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Abstract

The performance data of Reverse Osmosis (RO) membranes can v ary signi�-
cantly. The main reasons are local variations of material pr operties and mem-
brane testing conditions. To determine membrane performan ce parameters
with high local resolution, a new methodology was developed and validated.
The inverse method combines conventional lab-scale membra ne tests with
optical boundary layer measurements visualizing mass tran sfer through the
membrane. The combination of the experimental methods with computa-
tional �uid dynamics and optical ray tracing makes the inves tigation of local
mass transport phenomena possible.

The developed inverse method is applicable in the full RO ope rating range.
It is applied to determine the performance of a Thin-Film Com posite aro-
matic polyamide RO membrane. The investigations were carri ed out at ele-
vated pressures (up to 60 bar), at brackish as well as sea wate r salinity condi-
tions (NaCl salt mass fractions at the membrane up to 80 g/kg) and at elevated
temperature (30 °C). Limitations of the developed inverse m ethod caused by
obstructive optical phenomena (e.g. diffraction, signi�c ant light de�ection,
spherical aberration) are overcome by the combination of mu ltiple optical
measurement techniques and optical ray tracing simulation s.

The RO membrane performance results indicate that the salt p ermeability
constant is sensitive to salinity. The results are con�rmed by a Maxwell-Stefan
modeling approach taking membrane charge effects into acco unt.
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- Mean
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Nomenclature
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it Salt permeability constant is determined iteratively
LMPM With assumptions of the Local Membrane Parameter Metho d
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components salt, water and the membrane itself
MS Maxwell-Stefan
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noD No diffusivity term included
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ref Reference state
SDM CFD results based on Solution-Diffusion Model
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¸ Wavelength speci�c
M On the surface of the membrane phase (thin-�lm active layer )
M Membrane component
lim Limit
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max Maximum
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out Out
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p Pressure
Rob.-Sto. ROBINSON and STOKES [141]
R Result
ref Reference
rel relative
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T Temperature
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1 Introduction

The Latin word membrana intends to describe membranes in a biological
sense. Human body cell walls or pig bladders are good example s. The lat-
ter ones were scienti�cally investigated by the pioneer of m embrane science,
Abbé Nollet [40, p. 6]. He discovered the osmosis phenomenon and attributed
membranes a semi-permeable character [40, p. 6]. The term semi-permeable
originates from Latin as well: While the membrane is a barrie r for one half
(semi) of species, it is permeable ( permeare) for the other half. This means
that membranes are able to separate pure substances from a mi xture. As this
property makes membranes interesting for various research and technical ap-
plications, synthetic membranes have been engineered taki ng biological solu-
tions as an example. In the application �eld of desalination , fresh water is sep-
arated from brackish or sea water. Today, the most energy ef� cient desalina-
tion technology is Reverse Osmosis (RO) membrane desalinat ion [58, p. 201].
For RO plant design, detailed knowledge about the membrane p erformance
is necessary. The goal of the present study is the developmen t of a new in-
verse methodology to characterize RO membranes on a local sc ale by means
of optical boundary layer measurements. This goal is based o n the literature
reviewed in the following section.

1.1 Motivation

Membrane Transport

Since the beginning of RO desalination in 1959 [40, p. 7] diff erent membrane
transport models, e.g. [82, 102, 108, 111, 158, 162], have been developed pro-
viding valuable insight in membrane theory as well as tools t o predict mem-
brane performance. The modeling approach based on solution and diffusion
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of water and salt in dense membranes is widely accepted in RO d esalination
[9, 107, 109, 135] and described by the so-called Solution-D iffusion Model
(SDM) [102]. Membrane models are usually calibrated by expe rimental data.
For cellulose acetate (CA) membranes, the �rst membrane gen eration, much
experimental data exist to describe the solubility and diff usivity of water and
salt, compare e.g. LONSDALE ET AL. [102]. For complex Thin-Film Composite
(TFC) membranes, the second membrane generation, a similar database is
not available according to P AUL [127, p. 373]. Therefore, a TFC membrane is
studied in the present thesis. As the SDM was developed durin g the time of the
�rst membrane generation, it is worth to review the SDM assum ptions later in
this study (section 2.1).

Membrane Manufacturing

The thickness of the so-called thin-�lm active layer is resp onsible for the sep-
aration characteristic of the TFC membrane. It is in the orde r of 30 nm [109,
p. 43]. The paths through which species diffuse in this layer have a nominal
pore diameter in the sub-nanometer range [9, p. 17]. Althoug h manufactur-
ing processes faced great advance during the past decades, i t is still not trivial
to produce a defect-free membrane with constant quality as s heets of several
square meters, which are packed in standard, spiral-wound R O modules. In
2010, CORONELL ET AL. [24] studied three fully aromatic polyamide TFC RO
membranes and measured the active layer thickness of three m embrane sam-
ples. A mean standard deviation of § 48.3% related to the average thickness
[24] shows quite impressively the need for membrane manufac turing process
optimization.

Local variations of membrane properties affect also membra ne module per-
formance. Membrane manufacturers indicate in their produc t speci�cations
that the individual membrane module permeate production �o w rate can
vary between +20%/-20% [32], +20%/-15% [86] and +33%/-15% [ 120], to give a
quantitative impression for brackish water membrane modul es. What is seen
as prerequisite for manufacturing process optimization is a suitable analysis
tool for local membrane characterization.
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Membrane Testing

Different membrane module manufacturers specify their pro duct data at dif-
ferent testing conditions, e.g. different salinity levels of 1500 ppm [120] or 2000
ppm [32, 86]. There is no standard for membrane testing on whi ch either in-
dustry or research agree on. A standard testing protocol wou ld be advanta-
geous as membrane performance is sensitive to operating con ditions. The
most important parameters are pressures, temperatures and salt mass frac-
tions [109, 135] on both sides of the membrane. Also the pH-va lue [25, 178],
pretreatment of the testing �uid and of the membrane itself i s important.
Temporal in�uences exist as well and mostly go back to membra ne com-
paction [73, 103, 131, 135] and/or membrane fouling [50, 81, 144].

In 2006, SCHIPOLOWSKI ET AL. [149] investigated the variance of experimen-
tal lab-scale results based on samples from a membrane modul e sheet. They
quanti�ed the maximum (and average) deviation of a single te st cell sample
from the average properties of the entire RO membrane sheet. The result was
44% (12%) for the water permeability and to 120% (23%) for the salt permeabi-
lity [149, p. 76]. In 2013, C ATH ET AL. [20] presented the results of a round-robin
test for osmotically driven TFC polyamide membranes by seve n independent
laboratories. The results for the permeabilities appear to have also a much
higher variation for salt, +100%/-66%, than for water, +4%/ -4%. This shows
the dif�culty of achieving consistent, reliable data, espe cially for salt separa-
tion membrane characteristics.

In 2009, VAN WAGNER ET AL. [178] drew the attention to the experimental con-
ditions at which membrane data are gained. They point out one general prob-
lem inherent to the common membrane tests: "Although polari zation effects
can be minimized in cross-�ow mode by operating at low pressu re and higher
cross-�ow velocity, they can never be completely eliminate d and should be
accounted for [...]", [178, p. 98]. There are different stra tegies to take the con-
centration boundary layer, i.e. concentration polarizati on, into account.

Commonly, a mass transfer coef�cient is determined and fed i nto a bound-
ary layer model. A Sh-correlation is needed to derive the tra nsfer coef�cient.
Depending on the �ow regime (laminar / turbulent, with / with out suction,
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undeveloped / developed) and the channel geometry (rectang ular, slit, tubu-
lar, radial, with / without spacer, et cetera) a large number of correlations exist.
GERALDESand ALFONSO [57] provide a good overview for RO applications.

Common membrane test cells used in RO lab-scale experiments have rather
complex channel geometries. The channels are �lled with spa cers taken from
RO modules. In this way it is guaranteed that the membrane is t ested under
the same �ow conditions as in a membrane module. The spacers a re eddy-
promoters and reduce the concentration boundary layer with in the chan-
nel. For these complex geometries, the typical approach to d etermine the Sh-
correlation is to vary one or more operating parameters (fee d velocity, pres-
sure, concentration or permeate �ux) and to �t a boundary lay er model to the
gained data. The latter often needs to be combined with a memb rane model.
SUTZKOVER ET AL. [164] provide a compact overview on the different experi-
mental protocols.

The main disadvantage of the membrane performance measurem ent in the
described or a similar way is that results for the mass transf er coef�cient can
be misleading. The reason are inherent modeling uncertaint ies either of the
boundary layer model or the membrane model. M URTHY and GUPTA [118], for
example, combined two different membrane models with the sa me boundary
layer model and came to signi�cantly different results for t he mass transfer
coef�cient [118, p. 47].

A different approach is to work with simple channel geometri es: In this case,
�rst-principle approaches can be applied to take account fo r the concen-
tration boundary layer, compare e.g. [13, 14, 62]. Rotating disk experiments
with laminar �ow are to be mentioned in this context, referri ng to SHERWOOD

ET AL. [159, p. 240]. For their boundary conditions, an exact solu tion to the
Navier-Stokes equations exists [159, p. 240]. The laminar � ow is "uniformly
accessible" and the local mass transfer coef�cient is the sa me everywhere on
the disk [159, p. 240]. The disadvantage here is still that lo cal membrane char-
acteristics cannot be determined. However, the principle i dea to determine
the boundary layer as exact as possible is picked up in the pre sent study.
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Boundary Layer Measurements

Direct quantitative concentration boundary layer measure ments cannot only
provide valuable data to identify the best suited boundary l ayer model for
a given geometry. They can provide data even on a local scale. The highest
quality of quantitative data is achieved in a non-invasive w ay, in-situ and in
real-time. The measurement data should have high local reso lution. The data
analysis should not depend on a model of the phenomenon studi ed. This cat-
egorization goes back to C HEN ET AL. [21], who provide a good review on non-
invasive observation methods in membrane science. The expe rimental meth-
ods to quantify boundary layer phenomena which are truly non -invasive but
are still only moderately complex are based on optics [21]. T his is one of the
reasons why non-invasive optical boundary layer character ization plays a ma-
jor role in this study. There are further bene�ts, which are o utlined later in
section 2.2.4. Before, a brief overview of the application o f optical methods in
literature with a focus on membrane science is given.

Broadly speaking, the investigated channel geometries bec ame more complex
with continuous improvement of the applied measurement tec hniques. Great
efforts have been made to push boundary layer investigation s from simple to
more realistic but complex �ow conditions. In the 1970/80s, boundary layer
investigations in membrane desalination began with classi c Shadowgraphy
and Interferometry [78, 105, 176, 177], and were continued, from 1998 on, with
classic Holographic Interferometry (HI) [23, 41, 43, 46] an d, starting in 2010,
with Digital Holographic Interferometry (DHI) [44, 146]. A fter dead-end un-
stirred batch-cell experiments with ultra�ltration (UF) [ 41, 43, 46, 61, 176, 177]
and RO membranes [42, 45, 105], the research focus went on to c ross-�ow ex-
periments with nano�ltration (NF) and RO membranes in test c ells with rect-
angular channels [44, 142, 145, 146]. In 2016, the �rst membr ane (NF) test cell
with a channel �lled with spacer-like obstacles [23] was inv estigated with HI,
similar to the work of T AUSCHER [167] about heat transfer in heat exchangers
with turbulence-promotors in 2000. With an optical method b ased on ther-
mochromic liquid crystals, T ABURINI ET AL . [166] started research on temper-
ature boundary layer measurements in spacer-�lled channel s in the �eld of
membrane distillation in 2013.
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The classical RO module operating window ranges to maximum 4 0°C �uid
temperature limited by the material properties of the glue u sed in membrane
modules. Literature data for concentration boundary layer experiments in
combination with RO membranes are available only up to a temp erature of
26°C [44]. Furthermore, experimental data exist up to press ures of 7 to 8 bar
for cross-�ow conditions [41, 43, 44, 46, 142, 145, 146] and u p to 30 bar for
batch experiments [105]. Due to the low hydrostatic pressur e level, the inves-
tigated osmotic pressure levels and, consequently, the sal t concentration lev-
els are also limited. Experiments can be found for brackish w ater conditions
with bulk concentrations of maximum 7 g/kg [44]. There are no t experimental
data for sea water conditions with salt concentrations arou nd 70 to 80 g/kg
and osmotic pressures around 60 bar.

Low pressure and concentration levels have experimental ad vantages: The de-
sign of a membrane test cell with optical access can be kept ra ther simple (due
to the low pressures). The measurement quantity of the menti oned optical
method is the refractive index, which depends on both, conce ntration and
temperature (besides wavelength and pressure). Therefore , the refractive in-
dex gradients caused by the boundary layer are weaker for a ge nerally lower
feed concentration level at otherwise identical operating conditions. For re-
fractive index measurements this is an advantage as from str ong refractive
index gradients obstructive optical phenomena arise, whic h have to be com-
pensated by higher experimental effort (advanced optical s etups and subse-
quent data analysis). In 2013, R ODRIGUES ET AL. [142] provided data which
allow to quantify this advantage. They determined the relat ive deviation of
the salt concentration on the membrane measured with Hologr aphic Inter-
ferometry from Computational Fluid Dynamics (CFD) results . With classical
data analyses, deviations of up to 60% were obtained for stro ng refractive in-
dex gradients, compared to 20% at comparably weak gradients [142, �g. 8].
Improving the optical data evaluation, the maximum relativ e deviation could
be reduced to <35% for the strong refractive index gradients [142, �g. 8]. Note
that the terms strong and weak in context with the refractive index gradient
are speci�ed later in this thesis (section 2.2.3 on page 55).

In studies with focus on boundary layer theory, experimenta l data are not nec-
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essarily needed for the entire RO operating window. Similar ity solutions allow
extrapolations to different temperatures, concentration s and pressures when
the �ow regime does not change. However, the membrane charac teristic itself
depends on these operating conditions also affecting the bo undary layer de-
velopment. In the present study, this sensitivity of the con centration bound-
ary layer to the membrane performance is to be exploited.

Based on the presented brief literature review, the goal and the associated
scope of the thesis are described in the following.

1.2 Goal and Scope of the Thesis

The principal goal of the thesis is to develop an inverse meth odology for mem-
brane characterization which allows the determination of m embrane para-
meters with a signi�cantly higher local resolution compare d to conventional
lab-scale membrane tests, see �gure 1.1.

10110¡ 2 10010¡ 510¡ 10

with Membrane Modules

Present Study
with Test CellsNominal Pore Diameter

in RO Membranes [9]

Membrane Surface Area [m]

Local Resolution as

Local Membrane Parameters Global Membrane Parameters

Diameter of Characterized

Conventional Lab-Scale Membrane Tests

Scope of

Figure 1.1: Local resolution of membrane characterisation methods.

In �gure 1.1, the local resolution is estimated by the diamet er of mem-
brane surface area used to determine membrane performance d ata. Conven-
tional lab-scale tests result in global membrane parameter s based on surface-
averaged performance data of entire membrane sheets. The le ngth scale of
such membrane sheets ranges between centimeters in test cel ls or meters in
membrane modules. The goal of this thesis is to determine loc al membrane
parameters of small parts of the tested membrane sheet. The l ength scale of
the smallest parts will range between 10 ¡ 5 m and 10 ¡ 4 m. Local resolutions in
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the order of magnitude of the nominal pore diameter of RO memb ranes [9]
are not scope of the present study.

Besides the goal of high local resolution, membrane charact erization should
be possible in-situ under real operating conditions. The me thod should be
applicable in the full RO operating window for brackish and s ea water condi-
tions, including elevated pressures and temperatures. Mis leading results due
to uncertainties introduced by the buildup of concentratio n boundary layers
during material separation are to be avoided.

In �gure 1.2, an illustrative overview of the goal and the abs tracted outline of
the thesis is given. In the following, the outline is describ ed in detail, starting
with the selection of methods to achieve the pursued goal.

Operating Conditions
- brackish and sea water, varying wS

- elevated temperatures T
- elevated pressures p È ¼(wS,T )

Optical Measurement of n(wS,T )

Local Membrane Parameters

Plausibility Check of Results

New High Pressure Test Cell
¼(wS,T )

Interferometry, Schlieren and
Shadowgraphy n(wS,T )

CFD

Optical Ray Tracing

Experimental
Numerical

Experimental Optical Methods Supportive Numerical Methods

LMPM [91] Revised LMPM

Figure 1.2: Outline of the thesis.
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In 2015, a methodology for the determination of local membra ne parameters
(LMPM) from concentration boundary layers was published by the author
[91]. By means of a salt mass balance it was shown how local per meate �ux
and local permeate salt mass fraction can be calculated dire ctly from a con-
centration boundary layer pro�le. With the local feed salt m ass fraction on
the membrane, Solution-Diffusion model parameters can be d erived. In the
present study, the LMPM is tested in a proof of concept study t o determine its
accuracy (section 3.2). This method requires the character ization of the con-
centration boundary layer pro�le by measuring its zeroth, � rst and second
order derivative. As it was introduced in the previous secti on, optical methods
based on refractive index measurements are well suited for t his purpose as the
refractive index is sensitive to the salt concentration in t he �uid.

As indicated in �gure 1.2, the pursued determination of the r efractive in-
dex n is based on two main methodological elements: experimental optical
methods and supportive numerical methods. The experimenta l branch is de-
scribed �rst.

As membrane characterization should be possible not only fo r brackish but
also for sea water conditions (varying salt mass fraction w S), for which high os-
motic ( ¼) and thus high hydrostatic operating pressures ( p) are typical, state-
of-the-art membrane test cells with optical access cannot b e used. Therefore,
the development of a new high pressure test cell is necessary (section 3.1.1). In
order to be able to easily access the concentration boundary layer, the chan-
nel geometry should be kept as simple as possible, rectangul ar and without
spacers.

For the determination of membrane performance at elevated o perating tem-
peratures T above typical ambient temperatures around 20 ±C in laboratories,
it has to be guaranteed that the concentration boundary laye r measurement
is not corrupted by potential temperature boundary layers i nside the optical
test cell, as the refractive index is also sensitive to tempe rature. Temperature
boundary layers are either taken into account as suggested i n a previous pub-
lication [90] or they are avoided by controlling the ambient temperature in the
laboratory to equal the temperature of the experimental app aratus T ÆT1 . In
the present study, experiments are conducted at T Æ30±C.
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As will be explained in more detail in section 2.2.4, the foll owing three optical
methods are tailored for the measurement of the derivatives of the concentra-
tion and thus the refractive index pro�le in the boundary lay er: Interferometry
(zeroth), Schlieren (�rst) and Shadowgraphy (second order derivative). These
optical methods will be combined in one experimental setup ( section 5.1) to
allow two types of simultaneous measurements of the boundar y layer inside
the high pressure test cell. The combination of LMPM and thes e optical meth-
ods has a high potential to lead to an improvement of the local measurement
resolution providing line-of-sight averaged membrane per formance data in-
stead of global, surface-averaged data, as it is the case for conventional mem-
brane test cells.

However, anticipating the outcome of the proof of concept st udy of the LMPM
(section 3.2), it will turn out that the combination of the LM PM and the pro-
posed experimental methods is not accurate enough to derive local mem-
brane performance. Therefore, the experimental methods wi ll be expanded
by supportive numerical methods in order to develop a revise d version of the
LMPM (section 3.3), see second branch in �gure 1.2. This incl udes a 3D Com-
putational Fluid Dynamics (CFD) model of the high pressure t est cell (section
3.1). Numerically, local variations of the membrane perfor mance can be mod-
eled and their in�uence on the concentration boundary layer can be studied.
The boundary layer measurements provide data for validatio n of the simu-
lated boundary layer results. In order to make a validation o f the CFD bound-
ary layer data possible by means of the optical experiments, the CFD model is
integrated in an optical ray tracing simulation (section 4. 3). In this way, light
propagation in the optical setup can be modeled. The result o f the optical sim-
ulations will be numerically generated images with normali zed light intensi-
ties. This will allow to compare experimentally and numeric ally determined
intensity pro�les directly instead of concentration pro�l es. Error propagation
during the calculation of concentration boundary layer pro �les from mea-
surement data biased by obstructive optical phenomena like diffraction, sig-
ni�cant light de�ection and spherical aberration are avoid ed. This will be es-
pecially advantageous for the investigation boundary laye rs with strong con-
centration and, consequently, strong refractive index gra dients when classical
evaluation algorithms run in their limits.
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The revised LMPM will be applied to evaluate the performance of a TFC brack-
ish water RO membrane (chapter 6). For both brackish and sea w ater condi-
tions, the same membrane sheet will be used. Both the water an d the salt per-
meability constant are to be determined. However, the focus will be on the lo-
cal investigation of the salt but not the water permeability constant, motivated
by the comparably high scattering of literature data for per meability of salt.
Applying the standard model for RO membrane performance ana lyses, the
Solution-Diffusion Model (section 2.1.3), it will turn out that the salt perme-
ability constant is not constant but depends on the operatin g conditions. In
order to con�rm the physical relevance of the membrane perfo rmance results
and the validity of the new inverse methodology, the plausib ility of the data is
successfully checked by a different membrane modeling appr oach based on
Maxwell-Stefan theory (section 2.1.5). As shown in �gure 1. 2, this plausibility
check completes the scope of the present study.

1.3 Thesis Overview

The thesis is structured as follows: Subsequent to the intro duction, the funda-
mentals for membrane transport are laid in chapter 2. A detai led look into
boundary layer theory will reveal the experimental methods to be applied
when investigating membrane transport phenomena. These ar e the measure-
ments of the refractive index n by means of Interferometry, Schlieren and
Shadowgraphy. In this context, the fundamentals on optical methods are pre-
sented. Important recurring terms like weak and strong refractive index gra-
dients, classical optical methods and the fanning effect are de�ned in section
2.2.3. Furthermore, a brief overview of the previously publ ished theoretical
work about the LMPM [91] is included in chapter 2.

In chapter 3, the LMPM [91] is tested in a proof of concept stud y with CFD.
After introducing the test cell design, the derived CFD mode l is described
including the implemented membrane boundary condition bas ed on the
Solution-Diffusion Model (SDM). Chapter 3 concludes with a comprehensive
revision of the LMPM. This step from the LMPM to the revised LM PM marks
the switch from the left to the right branch in �gure 1.2.
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The revised LMPM combines the experimental methods with the CFD model
and an optical ray tracing tool, which is presented in chapte r 4. There the op-
tical phenomena relevant for modeling are also explained.

Subsequently, the experimental methods are outlined in cha pter 5. The im-
plementation of the optical setup is described before an ove rview of the mem-
brane test rig, the sensors and measurement accuracies is gi ven. Information
about the investigated membrane and the membrane testing pr ocedure are
provided in the end of chapter 5.

The results of the revised LMPM are presented in chapter 6. Wh ile the wa-
ter permeability results are plausible, different hypothe ses are tested to phys-
ically explain the results for the salt permeability consta nt. The successful
plausibility check of these results proves the applicabili ty of the new inverse
methodology for membrane characterization.

The present study concludes with a summary and gives an outlo ok on future
research topics.
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2 Theory

In this chapter, the basics of RO membrane transport modelin g are intro-
duced. The standard model for RO membranes is explained. It i s used for
the analysis of the Thin-Film Composite (TFC) membrane inve stigated in this
study. The presented model assumptions and considered phys ical phenom-
ena are also relevant for the discussion of the results prese nted in chapter 6.
There the plausibility of the results will be checked by mean s of a Maxwell-
Stefan membrane modeling approach, which is outlined in det ail at the end of
chapter 2.1. After the membrane related fundamentals, a bri ef introduction on
boundary layer theory and optical boundary layer measureme nt is provided.
The focus lies on the �lm theory as its assumptions are also th e basis for the lo-
cal membrane parameter method (LMPM). Then, a compact overv iew on the
previously published theoretical work on the LMPM [91] is pr esented. In this
context, the connection between boundary layer theory and o ptical methods
is elaborated. This is the basis for the subsequent chapter, where the LMPM is
tested in a proof of concept study.

2.1 Membrane Transport

In the following, a review of the of the standard RO model, the Solution-
Diffusion Model (SDM), is presented. For the discussion of t he results pre-
sented in chapter 6, a detailed knowledge about the consider ed physical phe-
nomena, the assumptions and the mathematical simpli�catio ns is necessary.
As the historical context between model development and ava ilable mem-
branes is relevant for the understanding of the membrane mod el design, it
is included in the following section.
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2.1.1 The Membrane

Membrane desalination dominates today's market [58, p. 198 ] mainly because
of two major developments: For the �rst time, R EID and BRETION (1959) were
able to separate salt from water with a synthetic membrane, w hich was based
on cellulose acetate (CA) [40, p. 7]. L OEBand SOURIRAJAN(1963) then achieved
the breakthrough to manufacture this membrane with an asymm etric struc-
ture [37, p. 411], which resulted in practically relevant wa ter �uxes. C ADOTTE

and PETERSENmade the second major development step in 1978 [40, p. 9]:
They solved the contradicting requirement for the membrane thickness to
be as small as possible (high �ux and selectivity) but to be la rge enough to
provide mechanical strength (resistance to high operating pressures). They
invented the so-called Thin-Film Composite (TFC) membrane s, which are
composed of different materials for different requirement s on the membrane.
The most important [40, p. 8] TFC membrane type consists of an aromatic
polyamide (PA) thin-�lm layer (thickness in order of 30 nm [1 09, p. 43]). The
PA layer is supported by a polysulfone polymer on top of a poly ester back-
ing [137, p. 2]. The �lm is formed by so-called interfacial po lymerization,
compare �gure 2.1: The PA layer is the result of the reaction o f Trimesoyl
Chloride (TMC), also known as 1,3,5 benzenetri carboxylic a cid chloride, and
m-Phenylenediamine (MPD), also known as 1,3 diaminobenzen e [160, p. 21].
Before the reaction takes place, a microporous polysulfone support is dipped
into an aqueous MPD solution such that the pores located clos e to its sur-
face are �lled [97, p. 82]. Then this MPD coated polysolfone m embrane is im-
mersed in a water-immiscible solvent solution containing T MC [9, p. 116].
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Figure 2.1: Interfacial polymerization reaction of MPD and TMC [98, �g. 1].

MPD and TMC react at the interface of the two immiscible solut ions and a
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2.1 Membrane Transport

highly cross-linked thin-�lm layer is formed on the top of th e polysulfone sup-
port [9, p. 117]. The cross-linking of the polymer chains imp roves the mem-
brane separation characteristics [72]. For more detailed e xplanation please re-
fer to e.g. RAUTENBACH and ALBRECHT [135]. At this point, it is important to
understand that, due to incomplete reaction of the third car boxylic acid chlo-
ride group (the COCl-group in �gure 2.1), the PA layer is nega tively charged
in an aqueous solution like salt water [160, p. 22]. Compared to CA mem-
branes, the electrical charge density of PA TFC membranes is signi�cantly
higher [24, 30]. This will turn out to be important when inter preting the re-
sults presented in chapter 6.

The membrane investigated throughout this thesis is a cross -linked fully aro-
matic PA TFC brackish water membrane. It was manufactured by TORAY IN -
DUSTRIES, INC. and it is labeled TML10D [174]. It has a modi�ed membrane
surface for improved fouling characteristics. The goals of such surface modi�-
cations are typically: increased hydrophilicity, reduced roughness and tailored
electrical charge properties [81, p. 586]. As many foulants are hydrophobic, the
probability of their adsorption on the membrane is lower whe n a pure water
layer is formed on a highly hydrophilic surface [81, p. 586], see �gure 2.2.

active layer
porous support

active layer
porous support

hydrophopic
foulants

electrically

foulants
charged

electrically

surface
charged

pure water layer on
hydrophilic
surface

Figure 2.2: Anti-fouling mechanisms: hydrophilicity and surface char ge mod-
i�cations, adapted from [81, �g. 1].

A reduced surface roughness also lowers the probability tha t foulants are
trapped by the membrane [81, p. 586]. Electrostatic repulsi on is also bene�-
cial as the foulants themselves are often electrically char ged [87, p. 44]. Al-
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though the exact modi�cations of the TML10D membrane are not published
by TORAY, it can be stated that the goal of its development was the prev en-
tion of hydrophobic and electrostatic interactions with fo ulants [137, p. 19].
According to H ENMI ET AL . [69, p. 2138], the focus of T ORAY was on achiev-
ing hydrophilic property on the membrane surface. Addition ally, the surface
roughness was also reduced via a cross-linked hydrophilic c oating, compare
�gure 2.3.

Coating

Conventional RO Low Fouling RO Conventional RO Low Fouling RO

Figure 2.3: Design of a low fouling T ORAY membrane, adapted from [137, p.
21].

No detailed information could be found about surface charge modi�cations
of the TML10D membrane except that the hydrophilic polymer c oating is also
seen as a countermeasure against electrostatic interactio n [137, p. 20]. How-
ever, it is reported by T ORAY [137, p. 39] that the electrical charge density of
the RO membrane has the greatest in�uence on the solute perme ability.

2.1.2 Introduction of Membrane Transport Modeling

In the following, a brief overview of membrane transport mod eling is given:

In 1958, KEDEM and KATCHALSKY [82] published pioneering work on trans-
port modeling for synthetic membranes. They present a pheno menological
approach based on irreversible thermodynamics theory. The ir approach was
well received by the community, further developed [162] and is still applied to-
day, e.g. [53]. One of its main advantages is that the modelin g approach does
not depend on the membrane type [109, p. 73].

Models which do depend on the membrane type can be divided in t hree main
categories: pore models, pore-free models and intermediat e ones [9, p. 17]. A
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2.1 Membrane Transport

classi�cation is possible by means of the largest pore size o f the membrane,
as illustrated in �gure 2.4. While micro�ltration (MF) and u ltra�ltration (UF)
membranes clearly can be put in the pore model category [9, �g . 2.2], RO
membranes are generally modeled as continuous, pore-free m embranes. If
RO membranes are speci�ed with a pore size, it is usually indi rectly estimated
by the size of the molecules which diffuse through the membra ne [9, p. 17]: It
ranges between 0.2 nm and 0.5 nm [9, p. 17]. Nano�ltration mem branes (NF)
are an example for membranes in the transition region betwee n RO and UF
membranes [9, p. 17]. Such membranes are modeled by an interm ediate ap-
proach between truly pore and truly pore-free models [9, p. 1 7].
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Gas separation
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Homogeneous
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Solution-Diffusion
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Figure 2.4: Pore size and membrane models, adapted from [9, �g. 2.2].

For a more extensive overview, it is referred to standard ref erence books like
M ELIN and RAUTENBACH [109] or B AKER[9]. In the next section, the used stan-
dard transport model for RO membranes is described in detail .

17



Theory

2.1.3 The Solution-Diffusion Modeling Approach

The Solution-Diffusion Model (SDM) goes back to L ONDSALE ET AL. [102], who
developed their theory based on experiments with CA membran es and aque-
ous NaCl solutions.

As already mentioned, the central assumption of the model is that the mem-
brane is dense, homogenous and pore-free. Mass transport is determined by
diffusion through a single phase [102, p. 1353], the thin-�l m active layer of the
membrane.

To give a brief overview, the most important assumptions of t he SDM are:

• The membrane is seen as a continuum without pores [109, p. 79 ].

• There is only diffusive mass transfer in the membrane [109, p. 79].

• Fick's law of diffusion can be applied [102, p. 1353].

• Binary diffusion is assumed for each solvent in the membran e due to
small concentrations of the respective other solvents in me mbrane. This
results from low solubilities of the solvents in the membran e [135, p. 52].

• The coupling of �ows inside the membrane is negligible [109 , p. 79].

• Chemical equilibrium at the interface between membrane an d external
solution can be assumed [109, p. 79].

• The chemical potential is modeled assuming an isothermal p rocess and
no external forces.

• The pressure level in the membrane is constant [109, p. 88] a nd corre-
sponds to the feed pressure (illustrated later in �gure 2.5( a)). The pres-
sure drop between high and low pressure side takes place at th e interface
between thin-�lm active layer and support structure [135, � g. 3.1].

