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Abstract. The Direct Contact Membrane Distillation (DCMD) is a thermally driven membrane separation process
pointed out as a promising alternative for seawater desalination from low exergy waste heat recovery. The development
of proper mathematical models for describing the effects of the characteristics of microporous and hydrophobic
membranes, which act as a non-wetting barrier in the membrane distillation (MD) process, is necessary for a robust
analysis of the process. This study aims to analyze membrane effective thermal conductivity (resistances in parallel,
series, and Maxwell 1) and tortuosity (Euclidian and fractal approaches) models that can be used to calculate membrane
effective and morphological properties. For this purpose, simulated values of distillate mass flux were obtained from the
numerical solution of 2D and 3D models that incorporate the morphological and interfacial membrane characteristics
in the heat and mass transfer of the MD process using a multi-region approach with OpenFOAM. The predicted values
were validated by comparison with experimental data from the literature for the DCMD configuration, PVDF membrane
with different morphological characteristics, and flat and hollow fiber geometries. The results suggested that the
morphology of the membranes influences the selection of the models for membrane effective thermal conductivity and
tortuosity. For the membrane with sponge-like morphology, the combination of the parallel-resistance model for the
effective thermal conductivity and the fractal tortuosity model based on the random distribution of spheres provided an
RMSE (root mean square error) concerning the experimental data of 0.7 kg/(m?.h). On the other hand, for the membrane
with an asymmetric pore distribution and macro voids in its the cross-section (finger-like channels), it was found that
the combination of the parallel-resistance model for effective thermal conductivity and the Euclidian tortuosity model
for the random arrangement of highly interconnected pores provided the highest agreement between experimental and
theoretical data, presenting RMSE of 1.4 kg/(m2.h) regarding the experimental data.

Keywords: Direct contact membrane distillation; membrane effective thermal conductivity; membrane tortuosity;
computational simulation

1. INTRODUCTION

Direct Contact Membrane Distillation (DCMD) is a thermal separation process with the vapor pressure gradient acting
as the driving force resulting from the temperature difference between the feed stream (hot stream) and the permeate (cold
stream). These two liquid streams are intermediated by a microporous and hydrophobic membrane that allows only
volatile components through the membrane pores, ensuring the separation of the volatile components from the non-
volatile ones present in the feed stream (Mulder, 1996).

In the DCMD process, heat and mass transfers take place simultaneously. Heat is transferred both by conduction and
vapor carried in the membrane pores because of the temperature difference at the membrane surfaces (Khayet, 2011).
Modeling and simulation of the transport phenomena that occur in the membrane distillation process are required for the
theoretical evaluation of transport mechanisms, parameters analysis, and the influence of their interactions on process
efficiency.
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As pointed out by Manawi et al. (2014) and Liu et al. (2019), studies related to the representation of membrane
morphology (e.g., pore size distribution and membrane tortuosity), membrane hydrophobicity, and associated transport
parameters (e.g., membrane effective thermal conductivity) are scarce in the literature. These studies are mandatory for
increasing the representativeness of membrane morphological and interfacial characteristics in the modeling and
simulation of the MD process.

In porous media, tortuosity is defined as the ratio between the true length of the diffusion path, resulting from the
spatial distribution of the solid particles and the fluid phase, and the thickness of the porous medium (Sahimi, 2011). In
its turn, the effective thermal conductivity of a porous medium is a function of the porosity and thermal conductivity of
the fluid and solid phases of the material. In the MD process, these properties have a direct impact on mass and heat
transfer through the membrane. Tortuosity affects distilled water production negatively due to its impact on the diffusional
path of volatile species through the membrane pores and the effective thermal conductivity is directly related to the heat
losses by conduction through the membrane, affecting the thermal efficiency of the process (Smith et al., 2013 and
Deshmukh et al., 2018).

The tortuosity and the effective thermal conductivity are characteristic parameters that can be determined
experimentally (Garcia-Payo and Izquierdo-Gil, 2004; Li et al., 2014; Manickam et al., 2014, and Huang and Reprogle,
2019). However, the thin thickness and compressibility of the porous matrix of the membrane structure are factors that
can lead to experimental errors in the measurements of these parameters (Zhang et al., 2012).

