Separation and Purification Technology 350 (2024) 127891

Contents lists available at ScienceDirect
Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Check for

A reduced model for pilot-scale vacuum-enhanced air gap membrane Rl
distillation (V-AGMD) modules: Experimental validation and paths for
process improvement

Kleber Marques Lisboa ™, Ingrid Vasconcelos Curcino b Abdul Orlando Cardenas Gémez ", Luz
Elena Pefiaranda Chenche ”, Renato Machado Cotta ™, Carolina Palma Naveira-Cotta "

@ Laboratory of Thermal Sciences (LATERMO), Department of Mechanical Engineering (TEM/PGMEC), Universidade Federal Fluminense, UFF, Niter6i, RJ, Brazil

b Laboratory of Nano & Microfluidics and Microsystems (LabMEMS), Mechanical Eng. Dept., POLI & COPPE, Universidade Federal do Rio de Janeiro, UFRJ, Rio de
Janeiro, RJ, Brazil

¢ Laboratory General Directorate of Nuclear and Technological Development (DGDNTM), Brazilian Navy, Ministry of Defense, Rio de Janeiro, RJ, Brazil

ARTICLE INFO ABSTRACT
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Pilot-scale

A fast and robust computational model of a spiral-wound vacuum-enhanced air gap membrane distillation (V-
AGMD) module at the pilot-scale is proposed and implemented. In contrast with data-driven models available in
the literature, a physics-based approach is adopted for more reliable generalization beyond the validation
dataset. A total of 86 experimental results, of which 41 are described in this work and 45 come from independent
sources available in the literature, are used in the validation effort with quite favorable results. With the con-
fidence on the robustness of the methodology due to the wide range of operational parameters and the use of
spiral-wound modules of four different sizes included in the validation comparisons, a physical analysis is
conducted varying the air gap pressure, the number of feedwater channels, the feedwater flow rate, and the
membrane area. Improvements of up to 60% in both water productivity and energy efficiency can be achieved by
intensifying the vacuum in the air gap or decreasing the number of feedwater channels. These parameters
achieve performance gains due to less resistance in the air gap for vapor to migrate through it, in the former case,
and a reduced temperature polarization effect, in the latter case. Smaller flow rates favor energy efficiency at the
expense of water productivity by simultaneously decreasing transport-phenomena-related irreversibility and the
partial pressure difference across the membrane and the air gap. In addition, this tradeoff between energy ef-
ficiency and driving force is shown to lead to an optimum value for the membrane area beyond which the
permeate flow rate through the membrane starts to fall due to the small driving force. An illustrative case is
predicted to achieve energy efficiency metrics, such as a gain-output ratio of 12.7, competitive with multi-effect
distillation.

However, membrane distillation has lower energy efficiencies rela-

1. Introduction

Membrane distillation (MD) is an emerging water desalination
technology based on the migration of water vapor induced by a partial
pressure difference that appears when two water free surfaces at
different temperatures are kept separated by a porous and hydrophobic
membrane [1,2]. Allying the capabilities of dealing with high salinity
brines [3-5], operating in mild pressures and temperatures [1,2], and
serving as a secondary process recovering low-grade waste heat [6,7],
MD has attracted much attention from researchers in the last two
decades.
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tive to other more established technologies, such as reverse osmosis
(RO), multi-stage flash (MSF), and multi-effect distillation (MED) [8,9].
Reverse osmosis is the dominant technique in terms of market share [10]
and its energy expenditure is deeply tied to the Gibbs free energy of
separation of salt from water, which amounts to 2.7 kJ/kg [11]. On the
other hand, distillation-based methods must provide around 2400 kJ/kg
in thermal energy to vaporize water [12]. Even when the heat recovery
and the lower exergy content of heat sources in comparison with elec-
tricity are taken into account, the comparison with RO remains unfa-
vorable in terms of energy use [13]. Moreover, MD still lags behind other
distillation techniques in terms of energy efficiency, except for small-
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Nomenclature

a Height of the channel [m]

Am Membrane area [m?]

ay Activity coefficient [ — ]

B Permeability [kg/m?sPa]

Lo Specific heat at constant pressure [J/kgK]
Deg Effective diffusivity [m?/s]

d, Average pore diameter of the membrane [m]
DY, Molecular diffusivity [Pa.m?]

Dk Knudsen diffusivity [m?/s]

GOR Gain-output ratio | — |

h Heat transfer coefficient [W/m?K]

hy Latent heat of vaporization [J/kg]

jw Mass flux through the membrane [kg/m?s]

k Thermal conductivity of the fluid [W/mK]

kair Thermal conductivity of most air [W/mK]

ky Thermal conductivity of the cooling wall [W/mK]
kg Thermal conductivity of the air gap [W/mK]

kg Thermal conductivity of the distillate film [W/mK]

km Thermal conductivity of the membrane [W/mK]

k, Thermal conductivity of the membrane polymer [W/mK]
ks Thermal conductivity of the spacer [W/mK]

M Molar mass [g/mol]

m Mass flow rate [kg/s]

N, Molar flux of air [mol/m?s

Ny Molar flux of water [mol/m?s]

N, Number of channels | — |

ng Number of discharges [ — |

Nu Nusselt number | — ]

P Absolute pressure in the air gap [Pa]

Da Partial pressure of air [Pa]

DPam Atmospheric pressure [Pa]

Dnf Partial pressure of vapor at the interface between the
membrane and the hot feedwater [Pa]

Dmg Partial pressure of vapor at the interface between the
membrane and the air gap [Pa]

Dy Vapor pressure [Pa]

DPvac Vacuum pressure, pygc = Parm —P [P2]

Dw Partial pressure of water [Pa]

Pr Prandtl number | — |

q Heat flux [W/m?]

q, Conduction heat flux [W/m?]

q, Heat flux carried by the vapor [W/m?]