In �gure 2.5, important physical quantities for RO membrane transport are il-
lustrated. These are hydrostatic pressure p, salt and water mass fraction w S

and wW, salt and water �ux j S and j W, and chemical potential for water ¹ W.
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2.1 Membrane Transport

There are the phases of the external solutions (superscript E) and the one in-
side the thin-�lm active layer of the membrane (superscript M). Note that the
superscript E is omitted later in this study when it is clear t hat the external so-
lution outside the membrane is meant. In RO desalination, th e feed side (sub-
script F) has typically a higher salt mass fraction than the p ermeate side (sub-
script P). The thin-�lm active layer is oriented towards the high pressure side
(feed side) to avoid its detachment from the porous support l ayer. The porous
support layer (low pressure side) provides not only mechani cal strength but
serves also as a diffusive barrier between active layer and p ermeate channel
[135, p. 89]. This is the reason why, in contrast to e.g. gas pe rmeation, the per-
meate salt mass fraction w E

S,P of an RO membrane (at the interface between
active layer and porous support) is negligibly in�uenced by the �ow condi-
tions in the permeate channel [135, p. 89].

z

y,p,w

¢ l M

active layer porous support

j W
j S

w E
W,P

pE
P

w M
S,P

w M
W,P

w M
S,F

w E
W,F

w E
S,F w M

W,F

pE
F ÆpM

w E
S,P

(a) Pressures, mass fractions and
�uxes; adapted from [135, �g. 3.1].

active layer porous support

¹ M
W,P Æ¹ E

W,P

¹ M
W,F Æ¹ E

W,F

z

¹

(b) Chemical potential of water for lin-
ear activity gradient and zero pressure
gradient in the active layer of the mem-
brane.

Figure 2.5: Mass transport in RO membranes.

In �gure 2.5(a), it is interesting to see the discontinuitie s of the salt and water
mass fractions at the boundaries of the thin-�lm active laye r. Here it helps to
take the model designation Solution-Diffusion literally: Before diffusion of a
species can take place inside the membrane, the species need s to dissolve in
the membrane. The relation between quantities of the extern al solution and
the corresponding ones of inside the active layer is express ed by the so-called
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solubility of the respective species.

After this brief generic overview, a quantitative descript ion of the membrane
mass transport is presented in the following. The two main eq uations for salt
and water mass �ux through the membrane j S and j W are derived. As already
stated, emphasis is put on a presentation from scratch expos ing which as-
sumptions are made, which physical phenomena are neglected and which
mathematical simpli�cations are required. The derivation begins with the dif-
fusive mass transport inside the membrane.

Diffusive Mass Transport Inside the Membrane

Already in 1855, F ICK investigated membrane transport experimentally [48,
p. 81] stating that the pore theory is indefensible. His obse rvations led to the
famous Fick's law, a phenomenological approach [181, p. 19] . In its original
form it is based on a concentration difference as driving for ce.

BIRD ET AL. [15, p. 565] provide a generalized description for diffusi ve trans-
port: Besides the concentration gradient two other mechani cal driving forces
can be relevant, i.e. pressure gradients and external force differences [15, p.
564]. Additionally, the mass �ux can be in�uenced by tempera ture gradients.
Such coupling of driving forces goes back to irreversible th ermodynamics the-
ory [15, p. 564]. A general overview of coupling of driving fo rces and their in-
�uence on �uxes in a binary system is given in �gure 2.6.

For the mass transport modeling according to the SDM, this me ans the fol-
lowing: As the SDM model assumes an isothermal process, an in �uence of a
temperature gradient on the mass �ux in the membrane is exclu ded. As the
pressure gradient inside the membrane is assumed to be zero ( discussed in
detail later in section 2.1.5) and as external forces are neg lected [109], pres-
sure diffusion and forced diffusion are not taken into accou nt in the SDM. In
short, only Fickian diffusion is considered.
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Figure 2.6: Schematic overview of �uxes and driving forces in a binary sy s-
tem, adapted from [15, �g. 18.4-1]. In brackets, the transpo rt coef-
�cients are given.

As Fick's law is de�ned in terms of �uxes [181, p. 5], differen t forms of the
diffusion equation are possible. They are based on differen t reference frames
(e.g. mass, molar, volume) [26, p. 60]. In membrane desalina tion, the mass-
based one is common, compare e.g. [127].

According to Fick's law, the water �ux j M
W,D reads [26, p. 60]:

j M
W,D Æ ¡½MDWM

dw M
W

dz
(2.1)

This �ux is de�ned relative to the centre of mass of all compon ents in the sys-
tem, in this case membrane and water. Note that the in�uence o f the third
component salt is not taken into account (no coupling of �ows , low solubility
in the membrane).

What is experimentally measurable is the water mass �ux rela tive to a �xed
coordinate system j M

W [135, p. 51]:

j M
W Æ½M

WuM
W Æj M

W,D Å ½WuM (2.2)

21



Theory

uM denotes the velocity of the centre of mass of all components i n the sys-
tem. uM

W and uM
M are the velocities of the components water and membrane,

respectively. As the velocity of the membrane is zero, it fol lows for u M :

u M Æ

P
½i u i

P
½i

Æ

j M
Wz }| {

½M
WuM

W Å½M
M

Æ0z}|{
uM

M

½M
W Å ½M

M

Æ
j M
W

1Å
½M

M

½M
W

(2.3)

With ½M
M Æ(1¡ w M

W)½M the water mass �ux reads as follows:

j M
W Æ ¡

1

1¡ w M
W

½MDWM
dw M

W

dz
(2.4)

As the SDM approach assumes that the permeand solubility in t he membrane
is low, the term 1 ¡ w M

W is approximated by 1. Thus, the mass �ux relative to
�xed coordinates used in the SDM is an approximation [135, p. 52]:

j M
W ¼ j M

W,D Æ ¡½MDWM
dw M

W

dz
(2.5)

Accordingly, the salt mass �ux through the membrane j M
S is expressed:

j M
S Æ ¡½MDSM

dw M
S

dz
(2.6)

Including the Concept of Solubility

As a next step, the hardly experimentally accessible quanti ties inside the
membrane w M

W and w M
S are linked to measurable quantities of the external so-

lution w E
W and w E

S. This allows to quantify solubility in the following. It sta rts
with an assumption for the chemical potential: Despite the i rreversible char-
acter of the RO transport process [135, p. 53], the SDM is base d on the as-
sumption of an equilibrium between the respective chemical potentials at the
phase interfaces, as illustrated above in �gure 2.5(b) on pa ge 19.

For isobaric, isothermal systems, the chemical potential o f a component i ¹ i ,
is a function of a pure substance term (A), a concentration-d ependent term
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2.1 Membrane Transport

accounting also for non-ideality of the real solution (B) an d a term taking the
absolute pressure level into account (C), compare e.g. [135 , p. 53]:

¹ i (T,p,x i ) Æ¹ ref
i (T,p ref)

| {z }
A

Å RT ln ai (T,p ref,x i )| {z }
B

ÅV̄i (p ¡ p ref)
| {z }

C

(2.7)

In term B, activity ai Æx i ° i is a measure for the effective concentration of
component i in the non-ideal solution correcting concentration x i by the ac-
tivity coef�cient ° i . It follows for the molar fractions of water at the feed and
permeate side xM

W,F and xM
W,P:

xM
W,F Æ

° E
W,F

° M
W,F

xE
W,F (2.8)

xM
W,P Æ

° E
W,P

° M
W,F

xE
W,Pe¡

V̄W
RT (pF¡ pP) (2.9)

Note that equations (2.8) and (2.9) take the assumption for t he pressure gradi-
ent across the membrane into account. Equilibrium of the che mical potential
¹ M

W Æ¹ E
W is assumed at the phase interfaces.

It is important to notice in equation (2.9) that the actual dr iving force for the
water transport through the membrane, the hydrostatic pres sure difference,
comes in through the boundary conditions at the phase interf ace on the per-
meate side [127, p. 374]. This is called pressure-induced di ffusion [127, 128].
In the case of RO, this makes the water concentration decreasefrom feed to
permeate side. In �gure 2.5(a) on page 19, an illustration of the development
of the concentrations inside the membrane is included.

In equation (2.7) term (C) for the pressure in�uence is negli gible for NaCl but
not for water [109, p. 90]. From the boundary conditions at th e phase inter-
faces, the molar fractions of salt at the feed and permeate si de xM

S,F and xM
S,P

result:

xM
S,FÆ

° E
S,Fx

E
S,F

° M
S,F

(2.10)

xM
S,PÆ

° E
S,Px

E
S,P

° M
S,P

(2.11)
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Introducing the equation for the osmotic pressure

¼i Æ ¡
RT

V̄i
ln ai (2.12)

which originates in a simpli�ed version from V AN ' T H OFF [135, p. 5], the nu-
merators of equations (2.10) and (2.11) ° E

i xE
i ÆaE

i can be substituted by:

° E
i xE

i Æe¡
V̄i
RT ¼i (2.13)

In the following, these results are integrated step by step i n equations (2.5) and
(2.6), ending up in equations for salt and water solubility.

The mass fractions are replaced by the molar fractions w M
i Æ M̄ i

M̄ M xM
i . Addition-

ally, a constant water activity coef�cient ° M
W is assumed within the membrane:

° M
W,F Æ° M

W,P Æ° M
W (2.14)

For salt, a constant ratio of the activity coef�cients in the external solution and
the membrane is assumed:

° E
S,F

° M
S,F

Æ
° E

S,P

° M
S,P

Æ
° E

S

° M
S

(2.15)

In section 6.3, the assumption made in equation (2.15) needs to be dropped
in order to be able to quantify the in�uence of the electrical charge density of
the PA TFC membrane on salt permeability.

After linearizing the molar fraction gradients of the respe ctive components
i ÆW and i ÆS inside the active layer of the membrane with a thickness ¢ l M ,

dxM
i

dz
¼ ¡

xM
i ,F ¡ xM

i ,P

¢ l M
, (2.16)

the mass �uxes can be expressed as a function of concentratio n quantities in
the external solution.

The water mass �ux reads:

j M
W Æ

1

¢ l M
½M 1

° M
W

M̄ W

M̄ M
| {z }

KW

DWM

µ
e¡

V̄W
RT ¼F ¡ e¡

V̄W
RT (pF¡ pPÅ¼P)

¶
(2.17)
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KW denotes water solubility, also known as the distribution co ef�cient for wa-
ter. Note that the reciprocal of the water activity coef�cie nt in the membrane
KW,° Æ 1

° M
W

becomes relevant later in section 6.3.

The salt �ux results analogously:

j M
S Æ

1

¢ l M

cM

cE

° E
S

° M
S| {z }

KS

DSM(½E
S,F¡ ½E

S,P) (2.18)

KS ÆcM

cE

° E
S

° M
S

denotes the salt solubility, also known as distribution coe f�cient for

salt.

Final Equation Set of the Solution-Diffusion Model

When the e-Function in equation (2.17) is approximated by series expa nsion,
ex Æ

P 1
nÆ0

xn

n! ¼ 1 Å x, accepting an error around 4% for sea water conditions
[135, p. 55], the standard SDM equation for the water �ux resu lts:

j W Æj E
W Æj M

W Æ½WA(pF ¡ pP ¡ (¼F ¡ ¼P))
| {z }

NDP

(2.19)

The difference between hydrostatic pressure difference ¢ p ÆpF ¡ pP and os-
motic pressure difference ¢ ¼Æ¼F¡ ¼P is called net driving pressure NDP . The
parameter A is the so-called water permeability constant:

A Æ
1

¢ l M

½M

½W

1

° M
W

M̄ W

M̄ M

V̄W

RT
DWM (2.20)

The standard SDM equation for the salt �ux is expressed by:

j S Æj E
S Æj M

S ÆB(½E
S,F¡ ½E

S,P) (2.21)

B denotes the salt permeability constant:

B Æ
KSDSM

¢ l M
(2.22)
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The permeate �ux is the sum of water and salt �ux:

j P Æj E
P Æj M

P Æj M
S Å j M

W (2.23)

A parameter to quantify the separation characteristic of th e membrane is the
Salt Rejection:

SR Æ
w E

S,F,M ¡ w E
S,P,M

w E
S,F,M

(2.24)

To be exact, equation (2.24) describes the True Salt Rejection as concentration
values on the membrane are used [135, p. 58]. When concentrat ion values of
the bulk phases are applied in, SRis called Apparent Salt Rejection [135, p. 58].

Summing up, the SDM was introduced with the focus on importan t assump-
tions. In the next section, the two main SDM parameters for me mbrane char-
acterization, i.e. water and salt permeability constant, a re discussed in more
detail.

2.1.4 Membrane Parameters of the Solution-Diffusion Model

As already mentioned in the introduction (section 1.1), the water and salt per-
meability constants A and B are commonly determined experimentally [135,
p. 56].

According to R AUTENBACH and ALBRECHT [135, p. 57] water and salt perme-
ability constants depend on temperature. Additionally, th e water permeability
constant is dependent on pressure, while the salt permeabil ity constant is al-
most pressure independent [135, p. 56]. The standard proced ure is to measure
the membrane performance in the parameter range of interest and to �t the
measurement data to Arrhenius type equations [135, p. 57]. A brief theoretical
basis for the applied equations is given in the following.

2.1.4.1 In�uence of Temperature on Permeability Constants

Looking at equation (2.20) for the water permeability const ant A, the greatest
in�uence of temperature is expected from the diffusivity DWM of water in the
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membrane. According to J IN ET AL . [77, p. 348], DWM is proportional to the
ratio of temperature T and dynamic viscosity ¹ :

DWM /
T

¹
(2.25)

Evaluating the correlation for viscosity of an aqueous NaCl solution provided
by OZBEK ET AL. [126, p. 18], the main temperature in�uence on viscosity ca n
be described by an exponential dependence on temperature:

¹ / exp(¡ T ) (2.26)

Therefore, the temperature dependence for the water permea bility constant
(equation (2.20)) can be described as follows [135, p. 57]:

A ÆA0 ¢exp
µ
®T

T ¡ T0

T0

¶
(2.27)

Note that the subscript 0 indicates an arbitrary reference s tate. For the salt
permeability constant, also an Arrhenius type function is c ommonly assumed.
However, the in�uence of temperature on the water permeabil ity constant is
expected to be stronger than on the salt permeability consta nt [135, p. 57]:

B ÆB0 ¢exp
µ
¯ T

T ¡ T0

T0

¶
(2.28)

To give an order of magnitude, ®T Æ7.1 and ¯ T Æ3.0 are typical values for CA
membranes [135, p. 57]. For the investigated PA TFC polyamid e membrane, a
similar result is achieved ( ®T Æ6.6) as it will be shown later when presenting
the results (section 6.1). Note that ¯ T is not determined in the present study
as the focus is on analyses of local membrane properties and n ot on the in�u-
ence of temperature on B.

2.1.4.2 In�uence of Pressure on Permeability Constants

The in�uence of pressure on the permeability constants is di scussed in litera-
ture in the context of membrane compaction. The mechanisms o f compaction
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and the design of membranes resistant to compaction are ques tions of ongo-
ing research [131].

In 2010, PENDERGAST ET AL. [131] adapted a concept from L ONDSDALE ET AL.
[103, p. 115] for a mechanistic description of compaction. T he main contribu-
tion of the phenomenon is attributed to the porous support st ructure which
is compressed when the membrane is exposed to pressure diffe rences [131, p.
2]. A compacted support structure results in an increased ef fective path length
for permeating species: ¢ l M

eff,c > ¢ l M
eff,ini > ¢ l M (see �gure 2.7).

¢ l M ¢ l M
eff,ini

¢ l M ¢ l M
eff,c

compaction

Porous Support Structure

Thin-Film Active Layer

Initial

Compacted

Figure 2.7: Increase of path length for diffusion due to compaction, ada pted
from [103, �g. 5] and [131, �g. 10].

As the relevant path length for diffusion only appears in the denominator of
the permeability constants, the water and salt �uxes should decrease to the
same amount during compaction. This, however, could not be e xperimentally
con�rmed by P ENDERGAST ET AL. [131, p. 7]. Consequently, compaction ef-
fects are also likely to occur in the thin-�lm active layer [1 31, p. 7]. This is
indicated by R AUTENBACH and ALBRECHT [135, p. 56], too. What can be gen-
erally observed in experiments is that the permeate �ux thro ugh the mem-
brane signi�cantly decreases during the �rst operating hou rs when the mem-
brane becomes compacted. The water permeability decreases with increasing
pressure. The higher the pressure, the higher the compactio n effect. Both, re-
versible and irreversible compaction, occur [135, p. 56]. T he reversible part
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can be taken into account with the following empirical equat ions [135, p. 57]:

A ÆA0 ¢exp
µ
®p

p ¡ p0

p0

¶
(2.29)

B ÆB0 ¢exp
µ
¯ p

p ¡ p0

p0

¶
(2.30)

The pressure dependence of the water permeability constant is in the order
of magnitude of ®p Æ ¡0.003 to ®p Æ ¡0.005 for CA membranes [135, p. 57].
For the investigated TFC polyamide membrane, a similar resu lt is achieved,
®p Æ ¡0.0027, as it will be shown later when presenting the results (chapter
6.1). As mentioned above, the salt permeability constant sh ould be almost in-
dependent of pressure [135, p. 56], i.e. ¯ p ¼0.

2.1.4.3 Superposition of the In�uences of Temperature and P ressure on
Permeability Constants

Combining equation (2.27) with (2.29) and equation (2.28) w ith (2.30), respec-
tively, the temperature and pressure dependence of water an d salt permeabi-
lity constant of an RO membrane can be described by the follow ing two equa-
tions:

A ÆA0 ¢exp
µ
®p

p ¡ p0

p0
Å ®T

T ¡ T0

T0

¶
(2.31)

B ÆB0 ¢exp
µ
¯ p

p ¡ p0

p0
Å ¯ T

T ¡ T0

T0

¶
(2.32)

2.1.4.4 In�uence of Salinity on Permeability Constants

It is not common to standardly take into account the in�uence of salinity
on the permeability constants of RO membranes. According to RAUTENBACH

and ALBRECHT [135, p. 56] (1989) water and salt permeability constants of RO
membranes do not dependent on the salt mass fractions on both sides of the
membrane [135, p. 56]. For CA membranes, this was shown by K IMURA and
SOURIRAJAN [84] in 1967.
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However, in 2005 B ARTELS ET AL. [10, �g. 8] measured a dependence of the salt
permeability constant B on the feed salinity. They investigated PA TFC mem-
branes for brackish water applications. Their results are d epicted in �gure 2.8.
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Figure 2.8: Manufacturer data for four membrane samples 1 to 4 on the in-
�uence of salinity on B for T Æ25°C,uP Æ25.5 l/m 2h and pH Æ7
[10].

BARTELS ET AL. [10] determined a minimum of B around ½̄S Æ0.5 g/l in stan-
dard test cell experiments. They could not explain the large decrease of B for
salinities between ½̄S Æ0...0.5 g/l [10, p. 192]. But they claim that membrane
charge and the resulting Donnan potential are the reason for the increase of B
up to a factor of 4 for salinities between ½̄S Æ0.5...10 g/l.

Another potential reason for a salinity dependence of the pe rmeability con-
stants is the use of Fick's diffusitity in the model. Fick's d iffusivity linearly
contributes to the permeability constants, see equations ( 2.20) and (2.22).
BITTER [17, p. 31] emphasizes that strong composition and concentr ation
dependencies of Fick's diffusivity D can appear, especially in liquid mixtures.
This dependence can partly be described by the thermodynami c correction
factor ¡ i j [136]:
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D Æ¡ i j ¢D (2.33)

¡ i j Æ±i j Å
@ln ° i

@ln x i
(2.34)

The concentration dependent correction factor ¡ is shown in �gure 2.9 for the
diffusivity of NaCl in water at two different temperature le vels 25°C and 30°C.
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Figure 2.9: Thermodynamic correction factor for NaCl diffusivity in wa ter. Ac-
tivity coef�cient data ° § are taken from C LARKEand GLEW [22].

At a �rst sight, the curves of B and ¡ shown in �gures 2.8 and 2.9 look similar.
However, the relative change of ¡ with w S is less signi�cant than the one of
B. In addition, ¡ has its minimum at w S ¼ 10 g/kg instead at wS ¼ 0.5 g/kg.
Furthermore, in case of ¡ the initial decrease of its curve is well understood.
A decrease of ° § and consequently of ¡ with wS is characteristic for dilute,
strong electrolytic solutions like NaCl in water [104, p. 13 5]. At low ion concen-
trations, the distance between ions is large and long range C oulomb attractive
forces make oppositely charged ions group around an ion shie lding its charge
[104, p. 135]. This shield makes the ion interact less with ot her ions result-
ing in a lower effective ion concentration and a drop of the ac tivity coef�cient
° § . For dilute solutions, the decrease of ° § with w S is quantitatively described
by the D EBYE-H ÜCKEL equation [29] and extended versions [104, p. 136]. For
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more concentrated solutions, the intermolecular distance s decrease such that
short range, mainly repulsive forces become dominant which result in an in-
crease of ° § [104, p. 136]. At high ion concentrations, this trend is addi tionally
supported by Coulomb repulsion [104, p. 136].

Another reason for a salinity dependence of permeability ca n be the coupling
of salt and water transport through the membrane. Not taking mass transport
coupling into account in the SDM model is critizied by B ITTER [17, p. 32-33]
as well as by PAUL [127, p. 374]. However, PAUL [127, p. 380, p. 383] recognizes
that the success of the SDM indicates that coupling effects i n RO desalination
might not be dominant. But he also attests that hardly any dat a exist in litera-
ture providing estimations about the magnitude of friction al coupling effects.

In addition to that, G EISE ET AL. [54, p. 1706] strengthen that already the ba-
sic equations for diffusive transport in RO membranes do not take its multi-
component character into account. Modeling of multi-compo nent diffusion
would be necessary involving membrane, water and salt or eve n membrane,
water, salt and cations and anions.

The focus in chapter 6.3 will be on the salinity dependence of the salt per-
meability constant. To better understand the physics, a mem brane model dif-
ferent from the SDM will be needed. A modeling approach which allows to
take all transport phenomena discussed above into account i s based on the
Maxwell-Stefan approach for diffusion. It is introduced in the following.
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2.1.5 The Maxwell-Stefan Modeling Approach

BIRD ET AL. [15, p. 570] introduced the Maxwell-Stefan equations for d iffusion
problems in multi-component gases at low density. B ITTER [17, p. 33] took this
approach to describe multi-component diffusion in membran es. Also PAUL

[127, p. 374] uses it for his reformulation of the Solution-D iffusion theory for
RO membranes.

The main advantages of the Maxwell-Stefan approach are as fo llows:

• In contrast to Fick's diffusivities, Maxwell-Stefan diff usivities have a bi-
nary meaning also in multi-component diffusion [181, p. 19] . This link
between binary and multi-component diffusion does not exis t for Fick's
law.

• As Fick's law is a phenomenological approach based only on c oncen-
tration gradients, thermodynamic, electric and mechanica l in�uences
on diffusion are hidden in Fick's diffusivity. Instead, the Maxwell-Stefan
approach is a physical approach taking multiple driving for ces into ac-
count. This allows to clearly attribute Maxwell-Stefan dif fusivities to a
physical phenomenon [181, p. 18].

• While Fick's diffusivities are only valid within a certain reference frame
(e.g. mass, molar, volume), Maxwell-Stefan diffusivities do not face that
problem as their de�nition goes back to absolute velocities and not to
�uxes [181, p. 18].

• While a ternary-component approach based on Fick needs fou r diffusiv-
ities, Maxwell-Stefan models need only three independent p arameters
(the fourth Fick's diffusivity can be interpreted as thermo dynamic infor-
mation [181, p. 17]).

• Model extension taking charge effects into account is poss ible, see e.g.
GEISE ET AL. [54, p. 1706].

Especially the fact that diffusivity is independent of comp osition and concen-
tration makes the Maxwell-Stefan modeling approach intere sting. B ITTER [17,
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p. 35] puts this into perspective. The derivation of the Mawe ll-Stefan equa-
tions implies that during a collision between two different molecules no other
molecules are involved [17, p. 35]. However, it has to be stat ed that this might
describe reality better in gas mixtures, for which the Maxwe ll-Stefan theory
was originally derived, than in liquids [17, p. 35], as illus trated in �gure 2.10.
BITTER [17, p. 33] emphasises to be aware of the assumption inherent to the
theory: "The average friction exerted on molecules i in a multi-component
system equals the molar average friction experienced by i in binary mixtures
of i and the individual components of the former mixture". W ILD [181, p.
3] also mentions that this strong molecular interaction bet ween molecules
makes diffusion modeling in liquids much more dif�cult than in gas.

Diffusion in gases Diffusion in liquids

Figure 2.10: Collision of molecules in gases and liquids, adopted from B ITTER

[17, p. 35].

All in all, with the Maxwell-Stefan approach it is possible t o develop a model
which is based on three, almost concentration independent d iffusivities. What
might often remain as an uncertainty is the knowledge of the t hermodynamic
correction factors relating ideal and real material proper ties with each other.
Note that ideal means that interaction between molecules of the same type is
the same as the interaction between molecules of a different type [181, p. 2].
There is mechanical interaction like movement, friction an d collision as well
as thermodynamic interaction like attraction and repulsio n [181, p. 1].

In the following, the Maxwell-Stefan theory is applied to th e membrane prob-
lem, similar to the work of P AUL [127] in 2004. With P AUL as co-author, G EISE

ET AL. [54] extended the model's application to charged membrane s in 2010.
Their work is the basis for the following description of the M axwell-Stefan the-
ory applied to RO membranes.
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2.1 Membrane Transport

Membrane Modeling with Maxwell-Stefan Theory

The Maxwell-Stefan theory is based on the assumption that fo r steady-state
diffusion an equilibrium exists between driving forces and frictional forces
[16, 17, 181]:

d i

|{z}
driving force

Æ ¡
X

j 6Æi

x i x j

D i j
(u i ¡ u j )

| {z }
frictional forces

(2.35)

Note that equation (2.35) assumes isothermal conditions. T he velocities u of
the components i and j are to be seen relative to a �xed coordinate system.
Following P AUL [127, p. 374] the driving force inside the membrane is ex-
pressed as

d i Æ
1

cMRT
¢(cM

i r ¹ M
i ¡ w i r pM ), (2.36)

with the chemical potential gradient in the membrane

r ¹ M
i ÆRTr ln aM

i Å V̄i r pM . (2.37)

A central assumption of the Solution-Diffusion Model was a z ero pressure gra-
dient inside the membrane (section 2.1.3). According to M ELIN and RAUTEN-
BACH [109, p. 88] the question if the pressure gradient in the memb rane is neg-
ligible or constant is expendable as both assumptions lead t o the same result.
Also PAUL and EBRA-L IMA [128, p. 2207] investigated different assumptions
for the pressure distribution in the membrane and came to con clusion that a
membrane pressure equal to the feed pressure is a good approx imation. They
support their �nding with experimental results from R OSENBAUM and COT-
TON [143]. Therefore, also in the present study the pressure gra dient within
the membrane is neglected:

r pM Æ0 (2.38)

In order to keep the model complexity at a moderate level, a te rnary system
of membrane, water and salt (NaCl) is considered, consideri ng NaÅ and Cl ¡

separately only when needed, i.e. when focusing on solubili ty. The modeling
is continued with only three components and therefore three transport equa-
tions for water W, salt S and membrane M. Note that the index S s till denotes
NaCl, however, whenever needed for clarity, the subscript N aCl is used within
this study.
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Putting equations (2.35) to (2.38) together, substituting the velocities of the
components by the experimentally accessible mass �uxes u i Æ j i

w M
i ¢½M and

substituting molar fractions by mass fractions xM
i Æ M̄ M

M̄ i
w M

i the basis for the
Maxwell-Stefan model is obtained:

¡r ln aM
W Æ

1

DWS

M̄ M

M̄ S
w M

S (
j W

w M
W ¢½M

¡
j S

w M
S ¢½M

)Å
1

DWM

M̄ M

M̄ M
w M

M (
j W

w M
W ¢½M

¡
j M

w M
M ¢½M

)

(2.39)

¡r ln aM
S Æ

1

DWM

M̄ M

M̄ M
w M

W(
j S

w M
S ¢½M

¡
j W

w M
W ¢½M

)Å
1

DSM

M̄ M

M̄ M
w M

M (
j S

w M
S ¢½M

¡
j M

w M
M ¢½M

)

(2.40)

¡r ln aM
M Æ

1

DMW

M̄ M

M̄ W
w M

W(
j M

w M
M ¢½M

¡
j W

w M
W ¢½M

)Å
1

DMS

M̄ M

M̄ S
w M

S (
j M

w M
M ¢½M

¡
j S

w M
S ¢½M

)

(2.41)

As the membrane component is �xed, its velocity and �ux is zer o yielding
j M Æ 0. Thus, the mass transfer of the ternary system can be descri bed only
with two equations. In the following, equations (2.39) and ( 2.40) are used.

The molar mass of the membrane component M̄ M and the one of the solution
membrane-water-salt M̄ M Æ(

P w i
M̄ i

)¡ 1 are usually not known. Theoretically, the
molecular weight and the molar mass of a cross-linked polyme r is even in�-
nite [127, p. 375]. PAUL [127] switches therefore from molar fractions to mass
fractions, substituting the Maxwell-Stefan diffusivitie s by

Ð i j ÆD i j
M̄ i

M̄ M
(2.42)

hiding the unknown molar masses in manipulated Maxwell-Ste fan diffusivi-
ties. In this work, such manipulations of the diffusivities are to be avoided, i.e.
the molar mass is to be a model input later in section 6.3.

In order to come to an applicable set of equations, the follow ing simpli�ca-
tions are made, according to P AUL [127]:

• Transport parameters like the manipulated diffusivities Ð i j are constants
independent of concentration [127, p. 379]. This means that thermody-
namic correction factors ¡ i j are neglected, i.e. they are assumed to equal
one).
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• Linear concentration pro�les within the membrane are assu med. This
means that average values correspond to the arithmetic mean values
w̄ M

i Æ1
2(w M

i ,F Å w M
i ,P).

Putting everything together, the following equations resu lt for the water and
the salt �ux:

² W Æ
1

w̄ M
M ¢¢ l M ¢(1Å ÐWM

ÐWS

w̄ M
S

w̄ M
M

Å ÐSM
ÐWS

M̄S

M̄W

w̄ M
W

w̄ M
M

)
(2.43)

² S Æ² W (2.44)

j W,WPart Æ² W ¢½M ¢ÐWM ¢(1Å
ÐSM

ÐWS

M̄ S

M̄ W

w̄ M
W

w̄ M
M

)(w M
W,F ¡ w M

W,P) (2.45)

j W,SPart Æ² W ¢½M ¢ÐSM ¢
ÐWM

ÐWS

w̄ M
W

w̄ M
M

(w M
S,F¡ w M

S,P) (2.46)

j S,WPart Æ² S¢½M ¢ÐWM ¢
ÐSM

ÐWS

M̄ S

M̄ W

w̄ M
S

w̄ M
M

(w M
W,F ¡ w M

W,P) (2.47)

j S,SPartÆ² S¢½M ¢ÐSM ¢(1Å
ÐWM

ÐWS

w̄ M
S

w̄ M
M

)(w M
S,F¡ w M

S,P) (2.48)

j W Æj W,WPart Å j W,SPart (2.49)

j S Æj S,WPartÅ j S,SPart (2.50)

The impact of mass transport coupling on the total �ux can be q uanti�ed by
the proportion of j S,WPart and j W,SPart in j S and j W, respectively.

Until now, only the mass transport within the membrane was di scussed. In
accordance with the SDM theory, solubility of water and salt connects the pa-
rameters of the external solution with the ones inside the me mbrane. The con-
cept of solubility is taken from the SDM model. Water and salt solubility can
be calculated by means of equations (2.8) to (2.11).

