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ABSTRACT

The discrepancies between mass flux prediction models is a major issue in membrane distillation
(MD) literature. Computational fluid dynamics model was used to capture the driving pressure
gradient across the membrane using a range of inlet feed temperatures and flow velocities. Hence,
a comparison between the most pronounced prediction models is presented. Validation and error
estimation of those models is done using recent literature experimental work. Results revealed that
all current models follow and reserve the same trend of actual mass flux. Nevertheless, actual mass
flux merges to a higher estimated model when flow velocity increased, which as a result decreased
the error estimate of that model from 0.90 at low flow velocity to 0.03 at high flow velocity. Results
also show the inapplicability of some models as the dusty gas model and Multi-pore size model
in MD, while the precision of the others. This work also eliminates the doubts of Poiseuille flow
as it clearly showed its significance in mass flux prediction. Current models are acceptable for the
time being the stage of MD and are useful tools for sensitivity studies.

Keywords: Membrane distillation; Kinetic theory of gases; Knudsen diffusion; Molecular diffusion;

Viscous flow; Mass flux

1. Introduction

The working principle of membrane distillation (MD)
relies on the non-isothermal condition across the mem-
brane which creates a driving pressure gradient allowing
mass transport from one side of a membrane to another.
This technology has been widely studied in all aspects
[1-9]. The transport of water vapor through the membrane
pores in an MD process follows Kinetic Theory of Gases
and is governed by three main contributors: (i) Knudsen
diffusion, (ii) Poiseuille flow, and (iii) molecular diffusion
[10,11]. Based on process conditions and membrane struc-
ture (mainly pore size and mean free path), one of those

* Corresponding author.

contributors dominates water vapor transport [11]. If the
membrane pore size is relatively larger than the mean free
path of water vapor molecules, the molecule-molecule col-
lisions are dominant among the molecule-pore wall ones
and vapor transport takes place through a viscous (or
Poiseuille) flow. Theoretically, viscous flow is absent in most
of MD configurations where total pressure is fixed at 1 atm
due to the presence of air molecules inside the pores [12].
Exceptionally, Poiseuille flow occurs when operation under
vacuum, for example, vacuum membrane distillation, where
air molecules are eliminated from membrane pores allow-
ing a change in total pressure across the membrane [13,14].
On the other hand, if the mean free path is large enough
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compared to the pore size, then the molecule-pore wall col-
lisions are dominant over the molecule-molecule ones and
therefore, vapor transport takes place via Knudsen diffusion
flow. Else, molecular diffusion takes place when stagnant
air is trapped within membrane pores. Table 1 provides a
brief summary of the three different routes of mass transport
along with their mathematical formulations.

In fact, due to the non-uniformity of membrane pores
sizes, more than one mechanism may occur simultane-
ously. As a result, several combination models have been
attempted in the literature to predict — in a better agree-
ment — the actual membrane permeability [10,13-18]. Dusty
gas model (DGM) is the most general model for predicting
flux through porous media which was firstly described by
Maxwell in 1860 [13,19]. DGM combines the three differ-
ent models, that is, Knudsen, Poiseuille, and molecular
flows, and is arranged as seen in the electrical analogy cir-
cuit represented in Table 2. Although the DGM was orig-
inally proposed for isothermal systems, it was applied to
MD by neglecting the surface diffusion term and adding
thermal terms that assume average temperature across
the membrane [13,20,21]. Although some recent studies
showed the inapplicability of DGM as it does not empha-
size the exact effect of temperature, people are still using
it to describe mass transfer in MD [16,22,23]. A combined
diffusion mass transfer coefficient (Table 2) for MD mem-
branes with intermediate pore sizes has been also pro-
posed and tested where resistances of both molecular and
Knudsen diffusions occur at the same time [11,15,24]. This
model showed better conversion to experimental mass flux
when compared to the individual effect of both Knudsen
diffusion and molecular diffusion [22]. Researchers had a
great interest in this model precisely for flux prediction of
direct contact membrane distillation (DCMD) configura-
tion that operates at atmospheric pressure and thus lacks
the condition of viscous flow [25,26]. Instead, Schofield et
al. [14] proposed and studied a combined empirical model
where mass transport occurs in the Knudsen/Poiseuille
transition region. The model showed excellent agreement
with experimental results for deaerated membranes [14].
The model was further modified by adding molecular