In the theoretical determination of the tortuosity, it has been usually assumed that this parameter depends on the pore
geometry and the porosity of the medium. A diversity of mathematical models can be found in the literature for calculating
tortuosity. These models can be inferred from the membrane pore geometry (Euclidean and fractal approaches) or deduced
from analytical solutions of diffusional models (Boudreau, 1996; Iversen et al., 1997; Shen and Chen, 2007; Ghanbarian
et al., 2013). Given the diversity of mathematical models for calculating the tortuosity of porous materials, Kim et al.
(2021) evaluated 11 models, between Euclidean and fractal geometry approaches, which have been usually used in the
literature for calculating the tortuosity of porous systems. Despite the number of models evaluated by Kim et al. (2021),
some models often used in MD theoretical studies were not covered in that study, such as the model developed by
Beeckman (1990) for modeling the tortuosity of pores highly interconnected in catalyst diffusion and used by Kim (2014);
and the model derived from Bruggeman’s correlation for randomly distributed spherical or cylindrical polymer structures,
which was employed by Ismail et al. (2021). Therefore, the comparative analysis of the fitted models to the experimental
data of the MD process is pertinent for greater study coverage.

Regarding the mathematical models for calculating membrane effective thermal conductivity, the parallel resistance
model has been the most widely used in the literature for calculating the effective thermal conductivity of membranes
used in desalination processes. This model represents an upper bound and assumes that the solid and fluid phases of the
membrane domain are aligned parallel to the heat flux (Lawson and Lloyd, 1997; Khayet et al., 2002; Hwang et al., 2011;
Andrjesdottir et al., 2013; Lisboa et al., 2021). At the other extremity, representing a lower bound, the series resistance
model has also been used to determine the effective thermal conductivity assuming that the fluid and solid phases are
oriented perpendicular to the heat flow (Phattaranawik et al., 2003; Chang et al., 2015; Soukane et al., 2017).

Bearing in mind that the parallel and series resistance models represent limiting cases for membrane geometric
representation, Garcia-Payo and Izquierdo-Gil (2004) and Hitsov et al. (2015) suggest the use of Maxwell’s model (type
I) for high porosity materials (>60%) because this model is not restricted to a limiting geometric case. In Maxwell’s model
(type 1), it is assumed that the porous matrix can be represented by spherical inclusions of solid particles distributed in
the fluid phase, under the assumption that the inclusions of the dispersed component are not in contact with the
neighboring inclusions (Sundén, 2013). In theoretical studies of the desalination via membrane distillation process, the
Maxwell (type 1) model has already been used in the studies by Kim et al. (2014) and Lisboa et al. (2019).

The variety of models for estimating the effective thermal conductivity in porous media has motivated studies to
evaluate the influence of selecting different models available in the literature, such as the studies by Phattaranawik et al.
(2003), Huang e Reprogle (2019) and Ismail et al. (2021) that investigated the use of over one model option for calculating
the membrane’s effective thermal conductivity. The consideration of the dry air thermal conductivity for the fluid phase
or the requirement of a previously known weighting factor for combining the models were factors that may have
influenced their results.

In this context, the present study seeks to investigate the predictive ability of different models of effective thermal
conductivity (parallel, series and Maxwell 1) and tortuosity (Euclidean and fractal approach) commonly used in the
literature to represent the effective and morphological characteristics of the membrane used in a DCMD desalination
process. It thus aims to clarify the relationships between these models and the structure and morphology of these
membranes. The different models of effective thermal conductivity and membrane tortuosity were evaluated using 2D
(flat membrane) and 3D (hollow fiber membrane) models that incorporate the membrane morphological and interfacial
properties in the heat and mass transfer analysis of the membrane distillation process. The numerical solution of the
mathematical models was achieved with the finite volume method using OpenFOAM® (Jasak, 1996, 2009, Greenshields,
2011). The values derived from the simulations have been validated by comparison with experimental data from the
literature for the DCMD configuration, PVDF membrane, with different morphological and structural characteristics, and
flat (Yang et al., 2014) and hollow fiber (Wang et al., 2008) geometries.
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2. MATHEMATICAL MODELLING
2.1. Fluid domain

The mass, momentum, and energy equations were solved for the feed and permeate fluid regions assuming the
following simplifying hypotheses: Newtonian and thermal conductor Fourier fluid, with volumetric forces and viscous
dissipation neglected. Moreover, incompressible laminar flow and steady-state regime were adopted. Regarding transport
and thermophysical properties, all of them are considered temperature-dependent variables for a given NaCl input
concentration.

