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I 70 xoprtol ko T voyto



" AloovVOVTOS CTEVOL GOKOKLOL, OE EKELVES
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ota mopopvdia. Icopporwvioas UHETAED
Oprapfov xou oatpacons. Me 1o ovelpo vo
Axviletor OTOAC TOGO KOVTILVO KOl
oanAnoiacto. H uowetoc dev ewvor GTOV
OLYOVOL YLO. TO OVELPO, 1| MOYELQ ELVOL TO
OVELPO. 2TO TEAOG TEAOG 10MS O YPOVOS
OMULOVPYIOEL TNV ELKOVOL TOD OVELPLKOV KO

ev8oEOV TOVTOYPOVE, TOV YXOUEVO KOTOL

© OTN AN Ko GTO KOTOTE JLOS Y OYLOYEAD YLCL -

oA T pEYoAo Kol To €vOoEQL TOU
telewwoav 7o, IIpoxywpo kol 0AO

pagouve.”



SUMMARY

In this work an analytical solution for the performance of the spiral wound modules is
presented for sea-water as feed. This analysis takes into account pressure losses in both
permeate and brine channels, the effect of concentration polarization and the concentration
gradient along the membrane. A five parameters model is introduced. These parameters
are: K (brine friction parameter), kfp (permeate friction parameter), kq (water permeability

coefficient), K (mass transfer coefficient), ko (solute permeability coefficient).

The explicit equations, which were developed, have been applied to experimental data
collected with FilmTec FT30SW 2.5" modules. Two sets of experiments have been carried
out. One set with distilled water as feed at different temperatures and another one with
sea-water at various concentrations and temperatures. With the first set of data the water
permeability coefficient and the friction parameters have been determined, and with the
second set of data the mass transfer coefficient and the solute permeability coefficient have
been found. Following the determination of the five parameters simple equations have been
proposed to correlate all five parameters with the operating and flow conditions. All the
equations proposed have been tested with new experimental data for FilmTec and ROGA
spiral wound modules. A good agreement have been found with experimental and theoretical

values for the water flux and the permeate concentration.

The analytical model can give the local values for concentration, pressure, flux, and velocity

in the permeate and brine channel at every point on the membrane surface.

Finally suggestions have been made for optimum module geometry so that the maximum

permeate flow could be achieved with better permeate quality.
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CHAPTER 1

INTRODUCTION

1.1 DESALINATION

Desalination can be defined as a process by which pure water is produced from salt
water. Although desalination technology was originally developed to produce tap water
from brackish or sea water, today the production of ultrapure water or the treatment of
waste water can be also achieved by desalination methods. The initial boost of research
and development of new and more efficient desalination techniques was a result of the
demand of more water for countries in the arid region and the increase in water
consumption in other parts of the world. Since then many things have changed. We are
now possibly witnessing a change in the world climate. Areas which used to have enough
water resources seem to become dry. The pollution of rivers and lakes, not only with
chemicals but also with the extensive use of fertilizers, is so high in other areas so that the
ground and surface water need treatment in order to be used as tap water.

It can be said that every country in one way or the other is interested in the Desalination
techniques. There are many desalination methods among which Reverse Osmosis (R.O.)
plays a significant role. Today Reverse Osmosis technology has been improved in such a
point so that it is competitive to the old desalination methods. The demand for more water
is forcing Reverse Osmosis technology ahead and new more efficient R.O. desalination
plants are available in the world market.

1.2 REVERSE OSMOSIS

Osmosis is a natural process involving the flow of a solvent driven by a difference in
concentration across a semipermeable membrane. That is a membrane which will allow
the water to pass through and will reject the salts. If a semipermeable membrane separates
a solution (salt water) from a pure solvent (water), then the difference in chemical potentials
of water either side of the membrane will result in a flow of solvent from the pure solvent
side to the solution side, Fig.1.1.a.

The flow continues until the chemical potentials become equal. As this will never
happen, in the case of a solution separated by the membrane from the solvent, the solvent



will constantly flow across the membrane. The flow can be stopped if a specific pressure
is applied to the solution, see Fig.1.1.b. This pressure is called Osmotic Pressure and is
given by eq.(1.1).

T=0@C (1.1)
where, T = osmotic pressure.
@ = constant depending on the concentration, temperature and the kind of the
salt.
C = solution concentration.

Osmotic
Pressure

No flow across

Wate'% Solution water
Semi-permeable Semi-permeable
membrane membrane
a. Osmosis b.Equilibrium

High Pressure
pump

Water

(Permeate) Pressure Higher
. than the Osmotic

Pressure

Semi-permeable

membrane )
P Brine

c. Reverse 0Osmosis

Fig.1.1 Water flow through a semipermeable membrane during
Osmosis (a) and Reverse Osmosis (c).



Desalination can be accomplished by reversing the above mentioned process. If a
pressure which is greater than the osmotic pressure is applied to the solution (Feed), then the
solvent will flow from the solution to the solvent side (Permeate) and a solution with higher
concentration will be rejected (Brine). This is the principle of the process called Reverse
' Osmosis, Fig.1.1.c.

The heart of every desalination process is the semipermeable membrane. A suitable
Reverse Osmosis desalination membrane must combine good salt rejection and high water
flux as well as long service life and resistant to chemical and biological attack. After the
work of Loeb and Sourirajan asymmetric cellulose acetate membranes were commercially
available in the early 1960's. Since then a lot of polymeric materials have been synthesized
and tried as R.O membranes, in the asymmetric or composite form, each having its own
advantages and disadvantages. Both types of membranes consist of a very thin active layer
on the top of the membrane responsible for the rejection properties and a highly porous
substrate to support the first one. It is a long way to go until the ideal R.O. membrane is
synthesized, though new membranes appear on the market more efficient than the old ones.

1.3 R.O. MODULES

In order to increase the water flow through the membrane, one can either increase the
applied pressure and the consumption of energy or increase the surface area of the
membrane. Various configurations have been tried in achieving high surface-to-volume
ratio, but for commercial purposes two basic configurations have been used. These are:

a) Spiral wound membrane, Fig.1.2. |
b) Hollow fibers membrane, Fig.1.3.

The spiral wound system is used for flat membranes and for materials with reasonably
high water permeability. Two sheets of membranes are placed back to back and sealed
along three of the sides to form an envelope into which a porous material is inserted. This
material keeps the two membranes apart when the high pressure is applied and allows the
permeate to flow towards the open end of the envelope. The open end of the envelope is
sealed around a product collection pipe, through which the permeate can flow. The
envelope together with a spacer, which allows the feed solution to flow along the
membranes, is rolled around the collecting pipe to form a spiral wound unit and it is placed
in a cylindrical pressure vessel, with one inlet for the feed and two outlets, one for the
permeate and one for the brine.



Hollow fibers can be thought of as a heavy walled plastic pipe of a very small size
which requires no support. The fibers are arranged as 'U’ tubes in a bundle, open at one
end. The feed water flows out radially and the fresh water is collected and carried away in
the inner capillary. The collection of headers and fibers are placed in a cylindrical pressure
vessel and the whole assembly is known as a permeator.

Feedwater

MEMBRANE (cast on fabric backing}
POROUS PRODUCT WATER CARRIER
MEMBRANE (cast on fabric backing)

FEEDWATER &
BRINE SPACER

Feedwater

FEEDWATER &
BRINE SPACER

Desaited water passes through the membranes on both sides
of the porous product water carrer.

-
-
< FEEDWATER
-
-
-
Brine Adapted from Hydranautics
Concentrate Water Systems diagram.

The product water fiows through the porous material in a
spiral path until it contacts and flows through the holes in
the product water tube.

Product
Water

Brine or
Concentrate

CUTAWAY VIEW OF A SPIRAL MEMBRANE ELEMENT

Fig.1.2 Spiral wound membrane.

END PLATE
(FEED) The permeator in this figure is adapted
from DuPont’s saies literature.

POROUS
SUPPORT
BLOCK

ENDPLATE
(PRODUCT}

M

6
BRINE

HEADER EPOXY
DEFLECTOR
BLOC
onug- _FLOW
ar “NUB
FEED SCREEN
HEADER

DEFLECTOR

The purpose of the nub I1s 10 provide
mechanicat stslaiity to the bundle and 10
Provide an annuius for the brine flow.

Fig.1.3  Hollow fiber membrane.



In a permeators millions fibers are used. These fibres have outside diameters of
approximately 90 pm and inside diameters approximately 40 um. With the hollow fiber
configuration a very high surface area can be achieved for a given volume. This means that
hollow fiber R.O. devices can utilize polymers with low water permeability. The flux (flow
per unit membrane area) in hollow fibers membranes is up to 100 times less than the flux in
the spiral wound ones.

The behaviour of reverse osmosis systems are usually described in terms of two major
parameters. The solute removal efficiency, the Rejection %, and, the fraction of the feed
water treated, the Recovery %. These are defined by eqs (1.2) and (1.3) respectively.

c.,-C
Rejection = —/—=2 100 (1.2)
Cf
where, C; = the concentration of solute in the feed

Cp = the concentration in the permeate.

Q
Recovery = 69 100 | (1.3)

f

where, Qp = The volumetric flow rate of the permeate.
Qs = The volumetric flow rate of the feed.



CHAPTER 11

LITERATURE REVIEW

2.1 INTRODUCTION

One is tempted to think that the salt rejection by the membrane in a reverse osmosis
process is similar to the filtration process. Unfortunately this is not the case. Salt rejection
in R.O. is a much more complicated phenomenon.

In discussing the process two different approaches have been used. In one approach,
which is called "structural " , attempts have been made to correlate salt rejection with the
chemical properties of the membrane. Such an approach can be useful qualitatively and can
suggest a special membrane for a particular separation or indicate the use of particular
polymer materials from which membranes could be made. However, the chemical system
of water-salt-membrane is too complicated for a satisfactory treatment with the current
theories. Different theories that have been proposed involving this structural approach
include:

a) Distillation mechanisms[1.2].

b) Sieve mechanisms[3:4].

¢) Surface tension mechanisms[9,6,71,
d) Hydrogen bonding mechanisms[8,9],

In the other approach, which is called " phenomenological ", one attempts to correlate
the rejection properties of a given membrane with macroscopic properties which can be
measured. Although studies of this type give no information about microscopic properties
or mechanisms, they are very useful in formulating the R.O. process, and making
prediction about the effects of the factors which can affect the performance of an R.O.
membrane. Also when a macroscopic description has been established, speculation about
microscopic and structural mechanisms are easier. Many combinations of variables have
been selected for use in equations describing transport through membranes in R.O. There
are a number of different models using this approach. These include:

a) The solution-diffusion modell10,11],
b) The finely porous capillary modell12,13,14],
c¢) The pores modell15],



Since the work that is presented in this thesis is based on the solution diffusion model a
more detailed presentation of this model is given below.

This model is based on two essential steps: absorption and diffusion. Since electron
microscope pictures of the surface of the R.O. membranes do not reveal the presence of
easily identifiable pores, it has been suggested that there is no bulk flow of solvent or
solute through the membrane skin layer. Instead, the direct transport of both components
through the membrane may involve firstly their solution within the dense skin layer and
secondly their diffusion across this skin layer. By the application of non-equilibrium
thermodynamics to the diffusion part of the process, relationships for the flux of the
solvent and of the solute can be obtained. For a particular membrane/solvent/solute system
the mass flux of solvent, J1, is given by eq.(2.1).

J, =k (AP - AT) 2.1)

where, Jq =The mass flow rate of solvent per unit area of membrane, gr cm-2sec-1,
kq4 =Water permeability coefficient, which is constant depending on the
membrane, temperature and the solution properties, sec cm-1.
AP =Difference in applied pressure between the feed and the permeate,
grcm-1lsec-2,
Am= Difference in Osmotic pressure between the feed and the permeate,
grem-lsec-2.

At the same time the salt flux is given by eq. (2.2).
J o = k 0 AcC (2.2)

where, J2 = The mass flow rate of solute per unit area of membrane, in grcm-2sec,

ko= Solute permeability coefficient, which is a function of the same
parameters as k1, in cm sec™1.

Ac = Difference in concentration between the feed and the permeate, in gr cm.

2.2 CHANGE OF CONDITIONS ALONG THE MEMBRANE

The equations for the water flux and the salt flux , which have been derived by the
solution diffusion model can not be applied for the membrane modules in this form.
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Pressure velocity and concentration are continuously changing in the direction of flow in a
membrane module on both the feed and the permeate sides as a direct result of the local
production of permeate. Depending on the module design, this must be taken into account.
Consequently eqs (2.1) and (2.2) are valid for a local element of the membrane only. If
one wants to describe the performance of a whole spiral wound module the following
factors should be taken into account.

22.1 Pressure drop in the permeate and the brine channel.

Fig.2.1 shows a semi-unwound spiral wound module with its construction details and

Membrane active surface\ Permeate

: | —->

Permeate
tube
Feed
15 >
L/
Brine
Membranes

back to back

A\

Permeate
Flow

Brine channel spacer

Permeate channel
spacer

X

Fig.2.1 Semi-unwound Spiral wound module.

the directions of the brine and the permeate flows. If one considers the X direction (axial),



then the pressure in the brine channel starts from the maximum value in the inlet of the
module to the minimum value in the outlet because of pressure losses in the brine channel.
These losses are increased by the presence of the spacer in this channel. These losses
could be almost eliminated if the brine channel height was increased. However this
solution is restricted by the need to limit size of the spiral wound module. If the permeate
channel now is considered in the Y direction (tangential), the pressure in this channel starts
from the maximum value at the closed end of the envelope to the minimum value (roughly
atmospheric) at the open end of the envelope.

It is obvious that in two dimensions the pressure in the brine and the permeate channel
changes from point to point. Consequently the pressure AP in formula (2.1) which at
each point is the difference between the pressure in the brine and the permeate side is not
constant, and eq.(2.1) can be applied only locally at each point of the membrane.

222 Concentration at the membrane surface.

The efficiency of a membrane process depends not only on the membrane properties
but also on the flow conditions on the membrane surface.

In R.O. dissolved salt is transported by convection to membrane surface together with
the solvent. As a result of the selectivity of the membrane most of the salt is rejected and
has to be retransported to the bulk of the fluid under steady-state conditions. As the flow
is almost laminar near the membrane, this back transfer can only be of a diffusive nature.
For the diffusive transport a negative concentration gradient i.e. an increase in
concentration at the membrane (concentration polarization) is necessary. This increase in
the dissolved salt concentration on the membrane surface affects the separation process in
two ways: The osmotic pressure increases and the salt flux increases because of the
increased salt concentration difference, eq.(2.2). If one wants to apply egs (2.1) and
(2.2) the concentration at the wall of the membrane should be used rather than the bulk salt
concentration.

223 Concentration gradiend along the module.

If one follows the brine flow in the X direction one will realize that as the salt is
rejected by the membrane and the water flows through the membrane the solution is
becoming reacher in salt and consequently the salt concentration increases continuously up
to a maximum value, which is the concentration of the reject brine at the outlet. Even in
the y direction there is a small change in concentration. This happens because the water



flux is higher near the open end of the envelope than near the closed end, since the
pressure in the permeate channel is smaller at the open end than at the closed end. It can
be expected that, downstream of the feed entry section, the brine salt concentration will
increase from the closed end to the open end in the y direction. It is clear that the feed
concentration is not constant but varies from point to point over the membrane surface and
thus so does the osmotic pressure.

Due to the above phenomena, it has been found that eqs (2.1) and (2.2) from the
solution diffusion model can not be applied to describe the performance of a spiral wound
module as a whole. They can be applied only locally or for a very small surface area
where all the variables which have been mentioned can be considered as being constant.

2.3 PREVIOUS WORK

An analytical solution to describe spiral wound module performance could be very
useful not only to predict the performance of the module in new operating conditions but
also to predict optimum geometry for the module for better permeate quality and higher
water flux. Many researchers have tried to find an analytical solution for the spiral wound
and hollow fibers modules and a review of some of this work for the spiral wound
modules, is given below. '

R. Rautenbach and W. Dahm[16] have presented in a paper the design equations for
spiral wound and hollow fibers modules. The spiral wound membrane was considered
flat and a two dimensional model was applied. The analysis was based on several
assumptions.

1) The influence of concentration polarization was neglected.

2) Constant fluid properties were assumed.

3) The calculation of the losses of the spacer-foil channels was based on
experimentally determined values by Belford[17],

4) The validity of solution-diffusion model.

5) Mean values for the velocity and concentration.

6) Negligible components of brine and permeate velocities along the y (axial) and x
(tangential) axis respectively.

The set of equations based on the above assumptions was solved numerically and the
recovery rate and the salt passage were determined. The accuracy of the mathematical
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model was tested by a comparison with the experiments by Taniguchil18]. An excellent
agreement between calculation and experiment was found. It must be stated that the
experimental data were for solutions with maximum concentration 2,000 ppm, so that the
assumptions which have been made are reasonable. It is suspected that when the same
model is applied for seawater (35,000 ppm) the calculated values could vary from the
experimental ones.

Furthermore they tried to find the influence of the length/width ratio on the
productivity, with the number of leaves as a parameter. They found that the volume
specific productivity (permeate flow rate per unit volume), increases continuously with
increasing packing density, ( Pp ) ,with a distinct maximum at Ppy = 3000 m2/m3. An
increase of the volume specific productivity, however, is accompanied by a decrease of
recovery rate, increasing pressure losses in both channels due to the decrease in channel
height. Therefore an optimization concerning the packing density must be based on the
product of the volume specific productivity and recovery ratio.

S.K. Gutal19] has suggested analytical design equations for tubular, spiral wound,
flat and frames modules by using the solution diffusion model. In this analysis the
pressure losses in both channels have been ignored as well as the concentration gradient
along the membrane. His design equations are applicable for all values of J/K covering a
complete range of laminar and turbulence flow. On the basis of this design equation,
some simpler approximate design equations were also derived for solutions with
negligible osmotic pressure or for small concentration polarization.

G. Schock and A. Miquel[zo] have presented some experimental data for pressure
drop and mass transfer characteristics in spiral wound elements and in spacer filled
channels. Measurements on 2.5" elements from FilmTec, showed a pressure drop 0.2
bar/m for feed flow 600 1t/h and 0.8 bar/m for 1300 lt/h. For different brine spacers they
suggested for the dimensionless friction parameter eq.(2.3).

x:ezsﬂg“3 (2.3)

For the permeate spacer by using flat channel measurements they suggested eq.(2.4)
for the permeate friction parameter.

. -0.8
N'=a, Re (2.4)

where, ajf, = constant depending on the type of spacer.
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Although they managed to calculate mass transfer coefficients for flat membranes, they
had severe problems to do the same with the spiral wound modules. As already has been
mentioned the net driving pressure is different at every location of the leaf due to
concentration and pressure gradients in both feed and permeate side. By using a computer
programme, they found that the optimal number of leaves is almost independent of the
driving pressure, concentration and water permeability coefficient.

R.L.C. Flemmer et all21] have developed a mathematical model to describe the
performance of spiral wound ultrafiltration modules with turbulence promoting nets. The
validity of the final equation depends upon two principal assumptions; that the gel
polarization model is valid and that eddy mass diffusivity is proportional to friction
velocity. The model requires that certain constants must be evaluated from tests on
filtration modules and thereafter a simple relation is available to predict performance at
varying concentrations and flow rates, under conditions of gel polarization.

K.K. Sirkar et all22] have developed simple analytical design equations to predict,
for a given fractional water recovery, the average permeate solute concentration and the
channel length of a spiral wound module for turbulent and laminar flow in the brine
channel with spacer. For their calculations they have ignored the pressure losses and the
concentration gradient along the membrane.

F. Evangelista and G. Jonsson[23] have derived simple explicit equations for the
specific permeation rate of spiral wound modules with constant or tapered permeate
channels. Taking into account the two dimensional character of the process the permeate
flow rate was found analytically, ignoring the concentration gradient along the membrane.
At the same time explicit relationships for optimum geometrical dimensions have been
derived. This analytical method is in good agreement with experimental results at low
feed concentrations given by Taniguchi[18].