What is still required is a modeling approach for membrane ch arge effects.
These will be integrated into the Maxwell-Stefan model by a s alinity depen-
dent salt solubility.
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Already in 1966, M ERTEN [111] provided a correlation for salt sorption in se-
lective membranes taking membrane charge effects into acco unt and G EISE

ET AL. [54, p. 1706] applied his expression. In the present study, it is avoided
to work with the correlation of M ERTEN [111] as it implicitly assumes that mo-
lar concentrations of the solution are the same for feed phas e and membrane
phase. Note that this is explained in more detail in appendix A. In this study
the modeling is continued following B IRD ET AL. [16, p. 792]. Assuming con-
tinuity of the chemical potential at the membrane interface between external
solution and the membrane, a relationship between salt conc entration in the
external solution and in the membrane can be derived step by s tep:

RT ln( aE
NaÅ ¢aE

Cl¡| {z }
aE

S

) Å V̄S¢(pE ¡ p ref) ÆRT ln( aM
NaÅ ¢aM

Cl¡| {z }
aM

S

) Å V̄S¢(pM ¡ p ref) (2.51)

aE
NaÅ ¢aE

Cl¡

aM
NaÅ ¢aM

Cl¡
Æe

V̄S
RT ¢(pM ¡ pE) (2.52)

xE
NaÅ ¢xE

Cl¡ ¢° E2
§

xM
NaÅ ¢xM

Cl¡ ¢° M2
§

Æe
V̄S
RT ¢(pM ¡ pE) (2.53)

cE
NaÅ ¢cE

Cl¡ ¢cM2 ¢° E2
§

cM
NaÅ ¢cM

Cl¡ ¢cE2¢° M2
§

Æe
V̄S
RT ¢(pM ¡ pE) (2.54)

The intermediate result of equation (2.54) is combined with the assumption
of charge neutrality in the membrane [111, p. 31]. Charge neu trality means
that the charges of the mobile ions in the membrane counterba lance the �xed
charges of the membrane. For a negatively charged membrane w ith an elec-
trical charge density Â [ mol

m3 ] it follows:

cM
NaÅ ÆÂÅ cM

Cl¡ (2.55)

This means that inside the membrane there are more counter-i ons (NaÅ-
ions) than co-ions (Cl ¡ -ion). Some of the counter-ions are attracted by the
�xed charges of the membrane. The remaining counter-ions tr avel together
with the co-ions through the membrane. As the charges of the i ons travelling
through the membrane balance each other, no electrical net c urrent is gener-
ated [25, p. 422]. As a consequence, the effective salt concentration, which is
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relevant for the salt mass transfer through the membrane, is the same as the
concentration of the co-ions cM

S ÆcM
Cl¡ , see e.g. GEISE ET AL. [54, p. 1705]. Note

that a counterexample for a membrane process with electrica l net currents
would be electrodialysis.

Finally, the following equation results linking the salt co ncentrations of exter-
nal solution and membrane, see also [16, p. 792]:

cE2
S

(cM
S Å Â) ¢cM

S

Æ
° M2

§

° E2
§

¢
cE2

cM2
¢e

V̄S
RT ¢(pM ¡ pE) (2.56)

xM2
S Å xM

S ¢
Â

cM
¡

° E2
§

° M2
§

¢xE2
S ¢e¡

V̄S
RT ¢(pM ¡ pE) Æ0 (2.57)

Equation (2.57) is a quadratic equation in xM
S (with cM Æ ½M

P
xM

i M̄ i
) and can be

solved analytically. According to the assumption for the pr essure gradient in-
side the membrane (equation 2.38), the pressure difference at the membrane
surface, pM ¡ pE, is assumed to be zero at the feed side and equal to the hydro-
static pressure difference between feed and permeate pF ¡ pP at the permeate
side.

GEISE ET AL. [54, p. 1706] come to the conclusion that the ratio of the act ivity

coef�cients outside and inside the membrane
° E

§

° M
§

is the upper limit for the

solubility of salt KS when the salt concentrations in the external solution cE
S

are much higher than the membrane electrical charge density Â:

KS ! KS,1 Æ
° E

§

° M
§

for cE
S ÈÈ Â (2.58)

This �nding is interesting as this means there is a salinity d ependence of the
solubility of salt and also a saturation level at salinities much higher than the
electrical charge density of the membrane, see G EISE ET AL. [54, �g. 28, p. 1706]
for illustration.
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2.1.6 Membrane Parameters of the Maxwell-Stefan Model

In table 2.1, a compact overview of the literature review of t he Maxwell-Stefan
model parameters is presented. Only data relevant for both t he modeling ap-
proach and the investigated membrane type are included.

The results for the most important membrane model parameter s presented in
table 2.1 are commented in the following:

• Maxwell-Stefan diffusivities: Measurement data for ternary Maxwell-
Stefan diffusivities are rare. However, as Maxwell-Stefan diffusivities have
a binary meaning [181, p. 19], their values can be estimated b y binary
Fickian diffusivities data. In the binary case, Maxwell-St efan and Fickian
diffusivities are in the same order of magnitude as long as th e thermo-
dynamic correction factor is close to one, see equation (2.3 3). This can
be assumed in our case as the concentration of one component o f the
binary solution is always low (salt in water, water in membra ne, salt in
membrane). For the salt-water diffusivity estimate, the re sults of the Fick-
ian diffusivity experiments summarized in appendix B are us ed. For the
water-membrane and salt-membrane diffusivity estimates, the literature
data presented in table 2.1 are taken.

• Salt solubility : In 2003, GHUI [59] stated that the salt solubility KS

is independent of concentration for polyamide membranes. H e cited
STRATHMANN and M ICHAELS [163] and F ROMMER ET AL. [52]. While
STRATHMANN and M ICHAELS [163] provide data only for one concen-
tration level wNaCl Æ10 g/kg, FROMMER ET AL. [52] present results for
wNaCl Æ100 g/kg. They mention that two concentration levels were in -
vestigated, wNaCl Æ10 g/kg and w NaCl Æ100 g/kg, but only the latter is
presented. There is a difference of one order of magnitude be tween the
data of STRATHMANN and M ICHAELS [163] and Frommer et al. [52]. K O-
ROS ET AL. [88] derived KS Æ0.024 from the data of S TRATHMANN and
M ICHAELS. KS Æ0.23 is the result of F ROMMER ET AL. [52]. Therefore, it
is dif�cult to retrace the statement of G HUI [59] about the concentration
independence of salt solubility for polyamide membranes. T his is to be
investigated further in section 6.3.2 of chapter 6.
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2.1 Membrane Transport

• Water solubility : STRATHMANN and M ICHAELS [163] and Frommer et al.
[52] provide also data for the water solubility KW. The data of STRATH-
MANN and M ICHAELS [163] are based on experiments with a vacuum
quartz mass sorption spring balance, while the data of F ROMMER ET AL.
[52] are more an estimate.

• Electrical charge density : In recent years, researchers from University
of Illinois published data about electrical charge density of TFC mem-
branes: In 2010, CORONELL ET AL. [24] investigated six RO/NF mem-
branes employing Rutherford backscattering spectrometry (RBS). Five
of them had fully aromatic polyamide active layers. One of th em was
a coated low fouling brackish water RO membrane very similar to the
membrane investigated in the present work. The concentrati on of the
measured negative membrane charges caused by the carboxyli c func-
tional groups (R-COOH/R-COO ¡ ) is very similar for all fully aromatic
polyamide membrane types [24, tab. 1]. There was no signi�ca nt dif-
ference between BW/SW membranes or RO/NF membranes [24, tab . 1].
This allows to assume that the electrical charge density of t he membrane
investigated in the present study might have similar values . In �gure 2.11,
data for a brackish water low fouling RO membrane are shown.
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Figure 2.11: Electrical charge density as a function of pH-value for a ful ly
aromatic polyamide low fouling RO membrane (LF10 from Nitto
Denko). Data extracted from C ORONELL ET AL. [24, �g. 1a].
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It can be seen that the negative membrane charge density sign i�cantly
depends on the pH-value. It ranges between 0.23 and 0.31 mol

l at pH-
values of 6.3 and 8, respectively. Note that the pH-value was approxi-
mately 7.1 in the experiments of the present study, see appen dix B.

In 1976, D EMISCH and PUSCH [30] determined the electrical charge den-
sity of CA membranes. With a value of 0.0034 meq

g (1meq
g ¼1mol

l ) the elec-
trical charge density of CA membranes is two orders of magnit udes lower
than the one of PA membranes. This might explain why charge ef fects
where not taken into account during the development of the SD M model.

• Thin-�lm active layer thickness : The order of magnitude of the thin-
�lm active layer thickness is known from reference-books li ke M ELIN and
RAUTENBACH [109, p. 40]. In a comprehensive study with the Rutherford
Backscattering Spectrometry method, C ORONELL ET AL. [24] determined
the thickness of the thin-�lm active layer. They observed a h igh standard
deviation of the results. For example, the average thicknes s of their low
fouling membrane was ¢ l M Æ116 nm with ¾Æ §55 nm.

• Membrane density : The total membrane density ½M in the SDM is usu-
ally approximated by the external solution density. While v arious ref-
erences give values for the dry polyamide density ½PA ranging within
½PA Æ1.28 and 1.4 kg

m3 [163, 179], the solution density of the wet membrane
½M might be slightly lower, which is in agreement with the �ndin gs of WEI

ET AL. [179]. To account for the in�uence of temperature and salin ity on
the solution density it will be avoided to assume a constant m embrane
solution density later in section 6.3.2. Instead, the ratio of the between
the solution density of the external solution and the membra ne will be
used.

• Molar mass : The molar mass of a cross-linked polymer is hardly known.
PAUL emphasizes that the molecular weight is theoretically even in�nite
due to the cross-linking [127, p. 375]. Z HANG ET AL. provide a value for
molar mass of the "structural repeating unit of the polymer" [185] of
a FT30 RO membrane. It is M̄ M Æ642.08 g

mol . Data for the investigated
TML10D [174] membrane were not found. The result of Z HANG ET AL.
will be used later in section 6.3.2 to set an upper constraint for KW,° Æ 1

° M
W

.
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2.2 Concentration Boundary Layers

2.2 Concentration Boundary Layers

After the introduction of membrane transport the focus will be drawn to con-
centration boundary layers in the following.

The knowledge of the salt concentration at the membrane surf ace is essential
for the description of transport phenomena in the membrane. The purpose of
the RO membrane is to separate different substances from eac h other. In de-
salination, these are water and salt. As described in sectio n 2.1, a positive net
driving pressure results in a diffusive �ux of permeate thro ugh the membrane
along the pressure gradient. On the high pressure side, the p ermeate �ux in-
duces a convective transport of species from bulk region of t he surrounding
�uid towards the membrane [135, p. 77]. Due to the separation characteristics
of the RO membrane, mainly salt is rejected at the membrane su rface [135,
p. 77]. Therefore the salt mass fraction at the membrane is hi gher than in the
bulk region resulting in a diffusive back transport of salt f rom the membrane
surface to the bulk [135, p. 77]. In steady-state, the diffus ive and the convec-
tive force balance each other [135, p. 77]. A characteristic concentration pro-
�le, the so-called concentration boundary layer, develops from the membrane
to the bulk region as illustrated in �gure 2.12. Note that mem brane transport
theory in section 2.1 is based on a z-axis oriented in permeate �ow direction
to obtain positive permeate �uxes. Starting with boundary l ayer theory, the
z-axis is turned in the following part of the thesis.

z

y,w

¢ l M

j W
j S

w E
S,F,M

w E
W,F

w E
S,F

w E
W,F,M

active layer porous support

Figure 2.12: Concentration boundary layer for water and salt. Adapted fr om
[135, �g. 3].
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The concentration boundary layer adjacent to an RO membrane depends on
�ow regime, �uid properties, temperature, bulk concentrat ion and pressure
on both sides of the membrane as well as the material properti es of the mem-
brane. The dependence of the boundary layer on these in�uenc ing parame-
ters will be exploited in this study to determine the mass tra nsfer properties
of the membrane.

In the following section, the �lm theory for modeling bounda ry layers is brie�y
explained. This allows a short introduction of the main mode l parameters
which characterize boundary layers. The assumptions of the �lm model are
also the basis of the LMPM, which is presented afterwards. Be fore the present
chapter concludes with a recommendation for optical method s for boundary
layer measurements, necessary fundamentals on optics are i ntroduced.

2.2.1 Film Theory

According to M ERSMANN [110, p. 91], the �lm theory was originally devel-
oped by L EWIS and W HITMAN [99] investigating principles of gas absorption
in 1924. In RO desalination this model is often applied [109, 135].

membrane
y

z

x

dy

dx

dz

Figure 2.13: Finite volume element for salt mass balance.

The mathematical derivation of the �lm model [135, p. 78] sta rts with a salt
mass balance for a �nite volume in the �uid outside the membra ne (�gure
2.13):

@½S
@t

Æ ¡r¢ (½S¢u) År (½DSWr wS) Å r S (2.59)
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2.2 Concentration Boundary Layers

½S is the mass concentration of salt. u is the velocity vector of the volume ele-
ment. For the diffusive mass transport, Fickian diffusion w ith diffusivity DSW

is assumed. r S represents a source term for chemical reactions. Note that t he
superscript E is omitted in this section as it is clear that th e external solution
is considered.

The following assumptions are made for the �lm model [135, p. 79]:

1. Steady-state: @
@t Æ0, j P Æconst. ÆuP½P

2. Comparing concentration gradients orthogonal and paral lel to the mem-
brane, the latter ones can be neglected, @

@x ÇÇ @
@z and @

@y ÇÇ @
@z .

3. No source term: r S Æ0

4. Fickian diffusion.

5. Permeate �ux equals net mass transfer in z-direction:
j P Æ ¡½(z)u z(z) ÆuP½P

6. Constant density and diffusivity.

Taking assumptions (1) to (5) into account, equation (2.59) turns into:

0 Æ ¡
@

@z
(½S(z)u z(z)) Å

@

@z
(½(z)DSW(z)

@wS

@z
(z)) (2.60)

Integrating equation 2.60, leads to:

0 Æ ¡w S(z)½(z)u z(z)
| {z }

¡ j P

Å½(z)DSW(z)
@wS

@z
(z) Å C (2.61)

Due to steady-state and the reduction of the 3D problem to a 1D problem, we
can proceeded with absolute differentials.

With a salt balance across the membrane, the following is obt ained:

0 Æ ¡wS(z)½(z)u z(z)
| {z }

¡ j P

Å½(z)DSW(z)
dwS

dz
(z) Å C|{z}

¡ j S,PÆ¡wS,Pj P

(2.62)
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j P(w S(z) ¡ wS,P) Æ ¡½(z)DSW(z)
dw S

dz
(z) (2.63)

Note that a rearranged version of equation (2.63) with z Æ0 mm will become
relevant for the membrane boundary condition in the CFD mode l, discussed
later in section 3.1.4:

u z(0)

DSW(0)
(w S(0) ¡ wS,P) Æ

dwS

dz
(0) (2.64)

To obtain the �lm model equation, equation (2.63) is integra ted from the
membrane surface to the distance z:

Z wS(z)

wS,M

1

wS(z) ¡ wS,P
dwS(z) Æ ¡ j P

Z z

0

1

½(z)DSW(z)
dz (2.65)

wS(z) ¡ wS,P

w S,M ¡ wS,P
Æe¡ j P¢

Rz
0

dz
½(z)DSW(z) (2.66)

For constant density and diffusivity (assumption (6)), an e valuation of equa-
tion (2.66) at the transition of the concentration boundary layer to the bulk
z Æ±C results in:

wS,±C ¡ w S,P

wS,F,M ¡ wS,P
Æe¡

jP
½ ¢

±C
DSW (2.67)

The ratio DSW
±C

can be substituted by the mass transport coef�cient ¯ (for van-
ishing �ux) [135, p. 80]. With this de�nition, the exponent o f the e-function in
equation (2.67) can be expressed in dimensionless form by me ans of two main
parameters, the Sherwood and the Peclet number:

wS,±C ¡ wS,P

w S,M ¡ w S,P
Æe¡ Pe

Sh (2.68)

A good overview of Sh-correlations relevant for RO applicat ions is provided by
GERALDESand ALFONSO [57], as mentioned already in section 1.1.

Based on this introduction of the �lm theory, the LMPM is deve loped in the
following section.
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2.2 Concentration Boundary Layers

2.2.2 Local Membrane Parameter Method (LMPM)

Looking at the set of equations (2.60) to (2.63) from a differ ent perspec-
tive, a method can be developed to determine local transport parameters ( j P

and wS,P) from the boundary layer shape.

The assumptions (1) to (5) listed on page 47, which are necess ary for the �lm
model, are assumed to be valid also in this section.

Equation (2.60) can be rewritten as follows:

0 Æ ¡
d½S

dz
u z ¡ ½S

du z

dz
Å

d½

dz
DSW

dw S

dz
Å ½

dDSW

dz

dwS

dz
Å ½DSW

d2wS

dz2
(2.69)

With assumption (5) and some algebra, the following equatio n is obtained:

j P Æ ¡ ½(z)

| {z }
0.

DSW(z) ¢
³ 1

½(z)

d½

dz
(z)

| {z }
1.

Å
1

DSW(z)

dDSW

dz
(z) Å

1
dwS
dz (z)

d2w S

dz2
(z)

| {z }
2.

´
(2.70)

Note that equation (2.70) looks slightly different from the one presented in
[91]. Equation (2.70) is derived without the restricting as sumption on the de-
pendence of the solution density ½on the salt mass fraction w S.

Looking at equation (2.70) and neglecting the term with the d iffusivity deriva-
tive (discussed later in section 3.2), the dependence of the permeate �ux on
the boundary layer shape becomes visible. The boundary layer shape is repre-
sented by the zeroth (0.) and �rst (1.) order derivative of de nsity and second
(2.) order derivative of the salt mass fraction. Equation (2 .70) is of utmost im-
portance for the present thesis: It is not only an equation fo r the determination
of a local permeate �ux but it contains also a recommendation for the optical
methods to be applied in this thesis (section 2.2.4).

Rearranging equation (2.63) provides an expression for the permeate salt mass
fraction:

wS,PÆw S(z) Å
½(z)DSW(z)

j P

dw S

dz
(z) (2.71)

The combination of the two local mass transport equations (2 .70) and (2.71)
with the ones for water and salt �ux of RO membranes (2.19) and (2.21) allows
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the determination of local membrane parameters like A and B, see equation
(2.20) and (2.22).

The proposed LMPM is used in the present study to determine lo cal measure-
ment data for transport ( j P and wS,P) and membrane ( A and B) parameters.

2.2.3 Optical Measurement Methods

In order to be able to understand which optical measurement m ethods are
well suited for the LMPM, a brief introduction of optical fun damentals is
necessary. The introduction of the theory will be speci�cal ly tailored to the
boundary characterization problem of this study.

2.2.3.1 Light Propagation through a Refractive Index Gradi ent Medium

Figure 2.14 illustrates the cross-section of a spacer-free , rectangular channel
with a membrane. An aqueous NaCl solution �ows along the memb rane in
negative y-direction. Permeate diffuses through the membrane in nega tive
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d2z
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¡ dz
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¢2
i

1
n
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y
s
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r

¸
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Figure 2.14: Basic principle of light propagation through a medium with a re-
fractive index gradient in a membrane test cell.
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z-direction, while a concentration boundary layer pro�le de velops in positive
z-direction resulting in the refractive index pro�le n . Normal to the refractive
index gradient of the boundary layer light rays enter the cha nnel in positive
x-direction. The rays face a de�ection towards the membrane a s the direction
of the refractive index gradient points in negative z-direction. The ray path
through an inhomogeneous medium can be described as follows [180, p. 3]:

d

ds

µ
n

dr

ds

¶
Æ rn (2.72)

s denotes the ray coordinate (see �gure 2.14). r is the position vector of the ray
in Cartesian coordinates ( x,y,z). ds is the in�nitesimal change of the ray path
and can be expressed in cartesian coordinates by

dsÆ
q

dx2 Å dy2 Å dz2 Æ

s

1Å
µ
dy

dx

¶2

Å
µ

dz

dx

¶2

dx, (2.73)

which turns equation (2.72) into [180, p. 8]:

d2z

dx2
Æ

·
1Å

µ
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dx

¶2

Å
µ

dz

dx

¶2¸ ·
1

n

@n

@z
¡

dz
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1

n

@n

@x

¸
(2.74)

Like in �lm theory (section 2.2.1), it is assumed that refrac tive index gradi-
ents parallel to the membrane are negligible compared to the orthogonal ones
(@n

@x ÇÇ @n
@z and @n

@y ÇÇ @n
@z ). Therefore, the in�uence of the refractive index gradi-

ent on the ray path in cross-�ow direction y is small, i.e. the slope of the ray dy
dx

in this direction becomes negligible. Light de�ection in th e direction orthog-
onal to the membrane can become signi�cant in the present stu dy. But the
measured ray angles dz

dx are always smaller than unity. Thus the term dz
dx

1
n

@n
@x is

negligible as well. With these assumptions, equation (2.74 ) reduces to:

d2z

dx2
Æ

·
1Å

µ
dz

dx

¶2¸
1

n

@n

@z
(2.75)

Equation (2.75) is integrated in the optical ray tracing mod el presented later
in chapter 4. In literature about boundary layer characteri zation by means of
optical methods, a further simpli�ed version of equation (2 .74) is often found,
neglecting the term

¡
dz
dx

¢2
, see e.g. [36, p. 201] , [66, p. 34] or [112, p. 125]. In
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these cases, light de�ections in z-direction are assumed to be negligibly small
in general.

When light is not modeled via geometric but wave optics, elec tromagnetic
waves are to propagate through the medium, instead of rays. T he ray coor-
dinate s denotes then the direction of the normal of a wave front and th e re-
fractive index manipulates the wavelength ¸ . What is conserved during prop-
agation is the energy of the wave E Æh f [67, p. 12]. As Planck's quantum of
action h is a constant, the frequency of the wave f is constant as well. The fre-
quency of the light can be expressed as a function of the speed of light c and
its wavelength ¸ :

f Æ
c

¸
Æ

c0

n¸
(2.76)

The refractive index relates the actual speed of light in the medium c to its con-
stant speed in vacuum c0. To maintain a constant frequency f , the dominator
n¸ in equation (2.76) must not change as well i.e. in a medium wit h higher
refractive index the wavelength is reduced. The integral of the refractive index
along the ray path is called optical path length OPL Æ

R
n(s)ds.

2.2.3.2 Interferometry

Interferometry aims to measure the differences of optical p ath lengths. It con-
tains the information of the phase Á of the electromagnetic wave:

OPL Æ
Á

2¼
¸ (2.77)

When two electromagnetic waves are superimposed, the ampli tude a of the
resulting new wave depends on the intensities of the two wave s and on the dif-
ference of their phases [152, p. 8] as well. The light intensi ty I is a measure of its
wave amplitude, I Æ jaj2 [152, p. 7], and can be visualized on a screen or digi-
tally recorded via a camera chip. The maximum intensity is re ached when two
waves which are in phase interfere, i.e. when their phases di ffer only in inte-
ger multiples of 2 ¼, known as constructive inference. In case of the boundary
layer experiment in �gure 2.14, multiple intensity maxima m ay be observed
when the reference beam with subscript RB in �gure 2.14 inter feres with the
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object beam with subscripts i Æ0,1,2..., which propagated through the refrac-
tive index gradient �eld. The difference between two neighb ouring intensity
maxima corresponds to the �xed optical path length differen ce:

¢OPL ÆOPLi Å1 ¡ OPLi Æ¸ (2.78)

Let us assume that the geometric path of both beams GPL Æ
R

ds is identical.
Moreover, the reference beam may propagates in the same medi um, except
from the boundary layer test section (length L). Then, the difference between
the neighbouring intensity maxima stands also for a �xed ref ractive index dif-
ference:

¢ n Æn i Å1 ¡ n i Æ
¸

L
(2.79)

The goal of an Interferometry experiment is to relate the int ensity variations
in the recorded image caused by such differences in the optic al path length
¢OPL or the refractive index ¢ n unambiguously to the optical phenomenon
of interest. This means that Interferometry aims to directl y measure the re-
fractive index. However, the difference in the optical path length ¢OPL Æ
OPLi ¡ OPLRB contains the information about any difference between refe r-
ence and object beam. In case of the present study, this diffe rence is not only
caused by the boundary layer but also by test cell components like glass win-
dows. The target measurement quantity is ¢OPL ÆOPLi ¡ OPL0 or, to be more
speci�c, ¢ n Æn i ¡ n0. To eliminate the difference between the reference beam
and the beam representing the state without boundary layer, different inter-
ferometer types can be an option. The Mach-Zehnder-Interfe rometer setup
needs an exact duplicate of the test section in the path of the reference beam
path so that OPLRB turns into OPL0, compare e.g. M ERZKIRCH [112][p. 164,
�g. 3.30]. Holographic Interferometry is another option wh ich requires two
records called holograms, one of the test section with and on e without the
boundary layer. The two holograms are superimposed, i.e. in terferred, after-
wards. Via substraction of the phases and thus the optical le ngth information
in the respective hologram, the measured quantity is then th e desired one:
¢OPL ÆOPLi ¡ OPLRB¡ (OPL0 ¡ OPLRB) ÆOPLi ¡ OPL0. Digital Holographic
Interferometry has been applied in preliminary experiment s, compare K ROISS

ET AL. [90]. However, process inherent, unavoidable vibrations of the RO test
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section make it dif�cult to record two holograms at exactly t he same state. In
the present study, a Finite Fringe Interferometry approach is applied in com-
bination with a Fourier Transform method according to T AKEDA ET AL. [165].
In In�nite Fringe Interferometry, reference RB and object b eam OB are aligned
such that a uniform intensity distribution results in the re ference image which
is recorded without a boundary layer present. This means the phase difference
between both beams is constant across the overall image. In c ontrast, in Finite
Fringe Interferometry a constant fringe pattern is introdu ced already in the
reference image [80, �g. 16]. For illustration see �gure 5.2 on page 111, which
shows a Finite Fringe raw image of a concentration boundary l ayer measure-
ment. More details on the interferometry setup and evaluati on algorithms will
be provided later in chapter 5.

2.2.3.3 Schlieren

For the introduction of the Schlieren method, the assumptio n of ray optics is
suf�cient. In �gures 2.14 and 2.15, the most important quant ities described in
the following are included.

x

z

y fSFL

FFL SFL S-IL S-CAMSS SFCLS-LS
±

during calibration

®

Schliere S, Light Source LS, Condenser Lens CL, Source Slit SS, First Field Lens FFL
Second Field Lens SFL, Schlieren Filter SF, Imaging Lens IL, Camera CAM

Legend:

¿(z)

Figure 2.15: Scheme of a Schlieren setup.

The term Schliere denotes a refractive index gradient. In th e present study,
this gradient is caused by the concentration boundary layer . The measure-
ment quantity is the ray angle ® in the end of the test section where the focal

54



2.2 Concentration Boundary Layers

plane FP of the Schieren optics is set, see �gure 2.14. It can b e directly derived
from the ray path equation (2.75):

® Æarctan
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dx
¼

dz

dx
Æ

Z L

0

µ
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L (2.80)

Equation (2.80) shows how the Schlieren measurement is rela ted to the �rst
derivative of the refractive index. The assumptions inhere nt in equation (2.80)
are the basis for many Schlieren evaluation algorithms, com pare e.g. [66, p. 34]
or [155, p. 27]. Subsequently, the term classical Schlieren is used when these
assumptions apply: As ray de�ection in z-direction within the Schliere is as-
sumed to be negligibly small ( j dz

dx j ÇÇ 1), a small angle approximation can be

applied and the squared value
¡

dz
dx

¢2
can be entirely neglected. For the same

reason, it is can be assumed that the term 1
n

@n
@z is constant along the ray path.

In the present study, refractive index gradients are called weak when the in-
�uence of ray de�ection on the measured quantity is negligib le. Otherwise
refractive index gradients are strong.

The ray angle ® is measured as follows: After the Schliere, a condensing len s
is positioned, see �gure 2.15. Parallel light not obstructe d by the Schliere is fo-
cussed on the focal point behind the lens SFL in distance of th e focal length
fSFL. At this position, non-parallel obstructed rays do not pass the focal point
of the lens. A ray shift ± in z-direction results, which can be measured by
means of a so-called Schlieren �lter SF. In the present study , this �lter has a
transmittance ¿(z) with a continuous transmittance gradient in z-direction.
The �lter is positioned normal to the optical axis in distanc e fSFL after the lens
SFL. The intensity of the light ray is attenuated by the �lter depending on ±.
To obtain a correlation between light intensity and de�ecti on, a calibration
step is necessary before the actual measurement. During cal ibration, images
are recorded for different z-positions of the �lter while no boundary layer is
present. During measurements, the �lter position is �xed bu t the rays might
be de�ected depending on the refractive index gradient in th e test cell. With
the correlation between image intensity and Schlieren �lte r, ± can be deter-
mined. For known properties of the optical components and me dia between
Schliere and Schlieren �lter, ® can be derived from ±.
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2.2.3.4 Shadowgraphy

For Shadowgraphy experiments, the Schlieren �lter SF is omi tted in the setup
shown in �gure 2.15. This results in a loss of information as t he angle ®i can-
not be quanti�ed anymore. What is left for quanti�cation is t he ray de�ection
¢ r i as shown in �gure 2.14. A brief example is given of how the meas urement
works in principle in the following.

Light intensity I quanti�es power of light per unit area. In the 1D sketch in
�gure 2.14, the area is represented by ¢ z. The power of light is represented by
the two rays framing ¢ z. After the test section, these two rays are distributed
over a larger area ¢ z Å ¢ r 2 ¡ ¢ r 1. As the power of light does not change, light
intensity decreases from I 0 to I 1 along the test section. Assuming that the rel-
ative intensity change is equal to the relative area change [ 36, p. 204], it can be
estimated as follows:

¢ I

I o
Æ

¢ r 2 ¡ ¢ r 1

¢ z
¼

®2 ¢L ¡ ®1 ¢L

¢ z
Æ

¢ ®

¢ z
¢L (2.81)
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@n

@z
L

¶
¢L (2.82)

Equations (2.81) and (2.82) contain the following two assum ptions:

1. The shift ¢ r i of can be approximated by the angles ®i and the length of
the test section L:

¢ r i Æ
Z L

0
®i (x)dx ¼®i (L) ¢L (2.83)

2. Equation (2.80) can be used to substitute ®i . By means of these two as-
sumptions, the connection between the second derivative of the refrac-
tive index and the actual measured quantity ¢ I

I0
of the Shadowgraphy

method becomes visible.

However, in this work these two restrictive assumptions are avoided for the
evaluation of Shadowgraphy measurements. In contrast to cl assical Shadow-
graphy (see ECKELMANN [36]), the focal plane FP of the Shadowgraphy optics
will be identical with the one of the Schlieren optics as depi cted in �gure 2.14.
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If ray de�ection were negligible, no intensity changes coul d be measured in
this way. In the present study, the actual unwanted effect of signi�cant ray de-
�ection within the test section, subsequently called the fanning effect , will be
used to quantify strong refractive index gradients. In this case, Shadowgraphy
can be applied as quantitative measurement but needs an adva nced evalua-
tion method like optical ray tracing, which is introduced la ter in chapter 4.

2.2.3.5 Summary

In this brief introduction of Interferometry, Schlieren an d Shadowgraphy, it
was explained that they stand for the measurement of the zero th, �rst and
second order of the refractive index gradient. This is the li nk to the equations
underlying the LMPM (2.70) and (2.71), which will be outline d in more detail
in the next section.

2.2.4 The Link between Boundary Layer Theory and Optical Met hods

In section 1.1, the general suitability of optical methods f or the non-invasive
characterization of boundary layers was described. Equati ons (2.70) and
(2.71) allow a more detailed speci�cation of the optical met hods for an ap-
plication in the present study.