R Universal gas constant [J/molK]

R Thermal resistance [Km?/W|

Re Reynolds number [ — |

T Temperature [°C]

TPC Temperature polarization coefficient [-]

u Intrinsic velocity of the fluid within the channels [m/s]

w Width of the channel [m]

w Mass fraction [ — |

x Molar fraction [ — ]

Greek Symbols

At Time interval between discharges |s]

AV Volume of each discharge [m?]

8 Membrane thickness [m]

p Cooling wall thickness [m]

g Air gap thickness [m]

&1 Distillate film thickness [m]

£ Porosity of the channel | — |

& Gap spacer porosity [ — |

u Dynamic viscosity of the fluid [Pa.s]
Density of the fluid [kg/m?]

T Tortuosity [ — |

Superscripts and subscripts

b Refers to the cooling wall

c Refers to the cold feedwater channel
eq Equivalent quantity

f Refers to the hot feedwater channel
g Refers to the air gap

in Refers to the inlet

l Refers to the distillate film

m Refers to the membrane

out Refers to the outlet

P Refers to the permeate

salt Refers to the dissolved salts

% Refers to water vapor

w Refers to water

wall Quantity evaluated at the wall

scale desalination plants [9]. As MD matures, it can possibly offset this
disadvantage in comparison to RO and other distillation techniques.
Nevertheless, applications with available low-grade waste heat from
different sources and in combination with solar energy installations are
already ideal scenarios for the employment of MD [14-16].

Several membrane distillation configurations were proposed over
the years. The most studied one is the direct contact membrane distil-
lation (DCMD) that is characterized by the direct contact of both the hot
feed and cold permeate streams with the membrane [14,15]. However,
DCMD suffers from relatively low energy efficiency due to parasitic heat
conduction losses through the membrane [17] and requires external
heat exchange equipment to properly recover heat [18]. An interesting
alternative is the air gap membrane distillation (AGMD). In this
configuration, instead of direct contact between the cold permeate and
the membrane, an additional air layer is introduced, rendering the
module less conducive to heat losses [19,20]. The penalty imposed by
the air gap is the increase in mass transport resistance stemming from
the presence of the air-filled gap. As a result, AGMD provides smaller
mass fluxes than DCMD [21], even though comparisons at the pilot scale

indicate otherwise due to limits in the energy input in these situations,
favoring the higher energy efficiency of AGMD [22].

Evacuation of the air gap, like the one employed in the so-called
vacuum membrane distillation (VMD) [23], has been proposed to
overcome this limitation with the added benefit of further reducing the
conductive heat losses through the membrane [24-26]. If the total
pressure within the gap is lowered but maintained above the saturation
pressure of the condensate, a liquid film still forms, dispensing the need
for an external condenser, as is necessary in VMD. Up to a threefold
increase in the mass flux has been reported using this vacuum-enhanced
air gap membrane distillation (V-AGMD) [27]. Originally, V-AGMD
required a vacuum pump to actively reduce the pressure in the air gap,
adding a significant burden to the capital and operational costs of the
plant. However, an innovative design by Aquastill BV employed a
Venturi tube at the suction of the cooling pump to impose this pressure
reduction with negligible cost [28], turning this V-AGMD design into
one of the most promising for commercial applications.

Many analyses of membrane distillation modules were carried out at
the bench scale, whose conclusions are only partially applicable to the
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pilot scale [22]; more studies on the latter scale are deemed crucial to
determine the viability of membrane distillation for commercial appli-
cations [19]. In recent years, more research has been carried out
involving DCMD [29], AGMD [30], and V-AGMD [28,31,32] operating
at the pilot-scale. Nonetheless, these experiments are often expensive
and time consuming to conduct. Experimentally validated models for
those modules are then crucial for more economical and informative
optimization analyses of these equipment. Models for pilot-scale oper-
ation of DCMD [29], AGMD [30], and V-AGMD [33,34] are available in
the open literature. However, in the latter case, response surface models
(RSM) based on experimental data were proposed and they might pre-
sent problems when trying to generalize beyond the dataset. Ideally, a
physics-based model should be established to better grasp how relevant
parameters affect the performance of the desalination module.
Furthermore, even though physics-based models for DCMD [18,29,35]
and AGMD [30,36,37] modules are readily available, they require the
solution of differential equations, which may be too computationally
expensive for tasks such as multi-objective optimization or system-wide
analyses.

The present work aims at proposing a reduced, 0D model for
vacuum-enhanced air gap membrane distillation spiral-wound modules
operating at pilot-scale. Mass and energy balances allied with a careful
analysis of the transmembrane transport of water molecules and thermal
energy are used for that purpose. Results from the model and compu-
tational code developed are compared with 86 sets of experimental data,
both our own [15,16] and from independent experiments available in
the literature [33], to build confidence on its robustness and accuracy
across a wide range of operational and geometrical parameters. Finally,
a brief physical analysis involving the effects of membrane area, number
of channels, and absolute pressure at the air gap is conducted to inspect
their effect on water productivity and energy efficiency.

