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A B S T R A C T

Membrane distillation (MD) is a thermally-driven desalination process that can treat hypersaline brines.
Considerable MD literature has focused on mitigating temperature and concentration polarization. This
literature largely neglects that temperature and concentration polarization increase the feed density near the
membrane. With gravity properly oriented, this increase in density could trigger buoyancy-driven convection
and increase permeate production. Convection could also be strengthened by heating the feed channel wall
opposite the membrane. To investigate that possibility, we perform a series of experiments using a plate-
and-frame direct contact MD system with an active membrane area of 300 cm2 and a feed channel wall
heated using a resistive heater. The experiments measure the average transmembrane permeate flux for two
gravitational orientations, feed Reynolds numbers between 128 and 1128, and wall heat fluxes up to 12 kW/m2.
The results confirm that with gravity properly oriented, wall-heating can trigger buoyancy-driven convection
for a wide range of feed Reynolds numbers, and increase permeate production between roughly 20 and 130
%. We estimate, however, that at high Reynolds numbers (𝑅𝑒 > 800), more than 70 % of the wall heat is
carried out of the MD system by the feed flow, without contributing to permeate production. This suggests
the need for longer membranes and heat recovery steps in any future practical implementation.
1. Introduction

Membrane distillation (MD) is a thermally driven desalination pro-
cess that has been studied extensively in prior literature because it can
treat hypersaline brines [1,2]. MD operates by flowing warm feed over
hydrophobic microporous membrane, as in Fig. 1(a). A difference in

partial vapor pressure across the membrane causes water to evaporate
at the feed surface of the membrane and diffuse through the membrane
as vapor. Nonvolatile solutes remain in the feed. Depending on the
approach to MD, the vapor condenses either in the permeate channel or
in a separate condenser. In the simplest approach, called direct contact
membrane distillation (DCMD), the vapor condenses in a stream of cool
distillate water flowing over the permeate surface of the membrane.
This method is arguably the most popular approach to MD, but suffers
from conductive heat losses through the membrane [3]. Alternate
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approaches reduce these losses by maintaining a layer of air over the
permeate surface of the membrane, as in air gap membrane distillation
(AGMD), or by drawing the permeate vapor out of the permeate chan-
nel and into a separate condenser, as in vacuum membrane distillation
(VMD) and sweep gas membrane distillation (SGMD). The drawback to
these approaches is a sharp increase in system complexity.

The primary attraction of MD is that it is less sensitive to osmotic
pressure than reverse osmosis (RO). While conventional RO can treat
NaCl solutions to between 70–100 g/L, MD treatments are reported
near 300 g/L [4,5]. A secondary attraction is that MD operates at feed
temperatures below 90 ◦C. These can be produced by solar energy and
low-grade heat from industrial or geothermal sources to reduce energy
consumption. Nevertheless, MD faces two long-standing challenges.
The first, called temperature polarization, is the cooling of feed in a
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Nomenclature

Abbreviations

AGMD Air gap membrane distillation.
CFD Computational fluid dynamics.
DCMD Direct contact membrane distillation.
LMH Liters per square meter per hour (l/(m2 h)).
MD Membrane distillation.
SGMD Sweep gas membrane distillation.
VMD Vacuum membrane distillation.

Symbols

𝛼 Linear rate of increase of 𝐽 with 𝑞
(LMH/W). See Fig. 7.

𝛽𝑐𝑛𝑑 Percentage of 𝑞𝑝 lost to transmembrane
heat conduction (unitless). See Eq. (3).

𝛽𝑒𝑣𝑝 Percentage of 𝑞𝑝 lost to evaporation (unit-
less). See Eq. (3).

𝛽𝑙𝑜𝑠𝑠 Percentage of 𝑞𝑝 lost to the environment
(unitless). See Eq. (3).

𝛽𝑜𝑢𝑡 Percentage of 𝑞𝑝 exiting the feed outlet
(unitless). See Eq. (4).

𝛥𝐽 Relative percent increase in 𝐽 between 𝑞𝑝 =
0 and 𝑞𝑝 = 360 W (unitless). See Table 1.

𝑚̇𝑑
𝑖𝑛 Distillate inlet mass flow rate (kg/s). See

Fig. 5.
𝑚̇𝑑
𝑜𝑢𝑡 Distillate outlet mass flow rate (kg/s). See

Fig. 5.
𝑚̇𝑓
𝑖𝑛 Feed inlet mass flow rate (kg/s). See Fig. 5.

𝑚̇𝑓
𝑜𝑢𝑡 Feed outlet mass flow rate (kg/s). See

Fig. 5.
𝜂𝑝 The fraction 𝛽𝑒𝑣𝑝∕(𝛽𝑒𝑣𝑝+𝛽𝑐𝑛𝑑 ) (unitless). See

Eq. (6).
𝜈𝑑𝑖𝑛 Inlet distillate kinematic viscosity (m2/s).
𝜈𝑓𝑖𝑛 Inlet feed kinematic viscosity (m2/s).
𝑐𝑑𝑝 Specific heat evaluated at the distillate inlet

(J/(kg K)). See Fig. 5.
𝑐𝑓𝑝 Specific heat evaluated at the feed inlet

(J/(kg K)). See Fig. 5.
𝐷ℎ Hydraulic diameter (m)
𝑔 Gravitational acceleration (m/s2).
ℎ Feed and distillate channel height, set to

ℎ = 2 mm throughout.
𝐽 Average transmembrane permeate flux

(LMH).
𝐽0 Average transmembrane permeate flux

when 𝑞𝑝 = 0 (LMH).
𝐽360 Average transmembrane permeate flux

when 𝑞𝑝 = 360 W (LMH).
𝑞0𝑐𝑛𝑑 𝑞𝑒𝑣𝑝 when 𝑞𝑝 = 0 (W). See Eq. (3).
𝑞0𝑒𝑣𝑝 𝑞𝑒𝑣𝑝 when 𝑞𝑝 = 0 (W). See Eq. (3).
𝑞0𝑙𝑜𝑠𝑠 𝑞𝑙𝑜𝑠𝑠 when 𝑞𝑝 = 0 (W). See Eq. (3).
𝑞𝑝 Power provided by heated plate (W). See

Fig. 5.
𝑞𝑐𝑛𝑑 Energy lost to transmembrane heat conduc-

tion (W). See Fig. 5.

thermal boundary layer growing along the membrane. This reduces
vapor production as feed flows downstream. The second challenge,
called concentration polarization, is the accumulation of solutes near the
2

𝑞𝑒𝑣𝑝 Energy lost to evaporation (W). See Fig. 5.
𝑞𝑙𝑜𝑠𝑠 Energy lost to the environment (W). See

Fig. 5.
𝑅𝑒𝑑 = 𝑈𝑑

𝑖𝑛𝐷ℎ∕𝜈𝑑𝑖𝑛 Inlet distillate Reynolds number (unitless).
𝑅𝑒𝑓 = 𝑈𝑓

𝑖𝑛𝐷ℎ∕𝜈
𝑓
𝑖𝑛 Inlet feed Reynolds number (unitless).

𝑆𝐷 Standard deviation. See Eq. (5).
𝑇 𝑑
𝑖𝑛 Distillate inlet temperature (◦C). See Fig. 5.

𝑇 𝑑
𝑜𝑢𝑡 Distillate outlet temperature (◦C). See

Fig. 5.
𝑇 𝑓
𝑖𝑛 Feed inlet temperature (◦C). See Fig. 5.