Chiolle et all31] have simulated a spiral wound module performance by using a
computer programme and solving numerically the set of equations. They used
hypothetical data for sea-water solution at 35,000 ppm, and for the mass transfer
coefficient they have used an equation suggested by Winograd et all25]. It is interesting
to see that the predicted wall concentration at about 100 bar and recovery 5 %, is
approximately 41,000 ppm at the inlet and increases linearly with the length of the
membrane.

After this short literature review it is clear that as far as the analytical methods are
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concerned, to take into account all the factors which can affect the performance of a spiral
wound module is not an easy task. None of the analytical solutions available so far has
taken into account all the factors, which has been mentioned in section 2.2.
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CHAPTER III

AN ANALYTICAL SOLUTION

3.1 INTRODUCTION

In this work an analytical solution for the performance of a spiral wound module is
presented. This analysis takes into account pressure losses in both permeate and brine
channels, the effect of concentration polarization and the concentration gradient along the
membrane in the axial direction.

A five parameter ' model is introduced. These parameters are: K¢ (the brine friction
parameter), kfp (the permeate friction parameter), K (the mass transfer coefficient), kj (the
water permeability coefficient), ko (the solute permeability coefficient). All five
parameters will be found experimentally by using some explicit equations and when the
values of these parameters have been determined, predictions can be made for the
performance of the module in new operating conditions as well as suggestions for optimum
module design for better performance. This analysis is based on the solution-diffusion
model and some assumptions, which will be presented in the following sections.

3.2 FLUID FLOW THROUGH POROUS MEDIA

There are many important cases where a fluid flows through a porous material. For
example, the movement of water through the ground or the filtration of a gas or a liquid.
The exact analysis of this type of flow is not possible because the shape of the individual
flow passages is so varied and so complex. However a number of approximate theories
have been proposed, (Cozeny theory).

In 1856 Henry Darcy published experimental results from which he deduced what is
known as Darcy' s Law.

Ux=- A 5= (3.1)

where, Uy and P are the mean velocity and the pressure respectively in the X direction
and A4 is a constant at a given temperature for a particular fluid and porous medium.
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The direct proportionality of uy and dP/0X is a characteristic of steady laminar flow.
Further experiments have shown that the mean velocity is inversely proportional to the
viscosity, |, of a Newtonian fluid, and this result too is a characteristic of steady laminar
flow. Equation (3.1) can be written as,

A

TR 82
or,

0

ax -k ux (3.3)

where, ki = 1/Af .

- In the case of the spiral wound modules there is a porous spacer in the permeate
channel so that the Darcy' s Law can be applied. For the brine channel the spacer is not
really a porous material but a "turbulence promoting" net, in order to increase the mass
transfer and decrease the concentration polarization phenomena. Depending on the feed
velocity the existence of the net can cause either turbulent or "chopped” laminar flow[24],

Solan et all25] proposed that the concentration in the boundary layer starts developing
at the beginning of each mesh step of length equal to the screen mesh size. After traversing
the length equal to the screen mesh size, the concentration profile undergoes a sudden
partial mixing at the location of the next screen wire beyond which the concentration profile
starts developing again to repeat the process.

This saw-tooth development of laminar concentration boundary layer can be
considered as a constant boundary layer thickness model, if one integrates the saw-tooth
boundary layer over the screen mesh size. This is similar to assuming a constant non
developing laminar mass transfer coefficient along the channel. This assumption is useful
in developing analytical design equations for the spiral wound modules. If, due to a much
higher feed velocity, turbulent flow mass transfer conditions exist in the brine feed channel,
one can similarly assume a constant mass transfer coefficient with a significantly reduced
degree of polarization. In this analysis Darcy' s law was applied for both channels as a
first approximation, though there are doubts whether the exponent of the velocity in the
equation is unity or not{26],
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3.3 CONCENTRATION POLARIZATION

The phenomenon of concentration polarization has been studied in detail and the effect
of polarization on the membrane performance has been well understood. For most
applications in R.O., relatively simple thin-film models have been found to predict the
membrane performance quite well. The basic assumption of such models is that the
resistance to the transfer of solute away from the membrane surface resides in a thin
stagnant film next to the membrane surface, Fig.3.1.

In general the assumption of the thin boundary layer has been found to be reasonable
provided that the Schmidt number (Sc=W/pD) is very small. In that case when a dynamic
equilibrium has been established the rate of convective transfer of solute towards the
surface of the membrane, J (Cp - Cp) , must be at any point within the boundary layer
equal to the rate of diffusion of solute back from the membrane, -Ddcy,,/dz. This means
the establishment of a concentration gradient in the Z direction, normal to the membrane
surface, Fig.3.1.

2 Ch Bulk Brine
z2=§ |— — — - — — — - =
Cbw Boundary layer
220 EEEEEEEE Membrane
c ) J2
P Product

—> Concentration

Fig.3.1 Thin-film model for mass transfer at membrane surface.

That is:
J D dCbZ
c_-¢c ) =-D—== 3.4
(¢, -c) = (3.4)
where, J = Average volumetric flux, assumed to be constant at any point

Cpz = Solute concentration at height z
Cp = Permeate conceéntration
D = Diffusion coefficient of the solute.
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By integration over the thin film thickness of 9, eq.(3.4) gives,

C
S b dc
Jfoz =-p| —bz (3.5)
0 Cou cbZ -cp

or,

Cb -C :
Jd=-Din=>--L2 ; (3.6)
c -¢C
bw p
where,
Cp = Bulk feed concentration at each local point along the membrane.

Cpw = Concentration of the solute at the surface of the membrane.

Rearrangement of eq.(3.6) gives,

J
o >
—bw b _ ¢ (3.7)

If it is further assumed that the thickness 0, is unaffected by the presence of the flux
through the membrane and would be the same in the case of a solid wall, then & can be
related with the convective mass transfer coefficient , K, for the same solute under the same
operating conditions, but at a solid wall. This assumption is questionable in this work and .
it will be discussed in section 5.3 in detail.

Since, k =D/ 8, equation (3.7) can be rewritten as,

J
wa - C ;
L - (3.8)
c -C
b p

For a membrane with high rejection properties, as the membranes for sea-water, it can
be assumed that Cp >> Cp and since Cpy > Cp , €9.(3.8) yields,

¥ - ¢ (3.9)
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The exponential term in eq.(3.9) can be expanded in a series form to give,

ST A S RS B
——-1+k+2!(k) +3!(k)+ ..... (3.10)

Sirkar et all22] showed that if J/k < 0.2 then the second-order and higher quantities
can be neglected and eq.(3.10) gives,

Cc

Cy

Although the ratio J/K is not known in advance for each membrane it is believed that
for low feed concentration the concentration polarization is very small so that the K value is
quite high and the ratio J/K quite small. On the other hand, for sea-water as feed solution
the concentration polarization is relatively high, especially for high recovery. At the same
time, because of the concentration polarization the flux decreases and the ratio J/k would
be larger, but possibly near the critical value 0.2. However, as long as the ratio is smaller
than one (1.0), the approximation that has been made is not unrealistic. The validity of
this approximation could be checked by the ability of the final model to describe the
membrane performance.

3.4 WATER PERMEABILITY COEFFICIENT, k1

The following analysis is based on the idea that, when distilled water is used as feed
solution, the effects of concentration polarization, concentration. gradient and osmotic

pressure have no meaning and they can be ignored. The basic assumptions for this
analysis are summarized below:

1) Distilled water as feed solution.

2) Validity of Darcy' s law for permeate and brine channel.

3) Validity of the solution-diffusion model.

4) Unhindered flow of the locally produced permeate in the porous substructure of
the assymetric or composite membrane. .

5) Immediate and complete mixing of the locally produced permeate with the
bulk flow in the permeate channel.

6) Module is made up of flat channels, with constant geometrical shape, Fig.3.2.
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7) Constant fluid properties.

8) Negligible components of brine and permeate velocities along the y (tangential)
and X (axial) axis respectively.

9) Negligible diffusive mass transport along the X (axial) and y (tangential) direction
in both channels.

— — —— »
—— — \'\‘
)
00— — Ly
’ . A &
Closed end dy ard Ub Ak \u
L // /£ // \v P
dx o
NN 0 A .J U TR §
P J v > b
IRLTLYLIN LY AN FLELTL VYL VR PERL VTN 2008 P ANV VL VL VL VUL WL VL STY SIS ST Y
| |
/ (0,W)
uc” W ’
(O,O) TR
4 LAN LAY
x ARARAN Membrane

Brine Spacer Permeate Spacer
y

Fig.3.2 Unwound spiral-wound module. (Two brine
channels and one permeate channel).

Fig.3.2 shows the volume elements in the feed and permeate channels for which the
balances have to be formulated. The driving pressure in each point (X,y) is given by
eq.(3.12), since there is no osmotic pressure effect.

APt (Xy) = Pp(xy) - Pp(xy) (3.12)

where, Pp(X,y) and Pp(X,y) are the local pressures in the brine and the permeate
channel respectively.

Accordingly the assumptions above, eq. (3.12) yields,

JAP_ (X, dP (x,
(X:Y) _ (x,y) (3.13)
oy dy
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BAPef(x,y) _ de (x,y)
oX dx

(3.14)

If the volumetric flux, J, is used rather than the mass flux, J4, then eq.(1.4) gives,

k
J=— (AP - Am)

o1
P

where, p = density

In two dimensions and ignoring AR, eq.(3.15) can be rewritten as,

J(xy) = k AP _(xy)

k
where, k. = 1
P

For the two different channels the following can be written.

Permeate channel

Mass balance

M) 2 y(xy)

ay hp

Momentum balance

dP_ (x,y)

dy Kip U, 00)

Egs (3.13) and (3.18) can give,

aAPef(x,y)

dy B kfp " up(x,y)
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(3.18)
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Division of eq.(3.19) by eq.(3.17) and using eq.(3.16) gives,

dAPef(x,y) _ kfpu up(x,y) hD

dup(x,y) 2k1APef(x,y)

Rearrangement and integration yields,

1/2
up(x,y) = [APif(x,y) - Asz(x,O) ] [

Egs (3.19) and (3.21) yield,

dAPef(x,y) _ 2 k1kf U [ Ap? (x)
dy h ef
p
By setting,

/ h
q = —_—1D
2 k1kfpu

eq.(3.22) can be integrated to give,

- APz (x,0) ]

1/2

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

If the integration is carried out between the limits O,w then eq.(3.25) is derived.

APe (x,w)
— - cosh¥
AP _(x,0) q

Division of eq.(3.24) by eq.(3.25) gives,
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AP_(xy) = AP_(xw) —9 (3.26)

If eq.(3.20) was integrated between the limits O,w , then eq.(3.27) can be obtained.

2k, . R 1/2
u, W) = - n [ aP7 (xw) - AP? (x0) ] (3.27)
fo P
or by using eq.(3.25),
2k W
u,(x,w) = 1 AP (x,w) tanh = (3.28)
p kfpu hp ef q

Equation (3.28) can be correlated with good approximation with the water volumetric
flow rate, Qp, e€q.(3.29), to give eq.(3.30)

Q
= = —D_
up(x,w) = up(x,y) — (3.29)
p
2
k = c')pkfpl'L

(3.30)
2 h IPAP 2(x,w) tanh?¥-
P ef q

Equation (3.30) can be used to calculate the k; values as long as the pressure drops in
the brine channel can be ignored and the effective pressure is constant along the X axis.
The k; values which are calculated by eq.(3.30) are always greater than those which are
calculated by eq.(3.16), because by using eq.(3.16) we consider constant driving pressure
along the membrane, AP o¢(X,W), which is the maximum driving pressure. Equation
(3.30) considers the pressure drop in the permeate channel so that the driving pressure
varies from a minimum value in the closed end to a maximum value, AP g(X,W).
Consequently k; values calculated by eq.(3.30) will be closer to the true one.

22



Brine channel

Mass balance

aub(X,Y) _ 2 J(xy)

—_— = - (3.31)

X h
b N

Momentum balance

dP,_ (x,y)

b — -

—ar - ko, MU (xy) (3.32)

A combination of egs (3.32) and (3.14) gives,

dA Pef(x,y)

x = kfb U (x,y) (3.33)

Eqgs (3.33), (3.31) and (3.16) yield,

5 = (3.34)
u_(x,y) 2k AP _(x,y)
An integration of eq.(3.34) yields,
2k 1/2
2 2 2
Up(xy) = { U + —L-[ AP _(xy) - AP_(0y) ] } (3.35)
L h e ef
b b
Equation (3.35) is valid for every y, where 0 <y <w, so it can be written as,
2k ' 1/2
_ 2 1 2 ) 2
u (xw) = {u ! Y [ AP (xw) - APC(Ow) ] } (3.36)

Eq.(3.33) and eq.(3.36) yield,
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dAP _(x,w) 2k 172
f 2 2 2
—— - kot { 02+ —L [aP% (W) - APZ(Ow) ] } (3.37)
o b
or,
dAPet (x W) 5909 5 2kk n 2k k p 1/2
_— 1 b 1 fb
- = {k 3+ AP (xw) : . AP (OW)}  (3.38)
or,
dAP _(x,w 2k k 1k hp 1/2
ef\ 7 — 1 f T b 2 ap2 2
dax h, { 2k, U -AP_(OwW) + AP (xw) }  (3.39)
By setting,
2k k, p 2 k
e a?  and - ;1 = b’ (3.40)
b i Mo
€q.(3.39) can give,
dAP _(x,w) 2
of _ 2 2 .2 2 1/2
—=— —.auf /b AP (0,W) + AP (x,W)] (3.41)

Equation (3.41) can be integrated to give eq.(3.42),

u® sinh(ax)

2 -ax
b APef(o,w) cosh(ax) 5 + APef(O,w) u e

APef(x,w)_

(3.42)
b APef(O,w) + U,

Equations (3.26) and (3.42) can give the analytical form for the effective pressure in
every point (X,y).
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u’ sinh(ax)

2 -ax
b AP~ (o,w) cosh(ax) +AP _(O,w) u e cosh¥
AP (x,y)_ ef b ef f q
ef b APef(O,w) + U, cosh¥-
q
(3.43)

Equation (3.43) can be integrated to give the average volumetric flux, J,

w |
_”‘k1 APef(O,w) dy dx
=00

J (3.44)

w |
After integration we can have,
2

u -
k,qtanh®{bAP® (0,w)sinh(al) + —L{1- cosh(al)]+AP (0,w)u [1-e a']}
J= q ef b ef f

awl[bAPe(Ow) + u]
(3.45)

Equation (3.45) can be solved numerically to find k; values for a spiral wound module
taking into account the pressure losses in both channels. It is obvious that the membrane
has been considered with uniform properties so that k is the same at any point on the
membrane surface. As it can be seen in eqgs (3.45) or (3.30), for calculating the k1 value
the friction parameters in permeate and the brine channel or the permeate channel
respectively are needed. It can be concluded from the presented equation and for those that
will follow that it is impossible to separate the ki from the friction parameters as long as
the experiments are carried out with a complete spiral wound module. A high k value can
be compensated by high friction parameters. Two solutions can be applied to this problem:

1) A first approximation can be made for the kj value and from which value the friction -
parameters can be calculated, as it will be shown below. These friction parameters can be
used to calculated k1 with better accuracy. With successive iterations the k1 value will
approach closer to the true k; value as more the iterations are.

2) If the true k; value is found independently with different experiments then the
friction parameters can be calculated.
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Eq. (3.45) can be verified by using the experimental data for ROGA spiral wound
modulel18], see Table 3.1.

Table 3.1
k; values for ROGA-4160 module.

P (Atm) kq(cm/sec Atm) k{1 ( cm/sec Atm ) k1 (cm/sec Atm )

by Taniguchi by eq.3.45 By Evagelistal27]
34.8 2.088x10-5 2.067x10" 2.085x10-
28.0 2.142x10-5 2.136x10-5 2.085x10"0

At the same time, using these data and the pressures in the permeate channel suggested
by Evagelistal27], the friction parameters were found: K¢,=168,240 cm-2,
kfp=616,740 cm-2 , at 34.8 Atm and K¢,=176,040 cm-2, kfp=518,440 cm-2,
at 28 Atm. Evagelistal27] have found them to be Kgp=183,673 cm"2, Kk¢,=744,444
cm-2,

3.5 FRICTION PARAMETERS FOR THE BRINE AND PERMEATE CHANNEL

The following procedure assumes that the k; value is known, either as the true value or
as a first approximation to the true value.

Brine friction parameter. Kg,

Equation (3.34) can be integrated between the limits O,l to give eq.(3.46)

k. uh
2 ) 2 _ b b 2 ) 2
AP () - AP (Oy) = 22 [u(y) - u/] (3.46)
1

Equation (3.46) is valid for every Y, where 0 <y <Ww, so it can be written as,

k_ph
2 2 _ b b 2 ) 2
APef(l,w) - APef(O,W) = ——2 k [ub(l,w) u ] (3.47)
1
and since approximately,
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u(bw) = u (Ly) = h_Q\t;v_ (3.48)
b
€q.(3.47) gives,
AP APE () = —b QP
o OW) - AP (lw) = Wﬁb[ ol - (3.49)

Eq.(3.49) correlates experimental data with the friction parameter and the kq, and it
can be solved to give the Kg, values.

2 2 2
_2kw'h_ AP (OWw) -AP. (I, W)

k, = (3.50)
fb , 2
H Q2 -
f Qb
Permeate Friction parameter, kfp

If the same procedure is applied for the permeate channel, one can get by using
eq.(3.20).

2 2 k1 2 2
up(x,w) = X h [ APef(x,w) - APef(x,O) ] (3.51)
fp ' p
or,
2 2k 2 2
u,(Ow) = L. [ AP°(O,w) - AP“(0,0) ] (3.52)
k i h ef ef
fp P
or by using eq.(3.29),
2 2 k. 1 2
AP” (O,w) - AP (0,0) = —2—Q (3.53)
ef ef 2
2k Ih
1P
or,

2 2 2
_2k['h AP (O.w) - AP_(0,0)

k

p

(3.54)
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3.6 MASS TRANSFER COEFFICIENT, k

In this section an analytical solution for the water flux through the membrane for sea
water as feed solution will be found. This analysis is based on the following assumptions:

1y
2)
3)

4)

5)

6)

7)

8)

)
10)

Validity of Darcy' s law for permeate and brine channel.

Validity of the solution-diffusion model.

Validity of the thin film theory, with a mass transfer coefficient depending on
the water flux.

Unhindered flow of the locally produced permeate in the porous substructure of
the assymetric or composite membrane.

Immediate and complete mixing of the locally produced permeate with the
bulk flow in the permeate channel, so that a uniform permeate concentration can
be assumed.

Module is made up of flat channels, with constant geometrical shape, Fig.3.2.
Constant fluid properties.

Negligible components of brine and permeate velocities along the y (tangential)
and X (axial) axis respectively.

Negligible diffusive mass transport along the X and y direction in both channels.
For membranes for sea-water with high rejection properties, the permeate
concentration can be ignored compared with the feed concentration. However,
it must be stated that the same procedure can be applied even when the permeate
concentration is high. In that case the difference in concentration and osmotic
pressure between the feed and the permeate side must be considered, in other
words €q.(3.55) can be used. "

Cp'(X,y) = Cp(X)y) - Cp (X.y) (3.55)

When salt solution is fed to the membrane the effective pressure at each point of the
membrane will be given by eq.(3.56).

APef(X’Y) = Pp(x)y) - Pp(X=Y) - nbw(x’y) + ﬂp(X,Y) (3.56)

If a membrane with high rejection is considered, then Tow(X,Y)>>T,(X,y), because
Cow(X,Y)>>Cp(X,Y) and eg.(3.56) is transformed to eq.(3.57).

