocks the duct. We refer to the remaining non-dimensionalgpameters as the duct width

ratio (! ), transverse lament ratio ( ), and longitudinal ratio ( ).

}LE
0= qn
\ H Avor
-
1|
D ........... ]
oL L L

Figure 2.2 Membrane Blockage RatioArot is the area within the dashed lines.

In addition to the non-dimensional parameters detailed inquation (2.1), we de ne a

non-dimensional membrane blockage ratio,

_ Ator Awm

2.2
Ator @2)

whereAtor and Ay are de ned in gure 2.2. The ratio represents the fraction of
membrane area blocked by the membrane spacer. Note thaffor a given spacer has two
potential values depending on whether or not the transversiaments are in contact with
the membrane. The de nition of does not account for the entry and exit lengthsL(g) for

which there are no transverse laments.

12



(a)

(b)

Figure 2.3 (a) PETG Feed Spacer after an MD experiment showingsible warping. (b)
ONYX Spacer - Distillate spacer shown on left. Feed spacer shown right. Although the
two spacers were the same size before the experiment the fepdcer is noticeably smaller
after MD experiments.

2.2 Membrane Materials

We compared the performance of three di erent spacer matets by printing prototype
feed and distillate spacers and using them to run our benclhede DCMD experiments for
10 hours with an inlet feed and distillate temperature of 6aC and 30 C, respectively. We
rst considered polyethylene terephthalate glycol (PETG) which warped considerably over
the course of the experiment, as demonstrated by the phot@ghs in Figure 2.3&). This
likely occurred because the feed temperature was close t@ theat de ection temperature
of PETG, which the manufacturer reported as 71C at 1.8 MPa. Next, we considered a
blend of nylon and carbon ber, marketed as \ONYX" by its manufadurer (Markforged).
This material was chosen for its high heat de ection tempetare (145 C). However, the
resulting feed spacer shrank with time and produced a notigele smell due to o -gassing,

see Figure 2.39). Finally, we considered acrylonitrile butadiene styreneABS), for which
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the manufacturer (Stratasys) reports a heat de ection temprature of 82 C at 1.8 MPa.
This produced spacers whose dimensions remained constahew measured with a
micrometer before and after DCMD experiments. ABS was consemntly chosen to print
all spacers in our study, using a Stratasys F170 FDM Printer.
2.3 Membranes and Modules

The spacers were tested in a bench-scale DCMD ow cell whosesambly is illustrated
in Figure 2.4. The feed and distillate channels are formed byiting the channel width
(W =7:5cm) and length L =25 cm) from two 2.3 mm thick rubber gaskets, as sketched
in panel (@). The feed and distillate spacers are placed in the cavitiesit from the gaskets,
and the two gaskets and spacers are placed on opposite sidethe membrane coupon
sketched in panel p). The coupons are cut from a larger membrane sheet to includeelve
tabs that extend beyond the rubber gasket. The active membna area is shaded gray. The
gaskets, membrane, and spacers are then sealed between ti@arcacrylic plates using
bolts, as detailed in panel ¢). As the bolts are tightened, tension is applied to the
membrane by pulling on the tabs to remove any wrinkles from thmembrane. The bolts
are tightened su ciently to ensure the channel heights areet by the spacer thickness.
Prior to assembly, the membrane surface outside the activeea is also sealed with a thin
layer of silicone caulk to to prevent feed or distillate fronteaking through the excess
membrane. Though not of optical quality, the clear acrylic fates allow the ow channels to

be monitored for membrane warping, spacer deformation, arilde presence of gas bubbles.

Each acrylic plate is machined with two inlet and outlet pors that distribute incoming
and outgoing ow across the width of the active membrane. Th&op view sketched in
Figure 2.4(d) demonstrates that feed enters two ports that lead to a trouglocated above
the ow channel entrance. The trough spans the width of the @ channel to distribute the
incoming ow across the membrane surface. After passing ovre active membrane area,
ow exits the ow cell through an identical trough and set of aitlet ports. Further details

and photographs are provided in Appendix A.
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(a) top view (b) top view
membrane coupon

gasket

sealed with silicone

(d) top view

inlet
ports
side view

side view
| 0 0 [

feed inlet

dist. inlet

7

. . .
== == ™ ™ ==

Figure 2.4 (a-c) Sketch (not to scale) demonstrating how theéd and distillate channels are
sealed using two acrylic plates, two gaskets, and a membrasigeet. The inlets, outlets, and
membrane spacer are not included in the sketch. (d) detail siwing how feed and distillate
are distributed across the channels using two ports and a treh.

All experiments used a CLARCOR QP952 membrane with a porositydiween
0:70{0:85 and a nominal pore size of:@5um. The membrane thickness varied between
150um{300 um and featured an active layer of elongated polytetra uordtylene (ePTFE)
and a support layer of non-woven polyester (PES). This memine was chosen because its
support layer reduces membrane warping and increases rejabdity of results. The ow
cell is operated in a cocurrent con guration to reduce memhne warping due to opposing
shear stresses on the feed and distillate membrane surfadasrither membrane details can
be found in the experimental study by Vannestet al. [70].

2.4 Flow Control and Instrumentation

The ow cell is operated in a continuous closed-loop systemketched in Figure 2.5 The
feed loop is depicted on the left side of the gure. Feed solah exits the base of a 10L
storage tank and is pressurized by a recirculation pump be#passing through a heat
exchanger (Brazetek BT-STX-85) that maintains the desiredniet feed temperature by

circulating a heated glycol solution. The feed then passelsrough the ow cell and returns
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to the tank through a hole in the tank's upper side wall. This dops the returning feed into
the stored feed below to enhance mixing. The tank is sealedthva lid to prevent
evaporation to the surrounding environment. For experimda without risk of mineral
scaling, the feed is circulated using a centrifugal pump (Miiopump CA series powered by
an EagleDrive DEMSE motor). For cases with risk of mineral sting, the feed is circulated
using a diaphragm pump (HydraCell MO3 series pump powered byCayton 1hp motor).
Two temperature probes (Electronic Innovations EI1034) ahpressure transducers
(OMEGA PX309-030G5V) monitor the feed temperature and presse entering and exiting
the ow cell. The measured inlet temperature is used to autoatically turn the heat
exchanger on and o to ensure a constant inlet temperature. lle feed exiting the cell also
passes through a conductivity probe (Sensorex TCSMA Blindofoidal Conductivity

Transmitter) before returning to the feed.

Pressure Valve Pressure Valve

Sensors

@ Temperature
® Pressure
© Conductivityf

Distillate Tank

Recirculation Heat Heat Recirculation
Pump Exchanger Distillate Exchanger Pump
K Drain Valve J

Figure 2.5 Diagram of Bench-Scale DCMD System

The distillate loop shown on the right side of Figure 2.5 opetas similar to the feed
loop. Distilled water exits a 10 L storage tank and passes thmgh a recirculation pump
(Micropump CA series centrifugal pump powered by an I-DrivéMS motor) and a heat
exchanger (Brazetek BT-STX-85) that uses chilled water to niatain the desired inlet

temperature to the ow cell. A digital ow meter on the feed ard distillate loop is used to
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automatically adjust the pump power to maintain the desiredow rate. The temperature
and pressure of the distillate entering and exiting the ceire monitored by temperature
probes and pressure transducers (identical models as on feed side). The measured
distillate inlet temperature is used to automatically adjst the ow rate of chilled water
through the heat exchanger via a solenoid valve. A conduciily probe (Eutech
alpha-COND500) monitors the distillate leaving the ow cellto detect whether feed liquid
is leaking through the membrane due to pore wetting or membna damage. Finally, the
distillate returns to the distillate tank through a port near the lower side wall to minimally
disturb the water within. This reduces noise measured by a @ssure transducer (OMEGA
PX309-002GV) at the base of the distillate tank. This pressurmeasurement is used to
compute the volume of water within the tank.