𝑇 𝑓
𝑜𝑢𝑡 Feed outlet temperature (◦C). See Fig. 5.

𝑇 𝑓,0
𝑜𝑢𝑡 Feed outlet temperature when 𝑞𝑝 = 0 (◦C).

See Eq. (4).
𝑈𝑑
𝑖𝑛 Mean inlet distillate velocity (m/s).

𝑈𝑓
𝑖𝑛 Mean inlet feed velocity (m/s).

membrane. Though this decreases the feed partial vapor pressure, the
effect is often considered mild compared to temperature polarization.
The greater risk is that concentration polarization leads to mineral
scaling, which is the precipitation of salts onto the membrane, where
they can block or flood pores.

1.1. Motivation

The current work is motivated by recent studies that mitigate tem-
perature polarization using composite membranes heated by resistive
heating [6–9], induction heating [10], solar irradiation [11,12], or
lateral thermal conduction [13–15]. Though promising, heated mem-
branes present some challenges. (1) When used in DCMD, heated mem-
branes lose heat to the cool permeate flow, and exacerbate temperature
polarization in the permeate channel. Consequently, heated membranes
are primarily proposed for VMD, AGMD, and SGMD, which are sig-
nificantly more complicated [6,7,10,13,15]. (2) Membranes heated by
solar irradiation must be spread over a large area, in direct contact with
sunlight [11,12]. There are also open questions about the long term im-
pact of solar radiation on polymers used in many membrane materials.
Studies consequently focus on heating membranes electrically, which
increases the energy demand. (3) Heated membranes perform best at
low feed flow rates that maximize contact time with the feed [10].
Studies of heated membranes in bench-scale plate-and-frame systems
consider feed Reynolds numbers as low as 𝑅𝑒 = 0.1, where 𝑅𝑒 is based
on the mean feed velocity and feed channel hydraulic diameter [8].
Though such low Reynolds numbers improve heat transport to the
feed, they can also increase concentration polarization and mineral
scaling [15], which are major concerns when treating hypersaline
brines. For that reason, MD systems with plate-and-frame or spiral
wound geometries are typically operated at Reynolds numbers in the
range 100 ≤ 𝑅𝑒 ≤ 1000 [16,17]. Though not considered in the current
study, hollow fiber MD modules are also typically operated at large
cross flow velocities to mitigate polarization.

The current work is further motivated by the fact that little prior
work has considered that temperature and concentration polarization
cause an increase in the feed density near the membrane [18–21]. In
a recent computational fluid dynamics (CFD) study [22], we show that
with gravity pointing towards the feed channel wall, as in Fig. 1(b), the
local increase in density can trigger a buoyancy-driven instability, in
which plumes of dense solute-rich feed sink away from the membrane.
The sinking plumes bring warm low-concentration feed to the mem-
brane, and increase permeate production. Our CFD [22] also shows
that in this unstable orientation, buoyancy-driven convection can be
strengthened and sustained over long membranes (at Reynolds numbers

above 𝑅𝑒 > 100) by actively heating the channel wall opposite the
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Fig. 1. (a) Sketch (not to scale) of an MD system in a stable-orientation for which gravity points away from the feed channel wall. The membrane is shaded gray. The dotted
region shows the concentration boundary layer. The temperature profile illustrates temperature polarization. (b) Sketch of an MD system in an unstable-orientation for which
gravity points towards the feed channel wall.
Fig. 2. Convection can be strengthened and sustained over long membranes by heating the feed channel wall using resistive Joule heating (panel a) or a secondary hot fluid
(panel b).
membrane. This generates rising plumes of warm fluid that reinforce
instability and replenish heat lost to evaporation at the membrane
surface, as in Fig. 2. The plate can be heated using resistive Joule
heating, as sketched in Fig. 2(a), or by flowing a secondary hot fluid
over the opposite surface of the plate, as in Fig. 2(b). That secondary
fluid can in turn be heated by solar, geothermal, or industrial low-grade
heat. In this manner, buoyancy-driven convection could mitigate tem-
perature polarization without requiring novel membrane development
or additional electric heating.

1.2. Objectives

Thus motivated, the objective of the current study is to experi-
mentally confirm whether wall heating can trigger buoyancy-driven
convection in DCMD, and if so, for what operating conditions. We
believe that fundamental question deserves to be answered before
pursuing any practical implementation of wall-heating in MD. If war-
ranted, that latter exploration is left to future work. We also note
that confirmation of buoyancy-driven convection in the current study
would suggest that buoyancy should be explored for heated membranes
as well, particularly as those studies tend to focus on low Reynolds
numbers for which turbulent mixing is not possible.

To supply wall-heating, we develop a bench-scale, plate-and-frame,
DCMD system in which the feed channel has a smooth stainless steel
plate heated with a thin resistive heater (detailed in Section 2). The
heated plate and active membrane both have a width and length of
10 cm and 30 cm, respectively. The active membrane area (300 cm2) is
much larger than those typically considered bench-scale systems, which
tend to consider areas between 0.25 to 30 cm2 [6–8,10,11,13]. Using
our system, we perform a parametric study in which we systematically
measure the average transmembrane permeate flux for a range of wall
heat flux and feed Reynolds number. The latter varies between 128 ≤
𝑅𝑒 ≤ 1148, which covers the range typically considered in plate-and-
frame and spiral wound membrane modules [17]. It is worth stressing
that MD literature typically suggests the process should be operated
at large Reynolds numbers. However, those works are not necessarily
relevant here, because they focus on ‘‘conventional’’ MD, in which the
3

feed is only heated before entering the membrane module. We also
note that choosing an optimal Reynolds number depends on how it
influences both permeate production and mineral scaling. Because the
current study does not consider mineral scaling, we make no claims as
to what an optimal operating Reynolds number might be.

We perform our experiments with the membrane oriented hori-
zontally, and the experiments are repeated for the two gravitational
orientations shown in Fig. 1. In the stable orientation sketched in panel
(a), the feed flows above the membrane, such that gravity points to-
wards the membrane feed surface. In the unstable orientation sketched
in panel (b), the feed flows below the membrane, such that gravity
points away from the membrane feed surface. All experiments are
performed in triplicate, using fresh membrane coupons. We also per-
form an energy balance to estimate the fraction of wall heating that
successfully contributes to permeate production. Most experiments use
a feed solution of DI water and 70 g/L NaCl, which is typical of waste
brine produced by RO. Most experiments are performed without a feed
spacer, because our long term goal is to texture the heated surface
with fins or dimples (see Fig. 13) that support the membrane while
promoting heat transport or mitigating concentration polarization [17].

