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ABSTRACT

The thermal performance of air gap membrane distillation (AGMD) desalination is dominated by
heat and mass transfer across the air gap between the membrane and the condensing surface.
However, little is known about the impact of condensate flow patterns in some design variations
of the air gap. In this study, air gap membrane distillation experiments were performed at various
inlet temperatures, varying module inclination angle, condensing surface hydrophobicity, and
gap spacer design to identify the effect of each on the permeate production rate and thermal
efficiency of the system. Energy efficiency modeling was performed as well
Additionally, this study is one of the first with enhanced visualization of flow patterns within the
air gap itself, by using a transparent, high thermal conductivity sapphire plate as the condenser
surface. System-level numerical modeling is used to further understand the impact of these flow
regimes on overall energy efficiency, including flux and GOR. A brief review of membrane
distillation condensation regimes is provided as well. For tilting the AGMD flat-plate module,
permeate flux was barely influenced except at extreme positive angles (>80°), and moderate
negative angles (<-30°), where condensate fell onto the membrane surface. The surface with the
hydrophobic coating (for dropwise condensation) was shown to have better droplet shedding
(with very small nearly spherical droplets) and fewer droplets bridging the gap.
Superhydrophobic surfaces (for jumping droplet condensation) were similar, with much smaller
droplet sizes. Meanwhile, the hydrophilic surface for small gap sizes (< 3 mm) often had pinned
regions of water around the hydrophilic surface and plastic spacer. Overall, the various results
imply that the common assumption of a laminar condensate film poorly describes the flow
patterns in real systems for all tilt angles and most spacer designs. Real system performance is
likely to be between that of pure AGMD and permeate gap membrane distillation (PGMD)
variants, and modeling shows that better condensing in air gaps may improve system energy
efficiency significantly, with strong relative advantages at high salinity.

D.M. Warsinger, J. Swaminathan, L.L. Morales, and J.H. Lienhard V, “Comprehensive
condensation flow regimes in air gap membrane distillation: visualization and energy
efficiency,” J. Membrane Science, 555:517-528, 1 June 2018.



GRAPHICAL ABSTRACT

filmwise

dropwise

Condenser
regimes
influence
efficiency
Classical MD Enhances
model, too mass transfer,
simplistic empties gap.
Variations by
droplet size
KEY WORDS

wicking

Spacers can
wick, trap fluid
plugs, cause
water bridging
the gap

permeate gap

Flow
visualized
with
transparent
sapphire
condensing
AGMD floods plate
at extreme tilt
angles, small
gap sizes

Membrane distillation, hydrophobic surface, air gap, condensation, visualization



1. INTRODUCTION

Membrane distillation (MD) is a relatively new and rapidly developing thermally-driven
desalination technology with notable advantages for small scale systems, the ability to increase
recovery after reverse osmosis [1-5], and the potential for competitive energy efficiency [6-9].
MD designs resemble counter-current heat exchangers with a liquid-repelling membrane and
channel on the hot fluid side [10-12], where heat transfer across the membrane ideally occurs
mostly by evaporation and condensation of pure water [13-17].  Of the MD configurations
developed, air gap MD (AGMD) is one of the most common and has been shown to have the
greatest potential for high thermal efficiency under more saline conditions [6, 18-25].

Configurations of MD primarily differ by the design of the gap itself [26], which may be air-
filled (as in the case of AGMD) [19, 27-29], flooded with permeate (permeate gap or PGMD)
[30-32], or held at a partial vacuum (VMD) [33, 34].

Several types of condensation may occur in AGMD systems, depending on the condensation
rate, module height, air gap width, and surface hydrophobicity, among other parameters (see
Figure 1[35, 36]. Standard AGMD modules are presumed to condense distillate in the laminar
film regime, a well-characterized process [27, 37]. The primary factor that can change this is the
presence of the spacer which can impact the water flow. The length of condenser can have a
smaller impact, where regimes such as wavy laminar or turbulent films are possible [38], though
unlikely for the dimensions of typical systems. Hydrophobic surfaces can induce dropwise
condensation in MD, first implemented by Warsinger et. al [39, [, 35]. With superhydrophobic
condensing surfaces, jumping droplets may occur [35, 40-42], with droplet sizes of = 10—100 um
[35, 43]. Hydrophobic and superhydrophobic surfaces are of interest because they can increase
the heat transfer coefficient of condensation by up to factors of 3-7 [44-46], while also affecting
the effective thickness of the air-gap region.
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Figure 1. Droplet condensation regimes seen in AGMD. In each example, the channel on the far left is
the feed (dark blue), followed by the membrane (orange), air gap with condensate (aqua), condensing
plate (grey), and cooling channel for feed preheating (dark blue).



A concern in AGMD systems, especially those with thin air gaps, is flooding and associated
increases in heat conduction losses across the gap [37, 47]. Flooding of the air gap may occur
when the permeate production rate is greater than the rate of condensate removal from the air
gap, causing the gap to fill with permeate [48]. This effectively reduces the mass transfer
resistance associated with the air gap, which tends to increase permeate production rate, while
the heat transfer resistance of the gap is also reduced, leading to higher heat conduction loss
across the membrane, larger temperature polarization in the channels, and lower thermal
efficiency [49]. Since thermal bridging is unsteady and localized, it cannot be readily modelled
in typical 1-D numerical models [50]. Forced flooding occurs when the permeate fills air gap,
and can be caused by small gap size (where it fills to quickly to drain) or hydrostatically with a
drain point above the active membrane area [51].