The distillate tank is placed above the feed tank, and the basof the distillate tank is
tted with a solenoid valve that allows a desired volume of ditillate to return to the feed
tank. This allows us to run extended experiments in which théed is concentrated to a
desired limit, after which the recovered distillate is rettned to the feed tank and the cycle
repeats. The change in distillate volume over time is also @d to measured the vapor ux
through the membrane. The data collection and operating cditions in all experiments
were controlled using Labview software and a multichannelA). The components of the
distillate and feed loop are connected by vinyl tubing. Theiayl tubing that connects the
heat exchangers to the ow cell inlets are wrapped in foam ioktion to reduce heat losses.
2.5 Experimental Procedures

The ow control system was used to perform two complimentargets of experiments.
The rst focused on the e ects of temperature polarization.For that purpose, the feed
tank was lled with 7L of DI water containing 1 g/L of NaCL. This is well below the
solubility limit of NaCl (350 g/L) and minimizes the impact of concentration polarization
on vapor production. NaCl is only added to the feed to allow theistillate conductivity to

be monitored for any indication of membrane leakage. The diitate tank was lled with
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2L of DI water. The temperature polarization experiments masured vapor ux and
pressure loss across the ow cell for four di erent feed andglillate ow rates: 1.25, 1.5,
1.75, and 2 L/min. When averaged over the full ow channel cressection W H_ =
1125 mn?), these produce the average inlet velocities 0.185, 0.282259, and 0.296 m/s.
The average velocity in the individual ducts depend on the sger dimensions. The feed
and distillate ow rates were always equal, and the feed andgtillate inlet temperatures
always remained at 60 1 C and 30 1 C respectively. All experiments began by
running for 1 h at the ow rate 1.25 L/min to allow the system to reach a steady state,
which was determined by monitoring the temperature, presse, and conductivity at the
ow cell inlets and outlets. The system then ran for 1 h at eaclof the four ow rates
investigated. Every time the ow rate changed, the recovetkdistillate water was ushed
to the feed tank to return the distillate tank volume to 2L andthe feed tank volume to
7 L. Experiments were run in triplicate to explore the variablity of results.

The second set of experiments investigated the impact of s design on mineral
scaling. For that purpose, the software OLI was used to compathe solubility of NaCl,
CaCGQ;, CaSQ, SiO,, and BaSQ. The solubility curves from OLI are located in the
appendix. These minerals were investigated because they @ommon in brackish water
and are known to impact the performance of membrane sepaati systems [55, 71{79]. We
eventually chose silica (Sig) as the precipitating mineral for several reasons. First,lg&ia is
commonly found in brackish groundwater and is a common soerof mineral scaling in
membrane separation systems [71, 75, 77, 78, 80]. Secondsiblability of SiO, increases
with temperature, which makes it more likely to scale on theeked membrane surface
[21, 59, 71, 74, 75, 77, 78, 80]. Finally, silica scaling hashenvestigated in previous
literature [71, 75, 77, 78], which we can consult to help criaa scaling solution. To make
the synthetic feed solution more representative of brackiggroundwater sodium, chloride,
magnesium, and calcium were also added. The addition of dalm was especially
important because it has been shown to accelerate silica lsag in membrane processes

[71, 80].
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In addition to silica, we added sodium, chloride, magnesiuynand calcium to the
synthetic feed solution to make it more representative of bckish groundwater. The
synthetic feed solution used for all the scaling experimentas largely based o a similar
study by Bush et al. [71]. Our synthetic feed solution was composed of 1000 mg/L Gla
1200 mg/L NaSiG;-5H,0, 750 mg/L CaCl -2 H,0, and 450 mg/L MgCl -6 H,O and was
brought to a neutral pH by adding concentrated HCI. The feed tak was lled with 4 L of
solution and the distillate tank was lled with 2 L of DI water. Next, the DCMD system
was set to run at a feed and distillate owrate of 1.25 L/min aw the inlet temperature of
the feed and distillate were set to 60C and 30 C respectively. The experiment ran until
2:5L of permeate were collected, at which point:BL of permeate was ushed into back
into the feed tank. The experiment continued to cycle in thisnanner, with the distillate
tank volume varying between 4 and 4% L for the remainder of the 60 h experiment. The
membrane coupon was then immediately removed from the ow lk@and pictures were
taken to document where scale formation occurred.

Between experiments, the DCMD system was cleaned by rst reswing the ow cell
and spacers and rinsing them with DI water to remove any scalj. Afterward, the ow cell
was assembled with clean spacers as well as a new membran@aowand reattached to the
system. DI water was then ushed through the system until theconductivity probe
consistently reported zero conductivity for a full hour. Nek the pH of the feed solution
was increased to 11.5 or greater by adding NaOH. The system ramm inother hour under
these conditions. Afterward, the feed was again ushed with Dwater until zero
conductivity was measured by the feed conductivity probe. Aen the pH of the feed
solution was decreased to 2.5 or less by adding HCI and the gstwas set to run for
another hour. Finally, the system DI water was again ushed though the system until the

conductivity probe consistently reported zero conductity for a full hour.
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2.6 Numerical Simulations

We consider two-dimensional, unsteady, computational i dynamics simulations of
the truncated DCMD system sketched in Figure 2.6. The numest system matches the
dimensions of the transverse laments%r, H_, W) and the height H_ of the longitudinal
laments. However, the length of the system is truncated to awsider ow over only three
transverse laments. Additional inlet and outlet lengthsL;, and L, are added to help
isolate inlet and outlet e ects. Results are only plotted fothe region beginning and ending
at the rst and last lament, respectively, as shown by the dahed line in Figure 2.6. We
consider co-current operation (as in the experiments) witthe feed and distillate entering
from the left. The velocities at the inlets are set to lamingrfully-developed, parabolic
pro les with a mean velocity U, that matches the mean velocity within a single duct of
the experiment. The feed and distillate enter with uniform émperatures of 60 C and 30
C, respectively. The feed enters with a uniform concentratn of 1 g/l of NaCl, which
matches the feed conditions of our temperature polarizaticexperiments. There is a small
gap of space between transverse laments and the plate or mierane, which is equal to 5%

of the channel height.