Table 1

diffusion resistance to account for conditions where the
partial pressure of air is substantial (Table 2) [27]. More
recent study by Ding et al. [16] proposed a three-parametric
model that includes molecular/Knudsen transition diffu-
sion and Poiseuille flow to predict the water vapor flux for
MD. The model appreciated and validated the contribution
of Poiseuille flow in flux prediction contrasting the com-
bined diffusion model that was discussed earlier. Damtie et
al. [28] found an excellent agreement of Ding’s model with
their results when a range of polyvinylidene difluoride
membranes where tested in DCMD configuration. Unlike
the above models, Phattaranawik et al. [17] have derived
a mass transfer model for DCMD that includes the effect
of pore size distribution using multiple combinations of
Knudsen and molecular diffusions and their transitions as
seen in the electrical analog in Table 2. Findings were similar
to Schofield et al. [15] where the transition region between
Knudsen and molecular diffusion dominates mass trans-
port [17]. Chen et al. [18] attempted to describe the overall
membrane mass transport coefficient using the addition of
Knudsen and Poiseuille permeabilities. This approach was
firstly proposed in 1954 for flow along capillary tubes [14].
Although this combined model showed reasonable success,
however, it was limited in literature due to its complicated
requirement of several membrane morphology parameters
[14]. A comprehensive summary of the discussed mod-
els along with their corresponding electrical analog and
overall membrane coefficient is tabulated in Table 2.

Those models are the most pronounced throughout the
history of MD in attempts to accurate prediction of mass
flux. Nevertheless, a lack of understanding of the conditions
of when one model is more favorable than the others is pres-
ent. To the best of the authors knowledge, nobody has done a
comparison of those models in a single study. This work acts
as a validation of six different mass transport models in a flat-
sheet DCMD module using both experimental and numerical
assessments. Further, error estimation will be performed on
the predicted mass fluxes. The aim of this study is to establish
a reference prediction model that offers a reliable sound to
be employed in estimating a wide range of MD membranes
mass fluxes.

Main transport mechanism of mass transfer in porous media [10-11]

Mass transport Mathematical formula

When to consider?

1
Knudsen diffusion C. =1.064%" M, }?
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* When molecule-pore wall collisions are dominant
over the molecule-molecule collisions (mean free
path is large in relative with pore size)

® Presence of stagnant air molecules

e Variable total pressure across the membrane (not
the case of DCMD)

® Large pore size
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Table 2
Most pronounced combination models predicting MD mem-
brane mass transfer coefficient

Combined Electrical Membrane mass transfer
model name analogue coefficient
1. Dusty gas o8 1
model [13] " ¢ o141t
AR C, C+C,
2. Combined I 1
diffusion = [1 + 1}
model [15] G G
C
3. Schofield’s G 11 4
moaetal e, ol v
[e% K P
4. Ding et al. c, . 1)
model [16] m C,= [C + C] +C,
Cy K 0
5. Multi-pore & 1
size model [17] = [1 i+ 1 ]
& S C, Cp C+C,
oS
6. Chen et al. —W—WW—  C =C, +C,
model [18] G G

2. Methodology

The scope of this work is first to evaluate numerically
mass flux of DCMD using a computational fluid dynamics
(CFD) model that will be coupled with the different mem-
brane transport models as discussed earlier in Table 2. Due
to the discrepancy of these models, experimental assess-
ment is necessary to be conducted. As such, the theoretically
evaluated mass fluxes from different models are validated
experimentally from a recent literature work of the author’s
colleagues [29]. The referenced experimental setup will be
briefly described. Lastly, error estimation and correction are
established for mass flux results from the different models
taking the experimental results as a baseline.

2.1. Numerical model setup

A non-isothermal three-dimensional (3-D) CFD model
of flat sheet DCMD process is developed. Dimensions of
the DCMD module are selected to be identical to the exper-
iment setup of Castillo et al. [29]. In their study, the exper-
imental module length, width, and channel depth were
8.10 cm x 5.10 cm x 0.23 cm, respectively, while a commer-
cial polytetrafluoroethylene (PTFE) flat sheet membrane
with a mean pore size of 0.22 um, average porosity of 75%,
and membrane thickness of 179 um, was used. Additionally,
counterflow with fresh deionized water as permeate and
brine at 3.5% salinity have been used with flow velocity
ranges between 0.08 to 0.18 m/s and various temperature
values in both feed and permeate channels [29]. They have
used several spacers configurations, however in this work,