2.2. Membrane domain

The Dusty-Gas model (Lawson e Lloyd, 1997) was adopted to model the mass transfer through the membrane domain,
despite its known restriction for isothermal transport. Therefore, no species conservation equations were solved for this
region, which is assumed as a solid region in which only thermal conduction, in steady-state regime, is the relevant
transport mechanism. Nonetheless, the vaporization and condensation phenomena, in the feed and permeate stream,
respectively, are accounted for in the interface membrane-side regions as source terms.

Therefore, the energy conservation equation for the membrane domain takes the form:

Jw hvap (Tm)

+— membrane interfaces
V. ket VT = Sinterface (1)

0, membrane bulk

where: kerr is the effective thermal conductivity, Trm is the membrane temperature field, jw is the local distillate mass flux
through the membrane region, hya, is the latent heat. dintertace IS the membrane interface thickness, which is evaluated as
an equivalent height of the portion of the pore volume that would be occupied by the liquid at the pore channel entrance,
being approximated as the volume of a spherical cap (Liu et al., 2019). According to this approach, for the flat and hollow-
fiber PVDF membranes studied, the values 0,040 um and 0,015 um were obtained, respectively. It is worth mentioning
that for these interface regions, the thermal conductivity of liquid water is used in the effective conductivity model instead
of the vapor one.

By adopting the Dusty-Gas model, Dalton’s law, neglecting air mass flux inside the pores, and considering the increase
in the interface surface area due to the membrane hydrophobicity associated with the capillary depression, the local distillate
mass flux is evaluated as:

D, —D. p}
jw = Chidrophob Mwaa In wa off pvfd (2)
RTmé‘appa Dwa - Deff ppm
2
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5a a = -0, . 4
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where Chigrophon IS @ surface correction factor for the permeate mass flux that accounts for the hydrophobicity degree,
which is related to the water contact angle, 0, according to (Liu et al., 2019), which assumes the Wenzel’s wetting state.
Additionally, due to this increase on the interfacial surface, the distance between the two liquid/vapor interfaces is
reduced, so the apparent membrane thickness (dappa) Was also introduced in the mass flux equation. &;,¢.r 5 is the feed-
side interface thickness, §;n¢err  is the permeate-side interface thickness, and r; and r; are the external and internal radius
of the hollow-fiber membrane, respectively.

M, is water molecular weight, Tr, is the mean absolute temperature inside the pores, R is the universal gas constant,
Jappa IS the apparent membrane thickness and o is the real membrane thickness, and pr’ and ppym” are the vapor pressures
at the interface of the feed- and permeate-side with the membrane. Dy, is the molecular diffusion coefficient of water in
the air inside the pores, De is the effective diffusion coefficient, related to the Knudsen diffusivity, DY, as:

D, =~ PD,(T) 5)
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where Dy, is the molecular diffusion coefficient, P is the absolute pressure inside the pores, ¢ is the membrane porosity, ¢
is the membrane tortuosity and d, is the membrane pore diameter.

D (6)

2.3. Effective thermal conductivity and tortuosity models

Table 1 shows the effective thermal conductivity and tortuosity models usually cited in the literature (Andrjesdottir et
al., 2013; Kim, 2014; Eykens et al., 2016; Lisboa et al., 2019; Ismail et al., 2021) and evaluated in the present work.

Table 1. Membrane’s effective thermal conductivity, kesr, and tortuosity, z, models analyzed.