~— L,——_________regionof interest L.x
; )
1 g/l U, E/%«— &—»W% IL -«—»:E
NaCl F>J60°C ! IR
v %, i
>/ 30°C ! i
/:r 77777747

Figure 2.6 Sketch of the DCMD systems considered for numericamulations

Details of the numerical methods are available in Loset al. [11]. Here, we only brie y
summarize the main points. Fluid ow in the feed and distillae channels is governed by

the continuity and Navier-Stokes equations for a Newtonian ig with constant
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thermo-physical properties,

2

@,
@t

whereu =[u V], p, and are the uid velocity, pressure, density, and viscosity,

r u=0; (u r)u =r p+ r ‘U (2.3)

respectively. The simulations neglect density variationwith temperature and
concentration, because the maximum density variation is #in 3%. In each channel, the
density is set to that evaluated at the channel's inlet tempmture and concentration. Heat

and NacCl transport are governed by the energy and advection-gision equations,

Cp %}(u r)T =kr 2T+ fq; (2.4)
@c _ 2 .
@t+(u r )c= Dr %c+ fg; (2.5)

whereT is the temperature,c is the concentration,c, is the uid heat capacity, D is the
e ective mass di usivity, and k is the thermal conductivity. We neglect the variations of
the thermophysical properties with temperature and concération.

The simulations assume the impermeable plates and spacers thermally insulated,

satisfying the following no-slip, no-penetration, and nodx boundary conditions,

u=nrc=nrT=0; (2.6)

wheren is the unit normal to the surface. We apply the no-slip condibn (u = 0) to the
membrane surfacey = 0). We assume full rejection of NaCl by the membrane, which
requires the sum of salt di usion and advection normal to thdeed membrane surface to

equal zero,

C

b @
y=0+ @Yy—g+
where the \+" denotes evaluation ofc and v on the feed surface of the membrane.

VC =0; (2.7)
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Heat and vapor transport through the membrane are modeled g the popular
Scho eld model [10]. This assumes the transmembrane vapoass ux j, is linearly

proportional to the transmembrane vapor pressure di erere

jv="B(ph Pw); (2.8)
wherep!, and pd are the partial vapor pressures on the feed and distillatedss of the

membrane, respectively, an® is the membrane's vapor permeability. We evaluatgf, and

pd as the product of the vapor saturation pressur®s and water activity ay,

3841
Tm 45 '

Pm = awP; P =exp 23238 (2.9)

where P2 is determined using the Antoine equation and,, is the local temperature on
the membrane surface. The activity is determined from the @xession

ay=1 00311d 0:001482’ [81], wherebis the NaCl molality (mol/kg). This
expression is valid from zero salinity to saturation.

The Scho eld model [10] approximates transmembrane heatrauction as

Q= k—'“(T;1 Ty, (2.10)

where and k., are the membrane thickness and thermal conductivity, resptvely, and
T! and T8 are the local temperatures on the feed and distillate side$ the membrane,
respectively.

Following common practice, we determine the ratié&,,= used in equation (2.10) and
the vapor permeability B used in equation (2.8) by tting to experiments. This was doe
previously by Louet al. [11], who reported k,= =577 W/im2Kand B =1:87 10 °

kg/m? s Pa) for the same membrane material used in the current study
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CHAPTER 3
RESULTS OF TEMPERATURE POLARIZATION
EXPERIMENTS

3.1 Spacer Orientation

We begin by presenting the results of our temperature polaation experiments. The
results of our mineral scaling experiments are presentedchapter 5. The dimensions and
non-dimensional parameters characterizing the spacerssaered are summarized in tables
3.1 and 3.2. Our rst set of experiments considered the spadabeled A in Table 3.1 and
sketched in Figure 3.1. The longitudinal laments have a spautg ratio of s=3.33 (S_. =5
mm), which provides 13 equispaced longitudinal laments ahg the channel width. The
transverse laments have a blockage ratio d#=0.5 (Ht = 0:75 mm), width ratio of w=2
(Wt =3 mm), and a spacing ratio oft=6.73 (St = 10:1 mm). The spacing ratio provides
18 equispaced transverse laments along the active membraitength. Using these spacers,
we measured the ux and pressure loss for the four combinatie of transverse lament
orientations illustrated in Figure 3.2. Panel &) shows the orientation labeled MM, in
which the transverse laments in both the feed and distillaé channel are adjacent to the
membrane surface. Paneld) shows the orientation labeled PP, in which the transverse
laments in both channels are adjacent to the plate. Finallypanels €) and (d) show the
orientations MP and PM, respectively, in which the transvese lament in either the feed
(MP) or distillate channel (PM) is adjacent to the membranewhile the other is next to
the plate.

Of the four combinations shown in Figure 3.2, the combinatioMM provides the
greatest membrane support, while PP provides the least. Traupport provided by
combinations MP and PM likely depend on the local di erencen pressure between the feed
and distillate channels. For example, a higher pressure ohe feed surface of the membrane
will likely cause the membrane to de ect into the distillatechannel, such that combination

PM will provide structural support to the membrane while corbination MP will not.
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Table 3.1 Spacer Geometries

Transverse Filament Dimensions Longitudinal Filament Dimensions
Spacer|| spacing | width height | spacing| width height
A 10.1 mm| 3 mm 0.75mm | 5mm | 1 mm 1.5 mm
B 122 mm| 1 mm 0.75mm | 5mm | 1 mm 1.5 mm
C 269 mMmm| 1 mm 0.75mm | 5mm | 1 mm 1.5 mm
D 5.4 mm 1 mm 0.75mm | 5mm | 1 mm 1.5 mm
E 3.2 mm 1 mm 0.75mm | 5mm | 1 mm 1.5 mm
F 121 mm| 1 mm 0.25mm | 5mm | 1 mm 1.5 mm
G 269 mm| 1 mm 0.75mm | 11 mm | 1 mm 1.5 mm
H 12.4 mm| 0.75 mm| 0.75mm | 5mm | 1 mm 1.5 mm

Table 3.2 Non-dimensionalized Spacer Parameters

Non-dimensionalized Parameters
Spacer !
A 6.73 2 0.5 ]3.33] 0.36
B 8.07 | 0.67| 0.5 | 3.33| 0.23
C 17.93| 0.67| 0.5 | 3.33| 0.20
D 3.6 [ 067 05 |3.33| 0.30
E 2.13 | 0.67| 0.5 | 3.33| 0.36
F 8.07 | 0.67| 0.17| 3.33| 0.23
G 17.93| 0.67| 0.5 | 7.33| 0.12
H 827 | 05| 05 |3.33| 0.17
Top View Top View - Expanded
10.1 mm
v
249 mm T3mm
imm  Som
T Front View - Expanded
Y
-+ 075 i i 15 0
73 mm A A

Figure 3.1 Spacer A - The left side of the image shows a renderiaf the full spacer. The
right side of the image zooms in on a top and front view of Spaca to list its dimensions

The opposite is true when the local pressure is higher in thestlllate. Though our

experiments measure the inlet and outlet pressure of both ahnels, we can only conjecture
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as to what the local transmembrane pressure di erence may léthin the channel.

The membrane blockage ratio () of Spacer A depends on the transverse lament
orientation. We de ne the membrane surface area as blockefdai lament is in contact
with the membrane surface on either the feed or distillate emnel. By this de nition
orientation MM, MP, and PM have the membrane blockage ratio = 0:36, while
orientation PP has =0:17. However, it should be noted that depending on pressure
conditions, transverse laments in orientation MP and PM m@& not be in actual contact

with the membrane surface.

