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ABSTRACT

The present research investigates, both theoretically and experimentally,
transport phenomena in reverse osmosis (RO) membranes.

In order to properly describe and predict RO membrane performance, and to
properly design RO units, a good understanding of the fundamentals of the membrane
transport is needed; this means that a strong transport model needs to be developed.
This research is concerned with. the development of such a model. As well, the effects
of system pressure, concentration, and temperature on the performance of thin-film
composite, aromatic polyamide RO membranes with sodium chloride and some other
sults are examined both experimentally and theoretically.

The present resecarch investigates the development of a powerful, novel
transport model for reverse osmosis, which does not have the serious shortcomings of
the previous models, and an experimental evaluation of this model. As a result, a
mechanistic model, called the Modified Surface Force-Pore Flow (MD-SF-PF) mode],
has been developed. The model assumes that transport through the membrane takes
place in very fine pores, and the pores are modeled as perfect cylinders. In this two-
dimensional model, a balance of applied and frictional forces acting on the solute in a
pore is given as a function of radial and axial positions. The model incorporates a
potential field inside the membrane which is responsible for the partitioning effect (at
the two sides of the membrane) and, in part, determines the membrane performance.
A computer code has been developed, based on the "orthogonal collocation” method of
weighted residuals, which has proven to be very efficient and precise to solve the

complicated differential equations of the transport models.
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Three models have been developed during the present research: i) the
Modified Surface Force- Pore Flow (MD-SF-PF) model, briefly described above, which
is appropriate for sﬁlvent—membrane afTinity systems (such as salt-water systems); a
temperature-extended version of this model has also been derived; ii) the Extended
MD-SF-PF model (a generalized form of the MD-SF-PF model) which can be used to
describe or predict any type of RO system, that is, both solvent-membrane affinity
systems, such as sodium chloride-water system, and solute-membrane affinity
systems, such as toluene-water system; and iii) the Modified Finely Porous Model
(MD-FPM) which is a one-dimensional transport model, and can describe simple
systems.

Experimental data are used to determine model parameters. Also, experi-
mental data can be compared to model predictions. The following experimental plan
was undertaken using aromatic polyamide (FilmTec) FT30 membranes: i) experi-
ments with 2000 ppm aqueous solutions of sodium chloride (brackish water concentra-
tion) in the range 350-7000 kPa and 5-60°C (a vfew experiments at 25°C and 5000,
10 000, and 15000 ppm sedium chloride solutions were also performed (Phase I));
ii) experiments with 2000 ppm potassium chloride, lithium chloride, and lithium
nitrate at 25°C and 500-4000 kPa (Phase II); and iii) experiments with 35 000 ppm
sodium chloride (sea water concentration) at 4000-7000 kPa and 5-60°C (Phase III).

Model parameters were determined from the data of Phase [ at 25°C, using a
nonlinear optimization routine. The average pore radii for the SW30HR and BW30
types of FT30 membranes were determined at about 1.0 and 1.2 nm, respectively. All
the experimental data at other pressures and concentrations are well predicted by the
MD-SF-PF model. Somewhat fortuitously, the MD-SF-PF model also predicts well for

the other 1-1 electrolytes.
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Temperature effects are reasonably predicted by the temperature-extended
MD-SF-PF model. The apparent activation energies for pure water permeability for
the SW30HR and BW30 membranes are about 25 400 and 22 500 kd/kmol at 5-40°C,
respectively, and about 18 100 and 13 000 kJ/kmel at 40-60°C, respectively.
Compaction, which becomes more severe as temperature or pressure is increased, has
no effect on predicting the membrane separation or flux ratio (the ratio of total
solution flux to pure solvent flux). An empirical model for compaction has also been
developed and used to correct the flux ratio to the abso}ute values of permeation fluxes.

The Extended MD-SF-PF model has been found to well describe the difficult
case of strong solute-membrane affinity, in which selute molecules are attracted
toward the membrane rather than being rejected. The model implies that once the
solute is rapidly sorbed into the membrane the solute molecules creep slowly adjacent
to the wall of the membrane pores.

Overall, the family of the MD-SF-PF models has been found to predict RO
membrane performance over a wide range of operating conditions. The agreement
between the experimental data and model predictions supports, but does not prove, the
proposed transport mechanism. In principle, the family of the MD-SF-PF models can
be used for different research purposes including membrane development and RO

module design.
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CHAPTER 1

INTRODUCTION

The present chapter gives an introduction to the state-of-the-art area of
mathematical modeling for the separation process reverse osmosis, which is, then,

followed by a description of the objectives in this research. Finally, an outline of the

.

dissertation is presented.

1.1 The Reverse Osmosis Separation Process

Invented about 30 years ago, reverse osmosis (RO) has become a standard
unit operation in Chemical Engiﬁeering. Today, this membrane separalion process
has found a wide ~ariety of applications such as: desslination of sea water and
brackish water, treatment of municipal and industrial wastes, concentration of food
products, recovery of protein in the dairy industry, production of ultra-pure water for
many applications including the semi-conductor industry, and recovery of valuable
materials in chemical and petrochemical industries (Applegate, 1984; Slater et al.,
1983: Sourirajan, 1970, and 1977).

RO and other membrane processes, such as ultrafiltration (UF), are
attractive because they are simple, can be applied to a variety of problems in different
fields, are economically competitive, and require no phase change. The last feature is
particularly important for solutions which are sensitive to heating, such as food
products and pharmaceutical materials.

The beginning idea, which led to reverse osmosis, started in the early 1950's

at the University of California at Los Angeles (UCLA), where Professor Samuel T.



Yuster conceived the idea of using the Gibb's adsorption equation as a guideline to find
techniyues for producing fresh water from brackish and sea water (Sourirajan, 1970,
and 1986). Accordi;lg to Gibb's equation, a relatively pure water layer should exist at
the interface of brine and air {or any other hydrophobic surface) which could be
skimmed off and, hence, fresh water could be produced. At the beginning, the
application of the idea was difficult and unsuccessful until solid-liquid (rather than
liquid-gas) interface was examined. The original idea was to let pure water form at
the solid-liquid interface and then skim the water off by forcing the interfacial water
Lo flow, under a high pressure, through the pores of the solid. At this time, the first
successful test was performed using a flat plastic film, supported by a porous plate, in
1958 at UCLA (Yuster et al., 1958; Loeb, 1981; Sourirajan, 1986). Independently,
about the same time, Breton and Reid did the first successful RO tests using cellulose
acetatle membranes and sea water, at the University of Florida (Breton, 1957; Reid and
Breton, 1959). However, at that time, the permeation flux of water was extremely low
{about a few drops per week) and, therefore, the process was not practical for industrial
and society needs. The breakthrough, which made reverse osmosis commercially
attractive, happened around 1958 when Loeb and Sourirajan made the first
asymmetric cellulose acetate membrane (Loeb and Sourirajan, 1962); the membrane
was not a homogeneous (uniform) membrane as before but was made of a thin skin
layer, which was as dense as the previous homogeneous membranes, and a porous
support layer. In the Loeb-Sourirajan membrane, significant fluxes could be obtained
since the flow resistance, in the asymmetric membranes, was much smaller than in

the homogencous membranes.



Today, the technology has flourished, from the lab scale, to large industrial
plants, and more applications are discovered each year for RO in different academie,
industrial, and reseérch centres throughout the world,

In order to describe properly the performance of a RO membrane,
mathematical models are needed which can later be used for proper design of RO units,
This demand has led to the development of several transport models (Seltanich and
Gill, 1981; Dickson and Mehdizadeh, 1988, and 1989). The general purpose of a
transport model is to relate the membrane performance, usually expressed as
permeation flux and separation (i.e., percentage of solute removal from feed solution),
to the operating conditions (such as pressure or feed concentration) or the driving
forces (usually pressure and concentration gradients) through some coefficients (know
as phenomenological transport coefficients) which include the model parameters. The
coefficients, or the parameters, must be determined from experimental data. The
success of a model can be measured in terms of the ability of the model to describe
mathematically the data with coefficients (or parameters) that are reasonably
constant over the range of operating conditions. Ultimately, the mode! with the
determined transport coefficients (or parameters) can describe the performance of a
membrane over a wide range of operating conditions. This ability to predict the
performance is the true power of a transport model. This can be used, in part, to
eliminate the high costs of experimentation. Combined with a research program in
membrane making, this can lead to better design criteria for tailor making
membranes, and combined with a process design program can lead to a more logical

scaleup for RO systems.



1.2 Objectives
The present research has the following three objectives:

i) Developrﬁent of a general transport model with fewer assumptions than
those in the existing models which can achieve true predictions of RO

membrane performance.

ii) Investigation and modeling of temperature effects on the performance of RO
membranes.
iii) Development of an efficient and precise numerical code which can solve the

complicated differential equations of membrane transport models.
The above objectives, aimed at a better understanding of transport phenomena in RO
membranes, are achieved by a procedure which includes mathematical modeling,
experimentation, model optimization, parameter estimation, model predictions (by a

computer code), and comparisons between theory and experimental data.

1.3 Dissertation Qutline

The present dissertation includes 7 Chapters and 6 Appendices. In Chapter
1, the objectives of the research are defined after a short introduction of RO separation -
process. Chapter 2 is a literature review of several fundamental aspects of the reverse
osmosis separation process including: n;ass transfer, transport mechanisms, transport
models, temperature effects, and the numerical technique of orthogonal collocation.

Chapter 3 presents the mathematical models derived, including the
transport models of: Modified Surface Force-Pore Flow (MD-SF-PF), Extended MD-
SF-PF, and Modified Finely Porous Model (MD-FPM). The modeling of temperature
effects is discussed as well as the application of orthogonal collocation to the transport

models.



Chapter 4 details the experimental plan in three parts: Phases 1, I, and 111,
The RO testing equipment is described and the general experimental procedure is
presented. The syst;em parameters are defined and the procedures are outlined.

In Chapter 5, the experimental and the theoretical results obtained are
discussed. The performance of each model is evaluated. The experimental data are
compared with the models predictions where applicable.

And, finally, an overview of the final conclusions of the present research and
some recommendations for future research are presented in Chapters 6 and 7,
respectively.

Appendices A and B are devoted to some basic mathematical derivations in
the Extended MD- SF-PF and MD-FPM models, respectively, for the interested reader.
Appendices C, D, and E present the experimental data for all the experiments in
Phases |, II, and II, respectiveiy, and Appendix F pfesents the computer codt; for

optimising the parameters for the MD-SF-PF model.



CHAPTER2
LITERATURE REVIEW

This chapter is an introduction to the fundamentals of transport phenomena
in reverse osmosis (RO) membranes. First, the basic concepts are described in Section
2.1. Then, an introduction is given to RO membranes in Section 2.2. The transport
mechanisms and some important transport models are discussed in Section 2.3, and
reverse 0smosis system design is discussed, shortly, in Section 2.4,

In Section 2.5, temperature effects on RO membrane performance is
reviewed, and, finally, the "orthogonal collocation" method of weighted residuals is

discussed in Section 2.6.

2.1 Fundamentals of Membrane Mass Transfer
This section encompasses the basic definitions and concepts used frequently

in RO literature and the present dissertation.

2.1.1 Osmosis, osmotic pressure, and reverse osmosis

When a semi-permeable membrane (i.e., one that is permeable to solvent
but not to solute) is placed between two compartments, one containing pure solvent
and the other containing a solution (the solvent plus a solute), the solvent permeates
through the membrane to the solution side. This phenomenon, which is called
"osmosis" (see Figure 2.1.a), happens because the system seeks thermodynamic equili-
brium. The chemical potential of the pure solvent is higher than that of the solvent in

the solution side so that solvent flows to the solution side to try to restore equilibrium.
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Figure 2.1: (a) Osmosis, osmotic pressure, and (b) reverse osmosis (Applegate,

1984).



In an apparatus, such as depicted in Figure 2.1, the equilibrium is achieved when
there is no net solvent flow through the membrane. The pressure head developed on
the solution side is known as the "osmotic pressure” (Figure 2.1.a), which is a thermo-
dynamic property of the solution and independent of the membrane. When a pressure
greater than the osmotic pressure is applied to the solution side, increasing the
chemical potential, the solvent flow reverses from the solution side to the pure solvent
side; the phenomenon is known as "reverse osmosis” or RO as shown in Figure 2.1.b
(Applegate, 1984), For a real membrane, some solute may be transported through the
membrane and, therefore, the osmotic pressures of the solutions on both sides of the
membrane should be considered in modeling, An "effective pressure driving force"
across the membrane can be defined as the applied pressure difference, AP, minus the
osmoltic pressure difference, An, across the membrane. For most models, the solvent
flux, Np, is considered to be proportional to the effective pressure driving force, (Ap —
Am).

The osmotic pressure of a solution, m, is related to the mole fraction and the
partial molar velume of the solvent as (Daniels and Alberty, 1972):

RT
0= - :— é'n}(B (2.1)
B

For dilute solutions, Eqn.(2.1) simplifies to van't Hoff equation (e.g., Sourirajan, 1970;

Daniels and Alberty, 1972):
n=C,RT for nondissociable solutes (2.2a)

n=" +v7)C, RT for dissociable solutes (2.2b)

[t is preferable to use experimental values of osmotic pressures, which can be found,
for different solutions, in various references (e.g., Stoughton and Lietzke, 1965:

Sourirajan, 1970; Weast, 1975).



2.1.2 Driving forces for reverse osmosis

In reverse osmosis, the main driving forces are pressure and concentration
gradients which lead to permeation flux of solvent and solute, respectively. The cross
influence of solute concentration driving force on solvent flux is represented by the
osmotic pressure term in the solvent flux equation (see the "effective pressure driving
force" in Section 2.1.1). The cross influence of pressure driving force on solute flux is
often small, for high separation membranes, and is usually neglected; when included
this effect is described by the Staverman (or reflection) coefficient, o, (Staverman,
1951). When the Staverman coefficient is taken into account, the equation of solvent

flux is written, in most models (e.g., Burghoff et al., 1980; Staverman, 1983), as:
NB = A[AP - 0(112 - na)] (2.3)

where A is the solvent permeability coefficient.

The Staverman coefficient, o, is a separation characteristic of the membrane
which can hold values in the range 0so=<1. The closer the o is to the unity, the higher
the membrane separation; therefore, =0 corresponds to a membrane with very little

solute rejection, and o=1 corresponds to a membrane with complete solute rejection.

2.1.3 Membrane performance and concentration polarization

Membrane performance is usually characterized in terms of "permeation
flux” and "separation”. The flux is the rate of material transported per unit membrane
area, and separation is the fractional concentration reduction of solute from feed
stream (that is, the high-pressure side solution) as compared with permeate stream

(that is, the low-pressure side solution).
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Separation, f (which is sometimes called "rejection” or "retention” in the
literature), is defined in terms of the feed bulk molality, ma;, and the permeate

molality, mys, (Sourirajan, 1970):

m, —-m
{= Al Al (2.4)

Mar

For moderately dilute solutions, the molal concentration, my;, can be approximated by

molar concentration, Caj, and Eqn.(2.4) be written as:
cAl - CAS

fe A3 (2.5)

CAI

Alternatively, separation can be defined in terms of the concentration of the boundary-
layer solution just outside the membrane on the high-pressure side, Cps. This
separation, ', called the "theoretical separation”, is written, for moderately dilute

solutions, as:

C,,—-C

CA2

£ = A3 (2.6)

The boundary-layer concentration, Cpg, may differ from the feed bulk concentration,
Ca1, due to a phenomenon called "concentration polarization", The polarization effect
happens because as solute is rejected by the membrane the solute conecentration
increnses near the membrane; this case, which is called the "solvent-membrane
affinity" case, has been depicted in Figure 2.2. Compared to the solvent-membrane
affinity case is the "solute-membrane affinity" case in which the solute molecules are
attracted, rather than rejected, by the membrane; this case, discussed in Section 2.3.3,
is depicted in Figures 2.3 and 2.4 for positive and negative separations, respectively.
At steady state, C a2 does not vary with time and the "film theory” (Bird et al., 1960) is

employed to describe the concentration polarization effect. A material balance for
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membrane).
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acetate membrane).
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solute across the membrane yields a form of Fick's first law which upon integration

leads to:
{ Jvlk)
A ® 2.7

Caa=Cpy+ (€, -C
where k is the mass transfer coefficient, a characteristic of the boundary layer
(Sourirajan, 1970). As mixing on the high-pressure side of the membrane is increased,
Equation (2.7) predicts that the mass transfer coefficient increases reducing the
polarization effect (i.e., Ca2 approaches Cay). At infinite mixing (i.e., k—o) f'
approaches [; therefore, I’ is the theoretical separation that would be measured with
perfect mixing on the high-pressure side of the membrane (Sourirajan, 1970).
Concentration polarization is an undesirable effect. As the polarization effect grows
larger the boundary-layer concentration increases, the osmotic pressure increases,
and, therefore, the e.ffective pressure driving force (AP—Am) decreases: hence the
solvent flux decreases (see Eqn.(2.3)).

The mass transfer coefficient, &, is a function of feed flow rate, cell geometry,
and solute system. Generalized correlations of mass transfer coefficient suggest that

the Sherwood number, Sh, is related to the Reynolds, Re, and Schmidt, Se, numbers
(Sourirajan, 1970) as:

Sh = a’'Re” §c¥° (2.8)
where a’ and b’ are parameters to be determined experimentally.

For a fixed flow rate and cell geometry, Eqn.(2.8) implies that k varies as a
function of solute diffusivity to the 2/3 power, since the Reynolds number cancels out
and the Schmidt number is inversely proportional to the solute diffusivity, Rewriting
Eqn.(2.8) with respect to a reference solute at the same experimental conditions gives

(Sourirajan, 1970):

=k AB ) (2.9)
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Therefore, if % is known for a reference solute, then % for any other solute can be
estimated using Eqn.(2.9) provided the operating conditions are the same.

An important relationship in RO transport theory, which is used in many
transport models, is the relationship between the solute and solvent fluxes. These two

fluxes are related to the permeate concentration by an overall material balance as:

N,

Chn=C—or—e
A3
N, + Ny

(2.10)

The equations shown above, Eqns.(2.2) to (2.10), are extensively referred to during the

rest of this dissertation.

2.2 Reverse Osmosis Membranes and Membrane Modules

Original RO membranes were hemogeneous (i.e., with an isotmpicnllyl
dense layer) so that water permeation flux was extremely low due to the large flow
resistance produced by the homogeneous thickness of the membrane (Reid and Breton,
1959).

The suecess of the RO process is due to a large extent by the development of
an "asymmetric membrane", originally developed by Loeb and Sourirajan (Loeb and
Sourirajan, 1962). An asymmetric membrane is fabricated to give a relatively
ultrathin, ‘dense surface layer supported underneath by a much thicker, porous layer.
The asymmetric structure is a direct consequence of the casting procedure used. When
a polymer solution is cast on a flat surface, the evaporation of the solvent produces a
surface skin. Subsequent gelation in cold water fixes the structure; the porous layer is
formed by the replacement of the solvent by the nonsolvent water (e.g., Sourirajan,
1970). Scanning electron microscopy (SEM) indicates that three layers exist in an

asymmetric membrane: a relatively dense surface skin, a transition layer, and a
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porous support layer (Kesting, 1985). The transition layer is intermediate in both
density and position with respect to the other two layers. Most of the resistance to
mass transfer through the membrane exists in the surface skin. Therefore, it may be
assumed that the membrane performance is dependent primarily on the chemical
nature and physical structure of the surface skin,

A relatively new generation of membranes, which belong to the family of
asymmetric membranes, are the "thin-film composite” membranes. These membranes
have a similar structure to asymmetric membranes except that the two layers are
fabricated separately: the porous support is fabricated first, from one polymer
material, and a thin film of a different polymer is coated (often by interfacial
polymerization) on the porous substrate (Cadotte and Petersen, 1980).

For the skin layer, the basic question is whether it is porous. SEM has
indicated that Ultrafiltration membranes are clearly porous; but, when it comes to the
very fine structure of RO membranes, no pores have been detected. The existence or
absence of pores in RO membranes can not be determined by today's technology. This
is the point where some transport models, to be discussed in Section 2.3.2, assume the
membrane to be porous and some assume the membrane as non-porous; some models,
which are usually based on irreversible thermodynamics, assume no specific
membrane structure or transport mechanism.

One commercially successful type of thin-film composite membrane is the
aromatic polyamide FT30 membranes manufactures by FilmTec Corporation (Cadotte
et al,, 1980; Cadotte and Petersen, 1980; Larson et al,, 1981; Larson et al., 1983;
Cadotte, 1985). The FT30 membrane consists of three parts: an ultrathin, skin layer
of about 0.25 micrometers thick; 2 microporous support layer of polysulfone (about 50

micrometers thick); and a polyester carrier web with very large pores and a thickness
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of about 125 micrometers. The chemical material of the skin layer is a crosslinked
aromatic polyamide with some anionic functionality (i.c., negative charges). The skin
layer in the FT30 membrane has a thickness several times that in other thin-film
composite membranes (Cadotte et al., 1980); this makes the membrane much more
resistant to mechanical and oxidizing damage. The membrane can be operated in a
wide range of pH: about 3-11 for continuous operations and 1-13 for short-term
operations. This allows the membrane to be cleaned with strong acid and base
solutions at temperatures up to 50°C. Another important characteristic of FT30
membranes is the durability at high temperatures; studies have been done up to 85°C
(Cadotte et al,, 1980). The FT30 membranes have shown moderate resistance to
chlorine attack, a test failed by most of the other noncellulosic RO membranes, The
minimum rate of oxidation attack has been observed in the pH range of 5-6 for short
periods of time (Cadotte, 1985). Constanf exposure or high chlorine concentrations
{above 5 ppm) will destroy FT30 membranes rapidly. Sea water tests (35 000 ppm
TDS) have shown salt rejections of about 99.0 to 99.2 percent for spiral-wound
elements of FT30 membranes at 5500 kPa (800 psi) pressure and 25°C temperature;
the corresponding permeation fluxes of about 1.04 X 10-5 m3/m2 s (22 GFD) have been
reported at these conditions (Larson et al., 1983). For brackish water solutions
(2000 ppm TDS), fluxes of about 0.75X10-5 m3/m2s (16 GFD) and salt rejections of
about 96 percent have been reported for 1380 kPa (200 psi) pressure and 25°C
temperature (Larson et al., 1983).

Two commercially important members of the family of FT30 membranes are
the so-called SW30HR (Sea Water-High Rejection) and BW30 (Brackish Water)
membranes. SW30HR is a high rejection membrane used for sea water desalination,

and BW30 is used for brackish water desalination. These two membranes are
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chemically similar but have different performance; the exact difference between these
membranes is proprietary. Despite the high flux and high separation characteristics
of thin-film composﬁte membranes, including the FT30 membranes, little work has
been done to determine the transport properties of these membranes.

Several technologies have been developed to put a large membrane area
into a relatively small volume, for industrial use. The most popular of these designs
are. spiral wound, hollow fibre, and tubular. The relative merits of each of these
designs is dependent on the particular application. A review of the merits of the

different designs is presented elsewhere (Applegate, 1984; Belfort, 1988).

2.3 Reverse Osmosis Transport Mechanisms and Models

In recent years, a large number of models and theories have been proposed
to describe the transport mechanism of solute and solvent through RO membranes.
Some reviews are in the literature {(Sourirajan, 1977; Soltanieh and Gill, 1981;
Dickson, 1988; Dickson and Mehdizadeh, 1988), The models have been usually
proposed in an attempt to describe the transport mechanisms in RO processes (for
those models which assume some sort of transport mechanism in the membrane).
Nonetheless, general agreement exists about the mechanism. These models have been
derived from two independent general approaches. The first group of models, called
phenomenological, are usually based on irreversible thermodynamics (IT) where the
membrane is treated as a black box in which relatively slow processes take place near
equilibrium (Kedem and Katchalsky, 1958; Spiegler and Kedem, 1966). In these
models, {luxes are linear combinations of forces in the system.

In the second group of models (which can be called the "mechanistic

models"), some mechanism of transport is assumed and, accordingly, fluxes are related
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to the driving forces that exist in the system. The mechanistic models may be
subdivided into general and electrokinetic models. The general models may be applied
to any kind of solu.te; however, the electrokinetic models apply only to electrolytic
solution feeds. From another point of view, the mechanistic models may be subdivided
into porous and non-porous membrane models. The transport models in the porous
membrane group assume that the membrane is porous, and those in the non-porous

membrane group supposes the membrane is dense and not porous.

2.3.1 Transport mechanisms
The mechanism of membrane transport in RO is still a matler of

controversy. Several mechanisms have been suggested which are reviewed briefly

here.

i) Sieve mechanism: This very simple concept of sieve-filtration states that
membrane separation occurs due to difference between the meolecular sizes
of solute and solvent; the membrane pore size should be between the two
molecular sizes (Banks and Sharples, 1866). The mechanism is ruled out in
RO since it can not describe systems such as sodium chloride-water in which
the molecular sizes of the solute and water are about the same.

i) Wetted surface mechanism: Reid and Breton (1959), and later Orofino et al.
(1969), realized that, due to wettability of membrane materials, water is
sorbed into the membrane by hydrogen bonding. The long-chained water
structure, obstructing the membrane pores, then prevents the solute
transfer through the membrane. The water then permeates by diffusing

from one wetted site to another.
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Solution-diffusion (SD) mechanism: According to this mechanism,
suggested by Lonsdale et al. (1965), the solute and solvent first dissolve in
the dense skin layer of a membrane and then diffuse through the mem-
brane; therefore, the solubilities and diffusivities of the solution component
are of highest importance. Pore flow (i.e., convection) is ruled out in this
mechanism, Later, Sherwood et al. (1967) extended the SD model by
assuming some imperfections, or holes, on the membrane surface layer
which contribute to the pore flow of solute and solvent, which is known as
the Solution-Diffusion-Imperfection (SDI) model.

Preferential sorption-capillary flow (PS-CF) mechanism: On the contrary to
the SD mechanism, above, the PS-CF mechanism, first suggested by
Sourirajan (1963), assumes that the skin layer of the membrane is porous.
According to this mechanism, the membrane transport is partly governed
by surface phenomena, at the solution-skin layer interface, and partly by
fluid transport through the micro-capillaries. The physicochemical nature
of the solute-solvent-membrane surface system determines which con-
stituent of solution is preferentially sorbed by the membrane. For example,
for the system NaCé-water-cellulose acetate, in which the membrane has a
low dielectric constant, the ions are repelled by the membrane and a solute-
free layer of water is sorbed on to the membrane. The pure water layer is
then forced to flow through the capillaries under the system pressure.
Previously, Glueckauf (1965, and 1976) had estimated, using surface

tension data, that the thickness of the pure water layer is about 0.35 nm.
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2.3.2 Transport models
This section briefly reviews some important transport models of reverse
osmosis. Details can be found in the literature (e.g., Soltanieh and Gill, 1981: Dickson,

1988; Dickson and Mehdizadeh, 1989a and 1589b),

2.3.2.1 Mechanism independent transport models

A few models have treated the membrane as a "black box" in which no
mechanism has been assumed. Then, the principles of irreversible thermodynamics
(IT) have been applied to derive equations for the membrane separation and flux. One
of the principles of IT is that the system can be divided into small subsystems in which
local equilibrium can exist and therefore thermodynamic quantities can be written for
these subsystems. For systems that are not too far from equilibrium, IT suggests
reasonable relationships between forces and fluxes.

Onsager (1931) suggested that the fluxes and forces could be expressed by

the following linear equations:
— . f = 2.11
J,=L;F; + E Liij, i=1,n (2.11)

i=j

where the fluxes, Jj, are related to the forces, Fj, by the phenomenological coefficients,
Lij. For membrane systems, the driving forces can be related to the pressure and
concentration differences across the membrane, and the fluxes are solvent and solute
permeate fluxes. Equation (2.11) can be simplified by assuming that cross coefficients
are equal {Onsager, 1931):

Lij = Lji fori=j (2.12)
The above Onsager reciprocal relationship (ORR), Eqn.(2.12), is valid when the system

is close to equilibrium, the linear laws (i.e., Eqn.(2.11)) are valid, and the correct

choice of fluxes and forces has been made. For systems that are far from equilibrium,



22

as is often the case in reverse osmosis, Eqn.(2.12) may not be correct. The validity of
the ORR has been discussed by Soltanieh and Gill (1981).
Two most important phenomenological transport models based on IT are

briefly discussed below.

i) Kedem and Katchalsky model: Kedem and Katchalsky (1958) used
Eqns.(2.11) and (2.12) to derive what are known as the IT-PT relationship:

dy = epmp — oAn) (2.13)

N, =wln+(1 _0)(CAM)enJV (2.14)

where the adjustable parameters €p, ©, and o are simple functions of the original
phenomenological coefficients, Ly. Equation (2.13) is identical to Eqn.(2.3). The
Staverman coefficient acts to describe the effect of the pressure driving force on the
fux of solute. For a high separation membrane this effect is small, as mentioned in
Section 2.1.2, and ¢ approaches 1. For a low separation membrane the solute is signi-
ficantly carried through the membrane by solvent flux and ¢ approaches zero so that
the osmotic driving force becomes unimportant in Eqn.(2.13). Thus the Staverman (or
reflection) coefficient represents the relative permeability of the membrane to the
solute (Staverman, 1951),

Pusch (1977) has shown that Eqn.(2.14) can be rewritten to relate

separation, f’, and flux, J, as:

1 1 ¢ 4
et el
g 2 o dy
The above equation predicts a linear relationship between 1/f' and 1/J,. The osmotic

permeability, £,, is related to w as:

£
={ N 2
W= (8 -0 )(CAM)CII fp (2.18)

-}
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The parameters in the model are the solvent and osmotic permeabilities, £, and £;;, and
the reflection coefficient, 6. These parameters can be determined for a given solute
and membrane by applying Eqns.(2.13) and (2.15) simultaneously, using data
collected at differant operating conditions.

For reverse osmosis systems, the IT-PT equations have only been used to a

limited extent for describing membrane transport for two reasons. First, the con-
centration differences across the membrane are often large enough that the linear
laws are not valid. As a result the Ljj coefficients are concentration dependent
(Onsager, 1931). However, for many systems, the coefficients €u, €p, and o are nearly
constant provided that the concentration changes are not too great. This assumption
is relaxed in Kedem-Spiegler relationship, discussed below. Second, by considering
the membrane as a "black box", the resulting analysis does not give any insight into
the transport mechanism,
i) Kedem and Spiegler model: One critical assumption in the Kedem and
Katchalsky model is that the linear laws were assumed to apply over the whole
thickness of the membrane. Spiegler and Kedem (1966) resolved the problem by
rewriting the original linear IT equations in differential form and then integrating
them over the thickness of the membrane.

The equations in differential form for the solvent and solute flux,

respectively, are:
dP dn )

Jd.,= (——.
y = Pg dx odx (2.17)

dC

AM
NA=pAT+(1—°)CAMJV (2.18)
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where pa is the solute permeability, pg is the water permeability, and x is the
coordinate direction perpendicular to the membrane.

If pa, pB, and o are constant, Eqn.(2.17) can be integrated to give Eqn.(2.19),
and Egn.(2.18) can be integrated and combined with Eqns.(2.6) and (2.10) to give
(Spiegler and Kedem, 1966; Soltanieh and Gill, 1981; Dickson, 1988) Eqn.(2.20),
below:

Py

J.. =

B _ (2.19)
v (AP — g An)

1 1~ 0 exp(— (1 —0)(Ax/p,)d,] (2.20)
£~ oft —exp[—(1 —0)(Ax/p REA

The result is & three-parameter model described by Eqns.(2.19} and (2.20),
similar to the previous phenomenological relationship but which should have
coefficients that are independent of concentration and pressure. The three parameters
in the Kedem-Spiegler relationship are pg/Ax, pa/Ax, anda.

This model has been used by various researchers to describe reverse osmosis

transport (Jensson, 1978; Burghoff et al,, 1980),

2.3.2.2 Mechanism dependent transport models

In this section, those transport models which assume some kind of mem-
brane structure or transport mechanism are presented, briefly. First, the models
which assume the membrane to be non-porous are discussed and then transport
models based on the assumption of porous membrane are discussed. More details
about the transport models can be found elsewhere (Soltanieh and Gill, 1981; Dickson,

1988; Dickson and Mehdizadeh, 1988),
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Another group of models are those based on electrokinetic relationships for
electrolytic solutions. The mathematical medeling of electrokinetic phenomena in
porous media has been discussed by researchers such as Dresner (1963), Morrison and
Osterle (1965), Gross and Osterle (1968), Fair and Osterle (1971), Jacazio et al. (1972),
Neogi and Ruckenstein (1981), and Westermann-Clark and Anderson (1983). The
basic formulation developed by Osterle and coworkers in the 1960's, referred to as a
"space-charge” model, describes the transport of an electrolyte through a charged,
cylindrical capillary pore. This model assumes the Gouy-Chapman model for the
electric double-layer, the Nernst-Planck equation for ion fluxes, and Navier- Stokes
equation for the viscous flow behaviour. Jacazio et al. (1972) and Neogi and
Ruckenstein (1981) extended the classical model of Osterle and coworkers to the case
of reverse osmosis. The works of Jacazio at el. (1972) and Neogi and Ruckenstein are

briefly discussed in Section 2.3.2.2.3.

2.3.2.2.1 Non-porous transport models

Several models have been derived that specifically assume that the
membrane surface skin is non-porous. These models are usually based on a solution-
diffusion mechanism. Modifications of this model, such as the solution-diffusion
imperfection and the extended solution diffusion relationships are discussed briefly.
I Solution-diffusion model: The solution-diffusion (SD) model was originally
applied to reverse osmosis by Merten and coworkers (Lonsdale et al., 1965; Merten,
1986). The membrane surface layer is considered to be homogeneous and non-porous.
Transport of both solvent and solute occurs by the molecules dissolving in the
membrane phase and then diffusing through the membrane. The permeability of a

species is equal to the product of the solubility and the diffusivity for that species.
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Theoretically, the solubility and the diffusivity of the solute can be determined for a
membrane material by performing equilibrium sorption and unsteady state
sorption/desorption studies, respectively. The water flux is proportional to the solvent
chemical potential difference (usually expressed as the effective pressure difference
across the membrane), and the solute flux is proportional to the solute chemical
potential difference (usually given as the solute concentration difference across the
membrane). The solute and solvent are assumed to be transported across the
membrane independently.

The solvent and solute fluxes, respectively are:

D...C...v
BM ¥BM 'B
_ _ (2.21)
v RT Ax (AP — &n)
D..K
AM
NA =~ C.. — CAa) (2.22)

Note that Eqn.(2.21) is identical to Eqn.(2.3), except that A has been replaced by more
physically meaningful terms. The group of parameters in Eqn.(2.21) is abbreviated as
the hydraulic permeability coefficient, £, (= Day Cpy va/RT Ax). Day and Dgy are
the diffusivities of the solute and the solvent in the membrane, respectively; Cgy is
the membrane water content; vy is the partial molar volume of water: and K is the

partition coefficient defined as the following:

kg solute/m?
K= g selute/m” membrane (2.23)

kg solute/m3 solution

K is a measure of the relative solute affinity to (K > 1.0) or repulsion from (K < 1.0)
the membrane material.

As illustrated by Pusch (1977), Eqns.(2.21) and (2.22) may be combined with

Eqns.(2.6) and (2.10) and rearranged to give:
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D.. K
1, +( AM )i (2.24)
Ax JV

Equation (2.24) predicts a linear relationship between 1/f' and 1/J,.
Equations (2.21) and (2.24) can be [it to experimental data to generate the two
parameters (Dpyt Cgy va/RT Ax) and (DamK/Ax), both of which are treated as single
quantities. In order to resolve either of these terms into component parts, it is
necessary to have an independent measure of some of the terms. One restriction of the
SD model is that the separation obtained at infinite flux is always equal to 1.0.
However, this limit is not reached for many solutes. For this reason, the SD model is
appropriate for solute-solvent-membrane systems where the separation is close to 1.0.
Notwithstanding this restriction, the SD model has been applied to many different
inorganic and organic solute systems with different types of membranes (Pusch, 1977;
Lonsdale et al., 1965; Merten, 1966). The primary advantage of this model is
simplicity as only two adjustable parameters are required.

Several modifications to the original solution-diffusion model have been
proposed and two of these are discussed here briefly.

Li) Solution-diffusion-imperfection (SDI) model: This model was derived by
Sherwood et al. (Sherwood et al., 1967). The premise of this model is that
during the membrane making process small defects in the membrane
surface structure could result and these defects would lead to leakage of
solution through the membrane. This mechanism would account for mem-
branes that exhibited lower separation than the separation calculated based
on solubility and diffusivity measurements. This model has been used
successfully to describe the performance for a variety of solutes and

membranes (Jonsson and Boesen, 1975).
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Extended solution-diffusion (ESD) model: Both Burghoff et al. (1980) and
Jonsson (1980) have pointed out that in the original solution-diffusion
model, a pressure term in the solute chemical potential equation was
neglected. Including this pressure term leads to a somewhat different form
of the transport equations. The differences are primarily important for the
situation when the solute partial molar volume is large and the solute-
water separation is low. Burghoff et al. (1980) found good agreement
between the ESD model and the observed performance for different organic
solutes with cellulose acetate membranes. The negative separation
observed for phenol was attributed to a large pressure contribution to the

flux of solute.

Porous transport madels

In this section, transport models in which it is specifically assumed that the

membrane is porous are presented. Due to the importance of these models, each is

discussed as a separate subsection.

2,3.2.23

Electrokinetic models

This section overviews the two electrokinetic transport models of Jacazio et

al. (1972) and Neogi and Ruckenstein (1981) for reverse osmosis.

L

Model of Jacazio et al. (1972): Jacazio et al. have extended the space-charge

model of Osterle and his coworkers (Gross and Osterle, 1968; Fair and Osterle, 1971) to

transpert in reverse osmosis. The membrane is modeled as microporous, the pores are

perfect cylinders having an average pore size and length, and the solute is considered
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as a point (i.e., solute size is not included). The interior surface of the pores is assumed
to acquire a net charge density when the membrane comes in contact with a saline
solution and, therefore, an electrochemical double-layer is assumed to develop inside
the pores. Then, the Poisson equation, which relates the double-layer potential to the
surface charge density and the solute concentration in the pore, is used in conjunction
with the Boltzmann equilibrium theorem, the Nernst-Planck equations of ion flux, the
Poiseuille equation of solution velocity prefile, and the condition of zero electrical
current, to determine the performance of the RO membrane when a symmetrical
electrolyte passes through the membrane. The boundary condition used for the
Poisson equation is a constant wall potential case.

The model of Jacazio et al. (1972) has not been applied to a polymeric
membrane, but has been used to desecribe the performance of: a bed of clay which was
used as a RO membrane.

The limitations of the above model are: i) the Poiseuille equation is used as
the velocity profile, which may not be close to real situations under special
circumstances (as discussed in Section 5.2.5); this implies that the electric field and the
concentration field do not have any effect on the velocity profile, i) the model is
restricted to only symmetrical electrolytic feed solutions, iii) the model is restricted to
the condition of constant wall potential of double-layer, and iv) the model is restricted
to only small charged solute molecules where electrical effects are dominant (Born
repulsion and van der Waals attraction are also important for large charged molecules
of solute).

II. Model of Neogi and Ruckenstein (1981): Neogi and Ruckenstein have
applied the basic equations of electrokinetic transport, similar to the work of Osterle

and coworkers (Gross and Osterle, 1968; Fair and Osterle, 1971) to reverse osmosis.
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The model of Neogi and Ruckenstein, which assumes a microporous membrane with
long cylindrical pores, uses the following transport equations: i) the Navier-Stokes
equations of motion in radial and axial coordinates, ii) the equation of continuity,
iif) the conservation of mass for the solute, iv)equilibrium in radial direction (or
Boltzmann's equilibrium theorem), v) the Nernst- Planck equations of ion flux, vi) the
Poisson-Boltzmann equation of electrical potential, and vii) the condition of zero
electrical current.

The differences between the model of Neogi and Ruckenstein (1981) and
that of Jacazio et al. (1972), discussed above, are: i) Neogi and Ruckenstein allow for
viscoelectric effects on the solution velocity profile in the pore but Jacazio et al.
assumed the Poiseuille velocity profile, ii) Neogi and Ruckenstein use both boundary
conditions of constant wall potential of double-layer and constant surface charge
density but Jacazio et al. use only the former boundary condition for the Poisson
equation, and iii) Neogi and Ruckenstein allow for different ionic diffusivities while
Jacazio et al. use an average diffusivity of the ionic solute. Due to the result of the
above differences between the two models, separation values are overpredicted by
Jacazio et al."s model by 15%, compared to Neogi and Ruckenstein's model. The results
of Neogi and Ruckenstein show that the solution velocity profile is affected by the
electrical forces at all levels of the electrical potential; for potentials smaller than 35
mV the flow is decreased by about 10%, and for electi‘ical potentials as high as 75 mV

the flow is decreased as much as 90%.

23.2.3 Kimura-Sourirajan Analysis (KSA)
The Kimura-Sourirajan Analysis (KSA), (Kimura and Sourirajan, 1967;

Sourirajan, 1970), was developed based on the "preferential sorption-capillary flow"
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mechanism (see Section 2.3.1) proposed earlier by Sourirajan (1963). According to the
KSA relationship, the membrane surface is microporous and transport occurs only
through the pores. I'I‘he membrane has a preferential attraction for solvent (usually
water) and the resulting sorbed layer of almost pure water is forced through the
membrane pores by pressure, in the case of solvent-membrane affinity., Therefore
solute separation and flux are determined both by physicochemical interaction
between the solute-solvent-membrane system and by the number, size, and size
distribution of pores.

The solvent flux is viscous in nature and therefore the driving force for

solvent transport is given by the effective pressure as in Eqn.(2.3) when o equals unity:

Ny = A[AP — (1, — )| (2.25)
The solute flux is diffusive in nature and is driven by the concentration gradient:
D, K
. AM
I\A = . (CM - CM) (2.26)

Equations (2.6), (2.7}, (2.10), (2.25), and (2.26) together make up the
Kimura- Sourirajan analysis. For dilute solutions these equations can be combined to

give the following relationship between f* and J,:

D, K
l=1+( AM )L (2.27)
f* T J"r

Note that this equation is functionally the same as Eqn. {2.24) for the SD model. The
two parameters are A (from Eqn.(2.25)) and DayK/t. Even though Eqn.(2.27) is
similar to Eqn.(2.24) for the SD mode!, the coefficients are interpreted differently, In
the KSA model, Dap is the diffusivity of the solute in the membrane pore rather than
in the polymer material; K is the partition coefficient defined based on the amount of
solute in the pores rather than in the membrane material; and t is the effective length

of a pore, rather than the actual thickness of the membrane surface, Ax. As in the SD
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model, Eqn.{(2.27) predicts that ' approaches 1.0 for infinite flux. This characteristic is
not realistic for the many solutes that do not approach perfect separation at high

solvent flux rates.

2.3.24  Finely Porous Model (FPM)

The Finely Porous Modei (FPM) developed by Merten (19686), is based on a
balance of applied and frictional forces, as first proposed by Spiegler (1958), in a one-
dimensional pore. A complete derivation of the model is given by Jonsson and Boesen
(1975) and by Soltanieh and Gill (1981),

The general form of this model relates the volume flux, Jy, and the

separation, {', as follows:
1 -1 - Kyb) exp[—(ve D,g)dyl
(1 - Kyfb) =1 — Kfb)exp[—(weD,p)d,/]

}1—, = (2.28)
The solvent flux is represented by Eqn.(2.3). The parameters in the relationship are
the pure water permeability, A, the partition coefficients on the high and low
pressures sides of the membrane, Ky and K3, respectively, the friction parameter, b,
the effective membrane thickness, 1, and the fractional pore area of the membrane
surface, €.

The partition coefficients, Kg and Kg, are defined in a manner similar to
Lthat given earlier in Eqn.(2.23), with one difference. In this case, the concentration of
solute in the membrane is interpreted as the concentration of solute in the membrane
pore. The friction parameter, b, is defined (Jonsson and Boesen, 1975) as:

Xay T X
b = —AM__7AB (2.29)

XaB
where x,p represents friction between the solute and solvent and Xam represents

[riction between the solute and membrane material. Therefore, b can be thought of as
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the ratio of the total friction of the solvent plus membrane upon the solute to the
friction between solute and solvent. The frictional forces are inversely proportional to
the diffusivity of solute within the membrane pore, Doy, and the diffusivity of the

solute in the free solvent, Dag, so that Eqn.(2.29) can also be expressed as:

b= DABIDAM (2.30)

The friction parameter can be estimated based on the Faxen equation,

b=(1—2.104A+ 2.09A%—0.95)\%"! (2301

as discussed in the literature (Bean, 1972; Satterfield et al., 1973; Anderson and
Quinn, 1974; Jonsson and Boe.;sen, 1975; Dickson, 1985). The Faxen equation is an
analytical solution of the hydrodynamic drag problem for a solute at the pore
centerline.

The effective thickness of the membrane, t, is a product of the actual
thickness of the membrane surface layer (membrane "skin" layer) multiplied by the
tortuosity of the membrane pore. The tortuosity factor corrects the actual membrane
skin thickness to an effective thickness that includes the nonlinearity of the pore
geometry. ¢ is the fractional pore area of the membrane surface. For an asymmetric
membrane, the value of £ is much less than that calculated from the water content of
the whole membrane.

The Finely Porous Model as represented by Eqns.(2.3) and (2.28), is a four
parameter model; the four grouped parameters are A, b/Ky, K3/Ko, and t/e which can
be obtained by fitting experimental reverse osmosis data to the model. The parameter,
t/e, is a measure of the size and number of pores only, and should he a constant for a
given membrane sample. The four-parameter model is sometimes called the FPM-4

relationship.
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In principle, Ky and K3 may be different, but it is often assumed (Jonsson and
Boesen, 1975; Pusch et al., 1976; Burghoff et al,, 1980) that K3 = K3 = K. In order for
this to be true, K should be independent of concentration, pressure, and membrane

structure. When the above assumption is made, Eqn.(2.28) reduces to:
1 1-0 —Kb)expl-(veD, )d,]

1_ (2.32)
' (1-Kb{l- exp[~(veD, )]

which is a three-parameter model. The three parameters are A, b/K, and v/e. The
three-parameter model is sometimes called the FPM-3 relationship.

Several authors (Merten, 1966; Jonsson and Buesen, 1975; Jonsson, 1978;
Burghoff et al., 1980) have successfully used this model (usually in the three-
parameter form) to describe the transport of various electrolyte and non-electrolyte
solutes through reverse osmosis membranes.

As discussed in Section 3.4, there exist some mistakes in this model which
are corrected, in that section, and a corrected form, called the Modified Finely Porous

Model (MD-FPM) is derived (Mehdizadeh and Dickson, 1989e).

2.3.2.5 Surface Force-Pore Flow (SF-PF) model

Several authors have considered transport of solute and solvent in 2-
dimensional right cylindrical pores. The advantage of using a model of this type is
that the model should more accurately deseribe the transport in a porous membrane.
The disadvantages are that the models are considerably more complex (usually
involving advanced numerical techniques to solve the governing equations) and the
models are still considerable simplifications of the real situation. Nonetheless these
models can be useful and therefore a description is given here,

The original work in this area was concerned with the transport in electro-
dialysis membranes so that electrical potential driving force and current flux were

also considered in the model. Some of these early electrokinetic models are given
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elsewhere (Fair and Osterle, 1971; Westermann-Clark and Anderson, 1983). This
work was modified and applied to ultrafiltration membranes by Anderson and Malone
(1874) and to reverse osmosis by Neogi and Ruckenstein (1981) and Jacazio et al.
(1972). Subsequently, Sourirajan and coworkers (Matsuura and Sourirajan, 1981
Matsuura et al., 1981) developed the "Surface Force-Pore Flow" (SF-PF) model which
was based on the earlier models. The advantage of this model over the previous models
is that the effect of solute size, solute-membrane friction, and solute-membrane inter-
action (by a potential function) were all included in a manageable set of equations,
Approaches similar to the SF-PF model can be found in previous literature (Spiegler,
1958; Merten, 1966; Jonsson and Boesen, 1975). Briefly, the mode! ean be described as
follows. The membrane is assumed to be microporous and the pores are modeled as
perfect cylinders, with or without a pore size distribution. A two dimensional
approach is used (i.e., radial and axial coordinates) in which solute velocity and
concentration in the pore vary in both the radial and axial directions. A balance of
applied and frictional forces acting on the solute in the pore is given as a function of
the radial and axial positions. The solute-membrane interactions are expressed by a
Sutherland-type potential function, ¢, which represents the net body force acting on
the solute by the pore wall. This potential, whose type (i.e., repulsion or attraction)
and magnitude depends upon the membrane wall material, solute type, and the
system conditions (such as the concentration and temperature), can be positive,
indicating that the solute is repulsed, or negative, indicating that the solute is
attracted by the pore wall, In this model, the potential is only assumed to be a function
of radial position inside the pore. A friction parameter, b(p), which is the ratio of
solute diffusivity in free solution to solute diffusivity inside a pore, is used to describe
the hydrodynamic drag on the solute by the pore wall. Initially, Matsuura and

Sourirajan suggested that the friction parameter was a function of radial position
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(Matsuura and Sourirajan, 1981); however, in their subsequent papers, they treated b

as a constant (Matsuura et al., 1981; Chan et al., 1982).

The final equations derived in this model are presented, briefly, as follows.

Fluid velocity profile is given as:
(dza(p) + 1 da(p)) Bz
dp? P dp

1 14

1

subject to the houndary conditions:
a(p) =0 atp=1
da(p)/dp = 0 atp=20

where,

p=rlRw

uB(p) T

alp) =
AB

- 2
Xap Ry Cao

CAs(p) expla(p)]

1
+ - Eu - C, (N1 —e~P

1
- B_ u(p)CA(p) (bip)-1)=0

CA(p) =

and ®(p) is a dimensionless form of the potential, ¢}, defined as:

_ o
®0) = Br

Separation is determined from Eqn.(2.6), where:

Cpo 1+ blp)lexplalp))—1lexp(@(p)

(2.33)

(2.34)
(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)
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1
]0 Cpalplalplpde

Cas™ 1 (2.42)
] alplpdp
0
Solution permeation flux is given by:
165,y (!
N =N ( )J alp)p dp (2.43)
T P [}2 0
where the pure solvent flux, Np, is:
c 2
N_=AAP = Rw AP (2.44)
P 8 n (ve)

For the potential function, the SF-PF model considers the potential

between a point and a flat wall. For electrolytes, the relationship is:

Axd when: p<1-A
d(p) = [ (2.45)
© when: p=1-2
and, for organic non-dissociable solutes, the relationship is:
-B/d® hen: p<1=—A
(o) = { e (2.46)
o when: p=1-2A

where A and B are the corresponding potential parameters, and A is defined as the

ratio of solute molecular radius to the average pore radius:
A=R, /Ry (2.47

The above two equations are then used inside the cylindrical pore.
For the friction function, b, Matsuura and Sourirajan have used a modified

form of the Faxen equation:

bF when: A =0.22

axen

b= (2.48)
(44.57 ~ 416.2% + 934.922 + 302.42%)  when: ) > 0.22

where bpagen is the value of friction function given by the Faxen equation in
Eqn.(2.30). The Faxen equation was modified by fitling a large amount of experi-
mental reverse osmosis data to the form in Eqn.(2.48) for large A values, Although the

friction function should be a function of radial position, the Faxen equation has been
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found to be a reasonable approximation (e.g., Lane and Riggle, 1959; Jonsson and
Boesen, 1975).

As discussed in Section 3.1, there exist serious mistakes in this model and a
corrected model, called the Modified Surface Force-Pore Flow (MD-SF-PF) model is

derived in Section 3.1 (Mehdizadeh and Dickson, 1989a and 1989b).

2.3.26 Summaryand comparison of transport models

It is interesting to note that several of the models presented or discussed
above have similar mathematical forms; particularly in terms of the predicted
relationship between flux and separation. For instance, both the solution-diffusion
model and the Kimura-Sourirajan analysis, on one hand, and the irreversible
thermodynamics-Kedem Spiegler model and the Finely Porous Model, on the other
hand, are mathematically identical. Some of these similarities have been discussed
previously (Jonsson and Boesen, 1975; Soltanieh and Gill, 1981; Dickson, 1985;
Dickson, 1988). Yet each of these models is based on substantially different assump-
tions. What this tells us is that simple agreement between experimental data and a
model is not proof that the model is correct. In this light, care must be exercised in
interpreting model parameters calculated from these models. For a membrane maker,
using a porous model will give information about the porous nature of the membrane,
and using a solution diffusion model will give information about the diffusion and
solubility coeflicients in the membrane. Until the nature of the membrane structure is
resolved the decision of which model to use is, in part, a matter of personal choice.

For the person who is only interested in the application of a membrane,
using the following equation (originally suggested, in this form, by Seltanieh and Gill

(1981)) is a reasonable compromise:

1
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This equation is mathematically equivalent to the Kedem-Spiegler and the Finely
Porous Model, Eqns.(2.20) and (2.28) respectively. The coefficients, Ey, Ey, and Ej can
then be treated as empirical parameters that must be determined for each new solute

and membrane system,

23.3 Stroﬁ g solute-membrane affinity case

It is well known that the reverse osmosis performance for certain low
molecular weight organics in water, such as toluene, benzene, and phenol derivatives,
is markedly different than those for simple aqueous salt solutions (Lonsdale et al.,
1967; Matsuura and Sourirajan‘, 1973a and 1973b; Anderson et al., 1972; BurgholT et
al., 1980). This anomalous behaviour, referred to as "solute-membrane affinity”, is
associated with a strong affinity between the organic solute and the membrane
material such that the uncharged organic molecules are sorbed into the membrane
rather than the usual case, in reverse osmosis, of being rejected by the membrane,

The characteristic behaviour for a strong solute-membrane affinity system
t3n be summarized by the followings: i) increasing the operating pressure decreases
the membrane separation, ii} permeate flux is usually much less than pure water flux
even when osmotic effects are small, iii) partition coefficients are much larger than
unity, and iv) separation can be positive, zero, or negative, depending on specific
operating conditions (Matsuura and Sourirajan, 1971; Matsuura et al., 1974; Dickson
et al., 1979; Dickson et al., 1983; Dickson, 1985; Connell, 1986). Typical concentration
behaviours are shown in Figures 2.3 and 2.4,

Among the available transport models, only the {(4-parameter) Finely
Porous Model (Merten, 1966; Jonsson and Boesen, 1975), which assumes membranes
to be porous, has been able to describe the peculiar case of solute-membrane affinity
(Dickson, 1985). No non-porous transport model or any model based on irreversible

thermodynamics has been able to predict such behaviour (Dickson, 1985).
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A generalized form of the MD-SF-PF model, developed in Section 3.2, has

shown (see Section 5.4) to reasonably describe and predict this challenging case.