The impact of surface inclination angle has been studied in many condensation technologies [52,
53], although with little study in MD (Figure 2). While vertical (0°) module orientation has been
standard in most AGMD studies[27], a horizontal module orientation has also been studied in
some cases [54]. Meanwhile, spiral wound modules may have one tilt angle if situated vertically,
or cycle through many angles in any other orientation. Here, we define the horizontal orientation
as approaching 90° from the vertical axis as seen in Figure 2. The literature generally lacks data
from other tilt angles especially for AGMD. However, for direct contact membrane distillation
(DCMD), 45° tilt angles have been tested where bubbles were introduced to encourage
turbulence and reduce fouling [55], and angle studies paired with biofouling have shown that tilt
angles can strongly influence the fouling of buoyant oils[56]. Additionally, that study showed
that orientation can influence feed-side natural convection currents to DCMD improve flux,
which are a result of density variation by temperature and salinity [56] . Notably, feed-side such
effects are expected to be less important in AGMD, as the gap resistance dominates, and
turbulent Reynolds numbers are used here.
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Figure 2. Diagram of the AGMD module and its orientation at negative and positive angles, respectively.
The blue arrow on the module (left to right) indicates the direction of vaporization, diffusion through the
membrane, diffusion across the air gap, and eventually, condensation [51].



The present study examines the effects of AGMD module tilt angle, surface hydrophobicity, and
air gap spacer orientation, which are mainly applicable to the flat-sheet module configuration.
This study is among the first to examine the impact of spacer filaments’ orientation within the air
gap, and it partially includes and expands upon our initial report of the impact of module
inclination angle in AGMD [51], and our initial reports on hydrophobic condensing[35]. To the
authors’ knowledge, no other work has reported the effect of the air gap spacer orientation in
AGMD systems.

2. EXPERIMENTAL METHODOLOGY

To visualize the effects of varying the inclination angle of the module and reorienting the mesh
spacer, several experiments were performed on an AGMD test bed with fully developed liquid
flow on the feed side. The MD apparatus consists of two controlled fluid loops supplying hot
saline and cold water to the angle-variable module.

2.1 Apparatus Design

The system consists of a hot saline feed that is constantly circulated through the fluid loop as it is
in contact with the hydrophobic membrane, and a second fluid loop of cold water which keeps
the condensation plate at a low enough temperature for water vapor to condense. The apparatus
has been previously described [51] and used in other studies [57].
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Figure 3. AGMD module plate system with novel visualization methods (exploded view). In the feed
channel (left), feed flow enters a plenum at the bottom, passes through a developing flow region and then
over the active area (defined by the mesh spacer), and exits through a tapered depth-expanding outlet,
which ensures uniform flow. Condensing occurs on the sapphire plate, which is directly cooled by the
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cooling channel (right) on the opposite face. For visualization, both the feed channel plates and cooling
channel plates are transparent (polycarbonate), as is the condensing surface (grown sapphire crystal). To
visualize, photos are taken from one channel (feed or cooling) with LED backlighting from the other.

As seen in Figure 3, the module is composed of several plates for the various channels. The feed
channel and cooling channel plates are made of a polycarbonate sheet from which fluid channels
have been machined[51]. A transparent sapphire condenser plate is used to enable visualization
of the condensation within the air gap. The plate was grown as a solid crystal by Swiss Jewel,
taking 9 months to arrive. Some data included here used a modified setup with an aluminum
condensing plate (only fig. 12-15), which was previously published [51]. Modeling results were
added to these figures, and all other experimental results are new.

Table 1 summarizes the dimensions[51].

Table 1. Parameters describing the AGMD module channels

Parameter Value Variation Units
Active Area 16x12 - cm
Developing Length 23 - cm
Feed Depth 4 +0.2 mm
Effective Air Gap Depth 0.5-2.0 - mm
Feed Pressure 1.34 +0.03 bar
Gap Pressure 1 +0.01 bar
Feed Pressure 1.34 +0.5 bar
Coolant Temperature 20-55 +0.75 °C
Permeate Flux 150-250 +5 L/m*day
Sapphire window 18.82x14.08x0.05 +0.01 cm

The depth of the air gap is changed by changing the spacers that hold the membrane away from
the condensation plate. The measured dimensions for the thicknesses and approximate hole size
of the three different meshes considered are shown in Table 2.

Table 2. Parameters describing the different woven mesh spacers used and combined to create an air gap
by preventing the membrane to contact the condensation plate [43].

Mesh Thickness Opening Size
(mm) (mm)

Fine mesh (perforated sheet)  0.54 +0.10 1.4x2.0

Rectangular woven mesh 1.24 +0.10 25x7.5

Square woven mesh 1.54 +0.10 33x33

Table 3 shows which spacers were used in the various experiments. In the cases where multiple
mesh spacers were used, they are stacked on top of one another and as such, respective
thicknesses and errors of the mesh spacers are superimposed.

Table 3. Parameters describing the set of experiments and the respective mesh spacer(s) used.

