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ABSTRACT

The use of 2D finite element CFD model and the common film model (FM) for analysis of FO performance
data was examined to assess the merits of conclusions derived from the above approaches regarding
characterization of membrane and support layer resistances to water and salt permeation. The FM model
leads to estimation of porous layer resistivity (K) that implies tortuosity/porosity ratio that is significantly
higher than is physically attainable for typical membrane porous supports. Comparative FO data analysis
with the 2D CFD model and FM approximation reveals that the latter approach overestimates (by an
order of magnitude and greater) the significance of the permeation resistance of the FO membrane
support layer. It is also shown that membrane (water and solute) permeabilities extracted from FO op-
eration in the RO mode (FO/RO) are significantly higher than obtained from direct analysis of FO per-
formance data via detailed 2D CFD modeling. The present analysis suggests that improvements in FO
water permeability are more likely to emerge from developing higher permeability membrane skin and
improved channel hydrodynamics (to decrease external concentration polarization) rather than from

more permeable and thinner membrane support layer as has been asserted in various studies.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years there has been a growing interest in forward
osmosis (FO) desalination [1] and the related area of pressure re-
tarded osmosis (PRO) [2,3]. These operations have been made
possible with the advent of semi-permeable polymeric mem-
branes dating back to the early work in the late 1950s [4]. Ex-
perimental studies on the operational mechanisms of FO and PRO
have focused primarily on process performance analysis, via the
Film Model (FM) [1,2,5] with additional insight provided via two-
dimensional (2D) numerical models [6-9]. The FM approach pro-
vides expressions for water and solute fluxes across the FO
membrane based on one-dimensional diffusion—convection
equation, assuming fully developed concentration and flow fields
in the axial direction [10]. Using the FM approach, major efforts
have been devoted to quantify the mass transfer resistance in the
external layers (feed and draw side) relative to that of the mem-
brane porous support layer [11].

Determination of the resistances to water permeation [12] in
FO membrane systems, and thus the level of concentration po-
larization on both the feed and the draw sides, requires
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determination of the corresponding mass transfer coefficients kr
and k, for the feed and draw sides of the membrane, respectively.
The mass transfer coefficients are typically estimated from suitable
empirical Sherwood Number correlations [11] or via the classical
analytical Lévéque solution [13,14]. The majority of experimental
FO studies have resorted to determining the membrane water
permeability based on water permeation studies in the RO op-
erational mode (i.e., under a measurable feed-side pressure) with
pure water on both sides of the channel [2,15-17]. Salt transport
coefficients have been similarly determined via FM analysis
[2,15,16] from experimental data obtained from operation in the
RO mode, with the target solute present in the channel feed side,
Based on the above FM analysis approach, FO studies have typi-
cally reported membrane water permeability (A) and salt (B)
transport parameters (along with the FO film model, to calculate
the support layer resistivity constant K (=t;z/eD, where t;, = and ¢
are the thickness, tortuosity and porosity of the porous support
and D is the solute diffusivity) [5,18]. Given K values as determined
by the above FM/RO approach, FO studies typically report a
structural parameter for the support layer defined as S = tsz/e.
Studies that followed the above FM/RO approach, for analysis of
experimental FO data, have concluded that internal concentration
polarization (ICP) in the support layer is the dominant resistance
to mass transfer that reduces the osmotic pressure driving force
for water permeation across the FO membrane [19,20,5,12]. These
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studies have encouraged efforts to develop membrane substrates
of lower resistivity suggesting needed reduction of both the por-
ous layer thickness and its porosity [12].

It is interesting to note that in order to force agreement of
conclusions from CFD analysis results with FM/FO analysis, re-
garding the dominance of ICP over ECP, an unusually (or “un-
realistically”) thick support layer (up to a factor of 10 above typical
support layer thicknesses) was assumed in certain CFD studies
[7,8]. It is emphasized, however, that the majority of CFD studies
have not considered the porous layer as a separate domain, but
instead accounted for it through a flux boundary condition that
combines with the film model [8]. In contrast, FO CFD models [7]
that accounted for the detailed transport (fluid and solute) within
the porous layer (of expected values of support layer tortuosity
and porosity), and with solute concentration-dependent mem-
brane permeability parameters extracted directly from FO ex-
perimental data, have shown conclusively that the ICP (i.e., asso-
ciated with the support layer) contribution to the water overall
permeation resistance is about an order of magnitude lower than
the ECP contribution. It is also of interest to note that recent FM
[12] and CFD [7,9] modeling of FO performance questioned the
often reported dominance of the contribution of the ICP over the
ECP.