24 System Design

The transport equations discussed in this chapter are useful for relating the
imembrane performance (flux and separation) in terms of the operating variables and
some transport parameters. However, these models all assume that the amount of
permeate collected is small compared to the feed rate (i.e., zero recovery), In a
membrane module or membrane plant, the permeate is a significant fraction of the
feed rate (i.e., linite recovery). .'I‘he transport equatio}ls are valid at any point within
the membrane module, but to describe the overall module {or system) behaviour it is
necessary to integrate this solution over the length of the membrane system.

In general the problem is handled by first assuming a model to describe the
membrane mass transfer, and then the model is integrated over the length of the
membrane system. This ultimately relates the choice of membrane module, number
und arrangement of modules, and the operating conditions to the system performance

in terms of permeate recovery and separation (Dickson and Mehdizadeh, 1988).

2.5 Temperature Effects

[t has been widely noted that temperature has significant effects on the
performance of reverse osmosis membranes (Lonsdale et al., 1965; Govindan and
Sourirajan, 1966; Agrawal and Sourirajan, 1969; Ohya and Taniguchi, 1974; Burghoff
and Pusch, 1976; Saltonstall, 1976; Brandon and Samfield, 1978; Cadotte et al., 1980;
Kimura and Nomura, 1981; Chen et al., 1983; Dale and Okos, 1983; Kurihara et al.,
1983). FilmTec Corporation has also noticed that, in the field, temperature has a large

effect on the flux and separation of FT30 polyamide membranes (Cadotte et al., 1980).
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In order to properly evaluate these effects, it is important to have data that have been

collected under carefully controlled laboratory conditions for comparison.

Studying temperature effects in reverse osmosis is important in several
aspects:

i) It provides a better understanding of transport mechanism in membranes.

ii) [t provides information about the optimum conditions at which membranes
should be applied. One may exploit the advantages of operating at higher
temperatures. Usually, increasing temperature increases the permeation
flux of membranes. However, increasing temperature may also increase the
rate of compaction (as discussed in the next section) and hence the fux
declines with time. The high temperature and salinity of sea water in
several locations where fresh water is in short supply are importaut factors
in the design of RO plants (Kurihara et al., 1983).

iii) High-temperature reverse osmosis and ultrafiltration are being evaluated
for recycle of both water and chemicals in industrial effluents (e.g., textile
industry). However, membrane deterioration rates are affected by
operating pressure, temperature, pH, and cleaning regiments. Operating
conditions increasing flux rates, namely high pressures and temperatures,

also accelerate membrane deterioration.

2.5.1 Modeling of temperature effects
The fluxes of solvent and solute have been expressed, by previous
researchers, in terms of an Arrhenius-type equation (e.g., Saltonstali, 1976),
Ei
Ni = AiexP (— ﬁ) (2.50)
where E; is the apparent activation energy for transport of species i through the

membrane. The magnitude of this energy for solvent (water) appears to vary from
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18 250 kd/kmol for membranes with little salt rejection to nearly 25 120 kJ/kmol for
membranes with salt rejections in the order of 99% for cellulose acetate membranes
(Saltonstall, 1976). These values are independent of pressure, solute identity, and
solute concentration. At the same time, the corresponding values of the energy for
solute (sodium chloride) transport varied from 20 100 kJ/kmol to more than
29 300 kd/kmol and were always greater than the apparent activation energies of
water. These values, stated above, imply that the diffusion through the membrane is
hindered. A hindered diffusion process could be the consequence of molecular steric
effects, interactions between solute, solvent, and membrane, and/or some form of flow
obstruction,

This idea, that solute and solvent have to gain a minimum energy (apparent
activation energy) in order to pass through the membrane, has been obtained by
analogy with the idea of activation energy in chemical reactions. Thezefore,
Eqn.(2.50) states a mechanism for transport of solute and solvent through membrane
in a phenomenological manner similar to the transport of material from reactant state
to product state in chemical reactions.

In Eqn.(2.50), the effect of temperature on solute and solvent flux was
modeled by an Arrhenius type equation. A theoretically more satisfying approach is to
describe the effect of temperature on the model parameters.

For example, the parameters of the Kimura-Sourirajan Analysis (discussed
in Section 2.3.2.3), A and DamK/t, have been expressed as a function of temperature as

(Sourirajan, 1970),

Ang; = constant (2.51)
(M)-(DAMK) [0.005 (T-T_ ) '
. =\ re’fexp . T ee!] (2.52)

for cellulose acetate membranes (referred to as CA-NRC-18 in reference (Sourirajan,

1970)), 0.5-2.0 molar sodium chloride solutions, and 5-36°C. Similarly, Connell and
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Dickson (1988) correlated the temperature dependencies of the parameters in the
Finely Porous Model using Arrhenius equations for the separation of toluene from
water with cellulose acetate membranes.

In general, the effects of temperature on any parameter, U, can be modeled
by an Arrhenius equation normalized about temperature Tyqras (Connell and Dickson,

1988),

E(}_ _‘_)I
“RATTT (2.53)
refl

U= Um. exp

where E is the apparent activation energy associated with parameter U.

Equation (2.53) can be rewritten as:

E/f1 1
tnU = enUmr —E(E—T—)

ref
which implies that én U varies linearly with I/T. For example, Eqn.(2.52) can be
rearranged to the same form as Eqns.(2.53) or (2.54).
From a generalized mass transfer correlation the variation of k with
temperature is predicted by (Sourirajan, 1970; Connell and Dickson, 1988),

2/3 0.04
L _.( Das ) ( ) )O'M(EE) (2.55)
kref DAB,ref nref p

An additional effect of temperature is the increased plastic creep of the
membrane polymerie structure observed at higher temperatures (Merten et al., 1968;

Sourirajan, 1970). This phenomenon, known as "compaction effect” causes a reduction

in the permeation flux through the membrane. Therefore, at higher temperatures
there is both increased flux and increased compaction. These two effects must both be
considered in analyzing data at different temperatures. Modeling of compaction effect

has been discussed in Section 3.3.1.

2.6 Orthogonal Collocation: An Advanced Numerical Technique

Consider the following general differential equation,



44

EV(y) =0 inV (2.56)
where £ is a linear or nonlinear differential operator defined over the volume V, and
the general boundary conditions,

£3{y)=00onS (2.57)
where 5 is the boundary containing the volume V.,

The dependent variable y is approximated by a series expansion Yx(x)
containing N undetermined parameters and N trial functions py. The dependent
parameters are then determined by applying the following equations at each of the N
selected points,

(Yy)=RVinV (2.58)

£3(Yn) = RS on S (2.59)
where RY and RS are the residuals in the regions V and S, respectively, and by setting
the residuals equal to zero at the N interior collocation points. The crucial step is now
the selection of the collocation points. In "orthogonal collocation" method, it is the
orthogonality of the trial functions that determines the collocation points, and hence
the name "orthogonal" (Villadsen and Stewart, 1967), The orthogonal trial functions
have been discussed elsewhere (Villadsen and Michelsen, 1978; Chihara, 1978).

For example, consider the following second order linear or nonlinear
ordinary differential equation,

Ly)=0 (2.60)
where £ is a linear or nonlinear differential operator defined over the normalized
interval x ¢ [0,1], subject to the boundary conditions,

dy/dx + ajy = as atx=0 (2.61)
dy/dx + bjy=be atx=1 (2.62)
A suitable choice of the approximation function is (Villadsen and Stewart, 1967;

Villadsen and Michelsen, 1978),
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N
Yy =m* + %+ x(l—x) > q.p,_, &) (2.63)
i=1

The expression in Eqn.(2.63) contains (N +2) constants. Two constants are to be deter-
mined from the boundary conditions (2.61) and (2.62) and the remaining constants by
setting the residuals Yn(x) equal to zero at the N interior collocation points. The
approximation function, Eqn.(2.63), which is a polynomial of degree (N + 1) in x, can be

written as,
N+t
= i
Y= > yx (2.64)
i=0
and x; can be expressed as a linear combination of the orthegonal polynomials
pk(k =0,1,...,1), so that,
N+1
Yox)= > 8 px) (2.65)
i=0
where §; (i = 0, 1, ..., N +1) are constants, Since the residual £Yx(x) is set to zero at N

interior collocation points, then this residual function either vanishes everywhere or

contains a polynomial,

N
Pyeo= [ - (2.66)

i=1

whose zeros are the collocation points. Then, by analogy to Galerkin's method
(Finlayson, 1980), which states that the residual be orthogonal to all the trial
functions, the orthogonal collocation method selects the collocation points hy
specifying that Fy(x) be orthogonal to all the p;(x) in Eqn.(2.65), over the interval x ¢
[0,1]. This is automatically satisfied by taking Fn(x) and p;(x) from a set of orthogonal

polynomiais, defined as,

1
L pi(x)pN(x)dx

Sn= 1 (2.67)
L p;(x) dx
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that is by collocating at the zeros of Legendre polynomials, Py(0.0)(x), for the interval
x£ [0,1], where the (general) Jacobi polynomials, pxn(a.B)(x), have been defined by the

formula (Chihara, 1978),
dN
Pyl 0 = (27NN - 070 4 7P — [ - Ve + 0N+
dx'
(2.68)
for a> -1 and B> -1

Therefore, let xy, xg, ..., X be the roots of Pn(0.0)(x) and xg = 0 and xn+1 =1
the interval end points, and let y; (i = 0, 1, ..., N+ 1) be the function ordinates at the
collocation points x; (i = 0, 1, ..., N+1). Then, Eqn.(2.65) can be written as (Villadsen

and Michelsen, 1978),

N+1
Y= D £y, (2.69)
& e 1 1
i=0
where £;(x) is the Lagrange interpolation polynomial, defined as,
N+l (x —x)
Ci(x) = for j=i (2.70)
i=0 x, ~ xj)

Equations (2.69) and (2.70) are very useful if an efficient algorithm is available for the
computation of the Lagrange interpolation polynomials and their first and second
derivatives at the collocation points. Such an algorithm is available (Villadsen and
Michelsen, 1978). Then, from Eqn.(2.69), the first and second derivatives can be

determined (Villadsen and Michelsen, 1978; Finlayson, 1980},

N+1
dy
( = = > ALY, (2.71)
A T T R
sz N+1
( — = > B,.Y (2.72)
dx” Vx=x j=0 b
where,
A =eVx) (2.73)
it j i .

and,

B, ;= 8;2’ (x,) (2.74)
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The above results have been applied to the differential equations in the

present research in Section 3.5, and some of the results are discussed in Section 5.2.5.

2.7 Concluding Remarks

Fundamentals of mass transfer through reverse osmosis (RO) membranes
were given. After a short introduction of RO membranes, possible transport
mechanisms were discussed. Based on different transport mechanisms, a variety of
transport models were briefly reviewed. The transport models were classified as
mechanism-independent and mechanism-dependent models, with the latter group
classified as non-porous, porous, and electrokinetic transport models. The finely
porous model (FPM) and the Surface Force-Pore Flow (SF-PF) model, from the porous-
transport models group were reviewed separately due to their importance,

An introduction to the effects of temperature on RO membrane performance
was given. This was followed by an introduction to the numerical technique of

"orthogonal collocation” for solving differential equations.
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In the present. research, some of the important limitations and mistakes in
the SF-PF maodel are removed and a new model is derived called the Modified Surface
Force-Pore Flow (MD-SF-PF) model which, mathematically, looks quite different from
the SF-PF model. In general, the difference between the original and the modified
models can have great effects on the results predicted. The MD-SF-PF model has been
presented, in delail, elsewhere (Mehdizadeh and Dickson, 198%a and 1989b).

It is realized that the continuum theory is used in the development of the
models, in the present dissertation. The problem of applying continuum equations to
the very fine pores of RO membranes is a controversiul matter. lberall and Schindler
(1973) suggested that the Navier-Stokes equations of motion, with appropriate
boundary conditions, may be valid to pore diameters as small as 1.5 nm. The fact is
that the exact pore size (in synthetic or biological membranes) below which the
continuum theory breaks down is a matter of controversy (e.g., Quinn et al., 1972;
Beck and Schultz, 1972; Levitt, 1973} because the pore size has to be determined from
the very equations whoese validity is under question. Regarding these facts, and in the
absence of a sound molecular theory, researchers have applied the equations of
continuum theory to the molecular level transport in reverse osmosis (e.g., Merten,
1966; Jacazio et al., 1972; Neogi and Ruckenstein, 1981; Matsuura and Sourirajan,
1981).

[n the rest of this Section, for deriving the MD-SF-PF model, first the radial
component of the solute flux and then the axial component of the solute flux together
with the equation of continuity are examined. The above changes result in changes in
the velocity profile of the SF-PF model. Finally the equations required to describe the

overall flux and separation are presented.



50

3.1.2 Radial component of solute flux
In general, a solute in a cylindrical pore (see Figure 3.1) can have u net
velocity in both the axial (z) and radial (r) directions. However, the flux of solute Jar
is zero at the pore wall and because the pore length is much larger than the pore radius
(Rw < 1), it is reasonable to assume that radial equilibrium exists (Anderson and
Malone, 1974) so that:
Jar=0 (3.1)
Considering the solute flux in the radial direction to be proportional to the chemical
forces plus the potential forces acting on the solute and setting the radial flux to zero

(as in Eqn.(3.1)) gives (Anderson and Malone, 1974):
d CA(r’ z) CA(!', 2) 3 QJ(I')
+ =0
ar RT ar

where the surface wall potential, ¢(r), represents the net body force acting on the

(3.2)

solute by the pore wall; the potential decays to zero in solutions far cutside the
membrane. ¢(r) can be positive, indicating the solute is repulsed by the pore wall or
negative indicating the solute is attracted by the pore wall. In Eqn.(3.2), 4(r} has been
assumed to be independent of axial position, z. ¢(r) is determined by the electrical
double-layer potential for the case of electrolyte solutes, or by dispersion or ven der
Waals forces in the case of uncharged organic solutes.

Integrating Eqn.(3,2), according to the shown boundary conditions, at a

specified axial position,

ICA(r.z) aC,(r,2) 1 r’m dd(r)

+ —_— —dr =0 (3.3)
cyon Cna  RT Juyg o

leads to the well-known Boltzmann distribution:

(r)—¢(0)
C,r.2=C,(0,2) exp[ - ?.R_'I(‘p_ l (3.4)
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The first major difference between our derivation and the derivation
originally suggested by Matsuura and Sourirajan (1981) is in the application of

Eqn.(3.4) at the outlet boundary of the pore. Settingz=0in Eqn.(3.4) gives:
¢(r)
CA(r,0)= CA2 exp[—ﬁl (3.5

where,

$(0)

CA2 = CA(D. 0) exp -l-:t? (3.8)

which agrees with the SF-PF model. However, at the pore exit (where z= ),

¢(r)
CA(r. = CA3 exp| — -ﬁ (3.7
and,
¢(0)
CM = CA(O, V) exp H I (3.8)

The relationships between the concentrations just inside and just outside the pore,
Eqns.(3.6) and (3.8), are further justified elsewhere (Appendix A of: Mehdizadeh and
Dickson, 1989a); the justification is not shown in the present dissertation since similar
derivations are shown for the Extended MD-SF-PF model in Appendix A, part Al

Equations (3.5) and (3.7) are consistent with those derived by others (Fair
and Osterle, 1971; Anderson and Malone, 1974: Koh and Anderson, 1975; Neogi and
Ruckenstein, 1981; Sasidhar and Ruckenstein, 1981; Westermann-Clark and
Anderson, 1983). However, in the work of Matsuura and Sourirajan (1981) a radial
dependency is given to C3 so that Eqn.(3.7) is given as:

Cyn 0 = Cyyfn exp| - 22

(3.9
which is inconsistent both with the inlet boundary condition and with the form of
Eqn.(3.4) from which the boundary conditions are derived.

The above results for the MD-SF-PF model can also be interpreted in terms

of a radial dependent partition coefficient. The partition coefficient, K, is usually
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defined as the ratio of concentration in the membrane over the concentration in the
neighboring bulk solution at equilibrium. In this case, K is a function of radial

position in the pore because of the radial dependent potential function, so that:

C,(r, 0 CA(r, t) o(r)
K(r) = = C = exp| - E
CA2 A3

(3.10)

The partition coefficient is the same function at the pore inlet and pore outlet because

of the earlier assumption that ¢{r) is independent of axial position,

3.1.3 Axial component of solute flux and the equation of continuity

Since the pore is relatively long, the velocity profile is assumed to be fully
developed and therefore a function of the radial position only. Then, similar to the SF-
PF model, the axial component of the solute flux equation is obtained, from a force

balance on the solute in the pore, as:
ry 9C,(n2) C,(r2) uyl)

JA = -~ + (3.11)
E L) & b{r)
where:
F

X = = AB - RT (3.12)

AB u,(rz—uz() D,y
b = ram Xau® D (3.13)

XAB D @

Equation (3.11) is true for the case of non-electrolytes. However, in order to properly
include the osmotic effects for the case of strong electrolytes, the equation of salt flux
has been derived in terms of osmotic pressure, rather than molar concentration (see

Appendix B in: Mehdizadeh and Dickson, 1989a) as:

1 onlr,z) 02 ugl)
— +
oz RT

1
JA'z(r) = o (3.14)

XaB
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where n is the osmotic pressure of the solution in the pore. Similar derivation is shown
for the Extended MD-SF-PF model in Appendix A, part A.Il. Derivation of equations
in terms of osmotic pressure is preferable since it properly accounts for the osmotic
effects that dissociating species produce; in this way, the equations derived based on
osmotic pressure, rather than concentration, are still valid for non-dissociating solute
systems.

The correct way of using the above differential flux equation is to write the
differential material balance in the pore, substitute in the flux equation and solve the
resulting 2nd order differential equation with the two Beltzmann boundary
conditions. The differential material balance states that the divergence of solute flux
vector at steady state is zero:

V-da =0 (3.15)
where V is the del vector differential operator.

In cylindrical coordinates the angular component of the material balance is
zero and the radial component is usually small compared to the axial component so

that Eqn.(3.15) becomes:
aJAzIaz=0 (3.16)

Combining Eqns.(3.11) (or (3.14) for electrolytes) and (3.16) gives the lollowing 2nd

order differential equations;

#C,(p,9 aC,(p,
Az — alp) 2 =0 (for non-electrolytes) (3.17)
aE a
@ nlp,
:; 2 - “‘P)an;[;: 2 =0 (for electrolytes) (3.18)

where p and a(p) are defined by Eqns.(2.36) and (2.37), and:
E=z/v (3.19)
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subject to the boundary conditions, Eqns.(3.5) and (3.7). Equation (3.18) is equivalent
to Eqn.(3.17) for dilute solutions of electrolytes. Equation (3.17) has been solved
analytically (see Appendix C in: Mehdizadeh and Dickson, 198%a) to give the
concentration profile in the pore, for the MD-SF-PF model, as:

— - .
Calp,® = [C,,~(C,,~C,J) T (3.20)

where ®(p) is the dimensionless potential function defined by Eqn.(2.41).

Similar derivation is shown for the Extended MD-SF-PF model in
Appendix A, part A.IIl. Substituting the concentration profile into the solute flux
Eqn.(3.11) gives an explicit expression for the solute flux in terms of the velocity

profile, a(p), (see Appendix B in: Mehdizadeh and Dickson, 1989a),

J, . p)= —l—-a(p)(n + 27 )e“"“f” (3.21)
A TXap PP 2y

The relationship describing the velocity profile is derived in the next section.
The above approach can be compared to that used in the original SF-PF

model. Matsuura and Sourirajan (1981) used the following material balance in the

pore:
Ja,® = C,gf® ug®) (3.22)

This Eqn.(3.22) was combined with Eqn.(3.11) to give a st order differential equation,
which was solved using the boundary Eqn.(3.5). The resulting equation was
substituted into the second boundary Eqn.(3.7) and rearranged to give an expression
for Ca3(r)/Ca2 in the SF-PF model, as shown (see Appendix C in: Mehdizadeh and
Dickson, 1989a}.

The problems with the above method are as follows:
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i. Equation (3.22) ignores the diffusive contribution to solute flux and
considers only the convective contribution. This violates the physical focts
in Eqn.(3.11).

ii. Equation (3.22) ignores the distinction between concentrations inside and
outside the pore; a velocity inside the pore is combined with a concentration
outside the pore,

iii. Cagz is considered to be a function of radial position as discussed in Section
3.1.2.

In essence, Matsuura and Sourirajan have assumed that the concentration
profile as a function of radial position just inside the end of the pore (at z = t) and in
the permeate, Ca3(r}, are the same (which violates Eqn.(3.9) in their model). Instead,
in the MD-SF-PF model, the permeate concentration is considered constant, Caz, and
is related to the concentration inside the pore by the Boltzmann distribution and by
material balance. In mathematical language, Matsuura and Sourirajan treated the
problem as a parabolic one (i.e., one of the two boundaries is free and the other one is
constrained) while the proper approach is to treat the problem as an elliptic one (i.e.,
both boundaries are constrained), as given by Eqns.(3.5) and (3.7) in the MD- SF-PF
model. The result of these errors is that the SF-PF mode! calculates the concentration
and concentration gradients in the pore incorrectly. In the original paper Matsuura
and Sourirajan (1981) did not show the equation for the concentration profile in the
pore. However, the derivation of concentration profile in SF- PF model is
straightforward and has been shown elsewhere (see Appendix C in: Mehdizadeh and

Dickson, 1989a) as:
Cplp:9=Cy3 () blp)+ [C, e~ P — C, () bip)] €*P* (3.23)
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3.14 Derivation of the velocity profile

The differential equation expressing the velocity profile inside the pore can
be obtained by a force balance in the z direction on the fluid element in the annular
region between z and z+dz and between r and r +dr, as illustrated in Figure 3.1. The
detailed derivation (presented in Appendix D of: Mehdizadeh and Dickson, 1989a)

leads to the following differential equation:

(d2o.(p) + 1 da(p)) 1

+— AP_Anu-e"""")l
1( 1 ) l o) (3.24)
——{1=—lalp)|1+ e P =0
B, b(p) P) e¥P 1
where,
nD
B, = 2‘“’ (3.25)
Ry 7,
AP
AP = — (3.26)
i
2
My—My
AIl = (3.27
My

The boundary conditions for Eqn.(3.24) are given by Eqns.(2.34) and (2.35).
Equation (3.24) reduces the Poiseuille flow velocity profile for the case of zero

potential, zero osmotic pressure, and b = 1,
APRZ,
4nD

alp) = (1- p2)

AB (3.28)

Another special case is when the solute is completely rejected (¢ =% and

b=1) so that Eqn.(3.24) reduces to:

(AP - n)RZ,

)= —— (1 — p?
alp 4’1DAB 1 -p9

(3.29)



58

The differential equation derived in the original SF-PF model is given in

Eqn.{2.33), for comparison.

There are three reasons why the differential momentum balance for the

original and modified models are different:

i.

ii.

3.1.5

In the original model the incorrect equation for solute flux is used, as
discussed in Section 3.1.3.

The osmotic pressure is accounted for incorrectly in the original model. For
instance, for a dissociated electrolyte the osmotic pressure at relatively low

concentrations should be:

m=@"+v7)C, RT (3.30)
so that, for example, for NaC# the osmotic pressure is estimated as 1/2 of the
correct value in the original model. Instead, in the modified model the
osmotic pressure is accounted for explicitly in the force balance on the solute
(as illustrated in Appendix B of: Mehdizadeh and Dickson, 1989a),

The permeate concentration Cag is used instead of Caga(r) as discussed in

Section 3.1.2 on the Boltzmann boundary conditions.

Relationships for the solute anc solvent fluxes through

the membrane

In order to use the equations developed so far it is necessary to integrate

solute and solvent fluxes over the area of a single pore and then to generalize for the

flux over the surface area of the membrane.

The average velocity of the solvent in a single pore is found by integrating

the solvent velocity profile over the cross-sectional area of the pore:
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B v
ay= 2 =2( RT )J alp)p dp (3.31)

CRT \ (!
Jg =ugC = 2(——)[ a{plpdp (3.32)
TXap/ J0

The average solute flux is found by averaging the solute flux profile over the pore

cross-sectional area as:

IRW-RAJ d
] A'z(r)r r 5 -1 m, -, o PP (3.33)
J, = = I u(p)(n2+ ) pdp ™
[RW tXAB 0 eu(p)_]_ b(P)
rdr
0

where A is the dimensionless solute molecular radius defined by Eqn.(2.47).

In the above integration, the solute molecule is assumed to be no closer than
one solute radius from the pore wall,

The permeate concentration, Cag, is related to the solute and solvent fluxes

as:
JA

=0 —A_ (3.34)
A3 c(JA+JB)

c

Upon substituting for the average fluxes in Eqn.(3.34), from Eqns.(3.32) and (3.32), the

following relationship is found between Ca3 and two definite integrals:
¢ -1

= L (3.35)
Cy; =C [1 + CRT .
where €1 and {5 are defined as the following two integrals:
! _
¢ = I a{p)pdp _ (3.36)
0
1= m, -1 ~%(p)
2 "33 e
¢ = ] alp) (n ; ) a (3.37)
2 o M a0 _1/ b °°F
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Inorder to relate an average flux through a single pore to the flux through a

membrane, Nj, the fractional pore area, ¢, is used:

9 -\ n, —1
N, =cJ, = ——-(5” alp) (n2+ 2_3 )e""“"pdp (3.38)
Xag ‘¥/10 bl P 1
2 fe !
Ng = edg=—1| - JCRT | alp) pdp (3.39)
X T ]
AB
Then, the total flux is given by:
e Lo 2 fe
Np=(N +Nj)=— ; (€, +¢) (3.40)
XaB ‘

For pure solvent moving freely, the velocity profile in Eqn.(3.24) reduces to Lhe
Poiseuille velocity profile in Eqn.(3.28) and the solvent flux, Np, in Eqn.(3.38) reduces

the pure solvent flux, Np, as:

Np = AAP (3.41)
where,
2
A= CR“’ {3.42)
8n (ve)

The above analysis assumes that all the pores on the membrane surface have the same
radius. If a pore size distribution is needed then the solute and solvent fluxes J and
JB need to be integrated across all the possible pore sizes. Methods of doing this are

presented in the literature (e.g,, Matsuura and Sourirajan, 1981).

3.1.6 The potential function

The potential function used in the original SF-PF model considers the
potential between a point and a flat wall, as discussed in Section 2.3.2.5. For elcctro-
lyte solutes and nun-dissociable organic solutes, the potential functions are given by
Eqns.(2.45) and (2.46). These relationships are then used inside the cylindrical pore.

In this form, the equations are inconsistent with the cylindrical pore geometry and as
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such are not a good representation of the solute-pore wall interaction. One
consequence of this inconsistency is that the radial gradient of the potential is non-
zero at the pore centerline. This result can be calculated by taking the derivative of
the potential and evaluating this at p=0; for example, for the case of electrolytes,
dd(p) A
. =o==0 (3.43)

d P p=0 R-w

The potential function in Figure 3.2 illustrates that the potential function comes to a
peak at the pore centerline instead of the expected smooth function.

Strictly speaking the method for correcting this problem is to examine the
potential function between the solute and pore wall and to write this expression in
cylindrical coordinates. This appreach is complex and should be examined in future
research. For now, an empirical equation which is both consistent with the cylindrical
geometry and has approximately the correct shape is proposed. Because this equation
is empirical it can be applied to any solute (which is soluble in solvent) and membrane
{charged or uncharged); for the case of attractive organic solutes, a different form of
potential function is proposed in Section 3.2.6. The preliminary potential equation, for

the case of solvent-membrane affinity, in the MD-SF-PF model is:

—e hen: p <1=)
o) = { R, e (3.44)
o when: p=1-)

which has two fitting parameters, 8; and 85. 8; affects the centerline potential and 8,
affects the radial slope of the potential curve. The radial gradient at the pore
centerline is zero for this function. Figure 3.3 illustrates an example of this potential
function. As discussed in Section 5.2.4, 85 is always close to 1/2 for the membranes
tested during the present research, so that the MD-SF-PF model becomes a three-

parameter model: Ry, 0y, and we. The first two parameters (i.e., Rw and 8;) are
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necessary and enough to determine the separation, f', and the flux ratio, Nt/Np, by
the MD-SF-PF model. To calculate the absolute values of the fluxes (i.e., N7 and Np)

the third parameter, v/, is also needed.

3.1.7 The friction function

An expression is required, in either the SF-PF or MD-SF-PF model, which
describes the friction between the solute and the pore wall. This friction is the result of
the hydrodynamic drag for a solute molecule moving in a small pore. Matsuura and
Sourirajan have suggested using an empirical relationship for the friction function, b,
in their first paper (Matsuura and Sourirajan, 1981). In later papers (Matsuura et al.,
1981; Chan et al., 1982) they use a medified form of the Faxen equation, given by
Eqn.(2.48).

Although the friction function should be a function of radial position, the
Faxen equation (given by Eqn.(2.31)) is a reasonable approximation (e.g., Jonsson and

Boesen, 1975) and is used in the MD-SF-PF model.

3.2 Development of the Extended MD-SF-PF Model
J.2.1 Introduction

In this section, the original MD-SF-PF model is reformulated and extended
to & more general form to include the more difficult case of strong solute-membrane
affinity (discussed in Section 2,3.3).

The model, called the Extended MD-SF-PF model, hereafter, differs in the
following three aspects from the original MD-SF-PF model (Mehdizadeh and Dickson,

1989¢):
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i) The chemical potential of solute takes into account the effect of the
pressure-induced solute transport. This additional term may be important
fer solutes with high partial molar volumes and membranes that have
relatively low solute-water separation.

i) The membrane surface potential function is assumed to be concentration
dependent so that the surface potential varies as a function of both radial
and axial positions inside the membrane. In the original MD-SF-PF model,.
the potential function varies only with radial direction, so that the partition
coefTicients on the high and low pressure sides of the membrane become
equal. However, the partition coefficient may vary with concentration,
membrane structure, temperature, and possibly pressure. In this work, a
model for the variation of the potential function with radial and axial
positions, inside the membrane, is proposed; as a result, the partition
coefficients at the ends of the membrane may be different.

1ii) The hydrodynamic friction function between the solute and the membrane,
b, is assumed to vary in the radial direction inside the membrane. In the
original MD-SF-PF model, this function is given by the Faxen equation
which assumes the friction function is a constant (i.e., independent of radial
position).

In this section, the extended MD-SF-PF meodel is derived in a manner
paralleling the MD-SF-PF model, discussed in Section 3.1. First, the radial component
of the solute flux and then the axial component of the solute flux together with the
equation of continuity are examined. Finally, the equations required to describe the

overall flux and separation are presented.
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3.2.2 Radial component of solute flux

Following the assumption of radial equilibrium (Anderson and Malone,

1974), the radial component of the solute flux in a pore is:

aC,(r,2) C.(r,2)
J. = A + A 9 ¢(r,z) =0 (3.45)
Ar or RT ar

Now, the pore wall potential, ¢(r,2), is allowed to vary along the pore length. As usual
(see Section 3.1), a positive value for the potential means solute-membrane repulsion
and a negative value means solute-membrane attraction.

[ntegration of Eqn.(3.46), according to the following boundary conditions,

and at a specified axial position,

ICA(r.zi aC,(r,2) . 1 IW"’ dd(r,z)
cp0n Cna  RT Jyon o

dr =0 (3.46)

leads to the following Boltzmann distribution equation:
¢(r|z) - ¢(0 |z)

C,lrz}= C,0,2) expf - RT (3.47)
Settingz=0 (i.e., at the pore entrance) in Eqn.(3.47) gives:
$(r,0)
C,r,0)=C [ ] (3.48)
where,
_ $(0, 0)
Caz=C,0,0) e"p[ RT (3.49)
Similarly, at z=1 (i.e., at the pore exit) Eqn.(3.47) reduces to:
$lr, )
CA(r, 1) = C!Aa exp[ - ?T-'— (3.50)
where,
$(0,v)
Cu= C,0,7 exp[F] (3.51)

The relationships between the concentrations just inside and just outside the pore,

Eqns.(3.49) and (3.51), are further justified in Appendix A. Equations (3.45) to (3.51)
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are similar to Eqns.(3.2) to (3.8) in the MD-SF-PF model; the only difference is that the
potential can now vary with axial position.
The above results, Eqns.(3.48) and (3.50), can also be interpreted in terms of

the radial dependent partition coefficients on the high and low pressure sides of the

membrane:
C AT 0)
Kz(r) = ex p[ CD(I'U) (3.52)
A2
C.rv)
K, = A = exp ¢(r v (3.53)
C
A3

The partition coeflicients are different since the potential functions are different at the
ends of a pore. For convenience, in the following analysis, Eqns.(3.48), (3.50), (3.52),

and (3.52) are rewritten as:

Calp, 0} =C,, K (p) (3.54)
C,lp,1)= C.s K,(p) (3.55)
Kolp) = exp[-¢ (p, 0)] (3.56)
K.(p) = exp [~ (p, )] (3.57)
where,
B, = &(r,2)
~ "RT (3.58)

and p and  are the dimensionless radial and axial coordinates defined by Eqns.(2.36)
and (3.19). The average partition coefficients, Ko and K3, are obtained by integrating
Eqns.(3.56) and (3.57) over the pore radius available to the solute molecules (i.e., from

p=0top=1-=4),
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K = =2j o 00 4 (3.59)

1-A
0 - .
K3= 1 =9 L e (blp,llpdp (3.60)
l pdp
where A is the dimensionless solute radius (Eqn.(2.47)). Knowing the potential

function, ®(p,£), one can determine the partition coefficients from Eqns.(3.59) and

(3.60).

3.23 Axial component of solute flux and the equation of continuity
The total driving force of solute is given by the solute chemical potential

gradient inside the pore {Anderson and Malcne, 1974):

ap A(r, 2)
F,(r2) = ~ (3.61)
oz
where the solute chemical potential is:
p, =1} +RT¢éna, +v,P (3.62)

The vaP term is included in Eqn.(3.62) to account for the transport of solute molecules
by pressure forces. Assuming the solution to be ideal, so that the activity can be

replaced with mole fraction, the gradient of the solute chemical potential can be

written as:

ap, (r,2) 1 d[RTC, (r,2)] 3P (r,2)

= + v
8z C, (2 oz A 5

(3.63)

so that Eqn.(3.61), upon using van't Hoff's equation for solution osmotic pressure

(given by Eqn.(2.2)), becomes:
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F trg= RT éan(r, z) P (r, 2)
AE= = nirz} oz VAT

(3.64)

This equation is used in a force balance on solute inside the pore, as shown in

Appendix A, to derive the axial component of the equation of solute flux as:

1 anlp, £ nip, & aP(p, &
J = - - + ,
a2lP) T 3¢ " VART g Ta@nGe.9 (3.65)
where the [riction coefficient s g is defined as:
F,p9
- _ o AB T (3.66)

*48 = "4 (6, 9—u (o]

and b(p} and a(p) are the friction function and fluid velocity defined by Eqns.(2.29) and
(2.37).

The equation of continuity, Eqn.(3.15), or the reduced form, Eqn.(3.16), is
now combined with the equation of solute flux, Eqn.(3.65), to yield the following

differential equation for esmotic pressure inside the pore:

Fnp,d Va a aP(p, D an(p, &
Al ARl BPRLLA T 3.67)
a£2 + BT &[n(pﬁ) Y a(p) 3 0 (

which upon being solved (see Appendix A) results in the profiles of osmotic pressure

and concentration:
[alp) +wip)]E -1

] Pl (3.68)

nlp, & = |1, —[n, —~ K*(p) ]

e[tx(p)+mtp)] -1

e{u(p) +atp) § 1

Cy(p.O = {cA2 - [c a— K*@IC,, }e-“"‘v-‘” (3.69)

where K*(p) is the ratio of the radial partition coefficients at the ends of the pore,

e—¥p L
K*(p) = 3.70
(p) e (3.70)
and w(p) represents the solute velocity induced by pressure forces, defined as:
Va
wlp) = ﬁ AP ~- [crg(p)n2 - oa(p)nal (3.71)
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Therefore, Eqn.(3.71), which is similar to the equation of solvent flux (see Eqn.(2.3)),
represents the solute flow as contributed by pressure forces. This solute flux is ignored
in the MD-SF-PF model, discussed in Section 3.1. The oa(p) and o3(p) in Eqn.(3.71) are

defined as:

o (p) =1 — e~ ®PO (3.72)

o p)=1 e ¥PD (3.73)
It is interesting to note that the g2(p) and o3(p) are local Staverman (or reflection)
coefficients at each side of the membrane; Staverman coefficients were discussed in
Section 2.1.2. The va/RT coefficient, in Eqn.(3.71) is compared to the solvent
permeability coefficient, A, in Eqn.(2.3). The larger the partial molar volume of the
solute, v, and/or the higher the operating pressure, AP, the larger is the pressure-
induced transport of the solute,

Equation (3.69) is very interesting, illustrating the phenomenon of solute
repulsion or attraction is highly dependent on the values of the potential function
across the membrane. That is, if the potential function is such that the ratio K*(p) so
that K*(p) Cao3 becomes smaller than Cap, then concentration decreases along the pore
length and, therefore, positive separation is caleculated. On the other hand, if the
potential is such that the ratio K*(p) so that K*(p) Cag becomes larger than Cpy, then
concentration increases along the pore length and, therefore, negative separation is
calculated; in this case, selute is attracted by the membrane and the permeate stream
becomes enriched v_vith the solute (i.e., negative separation). The case of negative
separation was shown in Figure 2.4, in Chapter 2. It is also possible for the potential
function to have negative values (i.e., solute attraction) when K*(p) Cag is smaller

than Cag; in this case (shown in Figure 2.3 in Chapter 2), solute is still attracted to the
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membrane but positive separation occurs due to low mability of solute molecules inside
the pores. Some real examples of solute-membrane affinity, for both negative and
positive separation systems, are presented and further discussed from the physical
point of view in Section 5.4.2.

Finally, substituting Eqn.(3.68) into fiqn.(3.65) gives an explicit expression

for the solute flux, as shown in Appendix A, to be:

alp) + wlip)

— *
.y )_{ l m, ~ K (p)r:3 T @70
AzZP = '
tX,g b(P)

O + o %
2 ldpr+atpl
This useful equation is used, in the following sections, to determine membrane

separation and flux.

3.2.4 Derivation of the velocity profile

A force balance in the z direction on the fluid element, in the annular region
between z and z+dz and between r and r+dr (Figure 3.1), yields the differential
equation for the fluid velocity profile inside the pore as shown in Appendix A. The

result is:

d? ' n,o.p) —n,0.(p)
( a(p)+ldu(p))+i[£ 2% 3% ]

dp® P dp Blm Ty
1 = (n/n,) K*(p)

e[ﬂiPI + wipH -1

L L
Bl _b(p)

[alp) + w(p)] [1 + } e~ R0 _ 0 (3.79)

where a(p) has been defined by Eqn.(2.37). The boundary conditions are the same 2
those in the MD-SF-PF and SF-PF models, that is, Eqns.(2.34) and (2.35). The above
velocity profile correctly reduces to the form in the original MD-SF-PF model,
Eqn.(3.24), when the potential function becomes only a function of radial position (i.e.,

Ka(p)=Kgz(p)) and v, is negligible.
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3.2,5 Solvent and solute fluxes through the membrane and the criterion of
separation
The solvent and solute fluxes through a single pore are integrated over the
area of the pore and then generalized for the fluxes over the surface area of the
membrane as follows.
The average velocity of the solvent in a single pore is given by Eqn.(3.31),
and the average solvent flux is given by Eqn.(3.32).

Using Eqn.(3.74), the average solute flux over the pore area is:

(2

4
X5 ) 3 (3.76)

where,

n, — K"“(p)n3 o= 2P0
} pdp (3.77)

2
e[u(p) +olpl _ 1 bip}

1-A
€, = J falp) + wlp)] {n2 +
0
The above average fluxes over the pore area, J4 and Jg, are related to
permeation fluxes through the membrane, N and Np, using the fractional pore area,

e. The equation for Np is given in Eqn.(3.39), and N is:

2 £
N, =ed, = — (- )8 3
A A Xpp \ T 3 (3.78)
Therefore, the total permeation flux through the membrane, Ny, is:
9 .
N'r = (NA + NB) = r— (E) (CRT ¢ + 83) (3.79)
T
XaB

where £ has been defined by Eqn.(3.36).

The material balance on the solute flux across the membrane, given by
Eqn.(2.10) determines the permeate concentration. Upon substituting the average
fluxes into Eqn.(2.10), from Eqns.(3.39) and (3.78), the foilowing relationship is

obtained for the permeate concentration:

¢ -1
CA3=C{1+CRT(—I)] (3.80)
83
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which is similar to Eqn.(3.35) in the original MD-SF-PF model. Finally, the

separation achieved by a membrane is determined from Eqn.(2.6).

3.2.8 Forms of the potential and friction functions

In the original MD-SF-PF model, Eqn.(3.44) describes the form of the
potential function for the case of solute repulsion by a membrane. This equation still
holds in the Extended MD-SF-PF model, for the case of dissociable solutes, such as
electrolytes, in which the potential function (and, therefore, the partition coefficient) is
almost independent of feed concentration so that equal partition coefficients, on the
two sides of the membrane, are expected (Lonsdale et al,, 1965). However, strong
solute-membrane affinity systems are usually associated with different partition
coefficients on the two sides of the membrane (e.g., Connell, 1986). This implies that,
in this case, the potential field may depend on other factors such as the solute
concentration,

A first approximation to modeling of the concentration dependency may be
as the following:

2
P

1
8 -

—

dlp, B =

|

w

where f{Ca(p,5)} is some relationship between the potential and the concentration
inside the pore. However, whatever the f{Ca(p,§)} should be, the concentration,
Calp,E), needs to be determined from the potential function (see Eqn.(3.69)) and the
solution velocity which depends on the potential function (see Eqn.(3.75)). Therefore,
the governing equations are highly coupled and formidable to solve. In order to avoid
such difficult trial and error procedure, it may be possible to break down the f{Ca(p,5)}

term into separated feed and permeate concentration and some axial dependency, in
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an empirical manner. One such correlation, which has been found in the present

research to well represent the data (discussed in Section 5.4), is:

12
—e—l-eﬁp eYE‘[1+enC 2 whenp <1-A
o whenp=1-X

for dilute feed solutions of non-disscciable organic solutes (i.e., Xa1 <€ 1.0). In the
above equation, 8; and y are the two empirical parameters required to know the
potential function. The separation of variables dune from Eqn.(3.81) to Eqn.(3.82)
decouples the problem and simplifies the solution of the model. The concentration
dependency suggested in Eqn.(3.82) implies that as the feed concentration of the
uncharged organic solute is increased the potential function becomes less attractive,
and, therefore, the separation should increase as expected (e.g., Dickson, 1985), They
parameter empirically models the axial variation of the potential inside the pore. The
axiul dependency in Eqn.(3.82) suggests that as the solute molecules move through the
pore they feel a stronger attraction potential, and the potential function at the pore
end is, therefore, stronger than that at the pore inlet; this means that the partition
coefTicient at the pore exit is larger than the partition coefficient at the pore inlet, for
the case of uncharged organic solutes, which means K*(p) > 1 (see Eqn.(3.70)).

Equation (3.82), has been selected from several possibilities, but a better
correlation may be found for the model, in the future.

The friction parameter, b(p), which is given by the Faxen equation,
Eqn.(2.31), in the MD-SF-PF model, is now allowed to vary in the radial direction
inside the pore, in the Extended MD-SF-PF model. Originally, Matsuura and
Sourirajan (1981) suggested an exponential radial dependency for b(p) but later used

an average b value given by Eqn.(2.48). Satterfield et al. (1973), who have studied the
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problem of using an average b value, have found that the Faxen equation was not able
to describe their experimental data for effective diffusivities of aromatic and paraffinic
hydrocarbons in sil.ica-alumina catalysts, and suggested an empirical correlation for
the friction factor. Several other researchers have also found that the Faxen equation
could not describe their experimental data (Anderson and Quinn, 1974; Deen ct al,,
1981). Anderson and Quinn (1974), who studied the problem of restricted diffusion in
pores, agree with Bean (1972) that the radial dependence of b should be taken into
account.

[n the light of the discussion made by Dickson (1985) that concluded that
the Faxen equation might not be adequate for solute-membrane affinity case, the
following relationship, as suggested by Dickson (1985), is used in the Extended MD-

SF-PF model:

E/R,
W

{ menexp[ T——-—p\ whenp <1-=A

b(p) = (3.83)

o whenp 21—

where E is an adjustable parameter. Equation (3.83) allows the friction function to
vary markedly along the radial position inside the pore; the equation reduces to the
Faxen equation when E becomes zero or far from the pore wall where the exponential
term approaches 1.0 in large pores.

Equation (3.83) implies that when the parameter E is of the same (or larger)
order of magnitude as (than) the pore size, Ry, very small diffusivities for the solute
molecules are predicted (see Eqn.(2.30)). This result is consistent with the mechanism
that, due to the strong attraction potentials inside the pore, the solute molecules

diffuse very slowly through the pore.
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3.3 Modeling of Temperature Effects

Temperature can have significant effects on the performance of RO mem-
branes as discussed in Section 2.5. Most transport models available in the literature
are isothermul. Only a few researchers have tried to model temperature effects; these
models can be grouped into two classes, as described in Section 2.5, neither of which is
useful in shedding light on the mechanism of transport. In this sectien, a third, more
sound approach to modeling of temperature effects is offered. Briefly, the method is to
incorporate, a priori, temperature effects directly in to an appropriate model and
obtain a temperature-extended model based on the temperature dependencies of the
physical properties of tae system. The model used is the MD-SF-PF mode! (see Section

3.1} as described below.

3.3.1 Deveiopment ofthe temperature-exteﬁded MD-SF-PF model

In this section, the MD-SF-PF model, developed in Section 3.1, is extended
into a temperature-dependent form (Mehdizadeh and Dickson, 1989d). The MD-SF-PF
model has three adjustable parameters: the membrane pore size, Rw; a potential
parameter to characterize the solute-membrane interactions, 8;; and the parameter t/e
which characterizes the physical structure of the membrane in terms of the effective
membrane thickness, t, and the relative surface pore area, e. The model includes
physical properties of solution such as density, viscosity, osmotic pressure, and solute
diffusivity. Recall, from Section 3.1.6, that knowing only the values of Rw and 6y, and
the physical properties of the solution, allows prediction of membrane performance in
terms of the theoretical separation, f’, and the ratio of solution flux to pure solvent
(water) flux, No/Np (called the flux ratio). In order to determine the absolute values of

the fluxes (i.e., Nt and Np), requires the third parameter, ve.
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The MD-SF-PF model can be converted into a temperature-extended model
by incorporating the temperature dependencies of all the model parameters and the
physical properties.. Temperature dependencies of the physical properties of aqueous
solutions can be found in the literature (e.g., Stoughton and Lietzke, 1965; Korosi and
Fabuss, 1968; Sourirajan, 1970; Weast, 1975; Reid et al., 1977). In the present
research, it has been assumed that the membrane pore size, Ry, and the potential
parameter, 8;, are independent of temperature and the values determined at 25°C can
be used at any temperature.

The assumption that 8; is temperature independent implies that the
dimensionless potential function, $(p), is assumed to be independent of temperature.
This implies the potential field, expressed by the potential function (p), varies

linearly with temperature.
Plp) = %;2 (2.41)
Is this a reasonable approximation for the potential inside the eylindrical pore? Asa
rough evaluation of this approximation, a simpler case can be considered in which a
potential field, due to an electrochemical double-layer, exists between two infinite
parailel plates. The surface potential can be expressed in terms of an "interaction
energy”, U, which is the energy of the potential field per unit area of electrochemical
double-layer and is defined as the amount of work needed to bring the two flat plates
from infinity to a finite distance (Chapter V in: Verwey and Overbeek, 1948).
The interaction energy has been derived for the case of constant-charge

density, for the two flat plates system; for the special case of small double-layer

potentials, the interaction energy is given as (Usui, 1973),

16 2 2
U=( il )looth(xh)—l} (3.84)

€ EK
ro
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where k is the reciprocal of Debye length:
12
2T 2n
ol vl
ceek T
ro o

For the above special case (Eqns.(3.84) and (3.85)), as temperature is increased both

(3.85)

the Debye length, 1/k, and coth(kh) increase, so that the interaction energy increases
in a somewhat non-linear manner for temperatures up to 60°C . Now, for the case of a
cylindrical pore, the situation is more complex and no equation for interaction energy
of double-luyer has yet been derived. However, by analogy with the case of the flat
plates, the assumption that the potential function increases with temperature is
reasonable.

Based on these assumplions, the temperature-extended model may be
employed to describe or predict RO membrane performance as a function of

temperature,

3.3.1.1 Modeling of compaction effect

One impertant phenomenon in high-temperature reverse osmosis is the
compaction effect, described in Section 2.5. RO membranes usually exhibit a decrease
in permeability due to compaction of the membrane as either pressure or temperature
is increased. The following description of membrane compaction is appropriate for the
aromatic polyamide FT30 membranes (for the membranes, see Section 2.2) but a
similar approach should work for other membranes. The compaction effect can be
modeled by considering the equatica of pure solvent flux, given by Eqns.(3.41) and
(3.42). These two equations can be combined to give:

B0 (1), O (1F)
1{2‘ - 8n\A/ 8n .NP (3.86)
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Temperature dependency of the right-hand side in Eqn.(3.86) can be determined from
pure solvent experimental data, which, in turn, determines the temperature
dependency of the leﬁ-hand side, (tv/e}/Rw2.

On the other hand, compaction is also a function of pressure, at a fixed
temperature. Previously, the compaction effect was shown to vary with pressure in an
Arrhenius-type manner (Sourirajan, 1970), However, other dependencies of pressure
on compaction are possible. In the present research, a linear function is used
(Mehdizadeh et al., 1989): ,

A=A°— mAP (3.87)
where A? is the pure solvent permeability coefTicient in the absence of compaction,
obtained by extrapolation to zero pressure and m is called the "compaction coefficient”.

The compaction coefficient might vary with temperature in a non-linear manner; this

variation can be expressed by a polynomial (Mehdizadeh and Dickson, 1989d):

fom=a,+a,¢énT + a..,(C’n'I‘)2 (3.38)
where the a;'s are coefficients to be determined from experimental curves of €énm
versus €nT. The compaction-free permeability coefficient, A®, may then follow an

Arrhenius-type of relationship, similar to Eqn.(2.53), as:

A°=A° exp[—E(l-—-I—)! (3.89)
ref R\T T, :

where A%.r is the value of A? at a reference temperature, Tyef, and E is the apparent
activation energy for solvent passage through the membrane. Therefore, Eqns.(3.86)
to (3.89) can be used to describe the compaction effect, once the coelficients in
Eqn.(3.88) and the activation energy E in Eqn.(3.89) are known.

Since it is assumed, in the present research, that the pore size, Rw, does not
change with temperature then all the compaction effect, determined for the (da)lRw2

parameter in Eqn.(3.86), is contributed by the change in the ve parameter. This
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means that, when the number of pores and the average pore size remain constant with
respect to temperature (or £ = constant), the compaction effect happens only because of
changes in the membrane effective thickness, t.

Alternatively, if the coefficients in Eqn.(3.88) and the apparent activation
energy in Eqn.(3.89), E, are unknown, one may assume an Arrhenius-type of

relationship for the t/e parameter, as:

()=(2ha - 535

vefl

where E, is the apparent activation energy for changes in v/e with respect to
temperature. Then, using the assumptiun that Ry is temperature independent,
fn[(tle}lﬁw2] can be plotted versus 1/T, using Eqns.(3.86) and (3.90) and the
experimental Np data, to determine the apparent activation energy. This approach is
taken in the present research, and the results are discussed in Sections 5.3.3 and 5.3.5.

Either of the above approaches is less than optimum theoretically, as an
empirical Arrhenius equation is employed. A more correct method would be to model
the behaviour of the material properties of the polymeric membrane at different
temperatures and to interpret these results from a material science approach (such as:
polymer elasticity and plasticity, and stress-strain relationships). The material
science characteristics of the membrane should be related to the size and structure of
the assumed membrane pores. This approach needs further research and is not
addressed in the present dissertation. Finally, once the temperature dependency for
v/t is known the temperature variation of solution flux can be determined from

Eqn.(3.40),
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34 Development of the MD-FPM Relationship

The Finely Porous Model (FPM) was proposed originally by Merten (1966).
In this model, discussed in Section 2.3.2.4, transport of solute and solvent oceurs in
small one dimensional pores. A balance of applied and frictional forces is used to
describe the flow of solute inside the pores, as proposed by Spiegler (1958). In
principle, the solute partition coefficient (K) can be different on the high-pressure side
and low- pressure side of the membrane. This form is known as FPM-4, implying that
the model has four parameters. Often the partition coefficient is assumed to be the
same on each side of the membrane (Kz = K3 = K) to give a three parameter model
(FPM-3). A complete derivation of the model (FPM) has been given by Jonsson and
Boesen (1975) and by Soltanieh and Gill (1981).

In this section, the theoretical aspects of the FPM-3 and FPM-4
relationships are examined. Some important limitations and mistakes in these models
are removed and the new modified models, called the modified FPM-3 (MD-FPM.-3)
and the modified FPM-4 (MD-FPM-4) relationships, are derived. The mathematical

formulation of the model is done for the general case of the MD-FPM-4 relationship,

. and then the MD-FPM-3 relationship is derived from the general relationship.

First, the equation of solute flux together with the equation of solute
material balance are examined. Then, the equation of fluid velocity through the pores
are derived, and, finally, the equations required to describe the overall flux and
separation are presented.