Experiment Run Mesh Spacer(s) Used Nominal Air




Gap (mm)

Varied angle with fine mesh Fine mesh, rectangular mesh 1.78 +0.20
Varied angle without fine mesh Rectangular mesh 1.24 +£0.10
Square mesh (diagonal) Square mesh 1.54+£0.10
Square mesh (vertical) Square mesh 1.54 £0.10

A fine mesh stacked on top of the coarser spacer helped minimize deflection of the membrane
from hydrostatic pressure (Figures 13-16), but impaired camera focus, so was not included in all
trials (Figures 8-12). Corresponding high deflections from the membrane resulted in smaller
effective air gap thicknesses, which were calculated by matching process measurements and flux
with the model. Thicknesses are reported in Table 5.

Hydrophobic Immobilon-PSQ membranes made of Polyvinylidene Fluoride (PVDF) are used in
the experiments [10]. Table 4 shows the parameters for the membrane that are relevant to

numerical modeling [51].

Table 4. Parameters for the Immobilon-PSQ membrane [51'.

Membrane parameter Value
Average Pore Size 0.2 pm
Max Pore Size 0.71 pm
Thickness 0.2 mm
Porosity 79.2%

Membrane Coefficient, B 1.6 x 10" s/m

The condensing plate is made of sapphire, which was selected for its high thermal conductivity
and relatively high optical transparency. This plate was grown as a single crystal by the Swiss
Jewel Company. Sapphire (single crystal Al>O3) has a thermal conductivity of ~32 W/(m-K) at
25°C, which is about 30-70 times higher than most transparent glass or plastic alternatives. The
sample was slightly optically diffusive as a result of imperfections, but enough light passes
through to illuminate and capture images from the opposing, membrane side. As seen in Figure
3, the sapphire plate is sealed by a series of O-Rings between two polycarbonate plates, allowing
it to have one side exposed to the air gap and the other exposed to the circulating cold water.
Images were captured using a Nikon Coolpix P530 with the lens pressed against the hot feed
side, where backlighting through the sapphire allowed visualization through the membrane. An
iPhone 6 flashlight was used for illumination, positioned ~4 cm behind the sapphire side of the
module. Additional images captured from the sapphire plate side while illuminating from the
membrane side can be found in Morales [58].

3.1 Varied Module Orientation

The experimental permeate flux rate under varying tilt angle, adjusting for small differences in
temperature (0.3-1.5°C) between tests, are now presented. For simplicity of comparison, flux
results are normalized for comparison to an un-tilted module:

expt(6,T)/model(6=0°T)
expt(6=0°Ty)/model (6=0°T,)

normalized flux =



where T, is the temperature level in the vertical (8 = 0°) test.

3.2 Varying Mesh Spacer Orientation

When measuring the effect of different gap spacer orientations, tests were conducted at multiple
temperature levels keeping AT between the hot and cold channels constant. The temperatures
measured at the feed and cold channel inlets are controlled by adjusting the tank set-point
temperatures to account for heat losses in various parts of the system. While attempting to
maintain a constant temperature difference of 15° C between the hot and cold streams, the
maximum deviation from this value was 1°C. The model is used to account for these variations.
All experiments measuring the effect of varied mesh spacer orientation were conducted with the
module angle at 0°, or in the vertical orientation.

3.3 Uncertainty Quantification

An uncertainty analysis was executed using the EES code which modeled the heat and mass flow
of the system. The largest source of uncertainty were temperature fluctuations. The feed side’s
temperature has a nonlinear impact on vapor flux, causing variations to be significant, but the
cold side was also important as it varied more in the experimental system. The uncertainty in
temperature was conservatively taken as the standard deviation in temperature during the
experiment plus the maximum measurement uncertainty of the thermistors (+0.2°C). Uncertainty
from permeate flow variations over time was also an important factor. The uncertainty in
permeate production rate is related to the uncertainty in mass measurement and the time over
which permeate mass is collected. The uncertainty in time is taken as 10 seconds (twice the data
collection rate), whereas the total duration of the tests was about 10-15 minutes after steady state
is reached. An additional uncertainty for mass collection over this time interval was added as
+0.2 g, to account for evaporation. Overall, uncertainty assumptions were conservative and erred
towards larger estimates. Still, the uncertainty remained low enough after these assumptions to
make consistent conclusions. Maximum uncertainty in permeate flux reached was as high as
+5%, although most points were within +2% [51].

4. NUMERICAL MODELING

4.1 Modeling Methods and Feed Channel Modeling

Mathematical modeling of AGMD allows for comparison to classical filmwise condensation and
investigating the impact of air gap transport on full scale systems. Modelling can achieve
reasonable accuracy in modeling the simpler flow regimes. The theoretical permeate production
of the AGMD system with respect to a changing module angle is estimated using numerical
modeling methods implemented using Engineering Equation Solver (EES) [59], an iterative
equation solver with built-in thermodynamic functions. A model was created which calculates
the simultaneous heat and mass transfer in a series of computational cells [30], as seen in Figure
4. The model incorporates convection in the feed and cold channels, conduction and vapor

8



transport across the membrane and the air gap, and film condensation on the condensing surface.
The model has been explained in detail and validated previously[15, 51], so only key equations
for interpreting results are discussed here.

saline feed MD Membrane airgap condensate cooling water

vapor
heat
transfer

hot saline

Figure 4. A differential control volume as a computational cell for the AGMD model

The condensation film thickness increases as pure water condenses onto the film. The rate of
vapor production is governed by the vapor pressure difference across the membrane as

J=B X (Pvap,f,m - Pvap,g,m) (1

where J is the mass flow or permeate flux, B is the membrane permeability, P, is the vapor

pressure, the subscripts “f,m” represent the feed side of the membrane, and “g,m” represent the
gap side of the membrane.