The target measurement quantity of the optical methods is th e refractive in-
dex. It is sensitive to both salt mass fraction and temperatu re. For the inves-
tigated aqueous NaCl solution, there is a linear dependence of the refractive
index n on the salt mass fraction wS, see equation (B.1) on page 160. In addi-
tion, for each wavelength of light ¸ , the refractive index n and solution density
½of component i are coupled by molecular refractivity N and molar mass M̄
in the Lorentz-Lorenz equation [66, p. 217]:

N i ,¸ Æ
n 2

i ,¸ ¡ 1

n 2
i ,¸ Å 2

M̄ i

½i
(2.84)

As a consequence, the three previously highlighted terms of equation (2.70)
can be linked to refractive index substitutes, as indicated in �gure 2.16. The
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three optical methods presented above can be related to to th ese terms based
on the zeroth, �rst and second refractive index gradient [35 ].

½(z) /

/

/

1
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dz (z)

1
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d2wS
dz2

n(z)
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!

Interferometry

Schlieren

Shadowgraphy

Figure 2.16: Link between �lm theory and optical methods.

In theory, one of the three method seems to be suf�cient to mea sure either the
zeroth, �rst or second derivative of the refractive index. T he other two quan-
tities could be calculated. However, thinking about measur ement noise and
possible error propagation during integration or derivati on of a noisy mea-
surement signal, the coupling of these three optical method s will be bene�-
cial.

Error propagation is not only an issue for the determination of the terms of
equation (2.70). The determination of the permeate salt mas s fraction w S,P

(equation (2.71)) depends itself on an accurate value for th e permeate �ux j P

which is the outcome of equation (2.70). In turn, accurate da ta for w S,P and j P

are the basis for the correct calculation of the water and sal t permeability con-
stants. Therefore, it is necessary that also the �uid proper ties, which are direct
input parameters to equations (2.70) and (2.71), are precis ely known. Thus,
it was decided to experimentally determine density ½and diffusivity DSW of
the aqueous NaCl solution deployed in this study. Their depe ndence on salt
mass fraction wS and temperature T is important as it is the link to the actual
measurement quantity, the refractive index n. In appendix B, the results of the
experimental analyses of these �uid properties ( ½,DSW,n ) are brie�y summa-
rized.
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The choice of the three optical methods to determine the para meters of equa-
tions (2.70) and (2.71) introduce also limitations to the LM PM. Theoretically,
the term local could mean one spot on the membrane. Practically, the optica l
methods will provide a line-of-sight averaged result de�ne d by the path length
of light within the membrane test cell, as described by means of �gure 2.14.

In the end, the question about the achievable accuracy of the LMPM needs to
be addressed . This will be investigated in more detail in the following chap-
ter 3.
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3 Method Development with
Computational Fluid Dynamics (CFD)

In the following chapter, the LMPM is analyzed and further de veloped by
means of Computational Fluid Dynamics (CFD). First of all, t he CFD model
is described. Second, the model is used to perform a proof of c oncept study
for the LMPM. At the end of this chapter, a revision of the LMPM is presented
describing how the CFD model will be integrated in the revise d LMPM.

3.1 CFD Modeling

First, the high pressure membrane test cell design is descri bed (section 3.1.1)
before geometry and mesh of the modeled �uid domain are deriv ed (section
3.1.2). The OpenFOAM solver is outline afterwards. Subsequ ently, a descrip-
tion of boundary conditions and applied thermo-physical pr operties is pro-
vided.

3.1.1 Design of the Membrane Test Cell

The membrane test cell is designed to optically access the co ncentration
boundary layer on the feed side of a horizontally aligned �at sheet membrane
in a spacer-free rectangular channel. In �gure 3.1(a), an il lustrative overview
of the assembled test cell is given. Note that geometrical di mensions relevant
for CFD modeling will be provided later in section 3.1.2. The test cell consists
of a permeate channel module on the bottom of the membrane, a f eed chan-
nel module on the top of the membrane and two side lids. Each si de lid has
three glass windows for optical access. Two of these glass wi ndows are made
of replaceable step glasses with external �anges for mounti ng. The third glass
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window is permanently glued in the pocked of the side lid. To h ave proper op-
tical access normal to a uniformly �at membrane surface, the membrane is
tightened with �xing rods on the vertical walls of the permea te channel mod-
ule as shown in the cross-sectional view of the text cell in �g ure 3.1(b).

Only below the horizontally aligned part of the membrane a pe rmeate
spacer is put, which is taken from the same RO module as the mem brane
itself. Therefore, during test cell operation only the hori zontal part of the
membrane sheet can face a hydrostatic pressure difference. This design was
inspired by the work of M AHLAB ET AL. [105].

Feed Channel Module

Permeate Channel Module

Glued Glass

Side
Lids

C

C

Replaceable Glass
Membrane with Flanges

Permanentely

in Pocket of Lid

(a) Developed test cell with optical ac-
cesses.

Fixing

Feed Channel

Flange

Membrane

Replaceable
Glass

Side
Lid

Side
Lid

Permeate Channel Module

Rods

Field
of
View

Flat Sheet Seal 10 mm

Cavity

(b) Cross section at measurement
position C-C.

Figure 3.1: High pressure membrane test cell with optical access.

Further important design solutions, which meet the require ments on the high
pressure membrane test cell, are brie�y described in the fol lowing by means
of �gures 3.1(b) and 3.2.

1. Sealing: In order to avoid membrane damage, the sealing concept of the
test cell is decisive. The best practice for a leakage free as sembly of the
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test cell was to use a Te�on sealing (not illustrated in �gure 3.1(b)) be-
tween the vertical part of the membrane and the permeate chan nel mod-
ule. Furthermore, �at sheet seals were installed between th e permeate
and feed channel modules and the side lids, see �gure 3.1(b). A sealing
concept based on O-rings failed as these change their shape d epending
on the pressure inside the test cell, which can result in memb rane dam-
age. To double-check the integrity of the installed membran e in the test
cell with optical access, it was operated in series with a sta te-of-the-art
membrane test cell (section 5.2.3) in a pure water experimen t before con-
ducting the actual boundary layer experiments (section 6.1 ).

2. Optical Access: The two design solutions for the optical access were al-
ready brie�y introduced above. The �rst design solution wit h replaceable
glasses has the option for realignment but the disadvantage of a small
cavity in the �uid domain, which is depicted in �gure 3.1(b). At this cylin-
drical cavity a �uid recirculation zone develops which expa nds with ris-
ing feed �ow velocities, see H EITHORST ET AL. [68] for detailed analyses.
To minimize any in�uence of the cavity geometry on the concen tration
boundary layer in the present study, the feed �ow rate was set to the min-
imum �ow rate of the membrane test rig VF ¼ 3 l/h. Such cavities are
avoided by the second design solution using a permanentely g lued op-
tical glass. But this design does not have the option for real ignment or
easy exchange. Both con�gurations were implemented succes sfully. No
leakage occurred even at maximum pressure levels.

3. Feed channel: The feed channel module is designed such that both chan-
nel height as well as channel inlet and outlet geometry can be modi�ed to
adjust the �ow pro�le inside the test cell. In �gure 3.2, an ov erview of the
module is given. It consists of the main feed channel module, the height
adapter and the channel adapters for inlet and outlet, which are de-
signed identical. By means of different height adapters mad e from stain-
less steel different channel heights can be realized. The he ight adapter
shown was selected in the present study to set the maximum cha nnel
height of 60 mm to be able to do experiments at minimum feed �ow
velocities because of the cavity problem. The channel inlet and outlet
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Channel Inlet and Outlet Adapters

Height Adapter

Small Through Holes

Flow Direction

Feed Channel

Main Feed Channel Module

Figure 3.2: Feed channel module with channel inlet and outlet adapters a nd
variable channel height.

adapters depicted in �gure 3.2 were designed by S CHMIDT ET AL . [150]. As
it was not possible to manufacture the adapter geometry from steel due
to its small through holes with a radius of 0.6 mm, they were 3D printed
and made of polyamide.

4. Pressure resistance and material: Austenitic steel of the type 1.4571 is
chosen as test cell material due to its high resistance to cor rosion. The
material of all optical glasses is fused silica with SQ1 qual ity. The wall
thickness of the windows and the four main test cell parts (pe rmeate
channel module, feed channel module, two side lids with glas s windows)
were determined via a FEM analyses. To give an order of magnit ude, the
side lids have a thickness of around 40 mm.

For more details on the design of the high pressure membrane t est cell see
WOLF ET AL. [184].
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3.1.2 Geometry and Mesh of the Fluid Domain

The geometry of the �uid domain is derived from the Computer- Aided Design
(CAD) drawings of the membrane test cell. The following simp li�cations were
made:

• Small unevennesses caused by the imperfect adhesive surro unding of the
optical access with glued glass or by screw heads are neglect ed.

• Cavities at the step glasses are taken into account as sketc hed in �gure
3.1(b).

• The thickness of the �at sheet seal between the channel modu les and the
side lids is assumed to be uniform and constant.

• The geometries in front of and after the channel inlet and ou tlet �ow
adapters are not taken into account.

In order to keep required computational capacity low but com putational ac-
curacy high, it was decided to model the �uid domain with a mul tiple-block
[47, p. 33] structured mesh and re�nements wherever necessa ry. The mesh is
generated with ANSYS ICEM CFD 14.0. In �gures 3.3 and 3.4, the frontal view
as well as three cross-sections of the 3D mesh are illustrate d. For better illus-
tration, both halfs of the channel geometry are depicted. On ly one half of the
symmetrical geometry is computed.

Round geometries like the inlet and outlet pipes as well as th e windows for op-
tical access were modeled with O-grids. The mesh re�nement i s carried out for
each block separately. The mesh in the concentration bounda ry layer region
is designed via a bi-exponential bunching law in z-direction de�ned by two
spacings Sp1 and Sp2, the ratios R1 and R2 and the number of nodes N for
length n [5]. Information about these mesh parameters are included i n �gure
3.4 and table 3.1.

The mesh on the membrane has 312 nodes along its 180 mm length a nd
40 nodes along 5 mm width, which is only half of the actual memb rane width
to account for test cell symmetry. The spacing in x-direction ranges from

65



Method Development with Computational Fluid Dynamics (CFD )

50 ¹ m in the center of windows to 1.6 mm in regions far away from geo -
metrical changes inside the channel. The spacing in y-direction ranges from
150 ¹ m in the membrane center to 50 ¹ m in the outer region.

In order to prove mesh independence, a study based on the grid convergence
index GC I [139, 140] was carried out with three grid solutions (�ne, me dium
and coarse). The CFD boundary conditions were taken from the experiment
with the strongest refractive index gradient measured in th e present study. The
experimental conditions are presented later in table 3.6 on page 76 (experi-
ment BW-P60). The focus lies on the calculation of the GC I for parameters
relevant for boundary layer investigations: local permeat e �ux j P, local salt
mass fraction at the membrane w S,F,M and boundary layer height ± Æ±99.5%

located in close vicinity of the channel center at the measur ement position.
Additionally, mean permeate �ux j̄ P and mean salt mass fraction on the mem-
brane w̄S,F,M were selected as both become important in chapter 6. Accordi ng
to F IMBRES-WEIHS and W ILEY [49, p. 766 ], meshes with grid convergence in-
dices GC I below a threshold of typically 5 to 10% can be accepted. The GC I of
each investigated parameter of the medium coarse grid with a bout 2.37 mil-
lion cells meets this threshold with a safety factor of FS Æ1.25 [139, p. 136]. For
the �nest grid, a signi�cant improvement of the GC I of any investigated pa-
rameter was not observed. Therefore, the medium coarse grid is chosen for
further analyses.

Note that a 2D mesh was derived from the symmetry plane of the s elected 3D
mesh. Thus a similar grid quality can be assumed. This 2D mesh will be used
only for preliminary analyses presented later in �gure 6.2( a).
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Measurement Position

60

10

y

z

x

A

A

B

B

C

C

180

C-C

82

C

C

150

8

14

16

2.32

Flow Direction

Figure 3.3: Structured mesh: front view and cross section at the measure ment
position.
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Figure 3.4: Structured mesh: cross-sections A-A, B-B and C-C.

Table 3.1: Mesh parameters.

Cross-Section Sp1 R1 Sp2 R2 n N Comment
[mm] [-] [mm] [-] [mm] [-]

B-B 0.0075 1.5 0.5 1 6.12 41 channel region without O-grids
C-C 0.00364 1.5 0.186 1 2.65 41 channel region with O-grids
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3.1.3 Solver

The open-source software OpenFOAM 2.1.x was chosen as simul ation plat-
form due to its high �exibility. Different solvers designed for speci�c problems
are available and can be modi�ed by the user to meet speci�c re quirements.
In the present study, the steady-state solver buoyantSimpleFoam, originally
developed for heat transfer and buoyancy-driven �ows [122] , is taken as basis.
According to F LETCHER and W ILEY [51], the in�uence of graviation is not rel-
evant for our experiments conducted with a horizontally ali gned membrane
at the channel bottom. However, buoyancy effects have been o bserved in pre-
liminary experiments e.g. when an RO experiment was stopped and the nat-
ural osmosis processes started. Therefore, it was decided t o modify a solver
which already had the option of taking gravitational effect s into account. Even
though they are not relevant for the present study, this migh t be helpful for fu-
ture work.

In accordance with F LECTCHER and W ILEY [51], the thermo-physical proper-
ties density, viscosity, diffusivity, heat capacity and th ermal conductivity are
allowed to be dependent on temperature and salt mass fractio n but to be in-
dependent of pressure.

The governing equations solved via the Finite Volume method by the steady-
state solver ( @

@t Æ0) are:

Conservation of mass:
r¢ (½u) Æ0 (3.1)

Conservation of energy (with Fourier's law for thermal diff usion):

cPr¢ (u½T ) Æ r¢(¸ r T ) (3.2)

Conservation of salt (with Fick's law for mass diffusion):

r¢ (u½wS) Æ r¢(DSW½r w S) (3.3)

Conservation of momentum (Newton's second law):

r¢ (½uu ) Æ ¡r p År¢
£
¹ (r u Å (r u)T) ¡ 2

3¹ (r¢ u)I
¤
Å ½g (3.4)
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The buoyantSimpleFoam solver [125] was modi�ed by adding the conserva-
tion equation for the salt transport as well as the thermo-ph ysical properties
for an aqueous NaCl solution. Moreover, instead of the entha lpy equation, the
temperature equation was implemented in accordance with M OUKALLED ET

AL. [117, p. 62]. This made an easy integrating of the thermo-ph ysical proper-
ties possible. Relying on the temperature instead of the ent haly equation does
not have a negative in�uence on the quality of the CFD results as the enthalpy
of mixing of an aqueous NaCl solution can be neglected. This c an be estimated
by means of enthalpy data from P ITZER ET AL. [132]. Furthermore, during the
experiments analysed in the present study, �uid and ambient temperatures
were kept constant anyway.

The momentum equation (3.4) was rearranged [121] for implem entation in
OpenFOAM introducing the modi�ed pressure p rgh Æp ¡ ½g¢r [124] :

¡r pÅ½g Æ ¡r (p rghÅ½g¢r)Å½g Æ ¡r p rgh ¡ (g¢r)r ½¡ ½gÅ½g Æ ¡r p rgh ¡ (g¢r)r ½
(3.5)

According to the release announcements of OpenFOAM [124], s olving for the
p rgh instead for the static pressure p was made to "avoid de�ciencies in the
handling of the pressure force / buoyant force balance on non -orthogonal and
distorted meshes", [124].

For an overview of the numerical schemes applied in the CFD an alyses of the
present study, see table 3.2.

Table 3.2: Applied numerical schemes.

Scheme Term OpenFOAM
Keyword

Order of
Accuracy

Reference

gradient ( r ) any Gauss linear 2 [71][47, p. 90]

divergence (r¢) scalar transport Gauss vanLeer 2 [71][47, p. 90]
r¢ (½uu ) Gauss vanLeerV 2 [71, 123][47, p. 90]
any other Gauss linear 2 [71][47, p. 90]

Laplacian ( r 2) any Gauss linear
corrected

1¡ 2 [71][47, p. 90]

cell to face inter-
polations of values

any linear 2 [71][47, p. 90]
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3.1.4 Boundary Conditions

The boundary conditions for the computational domain are su mmarized in
table 3.3 and brie�y explained below.

Table 3.3: Boundary conditions for computational domain.

Boundary Velocity Pressure Temperature Salt Mass Fraction

Inlet uF ÆuF,0 r p Æ0 T ÆT0 wS,FÆwS,F,0

Outlet r uF Æ0 p rgh Æ0 r T Æ0 r wS,FÆ0

Walls uF Æ0 r p Æ0 r T Æ0 r wS,FÆ0

Membrane (Type L) un,F Æ j P
½F,M

¢n r p Æ0 r T Æ0 r nwS,FÆ
un,F
DSW

(wS,F,M ¡ wS,P)

Membrane (Type M) un,F Æ j P
½F,M

¢n r p Æ0 r T Æ0 r nwS,FÆun,F
DSW

(wS,F,M ¡ w̄S,P)

The velocity boundary conditions apply to the small pipes of the �ow distribu-
tion adapter (shown in �gures 3.3 and 3.4). The �ow is assumed to be evenly
distributed over all small inlet pipes.

The pressure boundary condition r p Æ0 is realized with the OpenFOAM
boundary condition buoyantPressure. For the outlet pressure condition, the
fixedValue boundary condition can be used when neglecting gravity ( g Æ0),
otherwise fixedMeanValue is recommended ( g 6Æ0).

For the CFD analyses carried out in this study, constant �uid and ambient
temperatures can be assumed and thus zero temperature gradi ents on the
channel walls.

The membrane boundary condition is based on the SDM, as descr ibed in sec-
tion 2.1.3. For the permeation velocity, a Dirichlet bounda ry condition is cho-
sen. The velocity component at the feed water side normal to t he membrane
un,F Æuz,F is the ratio of permeate �ux j P and the feed solution density on
the membrane surface ½F,M . For the salt mass fraction at the membrane, a
Neumann boundary condition is chosen. The salt mass fractio n gradient is
a function of diffusivity DSW and the permeation velocity un,F Æuz,F as de�ned
by equation (2.64) in section 2.2.1.

70



3.1 CFD Modeling

In contrast to many other studies, e.g. [2, 23, 146, 182], the boundary condition
for the salt mass fraction is not calculated with the salt rej ection as constant
input parameter. This would result in

dwS,F

dz
Æ

uz,FSRwS,F,M

DSW
(3.6)

or in a similar correlation, when the apparent instead of the true salt rejection
is used, e.g. by COMPLETO ET AL. [23].

Of course, an equation of type (3.6) might be very simple to im plement. How-
ever, what it implies is the fact that the ratio of feed salt ma ss concentration
and permeate salt mass concentration is �xed. This simpli�c ation means that
the membrane characteristics need to change such along the f eed channel
that a constant ratio between feed and permeate salt concent ration results. In
this way, a dependence of the membrane characteristic on sal inity is imple-
mented. A simpli�cation which implies such a strong assumpt ion on mem-
brane characteristics is not seen as applicable for the goal of the present study.
Instead, salt transport through the membrane is to be de�ned only by one
model input parameter, namely the salt permeability consta nt B.

Figure 3.5 shows how the membrane boundary condition is impl emented. It
can be noticed that the permeate salt mass fraction w S,P is not a model input
parameter. Instead, the permeate salt mass fraction is calc ulated for each cell
from a cubic function in wS,P, which results when all necessary parameters
(un,F,½F,M ,wS,F,M,T,B) are expressed as a function of the salt mass fraction.
The cubic equation is solved by the bisection method. This al lows to numeri-
cally access the local permeate salt mass fraction on the permeate side of the
thin-�lm active layer. This is possible as for RO membranes, an "unhindered"
permeate �ux [135, p. 89] can be assumed, see section 2.1.3 on page 19. Due
to the porous support structure of the RO membrane, the in�ue nce of the �ow
conditions in permeate channel on the salt mass fraction at t he permeate side
of the thin-�lm active layer can be neglected [27, 109, 135]. Note that we have
co-current �ow in the permeate channel.
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Figure 3.5: Membrane boundary condition.

In table 3.3 on page 70, two different membrane boundary cond itions (L and
M) were presented. L stands for local denoting the boundary condition ex-
actly as described above, whereas M stands for mean. The latter was imple-
mented to achieve better convergence behaviour. In accorda nce with P RÄBST

ET AL. [133], ideal mixing of the permeate produced is assumed for the mem-
brane boundary condition M. Instead of the local permeate sa lt mass frac-
tion its averaged value is input to the equations for permeat e osmotic pressure
(equation (2.12)), salt mass �ux (equation (2.21)) and salt mass fraction gradi-
ent (equation (2.64)). On the one hand, this diminishes the a dvantage of local
permeate salt �ux data. On the other hand, the convergence be haviour of the
simulation is more robust, especially for cases where osmot ic equilibrium is
reached in parts of the test cell e.g. in the corners at the tes t cell outlet between
membrane and channel wall. The results presented later in ch apter 6 will be
almost independent from the membrane boundary condition ty pe (�gure 6.8
on page 133).
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3.1.5 Thermo-Physical Properties

An overview of the thermo-physical properties implemented in the CFD
model and consistently used throughout the present study is given in table
3.4. A short explanation of the selected correlations is giv en below.

Table 3.4: Thermo-physical properties.

Fluid Property Parameter Unit Reference

Density ½(wS,T ) kg
m3 measurements (appendix B)

Mass diffusivity DSW(wS,T ) m2

s ROBINSON and STOKES [141] and mea-
surements (appendix B)

Practical osmotic
coef�cient

Á(wS,T ) ¡ correlation built with data of C LARKE

and GLEW [22] (equation (3.10))
Osmotic pressure ¼(wS,T,Á,½) bar ROBINSON and STOKES [141, p. 205]
Dynamic viscosity ¹ (wS,T ) Pas SHARQAWY ET AL. [157]
Thermal conductivity ¸ (wS,T ) W

mK SHARQAWY ET AL. [157]
Speci�c heat capacity cP(wS,T ) J

kgK SHARQAWY ET AL. [157]

Both density and diffusivity of the aqueous NaCl solution we re determined
experimentally, see appendix B. The material properties re levant for momen-
tum equation (dynamic viscosity) and energy conservation ( thermal conduc-
tivity and speci�c heat capacity) are assumed to be satisfac torily modeled by
the correlations taken from S HARQAWY ET AL. [157], which are often applied in
desalination research.

SHARQAWY ET AL. [157] also provide a correlation for the osmotic pressure o f
standard sea water. A preliminary sensitivity study reveal ed that the difference
between the osmotic pressure of standard sea water and the on e of an aqueous
NaCl solution can range in the order of 10% for a salinity typi cally measured at
the end of seawater RO plants ( ¼ 70 g/kg). Moreover, in literature the simpli-
�ed linear osmotic pressure equation ¼Æb ¢wS is often used in CFD calcula-
tions [51, 56, 146]. However, in case of the present study it c annot be excluded
that the non-ideal character of the investigated �uid might become relevant.
This might especially be important when interpreting the ex perimental results
for which low net driving pressures are characteristic (sec tion 6.2). Therefore,
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exact modeling of the non-ideal �uid behaviour of the invest igated aqueous
NaCl solution is essential.

For this purpose, an osmotic pressure equation is applied, w hich is based on a
relationship for the activity of the solvent provided by R OBINSON and STOKES

[141, p. 205] and recommended by S OURIRAJAN [161, p. 160]:

ln aW Æ ¡º m M̄ WÁ (3.7)

For an aqueous NaCl solution, the stoichiometric coef�cien t º is 2. Molality m
relates the moles of the solute to the mass of the solvent and c an be calculated
as follows:

m Æ
w S

(1 ¡ wS)M̄ S
(3.8)

In combination with equation (2.12), the osmotic pressure ( in bar) reads:

¼W Æ10¡ 5 ¢º RT
M̄ W

V̄W| {z}
½W

mÁ (3.9)

For the practical osmotic coef�cient, an empirical correla tion was developed
for the range of wS Æ0...0.1 kg/kg and T Æ283.15...323.15 K:

Á Æ
q1

wSÅ q2
¡ q3¢

p
w S

q4 Å q5
p

w S

Åw S¢(q6Åq7¢wSÅq8¢w 2
S)Åq10¢w S¢(T ¡ q9) (3.10)

Some terms of equation (3.10) were inspired by parts of the Á-correlation of
CLARKEand GLEW [22].

The empirical coef�cients q1 to q10 presented in table B.5 in appendix B were
determined by a least square �t to data of C LARKEand GLEW [22].

The result of the parametrized correlation for Á is validated with randomly
selected data based on activity experiments of an aqueous Na Cl solution pro-
vided by ROBINSON and STOKES [141, p. 461, p. 465, p. 466]. Based on the re-
sults summarized in table 3.5, the error of equation (B.5) is in the order of 1%
related to the experimental value.
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Table 3.5: Comparison of practical osmotic coef�cients calculated wi th equa-
tion (3.10) with experimental data of R OBINSON and STOKES [141].

m w S T ÁRobinson-Stokes ÁThis Study
ÁThis Stud

ÁRobinson-Stokes
mol
kg

kg
kg °C ¡ ¡ ¡

0.1 0.0058 25 0.9324 0.9320 0.9996
1 0.0552 25 0.9355 0.9361 1.0007

1.4 0.0756 25 0.9513 0.9536 1.0024
2 0.1047 60 0.9990 1.0086 1.0096

0.1024 0.0059 35 0.9312 0.9321 1.0010

3.2 Local Membrane Parameter Method: Proof of Concept
Study

The local membrane parameter method (LMPM) was introduced i n section
2.2.2. In this section, the method is tested in a proof of conc ept study. The suc-
cess of the LMPM mainly depends on the accuracy of the input pa rameters to
the LMPM equations (2.70) and (2.71) and on the validity of th e assumptions
made in section 2.2.2. The main purpose of the following stud y is to check if
the �lm model assumptions are a suitable basis for the LMPM. T he membrane
model will not be questioned relying on the SDM. In the end of t his section,
the accuracy of the LMPM is estimated and suitable �elds of ap plication are
identi�ed.

3.2.1 Methodology

To test the validity of the �lm model assumptions in the LMPM a t the mea-
surement position in the high pressure membrane test cell, c oncentration
boundary layer data simulated with the 3D CFD model are used. In both
LMPM and CFD, the SDM is used to model the membrane. If the assu mptions
made are valid, local transport ( j P and w P) and membrane ( A and B) parame-
ters can be properly determined from the concentration boun dary layer data
(½, wS, DSW and its derivatives).
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Using 3D CFD simulation data instead of experimental data ha s the advantage
that the validity of the �lm model assumptions made can be tes ted indepen-
dently of the accuracies of the membrane model and the input p arameters of
the LMPM. The latter depend on measurement noise, errors due to optical dis-
tortions and on the accuracies for thermo-physical and memb rane property
models.

Instead of using arbitrary CFD boundary conditions, they ar e taken from the
test conditions of the boundary layer experiments presente d in chapter 6.2. In
this way, the CFD results presented here will be useful again when discussing
the experimental results. In table 3.6, these test conditio ns are summarized
for brackish (BW) and sea water (SW) experiments. Only the da ta of the BW
experiments are needed in the present proof of concept study .

Table 3.6: Test conditions for brackish water (BW) and sea water (SW) fo r dif-
ferent pressure levels (P).

Case ¢ p j̄ P TF ¼T1 VF ūF wS,F,0

ID [bar] [kg/m 2h] [°C] [l/h] [mm/s] [g/kg]

BW-P15 15.0 5.7 29.9 3.0 1.0 10.4
BW-P20 20.1 7.9 30.0 3.0 1.0 10.4
BW-P25 25.0 10.0 30.0 3.1 1.0 10.4
BW-P35 34.7 13.4 29.7 2.6 0.9 10.0
BW-P45 44.1 16.7 29.8 2.5 0.8 10.0
BW-P55 54.3 21.1 29.8 3.1 1.0 10.0
BW-P60 60.4 22.9 30.0 2.5 0.8 10.0

SW-P45 44.9 6.5 30.5 2.7 0.9 35.2
SW-P55 54.6 8.2 30.5 2.7 0.9 35.2
SW-P60 59.7 8.8 30.7 2.6 0.9 35.2

The proof of concept study is structured as follows: First, t he test cell CFD
results are introduced. Second, important LMPM assumption s are discussed
by means of a test case. Third, the results are presented for t he brackish water
experiments.
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3.2.2 Introduction of CFD Results

For demonstration of the CFD results relevant for the LMPM, t he BW-P60 ex-
periment is chosen. The membrane boundary condition L is use d (see section
3.1.4) in combination with the permeability constants dete rmined later in this
study. The results for A are listed in table 6.1 and the ones for B are shown in
�gure 6.8.

The feed salt mass fraction distribution in the symmetry pla ne and on the
membrane surface is illustrated in �gures 3.6(a) and 3.6(b) , respectively. Be-
sides, three positions P1, P2 and P3 on the membrane are highl ighted. They
will become important later in the next section.
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Figure 3.6: 3D CFD results for salt mass fraction in feed channel for expe ri-
ment BW-P60.

The aqueous NaCl solution enters the test cell at y = 180 mm. Flow direction
is in negative y-direction. The salt mass fraction on the membrane increase s
very fast from its bulk value of about w S,0 Æ10 g/kg. The maximum salt mass
fraction value is reached in the corner between �ow adapter a nd membrane
surface at the test cell exit ( y = 0 mm), where the �uid velocity tends towards
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zero. For the same reason, an elevated salt mass fraction can be observed at
the test cell inlet ( y = 180 mm), too. The in�uence of the test cell geometry
on the salt mass fraction distribution on the membrane becom es also visi-
ble close to the channel walls parallel to the �ow direction, especially where
the windows for optical access are located. However, this in �uence is rather
small. A small in�uence of the test cell geometry on the conce ntration bound-
ary layer is good as the LMPM relies on line-of-sight integra ted experimental
data along the optical axis ( x-direction).

In �gures 3.7(a) and 3.7(b), permeate �ux j P and permeate salt mass fraction
wP are presented. The CFD results for j P and w P correspond well with the re-
sults for the feed salt mass fraction on the membrane wS,F,M (�gure 3.6). The
�uxes are high where the feed salt mass fraction is low due to h igh net driving
pressures. The permeate salt mass fractions is low where the �uxes are high
and feed salt mass fractions on the membrane are low.
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Figure 3.7: 3D CFD results for permeate �ux and permeate salt mass fracti on
for experiment BW-P60.

For the further analysis, the three positions P1, P2 and P3 in side the test cell
are selected, see �gures 3.6(a) to 3.7(b). All of them are loc ated on the symme-
try plane. P1 and P3 are rather close to the test cell in- and ou tlet. In contrast
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to P2, they are far away from the windows for optical access. N ote that during
boundary layer experiments light propagates along the x-coordinate of P2.

3.2.3 Discussion of Assumptions

According to equations (2.70) and (2.71), any z-position of the boundary layer
may theoretically be used for evaluation. Diffraction phen omena caused at
the membrane and by strong refractive index gradients in the boundary layer
(section 4.2) make measurements far away from the membrane p referable.
What is decisive for the �exibility of LMPM is assumption (5) in section 2.2.1.
The net mass transfer in z-direction j z(z) Æ ¡½(z)u z(z) is assumed to be con-
stant j z(z) Æj P within the boundary layer for all z. In �gure 3.8(a), the relative
deviation of j z from j P is depicted for the BW experiments.
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Figure 3.8: Checking assumption (5) of the LMPM at position P2.
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ej z ,rel decreases with increasing �uxes from BW-P15 to BW-P60. Thus , for a
stronger momentum in z-direction the validity of the assumption constant net
mass transfer in z-direction is higher.