Since the FPM models assume that the pores are one-dimensional then
conditions vary only with axial position through the pore. Compared to a two-

dimensional model, these conditions at any axial position represent the radially
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averaged values. For instance, Cx(z) represents the radially-average concentration of

A in the pore at position z,

3.4.1 Theequations of solute flux and solute material balance

Since the pore is relatively long (i.e., with respect to its radius), the solution
velocity profile is assumed to be fully developed. Then, similar to the FPM, the
equation of solute flux is obtained, from a force balance on the solute in the pore

(Jonsson and Boesen, 1975), as:
RT dC A(Z) C A(Z) u

J, = - + (3.21)
A xABb dz b
where,
F
X = ——2 = BL (3.92)
u,—ug  D,p
+ D
b = ~AB" Xam _ Zas (3.93)
XaB Dum

Equation (3.91) is true for the case of non-electrolytes. However, for the case of strong

electrolytes, the equation of salt flux is derived, in Appendix B (Eqn.(B.L.7)), as:

n{z)u
g < L[__1ldn@ B (3.94)
AT b T x,, d RT

where ni(z) is the osmotic pressure of the solution at position z inside the pore. The one-
dimensional Eqn.(3.94) is comparing to Eqn.(3.14) in the two-dimensional MD-SF-PF
model. As in the MD-SF-PF model, the conversion from concentration to osmotic
pressure, ia Eqn.(3.94), is done in order to properly include the ¢smotic effects for

systems with dissociating solutes.
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The correct way of using the above differential flux equation is to write the
differential material balance in the pore, substitute in the flux equation, and solve the
resulting 2nd order differential equation subject to boundary conditions at the pore

inlet and outlet,

The general boundary conditions are given by the definition of the solute

partition coefficient:

i) At the pore inlet:

CA(z=0) = CA2 K, (3.95)

ii) At the pore outlet:

C,z=1) = C (3.96)

Al KS
The equation of continuity, Eqn.(3.15), is used as the differential material

balance. Inone-dimensional form, Eqn.(3.15) becomes:
— =9 (3.97

Then, combining Eqn.(3.91), or Eqn.(3.94) for electrolytes, with Eqn.(3.97) gives the

following 2nd order differential equations:

2
d"C,® dC,(® _

(3.98)
-a )]

de? dt
d?n(® JELE 0 (3.99)

e dg

where a is the dimensionless fluid velocity defined as:
UtXaR ( T ) XaB
= =J | -} (3.100)
* = TRt We/ RT
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which represents the ratio of convection to molecular diffusion forces, and § is the
dimensionless axial position defined by Eqn.(3.19). Equation (3.99) is equivalent to
Eqn.(3.98) for dilute solutions of electrolytes. Equation (3.98) has been solved
analytically, in Appendix B, to give the concentration profile in the pore, in the MD-

FPM-4 relationship, as:

K -_ Qa
q 1 exp(ﬁ) }

Now, substituting the concentration profile, from Eqn.(3.101), into the solute flux
Eqn.(3.91), or Eqn.(3.94), gives an explicit expression for the solute flux in terms of the

dime asionless velocity and the partition coefficients:
a n,— (K3 ;’K?)n:3

_ (3.102)
b my* expla)—1 2

d. =
A tXam

as derived in Appendix B.
The above approach can be compared to that used in the Finely Porous
Model (FPM), In the FPM, the following material balance in the pore has been

proposed:
J,=Cyyu (3.103)

This equation was then combined with Eqn.(3.91) to give a 1lst order differential
equation (and, therefore, needs only one boundary condition), which was solved using
the boundary condition at the pore inlet, Eqn.(3.95). The resulting equation was
substituted into the second boundary condition, Eqn.(3.95), and rearranged to give an
expression for separation, {'. The relationship between f' and a, in the FPM-4

relationship,has been derived in Appendix B as:
(1 -K,/blexpla)-(1-K,/b)

lexp(a)—-1]+ K, /b

f' =

(3.104)

The problems with the above method (i.e., the Finely Porous Model) are as

follows:
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i) Equation (3.103) ignores the diffusive contribution to solute flux and
considers only the convective contribution. This violates the physical facts
in Eqn.(3.91).

ii) Equation (3.103) ignores the distinction between concentrations inside and
outside the pore; a velocity inside the pore is combined with a concentration
outside the pore.

As a result of these errors the Finely Porous Model calculates the concentra-
tion and concentration gradient in the pore incorrectly (note that the same mistake
exists in the Surface Force-Pore Flow model, as discussed in Section 3.1.3). The
equation of concentration profile in the pore (in FPM) has not been shown in the

literature; however, its derivation is straightforward and is shown in Appendix B.

3.4.2 Fluid velocity profile in MD-FPM
As a first step, the Poiseuille expression of fluid velocity is modified for the -

pore fluid to include the frictional force between the solute and the pore wall (Jonsson

and Boesen, 1975),

2
5, = —¥[_ 4@ C.) (3.105)
VT 8g |7 Taz  XamUata®

where,
JV =cu (3.106)

and ¢ is the fractional pore area which corrects the fluid velocity in a single pore to the
volumetric permeation flux for a whole membrane,
Within a pore, the flux and the velocity of solute are related as:
J, =4,C,@ (3.107)
and Jp is given by Eqn.(3.102). On the other hand, the pressure gradient term, -dP/dz,

can be well approximated by:
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dP(z) 1
- = - {AP - {1 —~ K2) + "3(1 - Ka)} (3.108)

which is similar to that in the FPM (Jonsson and Boesen, 1975), and AP is the pressure

difference across the membrane, Then, using Eqns.(3.106) to (3.108) together with

Eqn.(3.102), Eqn.(3.105) can be used to derive an implicit equation for a:

2
Ry [ XaB
a= g(ﬁ)lAP—nz(l-Kz) +o,(1-K)
K n,—(K IKz)n
2 2 3 3
—al = b-1)fg+ o= * (3.109)
a( b )(b )[n2 expla)—1 ]
Under the special case of a <€ 1, where:
expla) = a+1 (3.110)

ig valid, a can be derived from Eqn.(3.109) as:

2
Rw\/ Xan
(3—11-)( ﬁ){ﬁp—(l —Kzlb)n2 +(1 —Kafb)na}'
a= (3.111)

o () ) o,

If this condition (i.e., Eqn.(3.110)} is not met then a has to be determined by trial and

error using Eqn.(3.109),

3.43 Solute and solvent fluxes through the membrane and the equation of
separation in MD-FPM
The solute and solvent fluxes through the membrane are related to the

corresponding fluxes through a single pore as;

NA = aJA (3.112)
N = edg 7 (3.113)
where J y is given by Eqn.(3.102); and,
CRT
dg = uBC=( )“B (3.114)
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where the dimensionless solvent velocity, ag, is defined as:

u, T
a, = ——22 (3.115)
B RT
The total permeation flux through the membrane is,
N, =(N,+ NB) = el +dg) (3.118)
Using Eqns.(3.102) and (3.114), Eqn.(3.116) becomes:
1 o, ~ (K, /K 1 K a
NT=_(.“_)[[“2+__.__2 3 23) 2 +CRT(.E)1 (3.117)
Xap \ VE expla)—-1 b a
However, from Eqn.(3.100),
Jom
VT (Uox,g/RT) (3.118)
And, by definition:
N, =CJ, (3.119)

Then using Eqns.(3.118) and (3.119), Eqn.(3.117) is employed to determine the ratio of

solvent to solution velocities as:

a n, - /K1 K
% _,. L [n _2__3_._2,_3}_2 (3.120)
CRT | 2 expla)—1 b
Now, using Eqns.(3.102), and (3.114), Eqn.(2.10) becomes:
CRT(ag/a)
CAS =C [l-i- } (3.121)
nz—(Kale)ns K2

m, + —
expla)—1 b

Finally, substituting fer ag/a, from Eqn.(3.120) in Eqn.(3.121), the following

relationships are derived for separation:
1- Ksz)exp(u) —(1= Kafb)

lexpla)-1] + K b

for non—dissociating solutes

o
(1=t +v7)K Mlexpla)—(1—(v" +v7 K /b]

" for strong electrolytes
fexpla)—1] + (v" +vTIK, /b

(3.122)
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The above equation, which is valid only under the restriction of Eqn.(3.110), is
comparable to that in the FPM relationship, given by Eqn.(3.104); the two equations
are identical only for non-dissociating solutes.

To determine the numerical value of separation in the above equations, the
value of a is ;1eeded which can be determined frnm Eqn.(3.109), or Eqn.(3.111) if
Eqn.(3.110) holds; however, in these equations the value of ngy (and therefore f') is
needed. Therefore, these equations are coupled and can be solved by a trial and error
technique.

It is interesting to. note that because exp(a) ~ 1 is always greater than zero
then:

f' > 0 (positive separation) when:
Kb<l {for non-dissociating solutes)
Kb < U(v* ++v7)

(for strong electrolytes)

' < 0 (negative separation) when:

Kb>1
Kb > /vt +v7)
and,
f' = 0 (noseparation)
Kb=1

Kb = 1/f{v"+v7)

{for non-dissociating solutes)

(for strong electrolytes)

when:
(for non-dissociating solutes)

(for strong electrolytes)

Therefore, this medified model, MD-FPM, can predict positive, negative, or zero
separations, which is consistent with experimental results. For instance, negative
separation is found for solutes such a phenol with cellulose acetate membranes

(Matsuura and Sourirajan, 1972), as discussed in Section 2.3.3.
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3.4.4 Theequation of fluid velocity in FPM
The volumetric flux of permeation in FPM-3 is (Jonsson and Boesen, 1975):
eRy 1
and for FPM-4 is (Merten, 1966):
eRZ, 1 I AP (1 - Ky +(1 =K n,
AT 1+ R 03¢C g8

v
Then, using Eqn.(3,100), Eqn.(3.127) can be rearranged in terms of the dimensionless

AP -An(l -K) (3.126)

T

Iy

(3.127)

T

fluid velocity, a,
_ R8¢, g/RDAP=(1 =K}, + 1 -K))m
1+(R2/8n) (X ,o/RT) (b —1) C, RT

(3.128)

a

Equation (3.128) can be compared directly to Eqn.(3.111) in the MD-FPM model.
First, Eqn.(3.111), in the MD-FPM-4, holds when the approximation in Eqn.(3.110) is
valid. The partition coefficient in Eqn.(3.128) are comparing to the coefficients divided
by b in Eqn.(3.111), and the Ca3RT term in Eqn.(3.128) is replaced by naK/b in
Eqn.(3.111). These differences lead to different predictions under different operating

conditions.

3.4.5 The MD-FPM-3 relationship ..

The MD-FPM equations discussed so far are for the general case (i.e., the
MD-FPM-4 relationship) in which partition coefficients are allowed to vary from the
pore inlet to the pore outlet. However, frequently the partition coefficient is assumed

constant,
K2 = K:3 =K (3.129)

Making this above assumpticn generates the MD-FPM-3 which is then a three-

parameter model. When Eqn.(3.129) holds, the MD-FPM-4 Eqns.(3.101), (3.109),
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(3.111), (3.117), (3.120), (3.121), and (3,122) reduce to the following forms for the MD-

FPM-3 relationship, respectively:

1 —e®
Ca®= chz-(Cm‘ CAS)[ L _ & H K (3.130)
Ry ( Xas K An (3.131)
= — | =—1|AP- An(l =K)—ai — - ( _)I :
e n R.T) n{ ) a(b)(b Dymy exp(a)—1
2
e (Rwqu) (xABIRT)[AP-An (1 -K/b)] (3.132)
1+(R/8n) (x , o/RT) (K/b)(b — L),
N ._.L.(E.)“n +_A_n_‘5 +CRT(?-E)] (3.133)
T Xag ve 2 expla)-1/b a '
: 1 ( Ty~M3\K
—_ = 1 —— - 3.134
a crT\"2 " a_, )b 3.134
l CRT(uB/u) -1
C.,.=Cijl 3.135
ama=C +[n+ An IE} 3135
2 expla)-11b
(e®-1)(1 -K/mb)
_— for non — electrolytes
(e®~1)+ Kb
f'= [ (3.136)

(e®~1)[1 - v" + v )K/hb)
€=+ vt +vT)Kb

for electrolytes
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3.5 Orthogonal Collacation: Formulation of A Strong Computer Code

In this section, the principles of orthogonal collocation method, discussed in
Section 2.6, are applied to the MD-SF-PF model (developed in Section 3.1). The sume
principles apply to the other members of the MD-SF-PF family group (i.e., the
Extended MD-SF-PF model, developed in Section 3.2, and the temperature-extended
MD-SF-PF model, developed in Section 3.3.1).

In the MD-SF-PF model, the ordinary differential equation (ODE) to be
solved is the equation of fluid velocity profile in the pore, given by Eqn.(3.24). Thi;;
equation can be solved by collocating the zeros of Pn!0.0Yp) over the interval pe[0,1],
hence converting the ODE to a set of nonlinear algebraic equations that have to be
solved numerically (Mehdizadeh and Dickson, 1989f). Therefore, Eqn.(3.24} is

discretized as the N independent equations,

N+2 N+2 1 &
( B. .a.+ — A..u.)+— AP -An(l ~e Y
=1

WU g & T T
1 1 A -b,
PR AR i
B, el-1

for i=2,,.,N+1

Note that i=1 and i=N+2 are at the interval end points p=0 and p=1, respectively.

The boundary conditions, Eqns.(2.34) and (2.35), are discretized as:

Gy g = (3.138)
N+2

> A = (3.139)
: L,j"]

=1

One efficient way to solve the set of Eqns.(3.137), subject to the boundary
conditions Eqns.(3.138) and (3.139), is to add a time-transient term, da(p)/dt, to the

velocity profile of Eqn.(3.24), discretize the resulting partial differential equation
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(PDE) to a set of ODE's, and, finally, integrate this set of ODE's, with respect to time,
until steady state (t — ®) is reached; this is the solution to Eqn.(3.137).

To simplify the solution, Eqn.(3.139) is expanded and combined with
Eqn.(3.138) to give the velocity at the centerline of the pore, a;:

N+1
q1= -

1
L S A
1,
Al,l j=2 1

(3.140)
N+l

=
do

et

And, Eqns.(3.138) and (3.140) are then used in the set of ODE's, discussed in the
previous paragraph, to derive the following manageable set of ODE'’s:
da,

Ci'jcxj +
j=2

-d)
o [AP ~An(l -e
i= By

ll
An ]-d’i
1+ e
a,
e'—1

Ta-l
B, b

(3.141)
for i=2,..,N+1
where O is the dimensionless time, defined as:
nt
=2 (3.142)
PR
C..= B .+A /p (3.143)
i i L' Fi
¥ (3.144)
Bi.j - Bi.j Bi.l(Al.j’Au)
A = A,
i ij

;- Ai.l (AI'jIA“)

(3.145)
Equation (3.141) represents the main set of ODE's (in the MD-SF-PF model)
to be solved, numerically, subject to the initial condition that the velocity is zero at all
collocation points at time zero (Mehdizadeh and Dickson, 1989f).

discussed in Section 5.2.5.

The computer code to optimize and solve the MD-SF-PF mbdel is presented
in Appendix F, and some of the results of using the orthogonal collocation method are
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3.6 Concluding Remarks

The family of Modified Surface Force-Pore Flow models were derived. The
family includes the following two-dimensional, porous transport models: the Modified
Surface-Force Pore Flow (MI)-SF-PF) model, the Extended MD-SF-PF model, and the
temperature-extended MD-SF-PF model. The Extended MD-SF-PF model is a
generalization of the MD-SF-PF mode! which can be employed to describe or predict
the RO membrane performance for any kind of RO system (i.e., solute rejection or
solute attraction). The temperature-extended MD-SF-PF model is a version of the
MD-SF-PF model which can describe or predict the RO membrane performance as a
function of system temperature.

In addition, the Modified Finely Porous Model (MD-FPM), which is based on
the correction of the finely porous model, was derived. The one-dimensional MD-FPM

relationship was shown, mathematicaily, to be different from the finely porous model.



CHAPTER 4

EXPERIMENTAL

The whole experimental plan in this dissertation is divided into three parts,
called: Phase I, Phase II, and Phase III.

Four FT30 polyamide membranes have been examined: two SW30HR (Sea
Water, High-Rejection) and two BW30 (Brackish Water) membranes, manufactured
by FilmTec Corporation (Cadotte et al., 1980; Larson et al., 1983; Cadotte, 1985). The
membranes, which are called SW30-1, SW30-2, BW30-1, and BW30-2, were cut from
flat sheets and compacted for 16 hours at 256°C temperature, 8500 kPa pressure (all
pressures reported are gauge pressures), and 2000 ppm concentration of NaC¢ in water
solution, before starting the experiments. The FT30 membranes are described m
Section 2.2,

The effective surface area of each membrane was 15.08 cm2, The pH of feed
and permeate solutions, in all the Phases, were measured for some experiments. Free
chlorine was checked for some feed samples, in each Phase, using the quick method of
"Hach Free Chlorine Test Cube”. The water used as the solvent, in ali the Phases, was
distilled and detonized.

In the following, first, the RO testing equipment is described in Section 4.1,
and second, the experimental plan for each Phase is deseribed in Sections 4.2, 4.3, and

4.4,

94
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4.1 Reverse Osmosis Equipment

The reverse osmosis testing system, as shown in Figure 4.1, consists of a
feed reservoir, a diaphragm metering pump, an accumulator, high/low pres-ure
protector, six radial-flow test cells (shown by "RO Cell"), a pressure gauge, a pressure
regulator, and a temperature controlling section which consists of a refrigeration
system, a heating system, and a WEST-Model 2070 microprocessor based temperature
controller. The feed solution is heated or cooled in a heat exchanger before entering
the flow cells. Most of the equipment is contained in an insulated chamber (as
illustrated in Figure 4.1) which is outfitted with heat exchangers for heating and
cooling the system. The system allows independent control of temperature, pressure,
feed flow rate, and feed concentration. Four of the six test cells were used for the four
membranes tested.

The concentration of the solute (sodium chloride) in water solutions was
measured by a YSI-Model 31 Conductivity bridge (with a Beckman pipette
conductivity cell) and using a calibration curve which correlates conductances (pmho)
to concentrations (ppm) at 25°C temperature. Samples were warmed or cooled to
25+0.1°C before analysis.

Photographs of the testing equipment and the RO cell are shown in

Figures 4.2 and 4.3, respectively.

4.2 Phase I Experimental Plan (Brackish Water Concentrations)
First the independent and dependent variables of the system are defined in

Section 4.2.1, and then the experimental plan is described in Section 4.2.2.
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Figure 4.1: Schematic diagram of the reverse-osmosis testing equipment.
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Figure 4.2: The reverse osmosis testing equipment



Figure 4.3: The reverse osmosis cell
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4.2.1 System parameters

The independent variables which were set for an experiment were the
solvent (water), the solute (Analytical Reagent sodium chloride), solute concentration,
feed flow rate, pressure and temperature.

The dependent variables which were measured are the permeate
concentration, pure solvent (water) permeation flux, and permeation flux of the
solution. The pH of feed and permeate solutions were measured for some experiments.

The range of each operating variable and the experimental error are:

- Pressure: 350-7000kPa  £0.2%
- Temperature: 5-60°C +0.2°C for each cell
10.25°C over all cells
-~ Feedflow rate: 1000 ml/min +1.0%
— Feed concentration: 2000 ppm +1.0%
4.2.2 Reverse osmosis experiments

The following series of experiments were designed to evaluate the
performance of the thin-film composite aromatic polyamide membranes at different
temperatures and pressures. Experiments which were more likely to damage the
membranes were done last, Therefore, the earlier results could still be compared even
if the membranes were damaged later on. The order of experiments in each section
were randomized to reduce the interference of any systematic change in the membrane
on the observed results.

Experiments with pure water feed have been performed before and after
each NaCE-HgO experiment. Some NaCé experiments, designated as "standard

experiments", have been repeated to monitor any membrane changes over the time
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period of the experimental plan. The "standard experiment” was operated at: 25°C,

1500 kPa, and 2000 ppm NaC¢ in water solution,

il

ii)

iii)

iv)

v)

vi)

vii)

viii)

The experimental plan was as follows:

Membrane compaction at 25°C, 8500 kPa and 2000 ppm aqueous NaC¢
solutions for 16 hours (until the permeate flux and concentration became
stable)

Standard experiment.

Experiments at 25°C and at each of the following pressure (randomized):
350, 500, 1500, 4000, and 70400 kPa,

Standard experiment,

Experiments at 5000, 10 000 and 15 000 ppm, 25°C, and 1500 kPa.
Experiments at pressures in the range of 350 - 7000 kPa and at tem-
peratures in the range of 5 - 25°C. After each set of experiments at a fixed
temperature, the standard experiment is repeated.

Experiments at several pressures in the range of 350 to 7000 kPa and at the
temperatures of 30, 35, and 40°C. Standard experiment is repeated after
each set of experiments at a fixed temperature.

Step (vi) repeated at 45, 50, and 60°C, followed by standard experiment after
each set of experiments,

A single experiment consists of measuring the pure water flux at the

appropriate conditions, switching to the electrolyte (i.e., NaC£-H90 in Phase I)

solution and after steady state is achieved, measuring the concentration of the feed,

Cai, the concentration of the permeate, Cag, and the solution flux, ny. Finally the

pure water flux is again measured. The reported np value is the average pure water

flux.
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4.3 Phase II Experimental Plan (Other 1-1 Electrolytes)
The Phase II experiments were performed with 1-1 elecirolytes other than
sodium chloride, including: potassium chloride, lithium chloride, and lithium nitrate.

The experimental conditions are as the following.

4.3.1 System parameters and reverse osmosis experiments

For a fixed set of operating conditions (which are: pressure, solute, feed
concentration, feed flow rate, and temperature) the following dependent variables
were measured: the permeate flux and concentration, the pH, and the pure solvent
(water) permeation tlux. Pure water fluxes were measured immediately before and
after each solution experiment to monitor membrane change and to determine an
appropriate average water flux. The change in solvent flux was small, usually < 1%.
For each solute, the order of experiments were randomized to reduce the interference
of any systematic change in the membrane results.

The range of each operating variable and the experimental error are
{Mehdizadeh and Dickson, 1989g);

—  Pressure: 350-4000kPa +0.2%

Temperature: 25°C +0.2°C for each cell

*0.25°C over all cells

— Feedflow rate: 1000 ml/min +1.0%
- Feedconcentration: 2000 ppm +1.0%
~  Solute: KC¢, LiC¢, and LiNQg (ail Analytical Reagent)

The procedure for a single experiment is the same as described in Section

4.2.2
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4.4 Phase III (Sea Water Concentrations)

The membrane samples examined are the same membranes used in
PhasesI and II; these are four FT30 polyamide membranes: two SW30HR and two
BW30 membranes, which are called SW30-1, SW30-2, BW30-1, and BW30-2, The

solute used in all the 30 experiments was Analytical Reagent sodium chloride.

4.4.1 System parameters

The independent variables which were set for an experiment are the solvent
(water), the solute (sodium chleride), solute concentration, pressure, temperature, and
feed flow rate,

The dependent variables which were measured are the permeate
concentration, pure solvent (water) permeation flux, and permeation flux of the
solution. The pH of feed and permeate solutions were measured for some experiments,

The range of each operating variable and its experimental error are
(Mehdizadeh and Dickson, 1989h):

— Pressure: 4000 - 7000 kPa +0.2%

- Temperature; 5-60°C £0.2°C for each cell

1:0.25°C over all cells

— Feed concentration: 35000 ppm +1.0%
— Feed flow rate: 1000 m¥min +1.0%
4.4.2 Reverse osmosis experiments

The experimental plan is similar to that in Phase [. The schedule

has been to perform experiments which might change or damage the membranes
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structures last. Therefore, the earlier results could still be compared even if the

membranes were damaged later on. The order of experiments in each section (ie.,

fixed temperature and different pressures) are randomized to reduce the interference

of any systematic change in the membrane on the observed results.

Experiments with pure water have been performed before and after each

NaCe€-H,0 experiment. Standard experiments, defined in Section 4.2.2, have been

repeated to menitor any membrane changes.

i)
ii)

iii)
iv)
v)
vi)
vii)
viii)
ix)
x)
xi)
xii)
xiii)
xiv)

xv)

The experimental plan was as follows:

Standard experiment.

Experiments with 35 000 ppm NaC¢ in water solution at 25°C and at each of
the following pressures (randomized): 4000, 5000, and 7000 kPa.
Standard experiment,

Same as step ii) but at 5°C.

Standard experiment.

Same as step ii) but at 15°C,

Standard experiment.

Same as step {i).

Standard experiment.

Same as step ii) but at 35°C,

Standard experiment.

Same as step ii) but at 45°C.

Standard experiment.

Same as step ii} but at 60°C.

Standard experiment.
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The procedure for a single experiment is the same as described in Section

4.2.2.

4.5 Concluding Remarks

Three classes of experiments (called Phase I, Phase II, and Phase IiI) were
done with four thin-film composite, aromatic polyamide, FT30 reverse osmosis
membranes. Phases I and III were with brackish water and sea water concentrations
of sodium chloride in water, respectively. The temperature range in Phases [ and Il
wasg 5-60°C; the pressure ranges were: 350-7000 kPa for Phase [, and 4000- 7000 kPa
for Phase [II. Phase II experiments were done with brackish water concentration of
aqueous solutions of potassium chloride, lithium chloride, and lithium nitrate. The
system temperature was 25°C, and the range of operating pressure was 500-4000 kPa.

The system temperature for all the experiments was controlled within a

narrow range of error.



CHAPTERS
RESULTS AND DISCUSSION

The major results obtained during the present research are presented in this
Chapter. First the experimental results are discussed in Section 5.1. Then, the
methods to solve the transport models (developed in Chapter 3) are described in
Section 5.2. Simulation and prediction results for the MD-SF-PF and SF-PF models
are presented in Section 5.3, which also includes predictions of temperature effects by
the temperature extended MD-SF-PF meodel, under the operating conditions of
Phases [ and III. Section 5.4 presents some of the results with the Extended MD-SF-
PF maodel for strong ;olute-membrane affinity systems, such as toluene-water and
cumene-water systems. Finally, simulation results are presented for the MD-FPM

and FPM relationships in Section 5.5,

5.1 Experimental Resuits

The experimental results for the Phases I, II, and III are presented in the
following Sections 5.1.1, 5.1.2, and 5.1.3, respectively. The raw data for these
experiments are tabulated in Appendices C, D, and E. The free chlorine tests have
shown that, for all the Phases, the amount of free chlorine in feed sample was less than
detectable (less than 0.5 ppm), and therefore the membranes were not exposed to the

free chlorine attack.

105
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5.1.1 Phase I (Brackish water concentrations)
In this section, the data obtained are presented and interpreted with

attention to the effects of temperature on inembrane performance,

5.1.1.1 Analysis of raw data

To determine the experimental performance of each membrane, the simple
equations of concentration polarization, Eqn.(2.7), and solvent flux, Eqn.(2.25), have
been employed. The pure solvent flux can be obtained, from Eqn.(2.25), in the form of
Eqn.(3.41). The mass transfer coefficient, k, which characterizes the boundary layer at
the feed side of the membrane, can be determined from the film-theory in Eqn.(2.7) or

the following equivalent equation:

C,—-C
_Az__.@.?.) (5.1)

Ny=(N, + Np)=Ck¢n ( C,-C,,
By mass balance, the solute and solvent fluxes are related to permeate concentration
by Eqn.(2.10), and separations can be determined via Eqns. (2.5) and (2.6).

The raw data for all the 79 experiments, in Phase [, have been processed by

a computer program in the following manner:

i) obtain molar fluxes, N, Ng, and Nt from experimental mass fluxes and the
permeate concentration, and then Eqn.(3.41) gives A from the pure water
flux, Np,

ii) obtain Cag from Eqn.(2.25) using Ca3, A, and Ng from step i), and, the
known relationship between concentration and osmotic pressure,

i) calculate the mass transfer coefficient, &, from Eqn.(5.1) using N, Cay, Caz,

and Cag from steps i) and ii).

The results of the above calculations are presented in Appendix C.
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The pH values for feed and permeate streams, measured for some
experiments, were all in the range 5.6 to 5.8, which is within the normal range
expected for pure unbuffered water of 5 to 7; therefore, no attempts were made to

adjust for the pH of the feed solutions.

5.1.1.2  Mass transfer coefficients

For relatively low concentration feed solutions the difference between pure
water flux, Np, and solution flux, N, is small which leads to a relatively large error in
determining np and hence Ca2 from Eqn.(2.25). Subsequently, there is a larger error
in calculating k from Eqn.(5.1). Therefore, even small experimental errors in the
measurements of Np, N7, Ca; or Caz can have a large effect on the k values; hence the
wide variation of these values for the experiments at the same temperature, presented
in Figures 5.1 and 5.2. Nonetheless, the k values at 25°C and 1500 kPa were averaged
and used as ke in Eqn.(2.55). The & values calculated by the procedure in stepiii)
above and those predicted by the generalized mass transfer correlation (Eqn.(2.55)) are
plotted in Figures 5.1 and 5.2. Given the expected error in calculating % for low
concentration experiments, the agreement between trends of the data and Eqn.(2.55)
is good.

To check the k.of values used above, a few experiments at 25°C, 1500 kPa,
and concentrations of 5,000, 10000, and 15000 ppm were performed. At higher
concentrations the differences between Np and NT become larger, giving a more
accurate value of Cpa, and therefore a more accurate estimate of k. These & values for
each cell were reaconably constant and agreed with ks by 2 maximum deviation of

14%,
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The % values predicted by Eqn.(2.55) are used to recalcutate Can (from
Eqn.(5.1)), and f’. The effect of using the corrected mass transfer coefficients on ' is

small (less than 3%).

5.1.1.3 Standard experiments

The results obtained for the standard experiments at different times are
presented in Figures 5.3 and 5.4. Run number is used to approximate time. Run
number represents the order in which the experiments were performed, with each run
taking about one work day, and the system was shut off overnight between runs.
Figure 5.3.a illustrates how separation, [, varies with time (as represented by run
number) for the SW30-1 and SW30-2 membranes. The separation remains essentially
constant over the time of testing. The average separation for each membrane is
presented as the dashed lines for the SW30-1 and SW30-2 membranes, respectively.

The values are 97.7% and 96.7%, respectively. Similar results are presented for the

BW30 membranes in Figure5.3.b. The separation for the BW30-1 membrane is
constant (96.4%) as a function of time. However, the separation for the BW30-2
membrane oscillates above and below the results for the BW30-1 membrane, but has
about the same separation as the BW30-1 membrane, on average (i.e., 96.4%). Per-
haps the BW30-2 membrane sample has some surface defects or is otherwise not
completely representative of BW30 membranes. By comparison, the SW30
membranes have higher separations than the BW30 membranes, as expected,

The variation of the pure water flux for all four membranes as a function of
run number is presented in Figure 5.4. Up to run number 152 the flux for each of the
membranes is constant. After run number 152 the flux for each membrane decreases

slowly over the remaining experiments. The change in the flux corresponds to the first
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run performed at 40°C. This result indicates some progressive change in the
memhbrane permeability occurs at 40°C and higher. Although different membrane
materials were used these results are coincidently consistent with those observed by
others (Merten et al., 1968; Kimura and Nomura, 1981). The BW30 membranes show
a larger decrease in flux than the SW30 membranes, which is typical that higher flux
membranes are more susceptible to changes in permeability. By comparison, the
BW30 membranes have higher permeation fluxes (up to about 100% more) than the
SW30 membranes, as expected. The cause of the change in permeability above 40°C is
discussed later, in Section 5.1.1.4.

The small differences in flux and separation between the SW30-1 and
SW30-2 can be expected for membrane samples cut from different places on the
membrane sheet. Similar behaviour is observed for the two BW30 membranes. As
expected, the higher flux membrane sample has a lower separation for both the SW30

and BW30 membranes.

5.1.1.4  Effects of pressure an< temperature on pure water flux

In the absence of compaction, fouling, or other changes in membrane
permenbility, the pure water flux should inerease linearly with pressure, as predicted
by Eqn.(3.41); that is, A should be constant. A representative sample of the pure water
data at various temperatures and over the low pressure and high pressure ranges are
plotted in Figures 5.5 and 5.6. The points represent the experimental data. The fluxes
appear linear, i.e,, constant A, in the low pressure region and flux increases with
temperature. In the higher pressure region, larger deviations from linearity are

observed. These results imply that flux is only nonlinear in the higher pressure range.
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However, when the data are replotted as A versus pressure for all
temperatures, in Figure 5.7, apparently A decreases over the whole pressure range,
The effect of pressure on A increases with increasing temperature, Figure5.7
indicates that the permeability decreases linearly with pressure, as in Eqn.(3.87). The
magnitude of the compaction effect is expressed by the parameter m. The variation of
m with temperature is presented as €nm versus €nT for the SW30 and BW30
membranes, in Figure 5.8. There is a small difference in m for the SW30 membranes,
while the two BW30 membranes can be represented by one curve. This information is
consistent with the data in Figure 5.3 where two lines are required for the SW30
membranes, indicating some difference in behaviour for the two samples, and only one
line is needed to represent the two BW30 membranes.

The above results can be interpreted in terms of membrane compaction.
The thin-film composite membranes are made from three layers: a support fabric, a
porous support membrane, and a thin surface layer. All three layers are potentially
susceptible to compaction. However, the thin surface film creates the largest
resistance to permeation and, therefore, probably this layer is undergoing compaction,
In other words, the membrane surface structure is changed, under pressure, in a
manner to decrease the membrane water permeability. The higher the pressure or
temperature the larger the decrease in permeability. Similar behaviour has been
observed for all four membranes and at all temperatures,

Equation (3.89) predicts that the pure water permeability coefficient, A0,
should increase with temperature according to an Arrhenius relationship. The A0
values at various temperatures are plotted in the form of £n A% versus 1/T in
Figure 5.9.a. Equation (3.89) predicts that one straight line could be drawn through

all the data.
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From theory on transport in RO membranes it is expected that A9 should
vary with kinematic viscosity, v (Sourirajan, 1970). Therefore, in Figure 5.9.b, the
dependence of logarithm of reciprocal of kinematic viscosity of water versus inverse
temperature is plotted for comparison. Both A9 and kinematic viscosity are
approximately linear in the lower temperature region and in the higher temperature
region with a change in slope at about 35 or 40°C. The apparent activation energies for
both A0 and inverse kinematic viscosity are tabulated in Table 5.1. Apparentiy the
change in slope for A0 is partially accounted for by the change in kinematic viscosity of
water with temperature.

The apparent activation energies (listed in Table 5.1) are about 30% and
40% lower in the higher temperature range than in the lower temperature range for
the SW30 and BW30 membranes, respectively. The lower activation energies at
higher temperatures may be related to a shift in the mechsnism of water transport.
The values are about the same for the two different samples of the same membrane
material, and the values for the SW30 membranes are about 10% and 40% larger than
the values for the BW30 membranes in the lower and higher temperature range,
respectively. The values obtained are qualitatively similar to those found by others.
For example, Connell and Dickson (1988) studied the temperature effects on
asymmetric cellulose acetate membranes and found that the pure water permeability
coefficient changed with temperature according to an apparent activation energy of
22 000 kd/kmol. These energies can be compared to the average activation energy for a
Newtonian fluid, e.g. by Chen et al. (1983), which, based on the temperature
dependency of inverse kinematic viscosity, is about 15 800 kJ/kmol for water. The
values are about 17 300 and 14 240 kJ/kmol in the two temperzture ranges for water

(Table 5.1). Except for the BW30 membranes in the higher temperature range, the
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Table 5.1

Apparent activation energies for the pure water permeability coefficient
{in Phase I} and for inverse kinematic viscosity

5 - 40°C temperature range

40 - 60°C temperature range

1/v for water

—2081.

17 303.

-1712.

Membrane | Slope = —E/R,K | E, kd/kmol { Slope = —E/R,K | E, kd/kmol
SW30-1 -315. 25 898. - 2232 18 557.
SW30-2 —2985. 24 821. —-2134. 17 740.
BW30-1 — 2676, 22 249, —1548. 12874,
BW30-2 - 2762, 22 962. —1609. 13 375.

14 238.
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activation energies were all larger than 15800 kd/kmol indicating that water
transport was somewhat hindered. The apparent activation energies for the SW30
membranes should be larger than for the BW30 membranes due to the lower
permeability for the SW30 membranes. This result is confirmed by the 10% and 40%
larger activation energies for the SW30 membranes in the lower and higher
temperature range, respectively.

In both the discussion on the variation in permeability with time, as
presented in Figure 5.4, and the discussion above on apparent activation energies,
there seems to be an additional effect on the permeability at higher temperatures.
This effect could be caused by some separate change in the mechanism of transport in
this temperature region or the effect could be the result of membrane fouling at higher
temperatures. The experimental system was clean, using only distilled and deionized
water and Analytical Reagent NaC¢, and a 15 pm filter was put in line to trap any
suspended materials, yet there may still have been some small amount of membrane
fouling. The exact cause of this somewhat decreased permeability at higher
temperatures is not known. The change is not due to compaction as compaction has

already been accounted for as discussed in this section.

5.1.1.5 Effects of pressure and temperature on separation

The theoretical separation, ', which is calculated based on the boundary
layer concentration (see Eqn.(2.6)) is plotted as a function of temperature and pressure
in Figures 5.10 and 5.11 for the four membranes tested. For example, for the SW30-1
membrane the separation increases with pressure until a constant value of separation
is reached. The increase in separation with pressure is expected for most reverse

osmosis systems. This effect occurs because, increasing pressure, directly increases
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the {lux of water while the concentration driving force for solute is almost unaffected.
Hence more water in the permeate leads to higher separation. At higher pressures,
the separation is approximately independent of the operating temperature. This
result has been observed previously (Kimura and Nomura, 1981; Yang and Dickson,
1985). However, at the lower pressures, the separation appears to first decrease and
then increase with increasing temperature. If this is true, the minimum separation is
around 40°C. However, as is discussed in Section 5.3.3, the temperature-extended MD-
SF-PF model predicts no such behaviour, and therefore the solid curves (in
Figures 5.10 and 5.11) likely represent the experimental data; this matter is further
discussed in Section 5.3.3.

Figures 5.10 and 5.11 illustrate similar results for the three remaining
membrane samples, Again the separation increases with pressure to a maximum, as
predicted by theory, and the separation is approximately independent. of temperature
at higher pressures,

Figures 5.12 and 5.13 are useful for illustrating the effect of pressure on
separation explicitly. The separation increases with increasing pressure to a constant
value at high pressures. The results are presented for 5, 25, and 60°C and the
separation values are shown to be independent of temperature at high pressures.
However, the independence of temperature implied by this plot ignores the variation

with temperature that does exist for low pressures as shown in Figures 5.10 and 5.11.

5.1.1.6  Effects of pressure and temperature on solution flux
The solution flux is the flux of solute plus solvent measured when solute is
present in the feed solution. The solution flux as a function of pressure is presented in

Figures §.14 and 5.15 for three temperatures. For all the membranes the flux was well
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represented by a straight line for each temperature. At the highest temperature there
is a slight deviation from the straight line which may reflect some irreversible change

to the membrane at higher temperatures,

5.1.1.7 Experiments at higher concentrations

These are experiments at the higher concentrations of 5000, 10 000, and
15 000 ppm NaC¢ and at 25°C temperature and 1500 kPa pressure, as documented as
run numbers 1001 to 1003 in Appendix C.

The experimental results are shown by data points in Figures 5.16 and 5.17
in the form of theoretical separation and flux versus feed concentration, for SW30-1
and BW30-1 membranes, respectively, As expected, the solution flux and separation
decrease with increasing feed concentration for all of the membranes. As the feed
concentration is increased the theoretical separation decreases. This phenomenen
happens since increasing the feed concentration decreases the solvent (water) permea-
tion flux due to an increase in the feed osmotic pressure (see Eqn.(2.25)) and increases
the driving force for solute transport through the membrane (see Eqn.(2.26)), so that s
relatively larger fraction of solute is transported through the membrane and,
therefore, the theoretical separation decreases.

The MD-SF-PF model predictions for the above data are presented in

Section 5.3.2,

5.1.2 Phase II (Other 1-1 electrolytes)
The raw data for all the experiments have been analyzed by the computer
code explained in Section 5.1.1.1, and the results are documented in Appendix D, for

the electrolyte solutions: KCé-water, LiC€-water, and LiNO3-water.
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The results are plotted in the form of theoretical separation, f’, and solution
flux, Ny, in Figures 5.18 to 5.23 for the KC¢, LiC¢, and LiNOQj solutes, respectively
(Mehdizaden and Dickson, 1989g). Only one membrane of each group (that is, SW30-1
and BW30-1 membranes) are presented; the performance for the other membranes are
similar, The MD-SF-PF model predictions, shown in Figures5.18 to 5.23, are
discussed in Section 5.3.2. \

Figure 5.18.a illustrates the separation of KC€ as a function of operating
pressure, for the SW30-1 membrane. As pressure is increased, separation increases
and reaches a plateau, which is characteristic of systems in which strong solvent-mem-
brane affinity exists. Figure 5.18.b illustrates the total permeation flux as a function
of the operating pressure for the SW30-1 membrane. The flux increases linearly as a
function of pressure. Figure 5.19 illustrates the same trends for the BW30-1
membrane. For the BW30 membrane, the separations are lower and the fluxes are
higher than those for the SW30 membrane. The relative behaviour for the two
membranes are as expected for seawater (SW30) and brackish water (BW30)
membranes.

Figures 5.20 to 5.23 present similar data for the systems LiCé-water and
LiNOg-water, respectively, In all of these systems, the separation values are higher,
and the flux values are lower, for the SW30 membrane than those for the BW30
membrane.

Typical values of pure water flux, Np, for the SW30-1 and BW30-1
membranes were about 0.30 and 0.55 % 10-3 kmol/m2 s at 1500 kPa pressure and 25°C,

The pH values for the feed and permeate streams, for all the solute systems,

were in the range of 7.0 to 7.1, and, therefore, no pH adjustinents were done.
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membrane performance for the solute LiC¢: (a) separation versus
operating pressure for BW30-1 membrare, and (b) total solution
permeation flux versus operating pressure for BW30-1 membrane.
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membrane performance for the solute LiINO;3: (a) separation versus
operatin_g pressure for BW30-1 membrane, and (b) total solution
permeation flux versus operating pressure for BW30-1 membrane.
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513 Phase III (Sea water concentrations)

[n this section, the experimental results for Phase Il (sea water
concentrations) are presented and discussed (Mehdizadeh and Dickson, 1989h). The
discussion parallels and is compared with the discussion for Phase [ experimental plan

in Section 5.1.1.

5.1.3.1 Analysis of raw data

The raw data for all the 30 experiments are processed by the procedure
described in Section 5.1,1.1. The results are tabulated in Appendix E.

The values of feed and permeate pH, measiired in some experiments, were
all in the range 6.5 t0 6.7, which were as expected. Therefore, no attempt was made to

adjust for the pH.

5.1.3.2 Mass transfer coefficients

The mass transfer coefficients are known from the experiments in Phasel
and the discussion in Section 5.1.1.2. The values are 15.35%10-6, 22,49 X 10-6,
32.84X10-6, and 27.65X10-6 m/s for the SW30-1, SW30-2, BW30-1, and BW30-2
membranes, respectively. These values are then used as the reference values in
Eqn.(2.55) to determine the coefficients at other temperatures.

The values for solute diffusivities, and solution densities, viscosities, and
osmotic pressures can be found in the literature (Stoughton and Lietzke, 1965; Korosi

and Fabuss, 1968; Sourirajan, 1970; Weast, 1975; Reid et al., 1977).
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5.1.3.3 Standard experiments

The results obtained for the standard experiments at different times are
presented in Figures 5.24 and 5.25 by run numbers 301 to 330 for Phase lIl. Run
number represents the order in which experiments were performed, as described in
Section 5.1.1.3. The results obtained for Phase | standard experiments (i.e., run
numbers 111 to 179) are also included in Figures 5.24 and 5.25 for comparison.
Figure 5.24 presents the variation of separation with time for the SW30 and BW30
membranes, respectively. The dashed lines in Figures 5.24 and 5.25 represent the
period of time during which no experiments were run. The average values of
separation in the new set of experiments (i.e., run numbers 301 to 330) are about

98.5% and 98.0% for the SW30-1 and SW30-2 membranes, respectively, and about

97.5% and 97.0% for the BW30-1 and BW30-2 membranes, respectively. Compared

with the results in Phase I {i.e., run numbers 111 to 179), which give the separation

values of 97.7% and 96.7% for the SW30-1 and SW30-2 membranes and an average

96.4% for the BW30 membranes (see Section 5.1.1.3), the separation values for the
standard experiments in Phase III are a little higher (about 1%). This means that the
FT30 membranes have not lost their solute rejection character during the above period
of time. Alse, the BW30-2 membrane, which had an oscillating behaviour for
separation in Phase I (see Section 5.1.1.3) did not act in this manner, in Phase IlI, as
presented by the lower flat line in Figure 5.24.b.

Figure 5.25 presents the pure water flux versus time. Similar to
Figure 5.24, the experimental results in Phase I (i.e., rt;n numbers 111 to 179) are also
included for comparison. The dashed lines represent the period of time during which
no experiment was run. The reason for the flux decline with respect to time, in

Figure 5.25, is not known with certainty;, however, as discussed in Section 5.1.1.4,
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since the flux decline starts from the first standard experiment after 40°C temperature
the phenomenon might be the result of membrane fouling at higher temperatures due
to the presence of trace contaminants in sodium chloride or it could be due to some
separate change in the structure of the membranes.

The BW30 membranes, which have higher permeation fluxes, show a larger
decrease in flux than the SW30 membranes. As compared with the results for Phase |
(i.e., run numbers 111 to 179), the early experimental fluxes in Phase III matched the
last values of the fluxes in Phase I. The relative differences in [luxes between the four
membranes have remained constant over the time of testing. As expected, the higher

flux membranes have the lower separations.

5.1.3.4  Effects of pressure and temperature on pure water flux

As discussed in Section 5.1.1.4, the pure water flux should increase lincarly
with pressure if no compaction and fouling exist in the system; in such a case the pure
water permeability coefficient, A, should be independent of pressure. It was found, in
Section 5.1.1.4, that more information could be obtained about the dependency of A on
pressure by plotting A versus pressure (such as in Figure 5.7) rather than plotting the
pure water flux versus pressure (such as in Figures 5.5 and 5.6). For the pure water
experiments in Phase III, the A values are plotted versus pressure (in Figure 5.26).
The trend in Figure 5.26, as shown by the best-fit straight lines, reveal that the pure
water permeability coefficient, A, decreases over the whole pressure range and the
change can be considered as linear. The value of A at zero pressure, A9, and the
compaction parameter, m (defined in Eqn.(3.87)), are determined at any fixed

temperature, as in Section 5.1.1.4.



145

© =5 C
% 900 . : X =15C
B =257
0 8001 () +  =35T
N, 200 | o
[ A =45C
600. | . e
S _ %, =607
Cé 500. }
R N
™ .300.F ar ]
S + T + .
‘\200 -\( k3| E B. -
X 100. o XX . :
T 0 =
~:1-: 0 R R | . L . { — L L . R J .]
0 2000 4000 6000 8000

PR NN ST S NN TN N U ST B

< 0 b= — -
0 2000 4000
Operating Pressure, kPa

1 S | 4

6000

8000

Figure 5.26: Pure water permeability coefficient as a function of operating
pressure and temperature: (a) SW30-1 membrane, and (b) BW30-2
membrane. The straight lines are the best-fit lines by least squares
for each set of data.



146

Similar to the pure water experiments in Phase | (see Section 5.1.1.4), the
A0 values are plotted as a function of temperature in Figure 5.27.a for the SW30-1 and
BW30-2 membranes, respectively. The compaction-free pure water permeunbility
coefficient (A0) for each membrane follows the Arrhenius-type behaviour in Lwo
temperature intervals: 5-35°C and 35-60°C; similar behaviour was found for the pure
water experiments in Phase [, as shown in Figure 5.9.a. The change in slope appears
to occur in the same region, 35°C to 40°C, in both Phase I and Phase 11[ experiments.
The similarity of the data in Figures 5.27.a and 5.9.a indicates the reproducibility of
the pure water experimental data. Again, this change in slope may represent a change
in membrane transport of water at about 35-40°C.

Similar to Figure 5.8 for the pure water experiments in Phase [, the
compaction coefficients, m, are plotted versus temperature on a log-log scale in
Figure 5.27.b. That the compaction curves in Figure 5.27.b follow similar trends (and
fall into the same range of changes) as those in Phase [ {Figure 5.8) represents, again,
the reproducibility of the pure water experimental data.

To complete the analogy between the pure water experimental data in
Phases 1 and III, Equation (3.89) is employed to determine the magnitudes of the
apparent activation energies of water transport for each membrane. The energics are
tabulated in Table 5.2, These energies are ahout 30% and 45% lower in the higher
temperature range than in the lower temperature range for the SW30 and BW30
membranes, respectively; these values are close (about 10% difference) to the 30% and
40% values in Phase [. The lower activation energies at higher temperatures may be
related to a shift in the mechanism of water transport. The values are about the same
(about 1% difference) for the other samples of the same membrane material. The

apparent activation energy values for the SW30 membrane are about 10% an 35%
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temperature (the slopes of the straight lines change at about 35°C),
(b) compaction coefficient as a function of temperature.
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Table 5.2

Apparent activation energies for the pure water permeability coefficient

{(in Phase [II) and for inverse kinematic viscosity

5-35°C temperature range

35 - 60°C temperature range

Membrane |Slope = —E/R,K | E, kJ/kmol | Slope = —E/R,K | E, kd/kmol
SW30-1 —3403. 28 295, —2333, 19 400,
SW30-2 -3047. 25337. -1627. 13 530.

1/v for water — 2081, 17 303. —-1712. 14 238,
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larger than the values for the BW30 membranes in the lower and higher temperature
range, respectively (which are very close to the corresponding 10% and 40% found in
Phase [ experiments). The proximity of the new values to the old values indicates that
the membranes in Phase III have the same characteristics as in the last experiments
in Phase I and, therefore, could still be used for Phase [II experiments.

Up to now, the reproducibility of the pure water experimental results have
been discussed. Now, attention is given to the results for the salt solutions at the
operating conditions of Phase III, and the results are discussed in terms of pressure

and temperature effects on membrane separation and permeation flux.

5.1.3.5 Effects of pressure and temperature on separation

Similar to the results in Phase [ (see Section 5.1.1.5, Figures 5.10 and 5.11},
the theoretical separation, f', is plotted as a function of temperature, with pressure as
a parameter, in Figures 5.28 and 5.29 for all the FT30 membranes. The following
trends are observed in the data in Figures 5.28 and 5.29.

In general, at a fixed pressure, as the temperature is increased the
separation decreases at the lower pressures (i.e., 4000 and 5000 kPa) but the
separation does not change remarkably at the highest pressure (i.e., 7000 kPa).
Previously, as observed in the data of Phase I (i.e., the experiments at brackish water
concentration level), the separation was independent of temperature at the highest
pressures (see Section 5.1.1.5). The fact that separation is independent of temperature
at the highest operating pressures is common in both the sea water concentration
experiments (Phase [I[) and the brackish water concentration experiments (Phase I).

The change in separation with temperature at the lower pressures, in Figures 5.28 and
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5.29, is stronger for the BW30 membranes than for the SW30 membranes; this Lrend
was also observed in Phase I (see Section 5.1.1.5),

At a fixed temperature, in general, as the pressure is increased the separa-
tion increases, in Figures 5.28 and 5.29; this trend can be better seen in Figures 5.30
and 5.31 where the separation is plotted versus pressure, with temperature as a
parameter. The results are presented only for 5, 25, and 60°C temperatures, The
reason for the increase in separation with an increase in pressure has been explained
in Section 5.1.1.5. The separation inereases with pressure to a constant value at the
highest pressure of 7000 kPa, However, as can be seen in Figures 5.28 and 5.29, for
some of the membranes (i.e., the SW30- 1 and BW30-1) at some temperatures (5 and
25°C for the SW30-1 and 5°C for the BW30-1), the separation decreases with pressure
at pressures higher than 5000 kPa. This phenomenon might be either due to some
experimental error or could be the result of larger concentration polarization in these
systems at the highest pressure of 7000 kPa; that is, as pressure is increased beyond
5000 kPa the boundary-layer feed concentration, Cas, is increased such that osmotic
pressure becomes the dominant factor leading to an increased solute driving force.
However, since this phenomenon did not happen for the SW30-2 and BW30-2
membranes (see Figures 5.30 and 5.31) the phenomenon might be due to experimental

error.

5.1.3.6  Effects of pressure and temperature on solution flux

The solution flux for each membrane varies with the system pressure and
temperature according to Figures 5.32 and 5.33. Only the temperatures of 5, 25, and
60°C are shown. For all the FT30 membranes, the total permeation flux changes

linearly with pressure, and the straight lines shown are the best-fit straight lines
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through the data points. The results {or the sea water concentration level (Phase III)
shown in Figures 5.32 and 5.33 are similar to those for the brackish water concentra-
tion experiments (Phase I) shown in Figures 5.14 and 5.15; the differences between
Figures 5.32, 5.33, 5.14, and 5.15 are: i) the data in Figures 5.32 and 5.33 fall into a
narrower range of flux values due to the high osmotic pressures for the sea water, and
ii) the deviations from linearity in Figures5.32 and 5.33 are less than those in
Figures 5.14 and 5.15.

According to Figures 5.32 and 5.33, temperature can remarkably increase

the solution {lux.

5.2 Solution of the Modei Equations

The procedure to solve for each model, which has been developed during the
present research, is discussed in this section. The discussion is followed by parameter
estimation and optimization procedures. Finally, the results of using the orthogonal

collocation numerical technique are presented.

5.2.1 Solution to the MD-SF-PF and SF-PF models

In order to use the MD-SF-PF model, outlined in Section 3.2.4, a scheme is
required to solve the model equations. The appropriate equations that need to be
solved, for the MD-SF-PF model, are Eqns.(3.24), (3.35), (3.40), 13.44), and (2.31). The
unknown parameters in the model are: 9;, Rw, and v, provided that Eqn.(3.44) is
employed as the equation of potential function with 8o=1/2. It should be recalled,
from Section 3.1.6, that the value of B9, in Eqn.(3.44), can be set at 1/2, at least for the
FT30 aromatic polyamide membranes. For simulation purposes the three parameters

(i.e., Ry, 8y, and we) are assumed to be known. In general, however, the unknown
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parameters can be determined by fitting experimental data to the model using a

nonlinear parameter estimation routine, as discussed later, in this section,

ii.

iii.

iv.

ii,

iii.

iv.