2. Materials and methods
2.1. Experiments

Fig. 1 provides a schematic of the water desalination system PURA-1
devised by the company Aquastill BV (Netherlands) used in the exper-
iments and as reference in the modeling effort. The instrumentation is
also indicated in the same figure. A PLICA-13 vacuum-enhanced air gap
membrane distillation spiral-wound module acts as the centerpiece of
the system. The module itself has single inlet and outlet ports; however,
internally, the feed stream is divided among six hot and cold feedwater
channels, totaling twelve channels. The hot feedwater channels are
sandwiched between two membranes that in turn are connected to two
different sets of air gaps, cooling plates, and cold feedwater channels.
The total membrane area is 12.96 m? and each channel has a length of
2.7m. The hot and cold feedwater channels are kept from collapsing
using 2mm thick polypropylene spacers; spacers made of the same
material but with thickness of 0.8 mm are inserted in each air gap also
for structural purposes. An aluminum foil coated on both sides with
polyethylene terephthalate and measuring 62 pm in thickness is used to
separate the air gap from the cooling channel.

The overall circuit is capable of internally recovering both heat and
water by recirculating the feed continuously, while the salinity in the
feed tank is controlled by automatically adding freshwater and rejecting
brine to compensate for the amount that migrated through the mem-
branes. The permeate condensed in the air gap is collected in the
permeate tank. A Venturi tube utilizes the effect of the same name, along
with the suction from the cooling pump, to create vacuum in the
permeate tank. This, in turn, induces vacuum within the air gaps. The
heating circuit is comprised of LIRA 200 (SOLAREM, Brazil) flat plate
solar collectors with a total area of 12 m? combined with a 300 L vertical
thermal storage tank containing an immersed 5kW electrical resistor
(Kisoltec, Brazil). In the context of the present controlled experiments,
the solar collectors act only as heat supplement and the transient nature
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Fig. 1. Schematic of the pilot-scale apparatus. Not to scale.

of solar energy is isolated from the desalination system that operates at
steady state. On the other hand, the cooling circuit leads to a cooling
tower where heat is rejected from the water to the atmosphere. In each
of these circuits, three-way valves and a bypass are employed to control
the inlet temperatures in the channels.

The temperature at the inlet and outlet of the hot and cold feedwater
channels, the pressure at the inlet of the cooling channel, and the elec-
trical conductivity are monitored using an Esaware PLC data acquisition
system (ESA Automation & Robotics, Italy). The permeate tank content
is discharged by 3.4 L each time and, by recording the intervals between
discharges, one can calculate the average permeate flow rate as

ngAv
iy, = 2

? At W

where m, is the permeate flow rate, p), is the density of the permeate, ng
is the number of discharges throughout the experiment, AV = 3.4L is the
volume of each discharge, and At is the time interval between dis-
charges. Once the permeate flow rate is divided by the membrane area of
12.96 m?, the average mass flux through the membrane is obtained.
Additional details of the experiments can be found in the Supplementary
Information.

3. Numerical model
3.1. Hot and cold feedwater channels

The forced convection heat transfer within the hot and cold feed-
water channels is accounted for by using a correlation for spacer-filled

channels in the spiral-wound membrane distillation modules manufac-
tured by Aquastill BV (Netherlands) [30]. The correlation is given by

PI‘ 0.25
Nu = 0.22Re®*°pro13( —— (2a)
Pryan

with dimensionless parameters defined as
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ha
_ 2b
Nu = % (2b)
pua
Re="— 2
4 (20)
_HS
Pr= % 2d)

where Nu, Re, and Pr are the Nusselt, Reynolds, and Prandtl numbers,
respectively, h is the heat transfer coefficient, a is the height of the
channel (measured along the perpendicular direction to the membrane),
u is the intrinsic velocity of the fluid within the channels, u is the dy-
namic viscosity of the fluid, p is the fluid density, c, is the fluid specific
heat, and k is the thermal conductivity of the fluid. The subscript wall
refers to a property evaluated at the wall, which, in the case of the hot
channel, is the membrane and, in the cold channel, is the cooling plate.
The intrinsic velocity can be obtained from the mass flow rate as

__m/N,
~ pwas,

3

where m is the total mass flow rate distributed among all channels, N, is
the number of either hot or cold feedwater channels in the module, w is
the width of the channel, and ¢ is the porosity of the channel.

3.2. Membrane

The effective thermal conductivity of the membrane is estimated
using Maxwell’s model in the form [30,38]

B 14281 — &)
km = O.93kmr71 — A0 —en) (4a)
with
o kp - kair
P =1 + 2k (4b)

where ky,, ky, and ky;r are the membrane, membrane polymer, and moist
air thermal conductivities, respectively, and ¢, is the membrane
porosity.

The Dusty Gas model is employed in the analysis of the mass trans-
port through the membrane. Neglecting surface diffusion [39] and
Poiseuille-like transport [40], we then have [18]

& pan 7pra _
D;, Dy,

1 dp,
T, dx ®)

where N,, and N, are respectively the molar fluxes of water and air, p,,
and p, are respectively the partial pressures of water and air, DX is the
Knudsen diffusivity, D9, is the molecular diffusivity, % is the universal
gas constant, and T, is the average temperature along the membrane.
Neglecting the air movement within the membrane pores [8], yields

Ny pNw_ 1 dpw )
Dy, Di,

CHTn dx

Employing Dalton’s law p, = p —p,,, where p is the total pressure
within the pores, and enforcing that N,, must be conserved through the
membrane,

DY D}, —D,
Nw = — we ].l'l \(;/a Eﬁpmg (7a)
RTné  \ DSy — DefrDmg

with

DkpO
Do — w-wa 7b
¥~ DY, +pD 70)
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where § is the membrane thickness, D is the effective diffusivity, and
DPmg and pyy are the partial pressures of water vapor at the interfaces
between the membrane and the air gap and the hot feedwater, respec-
tively.

Converting the molar flux into mass flux, we have

0 0
. _Mwaaln (Dwa Deffpmg) (8)

Jw = %Tmﬁ ng — De_ffpmf

where j,, is the mass flux and M,, is the water molar mass.