Note that our previous CFD study [22] simulated buoyancy-driven
convection in VMD, which is simpler to simulate because the flow in
the permeate channel can be neglected. However, our experience is
that VMD is more difficult to implement experimentally due to the
challenges of (1) sealing and maintaining a low vacuum pressure in
the permeate channel, (2) preventing vapor condensation within the
permeate channel, and (3) accurately measuring the condensation rate
in the condenser. These challenges reduce the accuracy and repeata-
bility of the measured rate of permeate production. Because we rely
on that data as evidence of buoyancy-driven convection, we use a
DCMD system for which we have an established record of measuring
accurate data [5,16,23,24]. We also stress here that comparison with
CFD simulations of our current system is outside the reasonable scope
of the current study, because buoyancy-driven convection in MD is
uniquely challenging to simulate accurately [22]. One major challenge
arises because wall heating generates variations in feed viscosity and
mass diffusivity on the order of 100%, and variations in feed density
on the order of 10%. The latter pushes the limits of the Boussinesq

approximation, such that accurate CFD requires a low-Mach-number
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Fig. 3. Sketch (not to scale) demonstrating how the feed and distillate channels are sealed using two acrylic plates, two gaskets, and a membrane sheet. Panel (a) shows a gasket.
Panel (b) shows a membrane with tabs. Panels (c) and (d) show assembled top and side views, with the inlet and outlet troughs shaded black. These troughs are further illustrated
in Fig. 4. In all panels, the membrane is oriented horizontally, and the feed and distillate flow from left to right.
Fig. 4. Sketch (not to scale) of the heated plate. Panel (a) shows the milled acrylic plate. Panel (b) shows the assembled plate with the resistive heater, steel plate, and thermocouple.
In both panels, the heated surface is oriented horizontally, and feed and distillate flow from left to right.
variable-density solver. These are computationally expensive (in terms
of CPU hours) for the conditions experienced in MD [22,25]. Our
CFD work also shows that simulations require fine grids and time
steps to resolve small flow structures in the boundary layers and
plumes [22]. These compounding issues make the 3D simulation of our
large bench-scale system unfeasible for the current scope.

The remaining study is organized as follows. Section 2 presents our
experimental methods, data processing, and an energy balance. Sec-
tion 3 interprets the results of a parametric study. Section 4 summarizes
our conclusions.

2. Methods

The objective of our experiments is to measure the average trans-
membrane permeate flux 𝐽 in a plate-and-frame DCMD system with a
heated feed channel wall. We repeat measurements for the stable and
unstable orientations labeled in Fig. 1, and we attribute the impact on
𝐽 to buoyancy-driven convection. We also perform an energy balance
to estimate the percentage of wall heat that contributes to permeate
production.

2.1. Flow cell

Our experiments use the DCMD cell illustrated in Fig. 3, which was
the result of considerable trial and error detailed in Ref. [26]. It was
chosen because it produces highly repeatable data, and can be easily
extended to longer channel widths and lengths. The feed and distillate
4

channels are formed by cutting the desired channel width and length
(100 mm × 350 mm) from two identical 2.3 mm thick rubber gaskets
(panel a). The gaskets are placed on the opposite sides of a membrane
(panel b) that has a 100 × 300 mm2 active area and tabs extending
beyond the gaskets. Outside the active area, the membrane surface is
sealed with silicone. The gaskets and membrane are sealed between two
acrylic plates using bolts (panels c and d). As the bolts are tightened, we
pull the tabs to remove wrinkles from the membrane. Feed and distillate
enter and exit the flow channels through troughs that distribute flow
across the channel width. The troughs (shown in black in panels c and
d) are outside the active membrane area. Each trough is connected to
two ports drilled through the acrylic plate, as shown in Fig. 4.

Note that our active membrane area (300 cm2) is much larger than
that typically considered in past literature [6–8,10,11,13], which con-
siders areas between roughly 0.25 to 30 cm2. Though our design can be
easily increased to larger membrane areas, that becomes prohibitively
expensive in the current study, due to the large amount of membrane
material required to perform all experiments in triplicate. To support
the membrane, we place a spacer over the full width and length of the
permeate channel. The spacer has a height of 2 mm and is made of
a non-woven mesh of extruded polypropylene filaments in a diamond
pattern. For most experiments, there is no feed spacer over the active
area of the membrane. However, there are two small strips of spacer
material over the troughs, as sketched in Fig. 4(b). These strips are
glued to the acrylic feed plate, outside the active membrane area.
The strips ensure the feed and distillate channels have equal heights
of ℎ = 2 mm once the bolts are tightened. To minimize membrane
flapping, all experiments are performed with the feed and distillate

flowing in a cocurrent configuration. The feed inlet pressure is also kept
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Fig. 5. Control volume used in energy balance.

lightly higher than the inlet distillate pressure to press the membrane
gainst the permeate spacer. Though conventional DCMD systems are
ften operated in counter-flow mode to minimize temperature polar-
zation, the above measures are taken here to confidently attribute any
mpact of varying the feed flow rate to buoyancy-driven convection,
nd not membrane flapping. These measures are also consistent with
stablished practices taken in prior literature when comparing CFD and
xperiments [16].
All experiments use a Clarcor QP952 membrane with a porosity

etween 0.70–0.85, and a nominal pore size of 0.45 μm. The membrane
as an active layer of elongated polytetrafluoroethylene (ePTFE) above
non-woven polyester support layer [27]. This membrane is chosen
ecause its support layer reduces membrane warping and increases
epeatability. Our prior work also finds that this membrane provides
salt rejection above 99.8% [27].

.2. Heated plate

We heat the feed channel wall using a thin (1 mm thick) surface
eater with a 100 mm width and 300 mm length (Omega Engineering,
RFGA). The heater is placed in a cavity in the acrylic plate, and
overed with a 1.5 mm thick 316 stainless steel plate, as in Fig. 4. The
teel plate sits in a recess milled in the acrylic to provide a flush surface
n the feed channel. The steel is sealed to the acrylic using silicone
ealant (General Electric Sealants). The contact lines between the steel
nd acrylic are also sealed with Nashua waterproofing foil tape, as in
ig. 4(b). Once assembled, the 100 mm × 300 mm heater surface is
ituated opposite from the 100 mm × 300 mm active membrane area.
Several thin sheets of silicone are placed between the heater and

crylic plate to press the heater firmly against the steel plate. A k-type
hermocouple is placed in the silicone sheets to monitor the internal
emperature of the acrylic plate. To prevent thermal deformation of
he acrylic plate, experiments are stopped if the measured temperature
xceeds 100 ◦C. The heater supplies up to 1.55 W per cm2 of the
eater’s 300 cm2 surface, and is powered by a 500 W adjustable
C power supply (YaeCCC TDGC-0.5KM) run through a ground-fault
ircuit interrupter in case of an electrical short.

.3. Energy balance

Only a fraction of the supplied wall heat 𝑞𝑝 successfully contributes
o feed evaporation. The remaining 𝑞𝑝 is lost to transmembrane heat
onduction, the surrounding environment, or exits with the feed outlet
low. We estimate these fractions using the control volume shown
n Fig. 5. The volume receives energy from the heated plate and
hannel inlets, while losing energy through the channel outlets and the
urrounding environment. A steady-state energy balance produces the
ollowing approximation for the environmental loss, labeled 𝑞𝑙𝑜𝑠𝑠,

𝑙𝑜𝑠𝑠 = 𝑞𝑝 +
[

𝑚̇ 𝑐𝑝 𝑇
]𝑓
𝑖𝑛 +

[

𝑚̇ 𝑐𝑝 𝑇
]𝑑
𝑖𝑛 −

[

𝑚̇ 𝑐𝑝 𝑇
]𝑓
𝑜𝑢𝑡 −

[

𝑚̇ 𝑐𝑝 𝑇
]𝑑
𝑜𝑢𝑡, (1)

here 𝑚̇ and 𝑐𝑝 denote the feed/distillate mass flow rates and spe-
ific heats, respectively. The superscripts 𝑓 and 𝑑 refer to quantities
valuated in the feed and distillate, respectively. The subscripts 𝑖𝑛 and
𝑢𝑡 refer to quantities evaluated at the inlets and outlets, respectively,
5

s labeled in Fig. 5. We evaluate 𝑚̇ using the feed/distillate densities T
Fig. 6. Flow control and instrumentation of bench scale DCMD system. The feed and
distillate loops are depicted on the left and right, respectively side of the figure.

and volumetric flow rates. Densities and specific heats are evaluated at
the corresponding inlet/outlet temperature and NaCl concentration, as
detailed in Appendix B.