The following procedure is recommended to solve the MD-SF-PF model:
Make an initial guess for the permeate concentration, Cags.

Solve Eqn.(3.24), with the boundary conditions Eqns.(2.34) and (2.35) for
the velocity profile, a{p).

Calculate Caa from Eqn.(3.35).

If Caz from steps i and iii agree (within a tolerar ~e) the model has
converged. If not, then, repeat stepsitoiv. The Cag caleulated in step iii is
a good next guess.

Use Eqns.(2.6) and (3.40) to calculate the separation and {lux, respectively,
for the membrane.

In order to solve the SF-PF model the following procedure has been adopted:
Solve Eqn.(2.33), using Eqns.(2.34), (2.35), (2.40), and (2.45) or (2.46) Lo
obtain afp).

Obtain Ca3(p) using Eqn.(2.40).

Caleulate Ca3 using Eqn.(2.42).

Calculate the separation using Eqn.(2.6).

Computer programs have been developed to solve the MD-SF-PF and the

SF-PF models. "Orthogonal collocation” method of weighted residuals, discussed in

Sections 2.6 and 3.6, is used to solve the differential equation for the velocity profile

(Eqn.(3.24) for the MD-SF-PF model, and Eqn.(2.33) for the SF-PF model). Shilted

Legendre polynomials are used as the orthogonal polynomials and the Lagrange

interpolation polynomial for the case of interpolations. The boundary conditions were

imposed explicitly (mixed collocation).
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Overall the above solution algorithm has been found to be fast, efficient, and

accurate,

5.2.2 Solution to the Extended MD-SF-PF model

The procedure is similar to that for the MD-SF-PF model, discussed in
Section 5.2.1. Only, in this case, the equations to be solved are: Eqns.(3.75), (3.80),
(3.82) for non-electrolytes or (3.44) for electrolytes, (3.79), and (3.83), with the help of

Eqns.(2.34), (2.35), (3.70), and (3.71).

5.2.3 Solution to the MD-FPM and FPM relationships

In order to use the MD-FPM model, as outlined in Section 3.4, the equations
describing the fluid permeation flux and sepération are coupled and, therefore, a trial
and error technique is required to find the solution. The appropriate equations that
need to be solved for the MD-FPM-3 relationship are Eqgns.(3.131), and (3.133) to
(3.136); Eqn.(3.132) can be used instead of Eqn.(3.131) if Eqn.(3.110) holds. The
Faxen equation, Eqn.(2.31), is used to predict the friction factor in the case of solute
exclusion from the membrane.

That partition coefficient, K, and friction function, b, are functions of
membrane pore size (e.g., Mehdizadeh and Dickson, 1989a) is well known. The
partition coefficient decreases with increasing pore size as the less of the pore space is
excluded from the solute and the potential function between the solute and the pore
wall decreases with increasing distance. Therefore, some relationship between K and
Rw is needed. On the other hand, the relationship between radial partition coefficient,
K(p), and membrane surface potential, ¢(p), can be related by the Boltzmann theorem,

Eqn.(3.10), so that the radially-averaged K values are given by Eqns.(3.59) and (3.60);
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for the MD-FPM-3 relationship, Ko and Kj are equal. Therefore, to solve for exact
solution in the MD-FPM relationships, a relationship is needed for the potential
function; the equation proposed in the MD-SF-PF model, Eqn.(3.44), may be used for
this purpose. The relationship between b and pore size can be approximated by the
Faxen equation.
To solve the MD-FPM-3 relationship, knowing the parameters of the model
(Rw, t/e, and K or 8,), the following procedure is recommended:
i) Make an initial guess for Cas.
i) Solve Eqn.(3.131) to find a. An iterative technique is required Lo solve thiy
equation. IfEqn.(3.110) holds, Eqn.(3.132) can be used, instead, explicitly.
iii) Solve Eqn.(3.136) to find the separation, ', Il the Cag value obtained from
this £’ value is about the guessed Cag proceed to the next step; otherwise,
make another guess for C3 and go back to step (ii).
iv) Solve Eqn.(3.133), using Eqn.(3.134), to find the total permeation flux, N.
In the above procedure, the Faxen equation, Eqn.(2.31), has been assumed
to predict the b factor. If the parameter 0; is used, rather than the K factor, then
Eqns.(3.44) and (3.10) are used to determine the K factor, by integrating over the pore
surface area, as in Eqn.(3.59).
A similar procedure can be used to solve the MD-FPM-4 relationship. In this
case, the equations to be solved are Eqns.(3.109), (3.117), (3.120), and (3.122).
Equation (3.111) can be used instead of Eqn.(3.109) if Eqn.(3.110) holds.
For the case of FPM relationships, Eqns.(3.104), (3.128) and (3.129) are
used, and for the FPM-4 relationship, Eqns.(3.104) and (3.128) are used to solve the

models,
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5.2.4 Optimization and parameter estimation

[n order to determine model parameters, a eci: parison of model calculations
and experimental data are used as a basis to optimize an appropriate objective
function. The optimization routine, used in the present research, is the nonlinear
optimizer UWHAUS, which is an iterative technique based on Marquardt's method
(Marquardt, 1963); this method combines the Gauss (Taylor series) method and the
method of steepest descent.

The unknown parameters for each model are adjusted to minimize the sum
of square errors between the model and the experimental ' values. That is, the

objective function to be minimized has been selected to be:

2
F= Z (rmudel - rexp'l) {5.2)

i i
However, a better objective function to be minimized is:
s . \2 2

G=W, ; (fm aol = rexp.l)i + Wy ; (NTJ“ el NT‘m.,)i (5.3)
where Wyand Wy are weighting factors, for the variances of f' and N, respectively.
There are two difficulties associated with using Eqn.(5.3). Firstly, information on the
variance in ' and Nt is needed, Secondly, another adjustable parameter, t/e, is
needed (to determine the flux, Nov} that must be estimated simultaneously with the
other parameters. In the present research, Eqn.(5.2) has been minimized, to avoid the
above two problems. As is shown in the next sections, even though the error function
is minimized in separation only, the model does an excellent job of predicting the flux
as well; in this way, the value of t/e is determined from pure solvent (water) experi-

ments, and, therefore, the parameters for each model are: Ry, 6, and 89 for MD-SF-

PF model (82 is found to be 1/2, later in this section); and Ry, and A for SF-PF model.
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To estimate the parameters, the experimental data of Phase [ (Section 4.1)
at 2000 ppm concentration, 25°C temperature, and different pressures (350-7000 kPa)
have been employed to fit each model. The results are shown in Figure 5.34, Initially,
the data were fit for each membrane separately and the values of the potential
parameters for each group of membranes (i.e., SW30 or BW30) were close (within 1%)
to each other, for each model. A constant value for the potential parameters for the
SW30 (or for the BW30) membranes is reasonable since the membrane samples are
identical in chemical nature. Therefore, it was hypothesized that the only difference
between the SW30-1 and SW30-2 membranes (and between the BW30-1 and BW30-2
membranes) was the pore size. Therefore, the data were pooled for the two SW30
membranes and the model parameters were Ry 1, Rwa, 9y, and 03 for MD-SF-PF
model and Rw,1, Rw.2, and A for SF-PF model, where subscripts 1 and 2 refer to the
SW30-1 and SW30-2 (and the BW30-1 and BW30-2) membranes, respectively.

The results of the parameter estimation for the MD-SF-PF and the SF-PF
models are shown in Tables 5.3 and 5.4, respectively. The 95% confidence interval for
each estimated parameter has also been presented. At this concentration (2000 ppm
NaCeé in water), the effect of pressure on theoretical separation {’, is well represented
by both models as illustrated in Figure 5.34.

The parameters, determined within the narrow ranges of the confidence
intervals, indicate that the SW30 membranes have a smaller pore size than the BW30
membranes and the potential parameter(s) for the BW30 membranes are a little
higher (about 15%) than those for the SW30 membranes. The estimated values for the
average pore radius, Ry, are about 1.0 and 1.2 nm for the SW30 and BW30
membranes, respectively. The estimated values for the potential parameter, 8y, are

about 5.4 and 6.2 nm for the SW30 and BW30 membrane, respectively. Considering
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Table 5.3

Estimated parameters and statistics for all the membranes using MD-SF-PF model*

SW30 Membranes BW30 Membranes
Rw,1 X 1010, m 8.97 < 9.39 < 9.82 12.88 < 13.07 < 13.26
Ry2 X 1010,m 10,14 < 10.38 < 10.63 11.27 < 11.89 < 12.50
8; X 1010,m 52.45 < 53.73 < 55.01 60.33 < 61.57 < 62.81
02 0.4873 < 0.4901 < 0.4929 0.4889 < 0.4921 < 0.49563
SsSQ 0.004849 0.003732
Var (Res.) 0.0001426 0.0001086
dof 34 34

* 954, confidence intervals are shown.
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Table 5.4

Estimated parameters and statistics for all the membranes using SF-PF model*

SW30 Membranes

BW30 Membranes

Rw'[ x 1010, m

Rw,z2 X 1010,m

9.06 < 9.46 < 9.87

11.23 < 11.83 < 12.43

13.19 < 13.21 < 13.23

11.62 < 11.83 < 11.64

A X 1010m 26,99 < 28.73 < 30.47 30.50 < 30.55 < 30.60
58Q 0.004274 0.004697

Var (Res.) 0.0001221 0.0001342
dof 35 35

* 95% confidence intervals are shown.
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the value of the potential function at the pore centerline, 8)/Ry (see Eqn.(3.44)), the
values are about 5.4 (i.e., 5.4/1.0=5.4) for the SW30 membranes and about 51 (i.e.,
6.2/1.2=5.1) for the BW30 membranes, which implies g stronger potential field (ubout
6%) for the SW30 membranes as compared with the BW30 membranes. These results
are consistent with the reality that the SW30 membranes are the high-rejection
membranes. The variance of residual values for the MD-SF-PF model are higher
(about 20%) than those for the SF-PF model because the number of degrees of {reedom
for the MD-SF-PF model is one degree smaller than that for the SF-PF model (since
the MD-SF-PF model has one parameter more than the SF-PF model). According to
the estimated parameters by the MD-SF-PF model, in Table 5.3, all of the SW30
membranes have smaller pore size than the BW30 membranes which makes sense,
However, according to the SF-PF model, Table 5.4 indicates that the BW30-2
membrane has a smaller pore size than the SW30-2 membrane, which is not expected
in reality.

Examining the data in Table 5.3 suggests that the 82 parameter, for all the
membranes, can be reasonably approximated by the value 1/2. Deviations from 1/2
has negligible errors in the value of the potential. Therefore, the MD-SF-PF model can

be regarded as a three-parameter model: Ry, 0;, and v/e.

5.2.5 Results from orthogonal collocation

The principies of orthogonal collocation, discussed in Section 2.6, have been
applied to the MD- SF-PF mode! in Section 3.5, and the differential equation of
velocity profile in MD-SF-PF model, given by Eqn.(3.24), was converted to a set of

ordinary differential equations (ODE) in Eqn.(3.141).
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In order to solve the set of ODE's in Eqn.(3.141), one has to use a numerical
technique to integrate these equations with respect to time. The numerical
integration package, LSODE (Hindmarsh, 1983), has been used for this integration.

The main objective is to compute the A; j 8nd Bji; coeflicients, defined in
Eqns.(2.73) and (2.74), so that the coefficients in Eqns.(3.143) to (3.145) could be
computed. For a chosen number of interior collocation points, N, the zeros of Pyt0.0)p)
and the matrices A={A; i} and B={B; jt are found by the subroutines JCOBI and
DFOPR in A'p[J.endix F (from: Villadsen and Michelsen, 1978), respectively. The
velocity function value at the pore centerline, ay, (i.e., at p=0) is determined from
Eqn.(3.140) and the velocity at the wall, ay +9, (i.e., at p=1} is zero due to the non-slip
boundary condition. The velocity function values at desired intermediate points {e.g.,
at p=10.1, 0.2,...,0.9) are calculated using the Lagrange interpolation polynomial,
Eqn.(2.70), by subroutine INTRP in Appendix F (from: Villadsen and Michelsen,
1978).

Before looking at the results of the numerical calculations, consider the
form of Eqn.(3.24) and the two special case solutions, Eqns.(3.28) and (3.29). Since
these analytical solutions are much easier to use, compared to the CPU time required
to solve Eqn.(3.24), it is tempting to use these approximate solutions. For example,
this simpler approach is suggested in the literature for the similar equation in the SF-
PF model, Eqn.(2.33), (Bhattacharyya et al., 1988). In this section the validity of this
approximation is examined.

First, the numerical technique developed above is tested for the special case
of Poiseuille flow {i.e., b=1and $=0). This test has been done for an aqueous sodium
chloride feed solution and the following operating conditions; AP=7000 kPa, T=25°C,

Rw=10X10-10m, and Ca2=0.048 kmol/m3. For sodium chloride aqueous solution:
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Dap=1.566X10-2 m2/s, n=0.8965X10-6 kPas, and R4 =1.55X10-10m. The results
are shown in Figure 5.35.a and 5.35.b for the case of 3 and 5 interior collocation points
(i.e., N=23 and 5), respectively. As illustrated in Figure 5.35.a, the numerical solution
passes through the exact solution {Poiseuille equation, given by Eqn.(3.28)), for this
small number of collocation points. The CPU time for this computation is 0.28 s on
VAX 8600. The same computation using N=5 shows the same accuracy but has a
larger CPU time of 0.49 s on the VAX,

Next, the velocity profiles for real reverse osmosis conditions haw? been
determined., Figure 5.36 illustrates the actual velocity profile (solid curve) and the
special case of complete solute rejection, Eqn.(3.29), under the operating conditions of:
AP=T000kPa, Cp2=35 000 ppm NaCf in water, T=25°C, Rw=10X10-10m,
91=53.73X10-10 m, and '92=0.4901, using W=2, The real solution is close to the
special case of Eqn.(3.29), which meu.:s that almost all of the solute molecules are
rejected from the membrane. Increasing the number of collocation points from 2, to 5,
and to 8, did not appreciably affect the accuracy of the solution, but of course the CPU
time (on VAX 8600) increased from 1,11, to 2.76, and to 5.43 s, respectively. Therefore,
it is a wise choice, for similar cases, to use the minimum number of the collocation
points (e.g., N=2) or to use the analytical solution of Eqn.(3.29). Figure 5.36 implies
that the average value of a, under the above conditions is about 0.3, which means that
the fluid is transported by both diffusion and convection.

Now, if the applied pressure is reduced to 1500 kPa and for
Cao=15000 ppm NaC¢# in water, the velocity profile is shown, for N=3, in Figure 5.37
(solid curve) together with the profile (dashed curve) expected from Eqn.(3.29). The
CPU time is 1.49 s on the VAX. These are real experimental conditions (Mehdizadeh

and Dickson, 1989f) for a membrane that has about 93% NaCf-water separation, In
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this case, using the approximation of Eqn.(3.29) would result in a large error in the
velocity profile. This deviation is the result of the importance of the third and fourth
terms in the solution of Eqn.(3.24).

Since a(p) may be considered as the pore radial Peclet number, representing
the ratio of convective to diffusive fluxes, values of a near 1.0 indicate that convection
and diffusion are of equal importance. Therefore, under the above conditions, in
Figure 5.37, the fluid is mainly transported by diffusion through the membrane since
the average a value is about 0.02. Comparing Figure 5.36 to Figure 5.37, the con-
vection and diffusion are about the same order of magnitude near the pore centerline
in Figure 5.36. When the pressure is reduced, as in Figure 5.37, the convection is
small compared to the diffusion term. Therefore the difference between the numerical
solution and the algebraic approximation is more significant when the transport is
controlled by diffusion.

The CPU times for both of the examples, above, are quite small (around one
second). Therefore, this numerical routine is efficient and can be linked with a
numerical optimization routine and parameter estimations can be obtained in
realistically short times (Mehdizadeh and Dickson, 1989f); around one minute of CPU
is typical. Note, that with the Runge-Kutta method, previous workers often let their

computers run overnight to do one parameter estimation run (e.g., Dickson, 1985).

5.3 Simulations and Predictions for the MD-SF-PF and SF-PF Models
Simulation results are presented for the MD-8F-PF and SF-PF models.
Next, true predictions by the MD-SF-PF model under the experimental conditions of

Phases I, I1, and III (see Sections 4.1, 4.2, and 4.3 for the experimental conditions) are
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presented. Some predictions by the SF-PF model are also presented and compared

with those by the MD-SF-PF model.

5.3.1 Simulation results

In order to see how the MD-SF-PF model behaves under different
conditions, simulation studies have been done, and compared to those for the SF-PF
model, where possible. The studies have been done in the forms of the effects of
operating pressure and feed concentration on membrane separation and flux.

Concentration profiles are also shown for inside the pores.

5.3.1.1  Separation and flux ratio vs. pressure and feed concentration

The MD-SF-PF model (developed in Section 3.1) has been evaluated under a
variety of simulation conditions (Mehdizadeh and Dickson, 1989b). The following
values or ranges of values for the model parameters were chosen to illustrate the
predictive behaviour of this model at 25°C: ©;=54.434X10-10 m, 0,=0.491, and
Rw=8X10-10 to 20X 10-10m, In order to calculate the flux ratio, N/Np, it is not
necessary to specify the /e parameter; this parameter is only required to caleulate the
absolute fluxes, Ny and Np.

Using the method of selution outlined in Section 5.2.1, the membrane
performance has been simulated in terms of separation, f', and the flux ratio, N7/Np.
These results are presented in Figures5.38 and 5.39. Figure 5.38.a illustrates the
effect of pressure on separation. As pressure is increased the separation increases; this
phenomenon happens because increasing the pressure increases the water flux (see
Eqn.(2.25)) but has almost no effect on the solute flux (see Eqn.(2.26)) so that the

relative permeation of solvent increases. The separation is lowest for the largest pores
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and highest for the smallest pores. Figure 5.38.b illustrates the effect of pressure on
the flux ratio, No/Np; as pressure is increased the flux ratio increases. The flux ratio
is almost independent of the pore size in the range investigated, with the smallest
pores having the largest flux ratio.

Figures 5.39.a and 5.39.b illustrate the effect of feed concentration on the
separation and flux ratio, respectively. The separation and flux ratio both decrease
with increasing concentration due to the osmotic pressure effect, The effect of concen-
tration on separation is more dramatic for the lower separation membranes than for
the higher separation membranes. The flux ratio increases with increasing pore size.

All of the results illustrated in Figures 5.38 and 5.39 and discussed above
are quite consistent with the results observed experimentally for reverse osmosis
membranes (Sourirajan, 1970). Therefore the model, in the MD-SF-PF form, locks
promising for describing reverse osmosis membrane behaviour. The results of fitting
experimental data to the model and using the mndel to predict results are presented in

subsequent sections.

5.3.1.2 Concentration profiles

The concentration profile in the pore is given by Eqn.(3.20) for the MD-SF-
PF model and by Eqn.(3.23) for the SF-PF model. Figure 5.40.a illustrates the
concentration profile, in the MD-SF-PF model, for the conditions: 6;=5.0X10-10m,
02=2.0, Rw=7.0X10-10 m, AP=7000 kPa, C5o=1.0 kmol/m3, and T=25°C. The
curves in Figure 5.40.a indicate that, at any given radial position, the concentration
decreases in a uniform manner from the inlet to the outlet condition. The
concentration drops to zero for p > 0,778, because of the finite radius of the solute

molecule; which is assumed to be 1.55X 10-10 m for sodium chloride in water at 25°C.



177

0.576

9646 kPa,Cpz=

7000kPa, Cpo=1.0 kmol/m3,

2.0, and T=25°C); (b) SF-PF model

=25°C).

18.2X10-10 m, AP

radial, p, and axial, §, positions by: (a) MD-SF-PF model

(conditions; Rw=7X10-10 m, AP

81 =5.X10- 10m, 8,

Simulation of concentration profile as a function of dimensionless
(conditions: Ry

kmol/m3, A=21X10-10m,and T

T T T 1 N A Aaans aAAE RARAN LARRE RS AR M
~NMFInOND®N
| [oSd333333S- 3 | ||oScSSscssss-| 3
0 T [ O T O O T T
wp wp
SRR RERE R 42 FlL ity
RERRRREN RERERRRY
SENRRRAN EERERARN
L:N..m“ i ERRRERRR
AtERRRERRRE T [litehg
ERRRREEN} ARRRRR AN
w0
= |_nu. —
*
|
1Y
N {3
_
bt
N | %
" B -
1| 7
_ \\ . /
] g i T S W AR PPPE FR Y AN TP |
b 5 ) 0 ST T~ T > T~
S 2 & 3 s o ° &8 Q8 %
A “U0LIDLIU20UO,) W “U0LIDLIUIOUO0))

Figure 5.40:



178

The value for solute molecular radius has been estimated using Stokes-Einstein

equation {Cussler, 1984):
A= 6_:%1_ (5.4)
AB
The solute is rejected from the pore wall so that the concentration is highest at the
centre of the pore,
A concentration profile for the SF-PF model is presented in Figure 5.40.b.
Because the form of the potential function is not the same, a direct comparison of the
two models is not possible. Instead, the concentration profile is shown for an actual
case presented in Matsuura and Sourirajan's paper (see Table! in: Matsuura and
Sourirajan, 1981). The conditions are: A=21.0X10-10 m, Ry=18.2% 10-10 m,
AP=9646 kPa, CA2=0.576 kmol/m3, and C53=0.0575 kmol/m3. Note, in
Figure 5.40.b, that the concentration is actually calculated as negative for some of the
positions within the pore. Obviously, this situation is impossible. This result is a

reflection of the incorrect form of the material balance used in the derivation of the SF-

PF model, as discussed in Section 3.1.3.

5.3.2 Predictions by the MD-SF-PF and SF-PF models

The parameters estimated for each model (see Tables 5.3 and 5.4 in
Section 5.2.4), for each of the FT30 membranes, were used to predict each membrane
performance as a function of concentration, for the SF-PF and MD-SF-PF models. The
lines drawn in Figures 5.16 to 5.17 and in Figures 5.41 to 5.42 are the predictions by
the MD-SF-PF and SF-PF models, respectively, which can be compared to the
experiméntal data in Phasel at concentrations higher than 2000 ppm NaC¢, as

discussed below.
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As mentioned in Section 5.3.1, an additional parameter (t/t) is needed to
obtain the absolute values of the solution flux, NT. An estimate of t/e has been
determined by averaging the t/e values obtained from the pure water flux values, Np,
in Eqn.(3.88). The average values determined for each membrane by each model hus
been summarized in Table 5.5.

Figure 5,16 compares the experimental data (Phasel, higher concentra-
tions) with the MD-SF-PF model predictions, for the SW30-1 membrane, in the form of'
theoretical separation, f’, versus feed concentration. Note that the MD-SF-PF model
has done a good job of predicting solution flux and separation as functions of
concentration for this membrane. Figure 5.17 illustrates the prediction results by the
MD-SF-PF model for the BW30-1 membrane.

Figures 5.41 and 5.42 present the prediction results by the SF-PF model
(which parallels Figures5.16 and 5.17 for MD-SF-PF model) for the SW30-1 and
BW30-1 membrar.es, respectively. In Figures5.41 and-5.42, the SF-PF model is not
able to predict the experimental data for this system. As the feed concentration is
increased the discrepancy between the SF-PF model and the real data becomes larger.
The reasons causing this failure have been discussed in Section 3.1; most of the dis-
crepancy is from neglecting the osmotic effects for the electrolyte. This explanation is
confirmed by the following computer testing. If the osmotic effects are corrected in the
SF-PF model, then the obtained model has the following estimated parameters:
Rw=10.79X10-10m, and A=32.56X10-10m, for the SW30-1 membrane. The
corrected medel (SF-PF-OSM model), then, predicts the data as illustrated in
Figure 5.43, which is a much better prediction than in Figure 5.41. Figure5.43.a
illustrates that the SF-PF model, when corrected for osmotic effects, is still under-

predicting the separation. The remaining difference is due to other problems in the
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Table 5.5

Values of t/e for all the membranes obtained for each of the MD-SF-PF
and SF-PF models

SF-PF Model MD-SF-PF Model
SW30-1 0.3213 X 10-4,m 0.3166 X 10-4,m
Sw30-2 0.3656 X 10-4,m 0.2820 X 10-4,m
BW30-1 0.3176 X 10-4,m 0.3110 X 10-4,m
BW30-2 0.2777 X 10-4,m 0.2903 X 10-4,m




183

SW30-1 membrane: a comparison between the experimental data
and the predictions of the SF-PF- OSM model.

1. T T T T T
0.95 |- _T
I o -
Ei\ 0- 9 = ..-.|
0.85t )
' O] = Experimental ‘ (a) 1
= Corrected SF—PF Model
0 8 PR S N R NN VU S TRNE R A WY SNV R VRN G ROV ST ST TUNE (NN SN TR ST T (VT DU S S
0. 0.05 0.1 0.15 0.2 0.25 0.3

2 1.¢p L T B B DL A B | ]
NE ol =
a3 0 = Experimental b
\ T = Co?rected SF—gg‘ Meodel Ny (b) 3
~> 0.8F © = Experimental Np :
Q 0.7 F = Corrected SF—PF Model Np 3
g 0.6 F ;
. 0.5F E
™ - :
Q 0.4 - g _
b Y R I P — T .. D .
0.3 _ = Er 3 _
X 0.2} 3
§ 0.1F 3

~ o s s o g e g gy P Y a leag a3 32 1 44

0. 0.05 0.1 0.15 0.2 0.25
C. » kmol/m
Figure 5.43: Separation and permeation fluxes versus feed concentration for the



184

SF-PF model, such as the incorrect form of material balance (see Section 3.1).
Comparing Figures 5.43 and 5.16 reveals that the SF-PF model, if corrected for
osmotic effects, can be close to the MD-SF-PF model, In this case, most of the solute
flux is contributed by convection rather than diffusion inside the pores (since, the SF-
PF model assumes that solute flux is mostly convective through the pore, as discussed
in Section 3.1). If the opposite case happens (i.e., solute diffusion > solute convection)
there can be large differences between the SF-PF and MD-SF-PF model, with the
latter one behaving in a proper manner. Therefore, the two models (i.e., SF-PF and
MD-SF-PF) can approach each other when all of the following conditions are satisfied:

i) for the case of non-dissociating solutes (e.g., most organies) so that the

osmotic effects are the same in the two models,

ii) when the solute is transported mainly by convection (and not diffusion)
through the pore,
iii) and if the pore size is large so that the potential functions of the two models

become similar.

The average value for a have been determined for some experimental
conditions in Phase I, and some results are presented as follows. The average value for
a is about 0.01 ior the standard experiment (i.e., 2000 ppm NaC¢, 1500 kPa pressure,
and 25°C temperature) which implies that the fluid is mainly transported by diffusion
rather than by convection (see Section 5.2.5 for the discussion on Peclet number), The
average a value is about 1.0 at 700C kPa pressure and 25°C temperature for the 2000
ppm NaC¢ solution, which implies that when the pressure is increased to 7000 kPa
convection becomes as important as diffusion, For the solute transport through mem-
brane, a numerical study of the equation of solute flux in a pore, Eqn.(3.11) or

Eqn.(3.14), reveals that the solute transport is mainly by convection, even at the
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lowest operating pressure in Phase [ (i.e., 350 kPa), since the convection term (i.c., the
second term in Eqn.(3.11)) always dominates the diffusion term (i.e., the first term in
Eqn.(3.11)); a typical example is that the value for the convection term is about 10
times the value for the diffusion term at the low operating pressure of 500 kPa. The
above numerical examples reveal that, at the brackish-water level of concentration
and at the room temperature, solvent transport is usually controlled by diffusion
(except at high operating pressures where convection becomes as important as
diffusion) and the solute transport is mainly controlled by fluid convection (i.e., solute

diffusion plays a minor role),

53.3 Predicting temperature effects under Phase I conditions

The temperature-extended version of the MD-SF-PF model has been
discussed in Section 3.3.1. In this section, this temperature-extended model is used
together with the parameters for the MD-SF-PF model, estimated at 25°C (see Section
5.2.4), to predict the performance of each of the FT30 aromatic polyamide membranes,
with respect to temperature and pressure, under the experimental conditions of
Phasel.

The numerical values of the free diffusivity in water have been determined
from Nernst-Haskell equation (Ch. 11 in: Reid et al., 1977). The temperature
dependencies of the density and viscosity of water, and the diffusivity of dilute NaC¢ in
water are shown in Figures 5.44 and 5.45, respectively. The following section
discusses the comparison of the model predictions with the experimental data.,

The model parameters used in the analysis, for each membrane, are those
determined at 25°C temperature and 2000 ppm feed concentration, as shown in

Table 5.3. These parameter values have been used together with the above
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temperature dependencies of the physical properties in the MD-SF-PF model to predict
each membrane performance at other temperatures and pressures. The results are
shown in the forms of separation, f', and flux ratio, N7/Np, versus temperature, for all
the four membranes, in Figures 5.46 to 5.49 (Mehdizadeh and Dickson, 1989d).

[n Figure 5.46, a comparison between the predictions of the temperature-
extended model and the experimental data, for the SW30-1 membrane, is presented.
The model predictions, based on the model parameters determined at 25°C, are good.
A quick perusal over the results for all four membranes, in Figures 5.46 to 5.49,
illustrates that generally the model is well representing the experimental data. Both
the influence of the operating pressure and temperature are well modeled even though
no adjustable parameters are used. The following features of the data are well
represented by the model. The effect of pressure has a large influence on both
separation and flux ratio and this trend is well represented by the model. At high
pressures for the SW30 membranes, the separation is nearly temperature
independent. For the lower- separation BW30 membranes at higher pressures, there
is a small temperature dependence. For lower pressures, for all the membranes, the
effect of temperature on separation is more significant and the model follows this
trend.

Generally, increasing pressure increases the flux ratio for all the
membranes. An increase in pressure reduces the relative effect of osmotic pressure on
the effective pressure driving force so that the solution flux approaches the flux
obtained for pure water. The temperature dependency of the flux ratio is small and
similar for all pressures and membranes. These trends are well represented by the

model.
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Some discrepancy may be seen between the theoretical and the experi-
mental data as discussed below. The experimental separation data, for all
membranes, at the lower pressures (i.e., 350 and 500 kPa), are more scattered than the
data at other pressures. The experimental data on the variation of separation with
temperature indicates a possible minimum in separation with increasing temperature
at lower pressures. However, the extended model predicts that separation decreases
smoothly with increasing temperature. Possibly there is larger experimental error at
the lower pressures that masks the real trend predicted by the model. Another
possibility is that the experimental data represent the correct trend and there is some
unknown change in the mechanism of transport andfor the membrane structure
(around 35 or 40°C) which is not included in the model.

The largest deviation between the model predictions and the experimental
data is found for the SW30-1 membrane at the most extreme conditions (i.e., at
7000 kPa pressure and the higher temperatures). Better agreement is found for Lhe
other membranes over all the temperature and pressure ranges. The discrepancy
between the model and the experimental data for the SW30-1 membrane at the most
extreme conditions suggests a limit of the model at the highest temperature and
pressure for the highest separation membrane.

In addition to the above data, experiments were also performed at 4000 kPa
pressure as reported in Section 5.1 (Mehdizadeh et al,, 1989). These data were quite
close to the data at 7000 kPa and were fit by the model well; these data have been
omitted from the Figures for clarity. The flux ratio for the BW30-1 membrane at
4000 kPa were closer to the model indicating that the scatter illustrated for 7000 kPa

were probably due to experimental error. Again, the above comparison may indicate a
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limit in the modzl at the highest temperatures for the BW30-1 membrane
{Mehdizadeh and Dickson, 1989d).

As discussed in Section 3.3.1, higher temperature should cause a larger
potential field inside the membrane pores and this leads to higher solute separation
(for electrolytes). Therefore, an increase in separation with increasing temperature is
expected. However, there are other effects due to the temperaturé dependence of
physicochemical properties of the system which oppose the trend of the potential
function, Thus, the increase in solute diffusivity and solution viscosity (see
Figures 5.44 and 5.45) with temperature causes. overall a decrease in separation.

The discrepancy between the theory and the experimental data, which exist
in few cases, may be due to various factors. The membrane physical characteristies
may change with increasing temperature which have not been taken into account in
the model. For instance, size and/or length of the pores may change with temperature.
Since the memkranes are being evaluated at temperatures miich lower than the glass
transition temperature for the polymer these effects should be small. Also, the
chemical nature of the membranes could change with an increase in temperature; this
change should appear as a change in the parameter 8;. But the data are well fit by a
constant 8y for each type of membrane. Finally, the deviations can be due to
experimental error and the limits of the model, which seems to be the most likely case.
The following section discusses the modeling of compaction effect and the solution flux.

Compaction has a significant effect on membrane performance (see Section
3.3.1) and, therefore, it is surprising that compaction does not affect the separation and
{lux ratios discussed and modeled above. The fact that the compaction can have no
effect on the separation and flux ratio can be explained as follows. Apparently, the

compaction only affects the absolute values of fluxes (N and Np) and does not affect
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the flux ratio, N7/Np. This result can be expected since compaction can effect the pure
solvent flux and solution flux, obtained at the same temperature and pressure,
equally, so that, when the ratio is calculated, the two effects cancel out. For the
separation, it is likely that compaction has no effect on the potential field of the
membrane, which is a property of the solute-solvent-membrane system; the potential
field controls the separation and partitioning effects. This result is true when 8, and
Rw, in Eqn.(3.44) are independent of temperature; hence, compaction has no direct
effect on separation (Mehdizadeh and Dickson, 1989d).

In order to determine the absolute values of the fluxes, Ny and Np, the
values of t/¢ at different temperatures are needed, as discussed in Section 3.3.1, This
parameter can be modeled by Eqns.(3.86) to (3.89). An alternative is to use Eqn.(3.90),
where /e is modeled empirically by an Arr‘henius equation to’ give an apparent
activation energy, E,.

As discussed in Section 3.3.1, a better approach would be to model the
physical properties of the polymeric membrane from a material science point of view.
However, this endeavour is left, for future research, and the empirical Eqn.(3.90) is
employed to model the compaction effect.

In order to model the compaction effect, one may plot the [(v/e)/Ry2)
parameter (from Eqn.(3.86) and experimental Np values) versus reciprocal tempera-
ture on a semi-log scale. Then, assuming that the pore size, Ry, is temperature
independent, all the temperature effect is contained in the t/e parameter. The
apparent activation energy, Ey, can be obtained by measuring the slopes of such
straight lines. The results are shown in Figure 5.50 with the values of the apparent
activation energies (for all the membranes) in Table 5.6. Figure 5.50 suggests that the

Arrhenius relationship can be obtained in the two temperature ranges of 5-35 and 35-
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Table 5.6

Apparent activation energies for the ve factor for all the membranes

5 - 35°C temperature range

35 - 60°C temperature range

E, kd/kmol

Membrane -E/R, K E¢, kd/kmol ~EJ/R, K
SW30-1 1274, -10592, 575. -4781.
SW30-2 1172, —-9744 392. ~ 32567
BW30-1 829. - 6891. 0. 0.
BW30-2 869, —7226. 0. 0.
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60°C. Previously, it was found that the Arrhenius plots of A9 versus 1/T were possible
with an intersection temperature of about 35 to 40°C, and the change in the trend,
about this temperature, was presumed to be due to some change in the mechanism of
water transport in the membranes (see Section 5.1.1.4). The similar change in slope in
Figure 5.50 (at 35°C) may be due to some irreversible change in the physical structure
of the membranes, In Figure 5.50, the best-fit straight lines are determined by
regression for each membrane and the values of the slopes of these lines are given in
Table 5.6. The straight lines for each pair of the SW30HR and the BW30 membranes
are almost parallel. The straight lines for the BW30 membranes in the higher
temperature range (i.e., 35-60°C) had slightly negative siopes, which were not
significantly different from zero, and, therefore, were set to zero. The apparent
activation energy E, represents the minimum energy the membrane should acquire
until the v/e parameter can change with temperature.

The energies, presented in Table 5.8, are negative meaning that the
effective length of the pore, v, tends to decrease with increasing temperature; that is as
the temperature is increased, the polymeric structure of the membrane plasticises ina
manner in which the effective length of the pore decreases. The activation energy, Ey,
is larger in absolute value for the SW30 membranes than for the BW30 membranes, in
both the low and high temperature ranges (Table 5.6); that is the plasticisation occurs
more readily for the BW30 membranes. For each membrane, the energy is less for the
higher temperature range than for the lower temperature range; therefore, each
membrane needs less energy, at higher temperatures, to change the t/¢ parameter as
compared with the lower temperatures. The data for the higher temperature range of
the BW30 membranes (almost zero energy) indicates that very little energy is needed

to make changes in the effective length of the membrane pores at higher temperatures
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(Mehdizadeh and Dickson, 1989d). These membranes {i.e., the BW30-1 and BW30-2)
have previously shown another strange behaviour in the higher temperature range for
the activation energies of the compaction-free permeability coefficient of solvent in a
way that the activation energies were lower than those for the transport of free water
(see Section 5.1.1.4); the effect was attributed to a possible change in the transport
mechanism of water in these membranes. The following section discusses the
prediction of absolute flux at different temperatures.

As discussed in Section 3.3.1, once the compaction effect is modeled, the
total permeation flux, N1, can be determined from Eqn.(3.40). For example, this
calculation has been done for the SW30-2 membrane as shown in Figure 5.51. The
agreement between the model predictions and the experimental data is good.
Generally, at each pressure, the flux increases with increasing temperature and the
effect is larger at higher pressures than at lower pressures. Similar agreement is

predicted for the other membranes as well.

5.3.4 Predictions for other electrolytes (Phase II)

One goal of RO transport models is to predict the performance of one
membrane system from information on the membrane performance for a reference
case. In this section, the MD-SF-PF model {developed in Section 3.1) is used together
with the model parameters determined for NaCé-water system (see Section 5.2.4 and
Table 5.3) to predict membrane performance for three new solute systems: KCE-water,
LiCé-water, and LiNOjg-water, for each of the FT30 aromatic polyamide membranes.

To predict for the other three salts requires information'oz.l the potential
functions for the salts as well as the differences in physical properties: diffusivity,

osmotic pressure, viscosity, and density. As a first approximation, the membrane
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potential function, determined from the NaC¢ .xperiments, has been assumed to be
independent of solute and concentration for the other 1-1 electrolytes. This function
was used to determine the membrane performance for each new system. The
prediction results by the MD-SF-PF model are shown in the Figures 5.18 to 5.23. The
data for NaC¢-water system were illustrated in Figure 5.34.

In general, the agreement between the model and the experimental results
is good. The best agreements are for the KCé-water and LiCé-water systems which
have the same anions as the NaCf. Considering that these FT30 membranes are
partially negatively charged (Cadotte, 1985; Bhattacharyya, 1986), one would expect
that the separation should change significantly when the coion (i.e., anion in this case)
changes from solute to solute; that is LiNQj should have the largest difference in
separation values from the NaC¢, KC¢, or LiC¢ systems, This trend is justified by the
MD-5F-PF model since comparing the separation values predicted by the MD-SF-PF
mode] for each membrane at different systems (i.e., different solutes), and at any
system pressure, with each other reveals that the separation varies in the order of
KC¢f < NaC{f < LiC¢ < LiNOg, and the total permeation flux, Nt, varies in the
reverse order (i.e,, KCf > NaC¢ 5, LiCf > LiNOQOg) as expected (Mehdizadeh and
Dickson, 1988g).

However, the experimental data (see Section 5.1.2) indicate the separation
varies in the order of KC£ < NaC¢ < LiNOj < LiC¢, Some experimental errors may
exist which causes the difference between the experimental trend an;"”the model;
repetitive experiments may improve the agreement between the model and the data.
In general, it is expected that the potential function, in Eqn.(3.44), should be different
for different solutes. Therefore, that the same potential function can describe the

results for the four 1-1 electrolytes implies that the strength of the potential field, for
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the four cases, might be about the same vaiue. For other solutes, different potential
functions are expected. |

If the potential function for a new solute system can be estimated by some
theory or experimental measurement of some pertinent characteristic of the new
system the MD-SF-PF model can be employed to predict the membrane performance
for the new solute system. This usage of the model for predictions is an important
power of the model which can eliminate, at least partially, the expenses of

experimentation.

5.3.5 Predicting temperature effects under Phase III conditions

The experimental conditions and the experimental results for Phase III
were presented in Sections 4.3.1 and 5.1.3, respectively. The main difference between
the Phases III andI is the condition of feed concentration, which is 35 000 ppm (sea
water) in Phase III and 2000 ppm (brackish water) in Phase 1.

In this section, the results of modeling the performance of the four FT30
membranes under the experimental conditions of Phase [il, using the temperature-
extended MD-SF-PF model, are presented and compared to the experimental results.

Similar to the modeling of temperature effects under the conditions of
Phase I, discussed in Section 5.3.3, the model parameters used are those obtained at
25°C temperature and 2000 ppm concentration of NaC¢ aqueous solutions at different
pressures (see Table 5.3). Using these model parameters, incorporating the
tempersture dependencies of the physical parameters of the electrolyte, such as
osmotic pressure, diffusivity, and viscosity (discussed in Section 3.3.1), and assuming

Rw and 8; to be temperature independent (as in Section 5.3.3), the temperature-
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extended MD-SF-PF model has been employed to determine the predicted performance
for each of the FT30 membranes. The results are shown in Figures 5.52 to 5.55.

Figure 5.52 presents a comparison between the experimental and the
predicted values of separation, ', and flux ratio, Nq/Np, as functicns of temperature,
for the SW30-1 membrane. The model predicts that as the temperature is increased
the separation and flux ratio decrease, and as the pressure is increased the separation
and flux ratio increase. The model is doing an excellent job of prediction. Similar
trends are predicted for the SW30-2 membranes, as shown in Figure 5.53.

Figures 5.54 and 5.55 present the model predictions for the BW30-1 and
BW30-2 membranes, respectively, Again, the agreement between the theory and the
experimental data is excellent, and the model is predicting the correct trends for the
change in performance as a function of operating temperature and pressure. Even
though the flux ratio changes little with increasing temperature, the absolute fluxes
are strongly temperature dependent (as shown in Figure 5.51).

The above results imply that the assumptions that the membrane pore size
and the potential parameter do not change appreciably with temperature are very
reasonable. The validity of these two assumptions was discussed in Section 5.3.3.
Note that absolute fluxes are determined from the Arrhenius-type model for the
compaction effect, as discussed in Section 5.3.3.

The ability of the temperature-extended MD-SF-PF model to predict each
FT30 membrane performance under the wide ranges of operating temperature,
pressure, and feed concentration makes the model very promising to describe and

predict the performance of thin-film composite RO membranes.



204

T, K

Figure 5.52: Experimental data (Phese III) versus the temperature-extended
MD-SF-PF model for SW30-1 membrane: (a) separation versus
. temperature, (b) flux ratio versus temperature.

1. T i i
rad B o]
e ——
\N
0.95 .
%
0.91 = MD-SP.PF model | |
' O = 4000 kPa
) X = 5000 kPa
@ O= 7000 kPa |]
0-85 1 1 1 1 1 4 A 1 L 1 1 i s 1 L
260. 280. 300. 320. 340.
0.7 f————+—T—————T— —————
L = MD-SF-PF model
0.6L O = 4000 kPa ||
| é= 5000 kPa
= 7000 kPa |
N o5t 0 _ g
= 0.4} v 8§
N\ T X
2&‘ 0-3 = Q O x N
0.2} 8 TT—o—u_ o |
0.1F (h) -
a. 2 1 " 1 1 1 1 1 M N " | 1
260. 280. 300. 320. 340.



205

1. T T T
—g——> R O
| °_° 6 TT——X_ |
0.95} \@'\KQ -
S | - '
0.91 « MD-SF-PP model | ]
' O = 4000 kPa |’
” X = 5000 kPa
. (0= 7000 kPa
Y R S T S EP S
260. 280. 300. 320. 340.
0.7 —r—r—— e ——————
I = MD-SP-PF madel
el O = 4000 kPa |]
| X = 5000 kPa,
o5l o ©= 7000 kPa |
N 0.4} — % g —
X X
ZE‘ 0.3 o g X
(0] -
0.2} 8 m .
0.1F ® _
%60. 280 o0 mz0. .' "340.
T, K

Figure 5.53; Experimental data (Phase III} versus the temperature-extended
MD-SF-PF model for SW30-2 membrane: (a) separation versus
temperature, (b) flux ratio versus temperature.



206

1- I 1 I
0.95} -
S
0.91 « MD-SP-PF model | |
[ O = 4000 kPa |]
(a) X =5000 kPa
, 0= 7000 kPa
080 z80.  aso0. 320, "340.
0.7 ———— T o~
| = MD-SF-PF model
0.6k O = 4000 kPa |._
| X =5000 kPa
o5k = 7000 kPa |
Q.‘ -
2 0.4 w -
I X g
& 0.3} 5 S v
2 o T
0.2+ e B Mo
o.1F i
%60, =ze0.  300. sz | 340,

T, K

Figure 5.54: Experimental data (Phase III) versus the temperature-extended
MD-SF-PF model for BW30-1 membrane: (a) separation versus
temperature, (b) flux ratio versus temperature,



207

1. Y ll T
0.95| i
S
0.9+ = MD-SP-PF modal | |
i © = 4000 kPa
X = 5000 kPa
@ 0= 7000 kPa
0'8360. ' '25"0. | !300. ' ' 320. — 340.
0.7 T T | v T v
i = MD-SP-PF model -
0.6k O = 4000 kPa |
1 X =5000 kPa | |
0.5k 3= 7000 kPa |.
£, @ .
0.4 = o - =
~~ | < g -
2[" 0.3} R~ X X A
! o) v ]
0.z} W
0.1F (1 .
%60. ' 280. | 300. ‘ ' 320. ' 1 340.
T K
Figure 5.55:

Experimental data (Phase II) versus the temperature-extended

MD-SF-PF model for BW30-2 membrane: (a) separation versus
temperature, (b) flux ratio versus temperature.



208

5.4 Simulations and Predictions for the Extended MD-SF-PF Model

In this section, the results of simulations and model predictions for the
Extended MD-SF-PF model (developed in Section 3.2) are presented. The experi-
mental dala, which have been compared with the model predictions, are from aqueous
solutions of toluene (Connell, 1986), cumene (Dickson, 1985), and p-chlorophenol
(Dickson et al., 1976). The values for the partial molar volumes (v,4) used in the model
are 0.106 and 0.140 m3/kmol for toluene and cumene, respectively, (Dickson, 1985);
and 0.112 m3/kmol was estimated for p-chlorophenol using pure solute density data, as
suggested by Reid et al. (1977). The numerical method used to solve the nonlinear
differential equation of the model, Eqn.(3.75), is the orthogonal collocation method of

weighted residuals, discussed in Sections 2.6, 3.6, and 5.2.5.

5.4.1 Simulation results

To see how the model works under simulated conditions, the following
operating conditions have been employed: AP=1000 to 8000 kPa, T=25C,
Ca2=0.002925 kmol/m3 toluene in water, and a membrane with the following typical
characteristics has been assumed: Ryw=24.X10-10 m, 8, =-54,X10-10 m,
E=40.X10-10m, y=0.315, and v/ =0.6686X10-3m. The membrane performance as
described by the model is shown in Figure 5.56 in which the membrane separation, ',
has been plotted versus the total permeation (volumetric) flux, Jy. As the system
pressure is increased the separation decreases while the flux increases; this
phenomenon is typical for solute-membrane affinity systems (discussed in Section
2.3.3).

Considering only one point on the curve of Figure 5.56, e.g., at

AP =8000 kPa {(corresponding to f*=-0.26 in Figure 5.56), the concentration profile
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Figure 5.56: Separation versus permeation flux for toluene-water system as
simulated by the Extended MD-SF-PF model at the feed
concentration of C42=0.002925 kmol/m3. The membrane
characteristics are: Ry=24X10-10 m, 0;1=- 54X10-10m,
E=40X10-10m, y=0.315, and v/e=0.6686 X 10-3 m.
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inside the pore is shown in Figure 5.57, together with the potential function, as a
function of radial and axial positions. Both the profiles, in Figure 5,57, have zero
slopes at the pore centerline and have maximum slopes near the pore wall. The
potential (negatives indicating the solute is attracted to the membrane) increases, in
absolute value, from the inlet to the outlet of the pore; the concentration also increases
in the same direction, Higher values of potential at the pore exit menns higher values
for the partition coefficient at the membrane exit compared with that at the pore
entrance; that is the partitioning effect is stronger at the pore exit.

In order to see how the Extended MD-SF-PF model behaves when feed
concentration changes, simulation studies have been done for the system toluene-
water with the following parameters for the membrane system: Rw=20X10-10m,
0;=-36X10-10m, y=0.286, E=40X10:10 m, and t/e=0.4533X10-3 m. The operating
conditions are: Ca;=0.0006 to 0.0060 kmol/m3, AP=22000 to 8000 kPa; the system
temperature remains constant at 25°C. The model behaviour is depicted in
Figure 5.58. For any feed concentration, the separation decreases as the pressure is
increased, and as the feed concentration is increased the separation increases due to
the weakening of the (negative) attraction potential field (see Eqn.(3.82)). The
increase in separation, as the feed concentration is increased, can be seen in the
literature (e.g., Dickson et al., 1976; Dickson, 1985; Connell and Dickson, 1988). The
flux decline with increase in feed concentration is due to the concentration dependency
of potential function. The concentration dependent potential function means that the
strength of the potential field, inside the membrane pores, depends on the number of
solute molecules per unit velume of the pore, and the higher the concentration the
weaker is the potential function (i.e., the larger is the absolute value of the negative

potential). That is, if the potential function can be represented by Hamaker constant,
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water system at AP=8000 kPa and Ca2=0.002925 kmol/m3
(membrane characteristics are given in Figure 5.43): (a) potential
function as a function of radial and axial positions inside the pore,
(b) solute concentration as a function of radial and axial positions
inside the pore.



212

0.6
0.5
0.4
0.3
0.2

0.1

l-‘lllIlillllllllllllllllllllll

lllllllllllllIIIlllIlllllllll

Li_1_1

Figure 5.58:

5
Ju x 10, m/s

Theoretical separation versus permeation flux, with feed
concentration as a parameter, as simulated by the Extended MD-
SF-PF model for toluene-water solution. The membrane
characteristics are: Rwy=20X10-19 m, 6; ==36X 10-10 m,
y=0.286, E=40X10-1¢ m, and ve=0.4533X 10" m.

-l



213

for the case of nondissociable organics, the Hamaker constant changes as the solute

concentration is changed.

5.4.2 Model description of real systems

As mentioned earlier in this section, the three systems which have been
employed to test the Extended MD-SF-PF model are dilute aqueous solutions of
toluene (Connell and Dickson, 1988), cumerne (Dickson, 1985), and p-chlorophenol
(Dickson et al., 1976). The type of membrane used in all these cases was cellulose
acetate. The extended MD-SF-PF model was fitted to the experimentul data, according
to Eqn.(5.2), to determine the parameters of the model for each system. The results are
as follows.

For the toluene-water-cellulose acetate system, tl‘le model fit to the data is
illustrated in Figure 5.59. Note that both the separation and the flux values are
predicted by the model. The model fits the data well; as the permeation flux is
increased (by increasing the system pressure) the separation decreases. The
separation decreases with an increase in pressure because, at higher pressures, the
mobility of the solute molecules is increased in the membrane pores due to the higher
convective forces, against the membrane-solute attraction force. The feed
concentrations in this case are in the range of 0.0004 to 0.004 kmol/m3J, and the
operating pressures are in the range of 1000 to 7000 kPa. The temperature in all these
systems remains at 25°C.

The Extended MD-SF-PF model parameters, determined for the toluene-
water system, are tabulated in Table 5.7. The estimated average pore radius is at the
end limit of the pore size range for reverse osmeosis membranes. The confidence

intervals are very wide, and narrower intervals could not be reached due to the small
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Table 5.7

Estimated parameters and statistics for the toluene-water system
using the Extended MD-SF-PF model*

-7.29 < Ry X 1010 = 23,16 < 53.61
-125.60 < 08; X1010 = _32.33 < 60,95
~78.76 < EX1010 = 40,07 < 158.90

-1.01 <y =0.2860 < 1.58

S8Q = 0.001604
Var(Res.) = 0.0008019

dof =2

* 95% confidence intervals are shown.
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number of the experimental data points (i.e., degrees of freedom = 2}, Therefore, the
model parameters, shown in Table 5.7, are not accurate and more experimental data
are required to get better parameter estimates. However, the model fit to the data is
good, which means that the model can describe the observed data. The value of t/e,
needed to calculate the flux, has been calculated from pure water experiments as
t/e=0.4533X10-3 m. Each éXpe:'-;mental data point, in Figure 5.59, has some
experimental error, and the error c;an bz large especially in the case of volatile organic
solutes. The real model description of the data has some small fluctuations about the
curve of Figure 5.59, and the curve has been drawn through the real points of the
mode] behaviour since the deviations from the curve are small. The small deviations
from the curve are the result of dependency of the potential function on concentration,
as the experimental points in Figure 5.59 are at different feed concentrations.

For the cumene-water-cellulose acetate system, the results are shown in
Figure 5.60. The feed concentrations are in the range of 0.00006 to 0.0002 kmol/m3,
and the operating pressures are in the range of 690 to 6900 kPa. The system
temperature remains at 25°C. The mode! parameters determined from the data fitting
are shown in Table 5.8. The wide confidence intervals are again a result of the small
number of experimental data points available (i.e., degrees of freedom = 4). The
model, as represented by the curve in Figure 5.60, is trying to best represent the
experimental data which have a large scattering. For the cumene-water system, as for
the toluene-water system, the real model description of the data has some small
deviations above and below the curve in Figure 5.60. These small deviations from the
curve, which are a result of the concentration dependency of the potential function in
the model, are not shown in Figure 5.60; the curve in Figure 5.60 is the best curve

through the points of the model behaviour. The model, in Figure 5.60, can well
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Table 5.8

Estimated parameters and statistics for the cumene-water system
using the Extended MD-SF-PF model*

511.98 < 18.86
~71.66 < 9; X 1010 = _36.23 < ~0.79
-12.46 < EX 1010 = 41.79 < 96.04

-0.1280 < y = 0.1809 < 0.4897

55@ = 0.0230
Var(Res.,) = 0.005750

dof = 4

*95% confidence intervals are shown.
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describe the performance of the membrane when the separation decreases from
positive to negative values (with negative separation meaning that the permeate
concentration is larger than the feed conecentration). In this case, the separation
attains values as low as —15%. The value of ve, which is needed to calculate the flux,
has been calculated from pure water experimental data as 0.8755 X 10-4 m.