Effective thermal conductivity “kes” Tortuosity “z”
&
= 11
kg =(1—&)k, + ek, (8) v |:l—(l—£)1/3:| (11)
-o)]" (2-¢)
> -&
Ko = {i"‘ } ©) T= (12)
kf ks &
1+(1-¢)24, , -1 (13)
Ko =k, | ————2—— 10 r=
e f{l—(l—g)Zﬂsf 10 Ve
1
k k rT== (14)
ﬁs—f =| = _1 — + 2 ¢
K, K, 7= gDr/-Dr) (15)
ki is the fluid phase thermal conductivity ks is the solid phase thermal conductivity
¢ is the membrane porosity Dr is the fractal dimension

ds is the micropore fractal surface dimension

The parallel-resistance model (thermal conductivity in series, Eq. 8) is the most used effective thermal conductivity
model, followed by series-resistance (thermal conductivity in parallel, Eq. 9) and the Maxwell 1 model, Eq. 10,
(Phattaranawik et al., 2003; Garcia-Payo e Izquierdo-Gil, 2004; Hitsov et al., 2015; Huang e Reprogle, 2019). In all these
models, the fluid thermal conductivity in the bulk membrane, ki, is made equal to the water vapor thermal conductivity,
which is considered a temperature-dependent property. As previously mentioned, for the interface regions, however, the
liquid water thermal conductivity is used.

For the tortuosity property, the first model described in Table 1 (Eqg. 11) was developed by (Beeckman, 1990; Kim,
2014) from analytical solutions to the diffusion problem in heterogeneous catalysts, considering it a porous media with
randomly interconnected pores. The second model (Eg. 12) is based on a Euclidian approach for a porous system
represented by an ordered cubic lattice (Mackie e Meares, 1955). The last three models (Eqgs. 13-15) are based on fractal
theory. Tortuosity models described by Egs. (13) e (14) are related to the Brugemman’s correlation for porous media with
pores randomly distributed within a solid matrix characterized by obstructions in the spherical or cylindrical format (Elias-
Kohav, et al., 1991; Iversen et al., 1997; Tjaden et al., 2016; Kim et al., 2021). The model described by Eq. (15) was
developed by Liu e Nie (2001), where the fractal dimension, D, and the micropore fractal surface dimension, ds, can be
found in the work of Xiao et al. (2019).

3. SOLUTION METHODOLOGY

The governing conservation equations were discretized and solved by the finite volume method with the
OpenFOAM® open-source code. Hexaedrical meshes with 105.000 elements, for the flat membrane module, and with
474.000 elements, for the hollow-fiber membrane module were used to show the numerical results. A thorough
convergence studies were performed to guarantee the accuracy of the results, and that the meshes in the interface regions
were refined to a degree such that their elements had a thickness of approximately 1% of the membrane thickness. The
simulations were carried out considering steady-state regime with relative error criteria of 10 for the residual of all the
governing equations.

3.1 Geometries and boundary conditions
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For both geometries analyzed, the flat membrane module (Figure 1) and the hollow-fiber membrane module (Figure
2), prescribed inlet velocity and temperature were set for the fluid domains, with the outlet pressure equal to the
atmospheric pressure. Impermeability and non-slip boundary conditions are applied to the fluid streams at the membrane
interfaces. On the other hand, since the hollow-fiber module is assumed as a semi-infinite domain, an external pseudo-
wall is adopted where a slip boundary condition is employed for the velocity field and a null flux boundary condition is
used for the temperature. Adiabatic conditions are applied to all other walls. Specifically, for the energy equation, a
mapped condition was used for liquid/membrane interfaces. This guarantees that temperature and heat flux are the same
on hoth sides of the membrane interface (stream-membrane).

u=017m/s
Vp.n=0

Trmem= Tperm

u=0m/s
Vp .n=0

u=0m/s
vp.n=0

m-Hpmz3mT

vT=0
vu.n=
p=latm p=1latm

Figure 1 — Flat plane membrane module and its boundary conditions.
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u=16m/s vi.n=0
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u=08m/s
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Figure 2 — Hollow fiber membrane module and its boundary conditions.

4. RESULTS AND DISCUSSION

The parametric analysis and validation of the proposed model were performed by comparison with the experimental
distilled water flux data reported in the studies of Wang et al. (2008) and Yang et al. (2014) for hydrophobic PVDF
(polyvinylidene fluoride) membranes of hollow and flat fiber geometries, respectively. The characteristics of the
membranes and operating conditions used in this study are presented in Table 2.