MD literature [1,24] typically approximates the transmembrane
heat flux as the sum of a latent heat transfer and conductive heat
transfer, labeled 𝑞𝑒𝑣𝑝 and 𝑞𝑐𝑛𝑑 , respectively, in Fig. 5. We follow prior
iterature and estimate the latent heat transfer as 𝑞𝑒𝑣𝑝 = 𝑚̇𝑗𝜆, where
̇ 𝑗 is the transmembrane vapor mass flux and 𝜆 (J/kg) is the latent
eat of evaporation. The latent heat is approximated [24] as 𝜆 =

2502800 − 2438.18 𝑇 , where 𝑇 is measured in Celsius. We follow the
common practice of setting 𝑇 = (𝑇 𝑓

𝑖𝑛 + 𝑇 𝑑
𝑖𝑛)∕2. To estimate 𝑞𝑐𝑛𝑑 , we

perform an energy balance for the permeate channel, which produces

𝑞𝑐𝑛𝑑 =
[

𝑚̇ 𝑐𝑝 𝑇
]𝑑
𝑜𝑢𝑡 −

[

𝑚̇ 𝑐𝑝 𝑇
]𝑑
𝑖𝑛 − 𝑞𝑒𝑣𝑝. (2)

Eq. (2) assumes that environmental losses primarily occur in the feed
channel, because the distillate temperatures are much closer to the
ambient lab temperature of roughly 25 ◦C.

To determine the fractions of 𝑞𝑝 lost to evaporation, transmembrane
heat conduction, and the environment, we first compute 𝑞𝑒𝑣𝑝, 𝑞𝑐𝑛𝑑 , and
𝑞𝑙𝑜𝑠𝑠 by performing an experiment with no wall heat (𝑞𝑝 = 0). We then
repeat the experiment with nonzero 𝑞𝑝, and estimate the fractions as

𝛽𝑒𝑣𝑝 =
𝑞𝑒𝑣𝑝 − 𝑞0𝑒𝑣𝑝

𝑞𝑝
, 𝛽𝑐𝑛𝑑 =

𝑞𝑐𝑛𝑑 − 𝑞0𝑐𝑛𝑑
𝑞𝑝

, 𝛽𝑙𝑜𝑠𝑠 =
𝑞𝑙𝑜𝑠𝑠 − 𝑞0𝑙𝑜𝑠𝑠

𝑞𝑝
, (3)

where the superscript 0 denotes quantities computed at 𝑞𝑝 = 0. To
estimate the fraction of 𝑞𝑝 exiting the feed outlet, we use the experi-
mentally measured feed outlet temperatures,

𝛽𝑜𝑢𝑡 =

[

𝑚̇ 𝑐𝑝 𝑇
]𝑓
𝑜𝑢𝑡 −

[

𝑚̇ 𝑐𝑝 𝑇
]𝑓,0
𝑜𝑢𝑡

𝑞𝑝
, (4)

where the superscript ‘‘𝑓, 0’’ denotes results when 𝑞𝑝 = 0.

2.4. Flow control and instrumentation

The DCMD cell operates in the closed-loop system sketched in Fig. 6.
eed exits a 10 L tank and passes through a pump, digital flow meter,
nd heat exchanger (Brazetek BT-STX-85) to set the desired feed inlet
emperature and volumetric flow rate. The feed then flows through the
CMD cell and returns to the feed tank through the top. This drops
eturning feed into the tank to enhance mixing. Distilled water similarly
xits a 10 L tank and passes through a pump, digital flow meter, heat
xchanger (Brazetek BT-STX-85), and the cell. The feed and distillate
oops use identical centrifugal pumps (Micropump CA series powered
y an EagleDrive DEMSE motor). Distillate returns to the distillate tank
hrough the lower side wall to minimally disturb the water within.
his reduces noise measured by a pressure transducer (OMEGA PX309-
02GV) placed at the tank base to compute the distillate volume.

he distillate tank is placed above the feed tank, and the base of the
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Table 1
For the stable (stab.) and unstable (unst.) orientations and feed Reynolds numbers listed in columns 1 and
2, respectively, the remaining columns report 𝑈𝑓

𝑖𝑛 , 𝐽0, 𝐽360, 𝛥𝐽 , 𝛽𝑒𝑣𝑝, 𝛽𝑐𝑛𝑑 , 𝛽𝑜𝑢𝑡, and 𝜂𝑞 . The 𝛽 and 𝜂𝑞 values
are computed when 𝑞𝑝 = 240 W. The data in parentheses represent one standard deviation (SD). To aid
readability, the data for the unstable orientation is shaded gray. Note that we set 𝜂𝑝 to unity in the stable
orientation when 𝑅𝑒𝑓 = 893, due to the unphysical 𝛽𝑐𝑛𝑑 = −0.09 value.

𝑅𝑒𝑓 𝑈𝑓
𝑖𝑛 𝐽0 𝐽360 𝛥𝐽 𝛽𝑒𝑣𝑝 𝛽𝑜𝑢𝑡 𝛽𝑐𝑛𝑑 𝜂𝑞

Units cm/s LMH LMH % % % % %

stab. 128 1.64 2.12 3.88 85.1 11.2 61.8 18.4 37.8
(SD: 0.16) (SD: 0.63) (SD: 37) (SD: 2.9) (SD: 0.52) (SD: 0.38)

unst. 128 3.19 7.56 137 24.8 27.5 35.0 41.5
(SD: 0.029) (SD: 0.19) (SD: 6.9) (SD: 2.3) (SD: 3.0) (SD: 0.43)

stab. 255 3.28 3.42 4.23 23.6 5.29 79.1 7.71 40.7
(SD: 0.11) (SD: 0.23) (SD: 7.2) (SD: 0.56) (SD: 2.1) (SD: 1.1)

unst. 255 5.59 8.66 55.4 19.7 50.0 21.5 47.8
(SD: 0.41) (SD: 0.25) (SD: 6.9) (SD: 3.6) (SD: 0.60) (SD: 2.0)

stab. 383 4.92 4.31 5.10 18.5 4.72 82.7 2.53 65.1
(SD: 0.097) (SD: 0.11) (SD: 5.1) (SD: 0.99) (SD: 1.8) (SD: 0.76)

unst. 6.58 9.33 41.9 17.0 56.1 16.8 50.3
(SD: 0.18) (SD: 0.14) (SD: 3.1) (SD: 2.1) (SD: 0.68) (SD: 1.7)

stab. 510 6.56 5.48 5.76 5.20 1.36 87.4 5.33 20.3
(SD: 0.30) (SD: 0.071) (SD: 4.4) (SD: 3.0) (SD: 2.1) (SD: 1.1)

unst. 510 6.95 9.48 36.4 15.7 60.3 14.6 51.8
(SD: 0.25) (SD: 0.52) (SD: 3.0) (SD: 1.8) (SD: 3.6) (SD: 2.0)

stab. 638 8.20 5.99 6.48 8.42 2.51 88.6 3.06 45.1
(SD: 0.30) (SD: 0.25) (SD: 5.7) (SD: 2.5) (SD: 1.6) (SD: 1.1)

unst. 638 8.13 10.1 24.5 13.6 69.6 11.1 55.1
(SD: 0.27) (SD: 0.22) (SD: 1.9) (SD: 1.7) (SD: 2.5) (SD: 2.0)

stab. 893 11.5 6.85 7.71 12.8 4.88 90.8 -0.09 1
(SD: 0.34) (SD: 0.19) (SD: 4.6) (SD: 2.8) (SD: 3.2) (SD: 1.5)

unst. 893 8.78 10.6 20.4 10.5 77.7 9.83 51.7
(SD: 0.20) (SD: 0.18) (SD: 0.75) (SD: 1.3) (SD: 0.76) (SD: 2.0)
w

distillate tank has a solenoid valve that allows a desired volume of
distillate to return to the feed tank.