APgf(x)y) = Pp(xy) - Pp(Xy) - Tow(X,y) (3.57)
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These assumptions lead to the following equations,

IAP_(x,y) dP_(x,y)
Ty e (©.59)
d( AP (X, , dP (x,

( ef( y)+7ttw(x y))= ,b( y) (3.56)

X dx

Permeate channel

As it can be seen from eq.(3.58), the analysis, which has been made for the pure water
for the permeate channel, is applicable for salt water since osmotic pressure is assumed not
to change in the y direction. So eq.(3.26) can be derived.

cosh L
AP (xy) = AP (xw) —& (3.26)
ef ef w
: cosh —
q
where,
i h
q= [—2 (3.23)
2k .k p

1 fp

The ability to find an analytical solution relies entirely on finding the analytical form for
APg(X,W). An attempt to do this is made below.

Brine channel

Solvent material balance
aub(X,Y) - . 2 J!x !!) (3'31)
oX hb
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Momentum balance

dP_ (x,y)

b —_— -
T = kfb 9 Ub (X,y) _ (3.32)
Solute material balance

oc, (X,Y)
oY) 2 J (xy) _
ax  ucy) b o U GE)] (3.60)

According to what has been mentioned above eq.(3.60) is simplified to eq.(3.61).

d ,
SOV 20 () g vy (3.61)
aX ub(x,y) h, b

Division of eq.(3.31) by eq.(3.61) will give,

du, (x,y) u (xy)

= - (3.62)
do(xy) ¢, (xy)
or
du, (x,w u,_(x,w)

W) 4, (3.63)
dc,(x,w) cb(x,w)
Integration of eq.(3.63) results in

(X,W) s (3.64)
u (x,w) = u .

c (x) f

where Cf = ¢p(0)

A combination of eqs (1.1), (3.11) and (3.56) can give,
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oP. (X, k dAP (X, k ac,
Y 12 e o gf(x 2 e ‘APef(x'V)]‘cab(TX) (3.85)

ax k k
or by using eq.(3.32)
ok dAP (x,y) gk ac (x)
- 1 ef \ 1 b
kfbuub(x,yH 1+ " cb(x)] ” + [1+ ” APef(x,y)] < (3.66)
Egs (3.66), (3.64) and (3.61) give,
2 2
ok 0AP (x,y) gk k.c (0,y)u (0,y)h
[1+—tc, (x)] - SR LAP_(xy)=- -2 N4, Z b (3.67)
¢, (X) k 2k AP _(xy) c_(X)

If eq.(3.67) could be solved analytically, then, by using that solution and eqs (3.26),
(3.64) and (3.66), an analytical form for the driving pressure could be found.
Unfortunately life is not so simple and the differential equation (3.67) cannot be solved, at
least analytically.

In order to overcome this difficulty one more assumption has to be made. It can be
assumed that the brine concentration varies linearly with the distance in the axial direction.
See eq.(3.68) below. There is also a small variation of the brine concentration in the y
direction. This variation though has been ignored.

c, () = ¢ +fx (3.68)

c () -c
where, f =—b|—f

This is realistic taking into account that, in normal operating conditions, the difference
in concentration between the inlet and the outlet is not great.

Egs (3.64) and (3.68) give the brine velocity as a function of the distance,

C Y

Cf+fx

ub(x,w) = (3.69)
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Eqgs (3.56) and (3.59) yield,

J( APef(x,y)+7t bW(x,y))
oX

= K 1 U (x) (3.7)

A combination of egs (1.1), (3.11), (3.16), (3.68), (3.69) and (3.70) results in,

dAP_(x,y) k. AP (xy) d(c, +1) k dAP (x,y)
ef + g[ 1+ 1 ef ] f + 9_1 (c +fx) —_ef y =
dx k dx k f
SRt (3.71)
C, + fx
or,
fﬂk1 C Y kfbl~L + of
dAP _(x,y) K c, + fx
+ AP _(xy) = - (3.72)
dx ] ef k,
1+—k—z (cf +fx) 1+-k—g(cf+fx)

Equation (3.72) is a linear, ( dy/dx + A(x)y = B(X) ), differential equation, and the
general solution is given by the formula,

-JA(x)dx A(x)dx
i j

y = [c+ [Bo e ox ] | (3.73)

The integrals can be calculated as,

k
JA(x)dx:ln[1+?‘-z (c, +1x) ]

f

k
=[1+?19 (cf+fx)]
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e-'[ A(x) dx _ 1

k1
1 +?z (cf + fx)

A(x) dx c,u k p
[ eI dx= 1 jn 1 ey

By using the above integrals eq.(3.73) becomes,

G Yy Kt

1 1
AP (xy) = C In - of 3.74
oY) k {c- f c+fx b @74
1+—-—k1z (c, + fx) f

The constant C can be calculated by the boundary conditions, for x=0, APg(X,y) =

APg(0,y) and the final formula giving the effective pressure in the X direction is given by
eq.(3.75).

koc, cuk, u C
AP_(xy) = L AP _(0y)[1+——I+—L1 o yn L _gfx
%) - {aP o)+~ yn—L— gt}
1+T16 (c, + fx) f

(3.75)

Eq.(3.75) is valid for every O0<y < W so it can be written as,

k gc, cuk, c
AP (x,w )= l AP (O,w)[1+——+—LLfo jn—f _ _afx
ot B = 4P (0w k = f c +fx }
1+—ki;z (c, + fx) t

f

Eqs (3.26) and (3.76) can give the analytical form for the driving pressure,
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kgc, cuk, p

_ 1 1 fq, f b
APef(x,y)_ - {APef(O,w)[1+ ” 4 , In
1
1+ ” o (cf + fx)

cosh ¥
- ofx } ——4

cosh XL
q

Equation (3.77) can be integrated, to give the average volumetric flux, J,

C

|
k kogc, cuk
_ 1 1 P 18] f f fb
J_'”N - - {aP 0w+ —1h In

’ f
1 +?z (cf + fx)

cosh L
- oix } —ﬂ- dx dy

cosh ¥
q

If the integration of eq.(3.78) is carried out by parts we can have,

k. ogc

c. + fx

(3.78)

1 f
AP _(Ow) [1+ ] o AP_(Ow) [k + k@ Cf]l k+k oc, (1)

|
| o= .

k kot k+k @c
0 : 1 1

1+ 1
+k@(cf+fx)

2 k k
g fx dx:L_{_Ha[c (1 -c]+[1+—1ﬁc][
2.+ L K b f ko f
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©

| In
cuk p c +fx cuk pk kg c (I) k. oc ()
j ff b i dx = Lt [ ! (Cb(l)'cf) n—byn[ 14— kb ] -
c
0 1+—z(c +ix) £k, f
2ﬁ2
2 2
-1, () - ¢ 1]
4k
koc
if, 1<
[ ” ]
or,
c
k agc (I)
In—_ 17 7p\ 742
| | n———2—
Icfuffkfbu X T o Cfokfbuk{[ 2k ] 1'k:s 'kzlc(: ()
c
0 l+—Lg(c, +x) fkg L
Kk 0 k QC]
c () k gc (I) n—-
- In=b n[ 1410 . K }
Cs k 2
koc
if, [ 1k PP s

At this stage it must be stated that for the‘membran'es available so far for sea-water and
for reasonable operating pressures the ratio k;@C¢/K is always less than one, so that only
- first solution of the last integral has practical use.

A substitution of the above integrals to eq.(3.78) gives eq.(3.79).

gtanh2- k+k oC [ ]
J=—£wal {(k+k1ﬂcf)lnm—— AP_(0,w) +—1 -ke[c, (1)-c] +
u.ck i c (1) k+k gc (I) k g
£7f fb [ 1 b
+—f—[k1fa(cb(l)-cf)-kln o in PR L \c (I) c )]} (3.79)

f
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Equation (3.79) can give the flux for a spiral wound module for sea-water as a feed
solution. In this analysis the change in the feed concentration and the concentration
polarization effect as well as the pressure losses in the channels have been taken into
account. Eq.(3.79) is an explicit relation to describe the performance of any spiral wound
module for sea water with high rejection. If the permeate concentration has been taken into
account then eq.(3.79) can be transformed to eq.(3.80).

gtanh I k+kla(cb(l)-cp)[ b (0 k]
J= —d {[k+k1@(cf-cp)] n vk, 20070 AP _( ’W)+k_1 ]
u(c-c )k I c (I)-c
kolc,(1)-c] + ffp fb Lklg(cb(l)-cf)-klnzf—_%a
kk g(c ()-c) ko & , -
In ol ()-cH] } (3.80)

The value of APg¢(0,w) can be found by using eq.(3.55) as,

APo(0,w) = Pp(0,w) - Pp(0,W) - 7, (0,W) + m,(0,wW) (3.81)
or,
AP ¢4(0,W)=P(0,w)-P(0,w)-gcq1+J(0,w)/K]+ @c, (3.82)

and finally AP 4(0,w) will be given by eq.(3.83).

[Pb(O,w)-PD(O,w)-(cf-cp)g]k

AP_(0,w) = Ty (3.83)
A combination of eqs (3.80) and (3.83) yields,
) ﬂ Ktk 0(6-0) Irk+kle(cb(|)-cp)r [AP-(cf-cp)ﬂ]k+_|(_]_
~ ogfwl { 1TV T k+k @(c-C ) L‘; k+gck, k,
kel (1)-c] }uf(cf";p)kfb“[kla(cb(l)-cf)-kln%-);—ca

p
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2 2
k+klei(cb(|)-cp) ) k1 o
k 4K

In

(-c ]} (3.84)

where, AP= Py(0,w) - Pp(0,w)

Eq.(3.84) can be simplified by introducing the following dimensionless parameters to
€q.(3.86).

k+k1z[cb(l)-cp] _ k+k1a[cb(l)-cp] _ cb(l)-c _
- Y’ - 7\. ’ - &
k+klz(cf-cp) k cf-cp

k+k,g[c-C | k+k,ole,(-cl A

?\' .
=£L=0, [l—'—]=(P (385)
k Y k Y
qk tanh% ‘ (coc Juk p
— - - - —] — } r —
J=—a5r{ [AP-(c ¢ )oliny i 1o-oiml +— =
2 2
ke ,

- InEInA - :(2 () - )] } | (3.86)

This analytical solution could be used to predict optimum structure and dimensions for
the module so that the maximum flux could be achieved. Eq.(3.86) can also be solved
numerically to give the K values.

3.7 SOLUTE PERMEABILITY COEFFICIENT, Ko

The salt flux at every point (X,Yy) in the two dimensional plane will be given by
eq.(3.87).

Jptxy) =k, L6, (6y) - ¢ (xy) ] (3.87)

The permeate concentration can be considered as constant and the feed concentration at
the wall can be expressed by using eq.(3.12).
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J,(xy) =k, [cb(x,y) [ 1+ ﬂ—’l‘(ﬂ] ¢ ] (3.88)

Egs (3.68), and (3.88) can give,

| k
J(cy) = k, [etx - o+ =2 [t 8P (xy) | (3.89)

Eqgs (3.77) and (3.89) can give the analytical form for the salt flux for every point
(xy).

k (c +fx) k oc cuku C
P 1 f . e ¢ fb f
.Jz(x,y)=k2 Cf+fx Cp. {APef(O,W)[lT ” ]+ : >
k+ ko (c +1X) f
cosh ¥
- ofx } —wq— ] (3.90)
cosh —
q

Eq.(3.90) can be integrated to give the average salt flux,

I w
JJ.Jz(xy dx dy
00

J = | 3.91
2 w (5.91)

If the integration is carried out in parts one can get,

w coshy
— Y9 dy=qtanh &
0 cosh¥-
q
' 2
J.(c-c +fx) dx = [cf-c 11 +ﬂ2—
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[
k AP (0,w) c +fx AP (0,w) [k+k @cC,]
4 T(f [k+k oc] — 1 f dx = —=f - 11 {k1ﬂAC-
0 + 1G(Cf+ X) kfk1ﬁ v
k+k _gc (I
-k In kik,oc,() }

k+k1ch

' k+k_ac. (1)

k_ ofx (cf+fx) 1 b
J. k1 - - — {2k[k+k1ch]lnk—1— -k1e;Ac[2k-k1ﬁAc]}
; +k o(c+x) 2k1yz i +k1ch
c.uk ;LInE-Irﬂ
f f fb
k1[Cf+fX] cfufkfbl‘L In cf dx = Cf k|n.lf.ik1_g.?_b_f.l.).-
: k+k1ﬁ[cf+fx] f cf+fx 5 2k1

k292
k oc, () +Z_1k_[°t2>(') - cf]]

or,

Ir:k+k1cacb(l) )

cf ¢

|
J- k1[cf+fx] cfufkfbu C, dx=cfufkfbuk{lncb(l)[

In
k+k1e[cf+fx] f cf+fx f2z2k1

0

- In

[_- -
k k1z C, cb(l) k c, c,

k.o /cfcb(l) ] K 1 1 ! k1:acf [cb(l) [Incb(l) 4] 41 ]}

koc
if, —J——f2>1
[ ” ]

Again the second solution of the last integral can be ignz)red, so that the analytical
solution for the average salt flux will be given by eq.(3.92).
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k2 ﬂgw qtanh-"é— | kz
J2=m{(cf-cp)wl+ — [k@(cb()-cf)[APef(O,w)(k+k1ﬂcf)+k—-

k. fok A 1(I)
- kz(cb(l)-Cf)] - k(k+k zc)lnw [AP (O,wh k ] + kc{u{kfbuln 2 {
2 T k+k_ oc of k. fA
2 2
klnfi(%ci’—(—l-)- *k oc, () +41: (cﬁ(l) - Cf')]] } (3.92)
The salt flux can be related with the water flux, J, by eq.(3.93).
J,=Jdc (3.93)

By combining eqs (3.92) and (3.93) an analytical solution to determine the Ko values
can be found. When the K, value has been determined then eq.(3.92) can be used to
predict the quality of the produced water. If the permeate concentration has been taken into
account, €q.(3.92) can be written by using the dimensionless parameters, see eq.(3.85),
and €q.(3.83), as

»  gktanh¥

k
Rl flow af . - 1) - K 2
J2_w|{[cf c JIw+—+ 2 L(AP-co)(o-ly-1)-2 —(26Iny+g
fk1z ‘ 1
2 2
cuk, ulng ’
-4¢ +3) +_f_f;b___[|nx-x+1+ L (cs(l)-Cf) ]]} (3.94)
4k .

In this chapter an analytical solution to describe the performance of the spiral wound
modules was presented. A 'five parameter' model was used and after making some
assumptions these parameters could be determined experimentally. When these parameters
are known, by using the same equations, predictions can be made for the module
performance in new operating conditions or for optimum geometry for the module.

If the experimental data for the ROGA module are applied.in eq.(3.94), with the mass
transfer coefficient at k=9x10-3 cm/sec, the following values for the ko are obtained, see
Table 3.2 below. The higher values for k2 , which have been found by using eq.(3.94),
can be explained by eq.(2.2). Since in our calculations higher mass transfer coefficient has
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been used than Taniguchi, the salt wall concentration will be less, so that a higher ko value
is needed to give the experimental salt flux. It is believed that the important thing is the
consistency of the ko values for different experimental data rather the absolute value of

ko.

Table 3.2
ko values for ROGA-4160 module.

P (Atm) us (cm/min)  cq(ppm) ko (cm/sec) ko (cm/sec)
by Taniguchi by eq.3.94

34.5 514 1953 0.986x10-5 1.790x10-5
27.2 174 1879 1.352x10-5 1.820x10-9
27.2 237 1895 1.143x10-5 1.778x10-9

3.8 OPTIMUM MODULE GEOMETRY

In order to predict optimum module geometry eq.(3.86) can be used,

q k tanh¥- (c-c )uk
-9 e Ko NCrC UK
= —rsr—{ 1aP-(cc )aliny i Lm0 ==
2 2
kg
- ngind - ~—c%(1) -¢)) ] } (3.86)
42
By setting,
1
o o kK |(cf-c )u kfbp
B= PT { [AP (cf cp)a]lny kl[(p 6iny] + : [o-
2 2
- Ingina, - ——(cZ () - &) 1} (3.95)
4>
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eq.(3.86) will give,-

J=q B tanh¥L-
q

(3.96)

In order to predict the optimum permeate channel height for the maximum permeate flux
the quantity, volumetric flow per unit volume is introduced, Qp/V, which will be called

specific productivity and it will be given by equation (3.97).

2qBthanh%

S -
V.1, w, (h+h +2h )

w [2k k
QBwlh;/Ztanh 1 1ol

1/2
h

p

Lw, / 2k1kfpu ( hp+ h, +2h )

<lcO

Eq.(3.98) has a maximum Qp/V value when,

By setting,

2Blw __g and w /2k1kfpu —¢
lL,w, /2k1kfpu

egs (3.98), (3.99) and (3.100) will yield,
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1 L R S 3

2 2 2. 2 2.2 2.
+(hb+2hm)hp ]sech (eh )ehD + '(anh(ahD )[hp -(hb+2hm)hp ]
1

“2.2
p]

I_.l.

[h

O
o

=0 (3.101)

|_a.

2[h +(hb+2hm)h

T N

or,
1 1 1 3 1 1 3

2 "2 o T2 T2 2 2 2.
h - _
[hp+( b+2hm)hp ]sech (ehp )Shp +vtanh(ahp )[hp (hb+2hm)hp =0 (3.102)

Equation (3.102) can be solved numerically to give the optimum permeate channel
height for the maximum permeate flux per unit volume. Another way is to plot the graph of
Qp/V =f(hp) and find out the value of h, where Qp/V is maximum.

Eq.(3.98) can be used to find the effect of the other factors like: the membrane length,
[, the membrane width, w, the brine height, hy etc. on the volumetric flow per unit

volume of the module.
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HAPTER IV

EXPERIMENTAL WORK

4.1 INTRODUCTION

The aim of this experimental work is to validate the model which has been presented in
the previous chapter. As a first step the five parameters, which can describe the spiral
wound module performance, will be determined experimentally. This means that
macroscopic parameters will be measured and by using these values and the equations
developed in CHAPTER III, the five parameters will be determined. As a second step
predictions for the module performance and comparison with experimental data will be
made.

The effect of other factors, like temperature, pressure brine velocity, on the five
parameters will be also examined. The operating conditions will cover a wide range as far
as the pressure, flow, concentration, recoveries and temperature are concerned, in order to
make a conclusive assessment about the performance of the spiral wound modules not only
in normal operating conditions but also in extreme ones.

4.2 EXPERIMENTAL RIG

The experimental apparatus consists of a Reverse Osmosis Rig designed to
accommodate any module, spiral wound or hollow fiber. The rig can be operated over a
wide range of pressures (0-100 bar) and temperatures under carefully controlled
conditions. As it can be seen in Fig.4.1 below, the rig is a closed loop and consists of
different elements, which are presented below.

Reservoir _and Solution -

The reservoir containing the solution has a capacity of 1,000 litres. In order to maintain
the temperature of the solution at any desired temperature, a cooler as well as a heater
have been installed. Both of them were made of stainless steel in order to avoid any
corrosion problems especially at high concentrations. The heater is controlled by a
thermostat.
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Fig.4.1 Experimental Rig

Low Pressure Pump

The solution is fed to the system by a low pressure pump (5 bar). The solution passes
through a fine cartridge filter to retain any solid particles present in the solution. - A
number of visual measuring devices are used at this stage, which allow one to measure
and control the condition of the feed solution in terms of temperature and pressure.
The flow rate of the solution as well as the pressure entering the high pressure pump is
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controlled by a low pressure relief valve and a by-pass line returns the excess solution to
the tank.

High Pressure Pump

The high pressure in the feed solution is obtained by a high pressure reciprocating
plunger pump, which is driven by a three phase electric motor of 7.5 KW capacity. This
high pressure pump delivers up to 19 1t/min at a maximum pressure 175 bar at a speed up -
to 1100 rpm. In order to avoid pressure pulses usually caused by this type of pumps, an
accumulator is used. It is has been precharged by nitrogen at a pressure of 90 % of the
maximum operating pressure. A high pressure by-pass is sent back to the tank via a
pressure controlling relief valve, which controls the operating pressure. Low and high
pressure switches have been used as a safety system for the high pressure pump. They
have been preset to give an appropriate operating range to the pump. The low pressure
switch is set to 1 bar, below which the power supply to the high pressure pump is cut, in
case of low feed flow from the low pressure pump, so that any damages to the high
pressure pump because of cavitation can be avoided. The high pressure switch is set to
120 bar to avoid any excessive build up of pressure in the system. To avoid any corrosion
problems a stainless steel pump has been selected.