the baseline module results are considered. A schematic dia-
gram of the simulated system setup is illustrated in Fig. 1.
Eventually, the 3-D geometry is discretized as shown in
Fig. 2 using a structural volume mesh type with a reasonable
resolution to enable capturing boundary layers. Consisting
of three zones, the mesh is perfectly orthogonal with the
maximum cell volume of 2.23E-13 m®> and maximum face
area of 5.14E-07 m? resulting in 3,686,400 computational
cells as a baseline. Additionally, four levels of meshing
were established covering two refined and two coarse in the
quest of reaching to this baseline discretized mesh domain
and in the assessment of the solution mesh dependency.
The system is governed by the conjugated steady incom-
pressible Navier-Stocks and energy equations as follows:

V-(p3)=0 1)
V(ptD)=-VP +uV’5+pg 2)
V-(poH)=V-(kVT) 3)

Channel inlet boundary conditions follow the Dirichlet
conditions (prescribed velocity and temperature), while out-
lets are set to Neumann boundary conditions (zero velocity
gradient and constant atmospheric pressure). Bulk and side
walls are insulated thermally, that is, Neumann boundary
condition, and subjected to no-slip condition while the top
and bottom membrane surfaces were thermally coupled
with the feed and permeate channel. As the PTFE membrane
was used in the experimental study of Castillo et al. [29],
the thermal properties of PTFE were set in the numerical
model to include its effect on the driving temperature and
pressure. A range of feed temperatures and inlet velocities
were chosen to be identical to the setup done by Castillo et al.
[29] and is summarized in Table 3. Meanwhile, inlet perme-
ates temperature were fixed for all runs at 22°C.

Solutions were carried out using a fluent commercial
CFD code that is based on the finite volume approach and
segregated solver [30,31]. Pressure and velocity were coupled
together using SIMPLE algorithm, that is, the semi-implicit
method for pressure-linked equations, with the second-order
upwind spatial scheme. Very tight convergence residuals
are set for continuity (1E-15) and momentum and energy
(1E-6) equations. Mesh dependency study is done on the
basis of the attained temperature profile and its error esti-
mate based on the refined mesh. The profile of the tempera-
ture at the mid-span is used while running at 0.13 m/s flow
velocity and temperatures of 55°C and 22°C for the hot and
cold channel, respectively. The relative error is computed
based on the values obtained from the refined mesh II level
as given in Eq. (4):

T -T

fine current

1 n

Teetmo == i
ni3 T;

= ne

x 100 4)

The subscripts fine and current indicates the very refined/
fine mesh and current mesh, respectively. The baseline mesh
results in near 0.5% error which also within reasonable
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Fig. 1. Schematic diagram of DCMD experimental module geometry of Castillo et al. [29].
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PTFE Membrane
(Thermally coupled)

Fig. 2. 3-D mesh of DCMD module and boundary conditions setup.
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deviation from the refined level I mesh (i.e,, RE = 0.45%)
while is deviating nearly 1.2% and 2.2% from the coarse I and
II levels, respectively. It should be noted that the size of the
refined meshes files exceeds 0.5GB which requires special
graphic cards for post-processing.

2.2. Mass flux assessment

The general expression of permeated mass flux in an MD
process is formulated as the following:

] _ Cm (P;at _ ppsac) (5)

The gradient of transmembrane saturated pressure
occurs due to the temperature polarization at the top and
bottom membrane surfaces. A variable and important param-
eter called temperature polarization coefficient (TPC) is pre-
sented to quantify this phenomenon. It represents the ration
of the channels cross membrane temperature difference to
that of the bulk and is expressed in Eq. (6) as:

T -T
TPC=_f “mr (6)
Tb,f _Tb,p

Generally, from membrane surface temperatures, the
Antoine equation is used to estimate the saturation pressure
of water at both the feed and permeate sides:

3,816.44
P =exp| 231964 —| — 222 1| ieff, 7
’ eXp{ [T —46.13]} ielfop) @)

m,i

As discussed earlier, the membrane mass transfer
coefficient, C , is theoretically estimated using the dif-
ferent combination models presented in Table 2. Castillo

Table 3
Channels inlet velocity and feed intel temperatures for different
runs, permeate temperature was kept at fixed value of 22°C

et al. [29] baseline study evaluated the DCMD experimen-
tal permeated mass flux across the active membrane area
under the operation conditions stated earlier using an
electronic balance. Results of experimental mass flux were
reported as permeate volume per active area of a square
meter per hour (L/m%*h) and are presented in Table 4.