The second aspect of assumption (5) is that the z-component of the local �uid
velocity in the boundary layer can be expressed as a function of permeate �ux
and �uid density. This is tested via the relative deviation b etween the calcu-
lated CFD values u z(z) and the ones resulting from the LMPM assumption
u LMPM

z (z) Æ ¡ j P
½(z) shown in �gure 3.8(b). That this assumption might be valid

only in the close vicinity of the membrane was clear. By means of �gure 3.8(b),
this vicinity can be quanti�ed. Accepting an error euz ,rel Ç1% (accuracy thresh-
old), the assumption is valid up to z Æ100 ¹ m. The question if this accuracy
threshold is suf�ciently low to get satisfactory LMPM resul ts has to be an-
swered in the following. However, it has to be kept in mind tha t a measure-
ment closer than 100 ¹ m to the membrane might be dif�cult due to diffrac-
tion phenomena. Thus, for the further analysis a z-position of 100 ¹ m is seen
as a good choice.

For the evaluation of the LMPM equations (2.70) and (2.71), t he necessary in-
put parameters are extracted from the CFD model.

Required �rst and second order derivatives of these paramet ers are numer-
ically calculated by means of a second order accuracy forwar d differencing
scheme for non-uniform grids, compare S CHREYER ET AL. [154, p. 41]. For il-
lustration, the zeroth, �rst and second order derivative of the salt mass frac-
tion is presented in a non-dimensional form in �gure 3.9.

The non-dimensional salt mass fraction ­ is calculated as follows:

­ (wS,F) Æ
wS,F¡ wS,F,±C

w S,F,M ¡ wS,F,±C

(3.11)

And the spatial coordinate z turns into ´ :

´ (z) Æ
z

±C
(3.12)
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Figure 3.9: Non-dimensional form of zeroth, �rst and second order deriv ative
of salt mass fraction (BW-P60). The position for data analys is is
marked red.

In section 2.2.2, it was indicated that the term with the diff usivity derivative
is negligible in equation (2.70). In order to support this st atement j P(z) is cal-
culated once taking the diffusivity term into account and on ce neglecting it,
j noD
P (z). The results depicted in �gure 3.10 show a relative error le ss than 1%

when neglecting the diffusivity derivative, which is reaso nably small.
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Figure 3.10: Hypothetical error of the permeate �ux when neglecting the d if-
fusivity derivative term in equation (2.70).
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3.2.4 Results for Local Mass Transport

Now the LMPM is applied at z Æ100 ¹ m. The results for the local transport
parameters j P and w S,P are presented in �gures 3.11(a) and 3.11(b). Note that
the diffusivity derivative term was not neglected here even its impact on j P

proved to be low. This allows a discussion of the results with a focus on the
�lm model assumptions in the LMPM.
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(a) Permeate mass �ux.
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(b) Permeate salt mass fraction.

Figure 3.11: Local permeate mass �ux and salt mass fraction: CFD data (sol id
lines) and LMPM results (dashed lines).

Referring to �gure 3.11(a), it can be stated that the CFD data and the LMPM re-
sults for the local permeate �ux are in very good agreement. T his is true inde-
pendent of position (P1, P2, P3) and pressure level (P15 to P6 0). The mean rela-
tive error ēj P,rel is 3.3%. For position P2, this value is 4.5% and thus only slig htly
higher. Therefore, the in�uence of the cavity due to the opti cal access is con-
sidered to be small for the investigated boundary layer pro� le taken from
the channel center. Furthermore, strong refractive index g radients, which are
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characteristic especially for the experiments at the highe r pressure levels, do
not seem to have a negative impact on the permeate �ux resulti ng from the
LMPM.

The results for the permeate salt mass fraction (�gure 3.11( b)) are not satis-
factory. The mean relative error is ēwS,P ,rel = 107%. It has to be stated that the
LMPM failed to quantitatively determine the permeate salt m ass fraction. Pos-
sible reasons are discussed in the following:

As the diffusivity derivative term is included in the evalua tion, no error was
introducted by its neglection. An implementation error is a lso unlikely, as oth-
erwise the permeate �ux determination should fail as well.

As the permeate �ux results are in good agreement, error prop agation from
the �ux result (equation (2.70)) to the calculated salt mass fraction (equation
(2.71)) is unlikely to cause the high mean relative error.

Errors can be introcuded by assumption (5) as stated in the pr evious sec-
tion 3.2.3. However, the error was expected to be low due to euz ,rel Ç1% at
z Æ100¹ m. An evaluation closer to the membrane is not considered bec ause
of the obstructing optical phenomena close to the membrane, see sections 4.2
and 6.2.2.

Furthermore, discussing �gure 3.11(b), it looks like that t here is a trend for a
greater error towards higher pressures. The assumptions of the LMPM were
taken from the �lm theory. Concentration gradients were neg lected in both
bulk �ow direction ( y-coordinate) and along the optical axis ( x-coordinate).
However, they could be a plausible explanation:

Considering gradients in bulk �ow direction, they become mo re important
with increasing pressure levels. For the experiments at hig her pressure lev-
els, not only an increased permeate �ux is characteristic bu t also an increased
overall level of salt mass fraction on the membrane, which st arts to increase
from the same bulk level for all experiments. This means that the salt mass
fraction gradients in the boundary layer become stronger wi th increasing
pressure levels.

Discussing gradients along the optical axis, attentions is drawn to the differ-
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ent salt mass fraction results for P2 compared P1 and P3, see � gure 3.11(b).
Instead of increasing from P1 to P3, the salt mass fraction dr ops at P2 for
the cases BW-45 to BW-P60. The development of the concentrat ion gradients
around P2 is different from the one around P1 and P3 due to the c hange of the
test cell geometry nearby optical access, which might be an e xplanation for
the different P2 result.

The poor results of the LMPM for of the permeate salt mass frac tion in�uence
the calculation of net driving pressure and salt mass fracti on difference across
the membrane. This error propagation signi�cantly corrupt s the calculation
of the membrane parameters A and B. Unfortunately, the determination of
local membrane parameters seem to be out of reach in this case .

3.2.5 Conclusion

The study presented in the preceding section made clear that the great po-
tential of the LMPM lies in the determination of the local per meate mass �ux.
The method is capable to predict its development along the me mbrane and to
provide quantitative results.

The LMPM provides only poor results for the permeate salt mas s fraction.
Consequently, reliable membrane performance data cannot b e acquired with
satisfactory accuracy by the method.

The reason for this poor results is that the assumptions made in the LMPM
seem to be not justi�ed at the measurement position in the tes t cell. There are
three ways to deal with this problem:

First, the assumptions on which the LMPM are based can be chan ged. Dif-
ferent boundary layer models with less restrictive assumpt ions than the �lm
model can be tested as basis of the LMPM. The cost for dropping model as-
sumptions will be the increase of the method's complexity.

Second, the test cell design can be changed such that it is tai lored to meet the
assumptions of the LMPM for example by avoiding cavities.

Even if one of the both ways just mentioned is successful, the LMPM still can
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fail. Modeling errors, the in�uence of measurement noise, o ptical distortions
and the line-of-sight integration character of the optical measurement on the
results of the LMPM has not been investigated yet. Therefore , it was decided
to revise the LMPM.
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3.3 Revised Local Membrane Parameter Method (LMPM)

Instead of taking a boundary layer model as basis and dealing with assump-
tions, which obviously can hardly be met experimentally in a satisfactory way,
it was decided to integrate the developed CFD model into a rev ised version of
the LMPM. The idea behind is as follows:

When modeling the �uid domain, care was taken to account for i mportant
in�uences of the test cell geometry on the boundary layer dev elopment in-
side the test cell. This includes the water inlet and outlet p ipes of the �ow
adapter, the sealing geometry as well as small cavities at th e glass windows.
Furthermore, the for mass transport most important thermo- physical corre-
lations for �uid density and NaCl diffusivity were experime ntally validated be-
fore implemention, see appendix B. The membrane boundary co ndition was
implemented such that the membrane is modeled by water and sa lt perme-
ability constants A and B instead of A and salt rejection SR. This avoids non-
physical membrane characteristics as explained in section 3.1.4.

Assuming in addition

• negligible in�uence of the generally small mesh dependenc ies (section
3.1.2),

• a valid CFD solver accounting for all important physical ph enomena for
laminar �ow (section 3.1.3),

• known experimental test conditions (table 3.6) and

• that the SDM is able to describe the membrane physics satisf actorily
(chapter 6),

the CFD model can be used to predict the mass transfer at the me mbrane for
experimentally known membrane properties. However, an inv ersion of the
problem should be possible as well determining the membrane properties
from experimentally given mass transfer characteristics a t the membrane. The
integration of the CFD model into the revised LMPM allows not only to make
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use of local boundary layer data but also of global (surface i ntegrated) perme-
ate �ux data to determine the membrane properties.

Referring to the literature review in section 1.1, collecti ng reliable data for the
salt permeability constant B is most dif�cult. In contrast, the water perme-
ability constant A can be determined more accurately and easy by means of
pure water experiments. Therefore, it was decided to put the focus on the salt
permeability constant in the following part of this study. M easuring the water
permeability constant in the classical way, the only unknow n parameter left
for the determination via the CFD model is the membrane salt p ermeability
constant.

The global permeate �ux j̄ P of the optical membrane test cell can be accu-
rately measured. Also because of this, j̄ P is best suited as target quantity for
an iterative determination of the salt permeability consta nt B as sketched in
�gure 3.12.

Pure Water Membrane Tests

Water Permeability Constant

Global Permeate Flux

Validation of Water and Salt Transport on Local Scale

3D CFD

Salt Permeability Constant

Optical Test Cell Experiments

Global Permeate Flux

|e j̄ P,rel | < elim

Plausibility Check

No

e j̄ P,rel

Experimental
Numerical /

Figure 3.13

Calculated

Figure 3.12: Determination of water and salt transport properties.
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B is iteratively changed until the relative error

e j̄ P,rel Æ
j̄ CFD
P ¡ j̄ EXP

P

j̄ EXP
P

(3.13)

between numerical and experimental permeate �ux is smaller than the
threshold elim .

A reasonable value for elim can be assessed from the measurement accuracy
estimation of the permeate �ux (section 5.2.2). elim Æ5% is set in the present
study.

After the iteration is �nished, it is ensured that CFD simula tion and exper-
iment come to similar results for the global permeate �ux. Th e preliminary
results of the pure water experiment for A and of the iterative approach for B
are uniform permeability constants for the entire membrane surface. As a next
step, it needs to be checked if the local mass transport is alr eady predicted well
by these parameters.

To be able to validate both water and salt transport on a (line -of-sight) local
scale, data of the concentration boundary layer experiment s are used.

If the numerical and experimental boundary layer results ar e in good agree-
ment, the membrane behaviour is obviously already describe d well. If not, the
next step is to model local variations of the membrane proper ties by applying
individual permeability constants to the cells on the membr ane. This makes
the lateral resolution of the revised LMPM dependent on the C FD mesh den-
sity on the membrane, see section 3.1.2. At measurement posi tion, the rect-
angular cell surfaces can be approximated by circular areas with diameters
between 10¡ 5 and 10¡ 4 m what is the minimum local resolution speci�ed in
section 1.2.

The implementation and testing of cell individual membrane parameters be-
comes easy if a modeling approach can be derived based on the o utcome of
the uniform permeability constants as it will be the case in t he present study.
A functional dependence for a locally varying B will be found. If this was not
possible, a different modeling strategy would have been nee ded. This could
be an iterative approach minimizing not only e j̄ P,rel but also the error between
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numerical and experimental boundary layer pro�les. Howeve r, in this case the
boundary layer data could not be used anymore for validation as described in
the following.

In �gure 3.13, a schematic overview is given of how the water a nd salt trans-
port are to be validated on a local scale.

=

Interferometry Schlieren | Shadowgraphy

Image

Validation of Local Water and Salt Transport

./.

Reference
Image

BLSchlieren
Filter

Optical
Simulation

Normalized
Intensity Pro�le

Normalized
Intensity Pro�le

Concentration
Pro�le

Concentration
Pro�le

3D CFD

=
Experimental
Numerical

Figure 3.13: Validation of local water and salt transport by means of opti cal
boundary layer (BL) measurements.

Interferometry, Schlieren and Shadowgraphy are combined i n one setup. The
simultaneous measurements of a boundary layer characteris tic allows to val-
idate the result of the optical methods with each other. More over, in section
6.2.2 it will turn out that the combination of the methods res ults in the exten-
sion of the overall measurement resolution.

For weak to moderate refractive index gradients, simultane ous Interferometry
and Schlieren experiments are carried out. For strong refra ctive index gradi-
ents, the Schlieren experiment is substituted by Shadowgra phy to take care
of the fanning effect which becomes more relevant with incre asing gradients,
see section 6.2.2. When the optical data are in good agreemen t, optical mea-
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surement errors can be assumed to be small. Precise optical m easurements
are seen as prerequisite for the validation of the salt and wa ter mass transport
by the boundary layer measurement.

The integration of the developed CFD model into the revised L MPM is also
part of the solution to address the limits of the Schlieren an d the Shadowgra-
phy method. Interferometry evaluation algorithms evaluat e fringe patterns
and are capable to minimize the in�uence of light intensity v ariations in
the recorded image due to measurement noise and optical dist ortions, see
TAKEDA ET AL. [165]. In contrast, classical Schlieren and Shadowgraphy eval-
uation algorithms directly evaluate the image intensity. T hus, they are lim-
ited in presence of optical distortions like fanning, spher ical aberration and
diffraction phenomena, which change the intensity distrib ution in the bound-
ary layer image. Without accounting for these optical pheno mena appropri-
ately, the results of Schlieren and Shadowgraphy can be misl eading. In case of
both methods, the image intensity is directly linked to a der ivative of the re-
fractive index pro�le (section 2.2.3). Thus, error propaga tion of optical distor-
tions and measurement noise during integration of the biase d refractive index
derivatives becomes a problem when calculating the boundar y layer pro�le.
The goal in this study is to compare the results of the optical measurements
with CFD results. This comparison can be obviously done by me ans of con-
centration pro�les. However, to avoid errors in case of Schl ieren and Shadow-
graphy the comparison of intensity pro�les becomes more fav orable instead.
This requires a transformation of CFD concentration pro�le s to intensity pro-
�les. Thus, the CFD model will be integrated in an optical ray tracing tool to
simulate light propagation from the test cell to the camera c hip.

The detailed evaluation strategy is sketched above in �gure 3.13. The concen-
tration distribution calculated by the 3D CFD model is fed in to the optical
simulation model. Further model inputs are the experimenta lly determined
Schlieren �lter transmittance curve ¿(z) and properties of the optical setup
and its components (section 5.1). The result of the optical r ay tracing simu-
lation is a light intensity pro�le at the location of the came ra chip modeling
the Schlieren or the Shadowgraphy experiment. The numerica l light intensity
is modeled as a relative quantity expressing an intensity ch ange compared to
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an initial reference state with intensity one. In order to ga in this relative in-
tensity change from the experimental boundary layer image a s well, an image
of the optical target must be recorded without a boundary lay er present, the
so-called reference image. For comparison of boundary laye r (BL) image and
reference image, median intensity values of pixel rows are u sed.

After successful validation of global and local mass transp ort, the question re-
mains whether the iteratively found membrane parameters tr uely represent
the membrane behaviour under the applied experimental cond itions. To an-
swer that question a plausibility check is performed in the e nd (section 6.3).
Membrane properties are indepenend from the membrane model . The plau-
sibility check is successful when the same membrane propert ies result using
different membrane modeling approaches which rely on diffe rent membrane
parameters. Suitable membrane modeling approaches have be en introduced
in section 2.1.
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In this chapter, the developed optical ray tracing tool is de scribed. First of all,
the optical setup which needs to be modeled is introduced. Af terwards, an
overview of the for modeling relevant optical phenomena is g iven. At the end,
the ray tracing model itself is discussed.

4.1 Optical Setup

In �gure 4.1, the combined setup of Interferometry, Schlier en and Shadowgra-
phy is presented.

BS2

Schlieren/Shadowgraphy S, Interferometry I, Light Source LS, Mirror M, Beam
Splitter BS, Beam Expander BE, Test Cell TC, Reference Beam RB, Object Beam OB,

Legend:

Imaging Lens IL, Second Field Lens SFL, Schlieren Filter SF, Camera CAM

M2 BE2 BS3

I-CAMI-IL

SFL S-ILSF

±

S-CAM

BE1

BS1

I/S-LSM1
z

xy

TC

RB

OB

Figure 4.1: Scheme of the combined optical setup.
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The setup was suggested in a previous publication [90]. It is similar to the
patented setup of B LUE [18].

A 40 mW He-Ne-Laser provides coherent, monochromatic light at a wave-
length of 632.8 nm. The laser beam is splitted into a referenc e beam RB and
an object beam OB by beam splitter BS1, which are expanded by t he beam ex-
panders BE1 and BE2, respectively. The object beam propagat es through the
test section represented by the membrane test cell TC and is s plit into two
parts by beam splitter BS2. One half of the beam propagates fu rther through
the subsequent Schlieren / Shadowgraphy components, the ot her half of the
beam is united with the reference beam RB in beam splitter BS3 . The latter
beam splitter is also used to adjust the Finite Fringe patter n. The Interferom-
etry setup part ends with its imaging lense I-IL and its camer a I-CAM. The
Schlieren setup consists of the second �eld lens SFL and a Sch lieren �lter SF
plus an imaging lens S-IL and the camera S-CAM. The Shadowgra phy setup is
identical to the Schlieren setup except for the Schlieren �l ter SF. Thus either
Shadowgraphy or Schlieren can be combined with Interferome try for simul-
taneous measurements.

4.2 Obstructing Optical Phenomena

In the following, the optical phenomena are described, whic h were observed
during experiments and which limit the applicability of the selected optical
measurement techniques.

In �gure 4.2, the cross section of the test cell at the measure ment position is
illustrated. Besides the focal planes of the optical setup ( F1, F2), which will
be discussed later on, different sections of the test cell ar e labeled which are
crossed by the light propagating in positive x-direction. At the position of the
membrane edge shown in �gure 4.2 light is diffracted. H AUF ET AL. [66, p. 41]
state that diffraction patterns caused by an opaque in�nite half-plane like the
membrane edge make a quantitative evaluation of Schlieren o r Interferometry
experiments impossible when the boundary layer height rang es in the same
order of magnitude as the diffraction pattern. For channel h eights of 1 mm,
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which is approximately the feed channel height in a commerci al membrane
module, such diffraction patterns become dominant. This co uld be observed
in preliminary Schlieren experiments with a test con�gurat ion of 1 mm in-
stead of 60 mm channel height (�gure 4.3).

Replaceable Glass
Cavity

Flat Seal
Membrane

0 13 25.4
[mm]F1 F2

x

Membrane Edge

Direction to
Camera

Replaceable Glass

Light Source Side Camera Side

Main Channel Cavity
Flat Seal

Figure 4.2: Cross section of test cell channel with different sections a long the
light path including real (F1) and virtual (F2) focal plane.

The left image in �gure 4.3 denoted by CH1 shows a Schlieren re ference im-
age without concentration boundary layer. In the right imag e CH2 a boundary
layer with height ±C is depicted. The intensity distribution inside the bound-
ary layer region is clearly obstructed by strong diffractio n patterns.

G2CH1

1 mm

CH2

±C
1 mm

Figure 4.3: Limitation for slit-like test cell channels: diffraction p atterns
within boundary layer caused by opaque channel boundaries.

Even if a non-coherent white light source was used (�gure 4.3 ) in contrast to
the Laser Schlieren experiments of the present study (chapt er 6), diffraction

95



Optical Ray Tracing

could not be avoided. In the Schlieren setup, spatial cohere nce was promoted
by the source slit but also by the small feed channel height of 1 mm, which
basically served as a second slit. At the same time, a high lev el of temporal
coherence was achieved by a two-wavelength �lter in the opti cal path in front
of the optical test cell.

In order to minimize diffraction phenomena caused by the mem brane edge
(see �gure 4.2) in the Laser Schlieren setup a small aperture due to small chan-
nel heights was avoided. In the high pressure test cell a maxi mum aperture
with 8 mm is possible due to the geometry of the glass windows. With the
channel height of 60 mm set in the present study, the channel g eometry itself
did not contribute to further increase spacial coherence of light.

However, diffraction phenomena still can signi�cantly in� uence the opti-
cal measurement. With increasing refractive index gradien ts in the boundary
layer, the boundary layer itself becomes what the membrane e dge was before
- a sharp change in refractive index causing diffraction pat terns. In �gure 4.4,
an example is given for a Two-Wavelengths Schlieren experim ent (D1) and a
Digital Finite Fringe Interferometry experiment (D2).

D2D1

Figure 4.4: Limitation due to strong refraction index gradients: diffr action
patterns caused by the boundary layer itself.

In the preliminary Schlieren experiment shown in D1, the tra nsmittance of the
Schlieren �lter increases in negative z-direction. This means that the bound-
ary layer appears bright as the light rays are de�ected in neg ative z-direction
by the refractive index gradient. In contrast, the bulk phas e is darker. With this
�lter orientation, a better signal-to-noise ratio of the ca mera chip should be
achieved. However, the reduced amount of light promoted dif fraction. There-
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fore, it was decided to orientate the Schlieren �lter such th at its transmittance
decreases in negative z-direction in the present study.

Another important issue concerns the adjustment of the foca l plane of the
optical system between test cell and camera. Focal plane and image plane at
the camera chip form two conjugate optical planes [155, p. 35 ]. If there is more
than one homogeneous medium (e.g. air) between these conjug ated planes
(e.g. air and glass windows) both a so-called virtual and a re al focal plane have
to be considered. If a further medium with a refractive index gradient is added,
the focal plane turns from an even into a curved surface. Such a deformation
of the focal plane can also be introduced by spherical aberra tion of the lenses
used in the optics. In �gure 4.5, a quantitative impression o f the curved real
and virtual focal planes of the Schlieren and the Interferom etry setup is given
for the experiment BW-P60.
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z [mm] z [mm]

5 2013

1

2 IS

F1

25.3 25.5
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2
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S
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Figure 4.5: Curved real (F1) and virtual (F2) focal planes in an Interfer ometry
(I) and Schlieren setup (S) for experiment BW-P60.

The real focal plane (F1) is adjusted such it contains the mem brane edge
shown in �gure 4.2. The virtual focal plane (F2) lies within t he step glass (x ¼
25.4 mm in �gure 4.2). As a camera chip is not curved, the curva ture of the fo-
cal planes has to result in image distortions. To compensate such distortions is
hardly possible without optical ray tracing. Image distort ions due to spherical
aberration (SA) of the lenses in the optical setup become pro minent in par-
ticular in combination with strong refractive index gradie nts in the boundary
layer. This is illustrated by means of a Shadowgraphy image i n �gure 4.6 (left
image). Image distortions can be recognized best when compa ring the diffrac-
tion patterns of small particles (impurities) on the optica l glasses, see SA in
�gure 4.6. In the bulk region, these diffraction patterns ar e almost perfectly
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SA
F

IL

Figure 4.6: Image distortions due to spherical aberration (SA), attenu ation of
light intensity due to fanning (F) and loss of information (I L).

circular. At the bottom of the image, where high refractive i ndex gradients are
present, these diffraction patterns have an oval shape. Bes ides image distor-
tion, the fanning effect (F) can be observed in the Shadowgra phy image on the
left in �gure 4.6. Due to fanning the recorded light intensit y decreases in the
boundary layer region. In the worst case, light intensity dr ops to zero before
the membrane edge is reached. This loss of information makes a quantitative
Schlieren or Shadowgraphy evaluation impossible.

Strong refractive index gradients can also limit the resolu tion of the Digital In-
terferometry measurements. An example is given in the right image of �gure
4.6 denoted by IL. When the maximum frequency of the interfer ence fringe
pattern becomes higher than the sampling frequency of the di gital camera
chip [75, p. 27], the fringe pattern cannot be evaluated any m ore and infor-
mation is lost. In addition, the fanning effect results in a d ecrease of the light
intensity of the object beam. Ideally, the light intensity o f reference and object
beam should be the same to achieve maximum contrast of the int erference
pattern [152]. At high refractive index gradients, it can ge t dif�cult to distin-
guish between intensity maxima and minima. In addition, inf ormation can
get lost also when the ray hits the membrane within the test ce ll. An example
is illustrated later in �gure 4.10 on page 105.

The optical simulation tool described in detail in the subse quent sections was
developed to identify and quantify the observed optical phe nomena. It will al-
low data analyses of Schlieren and Shadowgraphy experiment s even in pres-
ence of strong refractive index gradients.
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4.3 Optical Modeling

The optical simulation tool is described in the following. A n illustrative
overview of the numerical model is given below in �gure 4.7. I t is a model of
the optical setup described in �gure 4.1.

The 2D numerical ray tracing tool is implemented in MATLAB ® R2016b [171].
The optical model consists of four main elements which are de scribed in the
following: the optical components, the optical system, the light rays and the
so-called ray manipulator functions.

Figure 4.7: Ray tracing model of combined optical setup.

The Components

All relevant optical components are modeled. These are the l ight source,
beam splitter, lens, lens mount, source slit, Schlieren �lt er, membrane test cell
and camera. Each of these components has certain geometrica l and optical
properties, which are relevant for light propagation. To gi ve a comprehensive
overview of the all properties taken into account in the mode l, they are listed
in table 4.1.
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Table 4.1: Component properties.

Component Property Symbol
Light source Number of sources

Number of rays per source
Max. opening angle of a source
Coherence / non-coherence
Wavelength(s) ¸ i

Ray / wave optics model type
Beam
splitters,
mirrors,
windows,
seals

Inclination angle relative to horizontal plane ®
Trapezoid angle (see �gure 4.8, ¯ Æ0 in present study) ¯
Thickness d
Length / height l
Re�ecting surface (colored pink in the icon in �gure 4.8)
Refractive index of material

Lenses Chromat / achromat
Radius 1 (crown) r 1

Radius 2 (crown / �int) r 2

Radius 3 (�int) r 3

Thickness 1 tc

Thickness 2 tc,1

Diameter
Refractive index of material 1 (crown)
Refractive index of material 2 (�int)

Lense
mounts

Type: tube or ring
Thickness
Thickness of lens holder
Diameter
Orientation of thread
Orientation of largest, outer lens radius (�int)

Source slit Opening width
Geometric dimensions of its mount

Schlieren
�lter

Filter transmittance curve ¿(z)
Opaque �lter frame geometry

Test cell Seal part in test cell channel ! beam splitter
Cavity part in test cell channel ! beam splitter
Membrane part in test cell channel with refractive index �el d
(1D / 2D) ! beam splitter
Height of optical access (aperture)
Inclination angle relative to optical axis: via coordinate -
transformation

Camera Chip dimensions (vertical / horizontal)
Chip resolution (vertical / horizontal)
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4.3 Optical Modeling

In �gure 4.8, the models of a beam splitter and a lens are shown to illustrate
the geometric properties listed in table 4.1.

Beam Splitter / Seal /

tc

tc,1

r 1
r 2

r 3

d

®

¯

!

LensMirror / Window

Figure 4.8: Geometric properties of components.

The Optical System

An optical system consists of different components and the m edia between
them. The media modeled by their refractive indices. The com ponents are
linked by their spatial coordinates in x- and z-direction. For the model of the
experimental setup, the exact positions of the components r elative to each
other have to be known. The position of a lens for example can b e deduced
easily from its location inside the mount. Such data are take n from CAD draw-
ings provided by the supplier of the optomechanical compone nts, T HORLABS

I NC [173]. However, the measurement accuracy achieved for the x- and z-
coordinate of each mount or other component relative to the m embrane sur-
face is hardly more than 1 mm, even if a laser range�nder is use d for distance
measurements between the components.

Therefore, additional information is needed to model the ex perimental setup
with high accuracy. To minimize inaccuracies of the x- and z-coordinate mea-
surements of the optical components, a multi-parameter opt imization with
constraints is carried out using the MATLAB ® built in solver fmincon. The spa-
tial coordinates are the paramters to be optimized. The cons traints are set by
the measurement errors of the spacial coordinates. The solv er aims to mini-
mize the residuals of the model with respect to the following quality criteria:
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Optical Ray Tracing

• z-coordinate of the image of the membrane edge along the ray p ath: When
no boundary layer is present, a screen is put into the ray path between
test cell and camera. An image of the test cell aperture becom e visible
on the screen. The membrane edge is part of the image frame. It s z-
coordinate is measured at several x-positions along the ray path between
test cell and camera. This needs to be done for both the Schlie ren and the
Interferometry setup.

• Magni�cation: Another quantity which determines the properties of the
optical setup is its magni�cation. It is determined via a ref erence scale
image recorded in both the Interferometry and the Schlieren setup, see
�gure 4.9 for illustration.

mm

pxl

Figure 4.9: Reference scale image.

• x-coordinate of the focal plane: As it will be explained in more detail later
in section 5.1, the experimental setup is designed such that it can be as-
sured that the focal plane of both Interferometry and Schlie ren is located
at the membrane edge, see �gures 4.2 and 4.5 for illustration s. Thus, the
x-coordinate of the focal plane is well known and can be used as quality
criterion.

Rays and Ray Manipulators Functions

A ray is mainly de�ned by spatial coordinates ( x, y), its inclination angle !
with respect to the optical axis (the horizontal plane) and i ts wavelength ¸ .
It is initialized with a ray intensity I Æ1 and a geometrical and optical path
length GPLÆ0 m and OPL Æ0 m. An overview of all ray properties is given in
table 4.2.
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4.3 Optical Modeling

Table 4.2: Ray properties.

Ray Property Symbol
Ray Spatial Coordinates (x,z)

Inclination Angle Relative to Horizontal Plane !
Slope ¡ arctan( ! )
Optical Path Length OPL
Sum of Optical Path Length sum(OPL)
Geometrical Path Length GPL
Sum of Geometrical Path Length sum(GPL)
Ray Intensity I
Wavelength ¸
Ray Identi�er ID
Re�ectance Index

The light source is modeled as a set of rays. This set of rays is bundled in a
struct , which serves as input for the so-called ray manipulator fun ctions.
Such a function calculates the ray path through one or more co mponents. A
ray manipulator has its own coordinate system and is able to d etermine the
relative position (west / east, north / south) of the enterin g ray. Depending
on the properties of the component, the ray manipulator func tion modi�es
the ray properties according to geometrical and physical la ws. The interfaces
of the components are either even or spherically shaped surf aces. In the 2D
model, they are modeled as mathematical functions of straig ht lines or circles.
When a ray hits a transparent, non-re�ecting interface, Sne ll's law

n i ¢sin ! i Æn i Å1 ¢sin ! i Å1 (4.1)

is applied resulting in a change of the ray slope at the interf ace. Note that
the wavelength dependent refractive indices of all compone nt materials need
to be known. Information about the material of the optomecha nical compo-
nents are provided by T HORLABS INC [173]. For these materials, wavelength
dependent refractive index data can be obtained from glass m anufacturers
like SCHOTT AG [153]. If necessary, these wavelength depend ent data can be
interpolated to get data for the wavelength of interest.

When the ray hits a re�ecting surface, the law of re�ection is applied:

®in Æ®out (4.2)
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Here ® is the angle between the normal of the re�ecting surface and t he ray.
When the ray hits an opaque part, e.g. the frame of the source s lit or of the
Schlieren �lter, the ray is simply deleted. The same applies for rays which do
not enter the optical component. All media are assumed to be f ully opaque
or transparent, except for the Schlieren �lter, which manip ulates the inten-
sity of the ray. The Schlieren �lter transmittance function ¿(z) is determined
experimentally during a calibration procedure before the a ctual experiment.
See section 5.1 for more details on calibration.