Ultra-Filters

The high pressure feed from the high pressure pump is divided into three lines by using
a manifold. These lines are connected with three ultra-filters (UF-20-4040) serving the
pretreatment for the membrane and fulfil sterilization of the feed solution.

Membrane Unit

The solution leaving the ultra-filters enters the membrane unit. The membrane, which
is a FT 30 SW 2.5" spiral wound module produced by FilmTec, is accommodated in a
high pressure vessel, with an inlet for the feed and two outlets for the permeate and the
brine. Both permeate and brine lines return to the feed tank.

Instrumentation
As it can be seen in Fig.4.1 some of the instruments are visual giving instant readings

of the temperature pressure and flow rate at different locations of the rig. These include,
pressure gauges, glass mercury thermometers and rotameter flow gauges. Another set of
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instruments and transducers is used, which can be connected with a data logging system
and data can be recorded continuously. These recording devices are described below.

Conductivity cells and transmitters, for the feed and product solution. Two
Kent flow-line conductivity cells allow the measurement of the conductivity of the feed and
product solutions. Each cell has a different range and is connected to its conductivity
transmitter. The output of the transmitter is in mA, and the range of both of them is from 4
mA to 20 mA. The permeate side conductivity cell operates in a conductivity range of
0-10,000 uS/cm and the feed side one in the range of 25,000-150,000 puS/cm.

Two digital Pressure indicators and Transducers were used, which can display
the pressure measured and at the same time can send an external output signal in mVolts.

The Flow-meters for the brine and the permeate line are two paddle wheel sensors
connected to signal transmitters. The output signal is set to operate in a range of 0 to 5
Volts.

Thermocouples are used to record the temperature at the feed, permeate and brine

lines.

4.3 EXPERIMENTAL PROCEDURE

Before the main experimental work was started all the instruments were calibrated. In
order to make assessments about the modules performance and the variation of the
performance of different FT-30-SW-2.5" spiral wound modules, four different membrane
were tested in normal operating conditions, while all the instruments were connected to a
data-logger (3530 ORION DATA LOGGING-SYSTEM) and reading were recorded at a
preset time interval.

The main experimental work is divided into four different experiments, depending on
the parameters which are going to be determined.

43.1 Water Permeability Coefficient and brine friction
parameter.

For this experiment distilled water was used as feed solution. It was decided to use six
different brine flowrates for all the experiments so that conclusions can be made about the
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effect of the brine velocity on the different parameters which are examined like, pressure
drop, flux etc. The two pressure transducers were fitted as the Fig.4.2 shows. For five
different brine flowrates (3.524, 6.769, 9.353, 12.03, and 14.773 It/min) readings were
taken for the pressure in the inlet and the outlet of the high pressure tube and for the brine
feed and permeate flowrates. For each set of readings the pressure was adjusted to the
desired value (10-60 bar) and the rig was left running at least for 15 min before the
readings were taken. After scanning all the pressures the temperature was changed and the
same procedure was followed. Four different temperature were used, (20° C , 259 C, 300
C and 35° C).

The pressure drop between the two points, where the transducers were fitted, had a
maximum value of 1.3 bar. This value was considered too high and is was suspected that a
high portion of this pressure drop was due to pressure losses in the fittings, as Fig.4.2
shows.

PERMEATE
‘ Pf2 P
0 A TTOooooToooor | FEED
,l 2 'APm e
1 - —— . Pressure
p2 Pressure pﬂ Transducer
Transducer
Yalve
BRINE

Fig.4.2 High Pressure tube with the membrane element.

In order to eliminate the pressure drop in the fittings, another experimental approach
was tried. Very fine stainless steel hypodermic tubes (Outer Diameter 1 mm), were
inserted in the inlet and the outlet of the tube, see Fig.4.3 below. The tubes were sealed
with special fittings and the pressure transducer was fitted at the other end of the
hypodermic tubes. Because there was not flow in the hypodermic tubes there were not
pressure losses in the system except the pressure losses in the brine channel. The same
experimental procedure as before was followed, recording the pressures and the flowrates
for different applied pressures and temperatures.
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membrane.

In order to eliminate any pressure losses, (Pk), not due to the membrane, it was
decided to carry out the same experiments and take the readings for the pressures and the
flowrates but without the membrane being in the pressure vessel. The membrane' s
resistance to the water flow was simulated by the permeate valve so that as far as the
flowrates are concerned they were exactly the same as when the membrane was into the

pressure tube, see Fig.4.4.
By using Fig.4.3 and Fig.4.4 it can be written.

Pout = PIN - Pk - APy (4.1)

Pressure
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Pressure
Transducer
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Fig.4.4 Hypodermic tubes in the ‘inlet and outlet of tube.
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P'out = P'in - Pk (4.2)
A combination of eqgs (4.1) and (4.2) will give,
APm =Pour - Pour (4.3)

The maximum pressure drop across the element found this way was 0.8 bar, which is
similar with that found by Sock and Miquel(20] .

432 Mass transfer coefficient, solute parmeability
coefficient.

In order to calculate the mass transfer coefficient and the solute permeability coefficient
a series of experiments were carried out. Four different sea-water solutions (Instant Ocean)
were used at concentrations of 25,000, 35,000, 40,000, and 25,200 ppm. For each
solution and at the same temperatures as before, the brine permeate and feed flowrates were
recorded as well as the permeate concentration and the pressures at the inlet and the outlet
of the membrane. The pressures applied ranged from 10 bar to 90 bar and the same six
brine flowrates were used so that the experimental results in this experiment could be
associated with those from the pure water experiments. As far as the pressures in the inlet
and the outlet of the membrane are concerned, no difference was found with the previous
experiment with distilled water and one can conclude that the existence of salt has no
significant effect on the fluid dynamics of the water as it was expected. Theoretically the
maximum difference on the pressure drop between distilled water and salt solution at
40,000 ppm is less than 9 %.

433 Permeate friction parameter.

It can be seen from eq.(3.54) that the pressures in the open and the closed end of the
envelope as well as the permeate flow are needed in order to calculate the permeate friction
parameter. It can be assumed that the pressure at the open end of the envelope is equal to
the atmospheric pressure (1 bar) and the permeate flowrate can be easily measured, so that
the only problem is how the pressure at the closed end could be measured.

It was decided to insert a very fine stainless steel hypodermic tube into the envelope by

which the pressure could be measured with a pressure transducer being fitted at the other
end of the tube. This idea must overcome several problems which are presented below.
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The height of the permeate channel is 0.43 mm so that the hypodermic tube must be
very small in order not to change the flow conditions and to avoid damaging the membrane
when the high operating pressure is applied. For this reason a very fine hypodermic
stainless-steel tube was used, outside diameter 0.5 mm and inside diameter 0.33 mm.

For the sealing of the hypodermic tube as it comes out from the pressure vessel "O"
rings and special fittings were used so that the system could be dismantled and
reassembled easily.

Another problem was how to seal the area of the membrane where the tube was
inserted. For this a 4" module was opened and pieces of the membrane were tried to be
glued together in wet conditions by different adhesives. None of the adhesives proved
successful.

The same adhesives were tried with dry membranes, and it was found that Araldite
2005 was very good. In order to test the resin under operating conditions, small
envelopes were made with hypodermic tubes being inserted into the envelopes. The
envelopes were placed inside a pressure vessel with the tubes coming out of the vessel and
they were sealed. A pressure was applied with salt water as feed solution (20,000 ppm
NaClI). The permeate from the hypodermic tubes was tested up to 60 bar and it was found
to be in terms of concentration between 2,500 ppm to 500 ppm. It is believed that the
adhesive affects in some way the membrane performance although there is no direct leak
between the brine and the permeate side. At the same time the performance of the dry
pieces of the membrane was tested with small cells against the performance of wet
membranes and no significant change was noticed, see Table 4.1.

Table 4.1
Experimental data with wet and dried membranes at 20° C, 20
bar and c¢;= 5000 ppm NaCI.

Membrane c,2 (ppm) cpb (ppm) Ja (cm/min) Jb(cm/min)

No 1 164 120 0.0308 0.0317
No 2 180 160 0.0273 0.0273
No 3 219 188 0.0308 0.0335

a= wet membranes, b= dried membranes and tested again.
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After all these the following procedure was applied. A portion of the fiberglass cover
of the membrane was removed at the inlet side of the membrane, as well as the tape which
covers the membrane below the fiberglass cover. A hole was opened near the closed end
and a small area near the hole was dried with a hair drier, while the rest of the membrane
was kept wet. The tube was inserted into the membrane and sealed with the Araldite 2005
and a piece of membrane was placed on top. The resin was left for 24 hours to dry. After
that, the open part of the membrane was wrapped with tape and placed back into the
pressure vessel, and the hypodermic tube was sealed at the outlet of the vessel.

Before fitting the pressure transducer at the open end of the hypodermic tube, the rig
was run with the salt water (20,000 ppm) as feed in order to test the permeate quality
which confirms that there is no brine-leak into the system. This process was not very
successful with the first module giving permeate with very poor quality and after many
attempts with no success, another module (Membrane No 2) was used. The permeate
quality coming out of the tube for the second module,was found to be about 700 ppm,
although the overall quality of the permeate was 70 ppm, which was the permeate quality
before the module was opened. After that, the transducer was fitted, the salt water
removed, and distilled water was used as feed solution. Readings were taken for the
pressure in the inlet and the outlet of the membrane and the closed end of the permeate
channel, and for the feed, permeate and brine flowrates at constant temperatures. After that
the thermostat was set to another temperature and the experiment was repeated. The
conditions were kept the same as for membrane Nol.

In all the experimental work an effort was made to use always the same values for

pressure and the brine flow rate so that the results could be correlated and conclusions
could be made for the factors which affect the membrane performance.
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CHAPTER V

RESULTS AND DISCUSSION

5.1 INTRODUCTION

In this chapter the analysis of the experimental data will be presented. The analysis will
be based on the mathematical model presented in Chapter IIIl. The analysis and the
discussion of the results will be divided into two main parts. One part will involve the data
concerning experiments with distilled water. The other one will involve those with
sea-water solutions. In the first part the values of the water permeability coefficient, kj,
the brine friction parameter, Ky, and the permeate friction parameter, Kip, will be
calculated at various operating conditions. In the second part the values of the mass
transfer coefficient, K, and the solute permeability coefficient, ko, will be found.

5.2 WATER PERMEABILITY COEFFICIENT AND FRICTION PARAMETERS

It has been mentioned in Chapter IV that in order to test , from a statistical point of
view, the performance of the FilmTec membranes, four (Nol, No2, No3, No4) 2.5"
modules were used, under normal operating conditions, ( 56 Atm, 25° C, 35,000 ppm
sea-water). The performance of each membrane was recorded continually with the
datalogger and the results can be seen in Fig.5.1 and Fig.5.2.
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Fig.5.1 Recovery performance of FilmTec modules.
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There is about 10 % variation on the performance of the different modules. The main
experimental work started with the membrane Nol. Another point that should be
mentioned is that when extreme operating conditions were used for the first time with
distilled water (209 C & 68 bar, 350 C & 45 bar) the performance of the membrane Nol,
changed irreversibly, see Fig.5.3. This is probably due to the very high water flux at these
conditions. After this the experiments were repeated until repeatable membrane
performance for different conditions was achieved.
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For the membranes No2 and No3, after the initial test no further significant change on
the performance was noticed. All these experimental data collected with distilled water, for
membrane No 1 (with subscript i) and membrane No 2 (with subscript j), are presented in
Table 5.1, see page 103. The dimensions of the spiral wound modules, which have been
used are given in Table 5.2 below.
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Table 5.2
Dimensions of the FT 30 SW 2.5" modules (in cm).

permeate channel height: hp= 0.043 ,  total membrane length:  lyj¢p gue = 94.65
brine channel beight: ~ hp= 0.077 ,  activemembranelength: lyi¢hout glue = 86.65
membrane height: hy,=0.014 ,  brine spacer width: Whrine spacer = 134

active membrane width: - W yieh out glue = 117

Since the pressures in the permeate channel were measured for membrane No2, the
analysis that follows concern the data for this membrane.

In order to calculate the water permeability values and the friction parameters a
computer programme was written, ( see Appendix I, PROGRAM PAR1). The principle of
the calculation has been described in Chapter III. A first guess for the k; was found by
using the simple equation (5.1). With this value and using eqs (3.50) and (3.54) the
values of K, and Kgp were found as a first approximation.

—d |
. AP_(0,w) &1

By using eq.(3.45) and the kg, kfp values found before, a new k1 value can be found
which is closer to the true one. With many iterations the k1 value can be converged with
the desired accuracy, and consequently the Kgp and Kgp will be found as well. The
programme was run for each set of experimental data and the values of k1, kg, and Kgp
have been found for membrane No 2, see Table 5.3 in page 107.

From these results the following can be noticed:

a) The brine friction parameter does not depend on the applied pressure. It depends
on the brine flow and on the temperature as well.

b) The permeate friction parameter increases slightly with increasing pressure and
temperature. The brine flow has no significant effect on the permeate friction
parameter. -

c) The water permeability, k{, depends on the applied pressure and operating
temperature. Although k; varies slightly with the brine flow, this small variation
is due to the variation of the K¢, values. It is rather an effect of the procedure of
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calculations than an effect because of the changes on brine velocities and it can be
ignored.

52.1 Brine friction parameter.

Darcy' s law was discussed in section 3.2, and it was assumed that is valid for the flow
in the brine channel, although the brine spacer is not really a porous material, but a
turbulence promoting net. According eq.(3.32) kg, should be constant if Darcy's law was
applied. It can be seen from Table 5.3 that Kg, does vary with the brine velocity. The
variation is the same for the different operating conditions as far as the pressure and
temperature is concerned. It is believed that the exponent of the velocity in eq.(3.31) is
other than unity, so that eq.(3.32) should be written as,

dP_ (x,
—% = - kg, 1 U, (x) (52)

This type of formula is supported by others[20,26] By introducing the exponent T in
eq.(3.32), the simplicity of this equation has been lost, and the system of the differential
equations is becoming very complicated. Since the pressure drop in the brine channel is
relatively small for normal operating conditions, (for Qp= 8.1 It/m APpyine = 0.3 bar)
and even at extreme conditions is less than 1.0 bar, it is suspected that the effect of the
variation of the value of K, on the values of k1 and kg, would be very small. Indeed if
the value of K, varies from 15,000 cm=2 to 35,000 cm-2 the variation of k1 and Kep is
about 1%, see Fig.5.4.
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Fig.5.4 Variation of kj and kg for different kg, values.
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It can be concluded that as far as an analytical solution is concerned and under the
operating conditions of the spiral wound modules eq.(3.32) is a good approximation to
€q.(5.2). So for the Brine friction parameter, Ksp, the average of the values found for the
different brine flows ( Kgp = 23,000 cm-2 ), may be used without any loss of accuracy.

If one wants to predict the module performance by using the five parameter model and
one is not satisfied with considering K¢, as being constant, it could be assumed and the
experimental data confirm this, that the brine friction parameter is related to the Reynolds
Number by the equation (5.3).

' v
Kqp = kfb Re; (5.9)
: 2 hb u p
where, kfb isconstantincm  ,Vv = constant and Re= , p=density
or,
|nkfb = |nkfb +V InFlef (5.4)

The values of K'gp and v can be found by plotting the graph of equation (5.4), see
Fig.5.5.
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Fig.5.5 In(ks,) versus In(Rej) for different experimental data.

If the same procedure is applied for all the data the values of K'g, and v can be found
for different conditions. It can be concluded that as far as analytical solution is concerned,
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the value of kg, can be considered as being either constant at K, = 23,000 cm-2, for
the type of the module tested, or eq.(5.5) can be used to give the brine friction parameter
for different Reynolds numbers.

0.83
k,, = 309 Re, (5.5)

522 Permeate Friction Parameter.

In these experiments with distilled water, the applied pressure is roughly the driving
pressure, so that the permeate flow is higher, (typically 1.5 1t/min), than what it would be
at normal operating conditions with sea-water as feed ( Qp =0.9 1t/min). It can be seen in
Fig.5.6 that the permeate friction parameter varies with the temperature and pressure,
increasing with both. The small variations for different brine flows, see Table 5.3, are due
to the variation of the Kg, and the effect that this variation has on the k. The way that
Kp changes is consistent for all the different temperatures.
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14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

Pb(0,vw) (bar)

Fig.5.6 Kk¢p values for different pressures and temperatures.

These variations are not considered to be significant, since a maximum variation of 30
% on the Kp causes a 1.3 % variation on the calculated values of kj and Kg,. This
variation can be ignored as far as an analytical solution is concerned and a constant value
for the permeate friction parameter at kfp = 1,100,000 cm~2 can be used without any
loss of accuracy. However, according the Darcy's law the coefficient kfp should be
independent of the pressure and the temperature. These variations can be explained with
two ways:
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a) An explanation, for this variation of kfp, could be a decrease in permeate channel
height because of the applied pressure. If the permeate height varies from 0.043 cm to
0.037 cmat 200 C & 50 bar,orto 0.0365 cm at 250 C & 40 bar , or to
0.0345 cm at 300 C & 35 bar, or to 0.031 cm at 350 C & 35 bar, gradually as
the pressure is applied, then the K¢, would remain approximately constant at
kfp=960,000 cm-2. This assumption could also explain the variation of kfp with the
temperature, since even for the same pressure at higher temperature the porous material is
softer and hence more susceptible to compaction.

b) Another explanation for these variations could be the existence of an exponent on the
velocity in Darcy's law, as was the case for the brine friction parameter. In this case
though, the exponent must be very close to unity. If the same procedure, as for the brine
friction parameter, is applied for the permeate friction parameter, see Fig.5.7, a similar
equation to eq.(5.5) can be obtained, see eq.(5.6). Eq.(5.6) is valid, as long as a constant
permeate channel height is assumed.
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Fig.5.7 In(kp) versus In(Rep) for different temperatures.
0.26
kfp = 462,915 Rep (5.6)

It can be concluded that the application of Darcy's law for the permeate channel is very
successful as far as an analytical solution is concerned and either a constant value for the
permeate friction parameter can be assumed for this type of membranes at Kgp =
1,100,000 cm-2 , or eq.(5.6) can be used to give the permeate friction parameter for
different permeate flows.
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523 Water permeability coefficient.

The effect of pressure on the water permeability coefficient has been well established.
In early experiments with cellulose acetate membranes Loeb[28] and Lonsdale et al. [29]
noticed a decline on the permeate rate as well as on the permeate quality for long term
experiments. This have been caused by the compaction of the membrane due to the applied
pressure. Fortunately the larger part of this compaction is reversible and the membrane
properties will readjust to its original characteristics when the pressure is removed. The
reversible change of the water permeability coefficient can be described[15:30] by eq.(5.7).

o Pb(O,w)
k;=k e (5.7)

1,0

where, k ¢ is the extrapolated value of k1 when Pp(0,W)=0 and oy, is a constant in
bar-1. '

It can be said that kj o measures the initial porous structure of the membrane and oy
expresses the compaction effect on the pure water permeability characteristics of the
membrane under pressure. The values of kj o and ap may be expected to be different if
the membrane is subjected to different initial pressure treatment. Eq.(5.7) can be
transformed to,

Ink, = Ink, - o P_(0,w) (5.8)

If an equation similar to eq.(5.8) is assumed for the polyamide composite membranes,
then a plot of Inkq versus Pp(0,w) can give us the values of k1  and oup. Fig.5.8
below, shows these types of plots at different temperatures.

The values of ap vary from 0.0025 at 300 C to 0.00082 at 200 C and the
values of ki, from 4.9467-10-5 at 350 C to 2.7874-10-5 at 200 C. It must be
stated that if the simple formula (5.1) was used to determine the k; values, then there is no
correlation with the pressure. It is believed that these equations, developed for ky and the
friction parameters, give a more accurate description of the characteristics of the
membrane.
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Fig.5.8 Inky versus Pressure for different temperatures
( For membrane No2) .