Table 2. Operational conditions and membranes characteristics of flat and hollow-fibers DCMD modules.
DCMD Module

Parameter Flat membrane Hollow-fiber membrane
Yang et al. (2014) Wang et al. (2008)

Mean pore diameter (dp) 0.22 ym 0.16 um
Membrane thickness () 125 um 110 um
Membrane porosity (€) 75% 73.8%
Water contact angle () 130.2° 112°
Number of membranes/module (Nfr) 1 30 *
Effective membrane area 30 cm? 150 cm?
Feed inlet temperature 54 - 69°C 30 - 80°C
Feed inlet velocity 0.17 m/s 1.6 m/s
Permeate inlet temperature 21.1°C 175°C
Permeate inlet velocity 0.17 m/s 0.8 m/s
NaCl feed concentration (wt%) 4.0% 3.5%
Vessel radius (r,) 4.7625 mm
Membrane length (L) 10 cm 20 cm

* Provided by Kim (2014).
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The following figures illustrate the comparisons between the experimental data and the predicted values of water
distillate flux for the two membrane geometries studied, taking into account different combinations of effective thermal
conductivity and tortuosity models listed in Table 1.

Figures 3a-c illustrate some comparisons of the water distillate mass flux among simulated results and experimental
data from Yang et al. (2014), for the flat membrane geometry. The theoretical results were achieved by considering all
combinations of the five tortuosity models and the effective thermal conductivity models of resistance in series, Maxwell
(type 1), and resistance in parallel, respectively.

It can be noted that, for the flat membrane (with a sponge-like morphology), the tortuosity models based on fractal
theory, Egs. (13)-(15), provided better fits between simulated and experimental data, in particular, when combining these
tortuosity models with the parallel resistance model, (Eqg. 8), for the effective thermal conductivity (Elias-Kohav et al.,
1991; lversen et al., 1997; Tjaden et al., 2016).

55 55
1 L ] Yang et al. (2014) - Experimental _- — L] Yang ef al. (2014) - Experimental 5 - [ ] Yang ef al. (2014) - Experimental
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Figure 3. Distillate mass flux for the flat membrane module, for different tortuosity models, and the following
effective thermal conductivity models: (a) series - Eq.9, (b) Maxwell I - Eq.10 and (c) parallel - Eq.8.

Based on the theoretical results obtained, it can be inferred that the combination of the parallel resistances model for
the membrane effective thermal conductivity, Eq. (8), and the fractal tortuosity model that considers randomly distributed
pores within a solid matrix characterized by obstructions with a spherical shape, Eq. (13), provided the best fitting of the
simulated data to the experimental values, with a RMSE (root mean square error) value from the experimental data equal
to 0,7 kg/(m2.h) and an absolute pointwise relative deviation less than 5.5%, as presented in Table 3.

Table 3. Relative deviation and RMSE of simulated distillate flux from experimental for the flat membrane
module using different tortuosity and effective thermal conductivity models

Experimental Relative deviation [%]
Tin Distillate flux Tortuosity Model
(°C) Yang et al. (2014) Euclidian models Fractal models
(kg/m?h) Eq. (11) Eq. (12) Eq. (13) Eq. (14) Eq. (15)
0=130.2° Model of resistances in series — Eq. 9
54 15.2 T 22.6% -24.4% 22.7% 9.6% 23.8%
59 19.8 -22.6% -24.4% 21.3% 8.7% 22.4%
64 25.6 -23.7% -25.4% 18.2% 6.3% 19.3%
69 32.3 -24.6% -26.2% 15.4% 4.1% 16.4%
RMSE [Kg/(m2.h)] 5.7 6.1 4.4 15 46
0=130.2° Maxwell | model — Eq. 10
54 15.2 T 24.0% -25.8% 20.6% 7.7% 21.8%
59 19.8 -24.0% -25.8% 19.3% 6.8% 20.4%
64 25.6 -25.0% -26.7% 16.3% 4.5% 17.4%
69 32.3 -25.9% -27.5% 13.7% 2.5% 14.6%
RMSE [kg/(m2.h)] 6.1 6.5 39 1.1 4.2
6=130.2° Model of resistances in parallel — Eq. 8
54 15.2 " -34.4% -36.0% 5.5% -6.2% 6.5% '
59 19.8 -34.2% -35.8% 4.7% -6.6% 5.7%
64 25.6 -35.0% -36.5% 2.5% -8.3% 3.4%
69 32.3 -35.5% -37.0% 0.5% -9.8% 1.4%