The most complex ray manipulator is the membrane test cell. I t consists of
seven main sections, see �gure 4.2 on page 95. These are glass, cavity and seal
section on the light source side, main channel with membrane on the bot-
tom in the channel center, and seal section, cavity and glass on the camera
side. The glass windows can be modeled by the beam splitter ra y manipulator
function. For the membrane channel, the 2D refractive index �eld normal to
the membrane can be derived from the CFD model. For the seal an d cavity
part this is possible as well. In order to calculate the ray pa th within the test
cell channel, the non-linear second order differential equ ation (2.75) needs to
be solved. For this the standard MATLAB ® solver ode23tb is used. For a small
number of rays the ray path calculation is possible for the fu ll 2D refractive
index �eld at acceptable computational effort. However, ab out 1 million rays
are necessary to gain a converged solution for a numerically generated image
by the ray tracing simulation. In this case, a simulation wit h the 2D refractive
index �eld takes too much calculation time. In order to reduc e computational
cost the refractive index �eld was approximated as follows:

On the light source side, both cavity and seal section are ass umed to have bulk
salt mass fraction. In the channel center, a uniform 1D refra ctive index pro�le
is assumed using the data taken from the symmetry plane of the CFD model.
On the camera side, in the seal and the cavity section as well t he slopes of the
respective rays are not changed after they exit the main chan nel region in the
center with the membrane on the bottom. This procedure was be st suited to
approximate the ray path within the test cell with suf�cient accuracy. In �g-
ure 4.10, the BW-P60 experiment (table 3.6, page 76) is shown , which exhibits
strong gradients of salt mass fraction and refractive index .
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ray path for original 2D refractive index �eld calculated wi th 3D CFD
ray path for 2D refractive index �eld with simpli�cations

Legend:

Figure 4.10: Ray path within test cell channel for experiment BW-P60 with a
strong refractive index gradient in the boundary layer.

The path of the last light ray which does not hit the membrane i s depicted for
the two cases of a simpli�ed (1D) and the original (2D) refrac tive index �eld. It
can be seen that both ray de�ection (relevant for Shadowgrap hy) and ray exit
angle (relevant for Schlieren) are in good agreement. In tab le 4.3 the relative

difference jey,rel j Æ
¯
¯
¯

y1D¡ y2D
y2D

¯
¯
¯ is given for the most important ray properties at

the channel exit, i.e. x Æ16 mm in �gure 4.10.

Table 4.3: Comparison of ray properties simulated with the simpli�ed ( 1D)
and the original (2D) refractive index �eld.

Relative Difference for Symbol Value

ray de�ection je¢ r,rel j 0.027
ray angle je®,rel j 0.051
geometric ray path jeGPL,rel j 9.9¢10¡ 5

optical path length jeOPL,rel j 4.0¢10¡ 4

salt mass fraction on the membrane jewS,F,M,rel j 0.032
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Assuming an evaluation with Interferometry, the relative d ifference of the op-
tical path length jeOPL,rel j can be related to a relative difference of the feed salt
mass fraction on the membrane:

jewS,F,M,rel j Æf (jen,rel j) Æf (
GPL2D

GPL1D

OPL1D

OPL2D
¡ 1) ¼ f (jeOPL,rel j) (4.3)

An error level of approximately 3.2% for the membrane salt ma ss fraction (see
table 4.3) is obtained, which is a good compromise in exchang e for lower com-
putational effort.

Besides a signi�cant reduction of computational time, the s impli�cations
made for the 2D refractive index �eld have another advantage . The model of
the seal/cavity channel section allows to easily account fo r small deviations of
the seal width from the design speci�cations. These deviati ons occure due to
compaction of the �at sheet seals during test cell assemblin g. But they can be
easily measured. These measured data are used as input for th e optical model.

The last ray manipulator to be described is the camera. When t he rays reach
the camera, they are clustered according to the pixels of the camera chip. In
the ray optics model the intensities of the rays are summed up to determine
the intensity distribution of the image.

As already indicated, for Schlieren and Shadowgraphy a tota l number of one
million rays distributed over a height of 4.3 mm above the mem brane were
suf�cient to achieve a converged numerical solution.
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In this chapter, an overview of the optical setup and the memb rane test rig
is given. The experimental data analysis is also addressed. This chapter con-
cludes with membrane handling and testing procedures.

5.1 Combined Interferometry, Schlieren and Shadowgraphy

The focus of the following section is on the technical realiz ation of the optical
setup outlined in section 4.1.

5.1.1 Overview of Setup

Figure 5.1 gives an illustrative overview of the optical set up and table 5.1 pro-
vides the main technical details. For the successful implem entation of the In-
terferometry setup the following was important:

• The difference of the geometric length between beam splitt ers BS1 and
BS3 must be smaller than the coherence length of the applied l aser,
which is 0.316 m.

• The angle between reference beam RB and object beam OB needs to be
as small as possible to be able to resolve the Interferometry fringes with
the digital camera chip with limited spacial resolution [75 , p. 34]. This is
solved by aligning both beams via beam splitter BS3.

• The imaging lens I-IL is very helpful for the alignment of th e optical
setup, which needs to meet wavelength accuracy. Both refere nce beam
RB and object beam OB are parallel when they are focussed on th e same
spot behind lens I-IL.
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Stepper Motor

Translation Stages

Schlieren Filter

Beam Splitter BS1
Laser I/S-LS in Housing (Spray Water Protection)

Reference Beam RB

Object Beam OB

Beam Splitter BS3
Imaging Lens I-IL

Test Cell

Figure 5.1: CAD model of the implemented optical setup.

Table 5.1: Properties of main optical components and setup.

Optical Component Index in
Figure 4.1

Property Value

He-Ne-Laser I/S-LS Type Siemens LGK 7626S
Power 40 mW
Wavelength 632.8 nm
Coherence length 0.316 m

Interferometry I-CAM Type Canon EOS 700D [60]
Pixel size 4,3¹ m x 4,3 ¹ m [60]

Setup Magni�cation 3.01
Resolution ¤ ~ 8.4 ¹ m

Schlieren / Shadowgraphy S-CAM Type SVGA S/N 375LD0530
Sensicam [130]

Pixel size 6,7¹ m x 6,7 ¹ m [130]
Setup Magni�cation 2.56

Resolution ¤ ~ 4.3 ¹ m

(*) resolution ¸
2n sin µ according to A BBE [1]
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Decisive for an ef�cient, reproducible and highly accurate experimental work-
�ow for the conduction of the Schlieren experiment was the mo tion control of
the Schlieren �lter. The mount of the �lter was equipped with a stepper mo-
tor, see �gure 5.1. It was triggered with an Arduino control u nit, integrated in
the Labview Control software of the test rig. In order to gain the relationship
between Schlieren �lter transmittance and z-coordinate, images are recorded
for several equally spaced z-positions (usually 200 steps). In order to com-
pensate small intensity �uctuations of the laser, usually t en of such calibra-
tion sets are recorded and averaged afterwards. The sensiti vity of the Schlieren
measurement depends on the �lter transmittance function, s ee e.g. [65, p. 11].
The choise of the Schlieren �lter depends on the maximum refr active index
gradient. Therefore, Schlieren �lters tailored for the exp erimental needs were
designed and manufactured.

Important in both beam paths is the determination and the pro per adjust-
ment of focal plane and optical magni�cation given by the opt ics behind the
test cell. The lens systems and cameras were mounted on extra rails connected
with translation stages (�gure 5.1) to be able to adjust each rail position and
thus each focal plane with micrometer accuracy. In order to b e able to exper-
imentally determine the optical magni�cation with a refere nce scale on the
camera side of the installed test cell (�gure 4.9), the optic al system can be
moved as a whole. In this way, the reference scale can be focus sed without
changing the sensitive optical setup itself.

5.1.2 Evaluation of Digital Finite Fringe Interferometry D ata

While Shadowgraphy and Schlieren data are only evaluated in combination
with optical ray tracing, Interferometry data are processe d with an evaluation
algorithm to directly determine the refractive index in the boundary layer. The
evaluation algorithm needs to meet the following requireme nts:

1. Extract the target quantity ¢OPL ÆOPLi ¡ OPL0 from the interferogram
with maximum sensitivity.

2. Avoid measurement inaccuracies due to unwanted intensit y variations
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in the recorded image. Such intensity variations can be caus ed by non-
uniform light distribution within the reference or the obje ct beam. Po-
tential reasons are misalignment, dust particles on optica l components,
fanning or diffraction effects caused by the boundary layer itself.

3. Vibrations of the optical setup should not affect the accu racy of the eval-
uation result. As the test cell is part of both optical and hyd raulic setup,
vibrations caused by pumps in the hydraulic setup cannot be d ecoupled
from the optical setup.

Evaluation algorithms applied for boundary layer investig ations on desalina-
tion membranes often rely on the fringe counting method [23, 44, 142, 145,
146]. The refractive index pro�le can be determined via coun ting fringes from
bulk phase to membrane as the difference of the optical path l ength ¢OPL is
constant between two neighbouring fringes. In the present s tudy fringe count-
ing is avoided due to the following reasons:

1. The refractive index pro�le can be determined only in a dis crete way with
�xed discretization steps. This is a limitation especially for weakly pro-
nounced boundary layers, which result in only a few fringes.

2. In the transition region from bulk phase to boundary layer the fringe
counting method is limited by its rather poor sensitivity [1 65].

A methodology which meets the speci�ed requiements and avoi ds the dis-
advantages of fringe counting methods goes back to T AKEDA ET AL. [165] in
1982. They rely on Finite Fringe Interferometry introducin g a constant spacial
carrier frequency into the Interferometry image. Tilting t he beam splitter BS3
(�gure 5.1) a uniform fringe pattern can be introduced which serves as carrier
frequency, as it can be seen in the raw image depicted in the fo llowing �gure
5.2.
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RAW Image Phases Wrapped 2D Refractive Index Salt Mass Fraction

FFT Phase Unwrapping
n = f(Á)

wS Æf (n,T,p,¸ )

wS

z

0

1

2

z

y

Figure 5.2: Evaluation of a Digital Finite Fringe Interferometry image .

JANG [76] implemented the method of T AKEDA ET AL. [165] in MATLAB ® and
published his code. With his permission, his code is integra ted in the evalua-
tion algorithm of the present study. In order to give an examp le of the Finite
Fringe boundary layer evaluation, the main evaluation step s are presented in
�gure 5.2.

Instead of counting fringes to determine a discrete functio n of the optical path
length OPL, the fringe pattern is analysed by a Fast Fourier Transform ( FFT)
to calculate a continuous function for OPL from the phase Á:

Á Æ
OPL

¸
¢2¼ (5.1)

Numerically, phase Á cannot be extracted directly as a continuous function
from the raw images. The so-called wrapped phase Á is limited to the range
[0,2¼]. In order to avoid discontinuities in the signal, phase Á needs to be un-
wrapped starting in the bulk phase by adding 2 ¼at the discontinuities. Then
the resulting, continuous phase Á(z) is related to its reference value in the bulk
phase (index ±C) to calculate ¢ Á ÆÁ(z) ¡ Á±C and refractive index n:

n Æn±C Å
¢ Á

2¼

¸

L
(5.2)

The refractive index of the bulk phase can be calculated from the measured
operating conditions ( wS,T,p,¸ ). The ray path in the test section is approx-
imated by the main membrane channel width L Æ0.01 m. This can result in
a slight over-prediction of the refractive index pro�le if s trong refractive in-
dex gradients are present ( L is increased). A correction could be performed by
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means of the ray tracing tool but was avoided. Of course, boun dary layers with
strong refractive index gradients could be measured by mean s of Digital Inter-
ferometry but not to the full extend from bulk to membrane. In stead, only the
upper part of the boundary layer was evaluated until the meas urement reso-
lution limit was reached, see section 4.2. In this upper boun dary layer part ray
de�ection and its in�uence on the measurement result is smal l. Thus, in the
analysis presented later in section 6, it was decided to perf orm the Interfer-
ometry evaluation without any manipulations.
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5.2 Membrane Test Rig

5.2 Membrane Test Rig

The membrane test cell is embedded in a hydraulic loop equipp ed with mea-
surement sensors and actuators for monitoring and automati c control. In the
following, a brief overview of the test rig and the measureme nt accuracies of
the most relevant sensors is given.

5.2.1 Overview of Setup

The �ow chart of the test rig is presented in �gure 5.3.
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Figure 5.3: Schematic of the test rig.
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These are the main requirements determining the design of th e test rig:

• Operation at typical RO operating pressures up to 60 bar: A Danfoss
APP 1.0 axial piston pump often used in RO applications [28] i s fed by a
double membrane piston pump DMP to provide the necessary ope rating
pressures. The pressure level and the �ow rate are adjusted b y two nee-
dle valves, denoted by bypass valve and pressure valve. Both valves are
equipped with a stepper motor and an electronic control via a n Arduino
microcontroller. Process inherent pulsations caused by th e pumps are
damped by an HYDAC pulsation damper after the high pressure p ump.

• Operation at temperatures up to 45°C: A PID controller is designed to
control the power input of the external heating cycle such th at the tem-
perature at the test cell inlet can be maintained at a constan t temperature
level. A mobile air conditioning system (not depicted in the �ow chart) is
used to control the ambient temperature inside the laborato ry. An exter-
nal cooling cycle after the test cell keeps the temperature i n the feed tank
at the constant laboratory temperature level.

• Reproducibility of measurement results: Two membrane test cells can
be integrated within the setup, in series or parallel. Moreo ver, adjust-
ment of (almost) identical operating conditions for differ ent measure-
ment campaigns was guaranteed. With a CompactRio 9074 from N a-
tional Instruments [119] a fully automatized monitoring of sensors and
control of actuators was achieved. The actuators include th e stepper mo-
tors of valves and Schlieren �lter, the heater, the stirrer i n feed tank and
the pumps. A LABVIEW control software was developed to allow data ac-
quisition and data-logging, control of actuators, control of cameras, doc-
umentation of experiments and fail-safe operation.

Details about the investigated �uid can be found in appendix B. In order to
keep the �uid pure from any deposits in the piping system, a pr e-�ltration
unit with a 10 ¹ m �lter is installed after the double membrane piston pump
DMP. The �lter serves also as an additional damper for the DMP pump. Con-
tinuous stirring of the storage tanks avoided strati�catio n inside the tanks and
guaranteed a well-mixed feed solution throughout the exper iments.
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5.2.2 Sensors and Measurement Accuracies

An overview of sensors and actuators is given in �gure 5.3. Th e measurement
errors of the most important sensors are listed in table 5.2.

Table 5.2: Measurement errors of sensors. The nomenclature of the sens ors is
in accordance with the �ow chart provided in �gure 5.3.

Measurement
Signal

Description # Sensor Type Error Ref.

Temperatures TC feed inlet T7,T9 PT-1000 1/3 DIN EN60751 § 0.15 K¤ DIN
TC feed outlet T8 PT-1000 1/3 DIN EN60751 § 0.15 K¤ DIN
ambient T1 PT-100 A DIN EN60751 § 0.21 K¤ DIN

Pressures TC feed inlet p2 Kobold 3376 A125 § 0.5% [85]
TC feed outlet p3 Labom Compact CC6010-

A1063
§ 0.2% [95]

Salinity feed c1 JUMO 202925 K-10 with
ecoTRANS Lf 01/02

2% / 0.1 K [79]

Mass TC I permeate mP,I Kern EW 6200-2NM 0.01 g [83]
TC II permeate mP,II Sartorius Combics 1

CW1P1-66DC-I
§ 0.2 g [147, p. 94]

Flow rate feed ¼brine
volume �ow

VF Krohne Opti�ux 5300
DN 2.5

max.
§ 1.5%

[89]

(*) for T Æ303.15 K

Accurate temperature measurements are necessary, especia lly to determine
the �uid bulk temperature inside the test cell. It was tried t o integrate un-
coated, but small-scale PT1000 temperature sensors inside the test cell. How-
ever, their measurement signal was sensitive to the salt mas s fraction in the
�uid. Therefore, the �uid bulk temperature is approximated by the arithmetic
average of the TC inlet and outlet temperatures. The ambient temperature was
monitored in close vicinity to the test cell.

The pressure difference between TC inlet and outlet was negl igibly small.
Therefore, the arithmetic average between both signals was taken as hydro-
static feed pressure relative to the ambient pressure.

The feed salinity sensor is a conductivity meter and was cali brated in regular
intervals. The permeate salinity sensors were used to detec t membrane break-
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through or test-cell leakages but were not suitable to measu re permeate salin-
ity due to the small permeate production rates leading to a lo ng dead-time
from membrane to sensor. Permeate salinity is therefore det ermined from the
boundary layer experiments (chapter 6).

Because of the small membrane area and thus small permeate pr oduction
rates, the withdrawal of permeate from the feed has a negligi ble effect on the
feed / brine volume �ow rate. The effect is smaller than the me asurement er-
ror of the �ow rate sensor, compare tables 5.2 and 5.3.

Table 5.3: Error estimation.

Quantity Value Unit

minimum feed �ow rate 3 kg/h
maximum permeate mass �ux 23 kg/m 2h
membrane area (0.18 m x 0.01 m) 0.0018 m 2

error when neglecting permeate production 1.38 %

The measurement accuracy of the permeate mass �ux depends on the per-
meate production itself, compare �gure 5.4. The permeate is collected in a
storage tank which is put on top of a scale. The weight of the pe rmeate is
measured over time, see �gure 5.4. The slope of a least-squar e �t (FIT) de-
termines the �ux taking the membrane area into account. At lo w �uxes, there
is no continuous �ow of permeate into the storage tank. Only d roplets of per-
meate reach the tank on the scale from time to time.Thus, the p ermeate �ux
measurement is less accurate at lower �uxes. For a qualitati ve estimate, hypo-
thetical measurement errors of +/- 10% are added to the actua l permeate �ux
result in �gure 5.4 (FIT Å10%, FIT¡ 10%). To be able to measure also low �uxes
at high accuracy the time interval for �ux determination was increased from
about 5 minutes at maximum �ux levels to about 20 minutes at lo west �ux
levels.
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5.2 Membrane Test Rig
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Figure 5.4: Permeate �ux measurement.

5.2.3 Membrane Handling and Testing Procedure

The tested membrane samples originate from a commerically a vailable mem-
brane module with the product name TML10D [174] from T ORAY I NDUSTRIES,
I NC. The membrane module was opened to cut out samples from its me m-
brane sheets. The samples were stored inside a refrigerator where a constant
low temperature level and a dark environment was guaranteed to prevent bi-
ological growth during membrane storage. As additional mea sure, the mem-
branes were stored in a one weight percent sodium bisul�te st orage solution
and vacuum packed in oxygen barrier bags, as recommended in t he mem-
brane module data sheet [174].

During test cell assembly, the membrane was continuously we tted with pure
water.

Before a new membrane sample was tested, it was pre-compacte d at a pres-
sure level high enough to perform irreversible compaction, which is around 40
bar as experimentally determined by H USSAIN ET AL. [73, p. 20]. In this way it
is guaranteed that only reversible compaction occurs durin g membrane per-
formance tests.
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Experiments

In order to check the integrity of the membrane sample instal led inside the
new high pressure membrane test cell, the water permeabilit y tests were car-
ried out with two test cells. Upstream in the hydraulic loop a conventional �at
sheet membrane test cell [186] without optical access was in stalled in series to
the new high pressure test cell. The membrane area of the conv entional test
cell was 0.0137 m2. Its feed and the permeate channel was �lled with spac-
ers taken from the TML10D [174] membrane module. If one of the two tested
membrane sheets were damaged, this would have been detected due to sig-
ni�cantly different results for the water permeablity cons tants.

During the boundary layer experiments with saline water, on ly the high pres-
sure test cell was used. In this case priority was set to be abl e to determine
pressure, �uid temperature, �ow rate and salinity in closes t vicinity to the high
pressure test cell to guarantee maximum accuracy of the inpu t data to the CFD
model. In this case, membrane integrity was monitored by the permeate salin-
ity sensor (section 5.2.2).

Each experiment was run for one hour under the same test condi tions before
data were used for further analysis. A preliminary study of t he boundary layer
dynamics showed that one hour is suf�cient to reach steady-s tate.
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6 Results

In this chapter, the results of the revised LMPM introduced i n section 3.3 are
presented. In section 6.1, the pure water experiments for me asuring the water
permeability constant A are discussed. Afterwards in section 6.2, the salt per-
meability constant B is determined by means of boundary layer experiments.
The results are checked for plausibility in section 6.3 befo re the most impor-
tant �ndings are concluded in section 6.4.

6.1 Determination of the Water Permeability Constant

The water permeability constant A is a function of temperature and pressure,
as introduced in section 2.1.4. With pure water, A can be determined measur-
ing only water �ux and hydrostatic pressure difference as th e osmotic pressure
difference is zero.

As outlined in section 5.2.3, the pure water experiments are run with two test
cells in series (section 5.2.3). In the optical test cell, a n ew membrane (sam-
ple I) is installed. In the conventional �at sheet membrane t est cell, a pre-
compacted membrane is installed (sample II), which was alre ady used in pre-
liminary experiments at temperatures up to 40°C and pressur es up to 40 bar.

In order to determine the temperature and pressure dependen ce coef�cients
®T and ®p in equation (2.31), steady-state experiments are carried o ut at dif-
ferent temperature and pressure levels shown in �gures 6.1( a) and 6.1(b). A
maximum pressure level of 40 bar was chosen to obtain irrever sible com-
paction of the new membrane (section 5.2.3) but to minimally stress the mem-
brane before the boundary layer experiments. After irrever sible compaction
and a rest period of three days for the membrane, the experime nt is repeated
at the lowest temperature level of 24°C.
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(a) Temperature dependence at dif-
ferent pressure levels.
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(b) Pressure dependence at differ-
ent temperature levels.

Figure 6.1: Experimental raw data ( ¤ EXP) and least square �ts (lines). Sam-
ple I pre-compaction (dotted, black) and post-compaction ( dot-
ted, red). Sample II post-compaction 1 (dashed, blue) and po st-
compaction 2 (dashed, green).

The following conclusions can be drawn from the results in �g ure 6.1(a) and
6.1(b).

• Discussing the results of the sample tested in the conventi onal test cell at
T Æ24°C (blue/green), it can be stated that after irreversible compaction
the absolute value of A does not signi�cantly change anymore. This is
also true for its reversible dependence on pressure.

• Discussing the results of the sample tested in the new high p ressure test
cell at T Æ24°C (black/red), a decrease of A can be observed between
10-15% at all pressure levels during irreversible compacti on.
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6.1 Determination of the Water Permeability Constant

• While the temperature dependence is similar for both membr ane sam-
ples, no matter if compacted or not, the pressure dependence is higher
for the new membrane before irreversible compaction. This i s plausible
as irreversible and reversible compaction happen simultan eously for the
new membrane, while only reversible compaction takes place for a com-
pacted membrane. The pressure dependence is similar for bot h mem-
brane samples after compaction. These results seem plausib le and are in
accordance with the experiments of H USSAIN ET AL. [73, p. 20].

• In the compacted state, the absolute values of the water per meability
constant are slightly different for the two membrane sample s. However,
the relative deviation is in a similar range as reported in li terature (section
1.1). Thus, both membranes are assumed to be intact and undam aged.

In order to determine the correlation for A for the membrane sample in the
high pressure test cell (sample I), the data collected after irreversible com-
paction were used to derive A0 and ®p. The data collected before irreversible
compaction could be used to calculate ®T as the temperature dependence ap-
pears to be independent of the compaction state anyway.

The results are summarized in table 6.1. The values of the dif ferent coef�cients
are similar to the ones from literature presented in section 2.1.4. These data
are used to specify the water permeability constant in the CF D model used in
the subsequent analyses.

Table 6.1: Water permeability characteristics of the membrane sample I ac-
cording to equation (2.31).

Parameter Symbol Value Unit

Temperature coef�cient ®T 6.6 -
Pressure coef�cient ®p -0.0027 -
Reference water permeability constant A0 1.45¢10¡ 6 m s¡ 1 bar¡ 1

Reference pressure p0 1 bar
Reference temperature T0 298.13 K
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6.2 Determination of the Salt Permeability Constant

After measuring the water permeability constant, the salt p ermeability con-
stant can be determined according to the methodology descri bed in section
3.3. The test conditions for the steady-state boundary laye r experiments are
given in table 3.6 on page 76. The test procedure is described in section 5.2.3.

6.2.1 Sensitivity Analysis

The methodology described in section 3.3 is based on an itera tive determina-
tion of the salt permeability constant B. B is changed until the permeate �ux
of the CFD simulation corresponds to the measured permeate � ux. In order to
be able to interpret the results, a sensitivity study is carr ied out investigating
the in�uence of the water and the salt permeability constant on the permeate
�ux. The study is done with the 2D CFD model (section 3.1.2) fo r the brackish
water test conditions (table 3.6). Membrane boundary condi tion L is used, see
section 3.1.4 on page 72.

In �gure 6.2(a), the CFD results are depicted for three diffe rent salt perme-
ability constants B Æ2 ¢10¡ 7, 5 ¢10¡ 7 and 8 ¢10¡ 7 m/s. Each simulation is
carried out four times increasing the water permeability co nstant A from
A Æ1¢10¡ 6,1.3¢10¡ 6,1.7¢10¡ 6 to 2 ¢10¡ 6 m/sbar. The permeate �ux increases
with A in all cases. In �gure 6.2(a), the range of the permeate �ux ch ange due
to A is illustrated by means of error bars.
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6.2 Determination of the Salt Permeability Constant
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boundary condition M is used.

Figure 6.2: Sensitivity study and results.

From �gure 6.2(a) several conclusions can be drawn: Firstly , the CFD curves
for a speci�c B lets sense an interception with the ¢ p-axis, where j P Æ
½WA(¢ p ¡ ¢ ¼) Æ0. For a membrane with ideal separation characteristics, i. e.
B Æ0 m/s, ¢ p corresponds to the osmotic pressure of the �uid inlet ¼F,0 which
is around 8 bar for wS,F,0Æ10 g/kg. For increasing salt permeability constants
B È 0 m/s this interception point is expected to be shifted to low er pressures,
which corresponds with the results of �gure 6.2(a). For cons tant B and in-
creasing ¢ p, the permeate �ux curve faces saturation. This means that th e
hydrostatic pressure increase is more and more compensated by a simultane-
ous increase of the osmotic pressure difference across the m embrane due to a
growing concentration boundary layer.

Secondly, while B has a signi�cant in�uence on the overall permeate �ux,
the in�uence of A seems to play a minor role. In this case, the impact of a
�ux change caused by a changed net driving pressure across th e membrane is
higher than the one due to a change of the water permeability c onstant A.
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A higher water permeability constant leads to higher �uxes, especially in close
vicinity of the test cell inlet. Consequently, salt mass fra ctions increase more
signi�cantly in �ow direction. The salt mass fraction in the permeate also in-
creases but not to the same degree. Thus, the net driving pres sure is reduced
compensating the positive effect of an increased A.

In contrast to a higher water permeability constant, an incr eased salt perme-
ability constant results in a reduced osmotic pressure diff erence and an in-
creased net driving pressure across the entire membrane. Th is in�uence of the
salt permeability constant on overall permeate �ux depends on the impact of
the permeate osmotic pressure on the total net driving press ure. It becomes
more relevant the lower the net driving pressures and the hig her the feed salt
mass fractions on the membrane. In the present study, the sal t mass fractions
on the membrane become rather high due to the unobstructed ch annel geom-
etry without spacers. Furthermore, net driving pressures a re rather low com-
pared to the hydrostatic pressures. To give an estimate of th e net driving pres-
sure levels occuring in this study, an example is given:

The net driving pressure can be easily estimated from the per meate �ux for a
known value of A and an approximate water density of 1000 kg/m 3:

j̄ P [kg/hm 2]
¢0.2
¡¡! NDP [bar], for A Æ1.4¢10¡ 6m/sbar (6.1)

Considering the experimental �uxes presented in �gures 6.2 (a) and 6.2(b), the
mean net driving pressure ranges between 1 and 5 bar, which is low.

Thirdly, comparing experimental and CFD results in �gure 6. 2(a), it becomes
clear that the experimental results cannot be explained by a constant salt per-
meability constant. This observation is con�rmed by the res ult of the itera-
tive determination of B with 3D CFD according to the methodology described
in section 3.3. B increases from BW-P15 to BW-P60, see �gure 6.2(b). The it-
eration results are shown for membrane boundary condition M as they will
be needed as reference later. However, the results for bound ary condition L
are similar and lead to the same conclusions. In order to doub le-check that a
varying B is not a numerical artefact but an explanation for the experi men-
tal observation, the simulated mass transfer through the me mbrane is vali-
dated by boundary layer experiments. In section 6.2.5, the d iscussion will be

124



6.2 Determination of the Salt Permeability Constant

whether hydrostatic pressure difference ¢ p or salt mass fraction on the mem-
brane wS,F,M has the main in�uence on B. In section 6.3, a physical explana-
tion will be given.

To be able to estimate the sensitivity of the concentration b oundary layer at
the measurement position, the 3D CFD results are shown in dep endence of B
for BW-P60 in �gure 6.3. Membrane boundary condition M was us ed.
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Figure 6.3: Concentration boundary layer from CFD in dependence of B at
position P2 at the symmetry plane for BW-P60.

From B Æ2.5¢10¡ 7 m/s to B Æ7¢10¡ 7 m/s, the relative error drops to e j̄ P,rel Æ
0.3% (see equation (3.13)). The boundary layer pro�le for B Æ7¢10¡ 7 m/s (col-
ored red in in �gure 6.3) is taken as reference for two quality criteria. First, the
mean relative deviation ewS,rel of the other boundary layer pro�les w S(z) from
this reference pro�le is calculated. What turns out later is that below a certain
threshold value zth the Interferometry data cannot be evaluated anymore. For
the considered experiment BW-P60, zth is 0.66 mm. Therefore, ewS,rel takes only
wS(z) data for z È zth into account. Second, the relative deviation ewS,th,rel of
wS(zth ) from the corresponding value at the reference pro�le is eva luated. The
results for the different boundary layer pro�les depicted i n �gure 6.3 are listed
below in table 6.2. They are discussed later in context with t he experimental
boundary layer data.
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It can be concluded from changes of the concentration bounda ry layer in de-
pendence of B (�gure 6.3 and table 6.2) that the boundary layer pro�le is a
good validation criterion for the salt permeability proper ty of the membrane.
The achievable accuracy of the determination of B by means of the concen-
tration boundary layer is estimated in the next section.

Table 6.2: Comparison of concentration boundary layer data in depende nce
of B.

B ¢107 eB,rel zth ewS,th,rel ewS,rel

[m/s] [-] [-] [mm] [-]

2.500 -0.64 0.66 26.67 11.48
3.000 -0.57 0.66 24.25 10.28
3.600 -0.49 0.66 20.42 8.44
4.320 -0.38 0.66 15.66 6.30
5.184 -0.26 0.66 10.13 3.95
6.221 -0.11 0.66 3.98 1.48
7.000(¤) 0.00 0.66 0.00 0.00
(¤) Denotes the reference.
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6.2 Determination of the Salt Permeability Constant

6.2.2 Brackish Water Conditions

The boundary layer results are discussed by means of raw imag es, normalized
intensity pro�les and salt mass fraction pro�les depicted i n �gures 6.4 to 6.6.
The raw images were recorded with the optical setup describe d in section 5.1.
The normalized intensity pro�les are determined as previou sly explained by
means of �gure 3.13. The experimental salt mass fraction pro �les were derived
from the Interferometry raw data, as described in section 5. 1.2. The CFD salt
mass fraction pro�les were extracted at position P2 from the 3D data resulting
after the iteration of B described in section 3.3. A was modeled with the para-
meters listed in table 6.1. Both membrane boundary conditio ns L and M were
applied, however, only the results for M are discussed in the following as the
results for L and M are similar.

In �gure 6.4, the images recorded for the seven pressure leve ls of the BW series
are presented. For the three lowest pressure levels BW-P15, BW-P20 and BW-
P25 refractive index gradients in the boundary layer are rat her weak. There-
fore, Digital Finite Fringe Interferometry is combined wit h Schlieren. At higher
pressure levels, which lead to stronger refractive index gr adients, the Schlieren
�lter is left away. In these cases, the fanning effect is so pr ominent that it does
not only signi�cantly affect the Schlieren measurement. Th e intensity within
the boundary layer drops to zero, even above the membrane. Th is means a
loss of information, which has to be avoided. Therefore, Sha dowgraphy is used
instead of Schlieren for the measurement of these strong ref ractive index gra-
dients.