The k1, values are also dependent on temperature. The temperature dependence can be
described[13] by an Arrhenius' type equation,

T
T o] To
1

ki =k, e (5.9)

-

where, k_ is the water permeability coefficient at any temperature T

k

—_ O e

is the water permeability coefficient at temperature T,

ouT 1S a constant.

Eq.(5.9) can be transformed to,

T-T
Ink| = Ik~ + o —20 (5.10)
1 1 T T
20

where, T and T2 o e the absolute temperatures at any degrees and 20°C respectively.

The graph of eq.(5.10), at 259 C, 300 C and 359 C is given in Fig.5.9 below. Itis
interesting to see that the values of ky, which have been determined by the Fig.5.9, at 200
C, are very close to the experimental ones. k120 (by the graph at 22 bar)= 2.7597
x10-5 cm/sec bar, k120 (experimentally at 22 bar)=2.7362x 10-Scm/secbar,

—
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Fig.5.9 1nkq versus the relative increase on absolute
temperature ( For membrane No2).

k120 (by the graph at 30 bar) = 2.7172x10-5 cm/sec bar, k20
(experimentally at 30 bar) = 2.6778x10"5 cm/sec bar.

It can be concluded that the k{ values, which have been calculated, follow exactly the
theoretical equation (5.9). Since k1 , depends on the temperature it can be assumed that it
follows the general equation (5.9) and it can be written as,

TT
T 0 TT .
20
kl . =k1,0 e (5.11)
or,
T-T
20
Ink; =Ink + o —22 (5.12)
,0 1,0 T T 0
2

The graph of eq.(5.12) can be seen in Fig.5.10 below. From the graph the value of
Ink4 420 can be found as Inky ¢20 =-10.1321, which is almost the same with what it
was found in Fig.5.8. After all these eq.(5.11) can be rewritten as,

T-T
10.2697 —22
=

k| = 2955 x10°% ¢ 20 (5.13)

1,0
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Regression equation
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Fig.5.10 Ink , versus the relative increase on absolute
temperature ( For membrane No2).

A combination of eq.(5.13) and eq.(5.7) yields,

T-T,,
10.2697 - 0.0015 P, (0,w)
T20

k, = 2.955x1 0° e
where, op = 0.0015 bar-1.

(5.14)

Equation (5.14) can give the water permeability coefficient at any temperature and
pressure for the membrane No2 and it can be used to predict the membrane performance at
different operating conditions.

It can be concluded that the method which have been used to determine the friction
parameters and the water permeability coefficient give reliable results and consistent with
the general equations for the R.O. membranes performance.

524 Distilled water data analysis for membrane Nol.

Both membranes Nol and No2 were found to have the same dimensions. It is
reasonable to assume that the permeate porous material and the brine spacer are the same
for the modules of this type, so that eqs (5.5) and (5.6) can be used to give the brine
friction and the permeate friction parameters, for the membrane Nol as well. By using
these equations and the experimental data from Table 5.1, the values of k; can be found,
(see Appendix 1, PROGRAM PAR 2). It must be stated thatall the experimental data with
sea water were taken with membrane Nol, so that the necessity of finding the k; values is
obvious.
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The intention in-this section is to find a similar equation to eq.(5.14), so that the k
value will be given at any temperature and pressure for membrane Nol. For this the same
procedure as in section 5.2.3 was followed. By using Fig.5.11 the values of kj , at
different temperatures can be found as well as the values of op.

9.6 - -
- Regression equations
S SV m 20 c ¥= -10.1553-0.0034x
- 9.8 - » e »— o 25° ¢ y=-10.0083-0.0028x
1 m 3°c = -9.8444 -0.0031x -
E %97 % 35°C y=-9.7132-0.0022x
-10.0 -
-10.1 —M\

10 20 50 60

30 40
Pb(0,¥) (bar)

Fig.5.11 Inkq versus Pressure for different temperatures
" ( For membrane Nol) .

If the values of Ink; ,, are plotted versus the relative increase in absolute temperature,
then the values of kl,ozo and ot could be determined, see Fig.5.12 . After all these

eq.(5.15) will give the k; at any temperature and pressure for membrane Nol.

T-T

8.6464 -—T—2—° - 0.0028 P,(0,w)
-5 20
k, = 3.9060x10 " e - (5.19)
A.7
Regression equation
£.8 7 y= -10.1504 + 8.6464x

-10.1 T T T T ¥ T T
0.01 0.02 0.03 0.04 0.05 0.06
(T-T20)/T 20
Fig.5.12 Inkq o versus the relative increase on absolute
temperature  ( For membrane Nol).
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It is interesting to see the k values calculated by the two different equations, (3.45)
and (5.15), see Fig.5.13. It can be concluded that the values given by these two equations
are in good agreement.

~ 454 B byeq.(3.43)
8 43 A 8 o o ® byeq.5.15)
8 37 B 5 . B  byeq.(3.43)
(] i ¢ © byeq.(5.15)
E 4.1 ] o] o] A
L o
397 ‘ at25 C
b ] a
e 377 § o
v a ° o
M 354 B °
; J o o a © °
33 at20 C s o
31 T T T T T T T T
10 20 30 40 50
Pb(0,w) (bar)

Fig.5.13 k¢ values for different Pressures and Temperatures.

It has been suggested[13], after a limited amount of experimental data, that the viscosity
and the water permeability coefficient could be related, at a given temperature and pressure,
by eq.(5.16). It has been recognized, though, that eq.(5.16) may not always be a
reasonable approximation for all the membranes under all conditions of pressure and
temperature.

1) k1 =~ constant (5.16)

However, if eq.(5.16) is applied for the calculated values for membrane Nol, one can
have:

at 200 C and 19 bar : uxky=3.674x10"7
at 259 C and 19 bar : uxk; =3.807 x 10-7
at 300 C and 19 bar : wxky =3.965x 10-7
at 350 C and 19 bar : nx ki =4.160 x 10-7

If the the p kj values are plot versus temperature there is actually a small variation
with the temperature, see Fig.5.14 below.
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4.4 - Regression equation

4.2 " ¥y =2.9987 + 0.0329x

4.0

Bk,
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3.6
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Fig.5.14 p x k; values for different temperatures.

5.3 MASS TRANSFER COEFFICIENT

The mass transfer coefficient was defined by eq.(3.9) in section 3.3. It is worthwhile
to state again that a mass transfer coefficient for vanishing flux, see eq.(5.17), has been
suggested by many previous workers. This assumption is questionable in this work.

k = lim k° = % (5.17)

J >0

where, k€ = convective mass transfer coefficient.
D = difussivity coefficient.
& = effective boundary layer thickness.

It has been proposed[13] that the mass transfer coefficient is a function of the flow
parallel to the membrane and the material properties of the fluid and is not affected by the
flux itself. However experimental results [30] showed that operating pressure and
boundary concentration also affects the values of k. It was suggested[15] that in the case
of forced convective flow the Sherwood number (Sh=kd/D), can be related to the

Reynolds number (Re=dup/p) and the Schmidt Number (Sc=u/pD) with a
relationship of the form,

Sh = f( Re,Sc,geometry) (5.18)

The well-known relationships for calculating the heat-transfer coefficient have been

66



found to apply also, for the mass transfer at the membrane surface. Different equations
have been proposed to give the mass transfer coefficient and a review of these equations
has been presented by Gekas[36). In the same paper there is strong criticism about the

validity of these equations. Some of the most commonly used equation are presented
below.

Chiolle et all31] proposed eq.(5.19). This equation was used to describe the mass
transfer in parallel channels for electrodialysis [32],

1 1
P’y Peh
)2SC ( b)2 2D

M
k =0.753 (2
(2-M 2 Al h,

(5.19)

where, M =the mixing efficient of the spacer .
Pe = Peclet number = hy uy/D.
Al = characteristic length of the net.

Schock and Miquel{20] have proposed eq.(5.20) after experiments with flat membranes
separated with a spacer, with feed concentration at 300 ppm NaCl.

d
Sh = 1.85 [ Re Sc I—h °-°e (5.20)
where, dy, = Hydraulic diameter.

In many turbulence cases the Dittus-Boelter heat transfer correlation can be used to
estimate K with sufficient accuracy[33], see eq.(5.21).

Sh = 0.023 Re *® s¢ *% (5.21)

For laminar flow eq.(5.22) has been proposed[15].

1
g 1
Sh =[3.66° +1.61° Re Sc 2] 3 (5.22)

At this stage it must be stated that to the best of our knowledge all the experimental data
available so far are for low feed concentrations and concern tubular and plate and frame
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systems where an analogy in heat and mass transport could be used to derive the mass
transport characteristics[20]. It is believed that for the spiral-wound modules this approach
is not very successful. The only experimental datal18.34], concerning spiral wound
modules, were for feed concentrations of not more than 2,000 ppm NaCl. Since there are
different equations predicting the mass transfer coefficient, it is interesting for anyone to
apply these equations and to compare the calculated values of K, for different experimental
data.

Ohya and Taniguchi[34] and Taniguchil18] have published experimental data for three
spiral wound modules using NaCl solutions at concentrations not more than 2,000 ppm.
The values they suggested, by using an numerical optimization method, for k were
between 0.4x10-3 cm/sec to 1.4x10-3 cm/sec. For the same experimental data egs (5.19),
(5.20), (5.22) were applied and the calculated K values are presented in Table 5.4 . From
these results it can be seen that there are great discrepancies between the K values by using
different equations.

Table 5.4
Mass transfer coefficient for ROGA-4160 module.

k(cm/sec)

P(Atm) Uf(cm/sec) by Taniguchi by eq.(5.19) by eq.(5.20) by eq.(5.22)

29 2.99 0.4 x103  1.92x10-3 1.15x10-3 1.15x10-3

27.2 18.7 1.4x10-3 4.8x10-3 2.1x10-3 1.90x10-3

If the relationship between the mass transfer coefficient and thc; effective boundary layer
thickness is recalled then, 6=D/K and this means: according Taniguchi between
30%-105% of the brine channel is occupied by the effective boundary layer. According
€q.(5.20) or (5.22) the boundary layer occupies between 20%-36%, and according
eq(5.19) between 9%-22% of the brine channel height.

From these simple calculations it seems unrealistic for a boundary layer to be extended
so much at these low concentration conditions. It is believed that the more realistic values

for k are given by eq.(5.19).

The application of the previous equations for the.mass transfer coefficient for data

68



—

o

" presented in this work can be seen in Table 5.5.

Table 5.5
Mass transfer coefficient at 250 C, 60 bar and 25000 ppm Sea-water
k(cm/sec)
P(Atm) u¢(cm/sec) by eq.(3.86) by eq.(5.20) by eq.(5.22)
(Presented in this work) :
60 7.8 4.311 x10-3 1.13 x10-3 1.09 x10-3
60 26 6.93 x10-3 1.72 x10-3 1.53 x10-3

From Table 5.5 it can be seen that the values which are calculated by these different
equations show a great discrepancy. The boundary layer covers according eqs (5.20) or
(5.22) from 18 % to 35 % of the brine channel height.

It must be pointed out that the
brine channel height.

application of eq.(5.19) is not possible since the mixing efficiency of the brine spacer is not
known. According eq.(3.86) the boundary layer height is from 5.5% to 8.8 % of the

Another important considaration is the wall concentration. If this wall concentration,

Cpw - i calculated with the K values from eqs (5.20) or (5.22), then it can be found to be

Fig.5.16.

at: Cpy'= 65,000 ppm for Us=7.3 cm/sec and Cpy,'= 52,000 ppm for U;=26
u;=7.8 cm/sec and Cpy= 30,150 ppm for U;=26 cm/sec, see Fig.5.15 and

cm/sec. According eq.(3.86) the wall concentrations,Cpy,, are: Cpyw= 31,000 ppm for

70000
) o £ - |
60000
— o Cb
g- 50000 -+ Cbw
= Cbw'
£ 40000
o o —a
30000 e
20000 - T T T T
0 20 40 60 80
|

100
Fig.5.15 Variation of the brine concentration ‘with the membrane

length for 25,000 ppm at 250 C, 60 bar and ug=7.3cm/sec.
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Fig.5.16 Variation of the brine concentration with the membrane
length for 25,000 ppm at 250 C , 60 bar and ug=23 cm/sec.

It is obvious that very high wall concentrations Will cause very high Osmotic Pressure
(47 bar at 65,000 ppm) resulting in very small water flux, which is not consistent with the
experimental facts.

Another point that should be mentioned is that in previous experimental work and
analysis the feed concentration was considered as being constant along the membrane,
either because of using a small cell for flat membranes or because low feed concentrations
and recoveries for spiral wound modules were used. For sea-water as feed, though,
and for moderate or high recoveries, the feed concentration varies, and in this work the
brine concentration change was considered as being proportional to the axial distance, |,
along the element, see Fig.5.15 and Fig.5.16.

It can be concluded that the equations used previously to calculate the mass transfer
coefficient might be applicable for very low feed concentrations, but they fail to describe
the real mass transfer conditions at high feed concentrations.

At this stage it will be useful to enter into a more detailed discussion about the mass
transfer coefficient in Reverse Osmosis membrane systems. As was discussed earlier in
this work the mass transfer coefficient can be considered to be proportional to the diffusion
coefficient, K « D1.0, This is questioned by Trettin and Doshil36], and a more realistic
relationship, K «< D where 0.5 <n < 1.0, was proposed. The extend of concentration
polarization depends as well on the presence or absence of cross-flow over the membrane
surface, so that it is questionable whether a constant value for the mass transfer coefficient
along the membrane expresses the real situation, since the water withdrawal through the
membrane decreases the driving pressure and the permeation rate falls with increasing
distance down the channel. It is obvious that the velocity of cross-flow, suffers a fractional
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decrease equal to the fraction of water removed from the channel. There is a lot of criticism
as well by many authors[37,38], as to whether, the use of mass transfer correlations from
non-porous smooth duct flow, in the case of membrane operations is valid, since neither
the porosity nor the roughness of the membrane nor the change of physical properties have
been taken into account.

In this work the evaluation of the mass transfer coefficient has been done by solving
eq.(3.86) numerically (see Appendix I, Programm PAR3) for different experimental data.
The k values have been considered as being constant along the membrane. All these
results and the experimental data are presented in Table 5.6, see page 111. The next step
will be to find a correlation of the mass transfer coefficient using eq.(3.86) with simple
experimental variables such as, feed concentration Cs, feed velocity U etc. The validity of
this new equation giving the mass transfer coefficient and as well as that of eq.(3.86) will
be tested by comparing experimental data for the flux and rejection of the membrane with
theoretical values found by using the developed equations.

From the K values in Table 5.6 the following can be concluded:

1) The mass transfer coefficients found are much higher than the values reported in
previous work.

2) The K values for the same pressure, concentration and temperature increase with
increasing feed velocities.

3) The k values for the same concentration, feed velocity and pressure increase with
increasing temperature.

4) When the feed concentration increases the K values decrease, with the other
variables remaining constant.

5) For the same temperature and feed concentration the K values decrease with
increasing pressure, although at the same time the feed velocity increases slightly.

If one goes back to the thin film theory and in eq.(3.4 ), then one can see that the idea is
that an equilibrium has been established in the boundary layer between the salt moving by
convection towards the membrane and the salt moving away from the membrane by
diffusion. It is reasonable to assume that when the rate of solute salt transfer towards the
membrane increases, either because of higher applied pressure or because of higher feed
concentration, the boundary layer conditions must be readjusted so that a new equilibrium
could be established. As a result of this, the definition of a convective mass transfer
coefficient independent of the water flux, might be convenient for the analogy between the
heat and the mass transfer coefficient, but its validity is questionable. Therefore the above
conclusions seem realistic since an increase in temperature or cross-flow velocity will result
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in lower concentration polarization effects and hence in higher mass transfer coefficient
values. On the other hand, when the feed concentration or the pressure increase, higher
concentration polarization effects are to be expected and therefore lower mass transfer
coefficient values. In this work a mass transfer coefficient depending on the applied
pressure and feed concentration as well as the flow conditions has been introduced.

It can be said that according the analysis that has been presented together with the
experimental data, the mass transfer coefficient, for the spiral wound modules and for
sea-water as feed, is a function of the feed velocity, feed concentration, operating
temperature geometry and applied pressure, see eq.(5.23).

k=1 (uf » Cp s T, APb(O,w), geometry) (5.23)

Let us now discuss these parameters in more details. In all these experiments, where in
some cases extreme operating conditions were used, the Reynolds number for the feed
solution was between 46-260. Although the existence of the brine spacer causes some
turbulence, the hypothesis of a ‘chopped' laminar flow, see section 3.2, is not unrealistic
for these low Reynolds numbers. Eq.(5.23) could be written as,

ny P (0, N,
[_b(_.l)] (5.24)

(o]

P

where, Sh = Sherwood number= khy/D.
Sc = Schmidt Number = p/pD.
p = solution density.

n n C
Sh=k°Sc ' Ref2 [
p

Cs = feed concentration.
Pp(0,w) = Pressure.

Po = 1 bar.

Ny, Ny, Ng, Ny, KO = constants.
D = Diffusivity coeficient.

Although the geometry of the module could play a significant role in determining the
mass transfer coefficient, at this stage no assessment can be made about this since there are
not experimental data available for membranes with different geometry. It can be said that
eq.(5.24) is valid for spiral wound modules with structure similar to the FilmTec FT30
membranes.

The exponents can be determined if three of the variables are kept constant and only one
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is varied. If only Re is varied, then eq.(5.24) can be transformed to,

In(Sh) = In{ k° Sc

Ny

C

]

Ny

[

Pb(

O9W) n4

(o)

]

} o+ n, In(Ref)

p

P

(5.25)
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Fig.5.17 In(Sh) versus In(Res) for different operating conditions.

A graph of In(Sh) versus In(Rey) is expected to be linear and the slope of the curve
will give the value of Ny, see Fig.5.17. If the conditions are changed (Cj, AP etc.) it
would be expected that no changes will occur to the value of No. The same procedure was
applied for all the experimental data and the No values were found to be fairly constant, so
that a value at Ny= 0.4 +- 0.06 can be used.

The exponent Ng could be determined if eq.(5.24) is written in the following form,

Pb(O,W) N,

In(Sh) - n, In(Re,) = In{ k° Sc h Fe——1 "} +n, Inet (5.26)

P p

so that even if the Reynolds number and the feed concentration varies, the graph of
eq.(5.26) is expected to be linear and the slope of the curve will give the value of Nz, as
long as the pressure and the temperature are kept constant, see Fig.5.18 below. Plots for
all the experimental data showed a greater variation for the N3 values than for the N
values. However an average value at Ng == 0.77 +- 0.3 can be used with reasonable
accuracy.
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Fig.5.18 In(Sh) -n, In(Rej) versus In(cip).

The exponent N4 can be found if the same procedure as before is applied. Eq.(5.24)
can be written as eq.(5.27).

P_(0,w)

In(Sh) - n, In(Re,) = In{ k° Sc h [%] “1en . In———] (5.27)

P

The graph of €q.(5.27) is expected to be linear and the slope of the curve is n4. By
applying €q.(5.27) for all the experimental data the values of Nz can be determined, see
Fig.5.19. The value of N4 was considered to be at N4 = = 0.55 +- 0.18.

3.9

In[Pb(0,w)/P°1*?

Fig.5.19 In(Sh) -n,In(Rejy) versus In[P,(0,w)/PO].
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Finally the exponent N{ can be found if eq.(5.24) is written in the form of eq.(5.28).
The graph of eq.(5.28) can be seen in Fig.5.20.

| 0 Cf n3 Pb(O,W) n4
In(Sh) - n, In(Ref) = In{ k [;-] [——o—-] } + n, In(Sc) (5.28)
P .