4.2 Air Gap and Condensing Channel Modeling

Proper modeling of the air gap is especially important as the air gap accounts for the most
significant transport resistance that affects the performance of the AGMD module, and it is the
focus of this study. Varying the tilt angle of the module can affect the process physically.
Following other numerical models in the literature, the mesh spacer is not explicitly modeled, but
instead a free air gap is modeled to provide a comparison to classical filmwise condensation and
permeate gap MD [21].

During operation, part of the membrane is deflected as a result of hydrostatic pressure in the
channel and it tends to press itself into the gaps of the mesh, thus reducing the effective air gap
thickness. The membrane is considered to be flat for simplicity of modeling. An effective depth
of the air gap is determined, by fitting against experimental data, at a value lower than the design
value to account for the membrane deflection. Table 5 shows the effective air gaps for each
experiment as compared to the thickness of the mesh spacers. Note that the “Square Mesh”
experiments have a lower effective air gap than the “Varied Angle without Fine Mesh”
experiment despite being a thicker mesh; this is likely to be a result of the angle experiments
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being run at a feed inlet pressure of 6.9 kPa while the experiments with “Square Mesh” for
woven mesh orientation were run at a feed inlet pressure of 34.5 kPa.

Table 5: A comparison of the nominal thickness of the spacers and the effective air gaps that are a result
of fitting the model

Nominal Air Effective Air

Experiment Run Gap (mm)  Gap (mm)

Varied Angle with Fine Mesh 1.78 £ 0.20 1.20
Varied Angle without Fine Mesh  1.24 + 0.10 0.98
Square Mesh (Diagonal) 1.54 £ 0.10 0.85
Square Mesh (Vertical) 1.54+£0.10 0.85

The vapor flux that permeates through the membrane diffuses through the air gap and reaches the
condensation plate to condense onto the film. The air gap that it diffuses through is less than 1
mm in depth and as a result, any convection effects in the air can be also considered to be
negligible [51].

The thickness of the air gap decreases as condensate film grows in thickness and displaces the air
more. The growing film thickness can be characterized by

3/, dA vy

3 3
Sl = 67 + i
g cos B(pf—pg)w

)

where 0 is the condensation film thickness, 6 is the module tilt angle (=0 vertical), J; is the
aforementioned flux through the membrane, d4 is a differential unit of area, v is the fluid
kinematic viscosity, g is the gravitational constant, py is the liquid water density, p, is the gas
density of the combined air and water vapor, and w is the width of the condensation film [51].
The subscripts, i, represents the ith computational cell, f, represents the condensate, and g,
represents the vapor phase.

Equation 2 indicates that for the same film thickness at the top of the condensing surface (close
to zero), a significantly thicker film is formed only at very large tilt angles (6). At mild angles,
significant changes in film thickness or flux are not expected based on this model, and could be
caused by forced flooding of the gap, thermal bridging at negative (declined angles) where water
may fall onto the membrane, or by impacts of the spacer.

The condensate film thickness ¢ directly impacts the mass transport in the module [60],
increasing flux at higher thickness, which is evident from the following physics. The vapor flux
through the membrane varies with respect to the vapor fraction at the membrane interface on the
air gap side. The vapor then diffuses to the water condensate interface on the other side of the air
gap. This diffusion is governed by binary mass diffusion through the relationship shown in
Equation 3, as described by Lienhard and Lienhard [61],

= Ducs gy (1 4 Zm) (3)

m
My, dgap—6 Xam—1
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where J, is the flux through the membrane, M, is the molecular weight of water, ¢, is the
concentration of air in the air gap, Dy, is the diffusivity of water vapor in air, dgp is depth of the
air gap, x; is the water mole fraction at the condensing liquid interface, and x,, is the water mole
fraction at the vapor-membrane interface [51].

The conduction resistance of heat through the permeate film is given by

Kfitm.i
Qcond,i = % : A(Ti,i - Twall,i) (4)

where Qcona,i 1s the heat conduction to the air gap, A4 is the area, ks is the thermal conductivity of
the film, and the temperatures represent the temperature difference across the condensation film.
As the conductivity of water is higher than that of air, the total conduction resistance of the gap
decreases with a thicker film, enhancing both conductive heat transfer and evaporative heat
transfer.

An important parameter for understanding the performance of membrane distillation is the
thermal efficiency, 1y, which describes what fraction of heat input to the system is used for

desalination,

Qevap

©)

nMD = - N N
QevaptQcondtQioss

where Qwapis the rate of heat transfer from vapor condensation, Qcond is the heat transfer rate
across the gap, and Q,,¢, represents other heat transfer losses. Note that this quantification judges
membrane performance, not system efficiency, and is not comparable to efficiency metrics used
for other technologies, such as the second law efficiency for RO [62-65]. Another relevant
parameter is the overall energy efficiency or GOR (gained output ratio), which compares the

enthalpy of simply evaporating water to the heat input Q; actually used:

GOR = m”hg—gm 6)
H

Where m,is the mass flow rate of permeate, hy, is the enthalpy of evaporation of water, and T
is the environmental temperature.