@ MM (b) PP
— —{ Feed — — Feed
Membrane : 1 Membrane
— — Distillate — — Distillate
(©) MP (d) PM
— — Feed — — Feed
Membrane ; i Membrane
— — Distillate — — Distillate

Figure 3.2 A front view depicting the 4 orientations membrangpacers can be arranged in.

(@) (b)

20 T T T T T T T 80

19F 1 70 I |

18 60 -

3
©
o
=
Tart 350t
2 S
* e
=1 L >3
T 16 @ 40
o
o
15F 8 30
&
—I— Orientation PM —I— Orientation PM
14 F —I— Orientation MM | _| 20F —I— Orientation MM | _|
Orientation PP Orientation PP
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Figure 3.3 Spacer A - Flux and pressure loss as a function of owte
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Figure 3.3 shows the variation of the vapor ux &) and downstream feed pressure loss
(b) with inlet ow rate. For all orientations, we observe an appoximately linear increase in
vapor ux and pressure loss with increasing ow rate. Panelg) shows that the orientation
of the transverse laments has a noticeable impact on vaporux. Spacer orientation PP
produced the highest ux for all ow rates tested, while ori@tations MM and PM

produced the lowest.

(@ Orientation MP (b) Orientation PM

Figure 3.4 @) Membrane warping in orientation MP (b) Membrane warping in orientation
PM

If we try to interpret the ux results in Figure 3.3(a) in terms of membrane surface
blockage, we would expect orientation PP to have the greatesix, because it blocks the
least membrane surface, and we would expect orientation MM have the least ux,
because the transverse laments are in contact with both s&$ of the membrane. This is
indeed what we observe in Figure 3.3). If the orientations MM, PM and MP have equal
blockage, we would expect all three to produce equal ux. ltsad, we observe that while
PM and MM indeed have nearly equal results, orientation MP mduces more ux. This
result could be explained in terms of membrane blockage ifdlpressure or ow conditions
caused the membrane in both orientations to de ect into the igtillate channel, as sketched
in Figure 3.4(@) and 3.4({b). For the orientation MP, shown in panel @), the de ection
would pull the membrane away from the transverse lament inhe feed channel. For the
orientation PM, shown in panel @), that would press the membrane onto the transverse
lament in the distillate channel. If we further try to inter pret our ux measurements in
terms of membrane support, we would expect orientation MM tbave the most repeatable

results, because that orientation provides the greatest gport. The low standard
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deviations in our results for orientation MM suggests thissiindeed the case. In contrast,
the remaining three orientations all have larger standardeaViations, particularly at the
largest ow rate, which suggests that membrane warping or pping increase with ow
rate.

Our results for vapor ux can also be interpreted in terms oftie vortical structures
generated by transverse laments. In orientation PP, the pa& of laments on opposing
plates should accelerate and redirect the bulk ows towardhe membrane surface, as
sketched in Figure 3.5¢). This brings warm feed and cool distillate towards the memiane
surface, consequently increasing the ux. The opposite i&kely true in orientation MM. In
that case, the pair of laments redirect bulk ow away from the membrane surface and
likely generate vortical structures that trap uid near the membrane surface, as sketched in
Figure 3.50). These ow e ects likely increase temperature polarizatin and decrease

permeate production.

(@) Orientation PP (b) Orientation MM
LSS
— = %@?
V ,%
- N =
v
Ny %@ _

Figure 3.5 @) Orientation PP (b) Orientation MM

Figure 3.3() shows that spacer orientation has only a small e ect on preare losses.
From a uid mechanics perspective, we expect the pressureses for the four orientations
to be identical, because changing the spacer orientationiparily impacts the ow
component normal to the membrane, which is negligible comqgal to the downstream
component. It is possible that the impact of spacer orientain on the temperature eld
could produce di ering pressure losses, due to the variahoof viscosity with uid. In that
case, however, we would expect to see a large di erence ingmere loss for orientation MM

and PP.
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For the remainder of our study, we only consider the orientains PM and MM. The
decision to reduce the number of considered orientations sviargely motivated by time
and limited membrane material available. Investigating &lfour orientations in triplicate
required a minimum of 12 experiments. The actual number of pgriments was often larger
due to cases that needed to be rerun due to issues such as mamérdefects, ow channel
leakage, and system shutdown. We consequently decided tmiti ourselves to only two
orientations. We chose PM and MM because the distillate spacin both of these
orientations supports the membrane with longitudinal andiansverse laments. The hope
is that using the distillate spacer in a more supportive origation will provide more
reproducible results. Additionally, by choosing these twor@ntations, we focus our study
on the impact of the transverse lament in the feed channel. Wte our results in Figure
3.3 suggest that orientation MM and PM produce very similaresults for temperature
polarization, we expect these orientations to di er more dustantially for the mineral
scaling experiments.

3.2 Transverse Filament Width

Top View Top View - Expanded
12.1 mm
249 mm é 1 mm
—| |- > *
1 mm 5 mm
Front View - Expanded
Y
T 0.75 mni 1.5 mn
73 mm A A

Figure 3.6 Spacer B - The left side of the image shows a renderiof the full spacer. The
right side of the image zooms in on a top and front view of SpacB to list its dimensions

Our results in the previous section suggest that vapor prodtion can be increased by

reducing the membrane blockage ratio. This could be achi@lvy increasing the distances
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S, and St between longitudinal and transverse laments, respectiVg or by decreasing the
width Wt of the transverse laments. In this section, we investigatéhe impact of reducing
W+ . For that, we consider Spacer B, which is identical to SpacéY, with the exception
that Wt and St have been modi ed so the spacer has 18 equispaced transvelsenents of
width 1 mm. This reduces the blockage ratio of orientations M and PMto = 0:23,

from = 0:36 for Spacer A.
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Figure 3.7 Spacer A and B - Flux and Pressure Loss as a functionFdbwrate

Figure 3.7 shows the vapor ux &) and downstream pressure losd) with inlet ow
rate for Spacer B in orientation PM and MM. For comparison, tle corresponding results
for Spacer A are also provided. Consistent with our hypothissthat vapor ux could be
increased by decreasing the membrane blockage, we indeed that Spacer B has a
signi cantly higher vapor ux than Spacer A. Though the resuts for Spacer B in both
orientations produced comparable results, orientation MNproduced a noticeably greater
ux for the higher ow rates. Figure 3.7(b) shows that spacers A and B produce nearly
identical pressure losses, though the case of orientatioMRor Spacer A is lower than the
rest. Given the large standard deviation in those resultst is di cult to draw any further

conclusions for that case.
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Figure 3.8 Spacer B Orientation PM - &) Streamlines, ) Temperature eld (c)
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To further investigate our results for Spacer B, we perforndeCFD simulations of the

orientations MM and PP for the ow rate of 1.25 L/min. Figure 3.8 shows the streamlines