There is significant differences in the published literature with
respect to interpretation of experimental FO data regarding the
significance of ICP relative to ECP. However, a quantitative ex-
planation is yet to be advanced regarding the discrepancy between
FM and CFD modeling studies regarding the significance of ICP.
These discrepancies regarding the importance of ICP relative to
ECP in FO operation have major relevance to directing future de-
velopments in FO. Accordingly, the present contribution focuses
on comparison of CFD and FM analyses and the underlying as-
sumptions and approximations inherent in the above approaches
with the objectives of: (a) evaluating the validity of the commonly
invoked assumption of concentration-invariant membrane trans-
port coefficients, and (b) assessing the contribution of ICP relative
to ECP to the total (including membrane, ICP and ECP layers) water
permeation resistance.

2. Analysis of ICP and ECP in Forward Osmosis
2.1. Overview of workflow

In order to elucidate the relative contributions of ICP and ECP to
the overall water permeation resistance in FO desalination, de-
tailed analysis was carried out using recent comprehensive FO
experimental datasets [2,15-17]. In the experimental FO system
(Fig. 1) the membrane skin (thick line) faced the feed (SFF mode)
and the porous support layer (ps) faced the draw solution. The feed
and draw channels [15] were each 77 mm long, 26 mm wide,
3 mm in height, and with membrane support layer thickness of
0.05 mm. The feed and draw solution were DI water and aqueous
NaCl solution (1-4 M), respectively, with the above two streams
flowing co-currently at a crossflow velocity of 21.4 cm/s. The ICP
and ECP in the above system were quantified via fully-coupled 2D
CFD model simulations described in [9] and compared with results
from the approximate film model [15]. In applying the CFD model,
the draw solute concentration-dependent membrane water per-
meability (A) and salt transport coefficient (B) were extracted di-
rectly from the reported experimental water and salt flux data of
[15; Fig. 2] following the approach described in [7].

The osmotic pressure driving force across the membrane active
layer is governed by salt and draw solute concentrations at the
membrane surface in the feed and draw channel sides. As a con-
sequence of ECP (in feed and draw channels) and (dilutive) ICP in
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Fig. 1. Schematic representation of the FO unit used in the present analysis. System
dimensions and flow conditions (Tables 2, 3 of [7]) are as reported in Fig. 2 of [11].
The skin (thick line) faces the feed channel (SFF mode) and the porous support layer
(ps) faces the draw channel with both the feed and draw solutions in co-current
flow. Nomenclature: C-concentration, d- feed or draw channel thickness, s-con-
centration polarization thickness, L-membrane length, ps-porous support, V-
crossflow velocity. Subscripts: b-bulk, d-draw, f-feed, m-membrane.
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Fig. 2. Membrane water permeability (A) and salt transport parameter (B) ex-
tracted from the FO data (DI water feed and NaCl draw solution) in Fig. 2 of [15a]
Tables 2 and 3 of [11a] via matching of the reported experimental and CFD model
calculated water and salt fluxes. Indices RO, CFD and B denote A and B derived from
RO experiments, the current CFD 2D model and based on the bulk osmotic pressure
and concentration driving forces, respectively.

the porous layer, the actual osmotic pressure driving force across
the membrane and the porous layer is lower than the overall
driving force in terms of the bulk osmotic pressure difference (i.e.,
ngy — npp, Fig. 1). One can define the overall resistance to water
permeation (Ry), based on the overall bulk osmotic pressure dif-
ference, such that the permeation flux in terms of the individual
resistances can be expressed as,

Jw = (7ab — 7 )[Rt = (7ap — 7pa)[Ra = (7pa — 7pm )[Ry
= (2pm = )| Rm = (m — 7) IRy )

in which Ry = Rq + Rp+Rm + Ry, where the percent contribution
of each of the domains to the overall permeation resistance can be
calculated (i.e., [Ri/Rr] x 100) from knowledge of the solute con-
centration. Here it is noted that for FO studies in which the feed-
side is a salt-free solution as in [15] the resistance to water
transport on the feed-side is identically zero; this implies that
nfm = np and thus only three resistances need to be considered for
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the above case, namely, Ry, R, and Ry,
2.2. The CFD model

The finite element (FEM) 2D CFD model for FO operation in SFF
mode followed the formulation described in [9]. Briefly, the stea-
dy-state cross flow of the solutions along the feed and draw
channels of the FO unit is governed by Navier-Stokes equations

pi(ui VY= V[ - pl+npvui], Vui= 0 Q)

in which the index i in Eq. (2) is replaced by either f for the feed
channel or d for the draw channel, p is the solution density, # is
dynamic viscosity, p is pressure, and the 2D velocity vector is
denoted by u=(v, u), where v and u are in the axial and traverse
flow directions, respectively. The flow of the salt (NaCl) solution
through the porous support is governed by the Brinkman equation
[21]
"