Temperature probes (Electronic Innovations EI1034) and pressure
transducers (OMEGA PX309-030G5V) monitor the feed and distillate
temperatures and pressures entering and exiting the cell. Probes mea-
sure the electrical conductivity of the feed (Sensorex TCSMA Blind
Toroidal Conductivity Transmitter) and distillate (Eutech alpha-
COND500). Data collection and operating conditions are automated
using LabVIEW and a multichannel DAQ. Components of the distillate
and feed loop are connected by vinyl tubing insulated with foam, and
both tanks are sealed to minimize evaporation.

We compute the average permeate flux 𝐽 by tracking the water
olume in the distillate tank as a function of time. A linear fit is applied
o this data, as demonstrated in Appendix A, and the resulting slope is
ivided by the membrane active area (300 cm2) to obtain 𝐽 . We report
J in units of L/(m2 h), abbreviated as LMH.

When shutting down the system between experiments, we flush
he system with DI water until the feed conductivity probe reads zero
onductivity for one hour. When replacing the membrane, we clean the
CMD cell with DI water and dish soap. We also clean the flow control
ystem by flushing for one hour with DI water, followed by one hour
ith an NaOH solution (pH > 11.5), and one hour of an HCl solution
pH < 2.5). We then flush the system with DI water again until the
onductivity probe reads zero for one hour.

.5. Experimental procedures

Most experiments use a feed solution of DI water and 70 g/L NaCl,
hich is a common NaCl concentration in waste brine produced by
everse osmosis. To avoid interfering with buoyancy-driven convection,
ost experiments have no feed spacer over the active membrane area,
s sketched in Fig. 4(b). All experiments maintain constant inlet feed
6

and distillate temperatures of 𝑇 𝑓
𝑖𝑛 = 60 ± 3 ◦C and 𝑇 𝑑

𝑖𝑛 = 30 ± 1
◦C, respectively. To minimize temperature polarization in the distillate
channel, we set the distillate inlet flowrate to the maximum value
reliably maintained by our system. This produces a mean distillate inlet
velocity of 𝑈𝑑

𝑖𝑛 = 14.8 cm/s, when averaged over the cross-sectional
channel area. That corresponds to an inlet distillate Reynolds number
of 𝑅𝑒𝑑 = 735, where 𝑅𝑒𝑑 = 𝑈𝑑

𝑖𝑛𝐷ℎ∕𝜈𝑑𝑖𝑛 is defined using the channel
hydraulic diameter 𝐷ℎ and the inlet distillate kinematic viscosity 𝜈𝑑𝑖𝑛.
Most experiments vary the average feed inlet velocity between 1.64 ≤
𝑈𝑓
𝑖𝑛 ≤ 11.5 cm/s. This varies the inlet feed Reynolds number between

128 ≤ 𝑅𝑒𝑓 ≤ 893, where 𝑅𝑒 = 𝑈𝑓
𝑖𝑛𝐷ℎ∕𝜈

𝑓
𝑖𝑛. A small set of experiments

shown in Fig. 9(b) consider the higher Reynolds number 𝑅𝑒𝑓 = 1148.
The viscosities 𝜈𝑑𝑖𝑛 and 𝜈𝑓𝑖𝑛 are computed using relationships detailed in
Appendix B.

A typical series of experiments begins by running the system for an
hour without wall-heating (𝑞𝑝 = 0) to allow the system to reach steady
state. We then run the system for one hour each with 𝑞𝑝 = 0, 120, 240,
and 360 W. The measured permeate fluxes at these heating levels are
denoted 𝐽0, 𝐽120, 𝐽240, and 𝐽360, respectively. In some cases, we do not
consider 𝑞𝑝 = 360 W, because the temperature of the acrylic feed plate,
measured by the thermocouple, exceeds 100 ◦C. We repeat the above
procedure for the stable and unstable orientations shown in Fig. 1, and
a range of feed Reynolds numbers, 𝑅𝑒𝑓 .

All experiments are run in triplicate using fresh membrane coupons
to measure repeatability. We compute the standard deviation (SD) of
the measured flux using the definition

SD =

√

√

√

√
1
3

3
∑

𝑖=1

(

𝐽𝑖 − 𝐽
)

, (5)

here 𝐽𝑖 is the measured flux from run 𝑖, and 𝐽 is the average of three
runs. In plots with errors bars, the total error bar length is two standard
deviations.
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Fig. 7. Permeate flux 𝐽 versus wall heat 𝑞𝑝 when treating a feed solution of 70 g/L NaCl in the stable (panel a) and unstable (panel b) orientations. Symbols show the measured
data with error bars. Solid lines how linear best fits. In panel (a), the flux at 𝑞𝑝 = 360 W is extrapolated.
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3. Results

Section 3.1 presents a parametric study that varies the wall heat
between 0 ≤ 𝑞𝑝 ≤ 360 W, for the stable and unstable orientations, and
the feed Reynolds numbers listed in Table 1. These experiments treat a
feed with 70 g/l NaCl, with no feed spacer. Subsequently, Section 3.2
considers DI water as the feed, so that density variations only arise due
to temperature variations. Finally, Section 3.3 considers the impact of
a feed spacer.

3.1. Impact of orientation, wall heating, and feed Reynolds number

Fig. 7 shows the measured permeate flux 𝐽 as a function of the
wall heat 𝑞𝑝 when treating a feed solution of 70 g/L NaCl with no
feed spacer. Panels (a) and (b) show results for the stable and unstable
orientations, respectively. Results are shown for the feed Reynolds
numbers 𝑅𝑒𝑓 listed in the legend. The symbols show the measured
data, while the solid lines show linear best fits. We are unable to
perform experiments at 𝑞𝑝 = 360 W in the stable orientation, because
the temperature of the acrylic plate exceeds 100 ◦C. The data circled in
panel (a) is extrapolated linearly from the results at lower wall heating.

From Fig. 7, it is clear that the unstable orientation produces signif-
icantly more permeate than the stable orientation, even without wall
heating (𝑞𝑝 = 0). This suggests that buoyancy-driven convection occurs
even in the absence of wall heating. For both orientations, 𝐽 increases
with 𝑞𝑝 and 𝑅𝑒𝑓 . The data suggest that 𝐽 increases linearly with 𝑞𝑝, and
the rate of increase is much greater for the unstable orientation. We
also observe that for the unstable orientation, the slopes of the linear
fits (labeled 𝛼 in Fig. 7b) decrease with increasing 𝑅𝑒𝑓 . This suggests
that with increasing heat 𝑞𝑝, the permeate flux produced by 𝑅𝑒𝑓 = 128
could surpass that produced by 𝑅𝑒𝑓 = 893. Extrapolation predicts that
this occurs when 𝑞𝑝 > 794 W. However, such a high value is likely
impractical.