30



(a), temperature eld (b), transmembrane temperature di erence €), local transmembrane
ux ( d), and membrane surface concentratiorej for the orientation PM. The streamlines
in panel (@) show the ow is steady, with large stationary recirculation zones between the
transverse laments. The temperature eld in panel ) shows that there is a thin
temperature boundary layer adjacent to the membrane surfadn the feed channel. The
layer is thin because the laments and vortical structures 1o the outer plate of the feed
channel constrict and accelerate the downstream bulk, alrsibas though it was owing in a
feed channel of height ®H, . In the distillate channel, however, the large vortical
structures produce regions of warm uid adjacent to the menmane. These form because
the closed streamlines of the recirculation zones prohitadvective heat transfer with the
bulk, such that heat can only enter the recirculation regios due to conduction, which is a
slow process. Meanwhile, heat advection within the reciriation zones mixes the thermal
boundary layer, generating a large region of warm uid. The armest region occurs just
slightly downstream from the rear surface of the lament. Tis is where two vortical
structures meet, generating a local \dead zone". Panet) shows that this dead zone is
also where the minimum transmembrane temperature occurs.adving downstream, panel
(c) shows that the transmembrane temperature di erence inceses until it reaches the
next lament. To understand this behavior, we consider thelsetch in Figure 3.9, which
tracks a uid element as it makes a circuit about the closed stamline of the recirculation
zone. At the location labeled 1, the element has its maximunemperature. As it travels
downstream it cools because it is in contact with the cold diflate. It then slowly heats up
as it ows upstream due to heat released from condensation wpor on the distillate
surface of the membrane. Overall, these results show thaiatisverse laments decrease
temperature polarization when adjacent to the plate, and icrease temperature
polarization when adjacent to the membrane surface. The lalctransmembrane ux shown
in panel (d) matches the trend ofDT,,. This result was anticipated, as the driving force
behind transmembrane ux in membrane distillation is the patial vapor pressure, which is

highly sensitive to temperature. Panel€) shows that the concentration on the membrane
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surface,c,,, decreases as feed accelerates beneath the transverse dats in the feed
channel. The decrease in, beneath the laments is not enough, however, to completely
counter the growth in ¢, between laments. There is consequently a gradual increasec,,
along the channel length. A potential reason for this is thehickness of the concentration
boundary layer is much less than that of the temperature layesuch that the

concentration layer is less a ected by the accelerated owwver transverse laments.

1 5 4
+
VN e
2 3
Figure 3.9 Fluid element in a recirculation region. Red indi¢as an increase in temperature
and blue indicates a decrease

Figure 3.10 shows the CFD results for orientation MM. The corsponding results of
orientation PM are shown as dashed lines in panels)( (d), (e) for comparison. The
streamlines in panel &) show that recirculation regions now occur on both sides ofi¢
membrane. The temperature eld in panel ) shows that these exacerbate temperature
polarization on both sides of the membrane. Panels)(and (d) show that DT, and vy,
follow similar qualitative behavior to what was observed foPM. However, due to increased
temperature polarization,DT,, and v,, are lower than PM in the regions between
laments, which produces a lower overall ux.

Panel (e) shows that the membrane concentration for MM is very di erat from what
was observed for PM. The presence of the transverse feed gpadjacent to the membrane
generates large spikes of concentration up and downstreaffrtloe lament. Furthermore,
orientation MM does not appear to generate a net increase @, over the length of the
channel. This is due to the transverse laments causing a swient interruption in the
concentration boundary layer to prevent downstream growthSimilar behavior has been

observed in studies of ladder-type spacers in nano ltratrosystems [47].
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Figure 3.10 Spacer B Orientation MM - &) Streamlines, p) Temperature eld (c)
Transmembrane temperature di erenced) local transmembrane ux (e) membrane surface
concentration

As predicted by our simulations, our experiments found that eentation PM produced

more permeate ux than MM at the ow rate 1.25 L/min, as shown n Figure 3.7@).
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Counter-intuitively, however, we observe that orientatioc MM produces greater uxes for
all other ow rates. This result remains to be explained andauld be due to either 3D
e ects or a transition from steady recirculation regions tan unsteady ow state. Future
work is required to perform 3D simulations and consider gresx ow rates.
3.3 Transverse Filament Spacing

Motivated by our successful increase of vapor production the previous section, we
explored whether vapor ux could be further improved by inceasing the distancesy
between transverse laments. For this purpose, we consid8pacer C, which is identical to
Spacer B exceptSr has been increased to accommodate 9 equispaced transvelaments
of width Wt =1 mm, compared to 18 transverse laments in Spacer B. This deices the

membrane blockage ratio to = 0:20 from = 0:23 for Spacer B.
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Figure 3.11 Spacer C - The left side of the image shows a rendgrof the full spacer. The
right side of the image zooms in on a top and front view of Space€ to list its dimensions

Figure 3.12 shows the vapor ux &) and downstream pressure losseb)(for Spacer C
in orientation PM and MM. For comparison, the correspondingesults for Spacer B are
also provided. To our surprise, panela) shows that Spacer C consistently produces a
much lower ux than Spacer B, counter to our hypothesis that dcreasing the membrane

blockage ratio would increase permeate ux.
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Figure 3.12 Spacer B and C - Flux and Pressure Loss as a functidn-towrate

These results could potentially be explained by interpratig the ow in terms of the
vortical structures generated by transverse laments. As glwn in Figure 3.13, increasing
the spacing between laments may cause the recirculationg®mns behind the laments to
close before interacting with the neighboring downstreamlament. This would cause an
increase in the e ective cross-sectional ow area and a dease in the bulk ow velocity.

That in turn would increase temperature polarization.

R\ == ==
decelorates

NNE= NN\

bulk flow
decelerates

7/

Figure 3.13 Flow over transverse laments spaced far apart

Figure 3.12p) shows that Spacers B and C produce nearly identical pressulosses. It
should also be noted that increasing the spacing between tisverse laments signi cantly
reduced the transverse rigidity of the spacer. We observelat this led to warping of the
spacer and membrane, as the gaskets of the ow cell were tightd. This likely explains

the greater variability in the ux measurements for Spacer GCompared to Spacer B.
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Figure 3.14 Spacer D - The left side of the image shows a rendgrof the full spacer. The
right side of the image zooms in on a top and front view of SpacPk to list its dimensions

Our results for Spacer C motivated the design of Spacer D, st in Figure 3.14, which
is identical to Spacer B with the exception thatSy has been reduced to accommodate 36
equispaced transverse laments along the length of the aed membrane surface. This

increases the membrane blockage ratio to= 0:30.
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Figure 3.15 Spacer B and D - Flux and Pressure Loss as a functidnFtowrate

Figure 3.15 shows the vapor ux &) and downstream pressure losd) for Spacer D in
orientation PM and MM. For comparison, the corresponding ults for Spacer B are also

provided. Spacer D in orientation PM produces the highest x at all the ow rates
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investigated. Spacer D in orientation MM produces a ux verysimilar to Spacer B in the
same orientation. These results are interesting for two reans. The rst is, these are the
rst experimental results that show a signi cant di erence in the membrane ux between
orientations PM and MM. The second is that the increase in thenembrane surface
blockage ratio did not produce a lower ux. From a uid dynamics perspective, the results
for Spacer D in orientation PM may be explained by the increasl ow velocity over
transverse laments, which disrupts the temperature bounakry layer, leading to a higher
temperature di erence at the membrane surface and conseapiy an increased ux.
Orientation MM experiences a lower ux due to the recirculabn regions that form behind
transverse laments. These vortical structures trap ow ina local region, preventing heat
from being advected toward the membrane surface, therebycireasing the e ects of
temperature polarization and consequently reducing ux.