2.3. Validation and error estimation assessment

The ultimate goal of this study is to validate predic-
tion models of the mass transport through MD membranes
and finally targeting a reference model that can be used in
a wide range of sensitivity studies. Mass flux results from
the experimental setup is used as the reference of validation.
In order to quantify the difference, error between experi-
mentally investigated mass flux and numerically investi-
gated mass fluxes is evaluated for each combined model (i)
stated in Table 2 through the following equation:

E:M,ie{1,2,3,4,5,6} ®

]e

3. Results and discussion

The CFD model was used to run 15 cases having differ-
ent inlet velocity and feed temperature as were presented in
Table 3. Fig. 3 shows velocity vectors of the three ranges of
inlet velocities presenting clearly the fully developed flow
through DCMD channels. It should be noted that the fig-
ure is taken at a middle x—y cross-sectional plane. A change
in temperature distribution and polarization at membrane
surfaces owed by the increase of inlet velocity are also
observed. As a result, average TPC increases from 0.59, 0.63
to 0.65 for inlet velocity of 0.08, 0.13, and 0.18 m/s, respec-
tively. Additionally, different feed inlet temperature has been

Table 4
Experimental mass flux data retrieved from [29]

Run Channels inlet velocity =~ Feed inlet Run Experimental mass
(m/s) temperature (°C) flux (L/m? h)

VIT1 45 VIT1 7.68

VIT2 50 VIT2 9.30

V1T3 0.08 55 V1T3 12.67

V1T4 60 V1T4 17.58

VIT5 65 V1T5 24.26

V2T1 45 V2T1 12.42

V2T2 50 V2712 14.76

V2T3 0.13 55 V2T3 19.6

V2T4 60 V2T4 26.4

V2715 65 V2715 35.81

V3T1 45 V3T1 15.42

V312 50 V3T2 20.64

V3T3 0.18 55 V3T3 28.48

V3T4 60 V3T4 38.95

V3T5 65 V3T5 52.04
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set alternatively for each inlet velocity, resulting in 15 differ-
ent cases. Fig. 4 depicts temperature distribution across the
DCMD model for different inlet feed temperatures while
flow velocity was fixed at a moderate speed of 0.13 m/s
in both channels.

Results of average mass flux from the six different
mass transport prediction models and the experimentally
investigated mass flux through a range of feed tempera-
tures and flow velocity of 0.08, 0.13, and 0.18 m/s are pre-
sented in Figs. 5-7, respectively. It is clearly noticed that the
trend is reserved and captured in all models. Nevertheless,
experimental mass flux data merge to a higher estimated
model when the flow velocity is increased. At low flow

Low Inlet Velocity (0.08 m/s)

velocity, that is, 0.08 m/s, experimental data intermediates
between Schofield’s model [14], that is, M3, and Ding et al.
[16] model, that is, M4. At moderate flow velocity, however,
the experimental mass flux curve is almost approaching the
Schofield’s model [14], that is, M3. Increasing the inlet flow
velocity to 0.18 m/s, the experimental mass flux data have
shifted up to perfectly merge with Chen et al. model [18],
that is, M6.

Relative errors of the six prediction models were evalu-
ated as per Eq. (8) and depicted in Fig. 8 by taking the aver-
age value of each model at a certain flow velocity. Results
show obviously the inapplicability of the DGM, that is, M1,
in DCMD technology with the maximum error ratio among

Moderate Inlet Velocity (0.13 m/s)

High Inlet Velocity (0.18 m/s)

Fig. 3. Velocity vectors in a mid-plane (x—y) of 3-D DCMD model running at three ranges of inlet velocities.

Temp. (°C)
65.00
62.85
60.70
58.55
56.40
54.25
52.10
49.95

47.80
45.65
43.50
41.35
39.20
37.05
34.90
32.75
30.60
28.45
26.30
24.15
I_)( 22.00

T;n=50°C

T,in=22°C

Tin=55°C

T,in=22°C

T,.,=22°C

Fig. 4. Contours of temperature at a mid-plane (x-y) of the DCMD 3-D model operating at a range of inlet feed temperature 45°C-65°C

(scaled x3 in y-axis direction for better picturing).
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Fig. 5. Average mass flux of DCMD evaluated using different mass transport models and experimental study at low flow velocity of