The impact of orientation, 𝑅𝑒𝑓 , and 𝑞𝑝 are further quantified in
Table 1, which lists the relative increase in flux 𝛥𝐽 = (𝐽360 − 𝐽0)∕𝐽0,
where 𝐽0 and 𝐽360 are the fluxes at 𝑞𝑝 = 0 and 360 W, respectively. 𝐽360
is extrapolated for the stable case. Fig. 8 plots the variation of 𝛥𝐽 with
𝑅𝑒𝑓 for the stable (solid line) and unstable (dashed line) orientations.
For the unstable orientation, 𝛥𝐽 decreases monotonically from 137%
at 𝑅𝑒𝑓 = 128 to 20.4% at 𝑅𝑒𝑓 = 893. This likely occurs because the
downstream feed flow has a stabilizing effect that delays the onset
of convection. This effect is known for the related problem of mixed
convection heat transfer in channel flows with a heated wall [28,29].
In that case, experiments show that increasing the Reynolds number
7

pushes the onset of convection downstream from the inlet [28,29]. f
Fig. 8. Variation of 𝛥𝐽 with 𝑅𝑒𝑓𝑖𝑛 for the stable (solid lines) and unstable (dashed lines)
rientations. Symbols show the measured data with error bars.

his occurs because increasing the Reynolds number decreases the ther-
al boundary layer thickness and the temperature difference therein.
onversely, increasing the heat flux through the plate increases the
oundary layer thickness and pushes onset upstream, closer to the inlet.
dentical behavior was observed in our CFD simulations of buoyancy-
riven convection in VMD [22], where increasing the Reynolds number
as found to decrease the thicknesses of the thermal and solutal bound-
ry layers growing on the plate and membrane. This pushed onset
f convection downstream, and in some cases, outside the simulated
ength.
Though it is tempting to compare the current problem with

ayleigh-Bénard-Poiseuille (RBP) flow, the comparison is less straight-
orward, because RBP flow considers channel flow with a linear temper-
ture profile. In contrast, the current problem has nonlinear tempera-
ure profiles in the thermal boundary layers. We nevertheless note here
hat increasing the Reynolds numbers can also delay convection in RBP
low; however, it depends on whether the convection takes the form of
ransverse or longitudinal roles [30–35]. The former are delayed by
ncreasing the Reynolds number, while the latter are insensitive.
Fig. 8 shows that for the stable orientation, 𝛥𝐽 initially decreases

etween 128 ≤ 𝑅𝑒𝑓 ≤ 510 (shaded gray), after which 𝛥𝐽 increases.
his non-monotonic behavior could be explained as follows. In the ab-
ence of buoyancy-driven convection or other mixing, laminar thermal
oundary layers grow along both the membrane and the heated plate,
nd the membrane is unaffected by wall heating until the two thermal
oundary layers have grown sufficiently to interact. Increasing the
eed Reynolds number decreases the boundary layer thicknesses, and
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Fig. 9. 𝐽 versus 𝑅𝑒𝑓 for the stable (panel a) and unstable (panel b) orientations. Results are shown for 𝑞𝑝 = 0 (solid dots), 120 W (triangles), 240 W (squares), and 360 W
(asterisks). Panel (b) includes data from an added run at 𝑅𝑒𝑓 = 1148. Symbols show the measured data with error bars.
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ncreases the initial downstream distance over which the membrane is
naffected by 𝑞𝑝. The increase in 𝛥𝐽 for 𝑅𝑒𝑓 > 510 might be explained
y a change in flow regime that brings heat to the membrane, such as
he appearance of secondary vortical flows or a transition to turbulence.
xperimental confirmation of that hypothesis is not possible, because
he plate and membrane are optically opaque. We also note that the
rror bars for the stable case in Fig. 8 are larger than for the unstable
ase due to uncertainty introduced through the linear extrapolation of
360.
Fig. 9 shows the variation of 𝐽 with 𝑅𝑒𝑓 for the stable (panel a) and

nstable (panel b) orientations. Results are shown for 𝑞𝑝 = 0, 120, 240,
nd 360 W (see legend). The region 𝑅𝑒𝑓 ≤ 510 is shaded gray to aid our
discussion. In the stable orientation, 𝐽 tends to increase linearly with
𝑅𝑒𝑓 , but with a change in slope at 𝑅𝑒𝑓 = 510. This slope change could
be explained by our hypothesis that there is a change in flow regime
around 𝑅𝑒𝑓 = 510. It is tempting to suggest that a change in slope
is also evident in panel (b) for the unstable orientation. However, the
error bars at that Reynolds number suggest the change in slope could
simply be due to outliers in our data.

In the unstable orientation, 𝐽 varies nonlinearly with 𝑅𝑒𝑓 , and is
far more sensitive to 𝑞𝑝. This is likely due to enhanced mixing from
buoyancy-driven convection. When we consider the data up to 𝑅𝑒𝑓 =
893, 𝐽 appears to plateau at high Reynolds numbers. This motivated
us to run an additional set of experiments at 𝑅𝑒𝑓 = 1148, which is
the maximum attainable in our system. The additional data points in
panel (b) suggest that 𝐽 begins to decrease when 𝑅𝑒𝑓 > 893. This likely
occurs due to a suppression of buoyancy-driven convection at high feed
Reynolds numbers, as discussed in Fig. 8.

Fig. 10(a) shows the percentage of wall heat contributing to distil-
late production (𝛽𝑒𝑣𝑝) in the stable (solid line) and unstable (dashed
ine) orientations. The data is computed when 𝑞𝑝 = 240 W, and is
hown as a function of 𝑅𝑒𝑓 . As expected, a greater percentage of 𝑞𝑝
ontributes to evaporation in the unstable orientation. The percentage
n the unstable orientation also decreases as 𝑅𝑒𝑓 increases, from 24.8%
t 𝑅𝑒𝑓 = 128 to 10.5% at 𝑅𝑒𝑓 = 893. Fig. 10(b) shows the corresponding
ercentage of wall heat that exits the feed channel outlet (𝛽𝑜𝑢𝑡). For the
table orientation, 𝛽𝑜𝑢𝑡 increases with 𝑅𝑒𝑓 from 61.8% at 𝑅𝑒𝑓 = 128 to
0.8% at 𝑅𝑒𝑓 = 893. We conclude that in the stable orientation, most
f the supplied wall heat is simply carried out of the feed channel. For
he unstable orientation, 𝛽𝑜𝑢𝑡 is much less, but still increases with 𝑅𝑒𝑓

rom 27.5% at 𝑅𝑒𝑓 = 128 to 77.7% at 𝑅𝑒𝑓 = 893.
For the unstable orientation, 𝛽𝑜𝑢𝑡 could be substantially reduced us-

ng a longer membrane to provide more time for plumes to advect heat
o the membrane. Heat leaving the feed outlet could also be captured
8

n a secondary heat recovery, or recycled by returning concentrate to k
he feed inlet, as in a semi-batch process. Finally, transmembrane heat
onduction could be minimized using VMD, though this comes with
dded complexity. Overall, however, it is worth stressing that heat lost
o concentrate is perhaps the main disadvantage of wall heating in
omparison to heating the membrane directly [6–15]. For comparison,
rior work suggests that heated membranes in VMD lose as little as
6% of the supplied heat to the concentrate [15].
Table 1 lists the fractions 𝛽𝑒𝑣𝑝, 𝛽𝑜𝑢𝑡, and 𝛽𝑐𝑛𝑑 computed when 𝑞𝑝 =