Assuming the partial pressure difference along the membrane is
small and that the water vapor pressure is negligible in comparison with
the total pressure, eq. (8) can be simplified to

Jw =Bn (me —ng) (9a)
with

MwDeff
B, = ATab (9b)

where By, is the membrane permeability.
The molecular and Knudsen diffusivities can be obtained as [18,41]

DY, = 4.46 x 10’6i—"’T,2"‘334 (10a)
m
pk —m b [8A T (10b)
Y m 3 ™,

where 7, = 2.27 [30] is the membrane tortuosity and d, is the mem-
brane average pore diameter.

The Antoine equation is used to evaluate the vapor pressure near
liquid water free surfaces given its temperature. Mathematically
[18,41],

(€8]

Dv(T) = exp <23.1964 _ 381644 )

T +227.02

where p, is the vapor pressure and T must be in °C.

In the hot feedwater case, the presence of salts dissolved in the water
alter the partial pressure in comparison to eq. (11). To account for this
deviation, a correction in the form

Pf = Quw(1 — Xsa)Py 12)

is used, where a,, is the activity coefficient and X, is the salt molar
fraction in the feedwater. The activity coefficient is given by

@y =1 — 0.5x;q — 10x2,

13)

The effects of concentration polarization induced by the mass
transport from the bulk fluid to the membrane surface are not consid-
ered. Instead, the bulk molar fraction is employed in eqgs. (12) and (13).
The salinity of the feedwater is often provided as a mass fraction that can
easily be converted into the molar fraction using the following
expression:

M, W
Xsalt = ( a4

1— W)Myy + WM,

where W is the salt mass fraction and My, is the salt molar mass.

3.3. Air gap

The air gap in AGMD and V-AGMD applications is often slender to
avoid the introduction of a strong resistance to vapor mass transport.
This fact sets the air gap in the so-called tall cavity regime [42].
Therefore, one-dimensional heat conduction from the heated to the
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cooled walls dominates the heat transfer phenomenon, allowing the heat
flux to be written as

o kg(Timg — T,
q, = g(é"lg 5 gl) (15)
g — Ol

where ¢, is the conduction heat flux through the air gap, kg is the
thermal conductivity of the air gap, Ty, and Ty are the temperatures at
the air-gap-membrane and air-gap-condensate-film interfaces, respec-
tively, &, is the air gap thickness, and &; is the condensate film thickness.

The thermal conductivity of the air gap is the result of a combination
of the moist air and gap spacer thermal conductivities. The parallel flux
model is adopted for that purpose, which results in

kg = kair.gss + kx(l - 63) (16)

where kqirg and ks are the thermal conductivities of the air and the gap
spacer, respectively, and ¢ is the gap spacer porosity.

As in the case of the membrane, the Dusty Gas model is adopted in
the analysis of the vapor mass transport through the air gap. Adding the
negligible Knudsen transport mechanism to the set of hypotheses
already discussed in the context of the membrane, yields

. WD0 P —Dg
Jw=— =t In| —— a7
HTgby (P ~ Pmg

where pg is the water vapor partial pressure at the interface between the
moist air and the condensate and Ty is the average temperature within
the air gap.

Performing a linearization very similar to the one that led to eq. (9a,
b), eq. (17) can be rewritten as

jw = Bg (ng 7pgl) (18a)
with

MWD?M
B, = FT o, (18b)

The molecular diffusivity, D, is estimated using eq. (10a), but for

the average air gap temperature, T, instead of Ty, and disregarding the
effects of the porosity and tortuosity of the medium. The partial pressure
Dg is calculated using the Antoine eq. (11) without any correction,
assuming the permeate is free of dissolved salts and other impurities.

The effect of operating with the air gap and membrane pores below
the atmospheric pressure is introduced by

P = Patm — Pvac (19)

where pgm is the atmospheric pressure and p,, is the vacuum pressure.

3.4. Condensate film

One-dimensional heat conduction through the film is adopted,
yielding

¢ = ky(Tq — Tiv)

5 (20)

where q is the heat flux that crosses the whole module, k; is the thermal
conductivity of the liquid film, and Ty, is the temperature at the interface
between the permeate and the cooling wall.

3.5. Cooling wall

The heat conduction through the cooling wall is also assumed to be
one-dimensional, allowing for the heat flux to be written as
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¢ - kb(le(s_ Tp.) 1)
b

where kj, is the thermal conductivity of the cooling wall, §, is the wall

thickness, and T is the temperature at the interface between the wall
and the cold feedwater.

3.6. V-AGMD Module

Fig. 2 presents the mass transport resistances that the distillate flux
must overcome to migrate from the hot feedwater channel to the
condensate film. From this circuit, an equivalent mass transport resis-
tance can be derived as

1 1 1

m _ - R
RM = 3," BB (22)

where Ry, is the equivalent mass transport resistance and Beq is the
equivalent permeability of the membrane and the air gap.

Hence, the mass flux can be determined from solely the partial
pressures of water vapor at the hot end of the membrane and at the free
surface of the condensate in the following way:

Jjw = Beg (pr _pgl> (23)

The thermal resistances along the membrane distillation module are
illustrated in Fig. 3. Once an equivalent thermal resistance is deter-
mined, it is easy to evaluate the heat flux through the module upon
knowing the hot and cold feedwater temperatures. However, expres-
sions for the thermal resistance offered by each compartment of the
module must be available, which are established in the sequence.

Convective thermal resistance of the hot and cold feedwater channels:

1

Ri=p (24a)
1
Re=1- (24b)

where Ry and R, are respectively the thermal resistances in the hot and
cold feedwater channels, and hy and h, are respectively the heat transfer
coefficients in the hot and cold feedwater channels.