0.08 m/s.
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Fig. 6. Average mass flux of DCMD evaluated using different mass transport models and experimental study at moderate flow

velocity of 0.13 m/s.

other models (E > 0.9 in all velocity ranges). This is explained
by the iso-thermal assumption of the model which as a
result did not reflect the thermal effect across membrane
surfaces. The multi-pore size model, that is, M5, have also
a very low prediction of mass flux where the error fraction
varied between 0.40 and 0.69. By comparing M5 results with
M2, that is, combined diffusion model, one can notice a

better agreement of the latter than the earlier. These find-
ings match with literature as the molecular/Knudsen transi-
tion dominates the transport in higher rates than individual
transport of both diffusions [15,17]. When the Poiseuille flow
term was added in series with the transition diffusion term
in Ding et al. model [16], that is, M4, the model exhibited
better agreement with experimental data. This is another
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Fig. 7. Average mass flux of DCMD evaluated using different mass transport models and experimental study at high flow velocity of

0.18 m/s.
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Fig. 8. Error estimation of different mass prediction models compared to the experimentally evaluated mass flux.

good indication that Poiseuille flow plays an important role
in mass transport through DCMD membranes. On the other
hand, Schofield’s model [14], M3, approaches the experi-
mental mass flux with the least error of 0.09 when operating
at moderate flow velocity, that is, 0.13 m/s. In this model, the
Poiseuille/Knudsen transition takes place simultaneously
with molecular diffusion. Finally, Chen et al. model [18],
that is, M6, which consists of both Knudsen and Poiseuille
transports in series configuration represents a unique trend
in each flow velocities. As seen in the mass flux plots, this
model is always presenting the highest prediction over a

range of flow velocity. However, as the experimental mass
flux behaves differently in each flow velocity range, M6
recorded its highest error of 0.90 at low velocity and its low-
est error of 0.03 at the high-velocity range. This indicates the
importance of the molecular diffusion role when operating
at low velocities. In contrast, it also provides good evidence
that Poiseuille flow owns a significant effect on mass trans-
port across MD membranes, along with Knudsen diffusion.

Within the current operating range of most of MD tests
in literature, M3, M4, M6, and M2 are acceptable prediction
models with reserved trends if they are employed at their
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optimum range of flow velocity. Though, if the operational
range of MD is expanded in the future, this work might need
to be repeated.

4. Conclusion

Comprehensive work has been done on the validation
of the different mass flux prediction models available in the
literature. With the aid of CFD and an earlier experimen-
tal study, the performance of DCMD along with error esti-
mation was evaluated for the different prediction models.
Those prediction models were basically a combination of
three models: the Knudsen diffusion model, the molecu-
lar diffusion model, and the Poiseuille viscous flow model.
Results revealed that the prediction models accuracy are
highly dependent on the channels flow velocity range. All
models except the dusty gas were very responsive and well
behaved when the feed temperature is varied. At the low
flow velocity range, Ding’s model that is largely affected by
the molecular diffusion model showed the least error. For
medium and high-velocity ranges, however, the Schofield’s
and Chen’s models at which the Poisuelle flow is dom-
inant, showed, respectively, the least errors. This study
established the level of deviation that one may encounter
in the usage of each prediction model. It also opens further
research opportunities in integrating correction factors or
re-weighting model parameters to emerge these predic-
tions. Finally, as MD is getting into large scale commercial
implementation and deployment, providing a reliable esti-
mation of the desalinated flux and under a wide range of
operating conditions is indispensable.
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Symbols

— Mass transfer coefficient, kg/(m? Pa s)
— Porosity factor, —

—  Pore radius, m

—  Tortuosity factor, —

—  Membrane thickness, m

— Molecular weight, kg/mol

— Universal gas constant, J/(mol K)
—  Temperature, K

—  Pressure, Pa

Water diffusion coefficient, m?%/s
—  Dynamic viscosity, kg/(m s)

— Time, s

— Density, kg/m?

—  Flow velocity, m/s

—  Gravitational acceleration, m/s?
—  Opverall sensible enthalpy, kJ/kg
—  Permeation mass flux, L/(m? h)
—  Number of datapoint

TN @OoUD TEQORENHRZTOATeN
|

387
Superscripts
sat — Saturation
Subscripts
m — Membrane
K — Knudsen model
P — Poiseuille model
(0] —  Molecular model
w —  Water
a — Air
f — Feed
p —  Permeate
b — Bulk
e —  Experimental
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