Equations 2, 3, 4, and 5 paint a clear picture on the impacts of increasing the film thickness,
which is a result of high tilt angles, and can be impacted by spacer design. Thicker films will
decrease dg,p — &, which reduces the transfer resistance and which can increase flux in some

cases. However, these thicker films will also increase Q.,ng, Which will reduce 7,,p in many
cases. This tradeoff between permeate flux and efficiency dominates design decisions for MD.
These equations in context in series with the other (smaller) resistances to heat transfer and full
model are explained in detail in previous work [21].

S. MODELING RESULTS

11



5.1 Modeling Inputs

The numerical model takes the following inputs from the experimental setup: geometry of each
of the channels including the respective lengths, widths, and depths; the flow rate and
temperature of the hot feed channel at module inlet; and the flow rate and temperature of the
coolant at the module inlet [51, 66].

5.2 Effect of Module Tilt Angle

The theoretical effect of inclination of the AGMD module on permeate flux is shown in Figure 5.
The permeate production rate is given as the ratio of the flux when the module is at a tilt angle 6,
to the flux when the module is in the vertical orientation. Thus, by this normalization, normalized
permeate rate at € = 0 is 1. The permeate production rate is plotted against the inclination angle.
Referring to Equation 1, with all other conditions the same, the model predicts that the thickness
of the condensate film is affected by the tilt angle through an inverse cube root relation to cos 6.
A thicker film reduces dg,, — & (Equation 2), thus increasing flux. The model predicts that the
effect is independent of whether the tilt angle is positive or negative since cosé is symmetric
about 6 =0° [51].

The model predicts mild flux impacts from tilt angle, up to 4% at an angle of 85°. Figure 5
shows that this effect is more pronounced when for 7.=12.5, 7T,=50 °C where the distillate flux,
J, is higher, and the permeate slightly more viscous due to the colder temperature.
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Figure 5. Effect of module tilt angle on filmwise AGMD flux as predicted the model [51].

5.3 Impact on Efficiency
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The trends of tilt angle and varying condensing surface hydrophobicity influence the degree of
fluid held inside the gap. Therefore, these systems tend to behave as air gap MD when well-
drained and permeate gap MD when flooded. When partially flooded, these systems perform
somewhere in between these two. Therefore, PGMD and AGMD set bounds for the performance
for MD systems where impacts on the gap may reduce or increase flooding. The overall
efficiency is best indicated by GOR [67], while the capital expenses it competes with can be
described by flux, which is linked to membrane area and thus system size. This comparison of
flux versus GOR for PGMD and AGMD is shown in Figure 6 and Figure 7, where these models
are described in other work [23].

8 T T T T
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© 4 | ]
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flooded AGMD
2 _
L PGMD _
0 1 1 1 1
0 2 4 6 8 10
Flux [LMH]

Figure 6. Permeate flux versus GOR tradeoff for air gap membrane distillation (AGMD) compared to a
flooded permeate gap (PGMD) system at high salinity. Unflooded AGMD systems perform significantly
better at low flux. Assumes a feed salinity of 175 g/kg NaCl, dgap = dechannet = 1 MM, dmembrane = 0.2 mm,
Bo=B*d,=1.5x10"" s, kinembrane = 0.2 W/mK, T;= 85°C, T. = 25°C [23].

The performance of MD can be compared in GOR (energy efficiency) and permeate flux axes,
which are inversely linked to the energy costs and membrane area costs respectively [23]. As
seen in Figure 6, at high salinity, AGMD significantly outperforms PGMD. When AGMD
systems cannot drain permeate fast enough, they flood and become PGMD. With mild flooding
and some air still in the gap, performance lies between the two. At lower salinities, the benefit of
AGMD is smaller.
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An efficiency benefit of systems with better drainage of permeate (possibly by hydrophobic
condensing surfaces) is that AGMD can be attained under new operating conditions. This is
especially beneficial for very small gap sizes, as these gaps in real systems are often larger than
optimal for the express purpose of avoiding flooding and thus becoming PGMD systems. As
shown in Figure 7, thinner gap sizes can result in much improved efficiency, but these sizes are
below those feasible for current filmwise AGMD systems, and below the natural sizes of large
falling water droplets (which are limited by the capillary length) .
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Figure 7. Impact of gap thickness on efficiency and flux in AGMD at seawater salinity. Assumes Cr= 35
g/kg, with other conditions as in Figure 6. Gap sizes of 1.0 mm are common in real systems, while <0.5
mm is a theoretical possibility with better water removal.

These results indicate that it is highly desirable for membrane distillation to improve permeate
removal from the system, and hydrophobic surface design provides promise for doing so.
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6. EXPERIMENTAL RESULTS AND DISCUSSION

6.1 Effect of multilayer spacers

Figure 8 shows a side-by-side comparison image of the condensation visualized through the clear
sapphire condensing surface. Droplets were easier to visualize without the additional spacer in
case a). Interestingly, droplet positioning seemed to be dictated by the large spacer on the
condensing plate, with little influence from the smaller one.