The model description of data for the case of p-chlorophenol-water-cellulose
acetate system is shown in Figure 5.61. The feed concentrations are in the range of
0.0001 to 0.904 kmol/m3, and the operating pressures are in the range of 690 to 10 350
kPa (100 to 1500 psi). The system temperature remains at 25°C. The model
parameters determined from the data fitting are presented in Table 5.9. Again, the
wide confidence intervals for the parameters are due to the small number of the
experimental data points (i.e., degrees of freedom = 6). The model, represented by the
curve in Figure 5.61, is the best curve through the real model behaviour which has
small deviations from the curve, because of the dependency of the potential function
upon concentration (and because the experimental data points are at different, feed
concentrations). The model description of the experimental data is successful as the
separation decreases from about 10% down to about -100% (at -100% separation, the
permeate concentration is twice the feed concentration). The large negative
separations, such as -100%, imply that the solute molecules have faced a very strong
(adsorption) potential field inside the membrane pores. The value of t/z has been
determined from pure water experimental data as 0.3519X 103 m.

The values for E (representing the frictional drag in Eqn.(3.83)) and Ry, in
all the cases discussed above, are such that the friction function, b(p), attains values
which are much larger than values predicted by the Faxen equation. Therefore, the

result of the Extended MD-SF-PF model implies that, once the organic solute
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predictions for the p-chlorophenol-water-cellulose acetate system at
25°C; the experimental data are from Dickson et al. (1976).
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Table 5.9

Estimated parameters and statistics for the p-chlorophenol-water system using the
Extended MD-SF-PF model*

8.91 < Rywx 1010 = 17.38 < 25.85
=72.43 < 09X 1010 = 40,13 < 7.82
~-8.25 < EX 1010 = 42.28 < 92.80

-0.0290 < y = 0.0407 < 0.1110

58Q = 0.05952
Var(Res.) = 0.009920

dof=6

* 95% confidence intervals are shown.
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molecules are sorbed by the membrane, the frictional drag on the solute molecules is
high so that the molecules move slowly through the membrane pores.

Overall, the Extended MD-SF-PF model has been able to describe the
experimental data for the three systems of toluene-water (f' =50% to 37%), cumene-
water (I"'=65% to -15%), and p-chlorophenol (f'=10% to -100%), with cellulose
acetate membranes. The separation values for the above three volatile organic solutes
is in the order of toluene > cumene > p-chlorophenol (i.e., p-chlerophenol yields the
poorest separation values). The p-chlorophenol and other phenol derivatives are of
practical interest in wastewater treatment; therefore, the negative separation for p-
chlorophenol implies that poor separations of the solute would be obtained if the solute
is present in a wastewater and cellulose acetate is used as the membrane material.
The reason for the negative separation of p-chlorophenol (i.e., prefe.rential sorption of *
the solute) might be as follows. The membrane material {i.e., cellulose acetate) has a
net proton acceptor character since it is slightly negatively charged. Since p-
chlorophenol has a higher acidity than water (Matsuura and Sourirgjan, 1971), p-
chlorophenol should be more attracted to the membrane surface than water.
Therefore, p-chlorophenol is preferentially sorbed at the membrane-solution interface.
On the other hand, p-chlorophenol has less mobility than that of water, and the solute
mobility tends to increase with increase in operating pressure (Dickson et al., 1979).
The increased mobility of the solute molecules with pressure is due to the increased
shear effect on the solute molecules by the increased fluid velocity. The facts that p-
chlorophenol is preferentially sorbed to the membrane and the solute mobility, in the
membrane, increases with pressure are well predicted by the Extended MD-SF-PF
model. A schematic profile of concentration variation for the p-chlorophenol-water

system was shown in Figure 2.4.
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For the toluene-water system, the solute molecules are still attracted to the
membrane by the attractive potential forces; however, positive separations are
obtained due to the smaller mobility of the solute molecules, as compared with the p-
chlorophenol molecules. The overall concentration profile for such systems was shown
in Figure 2.3.

* Comparison of the parameters, for the three solutes in Tables 5.7 to 5.9, is
tempting but dangerous due to the large confidence intervals. Note that 0y is a‘.:lways
negative for the nondissociable organic solutes indicating solute-membrane affinity,

and E is always positive indicating frictional hinderance on the solute molecules.

5.5 Simulations for the MD-FPM and FPM Relationships

The Modified Finely Porous Model (MD-FPM) was formulated in Section
3.4. due to the existence of some serious mistakes in the Finely Porous Model (FPM).
In order to see how the MD-FPM relationship behaves differently from the FPM
relationship, the three-parameter version of the two models (i.e., MD-FPM-3 and
FPM-3) have been evaluated under a variety of simulated conditions. These results

are discussed below.

8.5.1 Separation and flux ratio

The effect of K/b factor, which is a measure of membrane separation ability
(i.e., the smaller the value of K/b the higher the separation), on membrane separation
is illustrated in Figure 5.62 for both the FPM-3 and MD-FPM-3 relationships, The
operating conditions are: Cp2=0,04840 and 0.27151 kmol/m3 of NaC¢f in water in
Figures 5.62.a and 5.62.b, respectively, AP=1500 kPa, and T=25C; the membrane

has a pore radius of 9.39X10-10 m, For both models, separation increases with
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decreasing K/b (increasing potential according to Eqn.(3.10). Calculations are only
done for K/b in the range 1.0 to 1.0 X 10-4 as normally K/b values for NaC€ solute would
fall in this range. These results are consistent with the limiting cases discussed in
Section 3.4.3. It should be noted that, since K and b are both functions of pore size,
then the results in Figure 5.62 (at a fixed pore size) imply a fixed b value (for the fixed
solute NaC¢) and a change in membrane potential as K/b changes (see Eqn.(3.10)).
What is clear is the two models predict different separation values for the same value
of K/b parameter; the FPM-3 model overpredicts separation values by up to 90%. Over
the whole range, the separation is always predicted to be lower by the MD-FPM
relationship than by the FPM relationship. This difference is caused by the coriect
inclusion of solute osmotic pressure and material balance by the MD-FPM relationship
and by the inclusion of the diffusional component of the solute flux in the MD-FPM
relationship that is ignored in the FPM relationship (i.e., the higher the solute flux the
lower the separation). In the limit, with a small partition coefficient, K, or large
friction factor, b, the MD-FPM and FPM relationships approach each other. Thus for
very small pores, where the solute is almost completely rejected, the two models both
converge to 100% separation as expected. This limit can also be reached when the
membrane potential is very strong which results in a very small partition coefficient
for the case of solute exclusion from the membrane. Figure 5.62.b illustrates similar
information for the higher feed concentration of Co2=0.27151 kmol/m3 of NaC¢ in
water, keeping the other conditions the same as in Figure 5.62.a. The same trends, as
in Figure 5.62.a, are predicted except the separation values are lower for this higher
concentration case. The lower separation at the higher concentration is expected due

to higher osmotic pressures and higher solute driving force at higher feed
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concentrations. Again, the two models approach each other at lower values of K/b and
the FPM model overpredicts the separation values due to the reasons stated above.
The following relationship between partition coefficient and membrane

potential function, which is identical to Eqn.(3.59),

-4
K= 2] e~ P o dp (5.5)
0

is used together with the equation of potential function in MD-SF-PF model,
Eqn.(3.44), with 82=1/2 as determined in Section 5.2.4, to study the effect of
membrane pore size on membrane performance as illustrated in Figure 5.63. The
operating conditions are: Cp2=0.04840 and 0.27151 kmol/m3 of NaCf in water,
AP=1500 kPa, T=25°C and the potential parameter used is 8; =53.73 X 10-10 m which
is a typical value for a reverse osmosis membrane, Figure 5.63.a illustrates how
separation varies with pore size; as the pore size is increased the separation decreases.
The decrease in separation is more pronounced for the higher feed concentration (i.e.,
the dashed line). These results are consistent with those in the literature (e.g.,
Sourirajan, 1970). Figure 5.63.b illustrates how the flux ratio N¢/Np varies under the
same conditions as in Figure5.63.a. As the pore size is increased the flux ratio
increases toward unity, and as the feed concentration is increased the ratio decreases
due to osmotic pressure effects.

Figure 5.64 presents typical results for reverse osmosis membrane
performance for the usual case of solute exclusion, Figure 5.64.a investigates the
multiple effects of operating pressure, AP, and membrane pore size, Ry, on the
separation, f', and the flux ratio, N7/Np, by the MD-FPM-3 relationship. The feed con-
centration is C42=0.04840 kmol/m3 of NaC® in water, and T=25°C. The membrane
potential parameter is the same as in Figure 5.63. As the operating pressure is

increased the separation and flux ratio increase, and as the pore size is increased the
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membrane performance for NaC¢-Hz0 system as predicted by MD-
FPM model: (a) separation versus pressure, (b) flux ratio versus
pressure. Conditions: Cy2=0.04840 kmol/m3, T=25°C, and
8;=53.73X 1010 m,
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separation decreases and the flux ratio increases. These are expected trends as

observed experimentally and are similar to those predicted by MD-SF-PF model.

2.5.2 Concentration Profiles

This section considers the concentration profiles through the membrune as
predicted by the MD-FPM-3 and FPM relationships. The concentration profiles are
given by Eqn.(3.130) for the MD-FPM-3 relationship and Eqn.(B.IL.7) for the FPM-3
relationship. In the MD-FPM model, since the differential equation for solute con-
centration is restricted to boundary values at the two endpoints of membrane,
negative concentrations are never predicted. However, in the FPM relationship,
because the differential equation in this model is restricted to only one end point of
membrane and the other end point is free, negative values for solute concentration can
be predicted, which is physically unrealistic,

To compare the two models in this respect, one set of experimental data from
Jonsson and Boesen (1975) are examined as follows.

Choosing the DDS-800 membrane and 1% sucrose-water system, the data
are: Ca2=0.03 kmol/m3, Cp2/Ca3=1.3444, and Jy=1.X10-4 m/s. Using FPM-3 rela-
tionship, Jonsson and Boesen (1975} estimated: Rw=15X10-10m, v/e=29.5%10-6 m,
K=0.76, and b=1.362. These data are used to determine the concentration profiles.
The diffusivity data for sucrose systems are given in the literature (Cussler, 1984); for
a 0.03 molar aqueous solution the value is Dag=0.515X10-9 m2/s. Equations to
determine the a values are Eqn.(3.131) in MD-FPM-3 relationship and Eqn.(3.128)
using Eqn.(3.129) in FPM-3 relationship.

The results are shown in Figures 5.65.a and 5.65.b for the MD-FPM-3 and

FPM-3 relationships, respectively. The MD-FPM-3 relationship predicts reasonable
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values that satisfy the boundary conditions. However, the FPM-3 relationship
predicts negative values for the concentration after § > 0.2385 inside the pore so that
the boundary condition at p=1 is not satisfied. Obviously, this situation is impassible.
This result is a reflection of the incorrect form of the material balance used in the
derivation of the FPM relationship as discussed in Section 3.4.1. Therefore, the
concentration gradient, which drives the solute through the membrane, is calculated
incorrectly for the FPM relationship and hence the membrane performance is also

incorrectly calculated.

5.6 Concluding Remarks
Since the main results of the present dissertation, both theoretical and
experimental, are included in this chapter (Chapter 5), the most important results are

presented separately, as the conclusions of the dissertation, in Chapter 6.



CHAPTERG6

CONCLUSIONS

This dissertation has examined, in both theoretical and experimental
aspects, the transport phenomena in reverse osmosis (RO) membranes with an
emphasis on the role of temperature on RO membrane performance. The major
conclusions of this research are summarized here,

A reasonable and powerful transport model has been derived based on the
basic laws of transport phenomena which include solute and soluiion material
balances, force balance on solute molecules inside the membrane, momentum balance
on fluid inside the membrane, and a condition of thermodynamic equilibrium at the
high and low pressure sides of the membrane. The model, called the Modified Surface
Force-Pore Flow (MD- SF-PF) model, assumes that the membrane is porous, each pore
is modeled as a perfect cylinder, and a potential field exists inside the membrane
which is responsible for the solute rejection (or attraction) by the membrane. In order
to employ the model to predict the real performance of a RO membrane, experimental
data are needed to estimate the model parameters. The MD-SF-PF model, which is a
two-dimensional model (in radial and axial pore coordinates), has three parameters:
the average membrane pore size, Rw; a potential parameter which describes the
interactions between the solute molecules and the polymeric material of the pore wall,
61: and a parameter which characterizes the physical structure of the skin layer of the
membrane, v/e, For the case of Extended MD-SF-PF model, there are four parameters
to be specified: Rw, 8y, y, and v/e. y is the second potential parameter which takes the

axial variation of the potential into account. To predict for membrane separation, ',

232
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and flux ratio, N7/Np, only two parameters are needed for the MD-SF-PF model: Ry,
and 6;. For the case of Extended MD-SF-PF model, the parameters needed te predict
for separation and flux ratic are: R, B, and y. These qualitative results are in
complete agreement with the preferential sorption-capillary flow mechanism which
states that a membrane separation should be determinable once the membrane pore
size and the sorption phenomenon are known. In order to predict for absolute values of
pure solvent (water) flux, Np, a.nd total solution flux, NT, the structure-characterizing
parameter, v/e, is needed. The models has been tested by simulations and true
predictions for real systems, and the novelty and strong ability of the models have
been shown. The models, as elucidated later in this chapter, can successlully predict
for systems where most transport models fail.

The experimental plan has been designed in a manner to study the effects of
temperature on membrane performance; ti-» plan covers a wide range of system
pressure and feed concentrations, as well. Three phases of experiments were per-
formed as follows: Phase I includes experiments at the brackish water concentration
level of NaC¢ in water (2000 ppm, with a few experiments at 5000-15 000 ppm} in the
pressure range of 350-7000 kPa and the temperature range of 5-60°C; Phase Il consists
of experiments with other 1-1 electrolytes (aqueous solutions of potassium chloride,
lithium chloride, and lithium nitrate) at the brackish water concentration level (i.e.,
2000 ppm), 25°C temperature, and in the pressure range of 500- 4000 kPa; and
Phase III includes experiments at sea water concentration level (i.c., 35000 ppm) of
NaC¢fin water in the pressure range of 4000-7000 kPa and the temperature range of 5-

60°C. All of the experiments were done with four thin-film composite, aromatic
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polyamide, FT30 commercial RO membranes: two SW30HR (Sea Water-High
Rejection) and two BW30 (Brackish Water) membranes.

The experiments reveal that temperature affects the performance of
aromaltic polyamide FT30 reverse osmosis membranes in a variety of ways, At the
brackish water concentration level of 2000 ppm NaCf in water (Phase I), separation
decreases with temperature at lower operating pressures (i.e., 350-4000 kPa} and
becomes independent of tem;)erature at higher oi:erating pressures (i.e., 4000-
7000 kPa); the solution flux, however, increases with temperature dramatically.
Therefore, higher fluxes can be obtained at temperatures above room temperature
with virtually the same separation values as in lower temperatures provided that the
system temperature is not too high since the disadvantageous effect of membrane
compaction (which is a reduction in permeation flux at high operating pressures
and/or temperatures) becomes significant at high temperatures and pressures.
Membrane compactien was apparent at all pressures and temperatures, in Phases !
and IlI. In addition to the compaction effect, there seems to be an additional dis-
advantageous effect at temperatures above 35-40°C, a decline of water permeability.
This permeability decline could be caused by some separate change in the mechanism
of transport of water at temperatures above 35-40°C or it could be the result of
membrane fouling at the higher temperatures.

Similar phenomena happen at sea water concentration level (Phase IlI):
separation decreases, with an increase in temperature, at the lower operating
pressures (i.e., 4000 and 7000 kPa) and is temperature independent at the highest

operating pressure (i.e., 7000 kPa); the solution flux increases remarkably with
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temperature, and compaction is significant at high temperatures and pressures; the
additional effect of flux decline also happens at temperatures above 35-40°C,

In both PhasesI and lIl, the BW30 membranes show a larger decrease in
flux than the SW30 membranes, which is typical that higher flux membranes (i.e., the
BW30 membranes) are more suscepti_ble to changes in permeability. Also, in both
Phases I and III, the higher flux meﬁ;ﬁranes (i.e., the BW30 membranes) have lower
separations than the lower ﬂux-membraues (i.e., the SW30 membranes).

The water permeability coefficient at zero compaction could be described as
a function of temperature by an Arrhenius relationship in the two temperature
regions of 5-40 and 40-60°C, for all the membranes. The apparent activation energies
calculated were larger for the SW30 membranes than for the BW30 membranes, which
reflects the higher resistance to water flux in the lower permeable (SW30) membranes.
The apparent activation energies were higher in the lower temperature range than in
the higher temperature range for both the SW30 and the BW30 membranes.

The Phasel experiments were used to determine the MD-SF-PF model
parameters for each of the aromatic polyamide FT'30 membranes. This was done based
on the minimization of the difference between the experimental and the model values
for separation, using the nonlinear optimization routine UWHAUS. In order to solve
the differential equation of the medel (which, in turn, is used in the optimising code
many times), an efficient and precise computer code has been developed, based on the
“orthogonal collocation” method of weighted residuals. Once the model parameters
are determined for a membrane, the model may be employed to predict RO membrane

performance at other operating conditions.
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The MD-SF-PF model parameters have been determined for each of the
aromatic polyamide FT30 membranes, as described above, and then used in the model
to predict membrane performance at other operating conditions in Phases I, II, and III.
The agreement between the model predictions and all the experimental data is
excellent, as described later in this chapter. The power of the MD-SF-PF model to
truly predict RO membrane performance suggests, but does not prove, that the
proposed transport mechanism‘in RO membranes is correct.

The estimated average pores size for the SW30 and BW30 types of FT30
membranes are about 1.0 and 1.2 nm, and the estimated potential parameter values,
0., are about 5.4 and 6.2 nm for the SW230 and BW30 membranes, respectively.
Therefore, Lhe magnitude of the potential field at the pore centerline is larger for the
SW30 membranes than for the BW30 membranes (i.e., 8;/Rw=5.4 for SW30
membranes and 8;/Rw=5.1 for the BW30 membranes); the stronger potential field in
the SW30 membranes is mainly responsible for the higher separations by the SW30
membranes as compared with the BW30 membranes.

The MD-SF-PF model was found to predict the effects of feed concentration
and operating pressure, on membrane performance, very well. The SF-PF model,
howaver, failed to predict the effect of feed concentration on membrane performance,
The concentration profile inside the pore, by the MD-SF-PF model, was shown to be
reasonable while the concentration profile in the SF-PF model was unrealistie.

The MD-SF-PF model, with the model parameters determined under
Phase I conditions, were employed to predict for the experimental conditions of
Phase Il (i.e., different 1-1 electrolytes). The model could reasonably predict the

performance for all the new systems of Phase Il. The model predicted that, at any‘
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system pressure, the separation varied in the order of KCf < NaC¢ < LiC€ < LiNO;
which is consistent with expectation for the slightly negatively charged FT30
membranes. The potential parameter 8; is expected to be different for different solute
systems; however, the MD-SF-PF model could predict for the other 1-1 electrolyte
systems, based on the potential parameter for NaC€ system, suggesting the 0,
parameter might be about the same for all the tested 1-1 electrolytes. The importance
of the model predictions is mainly that the MD-SF-PF model can be used to predict for
many systems, which can minimize the large expenses of the experimental studies
with different solute-membrane systems.

The MD-SF-PF model was extended to a temperature-dependent form by
incorporating the temperature dependencies of all the physical properties of the
membrane system and assuming that the pore size, Rw, and the potential parameter,
8y, are temperature independent; the independence of Ry and 8, from temperature
was theoratically justified. The temperature-extended model has been found to well
predict each membrane performance under the experimental conditions of Phases|
and lII, based on the MD-SF-PF mode! parameters determined at 25°C and 2000 ppm
feed concentration. For the temperature-extended model, the compaction effect has no
effect on the separation, ', and the total solution to pure solvent flux ratio, N/Np, so
that these two characteristics can be determined independent of the compaction effect;
this result was verified experimentally. On the other hand, the compaction effect has
been modeled, separately, and the model can be used to determine the absolute values
of the fluxes (i.e., Nt and Np). The compaction effect was modeled in terms of a
temperature-dependent compaction coefficient, m, and a temperature-dependent

compaction-free permeability coefficient for solvent. The solvent permeability coeffi-



238

cient was modeled as a linear function of pressure and a nonlinear function of
temperature, and the relating coefficients were estimated from experimental results.
The nonlinecar relationship between the solvent permeability coefficient and
temperalure was modeled based on independent models for temperature dependency of
the compaction coefficient and the compaction-free permeability coefficient of solvent,
An alternative approach Lo modeling the compaction effect was suggested as an
Arrhenius Lype of relutionship.for the change of the te parameter with temperature,
Once the information on the modeling of compaction effect is available, the compaction
effect can be predicted and the absolute values of the fluxes (i.e., Nt and Np) can be
determined; such information has been determined for the SW30 and BW30
membranes, and the model predictions for absolute fluxes agree very well with the
experimental results.

The MD-SF-PF model predicts the importance of convection and molecular
diffusion mechanisms in terms of the dimensionless fluid velocity profile, a(p), which is
the ratio of fluid convection to molecular diffusion fluxes and may be considered as a
kind of Peclet number (i.e., for a—0 the fluid transport is mainly by diffusion, and for
a~+1 the trunsport is mainly by convection). It has been shown by the model that when
the system pressure is high {e.g., 7000 kPa), at room temperature, convection becomes
as important as diffusion in the fluid transport. However, in most cases, the operating
pressure is such that the diffusion mechanism is the dominant phenomenen for the
transport of solvent. The selute transport is mainly convective, according to the
model., The solute convective flow is mainly induced by the diffusive flow of the

solvent phase.



239

The MD-SF-PF model has been reformulated and extended to a more
general form which includes the difficult case of solute-membrane affinity. The model
has been extended in three ways: i) the pressure-induced solute transport term has
been included in the equation of selute chemical potential; ii) an axial dependency
(together with a concentration dependency) to the membrane potential function has
been added, which allows for the model to have different partition coefficients at the
two sides of the membranes; an-d iii) the hydrodynamfc {riction between the solute and
the pore wall, b, has been allowed to vary as a function of radial position inside the
pore.

The Extended MD-SF-PF model has been employed to describe the
performance of cellulose acetate membranes used to separate dilute aqueous solutions
of toluene, cumene, and p-chlorophenol. The model describes these dala reasonably
well., Simulation studies indicate that the model can well describe separations
decreasing from positive to negative values as the system pressure is increased (such
as for the cumene-water system). Previously, only the 4-parameter version of the
finely porous model was found to describe this case; however, as mentioned below, the
finely porous model has been found to suffer from serious mistakes which makes the
model doubtful to be used any more. Therefore, the Extended MD-SF-PF model is the
only mode! which can be used to desecribe and/or predict any kind of solute-membrane
affinity system of reverse osmosis.

Simulation studies with the Extended MD-SF-PF model indicate that
membrane separation is mainly controlled by the potential field inside the membrane,
and this potential controls the partitioning effect. Also, this model illustrates that

once the organic solute molecules are quickly sorbed by the RO membrane the solute
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molecules creep slowly through the membrane pores (close to the pore wall) due to the
large attraction forces between the solute molecules and the membrane material;
different degrees of solute mobilities are possible inside the membrane pores.

The success of the family of MD-SF-PF model (which includes the original
MD-SF-PF model, the Extended MD-SF-PF model, and the temperature-extended MD-
SF-PF model) reveals the advantages of these models in deseribing and predicting the
performance of RO membrar;es and the possible.correctness of the transport
mechanism suggested by the models. The models, although complex, take into account
the interactions between the solute, solvent, and the membrane in a manageable way
and use the basic principles of transport phenomena. With the computer code
developed, the family of MD-SF-PF models can be easily used to describe and/or
predict RO membrane performance for many solute-solvent-membrane systems. This
predictive power can be used to reduce the time needed to evaluate experimentally
membrane performance for different conditions. Regarding the problem of system
design, the fumily of MD-SF-PF models may be used to describe the performance of RO
modules.

As a supplement, the Finely Porous Model (FPM) has been corrected to a
form called the Modified Finely Porous Model (MD-FPM). Simulation studies suggest
that the corrected model has significant differences from the original FPM relation-
ship. The model needs to be evaluated for different systems. The advantage of the
MD-FPM model over the MD-SF-PF model is that the MD-FPM model takes much less
CPU time to be solved due to its simplicity of governing equations as compared with

the MD-SF-PF moedel.



CHAPTER 7

RECOMMENDATIONS

Despite the work done in this research and in the literature, more work still

needs to be done in order to fully understand the different aspects of transport

phenomena in reverse osmosis (RO) membranes. The following is a list of

recommendations for further research:

i)

i

iii)

The family of the MD-SF-PF models can be employed to test dilferent solute-
membrane systems, to determine the exact behaviour of these models. More
experimental data are needed, especially with other kinds of RO
membranes, to test the validity of the transport models for different RO
membranes,

One goal in modeling of RO transport phenomena is to predict the
membrane performance from the very basic information of the membrane
system, such as the surface charge density (for the case of electrolytes) or
from van der Waals interaction force (using the Hamaker constant) for the
case of neutral organic solutes. Therefore, the relationships between the
potential function and the membrane pore size, in the family of MD-SF-PF
models, with the physicochemical characteristics of the membrane (such as
the surface charge density) need to be determined.

The real world is usually confronted with multi-solute systems. Therefore,
one very useful research program would be the extension of the family of
MD-SF-PF models from binary systems to multi-solute systems in a

manageable way.
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iv)

v)
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It is recommended to use the family of MD-SF-PF models for RO module
design purposes. This needs integrating the governing equations over the
length of the RO module considering the fluid dynamics and geometry of the
module.

Although the present research is a guideline for modeling in reverse
osmosis, it is interesting to see how the models behave for the case of
ultrafiltration (UF) and microfiltration (MF) membranes. It is expected
that, in the case of UF and MF, the pore size should be much larger and the
potential function should be much smaller (almost zero) than for the case of
reverse 0smosis, and the solute size should play a more important role as a

steric hindrance by the membrane.
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NOMENCLATURE

constant in Eqn.(2.8), dimensionless

activity of solute or salt defined in Eqn.(3.62}, dimensionless
constants in Eqn.(3.88)

constants in Eqn.(2.61)

pure solvent permeability coefficient, kmol/m2 s kPa
pre-exponential factor in Eqn.(2.50), kmol/m2s
collocation parameter defined by Eqn.(2.73)

collocation parameter defined by Eqn.(3.145)

pure solvent permeability coefficient at zero pressure, kmol/m2 s kPy
1) potential constant in Eqn.(2.45), m

2) matrix of first derivatives for orthogonal collocation
friction parameter defined in Eqn.(2.29), dimensionless
constant in Eqn.(2.8), dimensionless

collocation parameter defined by Eqn.(2.74)

collocation parameter defined by Eqn.(3.144)

potential parameter in Eqn.(2.46), m3

molar density of solution, kmol/m3

concentration of solute inside a pore, kmol/m3

solute concentration at position i, kmol/m3
concentration of i at position j, kmol/m3

collocation parameter defined by Eqn.(3.143)

parameter defined in Eqn.(2.40), dimensionless
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distance from solute molecule to the pore wall, m

solute diffusivity in free solution, m?/s

solute diffusivity inside the pore, m2/s

solvent diffusivity in the membrane, m2/s

charge of proton, kC

apparent activation energy, kd/kmol

constants in Eqn.(2.49)

apparent activation energy for t/e, in £qn.(3.90), kd/kmol
friction parameter in Eqn.(3.83), m

separation defined by Eqn.(2.4) or Eqn.(2.5), dimensionless
theoretical separation defined by Eqn.(2.6), dimensioniess
objective function defined by Eqn.(5.2)

residual function defined by Eqn.(2.66)

total force driving solute through the pore, kJ/m kmol
frictional force between solute and solvent, kJ/m kmol
frictional force between solute and the pore wall, kJ/m kmol
driving force, in Eqn.(2.11)

constant of integration in Eqn.(B.I1.5), kmol/m3

1) constant of integration in Eqn.(B.IL.1), kmol/m3

2) objective function defined by Eqn.(5.3)

distance between two parallel, flat plates, m

constant of integration in Eqn.(B.II.3), kmol/m3
integrating factor defined by Eqn.(R.I1.2), dimensionless
vector of solute flux through a single pore, kmol/m2 s

radial component of solute flux through a single pore, kmol/m2s
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daz(r) :  axial component of solute flux through a single pore, kmol/m2 s
Ji . 1) radially-averaged flux of component i through a single pore,
kmol/m2s

2) flux of component i through membrane, in Eqn.(2.11)

dy :  solution volumetric flux through membrane, m3/m2s

k :  mass transfer coefficient, m/s

Ry : _Bolt.zmann's constant, kJ/K

K :  partition coefficient, dimensionless

Kilp) :  partition coefficient at position i defined by Eqns.(3.56) and (3.57),
dimensionless

K; : average partition coefficient at position i defined by Eqns.(3.59) and

(3.60), dimensionless

K*(p) : parameter defined by Eqn.(3.70), dimensionless

€ilx) : Lagrange interpolati&n polynomial, defined by Eqn.(2.70)

11 :  hydraulic permeability, defined in Eqn.(2.13)

€n :  osmotic permeability, in Eqn.(2.15)

14 :  definite integral defined by Eqn.(3.36), dimensionless

€2 :  definite integral defined by Eqn.(3.37), dimensionless

€3 :  definite integral defined by Eqn.(3.77), dimensionless

Li; :  coefficient in Eqn.(2.11)

m : compaction coefficient defined by Eqn.(3.87), kmol/m2 s kPa2
m*, n* :  constants in Eqn.(2.63)

mj; :  molality of i at position j, kmol/kg

n : ionicconcentration where double-layer potential is zero, m-3

n; :  mass flux of component i through membrane, kg/m2 s
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number of interior collocation points

molar flux of component i through membrane, kmol/m?2 s
permeability of component i, in Eqns.(2.17) and (2.18)
hydrostatic pressure, kPa

trial function in collocation; see Eqn.(2.68)
hydroestatic pressure inside the pore, kPa

pressure at poce inlet, kPa

pressure at pore cutlet, kPa

pressure difference across the membrane, kPa
parameter defined by Eqn.(3.26), dimensionless
constant in Eqn.(2.63)

cylindrical coordinate normal to the pore wall, m

gas constant, kd/kmol K

residual in region i

average radiusof i, m

Reynolds number, in Eqn.(2.8), dimensionless
Schmidt number, in Eqn.(2.8), dimensionless
Sherwoed number in Eqn.(2.8), dimensionless
temperature, K

velocity of i inside the pore, m/s

1) general parameter in Eqn.(2.53)

2) interaction energy defined by Eqn.(3.84), kd/m?2
partial molar volume of component i, m3/kmol

1} coordinate along fluid flow, in Eqns.(2.17) and (2.18)

2) general independent variable, in Eqns.(2.61) to (2.74)



Greek Letters

a
alp)
aB
B
Bt
B2

SN

£

£

81

B2
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membrane thickness, m

mole fraction of component i, dimensionless

mole fraction of component i at position j, dimensionless
general dependent variable

general approximating polynomial

cylindrical coordinate parallel to the pore wall, m
electrochemical valence of cation, dimensionless

electrochemical valence of anion, dimensionless

fluid velocity defined in Eqn.(3.100), dimensionless
fluid velocity defined in Eqn.(2.37), dimensionless
solvent velocity defined in Eqn.(3.115), dimensionless
parameter defined in Eqn.(3.25), dimensionless
parameter defined in Eqn.(2.39), dimensionless
parameter defined in Eqn.(2.38), dimensionless
constant in Eqn.(2.65)

Kronecker delta, Eqn.(2.67)

potential parameter in Eqn.(3.82), dimensionless
fractional pore area of membrane, dimensionless
free-space permittivity,

relative permittivity of solvent (water),

solution viscosity, kPa s

potential parameter defined in Eqns.(3.44) and (3.82), m

potential parameter defined in Eqn.(3.44), dimensionless
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n(r,z)
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)
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dimensionless time defined by Eqn.(3.142)

Debye length reciprocal, defined by Eqn.(3.85), m-~!
parameter defined in Eqn.(2.47), dimensionless

chemical potential of solute, in Eqn.(3.62), kJ/kmol
chemical potential of solute at standard state, kd/kmol
number of kmol of cations from dissociation of 1 kmol salt
dimensionless

number of kmol of anions from dissociation of 1 kmol salt
dimensionless

axial coordinate defined by Eqn.(3.19), dimensionless
osmotic pressure inside the pore, kPa

radially-averaged osmotic pressure inside the pore, kPa
osmotic pressure of solution at i, kPa

parameter defined by Eqn.(3.27), dimensionless

1) radial coordinate defined by Eqn.(2.36), dimensionless
2) mass density of solution, in Eqn.(3.142), kg/m3

1) Staverman coefficient, in Eqn.(2.3), dimensionless

2) surface charge density, kC/m2

parameter defined by Eqn.(3.72), dimensionless
parameter defined by Eqn.(3.73), dimensionless

average pore length taking tortuosity into account, m
cylindrical-coordinate shear stress, kPa

potential function, kd/kmol

potential function in Extended MD-SF-PF model, kJ/kmol

potential function defined by Eqn.(2.41), dimensionless



249

d(p,£) :  potential function defined by Eqn.(3.58), dimensionless
Xij : friction constant, between i and j, kJ s/m2 kmol
o : parémeter in Eqn.(2.14)

w(p) : parameter defined by Eqn.(3.71), dimensionless
Superscripts

S . surface

v :  volume

q,p :  orders of a Jacobi Polynomial

(1 : firstderivative

4] : second derivative

Subscripts

A :  solute

B :  solvent

exp'l :  experimental

i . ith,of ith order

én : log-meanaverage

M : mc;mbrane

model :  predicted by mode)

N :  Nth, of Nth order

P :  puresolvent

ref :  reference

T :  total solution

W :  porewsll
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feed (bulk) solution
boundary layer solution

permeate solution
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APPENDIX A

THE EXTENDED MD-SF-PF MODEL: BASIC DERIVATIONS

A.l Derivation of Boltzmann Boundary Conditions

Upon integrating Eqn.(3.45) subject to the following boundary conditions:

C,tt,00 3C, (r,2) 0
J' A At o1 1 J’ dcb(rz) r=0 (AL1)
Chs C,(r2 RT dr
one oblains:
¢(r,0)
CA r,0)= CA2 exp| - "l? {AL2)
Cn the other hand, using Eqn.(3.47) at 2=0,
0 (r,0
C,(rn0)=C,(0,0) ep[q)( )l q)r) (A.L3)
Then, comparing Eqns.(A.[.2) and (A.L.3) yields:
$(0,0)
Cpa =C,(0,0) exp RT (A.L.4)

Similarly, integration of Eqn.(3.45) subject to the following boundary conditions:

C,tr,u) 3C,(r,2) r, 1)
I A c‘: ) LJ d‘zﬂ!dr:o (A1L5)
CA:} A I,Z r
yields:
¢(r, ¥)
C Anu=C A3&XP| = RT (A.L6)
However, using Eqn.(3.47) at 2=t gives:
$(0,v) $(r, 7}
C,r,0=C,0,7) exp exp [ =g (A.LT)
which, upon comparison with Eqn.(A.1.6) gives:
¢(0,7)
C A3 = C A(O,t) exp ®T (A.L8)
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A.ll Force Balance on the Solute in a Pore

The force balance on the solute inside a pore, in Figure 3.1, is (Mehdizadeh

and Dickson, 1989a):
Fon2 = —{F,.(r2 + F,, (r2} (AIL1)

where F(r,z) is the total force driving the solute through the pore, and Fag(r,z) and
Fam(r,z} are the frictional forces between the solute and solvent and between the
solute and the pore wall, respectively. Fapm(r,z) is given by the definition of friction

constant between the solute and the pore wall (Mehdizadeh and Dickson, 1989a):

dJ A z(r)
F 6o =— Xan CA .2 (ALIL2)
Then, combining Eqns.(A.IL.1), (A.11.2), and (3.64) yields:
RT dnf(r,z) dP(r,z) RT
—F pln2=- a2 oz A @ SAM Jp20 a(r, 2) (A.IL3)
On the other hand,
J, (0
- A2
uA(r. z) = C ca (AIL4)
A ’
and, by definition (Spiegler, 1958):
Fap(62) = —x,glu, (r, 2)—u,(r)] (A.IL5)

so that, using van't Hoff's theorem in Eqn.(3.30), Eqns.(A.I1.4) and (A.IL5) are

combined as:
1 nlr,2 alr, 2) ug(r) (AIL6)
JM(r) = ;g RT [—FAB(r,z)l+ ~RT L

Then, using Eqn.{A.IL3), Eqn.(A.II.6) can be written as:

1 &nfpga n(p:a aP(P,a
= - —_ —_— ,
J,,0 E—— 3¢ ~'ATRT & alp)nip,§ (A.ILT)

where p and § are the dimensionless radial and axial positions defined by Eqns.(2.36)

and (3.19), and afp) is the dimensionless solution velocity defined by Eqn.(2.37).
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However, from Eqn.(3.68), one can find the axial gradient of osmotic

pressure as:
elu(p)+u(pl|£

anp,8 _ " - ®(p,0)
% = —-[n,z-K (p)na][u(p)+m(p)] e_—_—-_[dpl+m(pll ] e (A.IL.8)

s0 that, upen substitution in Eqn.(A.I.7), one will get the axial component of solute

flux as:
n, —K*p)n,
3, (o) = | eLrete) ] [ o= BP0 (AIL9)
2z TXan b(p) [dp)-{-m(pi! -1
which is the derived Eqn.(3.74).
Al Concentration Profile in the Pore
Equation (3.67) can be expanded to the following form:
Fnlp,® Va [anlp, 8 aP & P( 3
‘;a_i_..i M“'M-f-np,ﬁ) p.9 _u(p)M).=0 (A.lIL1)
3k RT 13 o 3 £2 a€
However, it is assumed that (Mehdizadeh and Dickson, 1989a):
aP(p, 9
T = P(p, 1)-P(p, 0) (ATIL.2)
where,
P(p, 1)=Pip,0) = — AP+ n202(p)—n303(p) (A.I1.3)
where 02(p) and o3(p) are defined in Eqns.(3.72) and (3.73).
Therefore,
2
8 P(p,
®9 _, (A.IIL4)
ag?
so that Eqn.(A.III, 1) becomes:
a"n(p 3]
F, -[G(p)+m(p)] (F, P9 =0 (A.IIL5)
d .

where w(p) is defined in Eqn.{3.71). Equation (A.IIL5) can be solved analytically

subject to the boundary conditions:
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o= BP0 (A.IILB)
2

olp,0) = n
a(p, 1) = n e~ *PY (AIILT)
by a method similar to that in the MD-SF-PF model (Mehdizadeh and Dickson, 1989a)

to give the following equations for the osmotic pressure and congentration profile

inside the pore, as given by Eqns.(3.68) and (3.69).

AllV Derivation of Velocity Profile

The force balance on the elemental fluid of Figure 3.1 consists of the

following three parts:
1. The net force due to difference in pressure:
aP aP(r,
(2ardn [(Plz_ (P|z+(; dz” = —2nrdr dz (r, 2 (A.IV.1)
z
2. The net force due to viscous shear stresses, using Newton's law of viscosity:
d%u_ () du,(r)
B B
(2nrdz) [(\'.rz | . | r+drl =q[(2n rdrdz) e +(2ndrdz) (A.IV.2)
3. The net force due to the friction force between solute and the pore wall:
FAM(2n rdrdz) CA(r, z) = [-xAM(r) uA(r, )] (2nrdrdz) CA(r, z)
= ~@nrdrdz) xAM(r)JA'z(r) (A.IV.3)
where xam(r) is the proportionality constant defined as:
FAM(r’ z) - —}(AM(I.‘) uA(t‘, z) (A-[V.4)
Substituting for J 4 ,(r) from Eqn.(3.74), Eqn.(A.IV.3) becomes:
)+
FAM(r’ z)(2nrdr dz) CA(r, 2) = —(2nrdr dz) xAM(r) %ﬁ%
n,— K*r)n
2 3 -t
fy* glen+alol _ } (AIV.5)

Adding up all the three contributions of the force balance, a second-order

differential equation is obtained for the velocity profile, as given by Eqn.(3.75), where
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the az(p) and a3(p) terms in this equation are defined by Eqns.(3.72) and (3.73), and

b(p) and B, are defined by Eqns.(3.13), and (3.25).



APPENDIX B

THE MD-FPM AND FPM MODELS: RASIC DERIVATIONS

B.I Derivation of Solute Flux Equations in the MD-FPM and FPM

Relationships

A balance of applied and frictional forces on the solute molecules inside the

pore yields (Jonsson and Boesen, 1975),

FA= -(FAB 1+ F, )

AM

where,

Fam = —XamUa = ~Xan Ja/CA@

and,
Fap = ~Xag @y = Ug) = =Xy I /Cp@ — up)
The driving force for the solute, Fy, is (Mehdizadeh and Dickson, 1989a);
_ 9@ RT dn(k)

) —

A dz  n{ dz
Then, using Eqns.(B.1.2) and (B.1.4), Eqn.(B.I.1) becomes:
RT dn(z) J

A
—— - —= RT
nfz) dz Xam n(z)

On the other hand, frem Eqn.(B.1.3),

—Fap=F tF )=

Now, using Eqn.(B.L.5}, Eqn.(B.1.6) becomes,

_ l .L dﬂ(Z) . ﬂ(Z} UB]
dz RT

XAB

where b has been defined by Eqn.té.93). Equation (B.1.7) can be rewritten as,

__1_( 1 )[ dn(®) }
JA_b — - m +aBn(z)
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(B.I.1})
(B.1.2)

(B.L.3)

(B.I1.4)

(B.L5)

(B.1.6)

(B.I.7)

(B.L.8)
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where § and ag have been defined by Eqns.(3.19) and (3.115).

Now, using Eqn.(3.101) and van't Hoff's law in Eqn.(3.30),

n(a-{n (n ﬁ )[l—exp(ai)
T2 Z K, "3 1—exp(a)

The derivative dn/dz can be determined from the above equation. Using this

] [{2 (B.L.9)

derivative and Eqn.(B.1.9), an explicit equation for solute flux is derived, as given by
Eqn.(3.102).

Employing Eqn.(3.129), Eqn.(3.102) reduces to the following form, for the
MD-FPM-3 relationship,

n,-n
Jy= —— o+ ——2- (B.L.10)
X, b exp(a) -1
B.II Derivation of Concentration Profiles and Separation Correlations in

the MD-FPM and FPM Relationships
B.I1.i = MD-FPM Relationship
Starting with Eqn.(3.98) and the boundary conditions, Eqns.(3.95) and

(3.96), Eqn.(3.98) is integrated with respect to £ to yield:

d CA(F,) (B.IL.1)
M - uCA(ﬁ) = —a(

where G is a constant of integration. Multiplying Eqn.(B.I.1) by the following

integration factor,
I(§) = exp [—af] (B.I1.2)

and integrating the resuited equation, one obtains,
CA(F,) =G + Hexplaf] (B.1L.3)

where H is another constant of integration.
In order to determine the constants G and H, the boundary conditions,

Eqns.(3.95) and (3.96), are employed. After determining the relationships for G and H,
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and substituting these relationships into Eqn.(B.I1.3), the concentration profile is
obtained (in MD-FPM-4 relationship), as given by Eqn.(3.101).
Using Eqn.(3.129), Eqn.(3.101) reduces to the concentration profile for the

MD-FPM-3 relationship, as given by Eqn.(3.130).

B.Lii FPM Relationship
Combining Eqns.(3.91) and (3.103), the following first order differential

eguation is obtained,
4C,®
dg
where a and § have been defined by Eqns.(3.100) and (3.19). Multiplying Eqn.(B.I1.4)

—-a cA(a =—a (';A3 (B.I.4)

by the integrating factor in Eqn.(B.IL.2), and integrating the resulting equation, one

obtains:
Co@=C, b + gexpaf] (B.I1.5}

Using Eqn.(3.95), as the boundary condition, the constant g is determined and sub-

stituted into Eqn.(B.IL5) to give the concentration profile in FPM-4 relationship as:
K2
C,®=b [C‘,,‘3 + (-g-

which is converted to the following relationship for the FPM-3, when Eqn.(3.129) is

CA2 - CA3) exp (af ] {B.IL6)

employed,

K
CA(EJ =b [CAS + (-b— CA2 - CAa) exp (af) } (B.ILT)

Now, using Eqn.(3.96), Eqn.(B.I1.6) can be employed to derive the following

relationships for C53/C a9 ratic:
C.s (KK ) exp (a)

= (B.IL.8)
Chpp 1+ ®/K,) [exp (a) — 1]

Then, using Eqn.(2.6), as the definition of separation, a relationship is derived for

separation, in the FPM-4 relationship, as given by Eqn.(3.104).
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Using Eqn.(3.129), Eqn.(3.104) reduces to the following form, for the FPM-3

relationship,
_ {1 ~ K/b)[exp (a) - 1]
" fexpla) - 1]+ Kb

(B.IL9)



APPENDIXC

THE EXPERIMENTAL DATA OF PHASE |

The film numbers 1, 2, 3, and 4 (in the {ollowing tables) refer to the

membranes SW30-1, SW30-2, BW30-1, and BW30-2, respectively.

Term in Computer Output . Meaning
A*E09 A X 109
Avg. Average
C1 Cc
Conc. Concentration
{D)JAM K/Tau * E07 Dam K/t x 107
fprime f!
k*E06 kX 106
KCL KC¢
kg/m.m.g kg/m2s
kmol/m.m.m kmol/m3
kmol/m.m.s.kPa kmol/m2s kPa
LICL LiC¢
LINO3 LiINOj
NACL NaC¢
No. Number
[n]P np
[n]T nt
XAl Xat
XA2Z* E04 Xao X 104
XA3* E04 Xaz X 104
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Esperi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) = 196

A * E09, kmol/m.m.s.kPa

{n]P, kg/m.m.s

[nlT, kg/m.m.s

¥A2 * ED4

XA3 * EC4

f

f prime

k * E06 , m/s

{D)aM K/Tau * E07, m/s
Experi

Operating Pressure
Nominal Seciute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute
Avg. Feed Conc. (ppm) = 221
A * E09, kmol/m.m.s.kPa
[n]P, kg/m.n.s
{n]lT, kg/m.m.s
XA2 * EO4
XA3 * EO4q
£
£ prime

k * B06 , m/s

(D)AM K/Tau * EO07, m/s
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ment No.

176
1500 kPa
2000 ppm

1000 ml/min
25.00 Degree C

NACL

8. ; XAl =0.000608 ; Cl =

Film % 1
Wk kA

189.6482

0.005126
0.004422

7.8986
0.1349

0.977815
0.982929

16.6000

¢.7705

ment No.

7. :+ XAl
Film § 1
L2 22 22 R T

441.6692

0.055712
0.051279

40.1672
0.1406

0.979480
0.996514

29,1942

1.8329

Film § 2
ok e o A oo

257.0788

0.006949
0.006919

7.6092
0.2212

0.963628
0.970947

26.0000

1.8069

=0, 00068
Film § 2
ekhdddhhh

562.2667

0.070924
0.064993

28.5376
0.1618

0.976383
0.994346

45.7259

3.7705

Film % 3
deok de do ke ook i

343.4055

0.009282
0.008015

7.4613
0.1491

0.975489
0.980033

38.3500
1.6383
175

7000 kPa
2000 ppm

55.35 kmol/m.m.m
Film § 4
Ak hkhhkhhn

317.5891

0.008584
0.007067

7.6159
0.2778

0.954325
0.963548

30.1500

2.6824

1000 ml/min
60.00 Degree C

NACL

5 ; Cl =
Film § 3
ok ke o

848.0902

0.106978
0.091914

24.9872
0.7985

0.883460
0.968122

67.4457

30.8592

54.56 kmol/m.m.m
Film § 4
Ak

683.8654

0.085263
0.076219

27.8216
0.5189

0.924273
0.981402

53.0244

14,7336
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Experiment No, 174
Operating Pressure 4000 kPa
Nominal Sclute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
60.00 Degree C
NACL

LI T I T TR TR

Avg. Feed Conc. {ppm) = 2057. ; XAl =0.000635 ; Cl = 54,56 kmol/m.m.m

Film ¥ 1 Film % 2 Film % 3 Film % 4

sk ko k Adedode kA k o e e o ode ke ke ok EE LR E R X L]

A * E09, kmol/m.m.s.kPa 495.5572 635.8210 799.8644 757.4970

[ n )P, kg/m.m.s 0.035720 0.046118 0.057654 0.054600
[ nIT, kg/m.m.s 0.032251 0.041483 0.053129 0.048079
XA2 * E04 19.3442 15,7656 13.9709 15.3750

XA3 * ED4 0.0911 0.1406 0.1463 0.3935

£ 0.985666 0.977875 0.976985 0.938077
£ prime 0.995300 0.991096 0.989546 0.974445
k * EO6 , m/s 29.1942 45,7259 67.4457 53.0244

(D)AM K/Tau * EO7, m/s 1.5520 3.7966 5,7169 12.8433

Experiment No. 173
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
60.00 Degree C
NACL

L T T T T T

Avg. Feed Conc. (ppm) = 1934. ; XAl =0.000597 ; Cl = 54,56 kmol/m.m.m

Film § 1 Film # 2 Film % 3 Film § 4
ok ke ook (X Z 22 8 3 (222 22X Rk dkok ke w

A * E09, kmol/m.m.s.kPa 558.8334 738.1542 956.4796 820.2938

[ n]lP, kg/m.m.s 0.003525 0.004656 0.006033 0.005174
[ o }T , kg/m.m.s 0.001844 0.002474 0.003362 0.002871
XA2 * EO4 6.3329 6.2712 6.2362 6.2674
XA3 * ED4 0.5434 0.6947 0.9037 0.7668

£ 0.909075 0.883749 0.848771 0.871688
£ prime 0.914251 0.889286 0.855167 0.877727
k * EO6 , m/s 29,1942 45.7259 67.4457 53.0244

{(D)AM X/Tau * E07, m/s 1.7600 3.1337 5.7932 4.0705



272

Experiment No. r 172
Operating Pressure ¢ 1500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature

*s e ee an

1000 ml/min

60,00 Degree C

Solute NACL
Avg. Feed Conc. (ppm) = 2075. ; XAl =0.000641 ; Cl = 54.56 kmol/m.m.m
Film § 1 Film § 2 Film % 3 Film % 4
i e de e o ok ke ok oh ko ok ook LA EE RS} LA LR 22 2]
A * EO9, kmol/m.m.s.kPa 528,.2852 698.9806 B873.6140 820.7590
[ n])P , kg/m.m.s 0.014280 0.018893 0.023614 0.022185
[n]T , kg/m.m.s 0.011989 0.015859 0.020241 0.017869
XA2 * E04 9.6545 9.0294 8.6072 8.8591
¥A3 * EQ4 0.1477 0.2127 G.2495 0.4150
£ 0.976972 0.966825 0.961089 0.935282
f prime 0.984719 0.976460 0.971034 0.953193
k * EO6 , m/s 29.1942 45,7259 67.4457 53.0244
(D)})AM K/Tau * E07, m/s 1.8941 3.8920 6.1462 8.9319
Experiment No. 171
Operating Pressure 500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate 1000 ml/min

Solute NACL
Avg. Feed Conc. = 2001. ; XAl =0.000618 ; Cl = 54.56 kmol/m.m.m
Film % 1 Film & 2 Film % 3 Film ¢ 4
dedkdrokdh ik de et o ko o wkhdd ok ew L2 EZEESF]
A * E09, kmol/m.m.s.kPa 564.7918 754.9716 977.2721 853.1678
[ n]P , kg/m.m.s 0.00508¢% 0.006802 0.008805 0.007687
[n]T , kg/m.m.s 0.003003 0.004282 0.005621 0.004847
XA2 * ED4 6.8189 6.7466 6.6676 6.7272
XA3 * E04 0.3628 0.4828 0.6370 . 0.5361
£ 0.941311 0.921887 0.896936 0.913259
£ prime 0.946834 0.928480 0.904516 0.920351
k * E0O6 , m/s 29,1942 45,7259 67.4457 53.0244
(D)AM K/Tau * EO07, m/s 1.7163 3.3570 6.0383 4.2688

Setpoint Temperature

60.00 Degree C
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Experiment No.

Operating Pressure
Nominal Solute Conc.
Hominal PFeed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

[ n]P , kg/m.m.s
[ n]T , kg/m.m.s

XaA2 * EDA
XA3 * EO4

£
£ prime

k * BO6 , m/s

({D)AM K/Tau * E07, m/s

2019. ; XAl
Film # 1
hhkAhhkhiknh

204.7690

0.005535
0.004737

8.2588
0.1250

0.979958
0.984872

16.6000

0.7406

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) = 2075. ; XAl

A * ED9, kmol/m.m.s.kPa

[ n )P, kg/m.m.s
[n]T, kg/m.m.s

XA2 * E04
. XA3 * E04

£
£ prime

k * EQ6 , m/s

{D)AN K/Tau * E07, m/s

Film § 1
sl dedkohokh ok

378.3807

0.047729
0.043535

35.8128
0.1236

0.980722
0.396560

25.3709

1.5271

=0.00062
Film ¢ 2
TIIIIL

276.7972

0.007482
0.006384

7.9206
0.1972

0.968394
0.975124

26.0000

1.6578

=0,00064
Film § 2
(S22 2222

478.8857

0.060407
0.056113

26.3154
0.1392

0.978296
0.9%4725

39.7376

3.o0205

170

1500 kPa
2000 ppm
1000 ml/mi
25.00 Degr
NACL

4 ; Cl =
Film % 3
ek d

376.3519

0.010173
0.008629

7.7674
0.1802

0.971115
0.976817

38.3500
2.0846
169
7000 kPa
2000 ppm
1000 ml/mi
50.00 Degr
NACL
1 ; C1 =
Film % 3
ke ko dk ok

742.5006

0.093659
0.081591

24.1079
0.6832

0.893464
0.97172¢%

58.6129

24,0843

n
ee C
55.35 kmol/m.m.m
Film # 4
oo de g ot & ok ok

350.2448

0.009467
0.007654

7.9623
0.2764

0.955696
0.965313

30.1500

2.7996

n

ee C

54.83 kmol/m.m.m
Film § 4
el o o

600.2647

0.075717
0.067383

26.6972
0.4288

0.933125
0.983979

46,0803

11,1358
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Experiment No. 168
Operating Pressure 350 kPa
Nominal Solute Conc, 2000 ppm

Neminal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
50.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1937. ; XAl =0.000598 ; Cl = 54.83 kmol/m.m.m

Film § 1 Film § 2 Film % 3 Film § 4
o e i ok % ok ok Addedkohhhh (2 2R 838 3] kekkdhhhk

A * E09, kmol/m.m.s.kPa 469.6618 619.,4335 835.8177 724.8079

[ n]P, kg/m.m.s 0.002962 €.003907 0.005272 0.004571
(nl}lr, kg/m.m.s 0.0014387 0.002149 0.002822 0.002493
XA2 * ED4 6.3141 6.2770 6.2311 6.2729
XAl * EO4 0.5650 0.7163 0.9686 0.7927
£ 0.905587 0.880295 0.838138 0.867528
£ prime 0.910573 0.885947 0.844641 0.873699
k * EO6 , m/s 25.3709 39.7376 58.6129 46.0803
{D)AM K/Tau * EG7, m/s 1.4887 2.8014 5.2556 3.6498

Experiment No. 167
Operating Pressure 500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
50.00 Degree C
NACL

s es e se ax e

Avg. Feed Conc. (ppm) = 2001, ; XAl =0.000618 ; Cl = 54.83 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4

dede ok fe oy e ok AkkkAARL Ak khhN bk hhhn

A * E09, kmol/m.m.s.kPa 460.9462 609.4021 828.8332 721.0696

[ njP, kg/m.m.s 0.004153 0.005491 0.0074¢68 0.006497
[ n]lT , kg/m.m.s 0.002484 0.003564 0.004960 0.004274
Xa2 * EO4 6.7830 6.7166 6.56707 6.7309
XA3 * E04 0.3643 0.5016 0.6601 0.5534

£ 0.941060 0.918853 0.893201 0.910458
f prime 0.946326 0.925372 0.901105 0.917826
k * E06 , m/s 25.3709 39.7376 58.6129 46.0803

(D)AM K/Tau * EQ7, m/s 1.4271 2.9105 5.5125 3,8750
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Experiment No. 166
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
50.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

&8 s 8% e 9r %

Avg. Feed Conc. (ppm) = 2196, ; XAl =0,.000678 ; Cl = 54.83 kmol/m.m.m

Film$#1 PFilm % 2 PFilm § 3 PFilm ¥ 4
Rk AARK R Rhkhdhh W *kkokkkok It L

A * ED9, kmol/m.m.s.kPa 419.1942 542.1722 695,5278 667.7015

[ n )P, kg/m.m.S 0.030216 0.039080 0.050134 0.048128
[n]lT , kg/m.m.s 0.026974 0.0635237 0.044923 0.041573
XA2 *» EOM4 19,7047 16.4280 14.5478 16.2978
XA3 * EO04 0.0953 0.,1434 0.1547 0.4027
£ 0.985950 0.978863 0.977195 0.940649
f prime 0.995171 0.991283 0.989378 0.975329
k * EO6 , m/s 25.3709 3%.7376 58.6129 46,0803
{D)AM K/Tau * EO07, m/s 1.3273 3.1411 4,8382 10.6597

Experiment No. 165

Operating Pressure 1500 kPa

Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpeint Temperature
Solute

1000 ml/min
50.00 Degree C
NACL

4 e #v er a9 we

Avg. Feed Conc. (ppm) = 2086. ; XAl =0.000644 ; €1l = 54.83 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film & 4

Whkhkkdkhwn e e e e o o s 22 22 F 2 LA SR EZ 2 Y]

A * E09, kmol/m.m.s.kPa 450.8377 591.0794 769.7393 704.6805

{n]P, kg/m.m.s 0.012186 0.015977 0.020806 0.019048
[ n]T , kg/m.m.s 0.010191 0.013655 0.0178396 0.016281
XA2 * EO04 9.6055 9.0345 8.6865 9.0412

XA3 * ED4 0.1349 0.2085 0.2425 0.3950

£ 0.979065 0.967654 0.962387 0.938714
£ prime 0.985965 0.976942 0.972112 0.956345
k * B0O6 , m/s 25.3709 39.7376 58.6129 46.0803

{D)AM K/Tau * EO07, m/s 1.4696 3.2647 5.2002 7.5279



Avg. Feed Conc.