13
Operating_conditions Regression equations

~
a:- 12- © 35000ppm,50 bar  y= -0.1558 +0.1869x
o ¢ 35000ppm,70 bar  y= -0.3189 +0.1985x
\E B 40000 ppm,60 dar y= -0.0271 +0.1395«% a
- 1.1

N o]
= .
L 1.0 4 a
= 48 -
27
“ 09-le¢ . a
=
pomm

a
0.8 T T T T v T
6.0 6.2 6.6 6.8

6.4
In(Sc)
Fig.5.20 In(Sh) -n,In(Reg) versus In(Sc).

The value of n{ has been found to be Ny = 0.17 +- 0.06.

Since the exponents are known the value of kO can be found, which is k@ = 0.63 +-
0.03, and therefore eq.(5.24) is transformed into eq.(5.29).

0.40 C;

) P (O,w) _
Sh = 0.63 x Sc 0.17 Ref [ 0.77 [b—] 0.55

(o)

]
P P

(5.29)

At this point it would be useful to be reminded the procedure which has been used so
far. With the experimental data and by using eq.(3.86) the values of K were determined.
These values show a tendency to follow a general pattern depending on the temperature,
pressure, feed flow and feed concentration. If the simple and easy applicable eq.(5.24) is
suggested, to describe the variation of K with the variables which have been mentioned,
then it was found that most of the calculated K values follow eq.(5.29). Although
€q.(5.29) has been found after experiments with the FilmTec membranes, it is believed that
it could be also applied to other types of membranes as long as they have similar brine
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spacers. It must be pointed out though that whenever €q.(5.29) is used, as

hp in the
Sherwood number the value 0.077 cm should be used.
5.4 SOLUTE PERMEABILITY COEFFICIENT
100.0
—_~ 99.5 4
)
o
S 99.0-
ey
[$]
Q
‘©  98.5
| » =
98.0
i =&~ 35000ppm,25 ° C, 7% Recovery
91.5 -~ 35000ppm,35 (:) C, 7% Recovery
<+ 40000ppm,25 C, 7% Recovery
97-0 ¥ * ] v ] -t 1 ]
30 40 50 60 70 80 90
Pb(0,w) (bar)
Fig.5.21

Rejection properties for different operating conditions.

The FT 30 SW 2.5" membranes have been proved to have excellent rejection

properties. This can be seen in Fig.5.21 above, where the effect of the pressure on the
rejection properties is presented.

These high rejection properties is expected to give very low solute permeability
coefficient, ko, values. Indeed, if eq.(3.94) is applied, then the ko values can be found,
see Table 5.6. Although they vary with the applied pressure and the concentration, these
variations are random and an average value can be used without loss of accuracy. The Ko
varies with the temperature as well. If eq.(5.30) is suggested for the temperature

dependence of the ko then a plot of this equation can give the values of B and ko0, see
Fig.5.22 below.

, \ (5.30)
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Fig.5.22 Ink, versus the relative increase on temperature.

By using Fig.5.22, eq.(5.30) can be written as,

T-T,

14.648
k, = 9.536 x 107 e

(o]

(5.31)

5.5 EFFECTIVE PRESSURE, WATER FLUX, WALL CONCENTRATION AND
VELOCITY PROFILES.

The analytical solution which has been developed could be useful to find the profile of
different parameters in the (X,y) plane. Two different cases could be examined for each
variable, one for pure water as feed and one for salt water. The distilled water profiles
could be used when very dilute salt water solutions are used.

55.1 Pressure and flux profiles.

Eq.(3.43) gives the effective pressure for the case of distilled water for every point
(X,y). If eq.(3.43) is multiplied by k1, then the water flux at every point could be found,
so that the profile of the flux and the effective pressure are similar. The plot of eq.(3.43)
can be seen in Fig.5.23 below. It can be seen that the effective pressure increases in the Y
direction and decreases in the X direction, as it was expected taking into account the
pressure drops in the permeate and the brine channel respectively. A similar graph is
expected for the water flux.
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Fig.5.23 Effective pressure profile for distilled water solution at
200 C, us= 30.15 cm/sec and 30 bar.

For the plot of the effective pressure when salt water is used as feed, eq.(3.77) can be
used, see Fig.5.24. As it was expected the decrease in the effective pressure in the X
direction is higher than before because of the increasing salt concentration. A similar graph
to Fig.5.24 can be obtained for the water flux.
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Fig.5.24 Effective pressure profile for 35,000 ppm sea-water
solution at 200 C, ug= 12.25 cm/sec and 55 bar.
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552 Concentration profile.

The local water flux can be found by combining eq.(3.77) and eq.(3.16). Since the
local flux is known as well as the mass transfer coefficient, eq.(5.27), the wall
concentration could be found at every point (X,Y),

J{x.y)
k
cbw(x,y) = C (x)y) e (5.32)
or,
kAP (X,y)
Cowlxy) = [c, +1x]e (5.33)

The plot of eq.(5.33) can be seen in Fig.5.25. It must be noted that a constant K value
has been assumed along the membrane, which is questionable, and it will be examined in a

future work.
1, Chw
' 46.6 gr/it / Us 48.4 gr/1t
Closed end = ’:’ ’:: ':'
| |52 grt
50.4 gr/it 1] (f W)
y

......

x(lo) : B3 S0 52 55 (0w

Fig.5.25 Salt wall concentration profile for 35,000 ppm sea-water
solution at 200 C, us= 12.25 cm/sec and 55 bar.
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553 Velocity profiles.

Brine velocity profile

Berman[41] has déveloped velocity profile for laminar flow between parallel flat sheet
membranes with constant permeate flux. Although this could be the case for very low feed
concentrations pressure and brine flow, in reality and especially for sea water-the flux
varies quite significantly from point to point, so that it is questionable whether the
equations developed by Berman can be applied for the spiral wound modules. In this work
the brine velocity component in the y direction has been considered as zero so that the total
brine velocity is equal with the brine velocity in the x direction. For distilled water as feed
the brine velocity profile could be found if eq.(3.31) is integrated by using eq.(3.16) and
(3.43), see eq.(5.34).

2k, cosht \ 2
u (xy) = u -———3 [bAP” (0,w) sinh(ax) +LX [1-cosh(ax)]+
b f w ef b
cosh— hb
a
+ AP_(0,w)u, [1-&’ il albAP_(0,w) + u] (5.34)

The plot of eq.(5.34) can be seen in Fig.5.26 .

N Ub
I 30.15 cm/sec

¢losed end

i
RO BSOS

(1,0)

(,w)

Fig.5.26 Brine velocity profile for distilled water at 200C and 3Obar.
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The brine velocity profile for salt water as feed can be found if again eq.(3.31) is
integrated by using eq.(3.16) and (3.77), see €q.(5.35).

Zcoshqu )

u, (x,y) = u, - [AP -(c.-c )g] Iny - — [0 -Iny] +
b

f hbcosh%zf { re k,

2 2
(cf-c )u Kk p ko , 2
p’ "t fb . .1 -

+ e fo - g k- —L=— (6L () -c)1 } (5.35)

The profile of eq.(5.35) is similar with that in Fig.(5.26) with the brine velocities at the
limits as: Up(0,0)=up(0,w)=us=12.25 cm/sec, Up(l,0) = 10.65 cm/sec and
up(l,w) = 10.2 cm/sec, with 35,000 ppm sea-water solution at 200 C and 55 bar.

Permeate velocity profil

The permeate velocity profile could be found for distilled water if eq.(3.17) is
integrated by using eq.(3.16) and (3.43).

2k, q sinhL 0 uf sinh(ax)
u (xy) = g [bAPef(O,w) cosh(ax) - ———— +
h cosh¥ b
P q
- ax
+AP_(OW) u e ]/(bAPef(O,w) +u) (5.36)

The plot of eq.(5.36) can be seen in Fig.5.27 below.

The permeate velocity variation for salt water is given by eq.(5.37).

2 q kjsinh% k , (k+k,oC)
u_(xy) = ——— {AP_(O,w) Tf +
h cosh¥L [k+k @ (c +fx)]
p q 1 f
c.u k c
et O ofx} (5.37)
f c +fx
f
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The limits are Up(0,0) = up(l,0) = 0.0 cm/sec, up(O,w) = 2.764
cm/sec and up(l,w) =-2.1346 cm/sec and a similar graph with that in Fig.5.27
could be found , with 35,000 ppm sea-water solution at 209 C and 55 bar.

~ 47 | 5.09 cm/sec

.
.......
........
-----
......
« 0.

.......
..........
......

Fig.5.27 Permeate velocity profile for pure water at 200 C and
30 bar. '
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CHAPTER VI

SPIRAL WOUND MODULE PERFORMANCE PREDICTIONS

6.1 INTRODUCTION

In this chapter predictions are made for the spiral wound module performance. The
basic working equations used are eq.(3.86) and eq.(3.94). In these equations the
permeate concentration has been ignored as insignificant at the particular experimental
conditions which have been used. Since the values of five parameters are needed for the
performance predictions of the modules, the correlations which have been found in chapter
V will be used. These are: eq.(5.5) for the brine friction parameter, eq.(5.16) for the
water permeability coefficient, eq.(5.29) for the mass transfer coefficient, eq.(5.31) for
the solute permeability coefficient, and the permeate friction parameter is considered as
constant at kfp= 1,100,000 cm-2. The validity of eq.(3.86) and eq.(3.94) is tested not
only with experimental data at 25,000 ppm, 35,000 ppm and 40,000 ppm sea-water
solutions but also at 25,200 ppm with a new membrane (No3 ). The effects of all the
process variables (pressure, feed concentration etc.) on the water flux and the permeate
concentration are examined and a comparison of theoretical and experimental results is
made. The flux and the permeate concentration were found by using a computer
programme, see Appendix I, PROGRAM PARA4. The brine concentration gradient, f, can
be found by using mass balance equation (6.1).

2chf

fo—
Qf-2Jw|

(6.1)

Finally suggestions are made for optimum module design so that the maximum water
flux could be achieved.

6.2 MODULE PERFORMANCE PREDICTIONS

In this section the effects of the applied pressure, feed velocity and feed concentration
on the water flux and the permeate concentration is examined, by using eqs (3.86) and
(3.94). At the same time comparisons are made between the calculated and the theoretical
values.
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6.2.1 Applied pressure effect on the module performance.

If all the conditions are kept constant and the pressure is allowed to vary, then the effect
of the pressure on the membrane performance can be found, see Fig.6.1. Similar graphs
can be found for different operating conditions.

0.0027 2800
0.0024 [ 5400
~  0.0021 o I
S ] - 2000
Q 0.0018 | o E
£ 00015 7 1600 £
< 00012 - 1200
- ] o
0.0009 - i
- Lgoo ©
0.0006 - !
0.0003 400
0.0000 0

10 20 30 40 50 60 70 80 90 100 110 120 130
Pb(0,w) (bar)
Fig.6.1 Average water flux and permeate concentration as a
function of the applied pressure, for 25,000 ppm
sea-water at 259 C and Qf=10.846 I1t/min.

It can be concluded that as the épplied pressure increases the average water flux
increases and the permeate concentration decreases. It has been suggested[40] that the
curve for high pressures is not linear but rather cxponehtial reaching asymptotic a value.
This behaviour though was not noticed under the experimental conditions which have been
used here. As far as the permeate concentration is concerned, there is a great increase in
permeate quality as the pressure increases, starting from 20 bar. The Osmotic pressure is
19 bar at 25,000 ppm. The permeate salt concentration decreases much slower for
pressures higher than 40 bar.

The theoretical and the experimental values for the water flux and the permeate
concentration for different conditions can be seen in Table 6.1 below. The differences
between the theoretical and experimental values for the water flux are less than 6 % and for
the permeate concentration less than 12 %. Some more data to compare experimental and
theoretical values are presented in Fig.6.2 below, for membrane Nol, where very good
agreement between experimental and theoretical values can be seen.

84



Comparison between experimental and calculated data for

membrane No 1.

Table

6.1

- Cp (ppm)

Cf Temp. Pb(0,w) Qf Jx10 4(cm/sec)

(ppm) (°C) (bar) (IYmin) exp. theor. exp. theor.
25000 25 50 7.935 9.589 9.096 115 129
25000 25 55 8.076 10.750 10.386 106 117
25000 25 60 10.849 12.270 11.986 89 101
25000 25 70 8.507 14.290 14.007 92 98
35000 20 50 7.453 5.240 5.548 235 216
35000 20 55 7.584 6.840 6.566 200 191
35000 20 60 7.692 7.750 7.543 182 174
35000 20 70 7.898 9.470 9.390 166 152
35000 20 80 8.101 11.180 11.110 161 139
40000 30 55 7.578 6.650 6.543 370 365
40000 30 60 7.722 7.840 6.731 317 324
40000 30 70 16.142 11.260 11.167 216 223
40000 30 80 13.674 13.520 13.209 189 209

0.0016J
a Jexp. o
000144 o oo, At25000ppmand26- C R
X Jexp. 0 i
S owizd © Iteor At35,000 ppmand 30 C
Q
é’ .
5 0.0010 . -
¥
00008 o u
-1
0.0006 T T T T T T T
45 50 55 60 65 70 75 80 85
Pb(0,w) (bar)

Fig.6.2.a Average water flux for different conditions for

sea water solutions (membrane Nol).

The validity of the model will be established when it can predict the module

performance for data, which have never be used in order to find the correlation equations

for the mass transfer coefficient and the solute permeability coefficient, such as that

at 25,200 ppm. At this concentration a complete new membrane was used, (Membrane
No3). The membrane was first tested in distilled water at Pressures from 20 bar to 50 bar
and at temperatures 259 C and 309 C, see Table 6.2 below.
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Fig.6.2.b Permeate concentration

sea water (membrane Nol).

Tabl 0.2

Experimental data with distilled water for membrane No3.

at different conditions for

Temp.,(°C) Pb(0,w), (bar) Qs ,(It/min) Qp , (IVmin) kqx1 05, (cm/sec bar)
25 20 10.162 0.809 3.772
25 25 10.330 0.977 3.602
25 30 10.519 1.166 3.536
25 40 10.915 1.562 3.536
25 50 11.288 1.935 3.552
30 20 10.300 0.947 4.441
30 25 10.525 1.172 4.356
30 30 10.753 1.400 4.314
30 35 11.009 1.656 4.369
30 40 11.231 1.878 4.325
30 45 11.443 2.090 4.270

From these data and using Program PAR2, the water permeability values for this new

membrane could be found. The equations giving k; as a function of the pressure can be

seen in the following equations.

at 25° C

at 30° C

k‘l

k, =4515x 10 )

= 3.8225 x 10

5

86

5
e

- 0.0018 P, (0,w)

- 0.0012 P, (0,W)

e

(6.2)

(6.3)



Following this experiment the membrane was tested at 259 C and 300 C with 25,200
ppm seawater solution for different pressures and the data collected are presented in Table
6.3. The theoretical average water flux and permeate concentration can be found by using
the PROGRAM PAR4. It must be mentioned that the friction parameters and the solute
permeability coefficient were considered the same as for membrane Nol. The water
permeability coefficient were given by eqs.(6.2) and (6.3). The comparison of the
experimental and the theoretical values can be seen in Table 6.3.

| Table 6.3
Comparison between experimental and calculated data for membrane

No 3.

Cf Temp. Pb(0,w) Qf Jx10 4(cm/sec) Cp (ppm)

(ppm) (°C) (bar) (It/min) exp. theor. exp. theor. theor.”
25200 25 50 10.403 8.64 8.47 96 132 100
25200 25 60 10.703 11.11 10.96 83 110 84
25000 25 70 11.003 13.58 13.32 78 97 74
25000 25 80 11.263 156.72 15.58 75 89 68
25200 25 90 11.443 17.20 17.73 74 83 64
25200 30 40 10.168 6.71 6.79 163 202 161
25200 30 50 10.476 9.25 9.91 112 150 120
25200 30 60 10.835 12.21 12.91 102 124 99
25200 30 70 11.155 14.84 15.78 97 110 88
25200 30 75 11.295 15.99 17.17 96 105 84
25200 30 80 11.449 17.26 18.54 95 101 82

The results in Table 6.3 show a very good agreement between the theoretical and
experimental values for the average water flux. For the pérmeate concentration there are
descrepancies when the solute permeability coefficient from membrane Nol was used, see
column theor.. If the solute permeability coefficient was determined by using one set of
data from Table 6.3, that is at 250 C kp=2.75x10-6 cm/sec and at 300 C ko= 3.78x10-6
cm/sec, then, there is a much better agreement between the theoretical and experimental
values, see column theor.*. It can be concluded that for sea-water solutions the analytical
solution, which have been developed, can predict the spiral wound module performance
with very good accuracy.
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Since the analytical solution, which has been tried so far was for high feed
concentrations, it is interesting to see what prediction can make at low feed concentrations.
For this, data published for the ROGA spiral wound modulel18] can be used. If the
calculated values in Chapter IIT are used, which are: k{=2.085x10-5 cm sec-lbar-1,
Kfp=172000 cm-2, Kfp =567000 cm2, ko= 1.79x10-3 cm sec-1, then the average water
flux and the permeate concentration can be found, see Fig.6.3. The differences between
all but one the calculated and the experimental values for the water flux is less than 3 %,
and for the permeate concentration less than 7 %.
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Pb(0,w) (atm)

Fig.6.3.a Average water flux at different low feed concentrations
and  different feed flows for ROGA-4160 membrane.
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Fig.6.3.b Permeate concentration at different feed concentrations
and different feed flows for ROGA-4160 membrane.
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It can be concluded that the analytical solution, which has been developed for high feed
concentration can also be applied for low feed concentrations.

6.22 Feedconcentration and velocity effects on the module
performance.

If the feed concentration varies, while all the other variables remain constant, it is
expected that the water flux will decrease and the permeate concentration will increase.
The exact effect of the feed concentration on the membrane performance can be predicted
by using eqgs (3.86) and (3.94), see Fig.6.4 below. It must be mentioned that increasing
the feed concentration causes the flux and the recovery to decrease, since the feed velocity
is kept constant.

It can be seen in Fig.6.4 that the predicted water flux and permeate concentration
variations are not linear. The permeate concentration increases more rapidly at high
feed concentrations than at low feed concentrations, that is closer to zero effective driving
pressure. At 63.0 gr/lt feed concentration the flux is becoming zero, since the net driving
pressure is zero. Although Osmotic pressure of 50 bar, in the feed side, is achieved for
feed concentration at 68.6 gr/lt, one must bear in mind that because of the concentration
gradient along the membrane this pressure will be achieved at lower feed concentration,
which is at the given operating conditions 63.0 gr/lt. When the feed concentration exceeds
63.0 gr/lt the flux is becoming negative for obvious reasons.
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Fig.6.4 Average water flux and permeate concentration for
different feed concentration at 50 bar, u=6.7 cm/sec
and 250 C.
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The effect of the feed velocity on the module performancé can be seen in Fig.6.5.
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Fig.6.5 Average water flux and permeate concentration for
different feed velocities at 50 bar, 25,000 ppm and
250 C.

The increase in feed velocity affects the membrane performance in many ways. The
mass transfer coefficient increases, so that, the water flux increases and the permeate
concentration decreases. The recovery decreases with increasing feed velocity so that the
concentration gradient along the membrane decreases. As a result of that, one could
expect an increase in the water flux and a decrease in the permeate concentration.

At very high feed velocity the pressure drop in the permeate channel is becoming
significant with an obvious reduction in the effective driving pressure and the water flux.
All these effects can be seen in Fig.6.5. As the velocity increases, starting from low
values, the effects of the increasing mass transfer coefficient and the decreasing recovery
are dominant result in a dramatic increase in the water flux and a decrease in the permeate
concentration. Both of these effects are becoming less significant as the velocity increases
and the slopes of both curves are getting smaller. At very high velocities though, it seems
that the dominant factor is the increasing pressure drop in the brine channel and the
obvious result is a water flux decline. The permeate concentration on the other hand
continues to decrease. Although this appears to be an odd result, it can be explained if one
considers eqs (3.16), (3.57), (3.87) and (3.93), which yield eq.(6.4) for the locally
produced permeate concentration.
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k2 wa(X’Y)
kl [Pb(st) - Pp(x’Y) - szW(X’Y)] + k2

Cp(X,Y) = (64)

From eq.(6.4) it can be seen that although the denominator of the ratio, which
expresses roughly the water flux may decreases at very high velocities, the numerator
decreases faster so that the ratio decreases.