Conductive thermal resistance of the membrane:

Rp =1— (25)

where R, is conductive thermal resistance of the membrane.

Membrane Air gap

B Bt
m g

N —

P mf p mg D gl

Jw

Fig. 2. Mass transfer resistances within the membrane distillation module.
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Fig. 3. Thermal resistances within the membrane distillation module.

Conductive thermal resistance of the air gap:

R, — (ngg(s, 26)
where R, is the conductive thermal resistance of the air gap.

Thermal resistance of the vapor transport through the membrane and air
8ap:

The thermal energy carried by the vapor along the membrane and
the air gap is given by

q;/. = ] Whlv (27)

thus,
Tmf — Tgl _ Tmf _ Tgl

Rv = s T
qv ] whlv

28)
where h;, is the latent heat of vaporization of the water and R, is the
thermal resistance of the vapor transport through the membrane and air

gap.
Conductive thermal resistance of the distilled water film:

14
R =— 29
=k (29)
where R, is the thermal resistance of the distilled water film.
Conductive thermal resistance of the condensing wall:
Op
R 30
"=k (30)

where Ry, is the thermal resistance of the condensing wall.
Associating the thermal resistances in accordance with Fig. 3, the
equivalent thermal resistance can be written as

R,(Rm +R
Ry =R +M+RZ+R;,+RC (31)

TRy + Ry + Ry

where R, is the equivalent thermal resistance of the membrane distil-
lation module.
The heat flux through the whole module can then be determined by
” Tf _ Tc

e 2
q R (32)

where Ty = 0.5(Tfn +Tfou) and Tc = 0.5(Tcin +Tcour) are the arith-
metic means between the inlet and outlet temperatures in the hot and
cold feedwater channels, respectively.

Once the heat flux is obtained from eq. (32), the temperatures at the
interfaces between the hot feedwater and the membrane, between the
condensing wall and cold feedwater, between the condensing wall and
the distillate film, and between the air gap and the distilled film can be
determined respectively by

Tog =Tr —q Ry (33a)
Ty = T. +q R, (33b)
Ty = Toc +q Ry (330)
Tg=Tp+q R (33d)

Deducing the heat flux due to vapor migration from the total heat
flux, we then have

. =9 —q, (34

that, in turn, can be used to find the temperature at the interface be-
tween the membrane and the air gap as follows:

Tng = Ty = qc R (35)
Evaluating the mass balance in the hot feedwater channel,
mout = min _ijm (36)

where m;, and m,,, are mass flow rates at the inlet and outlet of the hot
feedwater channel, respectively, and A, is the membrane area.
A salt mass balance in the feedwater channel yields
s
Wout = —mvvm (37)
m,

out

where W;, and W, are the salt mass fractions at the inlet and outlet of
hot feedwater channel.

Finally, energy balances applied to both the hot and cold feedwater
channels yield

q Am
T T,
f.out fin MinCps (38)
A
Teour = Tejn + q z (39)
meCpc

where Ty, and Ty ., are the hot feedwater temperatures at the inlet and
outlet of the channel, respectively, T, ;, and T o, are the cold feedwater
temperatures at the inlet and outlet of the channel, respectively, m, is
the cold feedwater mass flow rate, and ¢, and ¢, are respectively the
hot and cold feedwater specific heats. Strictly speaking, eq. (38) should
consider that the mass flow rate varies from the entry to the outlet of the
hot feedwater channel. However, such variations are neglected in the
energy balance context due to the fact that thermodynamics imposes
that the relative difference between the inlet and outlet mass flow rates
is at most 6.4% [43].

The gain-output ratio (GOR) is a useful metric to evaluate the energy
efficiency of distillation equipment. In this work, it is defined as the ratio
of the heat transfer rate carried through the module by the water vapor
to the heat input from an external source; in this case, the heat provided
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by the heating circuit in Fig. 1. Mathematically,

GOR = i ijmhlv

mccp‘c (Tf,in - (40)

Tc,out)

The temperature polarization coefficient is defined as the ratio be-
tween the effective temperature driving force T,; —Ty and the average
bulk temperature difference between the hot and cold feedwater chan-
nels and may be written as

Tmf — Tgl
T —T.

TPC = (41)

where TPC is the temperature polarization coefficient.

The necessary thermophysical properties of saltwater are taken from
correlations reported in [12,44], while the ones for moist air are
retrieved from correlations for saturated air-water-vapor mixtures from
[45].

3.7. Computational procedure

A computational code was developed using the C programming
language to solve the nonlinear algebraic equations for the mass flux,
outlet and interfacial temperatures, heat fluxes, and outlet salinity and
mass flow rate in the hot feedwater channel. A C function that pro-
gressively calculates the mass flux using eq. (23) and the thermal re-
sistances, using them to provide the output temperatures, salinities, heat
fluxes, and flow rates is written. Newton’s method with secant line
search in the Ly norm of the objective functions, implemented in the
SNES module of the open-source Portable, Extensible Toolkit for Scientific
Computation (PETSc) version 3.19.4 [46], is used to solve the set of
nonlinear egs. (23), (33a-d), and (35-39). The Generalized Minimum
Residual (GMRES) algorithm is used for the inner linear iterations [47].
The tolerances for the inner linear and Newton iterations are respec-
tively 107!2 and 1071°. The code is openly available at https://github.
com/labmems/vagmdODmodel.git to ensure that any interested reader
can understand the implementation and reproduce the results.