(ppm} = 2003, ;
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Setpoint Temperature

25.00 Degree C

Experiment No. : 164
Operating Pressure : 1500 kPa
Nominal Solute Conc. : 2000 ppm
Nominal Feed Flow Rate: 1000 ml/min

Solute

NACL

XAl =0.000619 ; C1 = 55.35 kmol/m.m.m

Film § 1 Film & 2 Film § 3 Film § 4
Ju e i e g g o i ke hhohh LA X EE R 2 LR E R X}
A * E09, kmol/m.m.s.kPa 211.6363 288.5208 396.9393 342.3a02
( n]}P, kg;/m.m.s 0.005721 0.007759 0.010729 0.009254
[ n]T , kg/m.m.s 0.004862 0.006675 0.009185 0.007942
XA2 * EO4 8.2580 7.8466 7.818%9 8.0191
XA3 * EO4 0.1144 0.1873 2.1689 0.1208
£ 0.981512 0.969742 0.972713 0.980483
f prime 0.986154 0.976451 0.978416 0.984948
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500
(D)AM K/Tau * ED7, m/s 0.6915 1.6304 2.0524 1.2294
Experiment No. 163
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Heminal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1916. ; XAl =0.000592 ; Cl = 54.95 kmol/m.m.m

Film § 1 Film § 2 Film # 3 Film § 4

hhkk Ak RAkkhhkh ARk hhhk TYT TR
A * E09, kmol/m.m.s.kPa 405.9424 559.5238 761.9497 669.2B830
[ n 1P, kg/m.m.s 0.002560 0.003529 0.004806 0.004221
[ n]T , kg/m.m.s 0.001385 0.001915 0.002764 0.002345
XA2 ~ EO04 6.2479 6.1996 6.1848 6.2133
XA3 * EO04 0.4843 0.6370 0.73985 0.6846
£ 0.918179 0.892365 0.865087 0.884328
£ prime 0.922537 0.897303 0.870968 0.889878
k * EO6 , m/s 23.5406 36.8709 54,3845 42,7560
(D)AM K/Tau * EDV, m/s 1.1753 2.2144 4.1365 2.9322
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Experiment No. 162
Operating Pressure 7000 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
45.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

e a2 e s es s

Avg. Feed Conc. {ppm) = 2330. ; XAl =0.000719 ; Cl = 54.95 kmol/m.m.m

Film ¢ 1 Film § 2 Film § 3 Film § 4

LER S 2 & 8 3 e dede ke ke ok o i v vk g ok ok & o ohdedkohk ik

A * E09, kmol/m.m.s.kPa 336.7895 438.5875 678.4378 548,.7390

[ n]P, kg/m.m.s 0.042483 0.055323 0.085578 0.063218
[ n])T, kg/m.m.s 0.039135 0.050657 0.072500 0.061327
XAZ * EO04 38.0659 28.3092 25.5102 29.0677
XA3 * EO4 0.1130 0.1675 0.7523 0.4785
£ 0.984303 0.976739 0.895501 0.833539
f prime 0.997042 0.994101 0.970581 0.983586
k * EO6 , m/s 23.5406 36.870% 54.3845 42.7560
(D)AM K/Tau * EO07, m/s 1.1774 3.0451 22.2490 10.3672

Experiment No. 161
Operating Pressure 500 kPa
Nominal Sclute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45.00 Degree C
NACL

4 w% =8 s 8 W

Avg. Feed Conc. (ppm) = 1966. ; XAl =0.000607 7 Cl = 54,95 kmol/m.m.m

Film # 1 Film § 2 Film § 3 Film § 4
o ded o ot ok e e e L2222 28 3 W ddkk kA

A * E09, kmol/m.m.s.kPa 406.7442 551.1316 764.9291 666.6842

[ n]P, kg/m.m.s 0.003665 0.004966 0.006892 0.006007
[ n]T, kg/m.m.s 0.002292 0.003317 0.004720 0.004045
XA2 * E04 6.6600 6.6010 6.5642 6.6233
XA3 * EO04 0.3689 0.4958 0.6846 0.5592

£ 0.939266 0.918377 0.887291 0.907936
f prime 0.944642 0.924937 0.895768 0.215620
k * EO6 , m/s * 23.5408 36.8709 54.3845 42.7560

(D)AM K/Tau * E07, m/s 1.3575 2.7199 5.5493 3.7663
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Experiment No. 160
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45,00 Degree C
NACL

Avg. Feed Conc., (ppm) = 2212, ; XAl =0.000683 ; Cl = 54,95 kmol/m.m.m

Film # 1 Film § 2 Film # 3 Film & 4
e e de de oy ok AAhkhhd ki ek hokdo ok ok L2222 RN

A * E09, kmol/m.m.s.kPa 375.2054 517.1315 679.2381 655.0576

[ n]lP, kg/m.m.s 0.027045 0.037275 0.048959 0.047217
[ n T , kg/m.m.s 0.024646 0.032004 0.042356 0.038627
XA2 * E04 19.4804 16.2185 14.7895 16.4090
XA3 * ED4 0.0968 0.1378 0.1746 0.4027

£ 0.985846 0.979844 0.974464 0.941481
f prime 0.995043 0.991519 0.388215 0.975437
k » E0O6 , m/s 23.5406 36.8709 54,3845 42.7560
(D)AM K/Tau * EQ7, m/s 1.2423 2.7690 5.1086 9.8138

Experiment No. 159
Operating Pressure 1500 kPa
Nominal Solute Conc, 2000 oppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45.00 Degree C
NACL

L T R T T T

Avg. Feed Conc. (ppm) = 2217. ; XAl =0.000685 ; Cl = 54.95 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film # 4
de ok e e o W A o o e o e oo ok oo ok ok ok kol ok kA

A * E09, kmol/m.m.s.kPa 392.8058 531.5652 716.1673 651.5069

[ n]P, kg/m.m.s 0.010618 0.014368 0.019358 0.017610
{n]T, kg/m.m.s 0.008708 0.011984 0.015958 0.014653
Xa2 * EO4 9.8794 9.4210 g.1092 9.4997
XA3 * EO4 0.1519 0.2226 0.2891 0.4335

£ 0.977828 0.9675086 0.957802 0.936738
£ prime 0.984638 0.976389 0.968287 0.954413
k * E06 , m/s 23.5406 36.8709 54.3845 42,7560

(D)AM K/Tau * EO07, m/s 1.3733 2.9293 5.2826 7.0744
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Experiment No. is8
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

1000 mi/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg., Feed Conc. (ppm)} = 1998. ; XAl =0.000617 ; Cl = 55.35 kmol/m.m.m

Film # 1 Film # 2 Film § 3 Film § 4
Mhkdehkkh Yok ko ke ek kkhdhkkoh ok ok ok kR

A * E09, kmol/m.m.s.kPa 215.3515 293.8619 416.8134 389.5400

[ n]P , kg/m.m.s 0.005821 0.007943 0.011266 0.010529
[ n]T , kyg/m.m.s 0.004990 0.006849 0.009715 0.008603
XA2 * EO04 8.2927 7.9671 7.8886 8.1143
XA3 * EO04 0.1321 0.2212 0.2226 0.2962
£ 0.978598 0.964160 0.963931 0.952014
f prime 0.984082 0.972253 0.971798 0.963524
k * EQ6 , m/s 16.6000 26.0000 38.3500 30.1500
{D)AM K/Tau * E07, m/s 0.8159 1.,9755 2.8494 3.2915

Bxperiment No. 157
Operating Pressure 7000 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
40.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg. Feed Conc. (ppm) = 2215. ; XAl =0.000684 ; Cl = 55.06 kmol/m.m.m

Film § 1 Film 4 2 Film # 3 Film § 4
ok ok e i o o ik ok e o e ke ke ok o e oty oy o ke

A * E09, kmol/m.m.s.kPa 300.4419 395,1289 626.8586 505.9315

[ n 1P, kg/m.m.s 0.037898 0.049842 0.079072 0.063818
(nlT, kg/m.m.s 0.034389 0.045910 0.067583 0.056552
XA2Z * E04 33.1610 26.0751  24.5834 27.4393
XA3 * E04 0.1151 0.1717 0.6630.  0.4565

£ 0.983176 0.974908 0.903120 0.933293
£ prime 0.996539 0.993431 0.973107  0.983408
k'* E06 , m/s 21.7667 34.0924 50.2863 39,5341

{(D)AM K/Tau * E07, m/s 1.2080 3.0679 18.8710 9.6439



Experi

Operating Pressure
Hominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm} = 194

A * E09, kmol/m.m.s.kPa

[ nlP, kg/m.m.s
[ n]T , kg/m.m.s

XA2 * EO4
XA3 * EO04

£
£ prime

k * EO6 , m/s

(D)AM K/Tau * E07, m/s

Experi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) = 218

A * E09, kmol/m.m.s.kPa

[ n]lP , kg/m.m.s
[ nlT, kg/m.m.s

XA2 * E04
Xa3 * EO4

£
f prime

k * E06 , m/s

{D)AM K/Tau * EO07, m/s

280

ment No,

o S8 S8 88 ar &

156
500 kPa
2000 ppm

1000 ml/min

40.00 Degree C

NACL

2. : %Al =0,000600 ; Cl = 55,06 kmol/m.m.m

Film % 1
23R 2 E2 %]

361.4060

0.003256
0.001957

6.5274
0.4073

0.932118
0.937635

21,7687

1.3129

ment Ro.

Film § 2
(222123 3

493.8543

0.004450
0.002972

6.5002
0.5189

0,913531
0.920226

34.0924

2.5977

Film § 3
TTILLLL

711.3137

0.006409
0.004346

6.4771
0.7235

0.879421
0.888360

50.2863
5.5069
155
350 kPa

2000 ppm
1000 ml/min

Film & 4
Wkkkh AN

614,0159

0.005532
0.003698

6.5370
0.5361

0.910649
0.918032

39.5341

3.3295

40.00 Degree C

NACL

2. ; XAl =0.000674 ; Cl = 55.06 kmol/m.m.m

Film § 1
dkhkokk ook

367.5854

0.002318
0.00143

7.0632
0.7855

0.883523
0.888861

21.7667

1.4407

Film % 2
TrIrTIY

499.6022

0.003151
0.001632

7.0247
0.9743

0.855518
0.861382

34.0924

2.6477

Film % 3
Ahkhhhkhh

727.6147

0.004589
0.002429

7.0111
1.3007

0.807114
0.814585

50.2863

5.,5755

Film % 4
A hkhhAnkk

624.1310

0.003%36
0.002077

7.0512
1.0118

0.849960
0.856592

39.5341

3.5068
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Experiment No. 154
Operating Pressure 1500 kPa
Nominal Solute Conec, 200C¢ ppm

1000 wl/min
40.00 Degree C
NACL

Nominal Feed Flow Rate
Seipeint Temperature
Solute

Avg. Feed Conc. (ppm) = 2025. ; XAl =0.000625 ; Cl = 55.06 kmol/m.m.m

Film # 1 Film % 2 PFilm § 3 Film § 4
AARARAAR kRN ok Kkhkokkkk RAA ARk

A * E09, kmol/m.m.s.kPa 353.8584 470.2121 647.2628 591.2390

{ n)P, kg/m.m.s 0.009565 0.012710 0.01749%6 0.015981
[n]T , kg/m.m.s 0.007910 0.010821 0.014994 0.013586
AA2 * ED4 8.9508 B.5242 8.3407 8.6736
XA3 * EO04 0.1491 0.2226 0.2920 0.3996
£ 0.976167 0.964407 0.953326 0.936110
£ prime 0.983358 0.873902 0.965024 0.953962
k * EO6 , m/s 21.7667 34.0924 50.2863 39.5341
{D)AM K/Tau * EO07, m/s 1.3504 2.9248 5,4815 6.6134

Experiment No. 153

Cperating Pressure 4000 kPa

Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
40.00 Degree C
NACL

o ar a9 s es s

Avg. Feed Conc. (ppm) = 2150. ; XAl =0.000664 ;7 Cl = 55.06 kmol/m.m.m

Film # 1 Film § 2 Film # 3 Film % 4
Mok ARRARR AR TRk ARREEAAK

A * E09, kmol/m.m.s.kPa 335.1946 445.2888 593.5502 569.3642

[ n)]P, kg/m.m.s 0.024161 0.032096 0.042783 0.041040
{n]?, kg/m.m.s 0.021760 0.028952 0.038907 0.035732
XA2 ~ ED4 18.0108 15.4084 14.2745 15.92866
XA3 * ED4 0.1010 0.1618 0.1760 0.3935

£ 0.984801 0.975647 0.973518 0.940779
£ prime 0.994403 0.989514 0.987690 0.975331
k * E0O6 , m/s 21.7667 34.0924 50.2863 39.5341

(D)AM K/Tau * EO07, m/s 1.2367 3.0969 4.8940 9.1224
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Experiment No. 152
Operating Pressure 1500 kPa
Nominal Solute Conc. 20C0 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 2017. ; XAl =0.000623 ; C1 = 55.35 kmol/m.m.m

Film # 1 Film § 2 Film § 3 Film % 4
Ak hhkkx L2222 FT T LEE 2 20 X2 & i ook ke

A * E09, kmol/m.m.s.kPa 220.4494 299.2283 429.1364 371.1692

[nlP, ka/m.m.s 0.005959 0.008088 0.011600 0.010033
[ n]T , kg/m.m.s 0.004928 0.006884 0.009932 0.008581
XA2 * EQ4 8.3390 8.0613 8.00%91 8.2380
XA3 * EO04 0.1307 0.1929 0.2156 0.1364

£ 0.979023 0.969033 0.965401 0.978115
f prime 0.984340 0.976085 0.973105 0.983461
k * B06 , m/s 16.6000 26.0000 38,3500 30.1500
(D)AM X/Tau * E07, m/s 0.7904 1.7013 2.7688 1.4555

Experiment No. 151
Operating Pressure 500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
35.00 Degree C
NACL

Avg. Feed Conc., (ppm) = 1942. ; XAl =0.000600 ; Cl = 55.18 kmol/m.m.m

Film § 1 Film % 2 Film % 3 Film % 4
hARkARA N AN RkAkdkd Sk ok kohh ik tE SRR ER]

A * E09, kmol/m.m.s.kPa 300.8132 429.9346 627.0288 543.3154

[ n]P, kg/m.m.s 0.002710 0.003874 0.005650 0.004895
[ n]T , kg/m.m.s 0.001864 0.002589 0.003817 G.003313
XA2 * EO4 6.5477 6.4732 6.4556 6.5237
Xa3 * EO4 0.3827 0.4929 0.6947 0.5044

£ 0.936215 0.917855 0.884225 0.915933
f prime 0.941581 0.923899 0.892451 0.922722
k * E06 , m/s 20,0466 31.3984 46.3126 36.4100

(D)AM K/Tau * E07, m/s 1.1637 2.1457 4.6287 2.7921
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Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature
Solute

R L TR TR TR

150
500 kPa
2000 ppm

1000 ml/min
30.00 Degree C

NACL

Avg. Feed Conc. {(ppm) = 1%37. ; XAl =0.000598 ; C1 =

A * E09, kmol/m.m.s.kPa

[ n]JP , kg/m.m.s
[nlT, kg/m.m.s

Xa2 * EO4
XA3 * E04

£
£ prime

k * EO6 , m/s

(D)AM K/Tau * EO07, m/s

FPilm # 1
Whhhhhhk
264.6334

0.002384
0.001618

6.5011
0.3488

0.941690
0.946359

le.3861

0.9215

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
inlT, kg/m.m.s

XA2 * E04
XA3 * ED4

£
£ prime

k » EO6 , m/s

(D)AM K/Tau * E07, m/s

Film $ 1
o ek e ok ke ok
224.4699

0.002022
0.001367

6.3602
0.3351

0.943066
0.947343

16.6000

0.7637

Film # 2
o g e i ok ok ok
368.3412

6.003319
0.002246

6.4292
0.4785

0.920038
0.925619

28,7975

1.8141

Film & 2
EEE 23222

311.5701

0.002807
0.001908

6.2963
0.4641

0.921152
0.926335

26,0000

1.5245

55.25 kmel/m.m.m

Pilm % 3 Film § 4
R ok vk e gk ok ok dr e de e e d W ok
543.3338 468.8332
0.004895 0.004224
0.003399 0.002874
6.4280 6.4810
0.6370 0.4411
0.893544 0.926282
0.900954 0.931975
42.4763 33.3940
3.7551 2.1083

149

500 kPa

2000 ppm

1000 ml/min

25.00 Degree C

NACL

1905. ; XAl =0.000588 ; Cl =

Pilm 4 3
RAARKARK

459.5628

0.004141
0.002863

6.2927
0.6082 .

0.896664
0.903401

38.3500

3.0769

55.35 kmol/m.m.m
Film % 4
o ok s o ok ok kR

380.9228

0.003432
0.002416

6.3423
0.3874

0.934189
0.938962

30.1500

1.5780
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Experiment No. la8
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 2015. ; XAl =0.000622 ;: Cl = 55,35 kmol/m.m.m

Film # 1 Film # 2 Film &% 3 Film & 4

RAhdhkkkn e e o ke ke e o ook e ok e LR XS RN

A * E09, kmol/m.m.s.kPa 217.9573 299,2154 430.4684 387.1135

[ n]lP, kg/m.m.s 0.0058391 0.008088 0.011636 0.010464
[ n]T , kg/m.m.s 0.004974 0.0065316 Q0.009987 0.008882
XA2 * ED4 8.3562 8.0614 8.0132 B.,2614
XA3 * E04 0.1349 0.2071 Q0.2212 0.2891

3 0.978327 0.966741 0.964463 0.953563
£ prime 0.983864 0.974332 0.972413 0.965030
k * BO6 , m/s 16.6000 26.0000 38.3500 30.1500
(D)AM K/Tau * E07, m/s 0.8201 1.8315 2.8478 3.2351

Experiment HNo. 147
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpeint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1918. ; XAl =0.000592 ; Cl = 55,35 kmol/m.m.m

Film # 1 Film § 2 Film # 3 Pilm % 4
L2 RS T TS ok ok oo i ok ok ok ok ok ek e L EX3EE R T

A * E09, kmol/m.m.s.kPa 232.0499 323.0282 484.7260 414.0298

[ n]P, kg/m.m.s 0.001464 0.002037 0.003057 0.002611
[ n]T, kg/m.m.s 0.000854 0.001198 0.001852 0.001521
XA2 * E04 6.2092 6.1710 6.1737 6.2009
XA3 * EO4 0.5289 0.6918 0.8821 0.5794

£ 0.910754 0.883272 0.851166 0.3%02242
f prime 0.914862 0.887955 0.857200 0.906616
k *E06 , m/s 16.6000 26.0000 38.3500 30,1500

(D)AM K/Tau * E07, m/s 0.7989 1.5195 3.1005 1.5%46



Avg. Feed Conc,

A * E09, kmol/m.m.s.kPa

[ n}P, kg/m.m.s
[n]T, kgq/m.m.s

Xaz * E04
XA3 * E04

£
£ prime

k * EO6 , m/s

(D)AM K/Tau * E07, m/s

Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ nlP, kg/m.m.s
[ n]17, kg/m.m.s

XaA2 * E04
XA3 * EO04

£
f prime

k * B06 , m/s

(D)AM K/Tau * EQ7, m/s
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Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute
= 2051,
Film § 1
i iy e e de e ok

206.7386

0.014902
0.013719

14.3870
0.0925

0.985405
0.993579

16.6000

0.8917

Experiment No.

Operating Pressure
Nominal Sclute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

{ppm) = 2100. ; XAl

Film § 1
1233222

196.1324

0.024740
0.022979

25.6079
0.1222

0,981162
0.995240

16.6000

1.1068

Film § 2
&k iy de o o e N
280.4731

0.020217
0.018552

12,7654
0.1802

0.971568
0.985901

26,0000

2.6680

=0,00064
Film § 2
hAhhkhhhhk

261.9339

0.033040
0.030862

20.8526
0.2014

0.968951
0.980360

26.0000

3.0234

146

4000 kPa
2000 ppm
1000 ml/min

25,00 Degree C

NACL

Film § 3
hhkhkhkk

388.8257

0.028027
0.025744

12.267%9
0.1547

0.975585
0.987401

38.3500
3.3032
145
7000 kPa

2000 ppm
1000 ml/min

XAl =0.000633 ; Cl = 55.35 kmol/m.m.m

Film # 4
dede el ok e

369.9353

0.026665
0.023248

13.33%11
0.2849

0.955052
0.978753

30,1500

5.0755

25.00 Degree C

NACL
8 ;
Film % 3
e oy ok ok de o e

430.7150

0.054330
0.046653 -

20.4573
0.6269

0.903354
0.969414

38.3500

14.8129

Cl = 55,35 kmol/m.m.m

Film & 4
tZ 22222}

342.3762

0.043187
0.038446

22.2875
0.3843

0.940763
0.982796

30.1500

6.7747
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Experiment No. 144
Operating Pressure 7000 kpPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
35.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 2233. ; XAl =0.0006%0 ; €l = 55.25 kmol/m.m.m

Film % 1 Film & 2 Film % 3 Film % 4

LAZEE 22 2] L2 222233 L2 X2 2R T Ahhhkhn

A * E09, kmol/m.m.s.kPa 266.4975 348.1102 578.8597 454.9702

{n]P, kg/m.m.s 0.033616 0.043911 0.073017 0.057390
[n]T , kg/m.m.s 0.030833 0.040787 0.061416 0.051175
XA2 * E04 31.9385 24.9591 24,1278 26.9163
XA3 * EO4 C.1265 0.1929 0.7350 0.4641

£ 0.981677 0.972044 0.893490 0.932755
f prime 0.996053 0.992289 0.969606 0.982804
k * E06 , wm/s 20.0466 31.3984 46.3126 36.4100
(D)AM K/Tau * E07, m/s 1.2312 3.1916 19.3813 9.0178

Experiment No. 143
Operating Pressure 4000 kPpa
Nominal Solute Conc, 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
35.00 Degree C
NACL

L T T Y TR 1]

Avg. Feed Conc. (ppm) = 2190. ; XAl =0.000676 ; Cl = 55.25 kmol/m.m.m

Film % 1 Film ¢ 2 Film § 3 Film # 4
Ruhhdkdhhn Ao dedhedd o i ik ik hhkhkdkhd

A * E09, kmol/m.m.s.kPa 286.2175 382.3244 522,0102 498.3660

[ a]P, kg/m.m.s 0.020631 0.027558 0.037626 0.035922
[ nlT, kg/m.m.s 0.018792 0.025193 0.034499  0.031577
XA2 * E04 17.2025  14.9356  14.1325  15.6356
XA3 * E04 0.1067 0.1830 0.1604 0.3950

£ 0.984244 0.972960 0.976303  0.941639
£ prime 0.993811 0.987763 0.988666 0.974773
k * E06 , m/s 20.0466  31.3984  46.3126  36.4100

{D)AM K/Tau * E07, m/s 1.1775 3.1334 3.9779 8.2201



Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T, kg/m.m.5

XA2 * ED4
XA3 * EQ4

£
£ prime

k » E0O6 , m/s

{D)AM K/Tau * EO07, m/s

Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T , kg/m.m.s

XA2 * EOQ4
XA3 * ED4

£
f prime

k * EOB , m/s

(D)AM K/Tau * EQ7, m/s

(ppm) = 211l6. ;
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Experiment ¥o.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Film % 1
ol e ek e

305.5137

0.008258
0.00693¢

9,1864
0.15%0

0.975679
0.982709

20.0466

1.2269

Experiment No,

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

{ppm) = 1940. ; XAl

Film 4 1
ook koA

326.0941

0.002057
0.061121

6.2991
0.6298

0.894892
0.900070

20.0466

1.2508

e ae we a0 ee we

Film & 2
Rk

415.0137

0.011218
0.009508

8.7629
0.2707

0.958583
0.969130

31.3984

3.0444

=0.00059
Film § 2
[ 23212223

450.3411

0.002840
0.001666

6.2729
0.8100

0.864822
0.870944

31.3984

2.4805

142

1500 kPa
2000 ppm
1000 ml/min

35.00 Degree C

NACL

Film % 3
bk Rk kk®

584.4057

0.015796
0.013428

8.6484
0.2863

0.956202
0.966923

46,3126
4.6175
141
350 kPa

2000 ppm
1000 ml/min

XAl =0.000653 ; Cl = 55.25 kmol/m.m.m

Film % 4
Rokkkk Ak
504.9475

0.013649
0.011678

8.9385
0.2156

0.967023
0.975904

36.4100

2,8987

35.00 Degree C

NACL
9 ;
Film ¢ 3
de ok vk o v i e ok

663.4057

0.004184
0.002557

6.2707
1.,0551

0.823919
0.831835

46.3126

5.1932

Cl = 55,25 kmoel/m.m.m

Film # 4
L2 2 XX N

567.0012

0.003576
0.002125

6.3039
0.7812

0.B69633
0.876150

36.4100

3.0184
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Experiment No. 140
Operating Pressure 7000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
30.00 Degree C
NACL

e 46 au ss e W

Avg. Feed Conc. (ppm) = 2169. ; XAl =0.000670 ; Cl = 55,25 kmol/m.m.m

Film ¢ 1 Film § 2 Film § 3 Film § 4

dhdkhhhkk Ak hekin LE S 2 222 Ak ki

A * E09, kmol/m.m.s.kPa 231.9614 306.6821 508.0084 405.3347

[ n]P, kg/m.m.s 0.029260 0.038685 0.064080 0.051129
[ n]T , kg/m.m.s 0.026808 0.035975 0.055214 0.045273
XA2 * ED4 28.5270 22,9588 22.6907 24.7094
XAl * ED4 0.1321 0.2113 0.7523 0.492%
£ 0.980290 0.968471 0.887750 0.926459
£ prime 0.995382 0.990816 0.966916 0.980100
k * BO6 , m/s 18.3861 28.7975 42.4763 33.3940
{D)AM K/Tau * EO07, m/s 1.2528 J3.3569 19.0160 9,2553

Experiment No. 139
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
30.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 2169. ; XAl =0.000670 ; Cl = 55.25 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4
EEEEERE T ek hkhhk L 3 EERRT LA R SR X ST}

A * E09, kmol/m.m.s.kPa 248.2405 334.6183 460.8637 443.5312

[ n]P, kg/m.m.s 0.0178%93 0.024119 0.033219 0.031970
[ n]T, kg/m.m.s 0.016249 ©0.021969 0.030200 0.027818
XA2 * ED4 16.1223 14.1978 13.5216 14.9469
XA3 * E04 0.1052 0.1859 0.1519 0.3950

£ 0.984299 0.972270 0.977335 0.941062
£ prime 0.993483 0.986927 0.988780 0.973609
k * BOE , m/s 18,3861 28.7975 42,4763 33.3940

{(D)AM K/Tau * EQ7, m/s 1.0723 2.9269 3.4466 7.5844
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Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

o 88 e s

138

1500 kPa
2000 ppm
1000 mi/mi
30.00 Degr
NACL

Avg. Feed Conc. (ppm) = 2017. ; XAl =0.000623 ; Cl =

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T , kg/m.m.s

XA2 * E04
XA3 * EO04

£
f prime

k * EO6 , m/s

{D}AM K/Tau * E07, m/s

Film % 1
Ak hhR

260.9728

0.007054
0.006012

8.5873
0.,1547

0.9275163
0.981995

18.3861

1.1081

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature
Solute

Film § 2
L2222 08 3 2]
357.5128%

0.009664
0.008289

8.2319
0.2453

0.960632
0.970228

28.7975

2.5568

¢ we 22 er ma we

Film § 3

T I T L
513.02713

0.013867
0.011%44

8.1746
0.2580

0.958589
0.968462

42.4763

3.9097

137

350 kPa
2000 ppm
1000 ml/mi
30.00 Degr
NACL

Avg. Feed Conc. (ppm} = 1998. ; XAl =0.000617 ; Cl =

A * E09, kmol/m.m.s.kPa

[ n]lP, kg/m.m.s
(nj)T, kg/m.m.s

XA2 * E04
XA3 * EQ4

£
f prime

k * EO6 , m/s

(D)AM K/Tau * EO07, m/s

Film % 1
kA hdkAn

278.6245

0.001757
0.0009%1

6.4797
0.5852

0.205204
0.909749

18.3861

0.9875

Film § 2
Aol kokdh ok

386.8718

0.002440
0.001402

6.4393
0.7812

0.873445
0.878756

28,7975

1,9443

Film § 3
v e de dr o e ok
574.7944

0.003625
0.002148

6.4394
0.9830

0.840748
0.847433

42.4763

3.8851

n

ee C

55.25 kmol/m.m.m
Film % 4
1222222 %3

440.3700

0.011903
0.010344

8.4385
0.1661

0.973347
0.980337

33.3940

2.0856

n
ee C
55.25 kmol/m.m.m
Film # 4
e ok e e ook ok ok

490, 3496

0.003093
0.001781

6.4673
0.7523

0.878116
0.883737

33.3940

2,.3545
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Experiment No. 136

Operating Pressure 1500 kPa
Nominal Solute Con¢, : 2000 ppm
Nominal Feed Flow Rate 1000 mi/min
Setpoint Temperature 25.00 Degree C
Solute NACL

P ETY

as se o

Avg., Feed Conc. (ppm) = 2094. ; XAl =0.000647 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film ¥ 4

Akddkhokkk de o dek ok i ke o dede o ok ok ok ok LA RS RSS2

A * E09, kmol/m.m.s.kPa 221.2796 304.5642 437.3468 374.6634

fnlP, kg/m.m.s 0.005981 0.008232 0.011821 0.010127
[ nlT, kg/m.m.s 0.005099 0.007065 0.010221 0.008672
XA2 * EO04 8.7442 8.4090 8.3741 B8.5757
XA3 * E04 0.1519 0.2651 D.2396 0.1576
£ 0.976523 0.959033 0.962968 0.975648
£ prime 0.982641 0.968502 0.971409 0.981641
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500
(D)AM K/Tau * E07, m/s 0.9055 2.3098 3.0238 1.6304

Experiment No. 135
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Neminal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
HACL

Avg. Feed Conc. (ppm) = 1953, ; XAl =0.000603 ; Cl = 55.35 kmol/m.m.m

Film $ 1 Pilm § 2 Film # 3 Film § 4

hhddrdkehhk kAN rkh kb hhh LR ER XL X

A * E09, kmol/m.m.s.kPa 235.7816 330.3700 495,.6989 417.1633

[ njP , kg/m.m.s 0.001487 0.002084 0.003126 0.002631
[n]T, kg/m.m.s 0.000864 0.001253 0.001879 0.001534
XA2 * E04 6.3227 6.2876 6.2862 6.3102
XA3 * ED4 0.5650 0.8244 0.9397 0.6731

£ 0.906356 0.853350 0.844234 0.888438
£ prime 0.910695 0.868954 0.850590 0.893396
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500

{D)AM K/Tau * E07, m/s 0.8515 1.8987 - 3.3173 1.8391



291

Experiment No, 134
Operating Pressure 7000 kPa
Kominal Solute Conc. 2000 ppm

1000 ml/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg. Feed Conc. (ppm) = 2182, ; XAl =0.000674 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film & 2 Film § 3 Film 4 4
o o de e e e drdedkokodok ok ok bkt dddr ek ok ok

A * E09, kmol/m.m.s.kPa 197.3599 265.3977 370.8109 353.9617

[n]P, kg/m.m.s 0.024895 0.033477 0.046774 0.044649
[n]T , kg/m.m.s 0.023085 0.031354 0.044322 0.039842
XA2 * E04 26.7710 22.0082 19.9737 24,1574
XA3 * ED4 0.1335 0.2439 0.6860 0.4335
£ 0.980201 0.963840 0.898271 0.935728
£ prime 0.995025 0.988943 0.965719 ¢.982100
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500
{D)AM K/Tau * E07, m/s 1.1624 3.5286 15.8328 7.3113

Experiment No. 133
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25,00 Degree C
NACL

Avg. Feed Conc. {ppm) = 2118. ; XAl =0.000654 ; Cl = 55,35 kmol/m.m.m

Pilm ¢ 1 Film§ 2 Film # 3 Film § 4
ARRETARRR  ARRRAARE ANRRARAR hkkRdA ik

A * E09, kmol/m.m.s.kPa 224.1806 305.0125 424.4180 411.3480

[n]P, kg/m.m.s 0.016159 0.021585 0.030592 0.023650
[a]lT, ka/m.m.s 0.014713 0.020126 0.028061 0.025640
XA2 * E04 15,7502 13.9544 13.4873 14.8606
XA3 * ED4 0.1095 0.2212 0.1250 0.3597

£ 0.983273 0.966200 0.980856 0.945045
£ prime 0.993060 0.984168 0.990741 0.975831
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500

(D)AM X/Tau * EQ7, m/s 1.0344 3.2563 2.6374 6.3876
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Experiment No, 132
Operating Pressure 500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. {ppm) = 1929, ; XAl =0.000596 ; Cl = 55.35 kmol/m.m.m

Film # 1 Film # 2 Film % 3 Film § 4

Nkl ik e ok ik ok ok Khkdkhkdkhn L2 B R R R R

A * E09, kmol/m.m.s.kPa 227.8545 320.1304 476.5288 412,2189

[n]P, kg/m.m.s 0.002053 0.002884 0.004294 0.003714
[ n]lT , kg/m.m.s 0.001402 0.001994 0.003008 0.002575
XA2 * EO4 6.4504 6.3886 6.3936 6.4501
XA3 * EO04 0.3643 0.5477 0.6111 0.4335
£ 0.938871 0.908100 0.897458 0.927268
f prime 0.943556 0.914322 0.904476 0.932839
k * E06 , m/s 16.6000 26.0000 38.3500 30.1500
(D)AM K/Tau * E07, m/s 0.8427 1,8778 3.1924 1.8632

Experiment No. : 131

Operating Pressure 1500 kPa

Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25,00 Degree C
NACL

as =n 2% as ws

Avg. Feed Conc. {(ppm) = 2062, ; XAl =0.000637 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film $ 2 Film $ 3 Film § 4
L2223 32X ] wkkdkk kR g e i o ke o ok ARRhRkNR

A * E09, kmol/m.m.s.kPa 220.3226 304.4255 440,0293 380.9379

[ n]P, kg/m.m.s 0.005955 0.008229 0.011894 0.010297
[n]T, kg/m.m.s 0.005048 0.007070 0.010233 0.008900
XaA2 * ED4 8.5820 B8.2724 8.2479 8.5047
XA3 * E04 0.1547 0.2891 0.2368 0.1618

£ 0.975712 0.954619 0.962B35 0.974602
£ prime 0.981984 0.965076 0.971314 0.980989
k * E06 , m/s 16.6000 26.0000 38.3500 30.1500

{D)AM K/Tau * E07, m/s 0.9310 2.5716 3.0378 1.7338
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Experiment No. 130
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

10006 ml/min
20.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

LT R T TR P,

Avg. Feed Conc. (ppm) = 1934, ; XAl =0.000597 ; Cl = 55.40 kmol/m.m.m

Film 4 1 Film 4 2 Film & 3 Film # 4
o i e iy e de ke o % & b de ok e o de gk ek ok ok o ke % vk ok ke

A * B09, kmol/m.m.s.kPa 194.3663 274,.72258 414.9802 356.7242

[ n]lP, kg/m.m.s 0.001226 0.001733 0.002617 0.002250
(njiT , kg/m.m.s 0.000717 0.001052 0.001614 0.001351
XA2 * E04 6.2364 6.2084 6.2149 6.2445
XAl * EO04 0.5102 0.7523 0.8172 0.5506
£ 0.914623 0.874101 0.863245 0.907869
f prime 0.918236 0.878885 0.868580 0.911882
k * EO6§ , m/s 15,2367 23.8648 35.2005 27.6740
{(D)AM K/Tau * E07, m/s 0.6401 1.4533 2.4470 1.3087

Experiment No. 129

Operating Pressure 500 kPa

Nominal Solute Cene, 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
20.00 Degree C
NACL

LT Y A T TY

Avg. Feed Conc. (ppm} = 1940. ; XAl =0.000599 ; Cl = 55,40 kmol/m.m.m

Film % 1 Film § 2 Film § 3 Film § 4
o e ok ok W ok o e o e ke ok o v o o o o o o *k ke kkhk kR

A * E0%, kmol/m.m.s.kPa 186.2564 260.9770 403.2689 310.2155

[ n]P, kg/m.m.s 0.001678 0.002351 0.003633 0.002785
(n]lT, kg/m.m.s 0.001147 6.001697 0.002523 0.002169
XA2 * ED4 6.4286 6.3807 6.39086 6,4491
XA3 * EO4 0.3751 0.6832 0.5938 0.3566

£ 0.937410 0.885951 0.900905 0.940487
f prime 0.941693 0.892995 0.907137 0.944736
k * E0O6 , m/s 15.2367 23.8648 35.2005 27.6740

{(D)AM K/Tau * EQ07, m/s 0.7117 2.0378 2,5885 1.2719
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Experiment No. 128
Operating Pressure 7000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
20,00 Degree C
NACL

T T B TR TR 1)

Avg. Feed Cone. (ppm) = 2102, ; XAl =0.000649 ; Cl = 55.40 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film ¥ 4
e de ok ot e ok (2222222} od ko iy ke kW hhkkhdk ik

A * E09, kmol/m.m.s.kPa 163.5657 228.1189 373.5645 304.6137

[ n]P, kg/m.m.s 0.020632 0.028775 0.047121 0.038424
[ n]lT , kg/m.m.s 0.019198 0.026857 0.041337 0.034218
XA2 * EOD4 22.5625 19.2083 19,4597 21.1235

XA3 * EQ4 0.1477 0.3996 0.7091 0.5217

£ 0.977266 0.938473 0.890828 0.919676
f prime 0.993470 0.979233 0.963629 0.975352
k * EO6 , m/s 15,2367 23,8648 35.2005 27.6740

(D)aM K/Tau * E07, m/s 1.2672 5.7167 15.6595 8.6809

Experiment No, 127
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
20.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1995. ; XAl =0.000616 ; Cl = 55.40 kmel/m.m.m

Film § 1 Film & 2 Film § 3 Film § 4
LEE 2220} *dhokhok kN ARk L5222 28 )4

A * ED9, kmol/m.m.s.kPa 174.0939 247.1985 336.4858 328.5651

[ n]P, kg/m.m.s 0.012549 0.017818 0.024274- 0.023683
[ n]T , kg/m.m.s 0.011469 0.016429 0.023283 0.022481
XA2 * EO04 12.9706 11.8851 11.8456 13.4829
XA3 * EO4 0.1109 0.3966 0.1123 0.3336

£ 0.982011 0.335668 0.981782 0.945888
£ prime 0.991461 0.266671 0,990530 0.975292
k * EO6 , m/s 15,2367 23,8648 35.2005 27.6740

(D)AM K/Tau * EO07, m/s 0.9907 5.6807 2.2325 5,7129
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Experiment No, s 126

Operating Pressure : 1500 kPa
Nominal Solute Conc. : 2000 ppm
Nominal Feed Flow Rate: 1000 ml/min
Setpoint Temperature : 20.00 Degree C
Solute : NACL

Avg. Feed Conec. (ppm) = 1934, : XAl =0,0005%97 ; Cl 55.40 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film & 4
g de el d ok Ak sk ok ohkhkk Wk ke ek ok k ok %k ok Xk ko e ok

A * E09, kmol/m.m.s.kPa 178.2713 254.,9095 370.8000 313.8311

([ nl]P, kg/m.m.s 0.004819 0.006890 0.010023 0.008483
[n]lT, kg/m.m.s 0.004218 0.006109 0.008687 0.007535
Xa2 * E04 7.8318 7.6052 7.5886 7.8037
XA3 * EO4 0.1547 0.3874 0.2113 0.1335
£ 0.974106 0.93518) 0.964637 0.977656
f prime 0.980257 0.9459104 0.972172 0.982902
k * E0O6 , m/s 15.2367 23.8648 35.2005 27.6740
(D)}AM K/Tau * E07, m/s 0.8516 3.2835 2,4927 1.3140

Experiment No. 125

Operating Pressure 1500 kPa

Nominal Solute Conc, 2000 ppm

1000 ml/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Salute

e 4= 4 e e wr

Avg. Feed Conc. {ppm) = 1932, ; XAl =0.000596 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film # 2 Film % 3 Film § 4
L: s 2L R T v de e o vk ok % o e g 3t e e ok o o ok e v % e ok

A * E09, kmol/m.m.s.kPa 216.9898 318.9201 437.2615 381.4858

[ n]P, kg/m.m.s 0.005865 0.008620 0.011819 0.010312
[n]T , kg/m.m.s 0.004964 0.007621 0.010077 0.008834
XA2 * EO04 7.9927 7.7672 7.6959 7.9484
XA3 * E04 0.1632 0.6875 0.2198 0.1547

£ 0.972648 0.884797 0.963167 0.974070
f prime 0.979593 0.911552 0.971458 0.980546
k * E06 , m/s l6.6000 , 28.0000 38.3500 36.1500

(D)AM K/Tau * EO07, m/s 1.0367  7.4117 2.9677 1.7570
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Experiment No. 124

Operating Pressure 7000 kPa
Nominal Solute Conc. : 2000 ppm
Nominal Feed Flow Rate 1000 ml/min
Setpoint Temperature 15.00 Degree C
Solute NACL

Avg. Feed Conc. {ppm) = 1956. ; XAl =0,000604 ; Cl = 55.47 kmol/m.m.m

Film 4 1 Film $ 2 Film § 3 Film § 4
KRk k kR RRAAN Soddek ko kR I TIIIELIT

A * E09, kmol/m.m.s.kPa 136.2953 181.8341 263.8648 256.5602

[ n]lP, kg/m.m.s 0.017192 0.022937 0.033284 0.032362
[ n]T, kg/m.m.s 0.016064 0.021456 0.031201 0.029033
XA2 * E04 19.1370 16.2060 15.8577 18.2507
XA3 * E04 0.1434 0.0996 0.1731 0.4958
£ 0.975260 0.983518 0.971343 0.917934
£ prime 0.992519 0.993865 0.989099 0.972883
k * EO6 , m/s 13,7415 21,522% 31.7463 24,9581
(D}AM K/Tau * E07, m/s 1.2136 1.3271 3.4455 8.1098

Experiment Ho. 123
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
15.00 Degree C
NACL

s ws 8e ws we W

Avg. Feed Conc. (ppm} = 1990. ; XAl =0.000614 ; Cl = 55.47 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film 4 4

dekdedekh ok wrde e s odr e e EX R D282 LE AR R 232 ]

A * E09, kmol/m.m.s.kPa 143.0936 194.1963 282.9526 276.5542

[ n])P , ka/m.m.s 0.010314 0.013998 0.020395 0.019934
[ n])T , kg/m.m.s 0.009441 0.012857 0.018674 0.017248
XA2 * ED4 12.0989 11,0897 10.9895 11.8937
XA3 * EO4 0.1236 0.1010 0.1010 0.3720

£ 0.979832 0.983573 0.983573 0.939494
£ prime 0.989794 0.9%0903 0.990820 0.968776
k * ED6 , m/s 13.7415 21.5229 31.7463 24,9583

{D)AM K/Tau * E07, m/s 0.9750 1.1822 1.7328 5.5676
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Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. {(ppm) =

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T , kg/m.,m.s

XA2 * ED4
XA3 * E04

f
f prime

k * E06 , m/s

(D)AM K/Tau * E07, m/s

LU TR PR TR PR

122

350 kPa
2000 ppm
1000 ml/mi
15.00 Degr
NACL

1881. ; XAl =0.000581 ; Cl =

Film # 1
kA hhhhk
158.5121

0.001000
0.000596

6.0442
0.5073

0.912713
0.916111

13.7415

0.5461

Experiment No.

Operating Pressure
Nominal Seolute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. {ppm) =

A * E09, kmol/m.m.s.kPa

[ n]lP , kg/m.m.s
{n])T, kg/m.m.s

XA2 * EO04
XA3 * ED4

£
f prime

k * EO6 , m/s

(D)AM K/Tau * EO07, m/s

Film § 2
LA R R

221.0450

0.001394
0.000844

6.0171
0.6082

0.895354
0.898974

21.5229

0.9488

L T I TR TR TR

Film # 3

kAR Ak
340.2796

0.002146
0.001344

6.0268
0.7812

0.865593
0.870451

31,7463

2.0027

121

500 kPa
2000 ppm
1000 ml/mi
15.00 Degr
RACL

1937. ; XAl =0.000598 ; Cl =

Film § 1
vede i ok ok ok ko

154.0200

0.001388
0.00995%5

6.3853
0.3874

0.935270
0.939373

13.7415

0.6193

Film § 2
o A ode ke ko

216.5198

0.001951
0.001361

6.3407
0.4713

0.921243
0.925715

21.5229

1.0929

Film § 3
okt ko ook ke

333.0400

0.003001
0.002106

6.3536
0.5506 ,

0.907996
0.913397

31.7463

1.9986

n
ee C
55.47 kmol/m.m.m
Film § 4
o v ek o e e

295.3483

0.001863
0.001121

6.0538
0.4857

0.916433
0,919813

24.9583

0.9781

n
ee C
55.47 kmol/m.m.m
Film & 4
ek o ok ok

289.4626

0.002608
0.001793

6.4035
0.3105

0.948110
0.951537

24,9583

2.9140



Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[n]P , kg/m.m.5
[n]lT , kg/m.m.s

XA2 * E04
XA3 * EOA

£
£ prime

k * EO6 , m/s

(D)AM K/Tau * E07, m/s

Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ n]P ., kg/m.m.s
[n]T , kg/m.m.s

XA2 * EO4
XA3 * EO4

£
£ prime

k * B06 , m/s

{D)AM K/Tau * E07, m/s

{ppm} = 1958. ;

{ppm)} = 2035. ;

298

Experiment No,

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Film § 1
otk e gk
149.5318

0.004042
0.003485

7.7452
0.1675

¢.972317
0.978393

13.7415

0.7706

Experiment No.

Operating Pressure
Hominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Pilm 4 1
ik ki dd

215.2037

0.005817
0.004979

8.4233
0.1887

0.969994
0.977617

15.6000

1.1413

T L LR T Y R 1

XAl =0.000605 ;

Film # 2
kkhkhkhhhk

206.9432

0.005594
0.004870

7.5387
0.1746

0.971148
0.976863

21.5229

1.1548

XAl =0.000628 ;

Film & 2
dedede e kA

295,1383

0.007378
0.006861

8.1239
0.2127

0.966189
0.973833

26.0000

1.8458

120

1500 kPa
2000 ppm
1000 ml/min

15.00 Degree C

NACL

Film § 3

ooy e oy ke

311.8257

0.008429
0.007320

7.5675
0.1859

0.969277
0.975457

31.7463
1.8439
119
1500 kPa

2000 popm
1000 ml/min

Cl = 55,47 kmol/m.m.m

Film ¥ 4
el kRN

271.7831

0.007346
0.006349

7.7684
0.1067

0.982371
0.986281

24.9583

0.8841

25,00 Degree C

NACL

Film % 3
ARRARA NS

432.3050

0.011685
0.010073

8.1034
0.2481

0.960546
0.969406

38.3500

3.1827

Cl = 55,35 kmol/m.m.m

Film § 4
L EZE R R ]

382.1680

0.010330
0.009257

8.4178
0.3674

0.941579
0.956392

30.1500

4.2259
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Experiment No,

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

{ n])P, kg/m.m.s
[ n]T , kg/m.m.s

¥A2 * EO04
XA3 * E04

£
f prime

k * E06 , m/s

(D}AM K/Tau * E07, m/s

1987, ; XAl
Film § 1
ek ode de e ok ok Ak

110.3475

0.013919
0.012983

17.2985
0.168%

0.972493
0.990253

12,3152

1.2804

Experiment Wo.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

[ n]P , kg/m.m.s
[ n]T , kg/m.m.s

XA2 * E04
XA3 * E04

£ .
f prime

k * EQ6 , m/s

({D)AM X/Tau * EO07, m/s

¢ s we ar se e

=0,00061
Film % 2
khkkdkddk ik

148.,0970

0.018681
0.017474

14.9908
0.1321

0.978483
0.991200

19,2889

1.5540

s dp 4y e ee  aw

118

7000 kPa
2000 ppm
1000 ml/mi
10.00 Degr
NACL

4 ; C1 =
Film § 3
i de i ok ok

261.1220

0.032938
0.029076

15.8959
0.6514

0.893894
0.9539080

28.4511
12.4265
117

4000 kPa
2000 ppm

n
ee C
55.48 kmol/m.m.m
Film 4 4
% fe ok ve o e Ok

212.5866

0.026816
0.024310

16.9460
0.6370

0.896241
0.962469

22.3677

9.4965

1000 ml/min
10.00 Degree C

NACL

2035. ; XAl =0.000628 ; Cl =

Film % 1
e ek e

129.1603

0.009310
0.008529

12.4582
0.1067

0.983040
0.991450

12,3152

0.7367

Film ¥ 2
W ol e e e o W

178.7615

0.012885
0.011837

11.5325
0.0925

0.985290
0.991988

19,2889

0.9574

Film § 3
Aok i ekl ko

268.9569

0.019386
0.017874

11.7142
0.0769

0.987764
0.993439

28.4511

1.1822

55.48 kmol/m.m.m
Film § 4
oy ke vk ok

262.1033

0.0l18892
0.016398

12.7749
0.2863

0.954472
0.977617

22.3677

3.7601
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Experiment No. 116
Operating Pressure 500 kPa
Nominal Solute Conc, 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1003 ml/min
10.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1934. ; XAl =0.000597 ; Cl = 55,48 kmol/m.m.m

Film # 1 Film § 2 Film # 3 Film § 4
T TTYT AN KRk I I L T IYTIT

A * E09, kmol/m.m.s.kPa 126.1099 178.0719 284.3379 247.3024

[ n]P, kg/m.m.s 0.001136 0.001604 0.002562 0.002228
[ n]iT , kg/m.m.s 0.000789 0.001123 0.001827 0.001552
XA2 * E04 6.3480 6.3112 6.3386 6.3834
Xa3 * ED4 0.3047 0.3259 0.4585 0.2566
£ 0.349014 0.945467 0.923610 0.957063
£ prime 0.952030 0.948394 0.928023 0.959827
k * 06 , n/s 12,3152 19.2889 28.4511 22.3677
(D)}AM K/Tau * E07, m/s 0.3981 0.6115 1.4182 0.6501

Experiment No. 115
Operating Pressure 350 kPa
Nominal Solute Cenc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
10.00 Degree C
NACL

s 4k 4k en we we

Avg. Feed Conc. (ppm) = 1934. ; XAl =0.000597 ; Cl = 55,48 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4
de e o % i e ok e ISR 222X khkRkhhh I E 2T

A * E09, kmol/m.m.s.kPa 127.5714 180.3439 286.2300 251.0085

[ n]lP, kg/m.m.s 0.000805 0.001137 0.001805 0.001583
[alT, kg/m.m.s 0.000478 0.000681 0.001101 0.000938
XA2 » EO04 6,13939 6.1706 6.1813 6.2108
XA3 * EO04 0.3874 0.4641 0.6875 0.4104

£ 0.935181 0.922341 0.884955 0.931324
f prime 0.937498 0.924833 0.888841 0.933959
k * B06 , m/s 12.3152 19,2889 28.4511 22.3677

{D})AM K/Tau * E07, m/s 0.3191 0.5537 1.3782 0.6635



Experi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) = 193

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T , kg/m.m.s

XA2 * EO04
XAl * EO4

£
f prime

k » EQ6 , m/s

{D)AM X/Tau * EO07, m/s

Experi

Operating Presgsure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. {ppm) = 200

A * E09, kmol/m.m.s.kPa

{nlP, kg/m.m.s
[ n]T , kg/m.m.s

XA2 * EQ4
XA3 * E04

£
f prime

k * EO6 , m/s

(D)QH K/Tau * EQ7, m/s

301

ment No.