—Up =V -pl+ n—qu,, , Vaup,=0
K Ep

3

in which #, the dynamic viscosity [Pa s], k [m?] is the solution
permeability and ¢, is the porosity of the support layer. Solute
diffusion in the different domains (Fig. 1) of the FO channels is
described by the convection-diffusion equation,

V-(D,' VC,‘) = u;- V¢ 4

where D; is the solute diffusion coefficient in the solution phase,
which in the support layer (denoted by subscript p) is determined
from (D;),=€D/t. The water flux, J,, across the membrane skin is
given by [6]

Jw =A(zpm — 7,m) (©))

in which #,;, and z;, are the osmotic pressures at the mem-
brane surface (denoted by subscript m) interface with the porous
layer (subscript p) and feed (subscript f) solution, respectively.
Finally, solute flux across the active membrane is typically ex-
pressed by [6]

js :B(Cp,m_cf,m) (6)

Egs. (2-6), describe the hydrodynamics and solute diffusion in
the various domains of the FO membrane channel system (Fig. 1)
with solution (#, p, x), solute (D) and membrane (A and B) para-
meters that can in principle vary with concentration. In the pre-
sent analysis, the membrane transport parameters (A and B) were
extracted from FO experimental data reported in [15] using the
CFD model [Egs. (2-6)] over the range of reported draw solute
concentrations. The above was accomplished by matching the
experimental water and salt fluxes with the CFD model predic-
tions. The coupled CFD model equations were solved via the finite-
element method with a sufficient degree of mesh density for the
feed, draw and support layer established following [9] so as to
ensure grid-independent solution (Table 1).

2.3. The film model for FO transport analysis

According to the film model, which assumes fully developed
flow and concentration fields, and based on the classical flux ex-
pressions [Egs. (5) and (6)], the water and salt fluxes (J,, and J,
respectively), considering mass transfer resistance in the different
membrane channel domains (i.e., feed, draw, support layer and
active membrane skin) are given by [11,12],

_ Kmkskyg
" Kinks + Kimkq + krkq

Ang+ B
Aﬂf +B +]W exp(—]W/kf) (7)

Jw

Table 1
Boundary condition settings for the FO system described in Fig. 1 and Eqs. (2-6).

BC? no. NS feed® CD feed® Brinkman CD NS draw CD draw

support?® support
1 Wall No flux
2 Inlet vy Conc. ¢
3 Outlet Outflow

p=0
4 Outlet J,, Inward Js Inlet J,, Zero in-
ward flux

5 Wall No flux
6 Wall No flux
7 Outlet p=0 Cp=Cq Inlet J, ca=¢Cp
8 Inlet v4o Inlet c4o
9 Outlet Outflow
10 Wall No flux

2 BC= boundary condition, NS=Navier-Stokes equations, CD= convection and
diffusion equations, Brinkman = Eq. (3); Feed and draw inlet cross flow velocities
are respectively, v and v4o; Feed and draw inlet concentrations are respectively, cp
and cqp; Pressure is denoted by p; Indices f, p, d and 0 respectively are for feed,
porous support, draw and given data.

Cav + Js [ — (G + L [l )exp(J IKs )

B =
1B = o IKm)exp (u Tke) ®

in which K, is the reciprocal of the support layer resistivity K,
and where the feed and draw-sides mass transfer coefficients (ks
and kg, respectively) are generally estimated using suitable mass
transfer correlation [18,13], but typically resort to estimations
obtained from the analytical Lévéque solution [13],

1/3
k= 1.852(Re-5cd—h) :
dp L €))
in which Sc = v/D is the solute Schmidt number, and dp, L and
Re are the channel (feed or draw) hydraulic diameter, length, and
Re number, respectively. It can be shown, based on the classical
description of diffusion in a porous layer and the film model, that
the support layer resistivity K (often expressed as the inverse of
the mass transfer coefficient (K,,,) for the support layer, known as
the), can be determined from [18]

k=L _1 H(M)
Kn J, Anpn + B+, 10)
It is noted that in FO experiments in which freshwater is used
the term containing the osmotic pressure (z7,) in Eq. (10) can be
neglected.
The solute concentrations at the membrane surface in the feed
(Csm) and support (Cpp) sides and at the porous support-draw
solution interface (Cpq) are given by [11]