For the Schlieren and Shadowgraphy results BW-P20 to BW-P60 image distor-
tions close to the membrane are observed, as discussed in sec tion 4.2. They
can be explained by spherical aberration of the lenses in the optical setup.
This is also the reason why the simulated intensity pro�les i n �gure 6.5 con-
tinue for z Ç 0 mm. Such image distortions might have been dif�cult to com-
pensate with classical evaluation methods which neglect ra y de�ection, see
section 2.2.3.
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Figure 6.4: Raw data of Digital Finite Fringe Interferometry (index I), Schlieren
(index SC) and Shadowgraphy (index SH).

Not only the intensity based methods face limitations. With increasing refrac-
tive index gradients, a bright horizontal intensity peak ap pears in the Inter-
ferometry boundary layer images at different heights above the membrane,
see �gure 6.4. By means of an optical ray tracing simulation b ased on wave
theory (not scope of this study) it was found out that these in tensity peaks
can be explained by diffraction of light within the boundary layer itself. As al-
ready mentioned, it is possible to compensate such intensit y variations with
the Interferometry evaluation algorithm provided fringes are still detectable.
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Figure 6.5: Experimental Schlieren (BW-P15 to BW-P25) and Shadowgraph y
(BW-P35 to BW-P60) results (red, dotted lines) versus combi ned 3D
CFD & optical ray tracing results (black, solid lines).

At strong refractive index gradients, the Interferometry m easurement faces
further limitations as explained section 4.2. They make a qu antitative eval-
uation impossible below the threshold zth , which was introduced in section
6.2.1. This becomes obvious looking at the concentration bo undary layer pro-
�les presented in �gure 6.6 for BW-P25 to BW-P60. In this cont ext, another ad-
vantage of combining different optical methods emerges. Th e combination of
methods allows not only the validation of the results of the d ifferent methods
with each other. In addition, the overall measurement resol ution is extended.
With the combined method, it is possible to investigate and v alidate the full
boundary layer from bulk phase to membrane even in presence o f strong re-
fractive index gradients. Interferometry provides a direc t measure of concen-
tration in the boundary layer. Schlieren and Shadowgraphy v alidate the shape
of the boundary layer pro�le measured with Interferometry f or z È zth . And
they provide further valuable information on the boundary l ayer development
where Digital Finite Fringe Interferometry reaches its lim its.
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Figure 6.6: Experimental Digital Finite Fringe Interferometry result s (red, dot-
ted lines) versus 3D CFD results (black, solid lines).

Focusing on the quantitative results in �gures 6.5 and 6.6, i t can be stated that
the experimental and numerical results are in good agreemen t. For quanti�-
cation, the relative deviations between numerical and expe rimental results
jewS,rel j, jewS,th,rel j and |eIn ,rel j are used. They are listed in the appendix in ta-
ble C.2. Note that the relative deviation between numerical and experimen-
tal normalized image intensity I n is determined for z È 0.15 mm only. Be-
low this threshold, an interpretation of the normalized experimental intensity
data does not make sense anymore (division by intensity valu es close zero due
to diffraction patterns or the opaque test cell region). Fur thermore, speckle
noise in the boundary layer image and the according referenc e image pro-
motes scattering of the normalized intensity data. The maxi mum relative de-
viation | eIn ,rel | is less than 7.0%, which is observed for case BW-P25.

At the lowest pressure level BW-P15 the concentration pro�l es agree almost
perfectly with each other ( jewS,rel j Æ0.3%). For BW-P20 and BW-P25, the con-
centration pro�les are in good agreement except for a small o ffset in z re-
sulting in jewS,rel j ¼ 2.8%. A possible error source could be the accuracy of the
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6.2 Determination of the Salt Permeability Constant

determination of the exact membrane position z Æ0 mm.

Also at higher pressure levels, for which a potential ray pat h increase in the
boundary layer becomes more and more important, the Interfe rometry data
are in good agreement with the numerical results ( jewS,rel j · 3.1%). It is con-
cluded that the potential correction of a signi�cantly incr eased ray path (sec-
tion 5.1.2) does not become necessary as the boundary layer c annot be re-
solved where this correction might become relevant.

The Shadowgraphy data support the validity of the Interfero metry measure-
ments with | eIn ,rel j Ç 3.8%. For BW-P60, the relative deviation of the salt mass
fraction at the threshold zth Æ0.66 mm is jewS,th,rel j Æ4.5%. According to table
6.2, such a relative deviation can originate from an inaccur acy of jeB,rel j ¼12%.
The maximum relative deviation occurs for BW-P45 with jewS,th,rel j Æ 9.1%,
which corresponds to a possible inaccuracy of jeB,rel j ¼23%.

6.2.3 Sea Water Conditions

For further investigations, experiments were carried out w ith the same setup
and the same membrane sample (sample I, see section 6.1) but w ith sea water
at three different pressure levels. These test conditions w ere included already
in table 3.6 on page 76. The main differences between the brac kish and the
sea water experiments are different feed salt mass fraction distributions on
the membrane for similar pressure levels and higher salt mas s fractions in the
permeate.

Figure 6.7 shows the results of the quantitative evaluation of Digital Finite
Fringe Interferometry as well as Shadowgraphy. The Schlier en technique was
not applied here due to strong fanning.
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Figure 6.7: Experimental results (red, dotted lines) for Digital Finit e Fringe In-
terferometry (top) and Shadowgraphy (bottom) versus combi ned
3D CFD & optical ray tracing results (black, solid lines).

At all pressure levels experimental and numerical results a gree well for Inter-
ferometry and Shadowgraphy ( jewS,rel j Ç 2.6% and jeIn ,rel j Ç 4.7%). In the ap-
pendix, the data are listed for each experiment separately i n table C.2 on page
170.

In the next section, an overview of the results of the brackis h and sea water
experiments is given including the salt permeability const ant data.

6.2.4 Summary of Results

In order to validate the water and salt transport through the membrane, con-
centration boundary layer data from CFD and experiments wer e compared
with each other. The mean relative deviation between CFD and Digital Fi-
nite Fringe Interferometry measurements is | ēwS,rel j Æ0.4%. For a single ex-
periment the maximum error is jewS,rel j Æ3.1%.
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6.2 Determination of the Salt Permeability Constant

The comparison can also be made on the basis of normalized int ensity pro�les
for Schlieren and Shadowgraphy. The mean relative deviatio n between the nu-
merical and the experimental normalized intensities is | ēIn ,rel j Æ3.4% for all
experiments. For Schlieren the mean relative deviation | ēIn ,rel j Æ4.8% is higher
than for the Shadowgraphy | ēIn ,rel j Æ1.4%. The two main reasons for this differ-
ence might be the Schlieren �lter as additional source of mea surement noise
and the lower absolute intensity level at the camera for the S chlieren exper-
iments leading to lower signal to noise ratios. The good agre ement between
the results allows the statement that the optical measureme nt data serve well
for validation for the CFD results.

In �gure 6.8, the resulting salt permeability constant data of the brackish water
and sea water pressure series are put in context and plotted i n dependence
of the mean feed salt mass fraction on the entire membrane. Be sides, mean
permeate salt mass fractions and hydrostatic pressure diff erences across the
membrane are given. The results are discussed in the next sec tion.
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¢ p = 25 bar, w̄S,P= 3.9 g/kg
¢ p = 35 bar, w̄S,P= 4.7 g/kg
¢ p = 44 bar, w̄S,P= 5.8 g/kg
¢ p = 54 bar, w̄S,P= 6.5 g/kg
¢ p = 60 bar, w̄S,P= 7.1 g/kg
¢ p = 45 bar, w̄S,P= 16.9 g/kg
¢ p = 55 bar, w̄S,P= 17.9 g/kg
¢ p = 60 bar, w̄S,P= 18.5 g/kg

Figure 6.8: Brackish water results for membrane boundary condition L (b lue)
and M (cyan), sea water results for membrane boundary condit ion
M (black).
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6.2.5 Discussion of Results

The results shown in �gure 6.8 allow to formulate two hypothe ses.

6.2.5.1 Hypothesis I: Salt Permeability Constant as a Funct ion of Pressure

A dependence of the salt permeability constant on pressure c an be assumed
taking only the brackish water (BW) pressure series into acc ount, see �g-
ures 6.2(b) and 6.8. The salt permeability seems to increase almost linearly
with pressure. If the tested membrane is not fully intact hav ing imperfections
like small holes, convective �ow through these holes could o ccur. Parallel to
the diffusive salt �ux through the membrane, a convective �u x could explain
the pressure dependence of the salt �ux. Modeling the membra ne with the
Solution-Diffusion model not taking into account membrane imperfections
have to result in a salt permeability constant B increasing with pressure. How-
ever, this also means that B should be higher for higher feed salt mass fractions
provided very similar driving forces for convective and dif fusive transport, i.e.
¢ p and ¢ wS across the membrane are similar. Taking the sea water result s
into account and comparing SW-P60 with BW-P60, which are mos t similar in
¢ p and ¢ wS Æw̄S,F,M ¡ w̄S,P, the hypothesis that pressure in�uences B can be
rejected. For SW-60 the salt permeability constant B is not higher but at the
same level as BW-P60, see �gure 6.8.

The pure water membrane tests shown in �gure 6.1(b) provide a nother rea-
son to reject the hypothesis of abnormal membrane performan ce due to
imperfections. If the membrane had imperfections allowing convective �ow
through the membrane, the pressure dependence of the water p ermeability
constant would also show abnormal behaviour. However, this is not the case.
The membrane sample tested in the optical test cell showed th e same pres-
sure dependence in the compacted state as the reference memb rane sample
tested simultaneously in a conventional �at sheet test cell , see section 6.1.

To further back up the assumption that membrane imperfectio ns do not play
a role in this study, a 2D CFD model was employed not taking int o account
the detailed inlet geometry of the test cell. The imperfecti ons are modeled by
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6.2 Determination of the Salt Permeability Constant

seven membrane sections with elevated salt permeability co nstants (1 mm
width). A local increase of B by a factor of 10 is assumed. This approach is
certainly very simple but is considered suitable to get at le ast an estimate of
the in�uence of imperfections on the boundary layer develop ment. The result
for BW-P60 is depicted in �gure 6.9.
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Figure 6.9: 2D CFD study on sensitivity of boundary layer to local imperf ec-
tions modeled by a local increase of B by a factor of 10 in mem-
brane sections of 1 mm width (highlighted by red arrows).

Figure 6.9 shows that the boundary layer development from ch annel inlet
(y Æ180 mm) to outlet is signi�cantly obstructed by the seven reg ions with
modeled imperfections. It may be reasonable to assume that b oundary layer
measurements can detect imperfections which have a signi�c ant in�uence
on B, at least when they are located upstream of the actual optica l measure-
ment position. In this case experimental and numerical boun dary layer results
would not agree very well, which is not the case in the present study.
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6.2.5.2 Hypothesis II: Salt Permeability Constant as a Func tion of Salinity

The interpretation of �gure 6.8 allows a second hypothesis: There is a positive
trend of the salt permeability constant for increasing feed salt mass fractions
on the membrane. This would mean a local variation of membran e perfor-
mance.

In section 2.1.4.4, three possible reasons were given for a d ependence of the
salt permeability constant on salinity. One of them was the c oncentration de-
pendence of Fick's diffusivity which linearly contributes to the salt permeabi-
lity constant. However, the low sensitivity of the thermody namic correction
factor on salinity shown in �gure 2.9 cannot explain the larg e change of B pre-
sented in �gure 6.8.

Another reason for a salinity dependent salt permeability c onstant can be
membrane charge claimed by B ARTELS ET AL. [10] and T ORAY INDUSTRIES

I NC. [137]. The results depicted in �gure 6.8 seem to complement the data
of BARTELS ET AL. [10] shown in �gure 2.8 with salt permeability constant dat a
at higher salinities. B ARTELS ET AL. [10] tested also a PA TFC membrane.

The third potential reason discussed in section 2.1.4.4 was the coupling of salt
and water transport in the membrane. This phenomenon become s more im-
portant with increasing salt mass fractions inside the memb rane but is not
taken into account by the SDM model.

Besides the membrane charge effect the coupling of salt and w ater transport
is considered a possible physical explanation for a salinit y dependence of the
salt permeability constant. Which transport phenomenon is responsible for
the results shown in �gure 6.8 is analyzed by means of the Maxw ell-Stefan
modeling approach (section 2.1.5) in the following section .
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6.3 Plausibility Check of Results

6.3 Plausibility Check of Results

In section 2.1.5, the Maxwell-Stefan model was described in cluding an ap-
proach for taking a salinity sensitive salt solubility into account. In total, nine
parameters are necessary to describe membrane transport wi th this model. In
section 2.1.6, an overview of literature data for these nine parameters is given.
For the value of each Maxwell-Stefan membrane parameter onl y a value range
can be given. In order to narrow down this range to a speci�c va lue for each
membrane parameter, a multi-objective parameter optimiza tion will be per-
formed. It is described in detail in the following section.

It is important to mention here that the primary purpose of th e following study
is not to �nd the one unambigous solution for the set of nine Ma xwell-Stefan
membrane parameters. Instead, the question is to be answere d if a set of nine
membrane parameters exists which is able to describe the phy sics behind the
experimental results presented in section 6.2.4. The resul ts will allow to eval-
uate the two hypotheses:

1. The characteristic of the salt permeability constant B (section 6.2.4) can
be explained by coupled salt and water mass transport.

2. The characteristic of the salt permeability constant B (section 6.2.4) can
be explained by membrane charge effects.

6.3.1 Methodology

Figure 6.10 gives an overview of the multi-objective parame ter optimization
problem. The goal is to determine the nine membrane model par ameters
shown in the center of �gure 6.10.

For known membrane model parameters and given boundary cond itions
(¢ p, T , wS,F and wS,P), salt and water mass �ux j S and j W can be calculated.
In this study, the nine Maxwell-Stefan membrane parameters are not known
in contrast to the �uxes j S and j W, which are taken from the CFD results
presented in section 6.2. The literature review in section 2 .1.6 results in an
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a-priori knowledge about the realistic range of the membran e parameters. In
�gure 6.10, the membrane parameters DSW to M M are sorted from left to right
according to the a-priori knowledge from high to low.
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Figure 6.10: Overview of the multi-objective parameter optimization pr ob-
lem.

This allows to set upper and lower physically reasonable con straints for each
of the nine membrane parameters [ lb , ub ]. Consequently, a solver is needed
for a constrained optimization problem to access these membrane paramters.
For this the MATLAB ® solver fmincon is used. This solver is gradient-based
and designed for constrained non-linear optimization prob lems [170]. It min-
imizes the scalar value of the residual R of a user-de�ned error function, which
represents the membrane model in our case.

As input for the solver data of BW-P15 and SW-P60 are chosen, s ee table 3.6
on page 76. These two test cases represent the boundaries for salt permeabi-
lity constants in the investigated salinity range, see �gur e 6.8 on page 133. The
other eight test cases (BW-20 to BW-60, SW-P45 and SW-P50) are used to check
the validity of the membrane parameters, which are determin ed by the multi-
objective parameter optimization algorithm. The test cond itions listed in ta-
ble 3.6 as well as the CFD results for feed and permeate salt ma ss fraction on
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6.3 Plausibility Check of Results

both sides of the membrane active layer are input for the opti mization solver.
For the analyses, surface-averaged values of the CFD result s are used.

The global residual R, which is to be minimized, is based on the mean water
and salt �uxes j̄ W and j̄ S. The relative deviations between the Maxwell-Stefan
model results j̄MS

W and j̄MS
S and the SDM CFD data j̄SD,it

W and j̄SD,it
S are used to

calculate two residuals r j̄ W,i and r j̄ S,i for each test case i . Altogether, the single
residual terms form the residual vector r . Its second norm is the global resid-
ual R Æ krk. In �gure 6.10, the circular arrow around the membrane param e-
ters indicates their iterative optimization to reach the mi nimum of the global
residual min( krk).

To evaluate if the constrained solver �nds only the closest m inimum to its ar-
bitrary starting point instead of the global minimum, its so lution is double-
checked via the unconstrained solver fminsearch (not gradient based, direct
search method [96, 169]). Furthermore, the absolute value o f the global resid-
ual R is taken as indicator. When the residual reaches a value clos e to zero, a
global minimum is likely. As additional quality check the de termined mem-
brane parameters are grouped to new sets of parameters, whic h are subse-
quently validated by literature data, see section 2.1.6 and appendix D. It is
likely that mathematical artefacts would become apparent i n this step but this
cannot be not guaranteed.

The determination of the Maxwell-Stefan membrane model par ameters is car-
ried out for two model variants. The �rst variant takes charg e effects into ac-
count ( Â 6Æ0, KS 6Æconst.). The second variant neglects charge effects ( Â Æ0,
KS ÆKS,1 = const.). For both variants the coupled mass �uxes j W and j S can be
compared with the decoupled ones j W,WPart and j S,SPart neglecting j W,SPart and
j S,WPart (compare equations (2.43) to (2.50)).

Additionally, the Maxwell-Stefan model results will be com pared to SDM re-
sults which are calculated with the 3D CFD model in combinati on with a salin-
ity dependent salt permeability constant B Æf (w E

S,F,M). In this way, the step is
made from uniform to locally varying membrane properties. F rom the results
presented in �gure 6.8 on page 133, a linear function for B was derived as-
suming saturation at B Æ7.344¢10¡ 7 m/s. Note that the results calculated with
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membrane boundary condition L were used.

6.3.2 Physical Explanation for Results

In the following, the Maxwell-Stefan membrane model varian ts with and with-
out charge effects are tested. It will turn out that the varia nt with membrane
charge is capable to explain the dependence of the salt perme ability con-
stant B on salinity. This conclusion cannot be drawn from the varian t without
charge effects. The reasons supporting these statements ar e explained in the
following.

First of all, the constraints for the nine membrane paramete rs are derived
from the literature review results summarized in table 2.1 o n page 42. Table
6.3 contains the initial guess and the lower and upper bounds for each para-
meter.

Table 6.3: Membrane parameters: initial guess x0, lower bound lb , upper
bound ub and result xR for the Maxwell-Stefan model with charge
effects.

Parameter Unit x 0 lb ub x R

DSM
m2

s 7¢10¡ 14 0.8¢10¡ 14 10.7¢10¡ 14 10.6396¢10¡ 14

DWM
m2

s 2¢10¡ 10 1.2¢10¡ 10 8¢10¡ 10 1.2467¢10¡ 10

DSW
m2

s 1.6119¢10¡ 9 1.6119¢10¡ 9 1.6119¢10¡ 9 1.6119¢10¡ 9

M̄M
kg

mol 0.6 0.03 10 0.0593

¢ l M m 100 ¢10¡ 9 10¢10¡ 9 200¢10¡ 9 85.8601¢10¡ 9

KS,1 - 0.1 0.0001 1 0.4552

KW,° - 0.25 0.1 20 0.5974

Â mol
l 0.3 0.2 0.35 0.3458

½M

½E - 1.24 1.2 1.4 1.2275

Note that for the MATLAB ® solver, scaling of the parameters in table 6.3 was
required to avoid limitations due to machine precision.
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6.3 Plausibility Check of Results

For the model with charge effects, the residual R reaches almost zero (R Æ
1.05¢10¡ 5). For the case without charge effects, the minimum is severa l or-
ders of magnitude higher ( R Æ0.51). To double-check the results, the un-
constrained solver fminsearch was fed with the respective results of the
constrained solver. For the model variant with membrane cha rge, the solu-
tion of the unconstrained solver is almost identical with th e one of the con-
strained solver ( xR, see table 6.3). The change of all parameters is negligibly
small. The parameter which changes mostly with 2% of its the o riginal value is
the Maxwell-Stefan diffusivity DSW. In the case without charge effects, the un-
constrained solver ends up with R Æ 0.50, but with unreasonable results for
some parameters. As the model without charge effects does ac count for cou-
pled mass transport, this result is a �rst indicator that mas s transport coupling
might not be able to explain the change of B.

As next step, the determined membrane parameters are checke d for validity.
The optimization was carried out for BW-P15 and SW-P60. If th e result xR for
the nine membrane model parameters is valid, it must be possi ble to predict
the �ux results of the other eight cases.

The results are shown in �gure 6.11. BW-P15 and SW-P60, which served as
input for the optimization, are also included (red circles) . For water and salt
�ux, the relative deviation between the Maxwell-Stefan res ults and the orig-
inal, iteratively determined Solution-Diffusion results (denoted by SD,it) are
presented. Three Maxwell-Stefan (MS) model variants are co nsidered:

• with charge and coupled (superscript MS,cc),

• with charge and decoupled (superscript MS,cd) and

• without charge and coupled (superscript MS,nc).

Moreover, the 3D CFD results calculated with the SDM model us ing a corre-
lation for the salt permeability constant B Æf (w E

S,F,M) are included in �gure
6.11. They have the superscript SD,ws. In order to put all res ults in context
with the experimental permeate �ux data, water and salt �ux w ere calculated
from the experimental permeate �ux data and the simultated p ermeate salt
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mass fractions presented in section 6.2.4. These data are de noted by EXP in
�gure 6.11.
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Figure 6.11: Relative deviation of different membrane modeling variant s
compared to the original 3D CFD results (superscript SD,it) .

In the following, the results depicted in �gure 6.11 are disc ussed.

Model Variant MS,cc
The average and the maximum error | e j̄ W,rel | of the water �uxes is 0.6% and
7.6%, respectively. The error of the salt �uxes | e j̄ S,rel | is 1.7% in average and
maximum 17.7%. In comparison, the average error relative to the experimen-
tal data is 1.5%.

Model Variant MS,cd
The results for the Maxwell-Stefan model with coupled and de coupled mass
�ux are almost identical. Taking the coupling terms j W,SPart and j S,WPart into ac-
count in the calculation of the total �uxes j W and j S has no bene�t, see equa-
tions (2.43) to (2.50). The in�uence of the coupling terms on the total �ux is
negligible small.
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Model Variant MS,nc
The error of the water �uxes | e j̄ W,rel | is 2.7% in average and maximum 12.4%.
The average and maximum error | e j̄ S,rel | of the salt �uxes is 27.4% and 50.5%,
respectively. Both average and maximum error are high for th is model vari-
ant, especially for the salt �ux taking the experimental dat a EXP as reference.
These high relative errors explain also the high residual R for this model vari-
ant, which was discussed above.

Concluding on the basis of the results above, it can be stated that it is likely
that the results presented in section 6.2.4 can be explained membrane charge
effects. For the model variant without charge effects the �u x data are not pre-
dicted with acceptable accuracy. Taking into account mass t ransport coupling
does not change the results. It can be concluded that coupled mass transport
is unlikely to play a relevant for the modeling RO membranes, at least not for
the investigated operation range. This �nding supports the validity of the SDM
assumption of binary mass transport inside the membrane. Th e data based on
membrane charge effects are analyzed further in the followi ng.

Model Variant SD,ws
The 3D CFD results calculated with the SDM model with the sali nity depen-
dent correlation for the salt permeability constant B Æf (w E

S,F,M) support the
conclusions above. In �gure 6.11, the error of the water �uxe s |e j̄ W,rel | is 1.1%
in average and the maximum is 3.7%. The error of the salt �uxes |e j̄ S,rel | is 3.7%
in average and the maximum is 9.1%. Besides a comparison of nu merical and
experimental permeate �ux data a validation based on bounda ry layer data is
possible in this case, see tables C.1 and C.2 as well as �gures C.1, C.2 and C.3 in
the appendix. The errors are low: | ē j̄ P,rel j Æ0.3%, je j̄ P,rel j Ç 3.3%, jēwS,rel j Æ0.4%
and |ēIn ,rel j Æ3.6%. This further supports the hypothesis that there is a de pen-
dence of the salt permeability constant B on salinity.

Salt and Water Permeability Constants
In �gure 6.12, the data for salt and water permeability const ants are compared
amongst each other. First of all, there are the salt permeabi lity constant data
denoted by SD,it. They were iteratively determined with the 3D CFD simula-
tion using membrane boundary condition M. Second, there is t he mentioned
linear approximation function denoted by SD,ws with satura tion at maximum

143



Results

salt mass fractions. Third, there are the salt permeability constant data cal-
culated from the Maxwell-Stefan model variants which inclu de membrane
charge effects. These results are presented for both couple d and decoupled
mass transport.
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Figure 6.12: Comparison of salt and water permeability constants.

The salinity dependence of the salt permeability constant p redicted by the
Maxwell-Stefan membrane model with charge effects is not as strong as the
original CFD data (SD,it) let assume. However, both data set s are in good
agreement showing an average relative deviation jēB,rel j Æ22.3% between each
other. A possible explanation for the apparent increasing d eviation towards
higher salt mass fractions might be that thermodynamic corr ection factors
were not included in the model. Their relevance grows with in creasing salt
mass fraction.

An additional parameter suitable for validity checks is the water permeability
constant A. It was also calculated from the Maxwell-Stefan model varia nt with
charge effects and can be compared with the experimental dat a from section
6.1 (with superscript EXP). While the trends for experiment al data and mem-
brane model results are almost identical, an average deviat ion of 12.9% related
to the experimental data is observed. This is still reasonab le considering the
low sensitivity of the permeate �ux on A (section 6.2.1).
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Derivation of New Parameter Sets
For the next validity check, the parameters used by G EISE ET AL. [55] are de-
rived from the membrane parameters determined in this study .

In 2011, GEISE ET AL. [55] gave an overview of selected polymer membrane
characteristics in desalination. They present the data in f orm of selectivities as
it is known from gas separation literature [109, p. 449]. The y assume that there
is an empirical upper bound for salt and water separation cha racteristics of
polymers due to a trade-off between permeability and select ivity [55, p. 135].

The data of G EISE ET AL. [55] are to be used in the following to validate the
results for the MS model parameters. In accordance with G EISE ET AL. [55],
selectivities are calculated (see appendix D for details). In �gure 6.13, the wa-
ter/NaCl solubility selectivity ( KW

KS
), the water/NaCl diffusivity selectivity ( DW

DS
)

and the water/NaCl permeability selectivity ( PW
PS

) are presented. Furthermore,
literature data of membranes with material properties simi lar to the mem-
brane tested in this study are included. The upper bounds pro posed by GEISE

ET AL. [55] are also shown (black solid lines).
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Figure 6.13: Modeling results determined with a Maxwell-Stefan approac h in-
cluding membrane charge effects in context with literature data.

The results presented in �gure 6.13 allow to conclude that th e membrane pa-
rameters determined in this study are in accordance with lit erature data. The
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depicted data do not exceed the empirical upper bounds propo sed by GEISE

ET AL. [55] and seem physically reasonable.

Salt Solubility
By means of salt solubility KS the salinity dependent salt permeability con-
stant can be explained. Based on the Maxwell-Stefan model da ta, it can be

evaluated separately for the feed and the permeate side ( KS,FÆ
° E

S,F

° M
S,F

cM
F

cE
F

and

KS,P Æ
° E

S,P

° M
S,P

cM
P

cE
P

). The resulting data are depicted in �gure 6.14 in dependenc e of

the salt mass fraction in the external solution, including b oth feed and perme-
ate side.
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Figure 6.14: Salt solubility in dependence of salt mass fraction in the ex ternal
solution.

The salinity range, for which data are available, reaches fr om the mini-
mum permeate salt mass fraction to the maximum feed salt mass fraction
(wS Æ3.1...81 g/kg). In �gure 6.14, a strong dependence of the sal t solubility KS

on salinity can be seen. Furthermore, after an approximatel y linear increase
for wS < 20 g/kg, a trend towards saturation can be observed at highe r salt
mass fractions. Similarly, a saturation level seems to exis t also for B at high
salt mass fractions, see �gure 6.8 (page 133), which might be explained by
KS. Moreover, the salt solubility results explain how the salt solubility data
of FROMMER ET AL. [52] (KS Æ0.23) and STRATHMANN and M ICHAELS [163]
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(KS Æ0.024) can be linked with each other. Assuming a salinity dep endent salt
solubility the difference of one order of magnitude between the salt solubility
data of F ROMMER ET AL. [52] and STRATHMANN and M ICHAELS [163] can be
reproduced.

6.4 Conclusion

Based on the outcome of the previous section the following co nclusions with
respect to the revised LMPM can be drawn:

It was shown that the membrane performance data determined b y means of
the method outlined in section 3.3 are physically correct. I t can be concluded
that the proposed method is suitable for membrane character ization. The in-
tegration of the CFD model in the revised LMPM allowed to acco unt for lo-
cal transport phenomena like a salinity sensitive salt perm eability constant B.
The CFD and experimental results agree well for both permeat e �uxes and
boundary layer pro�les. The low errors of boundary layer pro �les allow to
state that validation of water and salt mass transport on a lo cal scale (line-
of-sight averaged) was successful.

A possible physical explanation for the dependence of the sa lt permeability
constant on an operating parameter was found. All indicatio ns suggest that
the electrical charge density of the investigated membrane type has to be
taken into account. In the present study, a brackish water lo w fouling TFC
polyamide RO membrane was tested. The results support the �n dings of B AR-
TELS ET AL. [10], who investigated also a brackish water RO membrane bu t in
a lower salinity range. The literature review presented in s ection 2.1.6 showed
that the electrical charge density of cellulose acetate (CA ) membranes is two
orders of magnitude lower than of polyamide (PA) membranes. During the de-
velopment of the SDM, only CA membranes were available. This might explain
why charge effects are not standardly taken into account by t he SDM.

The dependence of the salt permeability constant on salinit y can be attributed
to the salt solubility KS. For the salinity range investigated in this study ( w S Æ
3.1...81 g/kg), it shows a linear increase for brackish wate r concentration levels
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wS < 20 g/kg and runs into saturation towards higher salt mass fr actions. The
positive effect of negative membrane charge on the membrane salt separation
characteristic is increasingly compensated by an increasi ng amount of ions in
the external solution. The salt solubility data determined in the present study
are the link between the data of F ROMMER ET AL. [52] and STRATHMANN and
M ICHAELS [163], which differ one order of magnitude.

It could be shown that detailed membrane modeling is not nece ssarily needed
to take the charge effect into account. It can simply be integ rated in the stan-
dard SDM by a salinity dependent correlation for the salt per meability con-
stant B. The CFD results determined with this correlation were in go od agree-
ment with the measured permeate �uxes and concentration bou ndary layers.

Coupled water and salt mass transport was also investigated for the tested RO
membrane. It was studied by means of a Maxwell-Stefan membra ne modeling
approach. Although it might not generally be concluded that coupled mass
transport does not play a role in entire the RO operating wind ow, no evidence
for its relevance was found in the presented study.
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7 Summary

The present study describes a new methodology for the invers e determination
of RO membrane performance on a local scale. Motivation for t his method
was the local variation of RO membrane performance, which ca nnot be mea-
sured by means of conventional lab-scale membrane tests tha t provide only
global, surface-averaged membrane performance data.

The main outcome of this study is the following:

• A membrane test cell design was introduced which allows to o ptically
investigate concentration boundary layers at typical RO op erating pres-
sures around 60 bar.

• By means of boundary layer theory it was shown that the combi nation of
Interferometry, Schlieren and Shadowgraphy is ideally sui ted to measure
in-situ local mass transport ( j P and wS,P) and membrane parameters ( A
and B). Furthermore, the simultaneous application of multiple o ptical
methods in one setup has the advantage of achieving higher me asure-
ment resolutions to quantify boundary layer pro�les.

• The previously published LMPM [91] for the determination o f membrane
model speci�c local membrane parameters was tested in a proo f of con-
cept study. It was shown that the method has high potential to quantify
local permeate �uxes j P. However, only low accuracy was achieved for lo-
cal permeate salt mass fraction data w S,P. With the pursued experimental
methods and tools, an investigation of the local membrane pa rameters
was not possible before a revision of the methodology.