2. ; XAl
Film § 1
(3R T3 X

122,5597

0.003313
0.002883

7.5027
0.1349

0.977389
0.982027

12.3152

0.5282

ment No.

=0.00059
Film # 2
koo ok ok ke

171.8710

0.004646
0.004052

7.3277
0.1349

0.977389
0.981598

19.2889

0.7604

LTI T R TR T T Y

114
1500 kPa
2000 ppm

1000 ml/min
10.00 Degree C

NACL

6 ; Cl =
Film 3
kA Ak hhR

270.2833

0.007306
0.006315

7.4087
0.1547

0.974070
0.979128

28.4511
1.3474
113
1500 kpra

2000 ppm
1000 ml/mi

55.48 kmol/m.m.m
Film $ 4
dhkhkhkhkkkh

232.6855

0.006289
0.005472

7.5933
0.0897

0.984973
2.988199

22.3677

0.6542

n

25.00 Degree C

NACL

l, ; XAl =0.000618 ; Cl1l =

Film § 1
ek ook A e ok

218.9422

0.005918
0.005121

8.3578
0.1l518

0.973819
0.980654

16.6000

1.0114

Film § 2
% ek ok o ok

304.5553

0.008232
0.007156

8.0887
0.1618

G.973819
0.980010

26.0000

1.4611

Film % 3
kkddhkhhk

452.1136

0.012221
0.010818

8.1235
0.2226 .

0.963978
0.972614

38.3500

3.0490

55,35 kmel/m.m.m
Film # 4
kR hkkhkhh

399.5197

0.010799
0.009245

8.3521
0.1349

0.378168
0.983856

30.1500

1.5186
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Experiment No. 112
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
5.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 1940. ; XAl =0.000599 ;: Cl = 55.49 kmol/m.m.m

Film # 1 Film % 2 Film § 3 Film & 4

kR h Ak LTI Y IITTITY I T
A * E09, kmol/m.m.s.kPa 98.5282 140.2382 226.4331 197.0731
[ nlP, kg/m.m.s 0.000621 0.000384 0.001428 0.001243
[n]T, kg/m.m.s 0.000352 0.000505 0.000825 0.000706
XA2 * EO4 6.1721 6.1547 6.1660 6.1904
XA3 * E04 0.3874 0.4519 0.6514 0.4181
£ 0.935359 0.924588 0.891284 0.930230
£ prime 0.937278 0.926619 0.894406 0.932501
k » EQ6 , mn/s 10.9448 17.14325 25,2852 19.8787
{D)AM K/Tau * E07, m/s 0.2358 0.4005 0.9744 0.5113

Experiment No. 111
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
5.00 Degree C
NACL

Avg. Feed Conc. (ppm) = 2006. ; XAl =0.000619 7 Cl = 55.49 kmol/m.m.m

Film § 1 Pilm % 2 Film 4 3 Film % 4
whdkdkkhda tEEE Y 2T L2 XX R hkhhhkd sk

A * ED9, kmol/m.m.s.kPa 93,7583 130.2131 191.9688 192.6833

[ n]P, kg/m.m.s 0.006758 0.009386 0.013837 ¢.013889
[n]?T , kg/m.m.s 0.006119 0.008566 0.0115%6 0.010747
XA2 * E04 10.7603 10.1530 9.7586 10.4358
XA3 * EU4 0.0968 0.0854 0.0670 . 0.2778

£ 0.984389 0.386215 0.989182 0.955172
£ prime 0.991018 0.991594 0.993136 0.973406
k * EO6 , m/s 10.9448 17.1425 25,2852 19.8787

(D)AM K/Tau * E07, m/s 0.5552 0.7269 0.8022 2.9392
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Experiment No.

Operating Pressure
Heminal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

[n]P, kg/m.m.s
[n]lT , kg/m.m.s

XA2 * EO4
XA3 * EOD4

£
f prime

k *» ED6 , m/s

(D}AM K/Tau * EO07, m/s

Film # 1
ek ok de o i ok

89.5580

0.011297
0.010586

15,2222
0.1109

0.982225
0.993175

10.9448

0.7287

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature
Solute

Avg. Feed Conc. (ppm) =

A * E09, kmol/m.m.s.kPa

[ n]lP ., kg/m.m.3
[ n]lT , kg/m.m.s

Xa2 * E04
XA3 * E04

£
f prime

k *» EO6 , m/s

(D)AM X/Tau * EO07, m/s

1950. ; Xal

Film § 1
L2 222 R 2K

87.1352

0.002626
0.002264

7.3827
0.0996

0.983473
0.986522

10,9448

0.3096

46 ax e e ws  as

Film % 2
oo de ok ke oAk
123.3902

0.015564
0.014602

14.4975
0.0868

0.986080
0.594018

17.1425

0.8800

4k ep ex s 92

=0.00060
Film &% 2
koo ek

137.4264

0.003715
0.003224

7.2433
0.1180

0.980421
0.983725

17.1425

0.5338

110

7000 kPa
2000 ppm
1000 ml/mi

n

5.00 Degree C

NACL

2019. ; XAl =0.000624 ; Cl1 =

Film § 3

hhkhhhkkk

184.8446

0.023316
0.021764

14.6078
0.1010

0.983812
0.9930986

25.2852
1.5152
109
1500 kPa

2000 ppm
1000 ml/mi

55.49 kmol/m.m.m
Film § 4
dee g ok & ok ke

179.7698

0.022676
0.020359

16.7268
0.3566

0.942839
0.978715

18.8787

4.4350

n

5.00 Degree C

NACI,

I3

2 3 Cl =
Film % 3
I

217.2546

0.005872
0.005075

7.3301
0.1349

0.977604
0.981604

25,2852

0.9518

55.49 kmol/m.m.m
Film & 4
de e e o ok ok ok

189.7715

0.005130
0.004371

7.4845
0.0741

0.987699
0.990104

19.8787

0.4372
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Experiment No, 108
Operating Pressure 500 kPa
Rominal Sclute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
5.00 Degree C
NACL

L T T N ]

Avg. Feed Conc. (ppm) = 1934, ; XAl =0.000597

;7 C1l = 55.49 kmol/m.m.m

Film # 1 Film § 2 Film % 3 Film ¥ 4

ddedrde ko Rhdkkkkh L2 AT TR ] LEE R R EF]

A * E09, kmol/m.m.s.kPa 98.9560 140.8413 229,0083 196.5759

{n]P, kg/m.m,.s 0.000892 0.001269 0.002063 0.001771
[ n]T , kg/m.m.s 0.000625 0.000898 0.001458 0.001235
XA2 * EDM4 6.3185 6.2851 6.3064 6.3442
XA3 * EO4 0.0911 0.1618 0.3489 0.1760
£ 0.984757 0.972922 0.941610 0.970555
£ prime 0.985592 0.974269 0.944702 0.972281
k * EO6 , m/s 10.9448 17.1425 25.2852 19.8787
(D)AM K/Tau * EO07, m/s 0.0915 0.2373 0.8538 0.3523

Experiment No. 107
Operating Pressure 1500 kPa
Nominal Selute Conec. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. {ppm)} = 1987. ; XAl =0,000614 ; Cl = 55,35 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4

LE R 2 2 & 3 2] ddddrd ko hhkhkdhhhh kb

A * EO09, kmol/m.m.s.kPa 216.7288 300.0373 453.3736 397.3568

[ n]P, kg/m.m.s 0.005858 0.008110 0.012255 0.010741
[ n])T , kg/m.m.s 0.005055 0.007049 0.010679 0.009397
XA2 * EO4 7.7440 7.5553 7.6211 7.8298
XA3 * EO04 1.6336 1.5928 1.5255 . 1.5185

£ 0.733890 0.740539 0.751510 0.752484
f prime 0.789172 0.789304 0.799955 0.806055
k * EO6 , m/s 16.6000 26.00400 38.3500 30.1500

(D)AM K/Tau * E07, m/s 13.5117 18.8247 26.7170 22.6224
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Experiment No. 106
Operating Pressure 350 kPa
Nominal Solute Conc. 2000 ppm

Hominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

LR T T TR T TR

Avg. Feed Conc. (ppm) = 1953. ; XAl =0.000603 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film % 2 Film § 3 Film & 4

o e e e e ok ok i Ak hhdrkdkd ek e e o o ook ok ok ke

A * E09, kmol/m.m.s.kPa 224.1852 315.5554 494,1137 431.4774

[ n]P, kg/m.m.s 0.001414 0.001390 0.003116 0.002721
[ n]T , kg/m.m.s 0.000812 0.001154 0.001892 0.001598
XA2 * EO4 6.3222 6.2867 6.2961 6.3328
XAl * EO4 0.2184 0.3874 0.7812 0.4785
£ 0.963801 0.935797 0.870518 0.920630
£ prime 0.965476 0.938421 0.875995 0.924485
k * EO§ , m/s 16.6000 26.0000 38.3500 30.1500
{D}AM K/Tau * EO07, m/s 0.2907 0.7577 2.6799 1.3057

Expsriment No. 105
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

AR A8 we 46 us  ws

Avg. Feed Conec., (ppm) = 2067. ; XAl =0.000638 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film 4 3 Film % 4

Rk ek TIITITY Rk R A AR AhkekhhR
A * E09, kmol/m.m.s.kPa 203.5323 279.7674 402.0858  394.7751

[ n]P, kg/m.m.s 0.014671 0.020166 0.028982 0.028455
[ n]T , kg/m.m.s 0.013453 0.018543 0.026891 0.025104
XA2 * EO4 14.2625 12,9513 12.7790 14.2221
XA3 * EOM4 0.0996 0.0953 0.1137 0.3751

£ 0.984411 0.985G76 0.582197 0.941285
£ prime 0.993028 0.992648 0.991112 0.973665
k » EO6 , m/s 16.6000 26,0000 38.3500 30.1500

(D}AM K/Tau * EO07, m/s 0.9459 1.3752 2.4147 6.7996
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Experiment No. : 104

Operating Pressure : 7000 kPa
Nominal Solute Conc. : 2000 ppm
Nominal Feed Flow Rate: 1000 ml/min
Setpoint Temperature : 25,00 Degree C
Solute NACL

Avg. Feed Conc. (ppm) = 2110. ; XAl =0.000652 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film % 4
Ahkhhkkhkk e gk e e e L2 22 080 31 LER 222 X 2]

A * E09, kmol/m.m.s.kPa 192,7727 262.2055 373.0614 362.6093

[ nlP, kg/m.m.s 0.024316 0.033075 0.047058 0.045740
[ alT , kg/m.m.s 0.022754 0.030971 0.043685 0.041203
XaA2Z * EDA 25.4366 21.2927 20.1030 24.1173
Xa3 * EO4 0.1081 0.0953 0.1477 0.5217
£ . 0.983427 0.985379 0.977352 0.919982
£ prime 0.995762 0.995532 0.992669 0.978418
k * E06 , m/s 156.6000 26.0000 38.3500 30.1500
(D)AM K/Tau * E07, m/s 0.9709 1,3930 3.2329 9.1103

Experiment No. 103
Operating Pressure 1500 kPa
Nominal Solute Conec. 2000 ppm

Neminal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. FPeed Conc. (ppm) = 2014. ; XAl =0.000622 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film ¥ 3 Film & 4

hkkkdd ik 2R R L EL e e e de ek ok fhokwok ok otk

A * E09, kmol/m.m.s.kPa 214.6845 300.0194 447.1817 397.4744

[ a]lPp, kg/m.m.s 0.005803 0.008110 0.012087 0.010744
[r]IT, kg/m.m.s 0.004980 0.006993 0.010533 0.009350
Xa2 * E04 8.3439 8.0913 8.1207 8.4378
XA3 * ED4 0.1618 0.1661 0.2184 0.1335

£ 0.973994 0.973312 0.964900 0.978540
f prime 0.980622 0.979494 0.973127 0.984188
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500

{D)AM K/Tau * E07, m/s 0.9849 1.4652 2.9111 1.5036
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Experiment No. : 102
Operating Pressure : 500 kPa
Nominal Solute Conc., : 2000 ppm

Nominal Feed Flow Rate 1000 ml/min
Setpoint Temperature : 25.00 Degree C
Solute :  NACL

Avg. Feed Conc. (ppm) = 1956, ; XAl =0.000604 ; Cl = 55.35 kmol/m.m.m
Film § 1 Film § 2 Film & 3 Film % 4

etk de ek ek h K TITTITY *khkkkodk
A * E09, kmol/m.m.s.kPa 216.0322 304.6394 469.3647 416.0305

[ anlP, kg/m.m.s 0.001946 0.002745 0.004229 0.003748
[ n]T , kg/m.m.s 0.001325 0.001882 0.002970 0.0025986
XA2 * EO4 6.5328 6.4745 6.4805 6.5555
XAl * EQ4 0.0982 0.2396 0.5578 0.2940
£ 0.983752 0.960338 0.907676 0.950503
f prime 0.984983 0.963013 0.913983 0.954412
k * B0O6 , m/s 16.6000 26.0000 38.3500 . 30.1500
(D)AM K/Tau * E07, m/s 0.2021 0.7233 2,7967 1.2407

Experiment No. 101

Operating Pressure 1500 kPa

Nominal Solute Conc. 2000 ppm

1000 wml/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

CU TR S TR PR Y

Avg. Feed Conc. (ppm) = 1895. ; XAl =0.000585 ; Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film # 3 Film § 4
e g ok gk o ok e e ook A e ok kv % ok ok ek kkokk

A * E09, kmol/m.m.s.kPa 211.4506 298.3601 450.5901 403.1445

[n])P, kg/m.m.s 0.005716 0.008065 0.012179 0.010897
{n]T, kg/m.m.s 0.004962 0.007046 0.010591 0.009378
Xaz * E04 7.8453 7.6290 7.6542 7.9446
Xa3l *» EO04 0.1406 0.1519 0.1944 0.1265

£ 0.975979 0.974046 0.966796 0.978396
£ prime 0.982092 0.980102 0.974627 0.984095
k * ED6 , m/s 16.6000 26,0000 38.3500 30.1500

(D)AM K/Tau * EO07, m/s 0.905¢€ 1.4317 2.7593 1.5169
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Experiment No. 1003
Operating Pressure 1500 kPa
Nominal Solute Conc. 15 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) =14612. ; XAl =0.004552 ; Cl = 55.35 kmol/m.m.m

Film $ 1 Film § 2 Film § 3 Film & 4
oy ek ok dkkokhkkh (12222283 (23 8 0 8 2 X1

A * E09, kmol/m.m.s.kPa 216.6311 295.3563 417.4327 375.5761

I nlP, ka/m.m.s 0.005856 0.007983 0.011283 0,010152
[njJT, kg/m.m.s 0.001336 0.001937 0.002870 0.002302
XA2 * EO4 49.0536 48.6725 48.6864 48.8011
Xa3 * EO4 3.4221 4.8115 4.8115 4,2066

£ 0.925130 0.894719 0.894719 0.907960
£ prime 0.930555 0.901580 0.901608 0.914186
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500
{D}AM K/Tau * E07, m/s 1.0015 2,1230 3.1438 2.1693

Experiment Wo. 1002
Operating Pressure 1500 kPa
Nominal Solute Conc. 10 000 ppm

Nominal Feed FPlow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

T L TR T T 1

Avg. Feed Conc. (ppm) = 9829. ; XAl =0.003051 ; Cl = 55,35 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film 4 4

thkkhkkkh a g de ek ok ok Aok ook Wk hhhhirhhh

A * E09, kmol/m.m.s.kPa 215.7697 294.2067 414.3835 371.6LE8

[ n]P, ka/m.m.s 0,005832 0.007952 0.011201  0.018G45
[ n]T , kg/m.m.s 0.002530 0.003531 0.004981  0.004275
XA2 * ED4 35.3492 34.7092 34.4974 34.8267
XA3 * E04 1.2209 1.7561 1.8704 . 1.6255

£ 0.960107 0.942614 0.938879 0.946883
f prime 0.965581 0.949572 0.945958 0.953615
k * EO6 , m/s 16.6000 26.0000 38,3500 30.1500

(D)AM X/Tau * EO07, m/s ¢.9047 1,8813 2.8544 2.0860
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Experiment No. 1001
Operating Pressure 1500 KkPa
Nominal Solute Conc. 5000 ppm

Hominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

an ee as er er e

Avg. Feed Conc. (ppm) = 4906. ; XAl =0.001518 ; Cl = 55.35 kmol/m.m.m

Film # 1 PFilm§ 2 Film $ 3 Film § 4
hokok ok ok Rk RAdkk ke kkhkk ok ik ek ok

A * E09, kmel/m.m.s.kPa 213.2716 293.3119 413.7097 374.4242

[ niP , kg/m.m.s 0.005765 0.007928 0.011183 0.010121
[n]T , ka/m.m.s 0.003918 0.005468 0.007696 0.006749
X¥a2 * ED4 19.1255 18.5973 18.4211 18.8263
XA3 * EO4 0.3996 0.6197 0.6342 0.6846

£ 0.973711 0.959232 0.958283 0.954965
E prime 0.979143 0.966736 0.965636 0.963702
k * EO6 , m/s 16.6000 26.0000 38.3500 30.1500

{D)AM K/Tau * E07, m/s 0.8362 l1.8849 2,7436 2.5465



APPENDIX D

THE EXPERIMENTAL DATA OF PHASE 1

The film numbers 1, 2, 3, and 4 (in the following tables) refer Lo the

membranes SW30-1, SW30-2, BW30-1, and BW30-2, respectively.

Term in Computer Qutput . Meaning
A*E09 ' A X109
Avg. Average
C1 C
Conc. Concentration
(D)AM K/Tau * E07 Dam K/v X 107
fprime f
k*E06 k X 106
KCL KC¢
kg/m.m.s kg/m2s
kmol/m.m.m kmol/m3
kmol/m.m.s.kPa kmol/m2s kPa
LICL LiC¢
LINO3 LiNOj
NACL NaC¢
No. Number
[n)P np
[n]T nr
XAl Xa1
XA2*E04 Xaz X 104
XA3*E04 Xaz > 104

310
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Experiment No, 201
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

Hominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25,00 Degree C
NACL

L L A T T T

Avg. Feed Conc. (ppm) = 1889, ; XAl =0.000583 : Cl = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film # 3 Film % 4
e i e e e ok oy (222 XXX} Ak hkkhkkAR Rkkkhhkk

A * E09, kmol/m.m.s.kPa 192.5270 263.0968 356.3105 307.6083

[n])P, kg/m.m.s 0.005204 0.007112 0.009631 0.008315
[ n]}T , kg/m.m.s 0.004559 0.006208 0.008382 0.006993
Xa2 * E04 7.8125 7.6362 7.4818 7.4760
XA3 * ED4 0.1293 0.1802 0.1816 0.1434
£ 0.977851 0.969126 0.968884 0.975427
f prime 0.983464 0.976418 0.975742 0.980829
k * EO6 , m/s 15.3500 22.4900 32.8400 27.6500
(D)AM K/Tau * E07, m/s 0.7692 1,5043 2,0906 1.3715

Experiment No. 202

Operating Pressure 1500 kPa

Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
KCL

a0 se an s em  ae

Avg. Feed Conc. (ppm) = 1991. ; XAl =0.000482 ; Cl = 55,34 kmol/m.m.m

Film § 1 Film # 2 FPilm # 3 Film § 4

Ak hkkkhAh de ok deoke ok o ok ek k e de o de ok okok oW

A * E09, kmol/m.m.s.kPa 191.5888 261.8829 355.9687 294.0262

[ n]P, kg/m.m.s 0.005179 0.007079 0.002622 0.007948
[ n]? , kg/m.m.s 0.0045647 0.006324 0.008594 0.007061
XA2 * E04 6.2021 6.0777 5.9726 5.9560
XA3 * E04 0.1306 0.18l6 0.2125 . 0.1543

£ 0.972911 0.962346 0.9559013 0.967994
f prime 0.978951 0.970144 0.964419 0.974102
k * EO6 , m/s 18.0328 26.4207 38.5797 32.4826

(D}AM K/Tau * EO07, m/s 1.0026 1.9530 3.1814 1.8838
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Experiment No. 203
Operating Pressure 7000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
KCL

Avg. Feed Conc. {ppm) = 2111. ; XAl =0.000511 ; Cl = 55.34 kmol/m.m.m

Film # 1 Film # 2 Film ¥ 3 Film § 4
KANNRA AR TIIILLE YTl Ak kAR

A * E09, kmol/m.m.s.kPa 181,3432 240.0163 382.6883 294.0923

[ n]P ., kg/m.m.s 0.022875 0.030276 0.048272 0.037097
[n])T , kg/m.m.s 0.021450 0.028247 0.042607 0.033195
XA2 * E04 16.5631 14.6596 14.3370 13.7584
XA3 * E04 0.1237 0.1418 0.5588 0.2707
£ 0.975823 0.972278 0.890730 0.947071
£ prime 0.992547 0.990342 0.961076 0.980352
k *» E0O6 , m/s 18.0328 26.4207 38.5797 32,4826
{(D}aM K/Tau * E07, m/s 1.6189 2,7678 17.3359 6.6837

Experiment No. 204

Cperating Pressure 4000 kPa

Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
KCL

44 46 48 av wr e

Avg. Feed Conc. (ppm) = 2147. ; XAl =0.000520 ; Cl = 55.34 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4
o e ok i o ok ok dedededrde de e e e e (222 22

A * E09, kmol/m.m.s.kPa 185.6697 250.9181 336.6132 303.7889

[n]P, kg/m.m.s 0.013383 0.018086 0.024263 0.021897
[n]T, kg/m.m.s 0.012721 0.017033 0.022760 0.019693
XA2 *» E04 10.4604 9.7956 9.3084 9.3046

XA3 * EO4 0.0822 0.1390 0.1037 . 0.2896

£ 0.984198 0.973276 0.980054 0.944322
f prime 0.992152 0.985824 0.988865 0.9683905
k * EO6 , m/s 18.0328 26.4207 38.5797 32.4826

(D)AM K/Tau * EO07, m/s l.0lcs 2.4592 2.5730 6.3446
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Experiment No. 205
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppnm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
KCL

Avg. Feed Conc. (ppm) = 2056. ; XAl =0.000488  ; Cl = 55.34 kmol/m.m.m
Film § 1 Pilm & 2 Film § 3 Film § 4
(21222 % 2] kA kkkd ﬁ***j*** o ke e ok gk ok ke o

A * EQ9, kmol/m.m.s.kPa 192.8129 262.2839 358.ﬁ052 318.9276

[n]P, kg/m.m.s 0.,005212 0.007090 0.009677 0.008621

[ n]T, kg/m.m.s 0.004613 0.006324 0.008614 0.007348
XA2 * E04 6.35%41 6.2745 6.1742 6.1699
XA3 * E04 0.1306 0.1936 0.2066 0.2921
£ 0.973768 0.961128 0.958508 0.941339
f prime 0,979584 0.969169 0.966556 0.952685
k * EO6 , m/s " 18.0328 26,4207 38.5797 32,4826
{D)AM K/Tau * E07, m/s 0.9648 2,0187 2.9911 3.6620

Experiment No. 206

Operating Pressure 500 kPa

Nominal Solute Conc. 2000 ppm

1000 ml/min
25,00 Degree C
KCL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

a8 46 we a2 e we

Avg. Feed Conc. (ppm) = 1985. ; XAl =0.000480 ; Cl = 55.34 kmol/m.m.m

Film § 1 Film § 2 Pilm § 3 Film § 4

hhkhkhkhhhn Ahkhhkhdk LR R 22 8 2 W de ek ok ok

A * E09, kmol/m.m.s.kPa 189.9192 264.2909 352.7444 305.9910

[ n]lP, kg/m.m.s 0.001711 0.002381 0.003178 0.002757
[n]T, kg/m.m.s 0.001239 0.001779 0.002519 0.002037
Xa2 * E04 5.1272 5.1151 5.0946 5.0971
XA3 * E04 0.2795 0.3562 0.5140 . 0.2934

£ 0.941848 0.925887 0.893070 0.938966
f prime 0.945511 0,930391 0.899164 0.942474
k * E06 , m/s 1l8.0328 26.4207 38.5797 32.4826

(D)AM K/Tau * EO07, m/s 0.7167 1.3355 2.8338 1.2475
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Experiment No. 207
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
LINO3

. de ¥ b ee  as

Avg. Feed Conc. (ppm) = 1928, ; XAl =0.000505 ; Cl = 55,32 kmol/m.m.m

Film % 1 Film § 2 Film # 3 Film § 4
ARk hhk 2222 2 23 ook ek ke AR AR AR

A * E09, kmol/m.m.s.kPa 191.8589 261.4074 354.4344 308.0015

[ n]P, ka/m.m.s 0.005186 0.007066 0.009580 0.008325
{n]lT, kg/m.m.s 0.004639 0.006230 0.008534 0.007271
XA2 * EO04 7.0177 6.8105 6.6709 6.6615
XA3 *» E04 0.1241 0.1699 0.2105 0.3038
£ 0.975426 0.966340 0.958315 0.939823
f prime 0.982333 0.975064 0.968472 0.954422
k * EO6 , m/s 13.8078 20,2302 29.5402 24.8717
{(D)aM K/Tau * EO07, m/s 0.8377 1.5999 2,.7893 3.4862

Experiment No. 208
Operating Pressure 4000 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
LINO3

Avg. Feed Cone. (ppm) = 2071, ; XAl =0.000542 ; €l = 55.31 kmol/m.m.m

Film # 1 Film § 2 Film § 3 Film § 4
khkkhkhhh e gk do e ok e e ke hdd dede e it Aok

A * E09, kmol/m.m.s.kPa 186.5603 250.3495 336.7143 305.2599

[n]P, kg/m.m.s 0.013447 0.018045 0.024270 0.022003
[n]lT, kg/m.m.s 0.012557 0.016675 0.022269 0.019348
XA2 * E04 13,3590 12.2201 11.3963 11.4715
XA3 * EO04 0.0886 0.1291 0.1291 0.2985
£ 0.983672 0.976187 0.976187 0.944953
£ prime 0.993380 0.989445 0.988681 0.974005
k * B06 , m/s 13.8076 20.2302 29,5402 24,8717

{D)AM K/Tau * E07, m/s 0.8415 1.7882 2.5625 5.1901
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Experiment No. 209
Operating Pressure 500 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
25.00 Degree C
LINO3

Nominal Feed Flow Rate
Setpoint Temperature
Sclute

“ ee e ae we

Avg, Feed Conc., (ppm) = 1959, ; XAl =0.000513 ; Cl = 55.32 kmol/m.m.m

Film # 1 Film § 2 Film 4 3 Film # 4
dddrdedok kN dekkobok ko ok Ahkdkddk kA e dle v oy o i e i

A * E09, kmol/m.m.s.kPa 192.6645 263.5277 370.4254 301.6601

[ n]P , kg/m.m.s 0.0€1736 0.002374 0.003338 0.002718
[ n]T , kg/m.m.s 0.001243 0.001708 0.002424 0.001933
XA2 * EO04 5.5849 5.5513 5.5244 5.5227
XA3 * EO04 0.2950 0.33388 0.5087 0.2598
£ : 0.942501 0.933774  0.900858 0.949368
£ prime 0.947205 0.938824 0.907971 0.952987
k * EO6 , m/s 13.8076 20,2302 29.5402 24.8717
(D)AM K/Tau * E07, m/s 0.6956 1.1174 2.4662 0.9570

Experiment No. 210

Operating Pressure 500 kPa

Nominal Solute Conc, 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
LICL

LT TR T R T Y

Avg. Feed Conc. (ppm) = 1974, ; XAl =0.000840 ; €1 = 55.35 kmol/m.m.m

Film § 1 Film § 2 Film % 3 Film § 4

(22 EEE R T de v o o e ok ok ok Rk ke ok ek Aokl kokok ok

A * E09, kmol/m.m.s.kPa 193.4391 263.8180 370.4585 304.9286

{fnjP, kg/m.m.s 0.001743 0.002377 0.003338 0.002747
{n]T, kg/m.m.s 0.000953 0.001340 0.001908 0.001519
XA2 * E04 8.9640 8.9342 8.9110 8.8980
XA3 * EO04 0.4094 0.5014 0.5420 0.3944

£ 0.951299 0.940358 0.923638 0.953087
£ prime 0.954365 0.943926 0.928019 0.955713
k * E0O6 , m/s 14.0204 20.5419 29,9954 25.2549

(D)AM K/Tau * E07, m/s 0.4575 0.7990 1.4847 0.7065
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Nominal Feed Flow Rate
Setpoint Temperature

ar sr e we es as

Experiment No, 211
Cperating Pressure 4000 kPa
Nominal Solute Conc, 2000 ppm

1000 ml/min

25,00 Degree C

Solute LICL
Avg., Feed Conc. (ppm) = 2131. ; XAl =0.000907 ; Cl = 55,35 kmol/m.m.m
Film ¥ 1 Film § 2 Film # 3 Film % 4
e de e o o ok LA E RS2 Wk e e ke e LA R RE SR TY
A * BEO09, kmol/m.m.s.kPa 184,5651 246.8043 331.2451 299,4015
[ n]P, kg/m.m.s 0.013303 0.017790 0.023876 0.021581
fn]T, kg/m.m.s 0.011904 0.015993 0.02137s 0.018290
Xa2 * EO04 21,0927 19.6093 18.4119 18.4964
XA3 * EO4 0.1156 0.1632 0.1139 0.2352
£ 0.987263 0.982018 0.987450 0.974087
f prime 0.994530 0.991691 0.993824 0.987306
k * EO6 , m/s 14.0204 20,5419 29,9954 25.2549
(D)AM K/Tau * E07, m/s 0.6579 1.3465 1.3343 2.3620
Experiment WNo. 212
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
LICL

Avg. Feed Cone. (ppm) = 2017. ; XAl =0.000858 ; Cl = 55,35 kmol/m.m.m

Film4¢ 1 PFilm § 2 Film # 3 Film % 4

11T AhkAhAAh REARRRRE ARARERAN
A * E0%, kmol/m.m.s.kPa 192.0120 260.6324 353.8031 315.0862
[ n]P , kg/m.m.s 0.005190 0.007045 0.009563 0.008517
[ al7T, kg/m.m.s 0.004233 0.005727 0.007825 0.006583
XA2 * E04 11.5642 11.2875 11.0890 11.0732
XA3 ~ ED4 0.143%6 0.1961 0.1994 0.2450
£ 0.982580 0.977169 0.976790 0.971477
£ prime 0.987075 0.982644 0.982040 0.977898
k * BO6 , m/¢ 14.0204 20.5419 29,9954 25,2549
{(D;AM K/Tau * E07, m/s 0.5564 1.0152 1.4363 1.4934



APPENDIX E

THE EXPERIMENTAL DATA OF PHASE II1

The film numbers 1, 2, 3, and 4 {in the following tables) refer to the

membranes SW30-1, SW30-2, BW30-1, and BW30-2, respectively.

Term in Computer Qutput . Meaning
A*EQ9 A X 109
Avg. Average
C1 C
Conc. Concentration
{MAM K/Tau * EQ7 Day K/io X 107
fprime £
k*E06 k x 106
KCL KC¢
kg/m.m.s kgim2s
kmol/m.m.m kmol/m3
kmol/m.m.s.kPa kmol/m2 s kPa
LICL LiC¢
LINO3 LINO;
NACL NaC{
No. Number
[n]P np
[n|T nr
XAl X1
XA2*E04 Xa2 X 104
XA3* E04 Xaz X 104

317
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Experiment No. 301

Operating Pressure : 1500 kPa
Nominal Solute Conc. 2000 ppm
Nominal Feed Flow Rate 1000 mi/min
Setpoint Temperature 25.00 Degree C
Solute NACL

Avg. Feed Conc. (ppm) = 1969, ; XAl =0.000608 ; Cl = 55.135 kmol/m.m.m

Pilm § 1 Film § 2 Film % 3 Film § 4

Ahkhkkhhki wkkod e dede k L2 R 2 2 8 % 1] TrhkAhhdk

A * E09, kmol/m.m.s.kPa 192.5144 261.1295 356.1314 303.1800

[ n}P , kg/m.m.s 0.005204 0.007058 0.009626 0.008195
[ n]T ., kg/m.m.s 0.004450 0.006094 0.008362 (0.007058
XA2 * E04 8.0536 7.9381 7.8058 7.8033
XA3 * E04 0.8311 0.1236 0.1420 0.1675
£ 0.985024 0.979675 0.976652 0.972466
£ prime 0.988761 0.984438 0.981820 0.978554
k * E0O6 , m/s 15.3500 22.4900 32.8400 27.6500
{(D)AM K/Tau * E07, m/s 0.5075 0.9666 1.5536 1.5521

Experiment No. 302
Operating Pressure 4000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
RACL

e 92 ee ae as am

Avg. Feed Conc. (ppm) =35290. ; XAl =0.011154 ; Cl = 55.34 kmol/m.m.m

Film 4 1 Film § 2 Film § 3 Film % 4

st frde ok ke o LR R 8 EE R LB EEEEZ] ek Ao ek

A * E09, kmol/m.m.s.kPa 184.4239 246.8366 33z2.1723 299.1936

[ n]P , kg/m.m.s 0.013293 0.017792 0.023943 0.021566
{nlT, kg/m.m.s 0.003331 0.004396 0.005562 0.0045620
XA2 * EO4 137.6813 134.4498 131.3276 131.2113
XA3 * EO4 3.9778 5.7109 4.6316 3.6673

£ 0.964721 0.949341 0.958920 0.967476
f prime 0.971495 0.958071 0.965179 0.972407
k * E06 , m/s 15.3500 22.4900 32.8400 27.6500

(D)aM K/Tau * EO7, m/s 0.9930 1.9531 2.0372 1,3310



Experi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) =3568

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]T, kg/m.m.s

XAZ2 * E04
XA3 * EO4

£
£ prime

k * E06 , m/s

{D)AM K/Tau * EO07, m/s

Experi

Operating Pressure
Nominal Solute Conc,
Nominal Feed Flow Rate
Setpoint Temperature

Sclute

Avg. Peed Conc. {ppm) =3453

A * E0Y9, kmol/m.m.s,.kPa

[ nl]lP, kg/m.m.s
{n]T, kg/m.m.s

XA2 * EO04
XA3 * E04

£
f prime

k * B06 , m/s

{D)AM K/Tau * EQ07, m/s

319

ment No.

3. ; XAl
Film § 1
ook ook o o ok

182,6897

0.023044
0.010937

225.6105
4.6480

0.959245
0.979854

15.3500

2.3079

ment No.

7. ; XAl
Film § 1
L 32 TR TT]

178.7355

0.016104
0.005978

160.0096
2.5236

0.977116
0.984477

15.3500

0.9604

L I T R TR PR U

=0,01128
Film § 2
e vy e v e e ok

230.8224

0.029116
0.013679

203.8970
4.3864

0.961539
0.978917

22.4900

3.0167

=0,01091
Film § 2
L2222 22 %

237.8B165

0.021427
0.007761

152.6683
3.7163

0.966297
0.976020

22,4900

1.9407

303

7000 kPa

35 000 ppm

1000 mi/min

25.00 Degree C

NACL

1l ; Cl = 55,34 kmol/m.m.m
Film § 3 Film § 4
LES 22 22 ] ¥ o % % % o Ak
357.3101 279.1960
0.045071 0.035218
0.017017 0.014459
186.6643 188.5506
4.4028 2.9320
0.961396 0.974295
0.976844 0.984738
32.8400 27.6500
4,1219 2.2911

304

5000 kPa

35 000 oppm

1000 ml/min

25.00 Degree C

NACL

0 ; €1 = 55,34 kmol/m.m.m
Film % 3 Film # 4
e s ok ol oy o e e o e de o o ok o
322.4701 287.4365
0.029055 0.025898
0.009756 0.008312
145,9109 146.6335
3.0137 . 2.4093
0.972670 0.978153
0.979641 0.983806
32.8400 27.6500
2.0623 1.3920
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Experiment No. 305
Operating Pressure 7000 kPa
Nominal Solute Conc, 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
5.00 Degree C
NACL

av e wr wr px ee

Avg. Feed Conc. {ppm) =35064. ; XAl =0.011081 ; €l = 55.54 kmol/m.m.m

Film § 1 Film § 2 Film % 3 Film % 4

deoy etk i ¥ o e e e ok oo o i ok ke ke e odede o ok
A * E09, kmol/m.m.s.kPa 84.0115 109.1439 173.9802 133.6737
[ n]P , kg/m.m.s 0.010597 0.013767 0.021946 0.016862
[ n]T, kg/m.m.s 0.005285 0.006723 0.008889 0.007426
XA2 * ED4 182.8134 171.8378 164,.6998 164.8455
XA3 * EO4 4.5662 3.2097 3.4712 2.1562
£ 0.959229 0.971345 0.969010 0.930753
f prime 0.975468 0.981636 0.979264 0.987133
k * E06 , m/s 10.2127 14.9631 21.8492 18.3962
{D)AM K/Tau * E07, m/s 1.3503 1.2768 1.9096 0.9823

Experiment No. 306
Operating Pressure 4000 kPa
Nominal Solute Conec. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute :

1000 ml/min
5.00 Degree C
NACL

Avg. Feed Conc. (ppm) =34838. ; XAl =0.011008 ; Cl = 55,54 kmol/m.m.m

Film % 1 Pilm § 2 Film # 3 Film % 4

ARk Ak N TTILITY ARRARKAR TIIITIL
A * ED9, kmol/m.m.s.kPa 82.1400 112.,0773 156.4777 137.9528
[n]lP, kg/m.m.s 0.005921 0.008079 0.011279 0.009944
[ n]lT, kg/m.m.s 0.001786 0.002404 0.003157 0.002607
XA2 * ED4 130.5268 128.5399 126.7594 126.5184
XA3 * ED4 3.0954 4.1576 2.7523 2.0990
£ 0.972181 0.962631 0.975265 0.981137
£ prime 0.976588 0.968058 0.978556 0.983616
k * E06 , m/s 10.2127 14.9631 21.8492 18.3962

(D)AM K/Tau * EQ7, m/s 0.4333 0.8022 0.6996 0.4393
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Experiment No, 307
Operating Pressure 5000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate 1000 ml/min
Setpoint Temperature 5.00 Degree C
Solute : NACL

Avg. Feed Conc. (ppm) =356383. ; XAl =0.011281 Cl = 55.54 kmol/m.m.m

-e

Film § 1 Film § 2 Film 4§ 3 Film & 4

o e o oy S b ok e de o ko ke ke ok % % % g ke ok gk ok % o o de e ok ek

A * E09, kmol/m.m.s.kPa 80.6722 109.4079 154,1035 134.4000
[ n])P, kg/m.m.s 0.007269 0.009858 0.013885 0.012109
[ n]T , kg/m.m.s 0.002810 0.003748 0.004914 0.004088
Xa2 * EO4 147.7151 143,9941 140,7315 140.4382
XAl * EO4 2.5890 3.2588 2.0990 1.7888
£ 0.977303 0.971430 0.981600 0.984320
£ prime 0.982728 0.977687 0.985292 0.987440
k * EO6 , m/s 10.2127 14.9631 21.8492 18.3962
(D)AM K/Tau * E07, m/s 0.5004 0.8664 0.7430 0.5267

Experiment No. 308

Operating Pressure 1500 kPa

Nominal Solute Conc, 2000 ppm

1000 wl/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

CUR TR T T TR Y

Avg. Feed Conc. (ppm} = 1982. ; XAl =0.000612 ; Cl = 55,51 kmol/m.m.m

Film #1 Film # 2 Pilm4 3 PFilm § 4
L R T Y YT 11 Nhkkkkh®  AEAkAAkAR

A * E09, kmol/m.m.s.kPa 193.3210 253.3145 356.4409 318.8916

[ n]P, kg/m.m.s 0.005225 0.007009 0.009635 0.008620
[ n]JT , kg/m.m.s 0.004432 0.006029 0.008308 0.007054
XAz * EQ4 8.1456 7.9707 71.8449 7.8428
XA3 * ED4 0.0868 0.1180 0.1448 . 0.2085

£ 0.985817 0.980735 0.976346 0.965951
f prime 0.989346 0.985211 0,.981551 0.973436
k * E0O6 , m/s 15,3500 22.4900 32.8400 27.6500

{D)AM K/Tau * EO07, m/s U.4775 0.9055 1.5623 1.9258
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Experiment Ko, 309
Operating Pressure 7000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
15.00 Degree C
NACL

Avg. Feed Conc. (ppm) =35879. ; XAl =0,011345 ; Cl = 55.46 kmol/m.m.m

Film § 1 Film ¢ 2 Film & 3 Film § 4

dhdkkde N hk kkkhhhkk LR R L2222 AARR A AAN

A * E09, kmel/m.m.s.kPa 137.7995 161.6098 252.9231 196.7122

[ n]P , kg/m.m.s 0.017382 0.020385 0.031504 ¢.024813
[ n]T , kg/m.m.s 0.007736 0.009703 0.012418 ¢.010513
XAZ * E04 203.0791 187.6116 175.8487 177.2228
XA3 * E04 5.3429 3.8797 4.5662 2,9320

£ 0.953414 0.966177 0.960189 0.974441
£ prime 0.974211 0.979701 0.974478 0.983744
k * E0O6 , m/s | 12.8223 18.7866 27.4323 23.0969
(D)AM K/Tau * EO07, m/s 2.0889 2.0481 3.3084 1.7682

Experiment No. 310
Operating Pressure 4000 kPa
Nominal Solute Conc, 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
15.00 Degree C
NACL

a4k wm sk a2 we 4

Avg. Feed Conc. (ppm) =35252, ; XAl =0.011142 ; C1 = 55,46 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Pilm 4 4

L2 2 22 2§ 3 L EL RS R3] LES 2L X EA R X ER R Y |

A * E09, kmol/m.m.s.kPa 126.3630 170.9008 236.2612 209.1706

[n})P, kg/m.m.s 0.009108 0.012319 0.017030 0.015077
[nlT, kg/m.m.s 0.002539 0.003358 0.004334 0.003618
XA2 > E04 135.1362 132.3243 129,9055 129.8605
XA3 *» EO4 3.1934 4.7134 3.5039 2.7523

£ 0.971649 0.958148 0.968892 0.975566
£ prime 0.976681 0.964835 0.973369 0.973075
k * EO6 , m/s 12,8223 18.7866 27.4323 23,0969

{(D)AM K/Tau * EO07, m/s 0.6144 1.2399 1.2012 0.7834



Experi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) =3498

A * ED9, kmol/m.m.s.kPa

[ n]P , kg/m.m.s
[ n]T , kg/m.m.s

¥aA2 * EO4
XA3 * E04

£
f prime

k * EO6 , m/s

{D)}AM K/Tau * E07, m/s

Experi

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Avg. Feed Conc. (ppm) = 197

A * E09, kmol/m.m.s.kPa

[ n]P , kg/m.m.s
[ n]T, kg/m.m.s

XA2 * EO04
XA3 * E04

£
f prime

k * EO6 , m/s

({D)AM K/Tau * E07, m/s

323

ment No.

9. ; XAl
Film § 1
ok ok ko ok ok ok

123.8535

0.011159
0.004210

152.6237
2.4583

0.978006
0.984135

12.8223

0.6892

ment No.

311
5000 kPa
35 000 ppm

1000 ml/min
15,00 Degree C

NACEL

=0.011056 ; Cl =

Film § 2 Film § 3

TSI S L)
167.5131

0.015093
0.005508

147.0621
3.5365

0.968356
0.976297

1B.7866

1.3568

I YT
229.4948

0.020677
0.007054

142.244¢6
2.6380

0.976398
0.981714

27.4323
1,3330
312

1500 kPa
2000 ppm

55.46 kmol/m.m.m
Film & 4
ek g S ok ok ok ok

204.8013

0.018453
0.005944

142.4311
2.0990

0.981221
0.985470

23.0969

0.8892

1000 ml/min
25.00 Degree C

HACL

1. ; XAl =0.000609 ; Cl =

Film § 1
hkhhkhhn
191,.3922

0.005173
0.004414

8.0947
0.0798

0.986902
0.990153

15.3500

0.4395

Film § 2
(23323 2 2]

260.1969

0.007033
0.006049

7.9347
0.1180

0.980632
0.985144

22.4900

0.9132

Film § 3
i v v gk ok ok ok
356.2613

0.009630
0.008340

7.8108
0.1434

0.976451
0.981651

32.8400

1.5608

55.47 kmol/m.m.m
Film § 4
sk ke o ko ok

318.2257

0.008602
0.007070

7.8054
0.2071

0.966000
0.973489

27.6500

1.9275
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Experiment No. 313
Operating Pressure 7000 kPa
Nominal Solute Conec. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) =35218. ; XAl =0.011131 ; Cl = 55,46 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film & 4

g Jr e de ke e ke LA 2 &2 0 & %4 e ek ok ko Ak hhhdh

A * E09, kmol/m.m.s.kPa 197.3059 230.4516 345.4421 278.4504

{nl]P, kg/m.m.s 0.024888 0.029069 0.043574 0.035124
[n]T , kg/m.m.s 0.010782 0.013459 0.016326 0.014475
XA2 *~ EO04 220.6545 200.1082 183,5225 186.1672
Xa3 * ED4 4.3537 3.2914 4.5662 2.8503

£ 0.961304 0.970748 0.959414 0.974670
f prime D.980696 0.983876 0.975564 0.984970
k * E06 , m/s 15.3500 22.4900 32.8400 27.6500
(D)AM K/Tau * EO07, m/s 2.1696 2.2503 4.3163 2.2503

Experiment No. 314
Operating Pressure 4000 kPa
Nominal Solute Conc, 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) =35298. ; XAl =0.011157 ; Cl = 55.46 kmol/m.m.m

Film § 1 Film % 2 Film # 3 Film % 4
khkhhhAnk khkkhkhkhk AR (23 ERE SR (1 22X 2 R R

A * E09, kmol/m.m.s.kPa 184.1232 246.2193 332.0887 298.4630

[ n]P , kg/m.m.s 0.013272 0.017747 0.023937 0.021513
[ n]T , kg/m.m.s 0.003237 0.004283 0.005488 0.004592
XAZ * ED4 136.9412 133.8903 131.0527 131.1164
XA3 * E04 3.7898 5.4656 4.7297 3.6673

£ 0.966397 0.951530 0.958059 0.967484
£ prime 0.972694 0.959703 0.964366 0.972387
k * E06 , m/s 15.3500 22.4900 32.8400 27.6500

(D)AM K/Tau * EO07, m/s 0.9211 1.8219 2.0538 1.3212



Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ n]P, kg/m.m.s
[ n]1T ;, kg/m.m.s

XA2 * E04
XA3 * EO4

£
f prime

k * E06 , m/s

(D)AM K/Tau * E07, m/s

Avg. Feed Conc.

A * E09, kmol/m.m.s.kPa

[ n}P, kg/m.m.s
[ n]T , kg/m.m. s

XA2 * EO4
XA3 * EO04

£
f prime

k * EG6 , m/s

{D)AM X/Tau * E07, m/s

{ppm) =35220. ;

{(ppm) =34631. :

325

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Film $ 1
hhkhkhhhkhh

180.9746

0.016306
0.005642

159,7865
2.5236

0.977575
0.984455

15.3500

0.9053

Experiment No.

Operating Pressure
Nominal Solute Conc.
Nominal Feed Flow Rate
Setpoint Temperature

Solute

Film § 1
e ok o o o ok ke

254.4532

0.018341
0.004486

138.2484
3.6999

0.966539
0.973597

18.7057

1.2416

a8 an e am  as

XAl =0.011131 ;

Film § 2
e de oy ok o o
239.7649

0.021603
0.007349

153.0112
3.7490

0.966682
0.975865

22.4900

1.8452

XAl =0.010941 ;

Film § 2
ok o oo kR

337.0183

0.024292
0.005804

134.1256
5.3020

0.952043
0.960879

27.4065

2.4033

315
5000 kPa
35 000 ppm

1000 ml/min

25.00 Degree C

KACL

Film § 3
Mokhkkok ok

324.6375

0.029250
0.009198

146.2818
3.4548

0.969297
0.976720

32.8400
2.2245
316
4000 kPa

35 000 ppm
1000 ml/min

Cl = 55.46 kmol/m.m.m

‘Film § 4
oy e ke sk o ok
290,5956

0.026183
0.007865

147.1808
2.6216

0.976704
0.982445

27.6500

1.4263

35.00 Degree C

RACL

Film § 3
dddk ol kohok

443.9091

0.031997
0.007345

130.4570
5.5964 .