4 prirr‘laiy spacer gaps
droplet

.
”

413 410]
droplets

chin spacer gaps

a) b)

Figure 8. Side by side comparison of AGMD experiments where Ttin = 50°C, T. i~ 20°C: a) with the
rectangular and fine mesh spacers; b) with only the rectangular spacer

6.2 Impact of hydrophobic condensing

Clear hydrophobic and hydrophilic films on top of the sapphire plate were used to examine the
impact of condensing surface hydrophobicity (Fig. 8a and 8b). The clear hydrophobic film
consisted of a relatively hydrophobic plastic, PVDF (McMaster part number 8675K21, 0.003”
thick) coated with the highly hydrophobic and optically clear compound PPFDA (poly-
1H,1H,2H,2H-perfluorodecyl acrylate), prepared using iCVD (initiated chemical vapor
deposition). The hydrophilic film was composed of polyester, a relatively hydrophilic plastic.
The thicknesses were chosen to match their respective conduction resistances.
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Figure 9. Comparison of hydrophobic and hydrophilic condensing

As seen in Figure 9, the difference between the hydrophilic and hydrophobic film condensation
rates was small. This is in contrast to past studies on far more hydrophobic surfaces for jumping
droplets (<160°), where the hydrophobic trial exhibited much higher flux [35].

While it is possible that mild film hydrophobicity has a minimal impact on flux, it could also be
that the contributions that act to impede versus enable higher flux are similar in magnitude, and
significantly cancel out for the conditions tested. First, flux is enhanced by the higher heat
transfer coefficients of hydrophobic condensing, which reduce temperature gradients across
droplets and cause better mixing and theoretically improved MD thermal efficiency. On the other
hand, droplets exit the system more readily, so flooding, plug-flow, and droplets bridging across
the gap are all reduced. In contrast, at higher feed salinity, where maintaining a large gap
thickness is important to prevent significant heat conduction losses (see Sec. 5.3), the positive
effects of the hydrophobic surface are likely to dominate.
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Figure 10. Hydrophobic surface picture with temperature conditions at 7y = 70°C, Tc= 20°C
showing the small droplets found on the surface.

As seen in Fig. 10, for the hydrophobic membrane much less water is in the gap, even with
extremely high driving temperature differences. This means that air gap operation (as opposed to
flooded gap) can be better maintained with condensing surface hydrophobicity. Practically, this
may mean that the air gap depth can be decreased with hydrophobic surfaces, improving system
performance, especially regarding increasing flux while maintaining good thermal efficiency 7
for high feed salinity. Notably, rough hydrophobic or superhydrophobic condensing surfaces
may experience droplet pinning and subsequent flooding [35] (including for conditions seen in
this trial). This means that for very high permeate flux, smooth hydrophobic surfaces may be
superior to rough superhydrophobic ones for maintaining air-gap operation. It may be possible
that hydrophilic spacers can more effectively help wick away water in cases with hydrophobic
condensing.
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Figure 11. Superhydrophobic condensing surface picture, visualized by melting portions of the
membrane to consolidate pores. Tiny droplets are visible, ranging from 10 pm to 100 um, and
camera focus can be a challenge. This method allows for visualization on non-transparent
condensing surfaces, such as those for superhydrophobic jumping droplet surfaces, whose rough
coatings (necessary for superhydrophobicity) preventing seeing through the condensing surface.

As seen in Figure 12, alternative visualization methods, by making the membrane itself
transparent, can be used when the condensing surface is not transparent. Here, small
superhydrophobic droplets are visible, the smallest ones are capable of superhydrophobic droplet
ejection. These surfaces, and their performance enhancement, have been studied previously by
the authors. This method to make a small portion of the membrane transparent to enable
visualization of the condensation regime involved using a metal surface at a controlled
temperature, 2-5°C above the melting temperature of the PVDF substrate, to consolidate the
pores, thereby eliminating light scattering. The method is membrane specific, risks membrane
damage, results in membrane property variations, and will reduce local permeate flux, thus
giving an imperfect view of condensation phenomena. However, it is useful for determining the
flow regime by creating very small non-leaking windows, and checking for flooding.

6.2 Impact of tilt angle on permeate flux

The experimental data shows a minimal effect of small module tilt angles until angles were
severe, at which point flux increased dramatically. This finding is supported by the theoretical
analysis of the relationship between the mass transfer resistance in the air gap, film thickness o,
and most importantly, permeate flux.
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As seen in these visualization images, there is very often some water that is stagnant at the
junctions of where the spacers touch the condensing plate, even at 0° tilt angle.

water along
spacer filaments

Ogdroplets

droplets

a) b)

Figure 12. Side by side comparison of angle experiments where Ttin= 50°C, T.in= 20°C at the following
angles: a) 0° b) 45° ¢) 85°

Figure 12 shows a comparison of three different angles. Droplets are visible in the first two
images but towards the higher angle, some unforced flooding is observed as evident by a
majority of the air gap being filled with water, with some air bubbles present as well. Figure
12c, the nearly horizontal case, shows very clear water bridging along all the spacer filaments,
for both horizontal and vertical ones. Also, the bridged water seems to extend out away from the
filaments themselves, so that the effective region inside the rectangle without water bridging is
smaller — all of this can lead to a higher flux, but not as high as for a fully flooded gap. Figure 12
parts a and b still have significant water bridging, with comparable amounts but large variations
at different regions. The very high AT (30°C) causes much higher flux and flooding, while
efficiently designed systems would have a 5-10°C AT. As shown later, systems with low flux
(e.g., Figure 18) have relatively minimal flooding or trapped droplets.