Cfm = (CﬂJ +]s/]w )exp(%) _]s/jw a1
Ga= T E)
exp( 1) (12)
_ G+l
" exp(J,, K) Sl (13)

It is noted that the derivation of the above FM model equations
(Eqs (11-13)) assumes all transport parameters to be concentra-
tion-independent [5,15,18]. Moreover, it has been common in FO
studies to rely on membrane water permeability (A) and salt
transport coefficient (B) that are derived from experiments in the
RO operational mode (i.e.,, FO/RO approach) where hydraulic
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pressure is the driving force for water permeation [18]. In such
experiments, FO membrane water permeability is typically ac-
complished with DI water in both the feed and draw sides. In RO
experiments from which the solute transport parameter B is de-
termined, water and solute flux are in the same direction; how-
ever, in FO operation the draw solute flux is in the opposite di-
rection to the water flux. Impact of the above on water flux has
been debated in the literature [15,18,7] but not resolved. Not-
withstanding the current debate, it is stressed that experimental
water flux data from available FO studies (e.g., [7] and [15]) clearly
show the variability of the water permeability and transport
coefficient with respect to the inlet draw solution concentration;
Such a trend is observed even when these coefficients are calcu-
lated based on the bulk osmotic pressure driving force (i.e., Ap=]\,
|Ar, and Bp=]Js/ACy, in which Am, and AC, are the osmotic pres-
sure and concentration driving forces based on the bulk solutes
concentration, respectively).

Given FM based estimates of the support layer parameter K for
various membranes and in different plate-and-frame type ex-
perimental systems, numerous FO studies have argued that the
overall resistance to water permeation can be reduced by in-
creasing the porosity and decreasing the thickness and potentially
the tortuosity of the membrane support layer [19,5,12]. In order to
evaluate the above assertions, it is instructive to note first that the
ratio 1 of the tortuosity z to porosity e of the support layer is
related to the commonly reported support layer resistivity (K) as
given below [11]

i=fok2

€ [

(14

Accordingly, the validity of reported K values, as calculated,
based on the film model (Eq. (10)), can be ascertained by checking
that the ratio 4 is within physically realistic bounds. For example,
review of the literature suggests that [7,22,23] the tortuosity and
porosity of porous supports (as for porous materials in general) are
expected to be in the range of 1.2-1.7 and 0.35-0.77, respectively,
which leads to A values in the range of 1.56-4.86; note that the
minimum = value is unity and the range of ¢ is [0-1]. Therefore, as
discussed in Section 3, any estimates of K that significantly deviate
from the above A range should be questionable and suggest un-
reliability of the presented conclusions regarding the relative
contributions of ECP and ICP to the total FO water permeation
resistance.

2.4. Analysis of the contributions of feed and draw channel ECP and
porous layer ICP to the overall water permeation resistance and the
porous layer structural parameter

The relative significance of ECP and ICP was explored via an
illustrative test case based on analysis of available FO performance
data that includes both water and solute fluxes [15]. The con-
centration driving forces at each of the different domain interfaces
(traverse to the membrane surface) were determined via both CFD
analysis and the commonly used film model approximation (Sec-
tion 3.2). The concentration fields obtained from CFD analysis
were determined for the experimental system of [15] using the
best fit membrane transport coefficients (A and B). These coeffi-
cients were determined by matching the experimental water and
salt fluxes with the CFD model results as per the approach de-
scribed in [7]. The relative significance of ECP and ICP, as de-
termined from the FO data, was expressed in terms of the re-
sistances to water permeation apportioned to the various domains
(Fig. 1) based on:

(1) CFD model; and

(2) FM approximation (Section 3.2) whereby the A and B para-
meters were those extracted as concentration-dependent coef-
ficients (Appendix A) based on CFD analysis (FM/ CFD ap-
proach) of FO performance data in [15], or on the basis of
experimental data in the RO operational mode (i.e., FM/RO
approach).

In carrying out the CFD simulations, the porous support layer
parameters = and e were taken to be in the ranges of 1.2-1.7 and
0.35-0.77, respectively, which are expected for membrane support
layers [7,22,23]. The tortuosity/porosity ratio corresponding to the
above is 1.56 < 1 = z/e <4.86. It is noted that over the above range
of A uncertainty in the extracted membrane Acrp and Bepp para-
meters was no higher than 2.5-2.7% indicating that ICP did not
dominate the overall resistance as further discussed in Section 3.
The FM/CFD and FM/RO analyses approaches were then compared
with respect to the estimated support layer resistivity K values in
relation to the physical bounds on tortuosity/porosity ( 4 = z/e).
Finally, evaluation of K and 2 was also carried out based on the FM
approximation with A and B estimated based on the feed draw and
salt feed concentrations (termed here FM/B approach) which for
the low recovery FO experiments in [15] approximate the bulk
concentrations.