RMSE [kg/(m2.h)] 8.4 8.8 0.7 2.1 0.9
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Furthermore, according to those results in Table 3, it seems that the effective thermal conductivity model does not
show a dominant role in the distillate mass flux for this kind of membrane morphology (to which the fractal tortuosity
models are the most suitable), as any of the effective thermal conductivity models studied could be, at first, employed.
This behavior highlights the needing for heat transfer parameter analysis (such as heat flux and thermal efficiency) for a
proper choicer of a membrane effective thermal conductivity model.

Figures 4a-c compare the water distillate mass flux simulated values for the hollow fiber membrane geometry with
the experimental data from Wang et al. (2008). For this analysis, the 5 tortuosity models were analyzed, considering the
effective thermal conductivity models of resistances in series, Maxwell (type 1), and resistances in parallel, respectively,
as previously performed for the flat geometry membrane.

Differently from the flat membrane, the cross-section of the hollow fiber membrane presents a morphology where
asymmetric pore distribution with internal macro-voids (finger-like channels) are characteristics. The results presented in
Figures 4a-c and Table 4 show that Euclidian tortuosity models are satisfactory to represent this kind of membrane
morphology. In particular, the model developed by Beeckman (1990), Eq. (11), for a random arrangement of highly
interconnected pores is the most appropriate for the description of the distillate mass flux, specifically when associated
with the model of resistances in parallel for the membrane effective thermal conductivity, Eq. (8). This combination
provided the highest approximation between theoretical and experimental data, producing a RMSE value of the deviation
from the experimental data equal to 1.4 1.4 kg/(m?.h), despite an absolute pointwise relative deviation of around 25%, as
presented in Table 4.

As observed for the flat membrane, the effective thermal conductivity model again does not show a dominant role in
the distillate mass flux for this kind of membrane morphology, since any of the evaluated effective thermal conductivity
models could, in principle, also be employed.
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Figure 4. Distillate mass flux for the hollow-fiber membrane module, for different tortuosity models, and the
following effective thermal conductivity models: (a) series - Eq.9, (b) Maxwell | - Eq.10 and (c) parallel - Eq.8.

As previously mentioned, the differences between the results obtained with different combinations of the effective
thermal conductivity and membrane tortuosity models are certainly associated to the structural and morphological
differences of each of the membranes employed.

Therefore, for the PVDF membrane of flat geometry with sponge-like characteristics (scanning electron microscopy
images, SEM, Figure S1A and S1B in Appendix A of Yang et al. (2014)), the morphological and structural characteristics
associated with pore size and pore distribution are best represented by the fractal random distribution tortuosity model
with the spherical shaped diffusion obstructions (Eq. 13) combined with the parallel thermal resistances effective thermal
conductivity model (Eg. 8).

On the other hand, for the PVDF hollow fiber membrane, which has macro-voids (finger-like channels) in its internal
part and asymmetric pores on the inner and outer surfaces (scanning electron microscopy image, SEM, Figure 2 of Wang
et al. (2008)), the results show that the tortuosity model developed by Beeckman (1990) (Eq. 11) describes well the
distillate mass flux, especially when associated with the parallel resistance model for the effective thermal conductivity
(Eq. 8).

In summary, the results presented in this study have shown that for adequate modeling of the phenomenon of
desalination by direct contact membrane distillation (DCMD), the choice of the effective thermal conductivity model and,
especially, the tortuosity model should always be associated with the morphology and structure of the membrane used,
since different morphologies and internal structures of these membranes lead to distinct diffusion and conduction paths
through them, so that a tortuosity model may represent well these phenomena for a type of membrane, but poorly for
another membrane with different morphological characteristics. Even though the results indicated that the combination
of the respective tortuosity models and the parallel resistances model for membrane effective thermal conductivity
provided the best fit to the experimental data, the analysis of the heat transfer parameters might be mandatory for a proper
selection for the membrane effective thermal conductivity model.
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Table 4. Relative deviation and RMSE of simulated distillate flux from experimental for the hollow-fiber
membrane module using different tortuosity and effective thermal conductivity models