Additional experiments were run previously by Warsinger et al., which were limited to filmwise
tilt angle tests [51]. These figures are given below (Figures 13-16), but now with modeling for
both the predicted filmwise condensation rate (in orange) and the prediction for a fully flooded
gap (dotted blue) [S1]. The normalized permeate ratio is calculated as the permeate production
rate for a given tilt angle after having been processed for temperature variations, divided by the
permeate production rate a 0° tilt angle. Error bar calculations are explained in section 3.3:
Uncertainty quantification.

19



1.9
3
©
pr 1.7]
8 1.5 F Flooded gap MD (Model)
§ Air gap MD (Experiment)
213 } Air gap MD (Model approx)
B I
N1 F I 1 . .
£ : Hitt I
509 I
Z
0.7 1 1 1 1 1 ]
-90 -60 -30 0 30 60 90

Tilt angle 6 [°]

Figure 13. Effect of module tilt angle on permeate production: Ttin~ 50°C, Tcin= 12.5°C [51].
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Figure 14. Effect of module tilt angle on permeate production: a) Ttin= 60°C, T¢in= 40°C [51]. Modeling
results for filmwise condensation (orange) and a fully flooded gap (dotted blue) are shown.

As seen in Fig. 13, the experimental data show a significant increase in permeate flux at 85°; this
jump is attributed to air gap flooding [51]. Notably, data from the angle trials (Figures 13-16)
were included in previous work [51], without the modeling component.

Figure 14, for a trial run at a significantly higher temperature than in Figure 13, shows that tilt
angle played a relatively small role in positive and moderate negative module tilt angles.
However, the permeate flux increased significantly at high negative angles. This increase in flux
may be suggestive of thermal bridging at relatively small negative tilt angles such as —30°, rather
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than flooding, and a tendency to flood, as the tilt angle becomes more negative and approaches
—60° [51].

Since observations showed that thermal bridging and other effects of module tilt angle changes,
such as flooding, are effectively absent at low tilt angles, subsequent trials reduced the number of
angles tested in the lower angle range [51].

13 r

— T

9 L |

& 1.2 l T

[}

w11 |

o [

E 1 | -|— | T
o | 1 |
e 1
° _

N 0.3 Flooded gap MD (Model)

© 08 } Air gap MD (Experiment)
g Air gap MD (Model approx)

2 0.7 L L L L L ]

90 -60 -30 0 30 60 90
Tilt angle 6 [°]

Figure 15. Effect of module tilt angle on permeate production: Smaller air gap. Ttin= 60°C, T¢in= 40°C
[51].

To further explore the hypotheses of thermal bridging and flooding, more trials were performed
by Warsinger et al. for a smaller effective air gap thickness of two-thirds the original thickness
[51]. This was accomplished by using only one mesh spacer instead of two (Fig. 15). While the
absolute value of the permeate flux increased over previous trials, due to the decreasing of the
effective air gap and the corresponding decrease in diffusion length for vapor, the relative effect
of module inclination on permeate flux remains similar. At small module tilt angles and large
positive angles, the flux stays constant, but at —60°, permeate flux increases significantly, and
fits within the results predicted by a fully flooded gap. In some cases, the effect of thermal
bridging can be detected at angles as low as —30°. These observations suggest that changes in the
effective air gap thickness do not have a significant impact on the stimulation of thermal
bridging effects at various tilt angles in AGMD. Notably, the higher temperature trial
experienced relatively significant thermal bridging starting at only —30°, indicating that the risk
for thermal bridging has a temperature dependence [51].
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where hydrostatically forced flooding is avoided. Ttin = 50°C, Tcin = 20°C [51].

When further care is taken to avoid forced flooding of the air gap at the negative inclination
angles, the effect of water bridging due to the film falling onto the membrane can be isolated
(Fig. 15). At low negative angles (around —30°C), partial flooding starts to occur; whereas when
the tilt angle is further decreased (around —60°C), most of the active membrane area was under
the permeate outlet and hence filled with liquid water. Identical tests were performed where care
was taken to ensure no forced hydrostatic flooding over the active membrane area. The results
taken in tandem showed that forced flooding, where the entire air gap is filled with liquid water,
significantly increased the permeate flux (Figure 16). In the tests where forced flooding was
avoided, one can see that even at -30°, the permeate flux rate does not change relative to the
vertical baseline. At higher negative angles, we see an increase in relative flux but the increase is
relatively smaller than in the case of forced flooding, pointing to the possibility of water falling
back onto the membrane from the condensation plate and related local thermal bridging. This
further shows that both flooding and thermal bridging are possibilities in AGMD at high tilt
angles and that the relative increase in permeate flux is greatly affected by the extent of thermal
bridging [51].