• The revised LMPM combines the three optical methods with 3D com-
putational �uid dynamics (CFD) and optical ray tracing. CFD is needed
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to inversely determine membrane properties from mass trans port mea-
surements. While surface-averaged permeate �ux j̄ P measurement data
are used to determine membrane permeability constants, opt ical bound-
ary layer measurements make a validation with line-of-sigh t averaged
data possible. 3D CFD allows to study membrane transport phe nom-
ena at an even higher resolution depending on the mesh densit y. In the
present study, the minimum local resolution ranges between 10¡ 5 and
10¡ 4 m.

• The developed optical ray tracing tool allowed to overcome limitations
of classical Schlieren and Shadowgraphy. A quantitative co mparison of
numerical and experimental boundary layer data was possibl e even in
presence of strong refractive index gradients in combinati on with ob-
structing optical phenomena (diffraction, fanning, spher ical aberration).
It was avoided to compare numerical concentration pro�les w ith biased
results derived from noisy light intensity measurements of Schlieren or
Shadowgraphy experiments. Instead, normalized experimen tal and nu-
merical light intensities were directly compared after sim ulating light
propagation through the boundary layer to the camera.

• The revised LMPM was applied to a TCF PA brackish water RO mem -
brane. Numerical and experimental data are in good agreemen t for
both permeate �ux and concentration boundary layer. Tests w ere car-
ried out for brackish and sea water salinity conditions at pr essures up
to ¢ p Æ 60 bar and temperatures around T Æ30°C. Sea water condi-
tions are by de�nition not typical for brackish water membra nes but al-
lowed to study an interesting salt mass transport phenomeno n. For the
investigated operating conditions, salt permeability con stants between
B ¼3¢10¡ 7 m/s and B ¼7¢10¡ 7 m/s were determined. An almost linear
dependence of B on salinity was observed with a trend towards satura-
tion above brackish water salinities.

• By means of a Maxwell-Stefan modeling approach, different transport
phenomena were investigated. While coupled salt and water m ass trans-
port inside the membrane played a minor role, the electrical charge den-
sity of the PA layer explained the observation made. The salt solubility
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results determined in the this study �ll the data gap between FROMMER

ET AL. [52] and STRATHMANN and M ICHAELS [163], which differ one or-
der of magnitude. The salt permeability constant results co mplement the
�ndings of G EISE ET AL. [55] and B ARTELS ET AL. [10].
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8 Outlook

As an outlook on future work the following topics are to be men tioned:

• In this study, a membrane test cell design was presented whi ch made op-
tical investigations at high pressure possible without dam aging the mem-
brane during assembly. Based on the presented design soluti ons for the
integration of the glass windows into a high pressure membra ne test cell,
future studies can focus on a test cell design with full optic al access to the
channel geometry. It is recommended to make two channel wall s out of
glass avoiding cavities and allowing quantitative boundar y layer investi-
gations along the entire channel length.

• The revised LMPM was applied to a rectangular, spacer-free channel ge-
ometry. However, the integration of CFD in the methodology a llows the
application of the method to any channel geometry and any mem brane
type provided that a boundary layer on the membrane can be mea sured.
Thus optical access normal to the refractive index gradient in the bound-
ary layer is needed.

• The applied optical methods are not only suited to quantify concentra-
tion or temperature boundary layers, respectively. The gro wth of opaque
layers on the membranes can be detected as well. The simultan eous
quanti�cation of the growth of cake layers (UF/MF) or bio�lm s (any
membrane process) as well as concentration boundary layers should be
possible. This might provide valuable insight to coupled lo cal mass trans-
port phenomena in membranes.

• While working on the optical measurement of boundary layer s, �rst steps
were made with optical simulations based on wave theory. It i s recom-
mended to study diffraction patterns as actual measurement target for
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boundary layer measurements. These patterns are unique for the inves-
tigated boundary layer. The location and intensity of fring es caused by
diffraction might serve as qualitative or even quantitativ e measurement
data to characterize the boundary layer.
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A Chemical Potential at the Interface of
External Solution and Membrane

The salt solubility is derived assuming that the chemical po tential is a contin-
uous function linking external solution and membrane phase . The sorption
equilibrium for NaCl is [111, p. 41]:

NaÅE
Å Cl¡

E
$ NaÅM

Å Cl¡
M

(A.1)

¹ E
NaÅ Å ¹ E

Cl¡ Æ¹ M
NaÅ Å ¹ M

Cl¡ (A.2)

ln aE
NaÅ Å ln aE

Cl¡ Æln aM
NaÅ Å ln aM

Cl¡ (A.3)

ln( aE
NaÅ ¢aE

Cl¡ ) Æln( aM
NaÅ ¢aM

Cl¡ ) (A.4)

According to M ERTEN [111, p. 41], the activity is substituted as follows:

° E2
§ ¢cE2

NaCl Æ° M2
§ ¢cM

NaÅ ¢cM
Cl¡ (A.5)

However, the correct expression should read as follows:

° E2
§ ¢xE2

NaCl Æ° M2
§ ¢xM

NaÅ ¢xM
Cl¡ (A.6)
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NaCl

cE2
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NaÅ ¢cM
Cl¡

cM2
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B Fluid Properties

B.1 Correlation for Refractive Index

The refractive index correlation applied in this study was d etermined as fol-
lows:

1. Measurement of refractive index in dependence of salinit y, temperature
and wavelength according to table B.1.

2. Least-square �t of the experimental refractive index dat a to the polyno-
mial of M ILLARD and SEAVER [115] assuming that their correlation for
sea water models the pressure dependence correctly also for an aqueous
NaCl solution.

Table B.1: Test conditions for refractive index experiments.

Parameter Unit Value Repetitions

Salt concentration gNaCl
kgH2O

0, 5, 10, ...40, 100, 150, ..., 300 -

Temperature °C 15, 20, ..., 60 3

Wavelength nm 435.9, 486.3, 513.2, 532.1, 546.9, 589.3, 633.1,
655.9

3

The measurements were conducted with an Abbemat MW Multiple Wave-
lengths refractometer [6]. The refractometer has a refract ive index resolution
of § 0.000001. Its Peltier thermostat maintained the temperatu re of the probes
with an accuracy of § 0.03°C guaranteeing a stability of § 0.002°C [6]. The aque-
ous NaCl solutions were prepared by mixing NaCl and pure wate r samples
weighed on a Sartorius scale of type MC1-RC-210-D-Typ-KB wi th an accuracy
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of 0.1 mg. The CAS-Nr. 7647-14-5 NaCl salt has chemically pur e quality and
was ordered from D IACLEAN GMB H [33].

The pure water used in the experiments was produced with a Tru nz Brackish
Water Box RO Plant [175] via desalination of the soft tap wate r available at the
institute. The pure water quality was checked on a random bas is. It can be
stated that the average conductivity of the pure water was 16 .4 ¹ S/cm with a
standard deviation of 13.0 ¹ S/cm at an average temperature of 21.5 § 2.7°C.

The 3600 experimental data points of the refractive index me asurements were
�tted to equation B.1.

n Æa1 ¡ a2 ¢̧ 2 Å a3 ¢
1

¸ 2
Å a4 ¢

1

¸ 4
Å a5 ¢

1

¸ 6
¡ a6 ¢T ¡ a7 ¢T 2 Å a8 ¢T 3 ¡ a9 ¢T 4

Å a10 ¢̧ Å a11 ¢T 2 ¢̧ Å a12 ¢T 3 ¢̧ Å a13 ¢w SÅ a14 ¢wS¢
1

¸ 2

Å a15 ¢w S¢T Å a16 ¢w S¢T 2 Å a17 ¢wS¢T 3 Å a18 ¢w S¢T ¢̧

Å a19 ¢p Å a20 ¢p2 Å a21 ¢p2 ¢
1

¸ 2
Å a22 ¢p ¢T Å a23 ¢p ¢T 2 Å a24 ¢p2 ¢T 2

Å a25 ¢p ¢wSÅ a26 ¢p ¢wS¢T Å a27 ¢p ¢w S¢T 2 (B.1)

The variables of this empirical equation have the following units: p [dbar],
¸ [¹ m ], T [±C] and wS [g/kg]. The resulting coef�cients ai are listed in table
B.2. A correlation coef�cient of R Æ99.99% is achieved. The adjusted correla-
tion coef�cient, which additionally accounts for the numbe r of terms in view
of signi�cance, is Radj Æ99.99%. Such a high value con�rms that this equation
is very well suited to describe both the refractive index of s ea water and the
deployed aqueous NaCl solution.

The mean standard deviation for the 1200 refractive index da ta sets with three
repetitions each is 1.82 ¢10¡ 6. The median standard deviation is 1.00 ¢10¡ 6. Only
for 11 data sets the deviation exceeded the magnitude of 10 ¡ 5 with a maximum
value of 2.01 ¢10¡ 5.
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B.2 Correlation for Density

Table B.2: Empirical coef�cients of refractive index equation B.1.

Parameter Millard and Seaver [115] This Study

a1 1.3280657 1.3285017
a2 4.554¢10¡ 3 4.837¢10¡ 3

a3 2.547¢10¡ 3 2.168¢10¡ 3

a4 7.502¢10¡ 6 8.726¢10¡ 5

a5 2.803¢10¡ 6 -3.335¢10¡ 6

a6 5.288¢10¡ 6 -3.042¢10¡ 5

a7 3.074¢10¡ 6 5.387¢10¡ 6

a8 3.012¢10¡ 8 7.506¢10¡ 8

a9 2.088¢10¡ 10 4.561¢10¡ 10

a10 1.051¢10¡ 5 9.099¢10¡ 6

a11 2.128¢10¡ 7 4.194¢10¡ 7

a12 1.706¢10¡ 9 4.787¢10¡ 9

a13 1.903¢10¡ 4 1.772¢10¡ 4

a14 2.424¢10¡ 6 3.644¢10¡ 6

a15 7.396¢10¡ 7 6.935¢10¡ 7

a16 8.982¢10¡ 9 1.148¢10¡ 8

a17 1.208¢10¡ 10 -6.936¢10¡ 11

a18 3.589¢10¡ 7 -2.718¢10¡ 8

a19 1.587¢10¡ 6 1.587¢10¡ 6

a20 1.574¢10¡ 11 1.574¢10¡ 11

a21 1.071¢10¡ 8 1.071¢10¡ 8

a22 9.483¢10¡ 9 9.483¢10¡ 9

a23 1.010¢10¡ 10 1.010¢10¡ 10

a24 5.809¢10¡ 15 5.809¢10¡ 15

a25 1.118¢10¡ 9 1.118¢10¡ 9

a26 5.731¢10¡ 11 5.731¢10¡ 11

a27 1.546¢10¡ 12 1.546¢10¡ 12

B.2 Correlation for Density

The density correlation applied in this study was determine d as follows:

1. Measurement of density in dependence of salinity and temp erature ac-
cording to table B.3.

2. Least-square �t of the experimental density data to the po lynomial of
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SHARQAWY ET AL. [157] for the density of sea water at atmospheric pres-
sure.

Table B.3: Test conditions for density experiments.

Parameter Unit Value Repetitions

Salt concentration gNaCl
kgH2O

0, 5, 10, ...40, 100, 150, ..., 350 -

Temperature °C 15, 20, ..., 60 3

The measurements were conducted with a DMA 4100 M density met er [168]
which had an accuracy of 0.0001 g/cm 3 for the density and 0.05 °C for temper-
ature [7]. The same aqueous NaCl solution was used as for the r efractive index
measurments (section B.1).

The experimental data were �tted to equation B.2.

½H2O Æb1 Å b2 ¢T Å b3 ¢T 2 Å b4 ¢T 3 Å b5 ¢T 4

½¢ Æb6 ¢SRÅ b7 ¢SR¢T Å b8 ¢SR¢T 2 Å b9 ¢SR¢T 3 Å b10 ¢S2
R¢T 2

SR ÆwS¢
35165.04

35000
½Æ½H2O Å ½¢ (B.2)

The variables of the empirical equation have the following u nits: reference
salinity SR [g/kg], wS [g/kg], T [±C]. The resulting coef�cients bi are listed in
table B.4 . A correlation coef�cient of R Æ99.99% is achieved. The adjusted
correlation coef�cient is Radj Æ99.98% and the mean standard deviation is
7.8¢10¡ 3 kg/m 3.
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B.3 Correlation for Practical Osmotic Coef�cient

Table B.4: Empirical coef�cients of the density equation B.2.

SHARQAWY ET AL. [157] This Study

b1 9.999229¢102 9.998626¢102

b2 2.034118¢10¡ 2 1.187115¢10¡ 1

b3 -6.162459¢10¡ 3 -1.262937¢10¡ 2

b4 2.261466¢10¡ 5 1.623414¢10¡ 4

b5 -4.657066¢10¡ 8 -1.025641¢10¡ 6

b6 8.020024¢102 7.702272¢102

b7 -2.000518 -9.535391¢10¡ 1

b8 1.677102¢10¡ 2 -3.661409¢10¡ 2

b9 -3.060054¢10¡ 5 2.252212¢10¡ 4

b10 -1.613222¢10¡ 5 1.165671¢10¡ 1

B.3 Correlation for Practical Osmotic Coef�cient

The empirical coef�cients of the equation for the practical osmotic coef�cient
were determined by means of a least square �t of data of C LARKE and GLEW

[22] to equation (3.10). They are listed in table B.5.

Table B.5: Empirical coef�cients of the practical osmotic coef�cient equation
(3.10).

This Study

q1 0.805973677117490
q2 0.805765894410060
q3 0.162449435049612
q4 0.0905977224532414
q5 1.04634733430156
q6 -0.000252541737505390
q7 1.05240369138876
q8 0.972545671538487
q9 0.253057549001445
q10 0.00669306548570762
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B.4 Correlation for Diffusivity

The diffusivity correlation applied in this study was deter mined as follows:

1. Measurement of diffusivity in dependence of salinity and temperature
according to tables B.6 and B.7.

2. Identi�cation of a diffusivity correlation from literat ure which predicts
the experimental results within the order of measurement ac curacy.

Table B.6: Test conditions for the determination the of concentration depen-
dence of diffusivity.

Parameter Unit Value Repetitions

Salt mass fraction
(upper / lower cell
half, see �gure B.1)

gNaCl
kgSol.

(0 / 1), (0 / 6), (0 / 10), (5 / 10), (5 / 15), (30 /
40), (45 / 55), (145 / 155), (220 / 230)

6

Temperature °C 23

Table B.7: Test conditions for the determination of the temperature de pen-
dence of diffusivity.

Parameter Unit Value Repetitions

Salt mass fraction
(upper / lower cell
half, see �gure B.1)

gNaCl
kgSol.

(0 / 10)

6

Temperature °C 14, 18, 23, 28, 35, 40

For the measurements, the setup of R EHFELDT [136, �g. 4.1, p. 24] was used
having a �ow junction cell tailored for diffusivity experim ents, see �gure B.1.
The optical setup of R EHFELDT [136] was changed from Holographic Inter-
ferometry to Digital Finite Fringe Interferometry allowin g the ef�cient data
analysis of TAKEDA ET AL. [165]. With JANG' S permission, his MATLAB ® code
implementation [76] of the algorithm of T AKEDA ET AL. [165] was integrated
in the evaluation algorithm used in this study.
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B.4 Correlation for Diffusivity

Heavy Solution Light Solution

Suction Slits

Outlet

Lower Cell Half

Upper Cell Half

Figure B.1: Diffusivity experiment adapted from R EHFELDT [136, �g. 4.2, p. 26]
at the I NSTITUTE OF PLANT AND PROCESSTECHNOLOGY [168].

The experimental results for diffusivity are depicted in �g ures B.2(a) and
B.2(b).
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Figure B.2: Dependence of diffusivity on temperature and salt mass frac tion:
comparison of experimental results of this study with the co rrela-
tion going back to R OBINSON and STOKES [141, p. 316].
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The scattering of the experimental diffusivity results of § 0.1¢10¡ 9 gives a rough
estimate for the achieved experimental accuracy. Note that this estimate only
applies for solutions with salt mass fractions above wS È 0.5 g/kg. For diffu-
sivity experiments at concentrations lower than 5 g/kg, a lo wer concentration
difference than 10 g/kg between upper and lower cell half had to be accepted.
This lead to a lower total fringe number and to higher measure ment inaccu-
racies.

In addition to the experimental diffusivity data, the theor etically motivated
function of R OBINSON and STOKES [141, p. 316] is illustrated in �gures B.2(a)
and B.2(b):

D Æ
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(D 0 Å ¢ 1

|{z}
f¢ 1
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|{z}
f¢ 2

)
³
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¹
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f ¹

(B.3)

In order to derive an empirical correlation from tabulated d ata of ROBINSON

and STOKES[141, p. 316], the terms f¢ 1, f¢ 2, fH2O and f ¡ were modeled accord-
ing to equations (B.4) to (B.7):

f¢ 1 Æp1 ¢

p
w S

p2 Å p3
p

w S

¢10¡ 9 (B.4)

f¢ 2 Æ(p4 ¢w p5
S Å p6 ¢wS Å p7) ¢10¡ 9 (B.5)

fH2O Æp8 Å p9 ¢w S (B.6)

f ¡ Æ1Å wS ¢(p10 ¢(p11 ¢w 2
S Å p12 ¢w S Å p13)

Å p10 ¢wS ¢(2¢p11 ¢wS Å p12)

¡
p14

2
p

w S ¢(p15
p

w S Å p16)
Å p14

p15

2(p15
p

w S Å p16)2
) (B.7)

The parameters for the correlations of f¢ 1 and f¢ 2 were determined by a least-
square �t to tabulated concentration dependent data from R OBINSON and
STOKES [141, tab. 11.4, p. 318]. The correlation for fH2O is based on the val-
ues D 0 Æ1.612¢10¡ 9 m/s [141, p. 382], D ¤

H2O Æ2.44¢10¡ 9 m/s [141, p. 316] and
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hydration number n Æ1.12 [141, p. 119]. The ratio D ¤
H2O/ D 0 is assumed to be

temperature independent. The parameters of the correction term f ¡ were de-
termined via a least square �t to data of C LARKE and GLEW [22] consistent
with the determination of the practical osmotic coef�cient in section B.3. Also
in this case, the validity range is 0 g/kg to 100 g/kg for salt m ass fraction and
283.15 K to 323.15 for temperature. For viscosity ¹ (w S,T ) the correlation pro-
vided by SHARQAWY ET AL. [157] is used (section 3.1.5).

The experimental results presented in �gures B.2(a) and B.2 (b) agree well with
the diffusivity equation of R OBINSON and STOKES [141] modeled with the de-
rived empirical coef�cients listed in table B.8. This resul t is an indicator for
the validity of the diffusivity correlation decribed by equ ations (B.3) to (B.7) as
well as for the validity of the used viscosity correlation.

Table B.8: Empirical coef�cients of diffusivity equations (B.4) to (B .7).

This Study

p1 -0.271003032944101
p2 1.82962943583334
p3 10.3099517092153
p4 0.191997848766897
p5 0.246225039130240
p6 -0.388200434246170
p7 -0.0203899527095651
p8 0.999546735813473
p9 0.268871085854307
p10 2.08238520676860
p11 1.42157253344049
p12 1.97683340362422
p13 0.409006123046659
p14 0.559413222954090
p15 0.695554989336063
p16 0.110121855758902
D 0 1.612¢10¡ 9
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B.5 pH-Value

The pH-value of the pure water produced with a the Trunz Brack ish Wa-
ter Box RO Plant [175] was pH = 6.8 on average with a standard de viation
of 0.3. During the measurements, the mean pure water tempera ture was
21.0§ 2.2°C. The pH-value of the aqueous NaCl solutions was pH = 7.1 on av-
erage with a standard deviation of 0.5, measured at a mean �ui d temperature
of 23.1§ 2.1°C. For comparison, standard sea water has a pH-value of 8 .1 ac-
cording to M ILLERO ET AL. [116, p. 63].

The measurements were carried out on a random basis by means o f the PCE
Instruments PCE-PH 22 [129] or the Mettler Toledo SevenExce llence [114] de-
vice. Signi�cant changes of the pH-value were neither expec ted nor observed.
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C 3D CFD Results for a Salinity
Dependent Salt Permeability Constant

The 3D CFD results presented in the following are determined with the
Solution-Diffusion model for the membrane based on a salini ty dependent
salt permeability constant B Æf (w E

S,F,M). The dependence of B on salinity is
modeled by a linear function for brackish water salinities a nd a saturation
level for higher salinities, see �gure 6.12.

In contrast to the iterative determination of B, which guarantees a relative er-
ror e j̄ P,rel smaller than elim (see section 3.3), e j̄ P,rel depends now on the quality
of the correlation for local variation of B Æf (w E

S,F,M). In table C.1, the results
for e j̄ P,rel are listed. Note that w̄ E

S,F,M is the mean salt mass fraction on the entire
membrane, while w E

S,F,M denotes the cell individual local salt mass fraction on
the membrane.

Table C.1: Errors of 3D CFD with B Æf (w E
S,F,M) relative to experimental per-

meate �ux data.

w̄ E
S,F,M w̄ E

S,P j̄ EXP
P j̄ CFD

P e j̄ P,rel

ID [g/kg] [g/kg] [kg/m 2h] [kg/m 2h] [%]

BW-P15 20.4 3.0 5.7 5.5 -3.2
BW-P20 26.4 3.4 7.9 7.8 -0.3
BW-P25 32.2 3.9 10.0 9.9 -0.5
BW-P35 43.4 4.9 13.4 13.6 1.6
BW-P45 53.7 5.9 16.7 17.0 2.0
BW-P55 63.8 6.5 21.1 21.7 2.6
BW-P60 70.1 7.2 22.9 23.3 1.9

SW-P45 66.6 17.7 6.5 6.4 -1.2
SW-P55 76.5 18.5 8.2 7.9 -2.6
SW-P60 81.4 18.8 8.8 8.5 -3.3

Average -0.3
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In table C.2, the relative errors of the boundary layer data a re included for both
the iterative determination of B and for the locally varying B Æf (w E

S,F,M).

Table C.2: Errors of 3D CFD relative to experimental boundary layer dat a.

Case zth ewS,th,rel ewS,rel eIn ,rel zth ewS,th,rel ewS,rel eIn ,rel

ID [mm] [%] [%] [%] [mm] [%] [%] [%]

CFD B Æf (iteration) B Æf (w E
S,F,M)

BW-P15 0.04 1.0 0.3 -5.7 0.04 0.9 0.3 -5.6
BW-P20 0.04 4.0 2.8 -1.8 0.04 4.2 2.9 -2.0
BW-P25 0.30 6.1 2.8 -7.0 0.30 6.3 2.9 -7.1
BW-P35 0.55 -5.4 -3.1 -2.5 0.55 -6.1 -3.4 -2.7
BW-P45 0.66 -9.1 -3.1 -3.8 0.66 -10.0 -3.3 -3.9
BW-P55 0.65 -7.7 -1.8 -2.2 0.65 -8.0 -1.9 -2.2
BW-P60 0.66 -4.5 -0.5 -1.4 0.66 -5.6 -0.8 -1.3

SW-P45 0.58 5.1 2.6 -2.6 0.58 5.5 2.6 -3.4
SW-P55 0.78 4.3 2.2 -4.7 0.78 4.4 2.2 -5.3
SW-P60 0.83 3.9 2.1 -2.6 0.83 4.0 2.1 -3.1

Average -0.2 0.4 -3.4 -0.4 0.4 -3.6
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Figure C.1: BW experiments: Digital Finite Fringe Interferometry resu lts ver-
sus 3D CFD data for B Æf (w E

S,F,M).
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Figure C.2: BW experiments: Schlieren and Shadowgraphy results versus
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D Conversion of Membrane Model
Parameters

GEISE ET AL. [55] analyzed a wide range of membrane performance data fro m
literature. This database appears to be well suited to bench mark the Maxwell-
Stefan model results of this study. The data of G EISE ET AL. [55] are based on
the SDM. Thus, the MS model parameters used in this study need to be con-
verted to the key performance parameters used by G EISE ET AL. [55].

In the work of G EISE ET AL. [55], the water �ux is de�ned as follows:

j W Æ
1

¢ l M
½E

WKWDWM
V̄W

RT
(¢ p ¡ ¢ ¼) (D.1)

GEISE ET AL. [55] express the water solubility KW as concentration of water
in the membrane [g H2O/cm 3] related to the concentration of water in the
external solution:

KW Æ
½M

W

½E
W

(D.2)

The water permeability is de�ned as [55]:

PW ÆKW ¢DWM (D.3)

Comparing these de�nitions with the model equations introd uced in chapter
2, i.e. (2.17) and (2.19), the correlations for the water sol ubility seems different
at �rst sight. However, the density of the membrane can be app roximated by
the density of the external solution [179]. Furthermore, th e density of the ex-
ternal solution is approximately the one of the pure solvent which is valid for
dilute solutions [127, p. 373], [135, p. 55]. Thus, it follow s:

½M ¼½E ¼½E
W (D.4)

173



Conversion of Membrane Model Parameters

Assuming continuous chemical potential at the interface of external solution
and membrane phase, the water solubility KW can be linked to the term 1

° M
W

M̄W
M M ,

see also [9, p. 27]. With equation (D.4) and the approximatio n of M̄ W by M̄ E,
KW can be derived as follows:

ln( ° E
W ¢xE

W) Æln( ° M
W ¢xM

W) (D.5)

xM
W Æ

° E
W

° M
W

¢xE
W (D.6)

cM
W

cM
Æ

° E
W

° M
W

¢
cE

W

cE
(D.7)

½M
W

M̄ W ¢cM
Æ

° E
W

° M
W

¢
½E

W

M̄ W ¢cE
(D.8)

KW
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Æ
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½E
W

Æ
° E

W

° M
W

cM

cE
Æ

° E
W

° M
W

¢
½M

½E
¢

M̄ E

M̄ M
¼

1

° M
W|{z}

KW,°

¢1¢
M̄ W

M̄ M
(D.9)

With equation (D.9), constraints related to KW,° Æ 1
° M

W
can be estimated (section

6.3.2). The value of molar mass of the membrane solution M̄ M should be at
least as large as the one of the external solution M̄ E:

M̄ M È M̄ M ¸ M̄ E ¸ M̄ W (D.10)

Thus, the lower constraint KW,° ,min is equal to KW (section 6.3.2). An upper
constraint for KW,° can be estimated by approximating the molar mass of the
membrane solution M̄ M by the molar mass of the membrane M̄ M :

KW,° ,max ÆKW ¢
M̄ M

M̄ W
(D.11)

To link the Maxwell-Stefan model results with the results of the G EISE ET AL.
[55], the following expression for the water permeability c an be used:

PMS
W Æ

j MS
W

1
¢ l M ½M V̄W

RT (¢ p ¡ ¢ ¼)
(D.12)
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The diffusivity of water in the membrane can be derived using K MS
W , which was

determined by means of the optimization algorithm in sectio n 6.3.2:

DWM Æ
PMS

W

KW
(D.13)

In view of the salt properties, G EISE ET AL. [55] express the salt �ux as well as
the salt distribution coef�cient in the same way as describe d in this study, see
equations (2.18) and (2.21).

The salt permeability can be derived analogously:

PMS
S Æ

j MS
S

½E
S,F¡ ½E

S,P

¢ l M

(D.14)

For the salt distribution coef�cient, an effective paramet er needs to be intro-
duced in order to take not only feed but also permeate salinit y into account.
The salt solubility KS in equation (2.18) can be calculated by relating the salt
molar fraction difference inside the membrane ( xM

S,F¡ xM
S,P) to the one in the

external solution ( xE
S,F¡ xE

S,P). For this purpose, the molar fractions inside the
membrane where expressed as a function of the molar fraction s in the external
solution (equations (2.10) and (2.11)). Additionally, a co nstant ratio between
the activity coef�cients in the membrane and the external so lution needed to

be assumed (equation (2.15)), to be able to express ( xM
S,F¡ xM

S,P) as
° E

S

° M
S

(xE
S,F¡ xE

S,P).

When transferring the Maxwell-Stefan model results to the S DM results, the
assumption made in equation (2.15) is not valid any more. The ratio of activ-

ity coef�cients
° E

S

° M
S

needs to be derived differently. It links the molar fraction s

inside and outside the membrane:

° E
S

° M
S

Æ
xM

S,F¡ xM
S,P

xE
S,F¡ xE

S,P

(D.15)

To gain the salt solubility KS, the ratio of activity coef�cients (term A in equa-
tion (D.16)) needs to be multiplied by the ratio of molar conc entrations in the
membrane and the external solution (term B, resulting from t ransformation
between concentration measures). Thus, the salt solubilit y can be calculated

175



Conversion of Membrane Model Parameters

as follows, compare also equation (2.18):

K MS
S Æ

xM
S,F¡ xM

S,P

xE
S,F¡ xE

S,P| {z }
A

¢
cM

cE

|{z}
B

(D.16)

Now, the corresponding diffusivity for salt in the membrane results:

DSM Æ
PMS

S

K MS
S

(D.17)
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Supervised Theses

More than 30 students have contributed with their term paper s, diploma the-
ses, bachelor's theses and master's theses to the research o f the author. These
students' contributions were provided to the Lehrstuhl für Thermodynamik
in the years 2012 through 2016 under the close supervision of the author of
this Ph.D. thesis with regard to all academic, professional , and context-related
concerns. Various issues were investigated, contributing to solar powered
desalination technology and fundamental research issues, in particular heat
and mass transfer phenomena on Reverse Osmosis membranes. R esults of
the supervised theses were partly included in this Ph.D. the sis. The author
would like to express his sincere gratitude to all formerly s upervised students
for their commitment and support of the research project and of the Ph.D.
thesis at hand.
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Plant, Bachelor Thesis, 2012.
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tor, Term Paper, 2012.
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Dürr, Holger Modeling of a Reverse Osmosis Desalination
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Long-Term Performance of PTFE-Membranes
in Membrane Distillation, Master's Thesis,
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Osmosis Membrane - the Donnan Steric Pore
Model, Term Paper, 2013.
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ter Reverse Osmosis Desalination Plant, Bach-
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Wolf, Stephan Modelling of a Reverse Osmosis Plant Driven
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lectors, Term Paper, 2013.

[183]

Schmidt,
William

Techno-Economic Analysis of Solar Desalina-
tion Technologies, Term Paper, 2013.

[151]

Präbst,
Alexander

A Bench-Scale Reverse Osmosis Plant - Ex-
perimental Setup and Numerical Modeling,
Diploma Thesis, 2013.

[134]

Hamberger,
Stephan

Design, Building and Testing of a Novel Pho-
tovoltaic System with Active Cooling, Master's
Thesis, 2013.
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Schmidt,
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tion Membrane Test Cell, Term Paper, 2014.
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Conceptual Design and Implementation of a
Modularised Dynamic Model Simulating a De-
salination Plant, Term Paper, 2014.
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Link, Moritz Design, Implementation and Validation of a
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Term Paper, 2014.
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Marrero Diaz,
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Experimental Investigation of Reverse Osmo-
sis Membranes, Term Paper, 2014.
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Numerical and Experimental Investigation of
Concentration Polarisation in Membrane De-
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Wolf, Stephan Implementation of an Optical Measuring Sys-
tem for Investigation of Concentration Bound-
ary Layers in Membrane Desalination, Mas-
ter's Thesis, 2014.
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Eyerer,
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Experimental Investigation of Boundary Lay-
ers in Membrane Desalination Using Quan-
titative Two-Wavelengths Schlieren, Diploma
Thesis, 2014.
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Plant, Research Internship, 2014.
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Experimental Investigation of Diffusive Coef�-
cients of a NaCl-Water-Solution and Construc-
tive Optimization of a Membrane Test Rig,
Bachelor's Thesis, 2015.
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Appel, Daniel Optimization of a Test Rig Control Software
and Review of Membrane Transport Phenom-
ena in Reverse Osmosis Desalination, Bache-
lor's Thesis, 2015.
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Meschenmoser,
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Modelling Concentration Boundary Layers for
Reverse Osmosis Desalination, Bachelor's The-
sis, 2015.
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cal Experiments for Temperature and Concen-
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