Experimental Relative deviation [%]
Tin Distillate flux Tortuosity Model
(°C) Wang et al. (2008) Euclidian models Fractal models
(kg/m?h) Eq. (1) Eq. (12) Eq. (13) Eq. (14) Eq. (15)
6=112° Model of resistances in series — Eq. 9
30 2.7 " -8,0% -44.0% 1.5% -12.2% 69.2%
40 6.3 -15,6% -20.5% 41.0% 22.8% 55.2%
50 115 2,3% -1.2% 62.4% 42.0% 83.6%
60 20.0 0,8% -1.7% 59.5% 40.0% 77.5%
70 30.8 3,6% -3.2% 63.9% 44.7% 78.5%
80 42.1 13,4% 6.3% 76.2% 60.5% 90.2%
RMSE [kg/(m?2.h)] 2.4 15 16.4 12.4 19.9
6=112° Maxwell | model — Eq. 10
30 2.7 " 8,7% -42.7% 56.7% 36.1% 68.2%
40 6.3 -19,7% -21.0% 40.6% 37.7% 76.1%
50 115 1,1% -8.0% 61.5% 41.0% 81.7%
60 20.0 -0,8% -9.7% 56.6% 37.3% 75.3%
70 30.8 1,8% -5.8% 60.2% 41.2% 76.0%
80 42.1 11,1% 2.9% 71.4% 57.8% 87.2%
RMSE |kg/(m2.h)] 2.0 14 155 11.8 19.3
6=112° Model of resistances in parallel — Eq. 8
30 2.7 T -17.6% -48.0% -22.7% -33.3% 52.0%
40 6.3 -25.5% -24.7% 14.9% -0.1% 37.6%
50 11.5 -71.5% -9.8% 42.0% 24.0% 66.8%
60 20.0 -8.7% -10.0% 41.0% 23.5% 61.8%
70 30.8 -6.0% -5.5% 45.7% 28.3% 63.2%
80 42.1 3.0% 3.9% 57.0% 46.8% 74.5%
RMSE [kg/(mzh)] 1.4 1.6 12.0 9.1 16.2
5. CONCLUSIONS

The results reported in this study show that membrane cross-section morphology and pore size and distribution are
factors that should be considered during the selection of the membrane effective thermal conductivity and tortuosity
models. For the membrane with sponge-like morphology along the transverse direction of the flat membrane, there was
a better fit of the theoretical distillate flux data to the experimental data from the literature by combining the resistances
in parallel effective thermal conductivity model and the tortuosity model that assumes a random distribution of spherically
shaped solid material, providing resistance to diffusive transport. This model combination provided a RMSE around 0.7
kg/(m?.h).

Regarding the membrane that had macro-voids in the cross-section (hollow fiber membrane) and asymmetric pore
size and distribution, it was found that the combination of the resistance in parallel model for effective thermal
conductivity and Beeckman’s (1990) tortuosity model for a random arrangement of highly interconnected pores provided
the highest agreements between experimental and theoretical data, yielding a RMSE equal to 1.4 kg/(m?.h).

Therefore, these results suggested that the morphological anisotropy of the porous membrane affected the model
selection. The results reported show that membrane cross-section morphology and pore size and pore distribution are
factors that should be considered during the selection of a membrane effective thermal conductivity and of a tortuosity
models. In general, at least for the distillate mass flux, it seems that fractal-based tortuosity models represent well
membranes with sponge-like morphology along all their cross-section (as the flat membrane analyzed), whereas Euclidian
tortuosity models are the best choice for membranes membrane that present macro-voids in the cross-section and
asymmetric pore size and distribution (as the hollow fiber membrane studied).

Finally, the results presented also suggest that a proper choice of effective thermal conductivity and tortuosity models
should be based on both results of thermal variables (like the heat transported by conduction, and the thermal efficiency)
and mass transfer parameters (like distillate mass flux), since, at a first glance, a crossing effect between the selected
models may be present. In other words, an effective thermal conductivity model may not be adequate for predicting the
thermal parameters, however, its effect on mass flux parameters can be minimized by a representative tortuosity model.
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