6.3 Thermal Bridging

Thermal bridging may happen if liquid water falls from the condensing plate onto the membrane,
forming a liquid bridge across the air gap. This bridging phenomenon is not incorporated in the
numerical model and is too complex and poorly understood to model accurately. Thermal
bridging is particularly likely for negative tilt angles, and hence the experimental permeate flux
results are asymmetrical about the vertical 0° module orientation. As the mass transfer resistance
is dominated by the air gap width, the bridging phenomena should be easily observed by an
increase in permeate flux at negative tilt angles. Thermal bridging was observed with the
imaging techniques. Thermal bridging began at significantly negative angles (<-30°), likely due
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to the hydrophilicity of the condensing surface. The aluminum condensing surface is
hydrophilic with a contact angles of about 5° surface [68], and the sapphire surface is also very
hydrophilic. On the other hand, MD membranes are hydrophobic. Thin films of water can stay
on the underside of inclined hydrophilic surfaces up to very high tilt angles [69-71].
Additionally, in small air gaps where droplets can exceed the size of the gap, droplets on the
hydrophobic surface may touch and be reabsorbed into the liquid film on the hydrophilic
condensing plate. Therefore, large inclination angles, which favor thicker liquid films, may be
required before thermal bridging effects occur.

6.4 Spacer Mesh Orientation
Varying the orientation of the spacer mesh, no significant difference was found in having the

spacer in the vertical orientation versus having it in the diagonal orientation, rotated 45° from the
vertical position (figs. 17, 18).
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Figure 17. Comparison of diagonal and vertical permeate production rates. The temperature difference
between cold and hot sides was kept at 20°C.

Surprisingly, it was found that the vertical or diagonal orientation of the spacer did not
significantly impact permeate flux. Essentially, the horizontal orientation was thought to have
more potential to hold water in the mesh (thus increasing flux through reduced transport
resistance), because droplets could rest on the edge of the spacer. However, both configurations
drained readily, perhaps because the woven mesh had consistent gaps for flow, and the rounded
spacer wire allowed for passage of drops.

Figure 18 shows side-by-side visualizations of the two orientations at similar experimental

conditions. Both orientations trap significant water in similar quantities. The diagonal orientation
does show more consistent patterns of large droplets, but the impact of this is unclear.
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a) b)

Figure 18. Side by side comparison of the: a) diagonal orientation; and b) vertical orientation of the
square mesh spacer at Ttjn = 40°C, T¢in = 25°C.

7. CONCLUSIONS

This study used experiments and numerical analysis to study how surface hydrophobicity, spacer
orientation, and module tilt angle impacted the performance of air gap membrane distillation.
This study is one of the first to visualize flow within the air gap itself, accomplished by using
condensation on an optically transparent, high conductivity sapphire plate[51].

Several conclusions were reached:

e The hydrophobic visualization results showed smaller droplets and reduced water in the
gap, indicating that smaller gap sizes are attainable without flooding. As this improves
flux by reducing mass transfer resistance, AGMD systems should use hydrophobic
surfaces with smaller gap sizes (e.g., < 1 mm) for improvements in energy efficiency and
flux, especially for high salinity feed streams. Full scale trials are recommended for
further validation of this result.

e Inadequate draining and water bridging across the gap may be a significant challenge in
most AGMD systems and will make the performance tradeoffs (GOR versus flux) behave
more like PGMD than anticipated. Better spacer design and hydrophobic condensing may
counter this issue.

e At moderate angles of inclination, up to +15°, there is little impact of tilt angle on
permeate flux, which varied less than 5%. Air gap systems should remain in this range.

e Permeate production increases at highly declined (negative) (<—30°) and highly inclined
angles (80-90°) as a result of two phenomena: gap flooding and thermal bridging of
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permeate from the condensing surface to the membrane. In some cases, flooding caused
flux increases of greater than 40%.

During tests, flooding was generally found to occur for large temperature differences
across the air gap, at small gap sizes (<0.7 mm), and at extremely inclined or declined
angles.

Varying the mesh spacer orientation had no significant effect on the permeate production
rate. Flow visualization revealed that the spacer may alter water flow, causing liquid to
wick towards it. This may act to trap water as well, and in some cases, can increase the
average film thickness. This occurred with varied spacer designs and implies that the
common filmwise condensation model does not adequately account for the intricacies of
AGMD. Accounting for air gap spacers and improving their design may be a major area
for further improving the technology.
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NOMENCLATURE

A area [m*]

B membrane permeability [s/m]
dyp  air gap width [mm]

c concentration [g/L]
Dw-a diffusivity of water vapor in air [m?*/s]
hy latent heat of vaporization [J/kg]
g gravitational constant [m/s?]
k thermal conductivity [W/m-K]
J flux [kg/m’s]
My molecular weight [g/mol]
m mass flow rate [kg/s]
P.,  vapor pressure [N/m?]
Qcona conductive heat transfer [W]
Qe,,ap conductive heat transfer [W]

T temperature [K]

w width [m]

X mole fraction

1) film thickness [m]

'3 porosity [%]
7MD MD thermal efficiency [-]

Y2 density [kg/m’]
v specific volume [m®]
Subscripts

a air

c cold/environment

f feed

g gap

i ith cell in computation

m membrane

w water

Acronyms

AGMD air gap membrane distillation
DCMD direct contact membrane distillation
GOR  gained output ratio

iCVD initiated chemical vapor deposition
PGMD permeate gap membrane distillation
VMD vacuum membrane distillation
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