4. Results and discussion
4.1. Model validation

At first, a comparison between the results from the numerical model
and the experiments conducted as described in section 2.1 is provided.
Fig. 4 illustrates the comparison of the predicted and measured mass flux
(Fig. 4a) and hot and cold feedwater outlet temperatures (Fig. 4b) from
which the temperature drop in the feedwater channels can be estimated.
Two salinities are included in the analysis, namely 10 and 35 g/L. In the
horizontal and vertical axes are respectively plotted the simulated and
experimental values. Error bars stemming from a careful uncertainty
analysis described in detail in the Supplementary Information are also

=t}

& 1wwglL
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included. A total of 41 operational conditions are simulated for the
comparisons, with input values summarized in Tables 1 and 2. The
vacuum pressure p,,. in Table 2 refers to how much below the atmo-
spheric is the pressure within the air gap and the membrane pores, that
iS, Pvac = Patm —P- Results in numerical form for the mass flux are also
provided in Table 2.

The mass flux predicted by the computational code is consistently
within the experimental error for all experimental points, which is quite
remarkable, given the simplicity of the reduced model and the fact that
it takes approximately 15 ms to run in an Intel i7 11800H, 64 GB DDR4
laptop. On the other hand, the outlet temperatures are biased towards an
underestimation of the total heat that flows from the hot to the cold
feedwater channels. Nevertheless, the absolute deviation floats between
1 and 2 °C, which is, percentagewise, small in comparison with the total
temperature variation in either channel, typically in the range from 20
to 40°C. In addition, the calculated temperature deviation amounts to
20%, on average, of the temperature difference between the hot feed-
water inlet and cold feedwater outlet, that is relevant for performance
metrics such as the GOR. For these reasons, and considering the
simplicity of the approach, the comparison with the pilot-scale experi-
mental results is deemed satisfactory.

To further increase the confidence in the capability of the developed
numerical model and associated computational code, comparisons with
45 independent experimental results from [33] employing spiral-wound
V-AGMD modules manufactured by Aquastill® are made. Modules with
three different sizes spanning from 7.2m? to 25.92m? named AS7,
AS24, and AS26 are contemplated. The operational conditions are

Table 1
Geometrical and fixed parameters of the V-AGMD desalination module.
Parameter Value Unit Source
Water molar mass 18.05 [g/mol] -
Salt (NaCl) molar mass 58.443 [g/mol] -
Atmospheric pressure 101325 [Pa] -
Membrane area 12.96 [mﬂ Manufacturer
Number of feedwater channels 6 - Manufacturer
Membrane thickness 100 [pm] Manufacturer
Membrane porosity 85% - Manufacturer
Pore diameter 0.32 [pm] Manufacturer
Feedwater channels thickness 2 [mm] Manufacturer
Feedwater channels width 0.4 [m] Manufacturer
Air gap thickness 0.8 [mm] Manufacturer
Ch: 1 it 79% -
annel spacer porosity o (30]
Ai it 84% -
ir gap spacer porosity o (30]
Condensing wall thickness 62 [pm] Manufacturer
Membrane polymer conductivity 0.35 [W/mK] Manufacturer
Spacer conductivity 0.27 [W/mK] (48]
Condensing wall conductivity 0.35 [W/mK] Manufacturer
Condensate film thickness 600 [pm] Estimated
5 65 1
— 60
g 55
£ 50
£ 45
b1
T 404
S 35+
30 T T T
30 40 50 60
Qutlet temperature sim. (“C)

Fig. 4. Comparison of the results from the reduced model with experimental results. (a) Mass flux; (b) Hot and cold feedwater temperatures at the outlets.
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Table 2
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Operational parameters for the experiments with the pilot-scale V-AGMD desalination module.

Salinity: 10g/L

Salinity: 35g/L

Tfin Tein Min, M Dvac Jw Tfin Tein Mjn, M Dvac Jw
[°C] [°C] kg [mbar] kg [°C] [°C] kg [mbar] kg
[+] ) o B
60 27 600 496.33 15 60 30 400 295.00 0.8
65 27 600 496.10 1.8 60.2 30 400 499.80 0.88
67.3 27 600 496.38 1.9 60 30 600 297.90 1.1
69.2 27 600 494.30 21 60 30 600 496.70 1.2
65 30 300 498.55 0.9 70 30 400 295.40 1.2
65 30 500 496.78 1.4 70.1 30 400 498.70 1.2
70 30 500 495.64 1.7 70.1 30 600 296.90 1.7
70 30 300 499.42 1.0 70 30 600 495.60 1.8
60 27.5 600 12.48 1.1 56.6 30 500 396.70 0.8
60 30 600 12.20 1.1 73.3 30 500 397.90 1.6
60 30 400 11.24 0.8 65 30 332 397.60 0.8
60 27.5 400 11.54 0.8 65 30 668 393.70 1.6
70 27.5 400 14.29 1.1 65.1 30 500 230.00 1.2
60 27.5 600 497.39 15 64.7 30 500 566.40 1.2
70 27.5 400 49216 1.4 65 30 500 396.90 1.2
60.2 30 400 500.61 0.9 65 30 500 399.60 1.2
70.3 30 400 501.00 13 65.1 30 500 396.60 1.2
70 30 600 500.88 1.9
60 29.9 600 502.28 14
70 30 400 18.26 1.1
70 30 600 17.05 15
70 29.7 600 493.49 1.9
70 27.6 400 502.43 14
60 27.5 400 501.25 1.0
Table 4
provided in Table 3 and the remaining module characteristics can be V-AGMD module-related parameters for the experiments reported in [33].
found in Table 4 [33]. The results of the validation effort are depicted in Parameter AS7 AS24 AS26
Fig. 5a,b following the same logic adc'>pted by Fig: 4a,b. Membrane area 7 om? am? 2592
Once more, the mass flux comparisons are quite good, except for a Hot + cold feedwater channels 646 646 12+ 12
few outliers. The study [33] reports only the outlet temperature of the Channel length 1.5m 5m 27m
cold feedwater and thus this quantity is the only temperature included in Channel spacers porosity 0.78 0.86 0.78

the comparison displayed in Fig. 5b. The temperature comparison in-
dicates that the total heat transfer from the hot to the cold feedwater
channels is underestimated, as noted in the discussion of Fig. 4b.
However, the deviations are typically between 1 and 2 °C, which is
acceptable given that the temperature variation in the feedwater chan-
nels is at least an order of magnitude greater.