Figure 3.15p) shows the pressure losses produced by Spacer D are slighahger than
those produced by Spacer B. This may be explained by the inaseed number of transverse
laments constricting the channel cross section. Howeverhis pressure di erence is very

small and may also be explained by error in the pressure trahgers.
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Figure 3.16 Spacer E - The left side of the image shows a rendgrof the full spacer. The
right side of the image zooms in on a top and front view of Spack to list its dimensions

Motivated by our results for Spacer D, we consider Spacer E which transverse
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spacingSt was further reduced to accommodate 54 transverse lament$oag the active
membrane length. Due to the results of Spacer D suggestingasprs with a smallSy

produce a higher ux in orientation PM this was the only oriemation investigated.
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Figure 3.17 Spacer B and E - Flux and Pressure Loss as a functidn-towrate

Figure 3.17 shows the vapor ux &) and downstream pressure losd) for Spacer E.
For comparison, the corresponding results for Spacer B arls@ provided. The ux
produced by Spacer E is similar to that produced by Spacer B (Wi has 18 transverse
laments). This suggests that though decreasin@r can increase ux production, there is a
limit beyond which further reducing St begins to decrease ux production due to the
increasing membrane blockage ratio. This suggests thereais optimal spacingS; that will
maximize ux.

3.4 Transverse Filament Height

Having investigated the impact of transverse lament width ad spacing, we investigate
the impact of lament height. For that, we consider Spacer F, \ich is identical to Spacer
B with the exception that the transverse lament height has leen reduced taH+ = 0:25
mm, which produces a blockage ratio of = 0:17. For brevity, we only considered the

orientation PM in these experiments.

38



Top View Top View - Expanded

12.1 mm

249 mm ilmm
S K

1 mm 5mm

Front View - Expanded

. oosmmtl L LT 1smn

73 mm f A

Figure 3.18 Spacer F - The left side of the image shows a rendgriof the full spacer. The
right side of the image zooms in on a top and front view of Spack to list its dimensions

From our results, we expect the reduction in blockage will deice the acceleration of the
feed ow beneath the transverse laments. This in turn shoud increase temperature
polarization in the feed channel. Conversely, we also exp@such smaller recirculation
zones in the distillate channel, such that temperature poteation should be reduced in the
distillate.
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Figure 3.19 Spacer B and F - Flux and Pressure Loss as a functidnFtowrate

Figure 3.19 shows the vapor ux &) and downstream pressure losd) for Spacer F in

orientation PM and MM. For comparison, the corresponding ults for Spacer B are also
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provided. The ux produced by Spacer F in Figure 3.1%) is signi cantly lower than
Spacer B. This suggests the increase in temperature polatipn in the feed channel
dominated any decrease in temperature polarization in theigtillate. The pressure in
Figure 3.19p) shows that Spacers F and B have similar pressure losses. file our
results to this point suggest that pressure losses are nonsdive to the transverse
laments, at least for the parameters considered in our stud

3.5 Longitudinal Filament Spacing
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Figure 3.20 Spacer G - The left side of the image shows a rendgrof the full spacer. The
right side of the image zooms in on a top and front view of Spacé to list its dimensions

The next set of experiments investigated the e ects of longidinal lament spacing
(SL) on ux and pressure loss. This motivated the design of the gsger labeled G in Table
3.1. The longitudinal laments have a spacing ratio 06=7.33 (S_. = 11 mm), which
provides 7 equispaced longitudinal laments along the chael width. The transverse
laments have a blockage ratio ofb=0.5 (H+ = 0:75 mm), width ratio of w=0.67 (W =1
mm), and a spacing ratio oft=17.93 (Sr = 26:9 mm). The spacing ratio provides 9

equispaced transverse laments along the active membrarength.
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Figure 3.21 Spacer C and G - Flux and Pressure Loss as a functidr-towrate

Figure 3.21 shows the vapor ux &) and downstream pressure losd) for Spacer G in
orientation PM and MM. For comparison, the corresponding ults for Spacer C are also
provided, as the the only parameter that changes between e spacers is the longitudinal
lament spacing S.. The ux results in Figure 3.21(@) show Spacer G produces a higher
ux than Spacer C, which suggests that increasing the spa@rbetween longitudinal
laments may increase the ux. From a uid dynamics perspecive these results can be
explained by the dead zones that form near the longitudinallament contact lines. Due to
Spacer G having fewer contact lines there are fewer dead zene¢hich leads to less
temperature polarization and a higher ux. Given our succeswith Spacer G, the next
logical step is to increase the number of transverse lamesytto further increase ux.
Unfortunately, our lab closure due to COVID-19 left insu cient time to consider this
combination. It is left to future work.

Figure 3.21p) shows the pressure losses produced by Spacer D and G are g&myilar,
which suggests the spacing between longitudinal lamentsoés not have a signi cant
impact on the pressure loss. The similarity in our pressuresults to this point make us
wonder if our pressure transducers do not have the resolutioequired to detect the small

di erence in pressure loss we are investigating.
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3.6 Floating Transverse Filaments
Our nal set of temperature polarization experiments consler the spacer labeled H in

Table 3.1 and sketched in Figure 3.22. The longitudinal lamas have a spacing ratio of

= 3:33 (S. =5 mm), which provides 13 equispaced longitudinal lamentalong the
channel width. The transverse laments have a blockage ratiof =0:5 (Hy =0:75 mm),
width ratio of ! =0:5 (W =0:75 mm), and a spacing ratio of =8:27 (St = 12:4 mm).
The spacing ratio provides 18 equispaced transverse lantsralong the active membrane
length. Unlike all other spacers considered previously, theansverse laments are situated
equidistant from both the membrane and outer plate, such thahey \ oat" without
touching the plate or membrane. This produces the membrandolckage ratio =0:17.
This spacer was considered for two reasons. First, in industr membrane systems, the
outer plates are usually replaced with a second membrane tcrease the amount of
membrane surface area in the system. In that case, the tramsge laments will always be
adjacent to one of the membrane surfaces. Floating the trarexsge lament avoids contact
with either membrane, and accelerates the ow to avoid the fmation of large recirculation
zones on either membrane surface. Secondly, literature gegts that oating the laments

may trigger unsteady vortex shedding, which might reduce teperature polarization.
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Figure 3.22 Spacer H - The left side of the image shows a rendgrof the full spacer. The
right side of the image zooms in on a top and front view of Spack to list its dimensions
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Figure 3.24 shows the vapor ux &) and pressure lossk) with inlet ow rate. For

comparison, the results of Spacer B in orientation PM and MMra also provided. Panel

(a) shows that the vapor ux of Spacer H is nearly identical to tlat of Spacer B in

orientation PM for all ow rates except 2.0 L/min. It is worth noting, however, that

permeate production for Spacer E shows a growing rate of inase with ow rate. In

comparison, Spacer B shows a nearly linear variation, or peps, a decreasing rate of

increase at higher ow rates. This suggests that Spacer H maerform well at higher ow

rates. Due to the limits of our experimental system, we couldot explore this possibility.