0.949379
0.957637

40.0192

3.3115

Cl = 55.13 kmol/m.m.m

Film % 4
(2232 %2

406.8397

0.029325
0.006199

130.757&
4.3864

0.950329
0.966878

33.6946

2.1649
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Experiment No. 317
Operating Pressure 7000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
35.00 Degree C
NACL

Avg. Feed Cone. (ppm) =34914. ; XAl =0.011032 ; Cl = 55.13 kmol/m.m.m

Film $ 1 Film §} 2 Film § 3 Film § 4

Rhhkhhk ik e ko ook i LA EER R S LA ERE RS ]

A * EQ9, kmol/m.m.s.kPa 261.6229 311.2911 475.8333 376.1856

[ » JP , kg/m.m.s 0.033001 0.039266 0.060022 0.047452
[ n]T , ka/m.m.s 0.014035 0.017477 0.021370 0.0184%2
XA2 * EO4 230.4306 206.6084 185.2517 189,3942
XA3 * E04 3.7653 3.2588 4,9586 3.0137

£ 0.966233 0.970777 0.955526 0.972976
£ prime 0.984030 0.984548 0.973716 0.984384
k *» EO6 , m/s 18.7057 27.4065 40.0192 33.6946
(D)AM K/Tau * E07, m/s 2.3482 2.8206 5.9141 3.0103

Experiment No. 318
Operating Pressure 5000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
35.00 Degree C
NACL

s as 8% s s ws

Avg. Peed Conc. {ppm) =34349. ; XAl =0.010849 ; Cl = 55.13 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film ¢ 4

kkdhhhhh Whhhkhkhhkd Wk kk whkbkhhhh

A * E09, kmol/m.m.s.kPa 250.0535 326.5845 463.3479 393.1787

[ n]P , kg/m.m.s 0.022530 0.029425 0.041748 0.035425
[alT , kg/m.m.s 0.007843 0.009998 0.012627 0.010630
XA2 * EO4 164.0925 154.,8739 146.6744 147.9210
XA3 * EO04 2.5236 3.8797 6.2847 2.9320

£ 0.976986 0.964614 0.942665 0.973261
f prime 0.984869 0.975328 0.957754 0.980466
k * 206 , m/s 18.7057 27.4065 40.0192 33.6946

{(D)AM K/Tau * E07, m/s 1.2333 2.5855 5.6864 2.1640
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Experiment No. 319
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
25.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

FTEE LI T TR PR

Avg, Feed Conc. {ppm} = 1934. ; XAl =0.000597 ; Cl = 55.18 kmol/m.m.m

Film 4 1 Film & 2 Film & 3 Fi}m 44
e ko ok ok ko e dr vk e e oy kR hkhkhkhkihkik tiﬂ’****

A * E09, kmol/m.m.s.kPa 190,.9854 261.,0509 355.805¢6 318.839%

[ n])P, kg/m.m.s 0.005162 0.007056 0.009617 0.008618
[nIT, kg/m.m.s 0.004510 0.006100 ©0.008332 0.007104
XA2 * EO4 7.9921 7.8035 7.6646 7.6729
XA3 * ED4 0.0777 0.1144 0.1314 0.1859
£ 0.987006 0.980852 0.978011 0.968898
f prime 0.990291 0.985347 0.982868 0.975794
k * E06 , m/s 15,3500 22.4900 32.8400 27.6500
(D)AM K/Tau * E07, m/s 0.4450 0.9130 1.4616 1.7735

Experiment No. 320

Operating Pressure 5000 kPa

Nominal Solute Conc. 35 00C ppm

1000 ml/min
45.00 Degree C
NACL

Nominal Feed Flow Rate
Setpoint Temperature
Solute

s ws 45 4y e ee

Avg. Feed Conc. (ppm} =33785. ; XAl =0.010667 ; Cl = 54.91 kmol/m.m.m

Film § 1 Film # 2 Film § 3 Film % 4
AREA A ANk i A2 2223 3] kR kR Yok dor ke

A * E09, kmol/m.m.s.kPa 328.7674 423,9315 625,.6730 502.2214

[ n]P, kg/m.m.s 0.029622 0.038196 0.056373 0.045250
[ n])T, kg/m.m.s 0.0l0020 0.012588 0.015602 0.013276
Xa2 * E04 167.6434 156.5708 146.3547 148.3418
XA3 * EO4 2.4583 3.6346 7.0294 3.3405

£ 0.977194 0.966277 0.934757 0.969007
f prime 0.985578 0.977142 0.952640 0.977808
k * E0O6 , m/s 21.9659 32,1833 46.9942 39.5673

{D})AM K/Tau * E07, m/s 1.5070 3.0219 7.9450 3.0896
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Experiment No. 21
Operating Pressure 4000 kPa
Nominal Solute Conc, 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45.00 Degree C
NACL

ar *r er ae es e

Avg. Feed Conc. (ppm) =35220. ; XAl =0.011131 ; Cl = 54.91 kmol/m.m.m

Film % 1 Film § 2 Film ¢ 3 Film § 4

LR RS ET X wekokk ok i Rokdkohhoik LA R R XS 3

A * E09, kmol/m.m.s.kPa 335.9379 438.5142 564.1376 518.0924

[ n]P, kg/m.m.s ' 0.024214 0.031608 0.040663 0.037344
{ n)r , kg/m.m.s 0.005133 0.006713 0.008433 0.007085
Xaz * EC4 139.771¢0 135.9152 132.0132 132.2603
XA3 * EO04 4.3701 6.3674 7.1121 5.6128
£ 0.961160 0.943397 0.936772 0.950109
E prime 0.969158 0.953759 0.946799 0.958100
k * EO6 , m/s 21.9659 32.1833 46.9942 39.5673
{D)AM K/Tau * EO07, m/s 1.6729 3.3304 4.8465 3.1699

Experiment No. 322

Operating Pressure 7000 kPa

Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
45.00 Degree C
NACL

LTI T T T T T

Avg. Feed Conc. (ppm) =35486. ; XAl =0.011218 ; Cl = 54.91 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film § 4

hhkhthidk hdkkdknhn hhhkhhdh LA LR R T 2]

A * E09, kmol/m.m.s.kPa 328.5645 400.9885 596.8623 476.8013

[n]P, kg/m.m.s 0.041445 0.050581 0.075288 0.060144
[nlT , kg/m.m.s 0.017167 0.021024 0.025215 0.021919
XAZ2 * ED4 242.7268 213.6310 188.8106 183.7565
XA3 * EO4 3.53€65 3.5692 5.6128 31.34856

£ 0.968816 0.968527 0.950498 0.970473
f prime 0.985779 0.983644 0.970818 0.983047
k * EO6 , m/s 21.9659 32.1833 16.9942 39.5673

{D)}AM K/Tau * E07, m/s 2.5660 3.6101 7.8027 3.8954
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Experiment No. 323
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

1000 ml/min
25,00 Degree C
NACL

Hominal Feed Flow Rate
Setpoint Temperature
Solute

LTI S TR TR 1Y

Avg. Feed Conc. (ppm) = 1934. ; XAl =0.000597 ; Cl = 54,95 kmol/m.m.m

Film % 1 Film % 2 Film & 3 Film % 4
o e ke e ok AkAAhkkhR okl ok ok Rk de ok de o e ok A e

A * E09, kmel/m.m.s.kPa 189.3091 255.9568 345.9616 310.9078

[ n]P ., kg/m.m.s 0.005117 0.006919 0.009351 0.008404
[n]T , kg/m.m.s 0.004414 0.005957 0.008042 0.006860
XA2 * EO4 7.9419 7.7548 7.5991 7.6070
XAl * E04 0.0798 0.1137 0.1279 0.1859
£ 0.986651 0.980970 0.978603 0.968898
f prime 0.989963 0.985346 0.983186 0.975584
k ~ BO6 , m/s 15.3500 22.4900 32.8400 27.6500
({D)AM K/Tau * E07, m/s 0.4523 0.8954 1.3899 1.7351

Experiment No. 324

Operating Pressure 4000 kPa

Nominal Solute Conc. 35 000 ppm

Neminal Feed Flow Rate
Setpoint Temperature
Sclute

1000 mi/min
60.00 Degree C
NACL

Avg. Feed Conc. (ppm) =34462. ; XAl =0.010886 ; Cl = 54.54 kmol/m.m.m

Film § 1 Film$ 2 PFilm % 3 Pilm § 4
AAARNRAANN  ARARARRE ANNRRRER  ARANR AR

A * E09, kmol/m.m.s.kPa 469.7270 600.2659 745.1145 691.7003

{in]lP, kg/m.m.s 0.033858 0.043267 0.053708 0.049858
[n]T , kg/m.m.s 0.007139 0.009219 0.011426 0.009648
XA2 * EO4 140.5181 135.7365 130.9268 131.3823
XA3 ~ EO0A4 5.2039 7.3604 8.8455 7.1121

£ 0.952691 0.933072 0.919557 0.935331
f prime 0.963468 0.946471 0.933265 0.946540
k * EO6 , m/s 27.2413 39.9125 58.2805 49.0699

(D)AM X/Tau * EO7, m/s 2.7909 5.3706 8.4085 5.6107
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Experiment ¥Yo. 325
Operating Pressure 5000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
60.00 Degree C
NACL

YT T TR TR 1]

Avg. Feed Conc. (ppm) =35918. ; %Al =0.011357 : €l = 54.54 kmol/m.m.m

Film $ 1 Film# 2 Film § 3 Film § 4
TTITILL Ak hhhk AnahhkAk  RRRRAAAR

A * E09, kmol/m.m.s.kPa 441.0686 560.6056 754.4406 65%.3888

[nlP, kg/m.m.s 0.03%740 0.050511 0.067975 0.058780
[ n]lP, kg/m.m.5 0.011213 £0.014030 0.017070 0.014371
XA2 * E04 170.6605 160.0145 149.7015 151.1999%9
XAl * =04 3.7653 5.5146 9.4647 5.1385

£ 0.967211 0.95197Q 0.917534 0.955248
£ prime 0.978305 0.966069 0.937664 0,966512
k * EO6 , m/s 27.2413 39.9125 58.2805 49.0639
(D)AM K/Tau * E07, m/s 2,57217 5,0910 11.7008 5.1399

Experiment No. 326
Operating Pressure 7000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Peed Flow Rate
Setpoint Temperature
Solute

1600 ml/min
60.00 Degree C
NACL

Avg. Feed Conc. (ppm) =37253. : XAl =0.011791 ; Cl = 54,53 kmol/m.m.m

Film § 1 Film § 2 Film & 3 Film § 4

Ak hkhkk LR 8 8 0 & &) L ER 2 3 0 8 2 kiR A®

A * E09, kmol/m.m.s.kPa 423.8691 511.0872 731.5854 592.7129

[ nlP, kg/m.m.s 0.053467 0.064469 0.092282 0.074765
[nlT, kg/m.m.s 0.019984 0.024416 0.028208 0.025111
XA2 * EO04 244.6812 215.9243 189.3665 195.6643
XA3 * EQ4 3.5692 4.3210 5.5473 4.0268

£ 0.970075 0.963768 0.953480 0.966236
f prime 0.985765 0.980412 0.971245 0.979814
k * EO6 , m/s 27.2413 39.9125 58.2805 49.0699

(D)AM K/Tau * EO07, m/s 3.0099 5.0711 8.6548 5.3665
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Experiment No. 327
Operating Pressure 1500 kPa
Nominal Solute Conc. 2000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

LI T T TR T

Avg, Feed Conc. (ppm) = 1966. ; XAl =0.000607 ; Cl = 54.56 kmol/m.m.m

Film $ 1 Film & 2 FPilm § 3 Film # 4

de o e e e ol i e khkhhkkhhk d dr e gk i ek hkkkh . ok

A * E09, kmol/m.m.s.kPa 172.6827 232.2497 303.79717 274.8328

{nlP, kg/m.m.s 0.004668 0.006278 0.008212 0.007429
[n]T, kg/m.m.s 0.003976 0.005407 0.007080 0.006058
XA2 * E04 7.8472 7.6924 7.5091 7.5187
XA3 * EO4 0.0808 0.1222 0.1102 0.1774

£ 0.986704 0.979881 0.981860 0.970799
£ prime 0.989716 0.984125 0.985337 0.976425
k » EO6 , m/s 15.3500 22.4900 32.8400 27.6500
(D)AM K/Tau * E07, m/s 0.4206 0.8879 1.0724 1.4888

Experiment No. 328
Operating Pressure 4000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

ar es we s wv  ae

Avg. Feed Conc. {ppm) =35027. ; XAl =0.011069 ; €l = 54.54 kmol/m.m.m

Film § 1 Film § 2 Film § 3 Film # 4
(12231233 Rk khkhhhk I3 XEXE T 37 ek e e e ko

A * E09, kmol/m.m.s,.kPa 164.1027 216.3389 281.1647 254.4847

{ n]P, kg/m.m.s 0.011829 0.015594 0.020266 0.018343
[ a]T, kg/m.m.s 0.002709 0.003570 0.004408 0.003699
XA2 * EO04 131.3650 128.8230 126.0258 126.1155
XA3 * EO04 3.8715 5.5473 4.1903 3.1934

£ 0.965396 0.950409 0.952546 0.971459
f prime 0.970904 0.957469 0.967156 0.97499%0
k * BO6 , m/s 15.3500 22.4900 32.8400 27.6500

(D)AM K/Tau * EO07, m/s 0.8366 l.6328 1.5413 0.8772
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Experiment No. : 329
Operating Pressure : 5000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Degree C
NACL

Avg. Feed Conc. (ppm) =35447. ; XAl =0.011205 i Cl = 54,54 kmol/m.m.m
Film § 1 Film § 2 Film & 3 Film § 4
de o o 9 & e ok Rk hdh L2222 2 X1 Akkhdrhhn

A * E09, kmel/m.m.s.kPa 164.3724 215.4946 289.4028 252.1292

[n]P, kg/m.m.s 0.014810 0.01941s6 0.UzZ5875 0.022717
[n])T , kg/m.m.s 0.004940 0.006381 0.007845 0.006660
XA2 * EO04 153.7103 147.6565 141.1%48 142.0885
XA3 * EO04 2.6461 3.8307 4.4191 2.0745
£ 0.976642 0.966182 0.960985 0.981689
£ prime 0.983045 0.974430 0.969126 0.985604
k * EO6 , m/s 15.3500 22,4900 32,8400 27.6500
(D}AM K/Tau * EO07, m/s 0.8802 1.7282 2.5773 1.0038

Experiment No. 330
Operating Pressure 7000 kPa
Nominal Solute Conc. 35 000 ppm

Nominal Feed Flow Rate
Setpoint Temperature
Solute

1000 ml/min
25.00 Deqree C
NACL

44 se ee sn se s

Avg. Feed Conc. (ppm) =35604. ; XAl =0.011256 ; Cl = 54.54 kmol/m.m.m
Film § 1 Film § 2 FPilm § 3 Film § 4
s ok de e e e ok o ok ko i3 22 2 X 2] Wk de ek ok

A * BE09, kmol/m.m.s.kPa 168.4720 208.6678 303.9844 244.9969

[ n]P, kg/m.n.s 0.021251 0.026321 0.038345 0.030904
{nlT, kg/m.n.5s 0.009648 0.012038 0.014602 2.012611
Xa2 * E04 208.3823 190.3772 174.0568 176.6264
XA3 * ED4 3.4058 2.8974 3.079%0 2,0500

£ 0.970072 0.973662 0.972944 0.981988
f prime 0.983991 0.984551 0.982613 0.988596
k * B06 , m/s 15.3500 22.49%040 32.8400 27.5500

{D)AM K/Tau * EO7, m/s 1.6307 1.9589 2.6748 1.5066



APPENDIXF

THE COMPUTER CODE FOR OPTIMISING THE MD-SF-PF MODEL

The program in this appendix uses an integrating package, called LSODE,

to integrate the set of ordinary differential equations with respect to time, and an

optimising package, called UWHAUS, to best determine the parameters of the MD-

SF-PF model. The subroutines LSODE and UWHAUS are not shown in the present

dissertation. Some of the most important terms in the computer code are defined as

fullows.,

Term in the code

A(Ld)
AL

AP
B(L,J)
BE
BETA
BETAL
BETA2
C{Ld)
CA(D
CAZ(D
CA3(D
CA3C()

Meaning
first derivative of Lagrange interpolation polynomial
the first parameter to determine Jacobi pelynomial
solvent permeability coefficient of membrane
second derivative of Lagrange interpolation polynomial
the second parameter to determine Jacobi polynomial
a parameter defined in the main program
a parameter defined in the main program
a parameter defined in the main program
a parameter defined in the main program
a concentration ratio defined in the main program
boundary-layer concentration of the feed
permeate concentration

guessed value for permeate concentration

333



CA3MI(I)
CMOL(D)
DAB
DIF1
DIF2
DIF3
DIFF(I)
EPS1
EPS2
FF
FFLOWR(I)
FLAM
FNU
FP(I)
FPR(I)
JIM

Jv

MIT
MTC(D)
N

NO

Ni

ND
NOFILM

NPARM
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calculated value (by MD-SF-PF) for permeate concentration
molar density of solution

free diffusivity of solute in solvent

first derivatives of the node polynomial at the roots
second derivatives of the node polynomial at the roots
third derivatives of the node polynomial at the roots
increments used to calculate numerical derivatives

a parameter of convergence criterion used by UWHAUS
a parameter of convergence criterion used by UWHAUS
frictional drag function, b

flow rate of pumped feed solution

starting value for A parameter in Marquardt’s method

a parameter in Marquardt's method

experimental values for separation

model values for separation

a counter for experimental observations

total volumetric flux of permeation through membrane
maximum No. of iterations during a current call to UWHAUS
mass transfer coefficient

number of internal collocation points

number of collocation points at pore inlet

number of collocation points at pore outlet

dimension of the vectors DIF1, DIF2, DIF3, and ROQT
number of membrane samples

number of model parameters to be optimized
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NRUNS number of experimental runs

nP(I) mass flux of pure solvent through membrane
nT(I) total mass flux of permeation through membrane
NT total molar flux of permeation through membrane
OSMP(I) osmotic pressure

PDEL(D pressure drop across membrane

PHI(I) dimensionless potential function

PI2(I) osmotic pressure at the boundary-layer side
PE3(I) osmotic pressure at the permeate side

PN molar flux of pure solvent through membrane
RA average radius of solute molecule

RNTNP the flux ratio Np/Np

ROOT(I) roots (or zeros) of the node polynomial

RRATIO the ratio Ra/Ry

RUNNO(D) run number

SCALE! scaling factor for first parameter of the model
SCALE2 scaling factor for second parameter of the model
SIGNS(D) indicates a priori sign restrictions on the parameters
SOLUTE solute type

SUMD a definite integral defined in the main program
SUMN a definite integral defined in the main program
TAUEPS the ratio t/e

TEMP(I) system temperature in °C

TEMPT(I) system temperature in K

TH(D anarray a vector of model parameters values



TH1

TH2

TIN

TN
TOUT
Vi)
V(D
VIS
WORK(I)
XA(D

Y()

YDOT(I)
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the first parameter of the MD-SF-PF model

the second parameter of the MD-SF-PF model
initial time

total molar flux of permeation through membrane
final time

vector of first derivatives of Lagrange polynomial
vector of second derivatives of Lagrange polynomial
viscosity of solution

an array-parameter used for temporary storage for UWHAUS
mole fraction

mole fraction of bulk feed solution

mole fraction of boundary-layer solution

mole fraction of permeate solution

friction constant xxxag

fluid velocity a(p)

derivative of a(p) with respect to time
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PROGRAM MDSFPFOP

(AR RSN AL RSl Rt s 2RSSR SRR ST

Hussein Mehdizadeh

Subject: This program uses the MD-SF-PF model and the UWHAUS
optimization routine to estimate the best parameters
of the model (RW and TETl) for one membrane,
using the experimental data set of SORTANZ.DAT file
and using the integrating package LSODE.

Ahkhkhhhkhhhhhhehhhhhhdhbhhbhhhkbhhhhhrhhrhhhehdhh bk hhdehkhhbhhhhbkin

IMPLICIT REAL*8 {(A-H,0-Z)

REAL*8 JV(90),JVMIN,JVMAX,RESID{90)
,DIFF(2),SIGNS(2),WORK(415)
,XA1(90),XA2(90),%XA3(90)
,FP(30),P(90),nP(90C),nT{90), TEMP(90), TEMPK (90}
,FFLOWR(90) ,MTC(90),XA(36) ,0SMP(36)
,TET2,PPI2,PPI3,XA2X,XA3X

* ¥ % » »

INTEGER SOLUTE,NOFILM
INTEGER NEWNO{90),NEWN(6),INDS(90),RUNNO{90},NFILM{90),NR{20)

EXTERNAL MODEL
CHARACTER*20 ITITLE({2),SALT(10)

COMMON /DATAS/ X0(90),Y0({90)

COMMON /BETAS/ BETAl,BETAZ,BETA

COMMON /ARERl/ C(5,5),RO0OT(S)

COMMON /AREA2/ RA,FF,CMOL{1)

COMMON /THETA/ TH(2)

COMMON /AREA3/ PDEL(9Q),TEMPT(%0)

COMMON /AREA4/ CA(90),CA2(90),CA3(90),CA3M(90),CA3C(S0)
COMMON /SCALE/ SCALEl,SCALE2

COMMON /TETAl/ TET2,INO

COMMON /PI23/ PI2(90),PI3(90)

COMMON /TICLABY/INTIC,FIRVLY,DELVLY,YINC

CPEN (UNIT=2, FILE='SYSSOUTPUT', STATUS="UNKNOWN ' )
OPEN (UNIT=6, FILE='MDSFPFOP.DAT', STATUS='UNKNOWN')
OPEN (UNIT=15, FILE='SORTANZ,DAT', STATUS='OLD'}

DATA SALT/'NACL.DAT','KCL.DAT','LINO3.DAT','LICL.DAT',' ', ',

LI D D R I D R |
* e Y

#axx* OPEN AND READ FILES CONTAINING MOLE FRACTION kkmkh
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*k*%xx* AND DENSITY DATA, AND READ SOLUTE NO. FROM SCREEN.*#*#aa»

SCALEl=1,D-10
SCALEZ=1,D-10

TET2=0.5D0
CMOL(1}=55.35D0

LUN=6
LUN3=3
LUN4=4
LUN14=14
LUN15=15
LUN1l6=16
NINT=41

Read in the data from SORTANZ.DAT file and store it in vectors
for later analysis:

READ (LUN15,*)NRUNS
NOFILM=6
NDATA=NRUNS*NOFILM
READ (LUN15,*)

pRINTt' Thhkh kb Ak kA Ak ARk R Ak kNN

PRINT*, 'Data being red from SORTANZ.DAT ...'
PRINT*, ' === oo oo e '

DO 5 I=1,NDATA
READ(LUN15,12) RUNNO(I),NFILM(I1),XAl(I),XA2(1),XA3(I}

* ,FP(I),P(I),nP(I),nT(I),TEHP(I),FFLOHR(I),MTC(I)
HRITE(G,IZ)RUHNO(I),NFILH(I),XAl(I),Xhztl),XAJ(I)
* ,FP(I),P(I),nP(I),nT(I),TEHP(I),FFLOWR(I),MTC(I)

FORMAT(2X,2(1X,I4),10E12.5)

JdV(I)=nT(1)/CMOL{1)/18.02D0
TEMPK(1)=TEMP({I)+0.27315D03
CONTINUE

Now, for each model, select and sort the data to be analyzed:
Select all experiments at T=25 C and for £ilm J :

DO 120 JIM=2,2
IC=0
REWIND 3
REWIND 4

DO 100 I=1,NDATA
IF(TEMP(I).EQ.25.0.AND.NFILM({I).EQ.JIM) THEN
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c IF{TEMP{I).EQ.25.0.AND.NFILM(I).EQ.JIM.AND.FFLOWR(I).
c * EQ.1000.} THEN
IC=IC+1
X0(I1IC)=aV(I)
YO(IC)=FP(I)
NR(IC)=RUNNO(T)
PDEL{IC)=P(I)
CA2(IC)=XA2(I)*CMOL(l)
CA3(IC)=XA3(I)*CMOL(1)
TEMPT{ IC)=TEMPK(I)

ELSE
ENDIF
100 CONTINUE
c
NOBS=IC
c
DO 96 I=1,NOBS
WRITE(6,97)I,NR(I),XO(1),YO(I),PDEL{I),CA2{I},TEMPT(I)
97 FORMAT(/,5%,I14,5%,I4,5%,5E20.12)
96 CONTINUE
C
AR AR R R RN AN AR R R AR R AR R AR AN AN RN R AN AR Rk AR AN
c *
c The MD-SF-PF Model *
c *
CrR AR AR AR AR Rk A AR R AR R AN AN R A AR R A AN A AN R A AR AR Rk kR
c

€C Set the initial guesses for the unknown parameters
C and the parameters for the search routine UWHAUS:
c
c
NPARM=2
Cc
C Avg. Pore Size RW, m:
C ( MUST BE MULTIPLIED BY ‘SCALEl' )
TH{1)=10.D0
Cc
C The Potential Parameter TET1l, m:
C ( MUST BE MULTIPLIED BY 'SCALE2' )
TH(2)=56.D0
c
EPS1=1.0D-5
EPS2=1.0D-6
MIT=100
FLAM=0.01D0
FNU=10.D0O
SIGNS(1)=1.D0
SIGNS(2)=1.D0
DIFF(1l)=1.D-7
DIFF(2)=1.D-7
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CALL UWHAUS (NPROB,MCDEL,NOBS,YO,NPARM,TH,DIFF,SIGNS,EPS],
EPS2,MIT,FLAM, FNU,WORK, LUN)

——— o e S . g A S S S e S b A S S A A B SN e S e

TH1=TH(1l)*SCALE]
TH2=TH{2)*SCALE2

WRITE(6,805) JIM
FORMAT(/,5X,'The followings are the results of the nonlinear’,
‘optimization search for FILM % ',1I1,/)
WRITE(6,110) TH1,TH2
FORMAT (5X%,'TH(l) = RW = ',BE30.20,1X,'m',/,5X, 'TH(2) =
TEFl = ',E30.20,1%X,'m',/////}

REWIND 3 .
REWIND 4

CONTINUE

STOP
END

RARARAN R AN AR ANRRAR R R A AR R AR ARRR AR AR ARk Ak AR AR R ARk AR

. . A A S e

IMPLICIT REAL*8 (A-H,0-2)

REAL*8 TH({NP),F{NOBS),TET2,PERMSF,PERMIT,FPR{90),JV(90),FP(30),
SUMN,SUMD, SUUMN1, SUMN2, SUMN3 , SUMD4 , SUMD1, SUMD2, SUMD3 ,MA

INTEGER 22,SOLUTE,NCPXA
EXTERNAL FCN,FCNJ

DIMENSION PHI(101),¥YV(l0l)

DIMENSION DIF1(5),DIF2(5),DIF3(5),V1(5),V2(5}

DIMENSION XINTP(5),A(5,5),B(5,5)

DIMENSION Y(5),ATOL(5),RWORK(70), IWORK(25)

DIMENSION RPF(101},YPF(101),ALRO{11)

DIMENSION XA(30),PA(30),CCA(30),XAX(30),PAX{30),CCAX(30)

CHARACTER*20 SALT(10)

COMMON /DATAS/ X0(90),Y0(90)
COMMON /BETAS/ BETAl,BETA2,BETA
COMMON /AREAl/ C{5,5),ROOT(5)
COMMON /AREA2/ RA,FF,CMOL(1)
COMMON /AREA3/ PDEL(90),TEMPT(90)
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COMMCN /AREA4/ CA(90),CA2(90),CA3{90),CA3M(30),CA3C(90)
COMMON /SCALE/ SCALEl,SCALE2

COMMON /TETAl/ TETZ2,INO

COMMON /PI23/ PI2(90),PI3{(90)

DATA SALT/'NACL.DAT','KCL.DAT','LINO3.DAT','LICL.DAT',' ',' ',
* [ I T I RO T I | l/
r F r
DATA AL,BE/0.D0,0.D0/
DATA NO,N1/1,1/

EOODEE TSSO RS N NI E TS TS SR S S S S S S S S s S RS S S SRR S EE s SR aET

~Choose a value for SOLUTE (1l=NACL, 2=KCL, 3=LINO3, 4=LICL):
SOLUTE=1
SOLUTE=2
SOLUTE=3
SOLUTE=4

e v e AR AN W S S Y R W U e T A D e A e R Ra Gy e A S - -

OPEN (UNIT=LUN25,FILE=SALT(SOLUTE},STATUS='OLD"')

OECES S I NI I I I I I A I I I I I N I AT I g O O S S S NN RS R EE R RS R EEEEE

READ(LUN25,*,END=300) NCPXA,MA,(XA(I),PA{I),CCA(I),I=1,24)
300 CONTINUE

IF(SOLUTE.EQ.2) DAB=1,994D-9
IF(SOLUTE.EQ.3) DAB=1.336D-9
IF{SOLUTE.EQ,.4) DAB=1.367D-9

VIS=0.8965D-06

- AR o oy Sf e S L e onl e b A bk T e -

Solute Free Diffusivity at T=25 C, {m.m/s)
IF(SOLUTE.EQ.l1) DAB25=1.566D-9
IF{SOLUTE.EQ.2) DAB25=1.%94D-%
IF{SOLUTE.EQ.3) DAB25=1.336D-%
IF(SOLUTE.EQ.4) DAB25=1.367D-9

Gas Constant, (kJ/kmol.K)
R=8,3144D0

Boltzmann Constant, (kJ/K)
BOLTZ=1,38066D-26

Charge of Proton, (kC}
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ELC=1.60219D-22

C Faraday Constant, (kC/kmol)
FARAD=96486.7D0

c

C Avogadro's Number, {(ions/m.m.m)
AVO=6,02205D26

c

c Free-Space Permittivity, (kC.kC/kJ.m)
PERMFS=8.8542D-15

c Water Permittivity at 25 degree C, (kC.kC/kJ.m)
ZPERM25=78.54D0
PERMIT25=2PERM25*PERMFS

c
IF(SOLUTE.NE.l1) ZPERM=ZPERM25
c
PERMIT=ZPERM*PERMFS
c
C Valence of the Symmetrical Electrolyte
2z2=1
Cc
c PI Constant
PI=3,1415926D0 _
c===================================================;‘I'=t==n==l===ﬂ==l=
c
DO 1987 INO=1,NOBS
C  =———me———
Cc
DAB=(TEMPT({INO)}*TEMPT(INO)/{VIS*1.D06})*(0.181092D-04}*R
* / (FARAD*FARAD)
C
c
c SO O NN SR S S A N I N N A I S s S S S T s R I S S S S SRS S S S eSS aT
c
TH1=TH(1)*SCALEl
TH2=TH(2)*SCALE2
Cc
c M SRS OO S S E I I OO NI N T I S N N S I O T O R e S S SN N SN S E R e T Y
c
C Number of collocation points:
¥=3
C
C R R R R S R e T SN N S R RS O S S S S E I S S S S S S S I NN OISO ORI E IR XSS 3
c
c -Initially Guessed Permeate Conc., [(kmol/m.m.m):
c -You may change the following guess depending on your system.
c
CA3M(INO)=5.D~5
CA3F=CA3M{ INO)
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TOL=1.D-6
C
MH=1
PRINT#, ' = m oo m e e e oo '
PRINT*,'MH = ' ,MH,' 1INO = ',INO
PRINT*,'CA3M = ',CA3M({INO)
C
IF(MB.EQ.1) GO TO 1001
Cc
1002 MH=MH+1
C
IF(MH.GT.100.0R.FPR(INQ).LT.0.D}) THEN
WRITE(6,2525) MH,INO,FPR(INOQ)
2525 FORMAT(/,'!!! Separation NOT Possible !!!',/,5X,'MH = '
* 13,5%,'INO = ',I3,'FP = ',E30.20)
PRINT*,'!!! Separation NOT Possible !!1{°
PRINT*,'FP = ',FPR(INOQ}
GO TO 1988
ELSE
ENDIF
Cc
IF(CA3C(INO).LT.0D0) CA3C{INQ)=1,D-5*MH
c .
CA3M(INO)=CA3C(1NO)
CA{INO)=CA3M({INO)/CA2{INO)
GO TO 1004
C
C ﬂﬂz--=l=====================ﬂ======ﬂ===========================
c
C Parameters
c __________
c
1001 CA{INO)=CA3M{INO)/CA2({INO}
c
XAB=R*TEMPT( INQO) /DAB
C
XA2X=CA2{INO)/CCA(1)
CALL INTER (XA,PA,XA2X,PPI2,NCPXA,SLOVE,STATUS)
PI2(INO)}=PPIZ
c
BETAl=VIS*DAB/({TH1*TH1*PI2(INO)})
c
BETA2=PDEL({ INO)/P12(INOC)
Cc
BETA=TH1*TH1/{VIS*DAB)
c
RA=BOLTZ*TEHPT(INO)/(G.DU*PI*VIS*DAB)
c
RRAIO=RA/TH1
c

1004 CONTINUE
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JV{INO)=XO{ INO)
FP(INO)=YO(INO}

=============================================‘H===========BB====’==

- -

C2010

- " - v Sy . —

c
c
C COMPUTE ROOTS OF JACOBI POLYNOMIAL :
c
c

CALL JCOBI(ND,N,NO,N1,AL,BE,DIFl,DI¥2,DIF3,R0O0T)

NT=N+NO+R1
WRITE(6,2010) (ROOT(I),I=1,NT)
FORMAT(5X, 'COLLOCATION POINTS',//,8(10X,F13.10,/))

C SET UP DISCRETIZED SPATIAL DEBIVATIVES :

15

20

c2020

c2021

24

2030

2040

2041

28

aonoonoonoononNnoanoonNnnnNnNann

W " - -

DO 20 I=1,NT
CALL DFORP(ND,N,NO,N1,I1,1,DIF1,DIF2,DIF3,R0O0T,V1)
CALL DFORP(ND,N,NO,N1,I,2,DIF1,DIF2,DIF3,RO0T,V2)
Do 15 J=1,NKT
A{I,J)=V1(J)
B(I,J)=V2(J)
CONTINUE
CONTINUE

WRITE(6,2020)
FORMAT(//,10X, 'DISCRETIZATION MATRIX FOR FIRST DERIVATIVES')
WRITE(6,202]1)

FORHAT(TX' |*tt****iiiﬁt**i**ttﬁ*i*tttitltﬁ*******ittttttiihi ')

DO 24 I=1,NT
WRITE(6,2030) (A(I,J),J=1,NT)
CONTINUE

FORMAT(/,10(E10.4,1%))

WRITE(6,2040)

FORMAT(////+10%X, 'DISCRETIZATION MATRIX FOR SECOND DERIVATIVES')
WRITE(6,2041)

FORHAT(TX,'***i**t*t**ttiit**tt*tttit*tlt*t*tt*tttttt*tit*iktl)

DO 28 I=1,NT
WRITE(6,2030} (B(I,J),J=1,NT)
CONTINUE

MODIFY DISCRETIZER SPATIAL DERIVATIVES TO ACCOUNT FOR
THE BOUNDARY CONDITION AT X=1

L A S it - -
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DO 40 I=2,(N+l1)

DO 30 J=2,(N+1)
A(I,J)=A(I,J)-A(I,1)*A(1,J}/A(1,1)
B(1,J)=B(I,J)-B(I,1)*A(1,J}/A(1,1)

30 CONTINUE
40 CONTINUE

noon

SET UP SYSTEM MATRIX 'C' :

L e A o A g L . ek s

nao

DO 60 I=2,(N+l}
DO 50 J=2,(N+1)
C{(I,J)=B{I,J)+A{I,J}/ROOT(I)
50 CONTINUE
60 CONTINUE

INTEGRATE THE DISCRETIZED EQUATIONS IN TIME
USING THE ROUTINE 'LSODE' :

Sk e T W S A A e e e

nnoOonNnonon

WRITE(6,2100)
C2100 FORMAT(///,5X,'INTEGRATION OF DISCRETIZED EQUATIONS IN',
c 1' TIME',//,5%, 'USING THE ROUTINE ''LSODE'' '}
c CALL TIMER(O)
NY=N+1

c

DO 101 1=1,NY
101 ¥(I}=0.01D0

c
TIN=0.D0O
TOUT=5.D0
C
ITOL=2
RTOL=).D-8
c
REWIND 7
c

DO 201 1I=1,N
201 ATOL(I)=1.D-6

ITASK=1
ISTATE=1
IOPT=0
LRW=95
LIW=25
MP=22

DO 200 I1I0UT=1,1
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REWIND ?

<><><><><><><><><><)<><><><><><><><><><><><><><><><><><><><><><>

ann

PRINT*, 'Calling LSODE ...'

PRINT*, '====z=a=zaz=a=azzaaxc!

CALL LSODE(FCN,NY,Y,TIN,TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE,
* IOPT,RWORK , LRW, IWORK, LIW, FCNJ , MF)

PRINT*, 'Successful LSODE 1!*

PRINT*, 's=s==oza=asaos=szzass!

<><><)<><><><><><><><><><><><><><><><><><><><><><><><><><><><><>

EVALUATE Y AT X=0 :

———— e -

naoaonann

111 CORTINUE

Y({N+2)=0.D0
¥(1)=0.D0
DO 1205 J=2,N+1

1205 ¥(1l)=Y(1)+A(1,J)*Y(J)
¥(1)=-¥(1)/A{1,1)

c
c WARITE(6,2210)
C2210 FORMAT(//.5X,'SOLUTION AT COLLOCATION POINTS : "o/ 43X,
c 1 O 72
c 2 10X,'X',15%,'¥',/)
c WRITE{6,2220) (ROOT(I),¥(I),I=1,NT)
C2220 FORMAT{3X,F13.10,5X,EL3.6)
c WRITE(6,2230)
C2230 FORMAT(//,5X,'SOLUTION AT PIXED GRID POINTS : ',7.3X,
c 1 A N7
Cc 2 lox,'X',15%,.'¥Y',/}
Cc
c WRITE(9,2220) ROOT(1),¥(1)
c WRITE(21,2220) ROOT(1),¥(1)
c
c
Do 170 J=1,9
XGRID=0.1DO*DFLOAT(J)
CALL INTRP(ND,NT, XGRID,ROOT,DIF1, XINTP)
YV(J3)=0.D0
DO 160 K=1,NT
160 YV(J)=YV(J)+XINTP(K) *Y(K)

c
c WRITE(6,2220) XGRID,YV{J)
c WRITE(21,2220) XGRID,YV(J)
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c WRITE(9,2220) XGRID,YV(J)
c IF{TEND.EQ.TAB(NTAB)) THEN
c IF (XGRID.EQ.1.D-1) THEN
c WRITE(8,2225) ROOT(1),Y(1l)
c ELSE
C ENDIF
c WRITE(8,2225) XGRID,YV(J)
c ELSE
o ENDIF
©2225 FORMAT(3X,F4.2,5%,EL13.6)
C
170 CONTINUE
C
C WRITE(6,2220) ROOT(NT},Y(NT)
(o WRITE(21,2220)} ROOT(NT},Y(NT)
C WRITE(9,2220) ROOT(NT),Y(NT)
c IF (TEND.EQ.TAB({NTAB)) THER
c WRITE(8,2225) ROOT{NT),Y(NT)
C WRITE(8,2226)
€2226 FORMAT(3X,'99999 99999°')
C ELSE
c ENDIF
c
c WRITE(6,2240)
C WRITE(9,2240)
C2240 FOFMAT(5%X)
C
c
200 CONTINUE
c
c
S N R N NN NN R NN N NN AN R RN RN
c
c
RRATYO=RA/TH1
c

DO 169 I=1,99
XGRID=1,D-2*DFLOAT({I)
CALL INTRP(ND,NT,XGRID,ROQT,DIF1l,XINTP)
¥YV(1}=0.D0 o
DO 168 J=1,NT

168  YV(I)=YV(I)+XINTP(J)*Y(J)
PHI(I)=(TH2/TH1)*DEXP(XGRID*XGRID*TET2)
IF((1.D0-XGRID).LE.RRATIO) PHI(I1)=50.D0

169 CONTINUE

c

C
RAT=100.00*(1.DO-RRATIO)
LAMB=IDINT(RAT)
HINC=1,D0/LAMB
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c IF(BEM.EQ.2) THEN

c WRITE{6,666}) RRATIO,RAT,LAMB,HINC

C 666 FORMAT(/,3X, 'RRATIO = ',E20.12,/,3X, 'RAT = ',E20.12,/,
c * 3X,'LaMB = ',14,/,3%,'HINC = ',E20.12)
c
c
c

ELSE
ENDIF
€ m e e ccc e ———————————
c
SUMN1=0.D0
SUMN2=0.D0
SUMD1=0.D0
SUMD2=0.D0
C
XA3X=CA3M({INO)/CCA(1)
CALL INTER (XA,PA,XA2X,PPI2,NCPXA,SLOPE,STATUS)
CALL INTER (XA,PA,XA3X,PPI3,NCPXA,SLOPE,STATUS)
PI2(INO)=PPI2
PI3(INO)=PPI3
c
c PRINT*,'PI2 = ',PI2{INO)
c PRINT*,'PI3 = ',PI3{INQ)
c
DO 167 K=1,(LAMB-3)},2
IF(PHI(K).GT.40.D0) THEN
SUMD1=SUMD1
ELSE
SUMD1=SUMD1+YV(K)*(1.D-2*DFLOAT(K) )* (PI2(INO)+{PI2{INO)-
* PI3(INO))/(DEXP(¥V(K})~-1.D0))*DEXP(-PHI{K))/FF
ERDIF
167 CONTIRUE
C
c
DO 265 K=1,97,2
SUMN1=SUMN1+¥V{K)*(1,.D-2*DFLOAT(K))
265 CONTINUE
c
c
SUMN1=4.D0*SUMN1
SUMD1=4.D0*SUMD1
c
c

DO 166 K=2,(LAMB-2),2
IF(PHI(K).GT.40.D0) THEN
SUMD2=SUMD2
ELSE
SUMD2=SUMD2+YV(K)*(1.D-2*DFLOAT(K) ) * (P12{ INO)+(PI2(INO)-
* PI3(INO))}/(DEXP(YV(K))-1.D0))*DEXP{-PHI(K)}/FF
ENDIF
166 CONTINUE
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DO 266 K=2,98,2
SUMN2=SUMN2+¥V(K}*(1.D-2*DFLOAT(K))
CONTINUE

SUMN2=2.DO*SUMN2
SUMD2=2,D0O*SUMD2

SUMNO=0.DO
SUMD0=0.D0

SUMN3=4.DG*YV(99)*(1.D-2*DFLOAT(99))
SUMN4=0.D0
IF(PHI(LAMB-1).GT.50.D0) THEN
SUMD3=0.D0
ELSE
SUMD3=4.D0O*YV(LAMB-1)*(1.D-2*DFLOAT(LAMB~1))*{PI2(INO)+(PX2(ING)
* ~PI3(INQ))/(DEXP{YV(LAMB~1))-1.D0))*DEXP{-PHI (LAMB-1))/FF
ENDIF
IF(PHI(LAMB).GT.50,D0) THEN
SUMD4=0.D0
ELSE
SUMD4=YV(LAMB)*(1.D~-2*DFLOAT(LAMB) ) *{PI2({ INO)+(PI2(INOQ)~
" PI3(INO))/(DEXP(YV(LAMB))-1.D0))*DEXP(-PHI(LAMB))/FF
ENDIF

SUMN=SUMNO+SUMN1+SUMN2+SUMN3+SUMNA
SUMD=SUMD0+SUMD1+SUMD2+SUMD3+SUMD4

SUMN=SUMN*0.01D0/3.D0
SUMD=SUMD*HINC/3.D0

CAIC(INO)=CCA{1)/(1.DO0+CCA(1)*R*TEMPT(INQ)*SUMN/SUMD)
FPR{INQ)=1.D0~-CA3C({INO)/CAZ(INO)

WRITE(6,163)CA3M,MH,SUMN,SUND, FP

163 FORMAT(/,5X,'CA3M = ',E30.20,/,5X,'MH = ',13,/,5%, 'SUMK = ',

* E30.20,/,5%,'SUMD = ',E30.20,/,5X,'FP = ',E30.20)

IF(DABS(CA3M{ INO)-CA3C{INO)).GT.TOL} GO TO 1002
F( INO) =FPR( INO)
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C WRITE(6,1861) ROOT(1),¥Y({1l)
cl86l FORHAT(//,BX,'r',15x,'Alpha',/,BX,3l('-'),/,3X,F13.10,5X,E13.6)

BO 1802 J=1.%
XGRID=0.1D0*DFLOAT(J)
CALL INTRP(ND,NT,XGRID,ROOT,DIF1,XINTP)
YV(J)=0.D0
DC 1803 K=1,NT
1803 YV(J)=YV(J}+XINTP(K)*Y(K)

C WRITE(6,1BU1l) XGRID,YV(J)
1802 CONTINUE
Cc
c WRITE(6,1801) ROQT(NT),Y{NT)
C1801 FORMAT(3X,F13.10,5X,El13.6)
Cc
c ------------------------------------------------------------------
Cc
C Effective Membrane Surface Area, m.m :
Cc SEFF=15,.08D-04
C mmmmmmcimie ot v o o e e o i o e e
c
c -The "Permeate Flux-to-Pure Water Flux" Ratio, (NT / NP} :
C
RNTKP=16.D0*{BETALl/BETAZ2) *SUMN
C ------------------------------
C

C Tortuosity Factor of the Membrane, m :
TAUEPS=0,316D-04

noaoa

SW30-1:
IF(TEMPT(INO).LE.308.15D0) APPTAU=1274.0D0
IF{TEMPT(INO).GT.308.15D0) APPTAU=575.00D0

SwW30-2:
IF(TEMPT(INO)}.LE.308.15D0) APPTAU=~1172.0D0
IF(TEMPT(INO}.GT.308.15D0} APPTAl=391.70D0

BW30-1:
IF(TEMPT{INC).LE.308,15D0) APPTAU=828.80D0
IF(TEHPT(INO).GT.308.1500) APETAU=-78.35D0

BW30-2
IF(TEMPT(INO).LE.308.15D0) APPTAU=869,1000
IF(TEMPT(INO).GT.308.15D0) APPTAU=~-13.99D0

nononocanooannNnnn

TAUFPAC1=APPTAU/R
TAUFAC2=TAUFAC1/TEMPT{ INO)~-TAUFAC1/298.15D0
TAUFAC3=DEXP(TAUFAC2)
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TAUEPS=TAUEPS*TAUFAC3

C

c

C WRITE(&6,6549} APPTAU,R,TAUFACL,TAUFACZ,TAUFAC3,T,TAUEPS,TET1
C6549 FPORMAT(/,20X, 'APPTAU =',E30.20,/,20%X,'R =',E30.20,/,20X,

c * 'TAUFAC1 =',E30.20,/,20X, 'TAUFAC2 =',E30.20,/,20X,

c *'TAUFAC3 =',E30.20,/,20%,'T =',E30.20,/,20X, 'TAUEPS =',E30.20
c *,/,20X,'"TET1 =',E30,20)

C
c

Pure Solvent Permeability Coefficient, kmol/m.m.s.kPa :
AP=CCA({1)*TH1*TH1/(8.D0*VIS*TAUEPS)

C
C Pure Solvent Permeation Flux, kmol/m.m.s :

PN=AP*PDEL( INO)
c
C Total Permeation Flux, kmel/m.m.s

TN=PN*RNTNP
o4
c __________________________________________________________________
C

IF{MH.GE.99.0R.FPR(INO).LT.0.D0)} GO TO 2001
c

PRINT#, ' <> <000 <P IO b I Cr <D LICICICICILDLD LIS !

PRINT*, '**% GOOD NEWS !!! CONVERGENCE ACHIEVED !!! a¥&!

PRINT#*, ' <3< <0 <00 <P CICOLOCICDCICILICICIIDCI OIS
c
Cc WRITE(6,357) SOLUTE, IBEGIN
C 357 FORMAT{/,10X%,'SOLUTE =',12,5X,'IBEGIN =2',I13)
c
Cc

WRITE(6,356) INO,MH,THI,TH2,PDEL(INO),CAZ(INO),TEHPT(INO),

* FPR{ INO) ,RNTNP,PN, TN

356 FORMAT(,/,5X,'!!} GOOD NEWS " CONVERGENCE ',

* 'ACHIEVED e /7 1%, VIRO = ',I3,5%,'MH =',I1,

*//.,10X,'RW = ',E30.20,3%,'m',/,10%, '"TET1 = ',E30.20,3%,'m',
*/,10X,'Pdel = ',E20.10,3X, 'kPa',/,10X%, 'CA2 = ',E20.10,3X,
**kmol/m.m.m',/,10%X,'T = ',E30.20,3X, 'K',

*//.10%,'f prime = ',E20.15,/,10X,'NT / NP = ',
*E20.15,/,10X,'NP = ',E20.15,/,10%,'NT = ',B20.15,/,35("'<>"))

WRITE(4,8888) FP(INO),PDEL(INO)
8888 FORMAT(E20.15,3X,E7.1)

noaonn

C2002 WRITE(6,256) CA2,RW,PDEL,FP,RNTNP

C 256 FORMAT(/,10X,'CA2 = ',E30.20,2X, 'kmol/m.m.m',/,10%, 'Rw = ',

c *E30.20,2X%,'m',/,10%, 'PDEL = ',E10.2,2X,'kPa’,/,10%X,'f prime = ',
c *E30.20,/,10%,'[n}T / [n)P = ',E20.15)

¢

c WRITE(6,1897)BETAL,BETA2, SUMN

C1897 FORMAT(/,7X,'Betal = ',E20.12,/,7X, 'Beta2 = ',E20.12,/,
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c * 7X,'SuMN = ',E20.12,/,5X,33('-")}

2001 CONTINUE
c
c GO TO 8891
c
1388 CONTINUE
120 CONTINUE
IF(IBEGIN.LT.NDAT} GO TO 8899

1987 CONTINUE

RETURN
END

c
o4 Y Y Y31 i 22 2222332228232 R 3RS X R R AR AR RS R R R R R R AR R AR ERDE)
c

SUBROUTINE FCN (N,TIN,Y,YDOT)

IMPLICIT REAL*8 (A-H,0-2)
REAL*8 TIN,Y,¥YDOT

DIMENSION Y(N),YDOT(N)
DIMENSION PHI(101)

COMMON /BETAS/ BETAl,BETA2,BETA

COMMON /AREAl/ C(5,5),RO0T(5)

COMMON /AREA2/ RA,FF,CMOL(1)

COMMON /THETA/ TH(2)

COMMON /AREA3/ PDEL(90),TEMPT(90)

COMMON /AREA4/ CA(90),CA2(90),CA3{90),CA3M(90),CA3C(90)
COMMON /SCALE/ SCALEL,SCALE2

COMMON /TETAl/ TET2, INO

COMMON /P123/ PI2(90),PI3(90)

TH1=TH(1)*SCALEl
TH2=TH(2)*SCALE2

R=8.3144D0

DO 20 I=2,N
YDOT(1)=C(I,1)
po 10 J=2,N
YDOT(I)=¥YDOT(I}+C(I,J)*Y(J)
10 CONTINUE
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PHI(1)=({TH2/TH1)*DEXP{ROOT(I)*ROOT(I)*TET2)
RRATIO=RA/TH1
IF((1.D0-ROOT(I)).LE.RRATIO) PHI(I)=50.D0
FF=1.D0/(1.D0-2.104D0%RRATIO+2.03DO*RRATIO**3-0.95D0*RRATIO**5)
IF(PHI(I}.GT.40.D0) THEN
YDOT(1}=YDOT(I)+BETA2/BETAL-BETA*PI2(INQ)*(1.D0-CA(INO))
ELSE
YDOT(1)=YDOT(1)+(BETA2/BETALl}-(1.D0~DEXP{-PHI(I)))*
BETA*PI2(INO)*(1.D0-CA(INO))-BETA*PI2(INO)*
¥(I)*(1.D0-1.DO/FF)*(1.D0+(1.D0-CA{INO})/
(DEXP(Y(I))-1.D0))*DEXP(-PHI(I))

ENDIF
20 CONTINUE

c

RETURN

END
c===ﬂ==-===l====ﬂ=====8==============3==============================
c

SUBROUTINE FCNJ (N,TIN,Y,ML,MU,PD,NRPD)
c _______________
c

IMPLICIT REAL*8 (A-H,0-2)

REAL*B PD,TIN,Y
c

DIMENSION Y(N),PD(N,N}
¢

COMMON /BETAS/ BETAl,BETA2,BETA

COMMON /AREAl/ C(5,5),ROOT(5)

COMMON /AREA2/ RA,FF,CMOL{l)

COMMON /THETA/ TH(2)

COMMON /SCALE/ SCALEl,SCALE2
c

RETURN

END
CHBB-II=H=ﬂﬂﬂ===========ﬂ======l=============================B======
c

SUBRQUTINE JCOBI (ND,N,NO,N1,AL,BE,DIF],DIF2,DIF3,R0O0T)

[ EZEIRRARIIIAIITD

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION DIF1(9),DIF2(9),DIF3(9),R0O0T(9)

EVALUATION OF ROOTS AND DERIVATIVES OF JACOBI POLYNOMIALS
P(N) (AL,BE) ; ( MACHINE ACCURACY 16 D }

FIRST EVALUATION OF COEFFICIENTS IN RECURSION FORMULAS
RECURSION CCEFFICIENTS ARE STORED IN DIF1 AND DIF2

aooaon
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AB=AL+BE
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AD=BE-AL

AP=BE*AL
DIF1{1)=(AD/(AB+2)+1)/2
DIF2(1)=0.

IF (N.LT.2) GO TO 15

DO 10 I=2,N

21=I-1
Z=AB+2%21
DIFL(I)=(AB*AD/Z/(2+2)+1)/2
IF (I.NE.2) GO TO 11
DIF2({1)=(AB+AP+Z1)/2/2/(2+1)
GO TO 10

11 2=2%2Z
¥=21*(AB+21)
Y=Y* (AP+Y)
DIF2(I)=¥/2/(2-1)

10 CONTINUE

ROOT DETERMINATION BY REWTON METHOD WITH SUPPRESSION
OF PREVIOUSLY DETERMINED ROQTS

15 X=0.

DO 20 I=1,N
25 XD=0.

XN=1,

XD1=0.

XN1=0.

Do 30 J=1,N
XP=(DIP1(J)-X)*XN-DIF2{J)*XD
¥P1l=(DIF1{J)~X)*XN1-DIF2{J)*XD1-%N
XD=XN
XD1=XN1
XN=XP

30 XN1=XPl

ZC=1.,
Z=XN/EN1
IF (I.,EQ.l) GO TO 21
DO 22 J=2,1
22 2C=2C-2/(X~ROOT(J-1))
21 2=2/7C
X=X-2
IF (DABS(2).GT.1.D-3) GO TO 25
ROOT(I)=X
¥=X+.0001
20 CONTINUE
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ADD EVENTUAL INTERPOLATION POINTS AT X=0 OR X=l
NT=N+NO+N1
IF (NO.EQ.0) GO TO 35

Do 31 I=1,N
J=N+1-1
31 ROOT(J+1)=ROOT{J)

ROOT(1)=0.
35 IF (N1.EQ.l) ROOT{NT)=l,

NOW EVALUATE DERIVATIVES OF POLYNOMIAL

DO 40 I=1,NT
X=ROOT(I)
DIF1(I)=1.
DIF2(I)=0.
DIF3(I)=9.
DO 40 J=1,NT
IF (J.EQ.I) GO TO 40
Y=X-ROOT(J)
DIF3(X)=Y*DIF3{I)+3.*DIF2(I})
DIF2(I)=Y*DIF2(I)+2.*DIF1(I)
DIF1{I)=Y*DIF1(I)

40 CONTINUE
RETURN
END

(o AR RN EEERRERRRES RN RS Rl ety Y Y R 2233322223222

c
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SUBROUTINE DFORP{ND,N,N0,N1,I,1D,DIF1l,DIF2,DIF3,R0O0T,VECT)

IMPLICIT REAL*8 (A-H,0-2)}
DIMENSION DIF1(8),DIF2{9),DIF3{92),R00T({9),VECT(9)

THIS SUBROUTINE EVALUATES DISCRETIZATION MATRICES AND
GAUSSIAN QUADRATURE WEIGHTS , NORMALIZED TO SUM 1

: DISCRETIZATION MATRIX FOR Y(1l) (X)
ID = 2 : DISCRETIZATION MATRIX FOR ¥(2) (X)

¢ GAUSSIAN QUADRATURE WEIGHTS

NT=N+NO+N1
IF (ID.EQ.3) GO TO 10

DO 20 J=1,NT
IF (J.KE.I) GO TO 21
IF {ID.KE.1) GO TO §
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VECT(I)=DIF2(1)/DIF1{I)})/2
GO TO 20
5 VECT(I)=DIF3{I)}/DIF1(I)/3
GO TO 20
21 ¥Y=ROOT(I)-ROOT(J)
VECT{J)=DIF1(I}/DIFL{J)/Y
IF (ID.EQ.2) VECT{J)=VECT(J)*(DIF2(I)/DIFL(I)-2/Y)
20 CONTINUE

GO TO 50

10 ¥=0,
DO 25 J=1,NT
X=ROOT(J)
AX=X*(1-X)
IF (NO.EQ.0) AX=AX/X/X
IF (N1.EQ.0) AX=AX/(l-X)/(1-X)
VECT{J)=AX/DIFL{J)**2
25 Y=Y+VECT(J)

DO 60 J=1,NT
60 VECT{J)=VECT(J)/Y
50 RETURN
END
c
ctttt****tttttt*titit***ti*i!itt*t****ittttti*t*t*itlttittttttttttii
c
SUBROUTINE INTER(ND,NT,X,ROOT,DIF1,XINTP)

c
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION ROOT(8),DIF1(9),XINTP(2)
c
c

C EVALUATION OF LAGRANGIAN INTERPOLATION COEFFICIENTS

DO 5 I=1,NT
Y=X-ROOT(I)
XINTP(I)=0.
IF (Y.EQ.0.D0) XINTP(I)=1l.
5 POL=POL*Y
IF (POL.EQ.0.DO) GO TO 10
Do 6 %I=1,NT
6 RINTP(I)=POL/DIF1{I)/{X-ROOT(1))
10 RETURN
END
c
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