4.2. Physical analysis

One of the main advantages of a physics-based model is that it offers
the possibility of assessing a wide range of operational conditions and
geometrical parameters without much effort. To leverage this capability,

Table 3
Operational conditions for the experiments reported in [33].

Case Trin (°C) Tein (°C) Flow rate (L/h)
Run 1 60 20 800
Run 2 60 30 800
Run 3 80 20 800
Run 4 80 30 800
Run 5 60 25 400
Run 6 60 25 1100
Run 7 80 25 400
Run 8 80 25 1100
Run 9 70 20 400
Run 10 70 20 1100
Run 11 70 30 400
Run 12 70 30 1100
Run 13 70 25 800
Run 14 70 25 800
Run 15 70 25 800

a physical analysis of the effects of different physical parameters, such as
the absolute pressure in the air gap, the number of feedwater channels,
and the membrane area, have on the water productivity and energy
efficiency of the spiral-wound V-AGMD desalination module. Unless
otherwise stated, the parameters used in the analysis are taken from
Tables 1 and 5.

4.3. Absolute air gap pressure

Fig. 6a presents the effect the absolute air gap pressure, p, has on the
mass flux and permeate flow rate through the membrane. As expected,
when the pressure is lowered, both metrics increase; indeed, they in-
crease in the same proportion as the permeate flow rate is given by the
mass flux multiplied by the fixed membrane area. A 60% increase in
water productivity can be achieved by evacuating the air gap to
200 mbar of total pressure in comparison to operating in AGMD-mode, i.
e., maintaining the air gap at the atmospheric pressure. Likewise, Fig. 6b
demonstrates that the gain-output ratio is also significantly increased by
operating at lower air gap pressures, more than doubling when the
pressure is decreased from the atmospheric to 200 mbar. Both effects are
due to the higher permeabilities of the membrane and the air gap as
predicted by egs. (9b) and (18b). This reduction in the mass transfer
resistance provided by the operation at sub-atmospheric conditions
leads to an increase in the permeate production and, consequently, in
the gain-output ratio as per eq. (40). Thus, it is generally beneficial to
operate at sub-atmospheric pressures in the air gap, as already noted in
other studies [24-27].

One must bear in mind, however, that the total pressure within the
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® AST P 754 @ AST
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o i ]
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% © 55 .
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Fig. 5. Comparison of the results from the reduced model with experimental results reported by Andrés-Manas et al. (2022) [33]. (a) Mass flux; (b) Cold feedwater
temperature at the outlet.

4.4. Number of feedwater channels
Table 5

Operational ters for the b f the physical analysis. .
perationa’ parameters Tor fhe base case of the pysica’ ana'ysis Fig. 7a shows the effect the number of hot and cold feedwater

Parameter Value Unit channels pairs has on the water productivity, i.e., the mass flux and
Min, M 400 [kg/h] permeate flow rate. A mild increase in both the mass flux and permeate
Tin 60 el flow rate through the membrane is predicted by lowering the number of
Tein 25 [°C]

channels from 20 to 2. A more pronounced effect occurs in the gain-

35 9 . . .
:Vf » We 500.0 Eﬁ:ﬁ]r] output ratio (GOR), with up to a 50% increase when the number of
s - channels is varied in the same range, as indicated by Fig. 7b. Given that
the feedwater mass flow rate is fixed, less channels mean higher average
air gap must be kept above the saturation pressure of the distillate to velocities in each channel. However, to maintain the membrane area at
allow for it to condense and drip into the permeate tank instead of being the value prescribed by Table 1, the length of each channel must grow in
lost in the vacuum line shown in Fig. 1. Moreover, excessively low air the same proportion as the increase in velocity, thus keeping the feed-
gap pressures may compromise the hydrophobicity and overall integrity water residence time the same and excluding the reported effect it has of
of the membrane, leading to process degradation [28,32]. increasing the energy efficiency of spiral-wound V-AGMD modules [32].
The increase in velocity as the number of channels diminishes leads to
1.3 16 6.0
a =@ NMass flux b
1.2 4 ~¥— Permeste flowsate| | 18 = el
= 5.0 1
%114 =
o L13 E T 4.5
= 107 5 =
= F12% = 4.0+
£ 0.9 3
= F11 £ 3.5
0.8 1 F10 3.0
0.7 T T T ™9 2.5 T T T T
200 400 600 800 1000 200 400 600 800 1000
Absolute pressure in the gap (mbar) Absolute pressure in the gap (mbar)

Fig. 6. Effect of the absolute air gap pressure in the performance of the V-AGMD desalination module. (a) Mass flux and permeate flow rate; (b) Gain-output ratio.

a
1.04 1 N )\ass flux
1.02 1 B Permeate flow rate
= 1.00 4
&
2 0.981
=
2 0.96
=3
0.94 4
0.92 -
2 4 6 8 1012 14 16 18 20 2 4 6 8 1012 14 16 18 20
Number of channels () Number of channels {—)