Figure 3.24p) shows that Spacer H produced a noticeable reduction in thegssure loss for

all ow rates investigated.
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Figure 3.24 Spacer B and H - Flux and Pressure Loss as a functidnFtowrate
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Figure 3.25 Spacer H Orientation FF - The CFD simulation resultshown below rst show
the streamlines in the feed and distillate channels. Next thgraphs show the temperature
di erence, solute concentration, and ux on the membrane stace

To further investigate the ow produced by Spacer H, we perfoned CFD simulations

for the lowest ow rate, 1.25 L/min. The streamlines in gure 3.25@) show that spacer H

44



produces an unsteady ow regime characterized by vortex stding in the bulk, as well as
the formation of vortices along membrane and plate surfaceShese vortices periodically
for and translate downstream.

The temperature plot in panel p) shows that transition to vortex shedding tends to
mix the thermal boundary layers with the bulk. This producesa rather complicated
variation of DT, and v, in panels €) and (d), respectively. Overall, we observe thaD T,
and v, increase as the feed and distillate ows accelerate throughe small gap separating
the transverse laments from the membrane. Between the traverse laments,DT,, and
Vi have smaller scale oscillations that likely arise due to themall vortices forming along
the membrane surfaces. Perhaps the most striking resultsone in panel (€), where we see
that the membrane surface concentration experiences suddeeaks forming downstream of
the transverse laments (roughly two widthsWy from the trailing edge of the transverse
laments). These peaks correspond roughly to the location lvere vortices begin forming

on the membrane surface.
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CHAPTER 4
RESULTS OF CONCENTRATION POLARIZATION
EXPERIMENTS

4.1 Spacer Orientation

Our rst set of concentration polarization experiments exfored the impact of spacer
orientation on mineral scaling. For that purpose, we conseled Spacer B in orientations
PM and MM. The longitudinal laments have a spacing ratio 0fs=3.33 (S. =5 mm),
which provides 13 equispaced longitudinal laments alonghe channel width. The
transverse laments have a blockage ratio d=0.5 (Ht = 0:75 mm), width ratio of w=0.67
(Wt =1 mm), and a spacing ratio oft=8.07 (St = 12:1 mm). The spacing ratio provides
18 equispaced transverse laments along the active membratength. Using these spacers
we measured the ux for the spacer orientations PM and MM, wich both have a

membrane blockage ratio of =0:23.

Figure 4.1 Spacer B - Flux as a function of time
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Figure 4.1 shows the variation of vapor ux over the course of @ hour scaling
experiment at a owrate of 1.25 L/min. Orientation MM produced a ux decline of 26.7%,
whereas orientation PM produced a ux decline of 37.6%. Thisiay occur because the
transverse feed laments of orientation MM are adjacent tolte membrane surface. As
demonstrated in Figure 3.10¢), this disrupts the downstream growth of the concentration
boundary layer, which decreases mineral scaling. Previowsrk by Geraldeset al. [47]

observed similar behavior in nano ltration.

Figure 4.2 Spacer B - Orientation PM results after scaling expiment. All images are
oriented with the inlet at the bottom and the outlet at the top (a) Full membrane with

membrane spacerlf) Full membrane without membrane spacerd) Close-up with spacer
(distortion due to camera lens) @) Close-up without spacer (distortion due to camera lens)

Figure 4.2 shows images of the scaled membrane coupon forrdgegon PM. Panel (a)
shows the full active membrane area with the overlying feeghacer. Panel b) shows the
full active membrane area with the spacer removed. Scaling@ears as the dark regions on

the membrane surface. Throughout our experiments, we tend see preferential scaling
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near the inlet and outlet of the ow channel, which is likely die to inlet and outlet e ects.
Similar inlet and outlet e ects have been observed in revegsosmosis scaling experiments
by Lyster and Cohenet al. [59]. We also see preferential scaling near the lateral edgdue
to edge e ects. However, our discussion focuses on the middfethe coupon where scaling
is primarily a ected by the membrane spacer. Panelsc) and (d) are enlargements of
panels @) and (b) respectively. All images are oriented such that the ow diretion is
toward the top of the page. Panelsd) and (c) show that scaling appears to preferentially
occur upstream of the transverse laments. This could be elgned by our CFD results for
Cm shown in Figure 3.8€). These show thatc,, reaches a minimum just downstream of the
transverse lament, after which c,, grows steadily, reaching a maximum a distance roughly

W+ upstream of the transverse lament.

Figure 4.3 Spacer B - Orientation MM results after scaling exgiment. All images are
oriented with the inlet at the bottom and the outlet at the top (a) Full membrane with

membrane spacerlf) Full membrane without membrane spacerd) Close-up with spacer
(distortion due to camera lens) () Close-up without spacer (distortion due to camera lens)
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Figure 4.3 shows images of the scaled membrane coupon forraagon MM. As
observed for orientation PM, scaling preferentially formsipstream of the transverse
laments. Contrary to PM, however, we also see scale formatn downstream of the
transverse laments. This is again likely explained by our €D results in Figure 3.10€).
These show a large peak ig, upstream of the transverse laments, followed by a smaller
peak downstream.

4.2 Transverse Filament Spacing

The next set of experiments explored the impact of the trangvse lament spacingSy
on scaling. For that purpose, we consider Spacer D, which dentical to Spacer B, except
that Sy has been decreased to accommodate 36 transverse lamentmglthe channel

length, compared to 18 for Spacer B.

Figure 4.4 Spacer B and D - Flux as a function of time

Figure 4.4 shows the resulting ux decline for Spacer D in omgation PM and MM.
The corresponding results for Spacer B are included for coarson. As expected from our

temperature polarization results, Spacer D in orientatio®®M has the largest initial ux,
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near 20 LMH. However, it also experiences the greatest ux dewt, dropping 40.8% to
only 11.7 LMH at t = 60 hours. Though Spacer D in orientation MM has a lower inial
ux than orientation PM, it experiences a much smaller ux deline, dropping by only
29.9% to 13.8 LMH att = 60 hours. These results are likely explained by the compodimg
of two phenomena. First, as already observed for Spacer B, thegition of the transverse
laments in orientation MM disrupts the growth of the concerration boundary layer.
Second, orientation PM for Spacer D has a larger initial ux. his advects solutes toward
the membrane at a greater rate than for MM. This supports the laservations of
Hickenbottom et al. [55] and Duonget al. [56], who observed that when treating high
concentration brines, increasing the vapor ux comes withhte trade o of increasing

mineral scaling.

Figure 4.5 Spacer D - results after scaling experiment. All ingas are oriented with the inlet
at the bottom and the outlet at the top (a) Orientation PM (distortion due to camera lens)
(b) Orientation MM (distortion due to camera lens)
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Figure 4.5 shows the autopsy results for Spacer D in orientais PM (left column) and
MM (right column). Orientation PM shows large regions of sdang occurring both
upstream and downstream of transverse laments. Orientath MM shows scaling
primarily on the upstream side of transverse laments. The mst striking result is the
small amount of scaling in orientation MM relative to orienation PM.