3. Results and discussion

3.1. Membrane permeability coefficients (A and B) extracted from
experimental data via FM and CFD analyses

In order to present the prevailing issues with respect to ex-
traction of membrane transport coefficients from experimental
data, the FO dataset in [15] (aqueous NaCl draw solute inlet con-
centration range of 1-4 M; Section 2.1) was selected as an illus-
trative example. The dataset was first analyzed to extract the
membrane (active layer; Fig. 1) A and B coefficients (denoted as
Acrp and Bggp) using the present CFD model (Section 2.4). Both of
the above coefficients declined in magnitude with increasing draw
solute concentration (Fig. 2) consistent with previous work [7]
with different draw solutes (NaCl, KCl and NH4HCO3).

In the present case, A and B extracted from the data set of [15]
decreased by about 46% and 48%, respectively, as the draw solute
(NaCl) concentration increased from 1 M to 4 M. The A and B va-
lues were not significantly impacted by the support layer tortu-
osity/porosity ratio [i.e., 4, Eq. (14)], demonstrating only 6% and 8%
variation, respectively, even when 1 was varied over a significant
range of 1.56-4.86] suggested in previous studies [7,22,23]. It is
noted that the A and B parameter values for the HTI-CTA mem-
brane were reported in [15], based on RO permeation experiments,
as constants being 1.23 x 10~ 2> m/(s Pa) and 7.25 x 108 m/s, re-
spectively; these values were higher by factors of 1.99 and 1.94,
respectively, than the highest values determined by CFD analysis
of the same dataset (Fig. 2). It is interesting to note that approx-
imation of the A and B parameters based on bulk concentrations
(i.e., G and Cgp) also leads to a clear trend of values that decrease
with increasing draw solute concentration; even this approxima-
tion, results in A and B transport parameters that much closer
(relative to the FM/RO analysis) to the intrinsic values determined
based on CFD analysis (Table 2).

In order to assess if the magnitudes of A and B as derived from
FO-RO approach are suitable for FO process analysis, it is in-
structive to compare the support layer tortuosity/porosity ratio
(i.e., 1 =1/e) obtained based on the various analyses approaches
(Table 2). Accordingly, based on the reported FO data of [15], 2 was
calculated from Eq. (14) whereby the support resistivity K was
determined from its FO film model expression (i.e., Eq. (10)) and
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Table 2

Comparison of K and z/e values derived from Eqs. (10) and (14) based on three
different approaches to estimating the membrane A and B parameters using
experimental FO water and draw solute flux data reported in [15].

Ca Jw K [10° s/m] A=rtle

[M] [um/s] FM/RO*  FM/B°  FM/ FM/RO  FM/B  FM/CFD
CFD®

1 2.75 2.75 1.01 0.526 9.85 3.61 1.88

2 3.74 3.26 1.07 0.702 11.7 3.82 2.51

3 4.72 313 113 0.512 1.2 4.03 1.83

4 5.66 293 1.18 0.626 10.5 4.22 224

2 Based on Eq. (13), with A and B coefficients reported in [15] based on
permeation experiments in RO operational mode (FM/RO approach, Section 2.4):
A=1.23x10""? m/(s Pa) and B=7.25 x 103 m/s.

b Based on the FM equations as in (a) with A and B coefficients derived from the
flux definitions of Eqgs. (5), (6), (11)-(13) where the driving force is based on the
bulk concentrations (i.e., FM/B approach, Section 2.4).

€ Based on the FM equations as in (a) with A and B coefficients derived from the
CFD model (FM/CFD approach, Section 2.4, Appendix A). The ranges of Acp and
Berp in Appendix A are respectively (0.618-0.335) x10~'? m/(s Pa) and (3.727-
1.954) x10~8 m/s for C4=1-4 M.