6.3 OPTIMUM MODULE DESIGN

In this section the effect of the module geometry on the spiral wound module
performance will be examined by using the equations developed in section 3.8. The basic
working equations are eq.(3.98) and eq.(3.102).

' w /2k k, 1
ZBth;/Ztanh 1_fp

' 1/2
h

= D (3.98)

Lw, / 2k1kfpu ( hp+ h +2h )

where,

<lcO

cuk, p
B=—1 AP-C.0) Iny - X [0-0Iny] + -0 T InEInd
i $9) 1Ny k. [p=6Iny] + ————@-InZInAl} (3.95)

1 1 A 3

1 3 i1
h 2 2 2 2 2 2 ) 2 _
h<+( b+2hm)hp ]sech (ehp )ehp + tanh(ehp )[hp (hb+2hm)hp =0 (3.102)

2
p

Eq.(3.102) can give us the optimum permeate channel height for a given membrane
module. Itis interesting to see that eq.(3.102) predicts that the optimum permeate channel
height is independent of the operating conditions. It predicts that the factors which affect
the optimum permeate channel height are: the water permeability coefficient, the permeate
friction parameter, the brine channel height, the membrane thickness and the membrane
width.

The optimum permeate channel height may be found by using €q.(3.98). With this
equation the effects of other variables like width can be examined. In Fig.6.6.a , the effect
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of the permeate channel height on the permeate flow per unit volume for different widths
can be seen. ‘
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hp (mm)

Fig.6.6.a Water flow per unit volume at 60 bar, 35,000 ppm,
250 C and Q4=10.421 It/min.

All the curves have a maximum and as the width increases the specific productivity of
the module decreases and the maximum specific productivity is achieved at higher
permeate channel height. For the normal width the maximum productivity is achieved for
hp = (.2 mm approximately. At the same time for the high width values the curves are
becoming broader at the maximum. This behaviour is due to the increasing pressure drop
in the permeate channel with the increasing width. This affects the driving pressure and
consequently the productivity of the module.

It could be concluded that for a given module diameter the number of leaves should be
as many as possible in order to keep the membrane width (leaf spiral length) as small as
possible, so that high productivity could be achieved. However the number of leaves is
limited by manufacturing difficulties.

The effect on the permeate concentration can be seen in Fig.6.6.b below. There is a
sharp decrease on the permeate concentration as the permeate height approaches the
optimum value and after that point there is a much smaller decrease. The smaller the width

is the better the permeate quality and smaller the effect of the permeate height on the
permeate quality. ’
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Fig.6.6.b Permeate concentration at 60 bar, 35,000 ppm, 250 C
and Q¢=10.421 It/min.

As it has been predicted by eq.(3.102) the feed concentration, see Fig.6.7, and the
applied pressure, see Fig.6.8, have no effect on the optimum permeate channel height.
There are however, differences on the membrane productivity depending on the feed
concentration, or the applied pressure.
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hp (mm)
Fig.6.7 Water flow per unit volume at 60 bar, Qf=10.421
It/min and 25° C.

From Fig.6.7 and Fig.6.8 it can be seen that the lower is the specific productivity,
because of high feed concentration or low applied pressure, the smaller the effects of the
variation of the permeate height on the flow rate per unit volume.
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Fig.6.8 Water flow per unit volume at 35,000 ppm, Qf=10.421
It/min and 259 C.

The effect of the brine channel height to the membrane specific productivity and
permeate quality can also be examined by using eq.(3.98). Since the brine channel height
affects the brine velocity, two different conditions have been used. The first is when the
feed velocity is kept constant and the second when the feed flow is kept constant. When
the feed velocity is kept constant, there is an optimum brine channel height, where the

specific productivity is maximum, see Fig.6.9.a.
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Fig.6.9.a Water flow per unit volume at 35,000 ppm, 60 bar
and 259 C at constant feed velocity.

This is due to the fact that when the brine channel height increases the pressure drop in
this channel:decreases and the driving pressure increases. At the same time the volume
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increases with increasing brine channel height, so that there is an optimum height where
the ratio Qp/V is maximum. The maximum shifts towards higher brine channel heights,
as the velocity decreases. At the same time the specific productivity decreases and the
maximum is becoming broader. These are results of higher concentration polarization
effects at low velocities, so that the effects of the brine pressure drop and the module
- volume are less significant as compared to the concentration polarization effects. The
higher the feed velocity the greater the effect of the brine channel height on the specific
productivity.

The permeate concentration can be seen in Fig.6.9.b, for the same conditions. The
permeate quality increases rapidly as the brine height approaches the optimum and the
quality increases with the brine velocity due to smaller wall concentration.
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Fig.6.9.b Permeate concentration at 35,000 ppm, 60 bar and
250C at constant feed velocity.

The effect of the brine channel height on the module specific productivity, when the
feed flow is kept constant can be seen in Fig.6.10.a below. In this case the spccific
productivity for very small brine channel height increases initially with the brine channel
height due to lower pressure drop in the brine channel. As the brine channel height
continuous to increase the pressure drop in the brine channel becomes insignificant and
the dominant factor is the concentration polarization effect. As a result of this the
productivity decreases because the brine velocity decreases with increasing brine channel
height. i

The permeate quality for the same conditions can be seen in Fig.6.10.b. The permeate
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concentration increases as the brine channel height increases for moderate and high feed
flows, though for low feed flows it decreases. These occur as a result of a combination of
the brine pressure drop and the wall concentration. Beyond a special brine channel height
value, depending on the feed flow, the effect of the brine channel height is almost
negligible, as far as the permeate concentration is concerned.
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Fig.6.10.a Water flow per unit volume at 35,000 ppm, 60 bar
and 250 C at constant feed flow.
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Fig.6.10.b Permeate concentration at 35,000 ppm, 60 bar and
250 C at constant feed flow.
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6.4 THE EFFECTS OF THE VARIATION OF THE FIVE PARAMETERS ON THE
PREDICTED VALUES OF FLUX AND PERMEATE CONCENTRATION

In this section the effects which the water permeability coefficient, solute permeability
coefficient, mass transfer coefficient, brine friction parameter and permeate friction
parameter, have on the predictions of the analytical model will be examined. All these 'five
parameters' are essential for describing a particular module.

In Fig.6.11 the effects of the variation of water permeability coefficient, k;, on the flux
and permeate concentration can be seen as well as the experimental and theoretical values for
the actual operating conditions. It can be said that a 70 % decrease (from the measured
value) of the k; value causes 61 % decrease in the water flux and 114 % increase in the
permeate concentration. On the other hand 100 % increase in k; causes 51 % increase in
water flux and 23 % decrease in permeate concentration. It can be conclude that the
variation of k; affects the water flux and the permeate quality substantially. It is interesting
to see that the relation between the flux and k; is not linear and the higher the k; is the
smaller the effect on the water flux. This is due to the increasing pressure drop in the
permeate channel because of higher permeate flow.
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Fig.6.11 Average Water flux and Permeate concentration at
35,000 ppm, 60 bar, Q¢=7.692 It/min and 200 C for
Membrane Nol for different --water permeability
values.

The effects of the brine friction parameter values;, Kij,, on the membrane performance
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can be seen in Fig. 6.12. It apparent that the effect of the brine friction parameter can be
ignored for this type of spacers and the dimensions of the module, since the effect on the
module performance is less than 2 % even when the kg, increases by a factor of 50.
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Fig.6.12 Average water flux and Permeate concentration at
35,000 ppm, 60 bar, Q=7.692 It/min and 200 C for
Membrane Nol for different brine friction parameter
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Fig.6.13 Average water flux and Permeate concentration at 35,000
ppm, 60 bar, Qf=7.692 It/min and 209 C for Membrane Nol
for different permeate friction parameter values.
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As one would expect, the effect of the permeate friction parameter variation on the
module performance is greater than the brine friction parameter. An increase of the permeate
friction parameter by a factor of 15, results in 15.7 % decrease in water flux and 13 % in
permeate quality, see Fig.6.13 above.

The mass transfer coefficient values have a significant effect on the module
performance, see Fig.6.14. It can be seen that as K increases the water flux increases and
the permeate concentration decreases, because of smaller salt wall concentrations. The effect
of k on the module performance becomes less significant at high K values.

0.0010 550
1 -
0.0009 - 500
. - 450
0.0008 I =
- ) - 400 g_
®  0.0007 - I e
a ] Theor. Value (30 S
(&)
E 0.0006 - - 300
e i "
- - 250
0.0005 - L
| - 200
0.0004 - e o - 150
0.0003 LN DAL N I S R RARE EEEEL B E Y A L AR S R 100
0 1 2 3 4 5 6 7 8 9 10

k x 1038 (cm/sec)

Fig.6.14 Average water flux and Permeate concentration at
35,000 ppm, 60 bar, Qf=7.692 It/min and 20° C for
Membrane Nol for different mass transfer coefficient
values.

According the analysis which has been presented in chapter I, the variation of Ko has
no effect on the permeate water flux. The permeate concentration is proportional to the Ko,
see Fig.6.15, below.

99



J (cm/sec)

0.00076

0.00075 +

0.00075 -

0.00075 -

0.00074

700
- 600
- 500

~ 400

Cp (ppm)

- 300
~ 200
- 100

| A LA R A A

1 2 3 4 5 6
k2 X 106

7

8 9
(cm/sec)

T
10

Fig.6.15 Average water flux and Permeate

35,000 ppm, 60 bar,
Membrane Nol
values.

100

T 0

11 12

concentration

at

Qf=7.692 1t/min and 200 C for
solute permeability

for different



CHAPTER VII

CONCLUSIONS AND RECOMMENDATION FOR FURTHER WORK

7.1 CONCLUSIONS

In this work an explicit analytical procedure to describe the performance of spiral
wound R.O. modules has been presented. Based on the solution-diffusion model, explicit
analytical equations have been proposed for the average water and salt fluxes in an
element. In these equations, the pressure drop in both permeate and brine channels, the
concentration polarization effect and the concentration gradient along the membrane have
been taken into account, with some approximations, which have been detailed in sections
3.4 and 3.6.

The equations developed have been evaluated against experimental data for FilmTec
FT30SW 2.5" modules operating on sea-water. The water and solute permeability
coefficients ( ki and Ko ), the mass transfer coefficient, K, and the brine, K¢, and
permeate, kfp, friction parameters have been found at a variety of different operating
conditions. These 'five parameters' are needed to describe the performance of a spiral
wound module.

The calculated values for the water and solute permeability coefficients follow the
generally accepted trends for R.O. membranes and simple equations have been proposed
to give these parameters at any pressure and temperature, see eqs (5.15) and (5.16).

The values found for the mass transfer coefficient, expressed in terms of Sherwood
numbers, seem to depend on the Schmidt and Reynolds numbers, as all previous workers
have suggested. More than this, it was found that the Sherwood number depends on the
feed concentration and the applied pressure. As a result of this a mass transfer coefficient
depending on the flow conditions as well as the feed concentration and the applied
pressure has been introduced and a simple formula, see eq.(5.29), has been proposed to
give the mass transfer coefficient at any operating conditions.

The friction parameters were found to be a function of the Reynolds number. The

dependence on the Reynolds number is more obvious for the brine friction parameter than
for the permeate friction parameter, see eqgs (5.5) and (5.7).

101



For situations in which all of these 'five parameters' are known, further equations have
been developed to give the local values for all the process variables (concentration,
velocity, etc.) at any point within the. element, so that the profiles for all these variables
can be also derived.

The simple equations suggested for the 'five parameters', as well as the equations for
the water and salt flux have been tested against experimental data and very good agreement
between experimental and calculated values have been found for the water flux and the
permeate concentration.

Finally the equations developed can be a useful tool in designing better modules, since
they can give the geometrical characteristics like permeate height, membrane width etc. for
" an optimum module performance, for given situation.

Although numerical solutions have been suggested(31] for the R.O. spiral wound
modules, it is believed that an analytical solution is always more attractive than a
numerical one, especially when all the physical effects have been taken into account, even
if with some approximations.

7.2 FURTHER WORK

As far as the mathematical model is concerned improvements can be made if the
variation of the brine concentration in the y (tangential) direction is taken into account.
Although for small permeate velocities and small membrane widths this variation can be
ignored, for high permeate velocities and long membrane widths it could be significant.
Another possible improvement could be if the mathematical model was treated in polar
coordinates so that the spiral form of the module could be considéred rather the flat form
which has been used in this analysis.

The effect of the brine spacer on the mass transfer coefficient could be also examined
by using different spacers, and/or different length to height ratios.

Finally, the model could be validated as far as the optimum module design is concerned
if modules from the same materials but different geometries were tried at the same
experimental conditions and comparisons were made between the experimental and
predicted values.
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Table 5.1
Experimental data with distilled water for membranes Nol and No2.

4.7

T=20C
Pb(0,w)Pb(l,w)iPb(l,w)jiPp(0,0)j| (Qf)i | (Qf)j | (Qp)i | (Qp)j Qb
(bar) (bar) (bar) (bar) [(lt/min)|(It/min){(It/min)|(It/min)|(It/min)
15 14.9 14.9 1.9 7.351 | 7.208 | 0.582 | 0.439 | 6.769
15 14.75 | 14.75 1.9 9.935 | 9.791 | 0.582 | 0.438 | 9.353
15 14.6 14.6 1.9 12.61 | 12.468 | 0.58 0.438 | 12.03
15 14.4 14.4 1.9 15.351 | 15.208 | 0.578 | 0.435 | 14.773
15 14.15 | 14.15 1.9 18.121 | 17.979 | 0.575 | 0.433 | 17.546
19 18.85 18.8 2.1 7.505 7.34 0.736 | 0.571 | 6.769
19 18.7 18.7 2.1 10.086 | 9.923 | 0.733 0.57 9.353
19 18.55 | 18.55 2.1 12.76 12.6 0.73 0.57 12.03
19 18.4 18.4 2.1 15.499 | 15.341 | 0.726 | 0.568 | 14.773
19 18.2 18.2 2.1 18.266 | 18.113 0.72 0.567 | 17.546
22 21.85 | 21.85 2.3 7.611 | 7.422 | 0.842 | 0.653 | 6.769
22 21.75 | 21.75 2.3 10.193 | 10.005 | 0.84 0.652 | 9.353
22 21.6 21.6 2.3 12.865 | 12.681 | 0.835 0.651 12.03
22 21.45 | 21.45 2.3 15.605 | 15.424 | 0.832 | 0.651 | 14.773
22 21.2 21.2 2.3 18.374 | 18.196 | 0.828 0.65 | 17.546
30 29.8 29.8 2.85 7.904 | 7.651 | 1.135 | 0.882 | 6.769
30 29.7 29.7 2.85 110.488|10.234| 1.135 | 0.881 | 9.353
30 29.55 | 29.55 2.85 [13.164 | 12.911 | 1.134 | 0.881 12.03
30 29.4 29.4 2.85 |15.903 | 15.653| 1.13 0.88 | 14.773
30 29.2 29.2 2.85 | 18.673 | 18.426 | 1.127 0.88 | 17.546
35 34.8 34.8 3.2 8.064 | 7.796 | 1.295 | 1.027 | 6.769
35 34.7 34.7 3.2 10.644 | 10.379 | 1.291 1.026 | 9.353
35 34.55 | 34.55 3.2 13.318 | 13.055 | 1.288 | 1.025 | 12.03
35 34.4 34.4 3.2 16.058 | 15.797 | 1.285 | 1.024 | 14.773
35 34.2 34.2 3.2 18.827 | 18.57 | 1.281 1.024 | 17.546
40 39.85 | 39.85 3.6 8.243 | 7.938 | 1.474 | 1.169 | 6.769
40 39.7 39.7 3.6 10.825 | 10.522 | 1.472 | 1.169 | 9.353
40 39.6 39.6 3.6 13.56 | 13.198 | 1.47 1.168 | 12.03
40 39.4 39.4 3.6 16.241 | 15.94 | 1.468 | 1.167 | 14.773
40 39.2 39.2 3.6 19.012 | 18.711 | 1.466 | 1.165 | 17.546
45 44.85 | 44.85 4.2 8.401 | 8.108 | 1.632 | 1.339 | 6.769
45 44.7 44.7 4.2 10.981 | 10.691 | 1.628 | 1.338 | 9.353
45 44.55 | 44.55 4.2 13.6563 | 13.367 | 1.623 | 1.337 | 12.03
45 44.4 44 .4 4.2 16.393 | 16.108 | 1.62 1.335 | 14.773
50 49.85 | 49.85 4.7 8.571 | 8.294 | 1.802 | 1.525 | 6.769
50 49.7 49.7 4.7 11.153 | 10.877 1.8 1.524 | 9.353
50 49.65 | 49.65 13.828 | 13.553 | 1.798 1.523 12.03
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Table 5.1.a
T=25 C
Pb(0,w)Pb(l,w)iPb(l,w)jPp(0,0)j (Qf)i | (Qf)j | (Qp)i | (Qp)j Qb
(bar) (bar) (bar) | (bar) |(It/min)|(It/min)|(It/min)|(I1t/min)|(I1t/min)
15 14.9 14.9 1.9 7.346 | 7.208 | 0.677 | 0.537 | 6.769
15 14.75 | 14.75 1.9 9.928 | 9.791 | 0.674 | 0.536 | 9.353
15 14.6 14.6 1.9 12.6 | 12.468 | 0.67 0.535 | 12.03
15 14.4 14.4 1.9 15.341 | 15.208 | 0.668 | 0.535 | 14.773
15 14.15 | 14.15 1.9 18.111 | 18.08 | 0.664 | 0.534 | 17.546
19 18.85 | 18.85 2.2 7.626 | 7.456 | 0.857 | 0.687 | 6.769
19 18.75 | 18.75 2.2 10.205| 10.04 | 0.852 | 0.687 | 9.353
19 18.6 18.6 2.2 12.88 | 12.716 | 0.85 0.686 | 12.03
19 18.4 18.4 2.2 15.619 | 15.459 | 0.846 | 0.686 | 14.773
19 18.25 | 18.25 2.2 18.388 | 18.231 | 0.842 | 0.685 | 17.546
22 21.9 21.9 2.5 7.752 | 7.555 | 0.983 | 0.786 | 6.769
22 21.8 21.8 2.5 10.333 | 10.138 | 0.98 0.785 | 9.353
22 21.65 | 21.65 2.5 13.008 | 12.815 | 0.978 | 0.785 | 12.03
22 21.5 21.5 2.5 15.751 | 16.557 | 0.975 | 0.784 | 14.773
22 21.25 | 21.25 2.5 18.516 | 18.33 0.97 0.784 | 17.546
30 29.9 29.9 3.1 8.082 | 7.844 | 1.8313 | 1.075 | 6.769
30 29.8 29.8 3.1 10.666 | 10.428 | 1.313 | 1.075 | 9.353
30 29.65 | 29.65 3.1 13.342 | 13.104 | 1.312 | 1.074 | 12.03
30 29.45 | 29.45 3.1 16.083 | 15.847 | 1.31 1.074 | 14.773
30 29.3 29.3 3.1 18.854 | 18.619 | 1.308 | 1.073 | 17.546
35 34.9 34.9 3.6 8.3 8.04 1.531 1.271 | 6.769
35 34.8 34.8 3.6 10.881 | 10.623 | 1.528 1.27 9.353
35 34.6 34.6 3.6 13.566 { 13.299 | 1.526 | 1.269 | 12.03
35 34.5 34.5 3.6 16.293 ] 16.042 1.52 1.269 | 14.773
35 34.3 34.3 3.6 19.064 | 18.814 | 1.518 | 1.268 | 17.546
40 39.9 39.9 4.1 8.514 | 8.188 | 1.745 | 1.419 | 6.769
40 39.75 | 39.75 4.1 11.094 | 10.771 | 1.741 1.418 | 9.353
40 39.65 | 39.65 4.1 13.768 | 13.448 | 1.738 | 1.418 | 12.03
40 39.45 | 39.45 4.1 16.504 | 16.191 | 1.731 | 1.417 | 14.773
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Table 5.1.b
T=30 C
Pb(0,w) Pb(l,w)iPb(l,w)jiPp(0,0)jl (Qf)i | (Qf)j | (Qp)i | (Qp)j Qb
(bar) (bar) (bar) (bar) [(It/min){(It/min){(It/min)|(It/min)|{(It/min)
15 14.85 | 14.85 2.1 7.56 7.418 | 0.791 | 0.649 | 6.769
15 14.7 14.75 2.1 10.14 | 10.001 | 0.787 | 0.648 | 9.353
15 14.55 | 14.65 2.1 12.812 | 12.678 | 0.782 | 0.647 | 12.03
15 14.35 14.5 2.1 15.553 | 15.419 | 0.78 0.646 | 14.773
15 14.2 14.3 2.1 18.324 | 18.191 | 0.778 | 0.645 | 17.546
19 18.85 | 18.85 2.3 7.758 | 7.586 | 0.989 | 0.817 | 6.769
19 18.75 | 18.75 2.3 10.339 | 10.169 | 0.986 | 0.816 | 9.353
19 18.6 18.6 2.3 13.013 | 12.845 | 0.983 | 0.815 | 12.03
19 18.4 18.4 2.3 15.753 | 15.587 | 0.98 0.814 | 14.773
19 18.25 | 18.25 2.3 18.521 | 18.359 | 0.975 | 0.813 | 17.546
22 21.85 21.9 2.7 7.918 | 7.724 | 1.149 | 0.955 | 6.769
22 21.75 21.8 2.7 10.499 | 10.306 | 1.146 | 0.953 | 9.353
22 21.6 21.65 2.7 13.171 | 12.982 | 1.141 0.952 12.03
22 21.45 21.5 2.7 15.911 | 15.724 | 1.138 | 0.951 | 14.773
22 21.25 21.3 2.7 18.678 | 18.495 | 1.132 | 0.949 | 17.546
30 29.85 29.9 3.5 8.309 | 8.053 1.54 1.284 | 6.769
30 29.75 29.8 3.5 10.89 | 10.636 | 1.537 | 1.283 | 9.353
30 29.6 29.6 3.5 13.564 | 13.311 | 1.534 | 1.281 | 12.03
30 29.4 29.5 3.5 16.302 | 16.052 | 1.529 | 1.279 | 14.773
30 29.25 29.3 3.5 19.07 | 18.824 | 1.524 | 1.278 | 17.546
35 34.85 34.9 4.05 8.562 | 8.257 | 1.783 | 1.488 | 6.769
35 34.75 | 34.85 4.05 | 11.132| 10.84 | 1.779 | 1.487 | 9.353
35 34.6 34.6 4.05 |13.806|13.517 | 1.776 | 1.485 | 12.03
35 34.5 34.5 4.05 |16.545|16.257 | 1.772 | 1.484 | 14.773
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Table S.1.c
T=35 C
Pb(0,w)|Pb(l,w)iPb(l,w)jPp(0,0)j (Qf)i | (Qf)j | (Qp)i- | (Qp)j Gb
(bar) (bar) (bar) (bar) |(It/min){(It/min)|(It/min)|(1t/min)|(]t/min)
15 14.8 14.9 2.2 7.677 | 7.527 | 0.908 | 0.758 | 6.769
15 14.7 14.8 2.2 10.259 | 10.111 | 0.906 | 0.758 | 9.353
15 14.6 14.65 2.2 12.931 | 12.786 | 0.901 | 0.756 | 12.03
15 14.4 14.5 2.2 15.671 | 15.528 | 0.898 | 0.755 | 14.773
15 14.2 14.35 2.2 18.44 18.3 0.894 | 0.754 | 17.546
19 18.85 18.85 2.6 7.912 | 7.736 1.143 0.967 | 6.769
19 18.8 18.8 2.6 10.493 | 10.318 | 1.14 0.965 | 9.353
19 18.55 | 18.65 2.6 13.166 | 12.994 | 1.136 | 0.964 | 12.03
19 18.4 18.4 2.6 15.905 | 15.736 | 1.132 | 0.963 | 14.773
19 18.2 18.3 2.6 18.675 | 18.507 | 1.129 | 0.961 | 17.546
22 21.8 21.9 3 8.088 | 7.894 | 1.319 | 1.125 | 6.769
22 21.7 21.8 3 10.669 | 10.476 | 1.316 | 1.123 | 9.353
22 21.55 | 21.65 3 13.341 | 13.152 | 1.311 | 1.122 | 12.03
22 21.4 21.5 3 16.081 | 15.893 | 1.308 1.12 | 14.773
22 21.2 21.35 3 18.848 | 18.665 | 1.302 | 1.119 | 17.546
30 29.8 29.9 3.95 8.555 | 8.302 | 1.786 | 1.533 | 6.769
30 29.7 29.8 3.95 |11.136 | 10.883 | 1.783 1.53 9.353
30 29.55 | 29.65 3.95 [ 13.811 | 13.558 | 1.781 | 1.528 | 12.03
30 294 29.5 3.95 |16.551| 16.3 1.778 | 1.527 | 14.773
30 29.2 29.3 3.95 |19.321|19.071 | 1.775 | 1.525 | 17.546
35 34.85 34.8 4.65 8.847 | 8.551 | 2.078 | 1.782 | 6.769
35 34.7 34.8 4.65 |11.428 |11.136 | 2.075 | 1.783 | 9.353
35 34.55 | 34.65 4.65 |14.101)13.812| 2.071 | 1.782 | 12.03
35 34.45 | 34.55 4.65 | 16.842 | 16.553 | 2.069 1.78 | 14.773
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Table 5.3