40 W. Note that the stable orientation has a negative 𝛽𝑐𝑛𝑑 when
𝑒𝑓 = 893. This occurs because the estimated 𝑞𝑐𝑛𝑑 at 𝑞𝑝 = 240 W is
lightly less than 𝑞0𝑐𝑛𝑑 , generating a negative numerator in Eq. (3). The
egative value is close to zero, and likely arises due to a combination of
xperimental uncertainty and the approximations made in our energy
alance.
Prior MD literature often computes a thermal efficiency 𝜂, defined

s the fraction of transmembrane heat transport occurring due to
ermeate production [36]. In a system with no transmembrane heat
onduction, this efficiency is 𝜂 = 1. We similarly define the thermal
fficiency 𝜂𝑞 ,

𝑞 =
𝛽𝑒𝑣𝑝

𝛽𝑒𝑣𝑝 + 𝛽𝑐𝑛𝑑
, (6)

which represents the fraction of wall heating transferred to the distillate
channel due to permeate production (𝛽𝑒𝑣𝑝), to the total fraction of wall
eating transferred to the distillate channel (𝛽𝑒𝑣𝑝 + 𝛽𝑐𝑛𝑑).
Table 1 lists 𝜂𝑞 when 𝑞𝑝 = 240 W. For the unstable orientation, 𝜂𝑞

aries between 41.5–55.1%, which is consistent with 𝜂 values observed
n conventional DCMD systems [36].

.2. Role of concentration polarization

To help distinguish the compounding roles of temperature polar-
zation, concentration polarization, and the heated plate, we run a set
f experiments using DI water as the feed. In that case, there is no
oncentration polarization, and when 𝑞𝑝 = 0, density variations only
rise due to temperature polarization at the membrane. When 𝑞𝑝 > 0,
dditional density variations occur over the surface of the heated plate.
s in the previous section, there is no feed spacer over the active
embrane area. For brevity, we consider only two feed flow rates,
𝑓
𝑖𝑛 = 1.64 and 11.5 cm/s. These are the lower and upper limits of 𝑈𝑓

𝑖𝑛
onsidered in Table 1. For a feed of pure DI water, these flow rates
roduce 𝑅𝑒𝑓 = 142 and 993, respectively. These values are slightly
arger than the 𝑅𝑒𝑓 listed in Table 1, because DI water has a smaller
inematic viscosity than a feed of 70 g/l NaCl.
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Fig. 10. Variation of 𝛽𝑒𝑣𝑝 (panel a) and 𝛽𝑜𝑢𝑡 (panel b) as a function of 𝑅𝑒𝑓 for the stable (solid lines) and unstable (dashed lines) orientations when 𝑞𝑝 = 240 W. Symbols show
the measured data with error bars.

Fig. 11. Variation of 𝐽 with 𝑞𝑝 for a feed of DI water (solid dots) and a feed of 70 g/l NaCl (squares). Results are shown for the stable (solid lines) and unstable (dashed lines)
orientations when 𝑈𝑓

𝑖𝑛 = 1.64 cm/s (panel a) and 𝑈𝑓
𝑖𝑛 = 11.5 cm/s (panel b). The lines show linear best fits. Absence of data at 𝑞𝑝 = 360 W indicates the plate temperature exceeded

100 ◦C.

Fig. 12. Variation of 𝐽 with 𝑞𝑝 when treating a solution of 70 g/l NaCl with a feed spacer (solid dots) and without a feed spacer (square symbols). Results are shown for the
stable (solid lines) and unstable (dashed lines) orientations when 𝑅𝑒𝑓 = 128 (panel a) and 𝑅𝑒𝑓 = 638 (panel b). The lines show linear best fits. Absence of data at 𝑞𝑝 = 360 W
indicates the plate temperature exceeded 100 ◦C.
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Fig. 11 shows the variation of 𝐽 with 𝑞𝑝 for a feed of DI water (solid
ots) and a feed of 70 g/l NaCl (square symbols). Results are shown
n the stable (solid lines) and unstable (dashed lines) orientations.
anels (a) and (b) show results when 𝑈𝑓

𝑖𝑛 = 1.64 and 11.5 cm/s,
espectively. In some cases, there are no data points at 𝑞𝑝 = 360 W for
he stable orientation, because the plate temperature exceeds 100 ◦C.
e first note that when the feed is DI water, the unstable orientation
lways produces more permeate than the stable orientation, even when
𝑝 = 0. This suggests that temperature polarization is the primary
river of any buoyancy-driven instability originating from the near-
embrane region. For both flowrates and orientations, the feed of DI
ater produces more permeate flux than the feed with NaCl. Overall,
he feed composition has negligible impact on the slopes of the linear
est fits. The addition of NaCl simply shifts the best fits downward.
his result is perhaps counter-intuitive. On one hand, one might expect
he permeate flux to decrease with the addition of NaCl, because NaCl
ecreases the feed partial vapor pressure. On the other hand, one might
xpect the presence of NaCl to promote buoyancy-driven convection,
ecause concentration polarization increases the feed density near the
embrane. Overall, Fig. 11 suggests that temperature polarization and
all-heating are the primary drivers of buoyancy-driven convection for
he operating conditions considered here.

.3. Impact of a feed spacer

To explore how a feed spacer affects buoyancy-driven convection,
e run a final set of experiments in which we treat a feed solution of 70
/l NaCl using a feed spacer over the full active membrane area. The
eed spacer is identical to that in the distillate channel. The experiments
onsider 𝑅𝑒𝑓 = 128 and 638. We do not consider 𝑅𝑒𝑓 = 893, because
he distillate chiller cannot maintain the desired distillate temperature
ith a feed spacer at that Reynolds number.
Fig. 12(a) shows the resulting variation of 𝐽 with 𝑞𝑝 when 𝑅𝑒𝑓 =

28. Results are shown using a feed spacer (solid dots) and without
feed spacer (square symbols), both in the stable (solid lines) and
nstable (dashed lines) orientations. Focusing on the results with a
pacer, we see that the unstable orientation produces significantly more
ermeate flux. We conclude that for this low Reynolds number, the
ixing generated by the spacer is not the dominant mechanism of heat
ransport, and buoyancy-driven convection remains important. If we
ocus on results in the stable orientation, we see that the addition of
feed spacer increases permeate production. This is expected, because
uoyancy-driven convection does not occur in the stable orientation.
n that case, the feed spacer generates mixing that helps transport 𝑞𝑝 to
he membrane. For the unstable orientation, we see that the permeate
lux is comparable both with and without a feed spacer. That suggests
hat for this low Reynolds number, simple buoyancy-driven convection
ixes the feed just as well as a spacer.
Fig. 12(b) shows the variation of 𝐽 with 𝑞𝑝 when 𝑅𝑒𝑓 = 638. At

his high Reynolds number, gravitational orientation has no impact on
ermeate production when using a feed spacer. The feed spacer also
ncreases permeate production. This suggests that at higher Reynolds
umbers, the spacer dominates fluid mixing, and does a better job
f transporting heat from the plate to the membrane than buoyancy-
riven convection without a spacer. Though we find that feed spacers
mprove heat transport at higher Reynolds numbers, further study is
equired to explore the impact of feed spacers on mineral scaling.
rior work shows that while feed spacers tend to increase permeate
roduction, they can also counter-intuitively increase concentration
olarization [17,37]. This occurs because feed spacers can reduce
emperature polarization while simultaneously generating regions of
10

referential solute accumulation on the membrane. c
4. Conclusions

For all feed Reynolds numbers (𝑅𝑒𝑓 ) and wall heat fluxes (𝑞𝑝) con-
sidered, the unstable orientation produces considerably more permeate
flux (𝐽 ) than the stable orientation. Because the membrane and surface
heater are opaque, we cannot observe the flow fields directly. We hy-
pothesize that the impact of orientation occurs due to buoyancy-driven
convection, because that mechanism is known in related heat transfer
and hydrodynamic stability literature [28–33] and was independently
observed in our CFD simulations of VMD [22].