using the membrane A and B transport parameters as determined
based on the FM/RO, FM/CFD and FM/B approaches (Section 2.4).
The results shown in Table 2 indicate that the support layer re-
sistivity (i.e., K) values (for the FO data reported in [15]) are in the
range of 2.75-3.26 which is about a factor of 2.5-3 and 4.7-5.2
higher than obtained by the FM/B and FM/CFD approaches, re-
spectively. Based on the K values as determined based on the FM/
RO approach, the attained A(=z/¢) range of 9.85-11.7 is unrealistic
as it is significantly higher than the physically attainable range of
2.3-4.7 for practical membrane supports for which ¢ = 0.5 - 0.74
and r = 1.7 — 2.35, [24]. The 4 range of 3.61-4.22 based on the FM/
B approach is also significantly above the expected physically
meaningful range. In contrast, the FM/CFD approach leads to 1
range of 1.83-2.51which is closer to that expected for porous
supports. The different A ranges were ascertained given the range
of A's and B’s given in Fig. 2 using Eqs. (10) and (14). The above
analysis suggests that the practiced approach of utilizing A and B
parameters derived from RO experiments (i.e., FM/RO, Section 2.4)
is inappropriate for FO analysis as it would imply accepting phy-
sically unrealistic porous support porosity and/or tortuosity va-
lues. On the other hand, using A and B values based on the CFD
model (FM/CFD approach) results in realistic z/e ratio suggesting
that the film model can provide a reasonable approximation of FO
performance, provided that the proper membrane transport
parameter values are utilized.

It is tempting to argue that the CFD analysis may be biased since
the support domain is modeled directly using reasonable values of
the support layer porosity and tortuosity [7,22,23]. However, as
shown in the present work, the extracted membrane A and B para-
meters were only marginally sensitive to the porous support layer
porosity, tortuosity and thickness over a wide range of physically
realizable values for these parameters (Section 2.4). Moreover, it is
important to recognize that CFD follows a fundamental description of
the structure of the support layer consistent with the rich body of
knowledge regarding transport in porous media [21]. Improved, al-
beit approximate A and B values may be obtained based on bulk
concentration driving forces (Fig. 2), but ultimately the most accurate
approach is to extract the values from CFD model analysis.

3.2. Mass transfer resistance of the various FO domains

Numerous FO studies have argued, relying on the crude FM/RO
approximation (Section 2.4, [15,7]), that the major resistance to
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Fig. 3. Comparison of concentration profiles within the support layer and draw
side concentration boundary layer for the case of Cp, =0 and Cy,=4 M (NaCl) for the
mid-section of a 7.7 cm long FO membrane channel of [15]. In the porous support
layer the distance from the membrane skin is non-dimensionalized with respect to
the support layer thickness (i.e., x/5; §=8s=50 um). In the draw channel side, the
distance from the active membrane surface is non-dimensionalized with respect to
the draw solute boundary layer thickness (§=6; =81 pm as determined in the film
models and §=3§4=296 pm based on the CFD model numerical solution).

water permeation is due to the support layer (i.e., due to ICP).
Assessment of the relative significance of the resistances to water
transport across the different membrane channel domains (i.e., Ry
Ry, Rs and R, for the feed, draw, support layer and active mem-
brane domains, respectively), irrespective of the transport model
used (e.g., FM approximation or detailed spatial CFD modeling),
requires the relevant membrane water permeability and salt
transport coefficient. Therefore, here we revisit the question of the
significance of the support layer ICP relative to ECP, using the
detailed FO data of [15] as a test case. Accordingly, the water
permeation resistances are quantified based on: (a) direct CFD
analysis of experimental FO data (Section 3.1, Appendix A), and
(b) FM approximation with CFD derived membrane transport
parameters [7] (i.e., FM/CFD approach, Section 2.2, Appendix A).
The resulting percent contributions of the membrane, support
layer and draw channel resistances (Rs and Ry) to the total FO re-
sistance to water permeation, as per the CFD and FM/CFD ap-
proaches, as well as per the FM analysis reported in Fig. 3 of [15],
are provided in Table 3 for the FO experiments of [15] with pure
water feed and draw solution. It is noted that since pure water was
the feed in the study of [15], the feed-side resistance (Ry) vanishes.

Table 3

Contributions of membrane, support layer and draw-side to the overall water
permeation resistance determined based on the CFD, FM/RO and FM/CFD
approaches®.

Data in Fig. 2 of [15], FM % drop in Fig. 3 of [11], ¢/ ©=0.75/1.2 [23]

Cq, M Membrane resistance,  Support layer re- Draw-side resistance,

R (%) sistance, Rs (%) Ry (%)

FM/ FM/ CFD° FM/ FM/ CFD FM/ FM/ CFD

RO"  CFD® RO  CFD RO  CFD
1 41.7 76.6 86.9 468 11.3 1.27 1.3 11.7 118
2 29.2 699 82.0 550 142 1.68 156 158 164
3 21.8 638 79.3 592 167 1.89 19.0 194 189
4 191 583 750 604 188 220 204 228 229