Fig. 7. Effect of the number of channels in the performance of the V-AGMD desalination module. (a) Mass flux and permeate flow rate; (b) Gain-output ratio.
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Membrane area (m*)
d Feedwater flow rate
—.— 300 kg/h
81| - 70 ke/h
—— 1100 kg/h
- G
%
= 4
2 -
0
T T T

5 10 15 20

2
Membrane area (m*)

30

Fig. 8. Effect of the membrane area in the performance of the V-AGMD desalination module for different feedwater flow rates. (a) Mass flux; (b) permeate flow rate;
(c) permeate flow rate for a feedwater flow rate of 300kg/h; (d) Gain-output ratio.

higher Reynolds numbers and thus more effective convective heat
transfer in the hot and cold feedwater channels, as predicted by eq (2a-
d). In turn, the convective heat transfer enhancement increases the
temperature polarization coefficient, TPC, i.e., the effective driving
force for membrane distillation becomes closer to the maximum
possible. Data provided in the Supplementary Information supports a
direct relation between the gain-output ratio and the temperature po-
larization coefficient in the form GOR = 8TPC, indicating that these
two metrics are strongly correlated as the number of channels varies.
The reason is that the lower convective-heat-transfer-related irrevers-
ibility leads to more effective use of the provided thermal energy input.

Caveats of lowering the number of feedwater channels are the in-
crease in the pumping costs and the excessive membrane length that
may be difficult to manufacture and/or assemble; the analysis of both
side-effects is beyond the scope of this work.

4.5. Membrane area

Fig. 8a consistently shows that modules with higher total membrane
area decrease the water mass flux through the membrane. Nevertheless,
the permeate flow rate, depicted in Fig. 8b, since it is the result of the
product between the mass flux and the membrane area, shows a
different trend for low membrane areas, even though, it eventually
saturates. One interesting feature of Fig. 8b, is that, for the lower feed-
water mass flow rate (300kg/h), an optimum membrane area for
maximum permeate flow rate through the membrane is present for
Am ~ 15m?, as made clear by Fig. 8c that provides a zoomed view of the
curve for permeate flow rate versus the membrane area for this feed-
water mass flow rate. The energy efficiency as measured by the gain-
output ratio, on the other hand, monotonically increases with the
membrane area according to the results in Fig. 8d. These observations
are due to the tradeoff between transport-phenomena-related irrevers-
ibility and driving force. Increasing the membrane area lowers the
temperature difference between the water free surfaces at the hot side of
the membrane and the permeate, thereby decreasing the entropy

generation of the heat and mass transfer and, at the same time, the
partial pressure difference. As the membrane area grows, the driving
force decreases to a point where the membrane area is not capable of
offsetting the associated mass flux decrease, which is responsible for the
existence of the maximum permeate flow rate value.

Furthermore, lower feedwater mass flow rate is detrimental to the
water productivity and beneficial to the energy efficiency. This effect is
due to the higher residence time, and is in line with what was reported
for similar modules [32].

4.6. Module and operating conditions

Gathering the conclusions from the previous sections without the
intent of formally optimizing the V- AGMD module, improvements in the
base case established by the Tables 1 and 5 can be proposed just for
illustration purposes. The number of feedwater channels is set to 4, to
avoid excessive membrane and channel lengths, while still benefitting
from the improvements predicted in Fig. 7. The feedwater mass flow rate
and membrane are respectively set to 300kg/h and 25.92m? [32,33],
and the absolute pressure in the air gap is considered to be 200 mbar.
The permeate flow rate for this case is 11.7 kg/h. The gain-output ratio is
12.7, which is equivalent to a specific thermal energy consumption of
50.7 kWh(th)/m?; such figures render the proposed module energeti-
cally competitive with multi-effect distillation (MED) [49]. In addition,
the predicted GOR is markedly larger than the ones reported for similar
pilot-scale DCMD systems that are below 2 [22].

5. Conclusion

A reduced, physics-based model for spiral-wound V-AGMD water
desalination modules was proposed and implemented in an open-source
computational code. An extensive validation campaign was conducted
encompassing 86 experimental results from the module installed in the
COPPE/UFRJ plant and others available in the open literature. Despite
its simplicity, the numerical model was quite successful in predicting the

10
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performance of the membrane distillation module, enabling its use as a
tool for easy evaluation and optimization in different scenarios and of
the integration with other equipment.

A physical analysis was conducted involving the effects of the ab-
solute pressure in the air gap, number of feedwater channels, and
membrane area in the water productivity and the energy efficiency of
the membrane distillation module. Lower air gap pressure and number
of feedwater channels are always found to improve the mass flux, the
permeate flow rate through the membrane, and the gain-output ratio.
These observations are respectively associated with the reduction of the
mass transport resistance through the membrane and the air gap and the
smaller temperature polarization that results from increases in fluid
velocity within the channel. In turn, a more nuanced effect is associated
with higher membrane areas that induce higher energy efficiency at the
expense of lower mass fluxes. For a fixed feedwater flow rate, there
exists an optimum membrane area above which it is not capable to offset
the lower driving force and mass flux, despite improvements in the en-
ergy efficiency. Moreover, lower feedwater flow rates are shown to
improve the energy efficiency, while demanding more modules to sup-
ply a given amount of water, because of longer feedwater residence
times. With the acquired knowledge, a V-AGMD module with accom-
panying operational conditions was put forward and shown to be
competitive with the more established distillation technology MED in
energy consumption terms.

Future works involving a judicious comparison of V-AGMD, DCMD,
and VMD operating at the pilot-scale are necessary to establish which
configuration is preferable for efficient water desalination.
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