For the unstable orientation, the permeate flux increases linearly
with wall heating. The rate of flux increase with 𝑞𝑝 also increases as
the feed Reynolds number decreases. We hypothesize that this occurs
because increasing the feed Reynolds number decreases the thermal
boundary layer thicknesses. This effect is known for mixed convection
heat transfer in channel flows [28,29], and was observed in our prior
CFD simulations [22]. At 𝑅𝑒𝑓 = 893, we observed a 20.7% increase
in flux as 𝑞𝑝 was raised to 360 W. In contrast, at 𝑅𝑒𝑓 = 128 the flux
ncreased more than 130%.
Our energy balance suggests that only a fraction of the wall heat

𝑝 successfully contributes to evaporation at the membrane surface.
or the unstable orientation, this fraction decreases from 𝛽𝑒𝑣𝑝 = 24.8%
t 𝑅𝑒𝑓 = 128 to 𝛽𝑒𝑣𝑝 = 10.5% at 𝑅𝑒𝑓 = 893. At higher Reynolds
umbers, most of the wall heat is carried out of the feed channel.
e expect that 𝛽𝑒𝑣𝑝 can be increased, and 𝛽𝑜𝑢𝑡 decreased by simply
sing a longer membrane to provide more time for plumes to advect
eat to the membrane. The heat exiting the feed channel can also be
aptured through a secondary heat recovery step or by simply returning
oncentrate back to the feed inlet. This is left to future work.
To help distinguish the compounding roles of temperature and

oncentration polarization, we ran a series of experiments using DI
ater as feed. The results suggest that temperature polarization and
all-heating are the primary drivers of buoyancy-driven convection in
CMD. Finally, to investigate the impact of a feed spacer on convection
nd heat transport, we ran a series of experiments with a feed spacer
ver the active membrane area. These experiments showed that while
uoyancy-driven convection remains influential at lower feed Reynolds
umbers (𝑅𝑒𝑓 ∼ 100), the spacer dominates mixing at higher 𝑅𝑒𝑓

𝑅𝑒𝑓 ∼ 600), such that there is no influence of gravitational orientation.
oreover, the feed spacer also increased the permeate flux from that
bserved without a feed spacer.
Our results raise numerous avenues for future work, of which we

ote 7 below. (1) To minimize any impact of membrane flapping or
arping, we operated our DCMD system in co-current mode. We expect
he permeate flux to improve further when operated in counter-current
ode. (2) Buoyancy-driven convection can occur over vertical and
nclined surfaces as well [28]. In a spiral wound system, a vertical
rientation is worth investigating, because in a horizontal orientation,
oughly half of the membrane surface area in a spiral wound module
ill be in a stable orientation. (3) To conserve membrane material, our
eated cell had an active membrane length of 30 cm. We expect wall
eating to become more effective over longer membranes that provide
ore time for heat to travel between the wall and membrane. (4) We
xpect the thermal efficiency 𝜂𝑝 to improve in VMD, AGMD, or SGMD
ystems, for which conductive heat losses are much less. (5) Our work
aises the question of whether wall heating is better implemented by
perating a system at a lower 𝑅𝑒𝑓 without a feed spacer, or at higher
𝑒𝑓 with a feed spacer. Moreover, there is the option of texturing the
eated wall with structures such as fins or dimples that support the
embrane, as sketched in Fig. 13, so that no feed spacer is required.
in-type structures, such as those in panels (a) and (b), could add a
omponent of conductive heat transport towards the membrane, but
ould likely exacerbate concentration polarization at the contact lines
etween the fin and membrane. Alternatively, dimple-type structures,
uch as those in panel (c) could potentially be arranged to mitigate

oncentration polarization. These issues should be investigated using
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Fig. 13. Future work could consider fins (as in panels a and b) or other structures (as in panel c) that support the membrane while improving heat transport and/or mitigating
concentration polarization.
Fig. 14. (a) Comparison of raw data (solid line) and linear best fit (dashed red line) for the distillate tank volume as a function of time. (b) Comparison of smoothed data (solid
black line) and linear best fit (red dashed line).
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dedicated CFD, and explored experimentally using feed solutions with a
sparingly soluble salt, such as CaSO4, to explore their impact on mineral
scaling. (6) Future work should also consider the feasibility of heating
the plate using a secondary hot fluid, as sketched in Fig. 13. At the pilot-
scale, that approach brings the significant challenge of pumping and
distributing a secondary fluid through tightly packed membranes. (7)
Buoyancy should be explored in studies of heated membranes, because
those studies consider Reynolds numbers as low as 𝑅𝑒𝑓 ∼ 0.1, where
buoyancy could play a significant positive or negative role.
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ppendix A. Permeate flux measurement

The solid black line in Fig. 14(a) shows the measured volume in the
istillate tank as a function of time. To compute 𝐽 , noise from the initial
illing of the tank is cropped, and the signal is smoothed using Matlab’s
‘movmean’’ function. This produces the solid black line in panel (b).
e then use Matlab’s ‘‘polyfit’’ command to determine the best linear
it to the smoothed data, producing the red dashed line in panels (a)
nd (b).

ppendix B. Thermophysical properties

We express the variation of 𝜇, 𝜌 and 𝑐𝑝 with temperature and
oncentration using bivariate polynomials of the form

(𝑇 , 𝑐) =
3
∑

4
∑

𝑎𝑛𝑚 𝑇 𝑛 𝑐𝑚. (7)

𝑛=0 𝑚=0



Journal of Membrane Science 709 (2024) 123043M. Mabry et al.
Table 2
Polynomial coefficients for the thermophysical properties.

𝜇 (Pa s) 𝑐𝑝 (J kg−1 K−1) 𝜌 (kg/m3)

𝑎00 0.04916 4375 1112
𝑎10 −0.0003892 −1.91 −0.2853
𝑎01 9.997e−05 −4.645 0.881
𝑎11 −8.7e−07 0.003891 −0.0003063
𝑎20 1.042e−06 −0.0001738 −0.0006925
𝑎02 1.022e−07 0.002118 −0.0001679
𝑎30 −9.385e−10 0 0
𝑎21 2.564e−09 0 0
𝑎12 −8.7e−07 0 0
𝑎03 1.488e−11 0 0
𝑎31 −2.535e−12 0 0
𝑎22 8.131e−13 0 0
𝑎13 −5.766e−10 0 0
𝑎04 −1.598e−15 0 0

We determine the coefficients 𝑎𝑛𝑚 by fitting (using MATLAB’s ‘‘poly-
fit’’ command) to data from thermodynamic software (OLI [38]). The
polynomial coefficients are given in Table 2. To reduce the polynomial
order of some correlations, coefficients that do not affect the accuracy
significantly are set to zero.
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