2 Section 2.4.

b support layer resistivity (i.e., K) values obtained from the data of [15] (Ta-
ble 2).
¢ A and b parameters obtained from CFD analysis (Fig. 2).
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However, one would expect, based on previous CFD and FM ana-
lyses [7], that for a saline feed-side solution the contribution of the
feed-side concentration boundary layer to the overall resistance
would be at a level similar to the draw-side (under conditions of
similar hydrodynamics for channels of similar geometry and cross
flow velocities). The percent contributions of the draw-side (Ry)
and support layer (Rs) to water permeation resistance increases
with increasing draw solute feed concentration, while the mem-
brane resistance (R,;) correspondingly decreases. However, the
FM/RO analysis suggests unrealistically high R; (~47-60% of Rr)
compared to the CFD model results that reveal R; being ~1.3-2.2%
of Rr. Based on the FM/CFD approach (i.e., with CFD derived A and
B coefficients; Sections 2.4 and 3.1) R; is in the range of 11-19% of
Ry which, although a factor of 3-4 lower than for the FM/RO ap-
proach, is still nearly an order of magnitude higher than predicted
by CFD analysis. The FM/RO analysis (and even the somewhat
improved FM/CFD approach) leads to the erroneous conclusion
that the support layer resistance to water permeation is dominant
over both the membrane and draw-side resistances. The above
conclusion is the result of significant overestimates of the mem-
brane A and B coefficients by the FM/RO approach that effectively
materializes in a magnitude of the porous layer z/e ratio that is
physically unrealizable for porous supports. Moreover, even with
more accurate A and B parameters obtained from CFD analysis, one
must recognize that the film model (i.e., FM/CFD approach) is an
approximation as is evident from comparison of the concentration
profiles shown in Section 3.3. It is unfortunate that there has been
a significant perpetuation of FO analysis that is based on char-
acterization of FO membrane transport coefficients from the film
model and experiments in the RO operational mode. The present
analysis clearly reveals that the ICP layer resistance is not domi-
nant over ECP, a conclusion that is contrary to the prevailing
thought in the published FO literature.

3.3. Concentration profiles across the support and the draw bound-
ary layers

The differences between predictions of the importance of the
different FO domains to the overall resistance to water permeation
can be illustrated by comparing the solute concentration profiles
obtained from the FM and CFD models. The concentration profiles
for the solute in the porous support (C,(x)) and draw side (Cq(x)) as
obtained from the film model can be expressed as [11],

-’s -’s] N

G = — =+ | CGm+ = |exp(J,Kx), 12x==2>0

p I ( mt p(J, KX) fs as)
-’S -’s (Jw ) X'

Cay = =7+ |Ga+ - x|, 12x==20

d(X) ]W+( pd+jw)exp ka X o 6

in which x and x’ are the normalized distances from t;=50 pm
[15] and 6p-py=81 pm [15] and Sp.crp=296 pm, respectively. For
convenience of plotting the concentration profiles, the normal-
ization length scales for the porous support and draw channels
were taken as the thicknesses of the support (t;) and the draw
channel-side concentration boundary layer (dp), respectively. It is
noted that for at x=1 Eqgs. (15) and (16) reduces to Eqgs. (12) and
(13) (Section 2.3), respectively, reported in [11]. An illustration of
the differences in the draw solute concentrations is provided in
Fig. 3, based on the data in [15], for a NaCl draw solute con-
centration of 4 M at the mid-section of the 7.7 cm channel. It is
apparent that the FM model with the RO-derived A and B mem-
brane parameters (FM/RO approach, Section 2.4) predicts dramatic
draw solute concentration reduction (by a factor of ~4) at the
membrane-support layer interface (Cp,) relative to the con-
centration at the edge of the concentration boundary layer in the

draw channel. Moreover, a thinner draw channel concentration
boundary layer (by a factor of ~3.6) is predicted by the CFD re-
lative to the FM model. It is also noted that the approximate film
model yields nearly linear profiles for the two relatively thin
porous support and draw channel concentration boundary layer. In
contrast, the CFD draw solute concentration profiles in the draw
and support layers are non-linear with the expected behavior of a
concentration that asymptotically approaches the bulk con-
centration in the draw channel within a realistic concentration
boundary layer thickness. The above behavior indicates that er-
roneous conclusions regarding FO performance with respect to the
role of mass transfer resistances in the different domains can re-
sult from use of the film model, particularly when one assumes
membrane transport parameters (A and B) that are obtained from
experiments in the RO permeation mode.