The results of Spacer B and D suggest that decreasing the @diste between transverse
laments will reduce scaling. Our next experiment consequdy considered Spacer C,
which is similar to Spacers B and D, with the exception thaBy has been increased such
that there are only 9 transverse laments. Orientation MM wa the only orientation
investigated in this experiment, due to the results of SpaceB and D showing that

orientation MM produces a lower ux decline than orientation PM.

Figure 4.6 Spacer B, C, and D - Flux as a function of time

Figure 4.6 shows the resulting vapor ux decline for Spacer 0he corresponding
results for Spacers B and D are included for comparison. SpacC produces a ux decline

of 44.1%, which is the largest of all the spacers tested. THikely occurs because
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increasing the distance between transverse laments alsacreases the distance over which

the concentration boundary layer can grow uninterrupted.

Figure 4.7 Spacer C - Orientation MM results after scaling exgiment. All images are
oriented with the inlet at the bottom and the outlet at the top (a) Full membrane with

membrane spacerlf) Full membrane without membrane spacerd) Close-up with spacer
(distortion due to camera lens) ) Close-up without spacer (distortion due to camera lens)

Figure 4.7 shows the images of the scaled membrane for ori¢iaia MM. Similar to the
previous results mineral scaling preferentially occurs ggream of transverse laments.
However, there is comparatively little mineral scaling on te downstream side of transverse
laments, which further supports our hypothesis that tranwverse laments disrupt the
concentration boundary layer and reduce mineral scaling.

4.3 Longitudinal Filament Spacing

The next experiment explored the impact of longitudinal lanent spacingS_ on

scaling. For that purpose, we investigate Spacer G, which identical to Spacer C with the

exception that the spacing between longitudinal laments &s been increased such that
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there are only 7 equispaced longitudinal laments.

Figure 4.8 Spacer C and G - Flux as a function of time

Figure 4.8 shows the resulting vapor ux decline for Spacer Q.he corresponding
results for Spacer C are also included. Although Spacers C a@dare both in orientation
MM, Spacer C produces a ux decline of 44.1%, whereas Spacepféduces a ux decline
of 33.9%. This suggests increasing longitudinal lament sging decreases mineral scaling.
From a uid dynamics perspective this result can be explairkby the dead zones near
contact points between longitudinal laments and the membaine. By increasing the
spacing between longitudinal laments there are fewer coatt points, which reduces

mineral scaling.

Figure 4.9 shows images of the scaled membrane coupon in aagoan MM. Compared
to the results shown in Figure 4.7 Spacer G shows comparatiydittle mineral scaling.
Similar to previous results mineral scaling appears the aacpreferentially on the upstream

side of transverse laments.
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Figure 4.9 Spacer G - Orientation MM results after scaling exgiment. All images are
oriented with the inlet at the bottom and the outlet at the top (a) Full membrane with

membrane spacerlf) Full membrane without membrane spacerd) Close-up with spacer
(distortion due to camera lens) @) Close-up without spacer (distortion due to camera lens)

Mineral scaling also appears to occur along the contact ptsnbetween longitudinal
laments and the membrane, which further supports our hypdtesis that mineral scaling
can be reduced by increasing the spacing between longitualinlaments (S,).
4.4 Floating Transverse Filaments

The nal scaling experiment is motivated by literature that suggests increasing mixing
will reduce concentration polarization and subsequently meral scaling. For this purpose
Spacer H was selected. The CFD study in Figure 3.25 suggests &uaH produces small

vortices on the membrane surface, which may enhance mixingdareduce mineral scaling.

Figure 4.10 shows the resulting ux decline for Spacer H. For ogarison the results of
Spacer B in orientation PM and MM are also provided. The ux deline of Spacer H

closely follows the trend of Spacer B in orientation PM.
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Figure 4.10 Spacer B and H - Flux as a function of time

The scaled membrane surface for Spacer H is also similar toaSgr B in orientation PM.
These results suggest a transverse lament will only disraghe thin concentration

boundary layer when the transverse lament is adjacent to tt membrane surface.

55



CHAPTER 5
CONCLUSIONS

The main objective of this research was to investigate the urence of spacer
parameters on temperature and concentration polarizationy conducting bench-scale
DCMD experiments with and without mineral scaling. The reslis of our experiments
show the membrane blockage ratio and the distance betweemiisverse laments have the
greatest in uence on temperature polarization. Concentt&én polarization is also a ected
by these same parameters, as well as lament orientation.

DCMD experiments with low concentration feed water were calucted to determine the
in uence of spacer parameters on ux and pressure losses auf ow rates. The ux and
pressure loss consistently show an approximately linearcirease with ow rate. Overall,
our experiments suggest that ux production was predominaly determined by a
competition between the position of the transverse lamestrelative to the membrane
surface, membrane blockage due to the spacer, and the doweam spacing between
transverse laments. Placing transverse laments along th outer plates increases ux
production by decreasing membrane blockage and by redireg and acceleration bulk
uid towards the membrane surface. Thinner laments increae ux production by
blocking less membrane surface. Counter-intuitively, spang transverse laments too far
apart reduces ux production, even though it decreases memane blockage. Our
simulations suggest this occurs because when transversamlents are su ciently close they
generate a large recirculation region between adjacent n@nts. When this recirculation
region is along the outer plate, it accelerates the bulk owlang the membrane surface.

DCMD experiments with high concentration feed were conduet to determine the
in uence of spacer parameters on scaling. Overall, our rdsifor high-concentration feeds
show that the transverse laments in the feed channel play aaminant role in determining
where salts precipitate. In all cases studied, we found thataling preferentially occurred

just upstream of the feed transverse laments, no matter wtiker the laments were
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adjacent to the membrane, outer plate, or oating. We also fand that feed spacers

tailored to optimizing ux production for low-concentration feeds did not perform as well

for high-concentration feeds. For example, when treatingdh-concentration feed, we found

that placing the transverse feed laments adjacent to the nmabrane interrupted the

growth of the concentration boundary layer, and thereby deeased mineral spacing.
Future work will investigate the impact of longitudinal la ment spacing, transverse

lament height, and the optimal spacing between transversdaments that maximizes

permeate production. Additionally, the impact of laments oiented 45 to the incoming

ow will be investigated. All future experiments will be condiucted with low and

high-concentration feeds and complementary 3 dimension@aFD simulations will further

investigate the channel ow.
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APPENDIX A

Figure A.1 A view of the ow cell used for experiments from the tp. The feed and distillate
inlets are pictured at the bottom of the image and the outletare at the top. Sensors to
monitor pressure, temperature, and conductivity are showhefore and after the inlet and

outlet connected to the ow cell by vinyl tubing.
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Figure A.2 A side view of the ow cell used for experiments. Thee&d inlet ports are on the
top of the ow cell and the distillate inlet ports are on the bdtom of the ow cell.

Figure A.3 Solubility curve of NaCl as a function of temperature
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Figure A.4 Solubility curve of CaCQ as a function of temperature

Figure A.5 Solubility curve of CaSQ as a function of temperature
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Figure A.6 Solubility curve of SiQ as a function of temperature

Figure A.7 Solubility curve of BaSQ as a function of temperature
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