4. Conclusions

A comparative analysis of laboratory FO performance data via
2D finite element CFD and the commonly reported film model
(FM) was carried out in order to clarify the relative significance of
internal versus external concentration polarization in FO opera-
tion. Analysis of experimental FO data demonstrated that the main
resistance to water permeation in FO operation is in fact due to the
membrane skin, followed by contribution of the external con-
centration polarization in the feed and draw channels and lastly
the membrane support layer. Here we note that various studies
have reported porous layer resistivity (K) that implies tortuosity/
porosity ratio that is a factor of ~2-5 higher than is physically
realizable for typical porous supports. In closure, it is concluded
that CFD model analysis of FO performance data suggests that
efforts to improve FO flux would benefit more from: (a) membrane
skins of improved permeability rather than thinner support layers
of increased porosity, and (b) module design to improve channel
hydrodynamics so as to reduce the ECP in both the draw and feed
channels.
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Appendix A. Extraction of membrane A and B transport coef-
ficients via CFD analysis

Membrane intrinsic permeability coefficients for water (A) and
salt (B) are needed for in order to quantitatively model FO trans-
port behavior. Accordingly, the CFD model (Section 2.2) was uti-
lized, whereby the transport coefficients A and B were extracted
from the experimental water and salt flux data reported in Fig. 2 of
[15] by matching the reported flux data with model predictions as
described in Section 3.1 following the detailed approach in [7].
Parameters and experimental conditions for the simulations are
listed in Tables 2 and 3 of [11]. FO supports porosity and tortuosity
in the range of 0.60-0.75 and 1.7, respectively [7,25,26] have been
reported in FO studies; thus, a reasonable mid-range of ¢=0.56
and 7= 1.7 was adopted. Support layer permeability was set at
k=2.34 x 10~ > m?, as per previous work [7]. Here it is noted that
various simulations were carried out with different support layer
porosity, permeability and tortuosity values (over a reasonable
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range of these parameters as reported in various studies for porous
supports; Section 3.1, [7]) in order to assess the parameter sensi-
tivity of the CFD model calculations of A and B. These simulations
revealed that the porous support layer (typically of thickness of
the order of 50-500 pm [27], and 50 pm for the system of [15]
analyzed in the present work) had a negligible impact on the
predicted water flux and correspondingly also little impact on the
values of the extracted A and B transport parameters (Sections
2.4 and 3.1). The above conclusion is consistent with the assertion
that the support layer resistance to water permeation is marginal
compared to the resistances offered by the membrane itself and
due to external concentration polarization. Once the A and B
coefficients were extracted from the experimental data (Fig. 2 of
[15]) via the CFD model, the variability of these transport coeffi-
cients (designated here as Acgp and Bcrp) with the draw solute feed
concentration (1M < Cy;<4M) was expressed via the following
correlations,

Acrp = (0. 886 — 0.293.C4 + 0. 393.cd2)‘10—12, [m/(s Pa)] A1)

Bep = (5.12 = 1.56-C4 + 0.191-C%)-10°8,  [m/s] (A2)

The above correlations fitted the values of the extracted A and B
values with a deviation of less than 3% and 1%, respectively. The
above expressions for A and B were then utilized in the numerical
CFD model to carry out the range of simulations as described in
Section 3.

Nomenclature

A water permeability coefficient [m/(s Pa)]

B salt permeability coefficient [m/s]

Cc concentration [M, mol/m?]

D diffusivity [m?/s]

d channel thickness [m]

dy, hydraulic diameter [m]

I identity matrix

Is salt flux across the membrane [mol/(m? s)]

Jw water flux across the membrane [m/s]

K support resistivity [s/m]

K mass transfer coefficient in the support [Egs. (10),
1/K, m/s]

k mass transfer coefficient [m/s]

L membrane length [m]

p hydraulic pressure [Pa]

R resistance [Pa s/m]

Re Reynold number [dimensionless]

S structural parameter [m]

Sc Schmidt number [dimensionless]

ts support thickness [m]

u x-direction component of the solution velocity [m/
s]

Vv cross-flow velocity [m/s]

v y-direction component of the solution velocity [m/
s]

Greek letters

\Y derivative operator

1) concentration polarization thickness

I3 membrane porosity

n dynamic viscosity [Pa s]

K solution permeability coefficient across the support

layer [m?]

defined in Eq. (14) [dimensionless]
kinematic viscosity [m?/s]

osmotic pressure [Pa]

solution density [kg/m?]
membrane pore tortuosity

AT yNC >

Subscripts

bulk

draw

CFD of the current 2D finite element model
of the Film model

feed

index

membrane

porous support

of the Reverse Osmosis experiments
salt

total or overall

water

QT

—-
T RT3 I
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