Water permeability coefficients and friction parameters
membranes Nol and No2.
T=20C
Pb(0,w) (o) (K1)] e5| (Kfb)j [(Kfp)j e-6 (K1)i €5
bar It/min cm/sec bay cm-2 cm-2 fcm/sec bar
15 6.769 2.7529 9170 0.96994 3.7104
15 9.353 2.7618 16739 0.9553 3.7286
15 12.03 2.7771 20932 0.9606 3.7353
15 14.773 2.7787 25659 0.97444 3.7475
15 17.546 2.7919 30684 0.98816 3.7567
Average 2.77248 | 20636.8 | 0.96969 | 3.7357
19 6.769 2.783 18119 0.91228 3.6581
19 9.353 2.786 19849 0.89564 3.6706
19 12.03 2.7979 23355 0.91038 3.6541
19 14.773 2.8 25471 0.9065 3.6519
19 17.546 2.8112 28682 0.91332 3.642
Average 2.79562 | 23095.2 | 0.90762 | 3.65534
22 6.769 2.7243 13520 0.94111 3.505
22 9.353 2.7268 16519 0.92337 3.5899
22 12.03 2.7325 20706 0.93976 3.5802
22 14.773 2.7426 23299 0.93158 3.5827
: 22 17.546 2.7552 28635 0.93876 3.5834
Average 2.73628 | 20535.8 | 0.93492 | 3.56824
30 6.769 2.6687 17769 0.96953 3.5129
30 9.353 2.6703 19623 0.97235 3.5206
30 12.03 2.6774 23117 0.98761 3.5271
30 14.773 2.6815 25267 0.97864 3.56254
30 17.546 2.6911 28498 0.98213 3.5292
Average 2.6778 | 22854.8 | 0.97805 | 3.52304
35 6.769 2.6511 17606 0.98998 3.4188
35 9.353 2.6525 19494 0.99244 3.4137
35 12.03 2.656 23000 1.0088 3.4132
35 14.773 2.6594 25168 0.9989 3.4145
35 17.546 2.6675 28406 1.0019 3.4144
Average 2.6573 | 22734.8 | 0.9984 | 3.41492
40 6.769 2.6325 13098 1.0275 3.3982
40 9.353 2.6377 19386 1.0295 3.3988
40 12.03 2.639 20364 1.0058 3.4009
40 14.773 2.6437 25093 1.0354 3.4046
40 17.546 2.6462 28344 1.0399 3.4097
Average 2.63982 | 21257 | 1.02762 | 3.40244
45 6.769 2.6861 13017 1.1061 3.3359
45 9.353 2.6889 19324 1.1089 3.3319
45 12.03 2.6917 22879 1.1076 3.3269
45 14.773 2.6925 25090 1.1154 3.3278
Average 2.6898 | 20077.5| 1.1095 | 3.33063
50 6.769 2.7532 12887 “| 1.1238 3.3113
50 9.353 2.7559 19193 1.1264 3.3118
50 12.03 2.7556 17707 1.124 3.3134
: 50 14.773 2.7612 24999 1.1315 3.3162
Average 2.75648 | 18696.5 | 1.12643 | 3.31318
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Table 5.3.a
T=25C
Pb(0,w) Qb (K1)j e5 | (Kfb)j |(Kfp)j e-6/ (K1)i e5
bar It/min fcm/sec bar cm-2 cm-2 cm/sec bar
15 6.769 3.3701 12599 0.8704 4.3384
15 9.353 3.3866 23037 0.87793 | 4.3342
15 12.03 3.4033 28789 0.88655 | 4.3278
15 14.773 3.4354 35604 0.89389 | 4.3403
15 17.546 3.4432 34341 0.8993 4.3432
Average 3.40772 | 26874 | 0.88561 | 4.33678
19 6.769 3.3597 15200 0.90774 | 4.2818
19 9.353 3.3694 18584 0.91037 | 4.2676
19 12.03 3.3791 23305 0.90692 | 4.2735
19 14.773 3.3986 28584 0.92093 | 4.2721
19 17.546 3.4086 30232 0.92633 | 4.2742
Average 3.38308 | 23181 | 0.91446 | 4.27384
22 6.769 3.3023 10104 0.99157 | 4.2132
22 9.353 3.3063 14853 0.99531 4.2103
22 12.03 3.3187 18523 0.92849 | 4.2153
22 14.773 3.327 23869 1.0041 4.2188
22 17.546 3.348 30277 1.014 4.2155
Average 3.32046 | 19525.2 | 0.98669 | 4.21462
30 6.769 3.2711 9913 1.0147 4.0845
30 9.353 3.277 14647 1.0165 4.0927
30 12.03 3.2829 20176 1.0439 4.0996
30 14.773 3.2949 26028 1.0239 4.1053
30 17.546 3.3008 28051 1.0227 4.1131
Average 3.28534 | 19763 | 1.02434 | 4.09904
35 6.769 3.3096 9816 1.0638 4.0722
35 9.353 3.3121 14555 1.0663 4.0704
35 12.03 3.3199 22962 1.0653 4.0734
35 14.773 3.3251 23595 1.0721 4.0665
35 17.546 3.3329 28000 1.0763 4.0731
Average 3.31992 | 19785.6 | 1.06876 | 4.07112
40 6.769 3.2291 9744 1.137 4.0547
40 9.353 3.2335 18109 1.1402 4.0505
40 12.03 3.2379 20226 1.1683 4.0506
40 14.773 3.2445 25880 1.1457 4.0419
Average 3.23625 | 18489.8 | 1.1478 | 4.04943

108




Table 5.3.b

T=30C
Pb(0,w) Qb (K1)j e5| (Kfb)j |((Kfp)j e-6 (K1)i e5
bar It/min lcm/sec bal cm-2 cm-2 cm/sec bari
15 6.769 4.1288 17196 0.98891 5.1009
15 9.353 4.1382 21014 0.99423 | 5.0906
15 12.03 4.1476 23013 0.99957 | 5.0782
15 14.773 4.1653 26956 1.0067 5.0923
15 17.546 4.1902 31591 1.0161 5.1114
Average 4.15402 | 23954 | 1.0011 | 5.09468
19 6.769 4.0149 16899 0.92511 4.9672
19 9.353 4.0217 20714 0.92894 | 4.9645
19 12.03 4.0345 26015 0.93418 | 4.9657
19 14.773 4.0533 31980 0.94085 | 4.9707
19 17.546 4.0663 33808 0.94619 | 4.9682
Average 4.03814 | 25883.2 | 0.93505 | 4.96726
22 6.769 4.0459 11244 1.0362 4,9582
22 9.353 4.0478 16581 1.041 4.9559
22 12.03 4.0591 22812 1.0461 4.9474
22 14.773 4.0705 26734 1.0513 4.9517
22 17.546 4.083 31682 1.059 4.9446
Average 4.06126 | 21810.6 | 1.04672 | 4.95156
30 6.769 3.9546 11045 1.1347 4.827
30 9.353 3.959 16382 1.1377 4.8253
30 12.03 3.9677 25852 1.1438 4.8259
30 14.773 3.969 26569 1.1478 4.8219
30 17.546 3.9809 31536 1.153 4.82
Average 3.96624 | 22276.8 | 1.1434 | 4.82402
35 6.769 3.92 10928 1.1958 4.7759
35 9.353 3.9205 12199 1.1975 4.7715
35 12.03 3.9311 25687 1.204 4.772
35 14.773 3.9349 26475 1.2068 4.7715
Average 3.92663 | 18822.3 | 1.20103 | 4.77273
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Table 5.3.c
T=35C
Pb(0,w) Gb (K1)j e5| (Kfb)j |(Kfp)i e-6/ (K1)i e5
bar It/min cm/sec bal cm-2 cm-2 [cm/sec bali
15 6.769 4.8435 12688 1.0244 5.8878
15 9.353 4.8624 18644 1.0284 5.8926
15 12.03 4.8781 25602 1.0372 5.881
15 14.773 4.9005 29967 1.0448 5.8893
15 17.546 4.9232 32947 1.0524 5.8953
Average 4.88154 | 23969.6 | 1.03744 | 5.8892
19 6.769 4.8227 18812 1.0727 5.7784
19 9.353 4.82 18498 1.0765 5.7764
19 12.03 4.8372 25456 1.0826 5.7728
19 14.773 4.8696 35818 1.0921 5.7733
19 17.546 4.8746 35372 1.0978 5.7833
Average 4.84482 | 26791.2 | 1.08434 | 5.77684
22 6.769 4.827 12474 1.153 5.7263
22 9.353 4.8312 18454 1.1581 5.7246
22 12.03 4.8463 25440 1.1638 5.7166
22 14.773 4.8571 29856 1.1705 5.7217
22 17.546 4.8724 32883 1.1763 5.7155
Average 4.8468 | 23821.4 | 1.16434 | 5.72094
30 6.769 4.7874 12313 1.2501 5.6412
30 9.353 4.7874 18187 1.255 5.64
30 12.03 4.7953 25178 1.2604 5.6449
30 14.773 4.8063 29630 1.2649 5.6487
30 17.546 4.8191 35219 1.2716 5.6548
Average 4.7991 | 24105.4 | 1.2604 | 5.64592
35 6.769 4.7776 24144 1.3353 5.6138
35 9.353 4.7802 18053 1.3346 5.6129
35 12.03 4.7898 25057 1.3387 5.611
35 14.773 4.7926 26582 1.3425 5.6174
Average 4.78505 | 23459 | 1.33778 | 5.61378
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Table 5.6

Experimental data for sea-water solutions and the values for mass
transfer and solute permeability coefficients for membrane Nol.
T=20C
FEED BRINE | Pb(0,W) PERMEAT., FEED |PERMEAT., Ke3 K2e6
CONC. CONC. FLOW FLOW CONC.
gr/lt gr/lt bar It/min | It/min gr/lt | cm/sec | cm/sec
25 31.311 50 0.893 4.417 0.121 2.743 2.502
25 28.589 50 0.971 7.74 0.103 3.586 2.527
25 27.708 50 1.007 10.36 0.095 4.347 2.532
25 27.138 50 1.026 | 13.063 | 0.092 4.885 2.578
25 26.752 50 1.032 15.805 | 0.089 5.082 2.562
2.5402
25 32.336 55 1.032 4.556 0.115 2.932 2.653
25 29.128 55 1.111 7.88 0.095 3.602 2.573
25 28.089 55 1.147 10.5 0.089 4.19 2.604
25 27.428 55 1.16 13.19 0.089 4.389 2.698
2.632
25 32.753 60 1.141 4.665 0.115 2.638 2.77
25 29.624 60 1.239 8.008 0.095 3.446 | 2.75
25 28.435 60 1.27 10.623 | 0.089 3.766 2.745
25 27.725 60 1.295 13.325 0.086 4.179 2.803
25 27.229 60 1.301 16.074 0.083 4.25 2.771
2.7678
25 34.847 70 1.381 4.905 0.103 2.736 2.772
25 30.546 70 1.474 8.243 0.089 3.092 2.804
25 29.124 70 1.512 10.865 0.079 3.355 2.666
25 28.289 70 1.549 13.574 | 0.079 3.801 2.858
25 27.701 70 1.562 16.335 0.075 3.953 2.804
2.7808
25 36.694 80 1.612 5.136 0.099 2.794 2.9
25 31.519 80 1.719 8.488 0.083 3.122 2.87
25 29.831 80 1.757 11.11 0.075 3.297 2.764
25 28.856 80 1.802 13.832 0.072 3.753 2.864
25 28.176 80 1.821 16.593 | 0.069 3.953 2.854
2.8504
35 41.107 50 0.624 4.148 0.285 2.498 3.215
35 38.536 50 0.684 7.453 0.235 3.064 3.07
35 37.644 50 0.713 10.066 0.22 3.541 3.097
3.1273
35 42.248 55 0.737 4.261 0.248 2.447 3.142
35 39.189 55 0.815 7.584 0.2 3.085 2.995
35 38.145 55 0.845 10.198 0.187 3.459 2.998
35 37.518 55 0.869 12.899 0.178 3.907 3.028
3.0408
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Table 5.6.a
T=20C
FEED BRINE | Pb(0,W) PERMEAT., FEED |PERMEAT) Ke3 K2e6
CONC. CONC. FLOW FLOW CONC.

gr/lt gr/lt bar It/min | It/min gr/lt | cm/sec | cm/sec
35 43.163 60 0.827 4.351 0.218 2.191 2.914
35 39.763 60 0.923 7.692 0.182 2.816 2.933
35 38.634 | - 60 0.971 10.324 | 0.166 3.354 2.941
35 37.902 60 0.995 | 13.025 | 0.158 3.69 2.955
35 37.377 60 1.001 15.774 | 0.149 3.776 2.862
2.921

35 45.447 70 1.05 4.574 0.2 2.282 3.135
35 40.871 70 1.129 7.898 0.166 2.476 2.974
35 39.494 70 1.19 10.543 0.141 2.924 2.801
35 38.605 70 1.227 | 13.257 | 0.137 3.271 2.911
35 38.013 70 1.258 | 16.031 0.133 3.665 3.001
| 2.9644

35 47.157 80 1.215 4.739 0.196 2.022 2.768
35 41.973 80 1.332 8.101 0.161 2.336 3.139
35 40.221 80 1.375 | 10.728 | 0.139 2.494 2.898
2.935

40 46.578 55 0.589 4.113 0.314 2.015 2.856
40 43.779 55 0.648 7.417 0.269 2.38 2.828
40 42.865 55 0.678 | 10.031 0.237 2.712 2.693
2.7923

40 47.769 60 0.696 4.22 0.296 2.039 3.038
40 44.524 60 0.773 7.542 0.234 2.482 2.829
40 43.411 60 0.803 | 10.156 | 0.216 2.737 2.796
: 2.8877

40 50.155 70 0.887 4.411 0.234 1.978 2.784
40 45.887 70 0.995 7.764 0.189 2.443 2.717
40 44.375 70 1.02 10.373 0.162 2.538 2.446
40 43.527 70 1.056 13.086 0.158 2.835 2.558
2.6263

40 52.091 80 1.062 4.586 0.213 1.882 2.776
40 47.133 80 1.196 7.965 0.162 2.34 2.59
40 45.3 80 1.227 10.58 0.145 2.421 2.442
40 44.337 80 1.288 | 13.318 | 0.135 2.84 2.502
40 43.543 80 1.313 16.086 0.132 3.028 2.568
2.5756
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Table 5.6.b

. T=25C
FEED BRINE | Pb(0,W) PERMEAT. FEED |PERMEAT., Ke3 K2e6
CONC. CONC. FLOW | FLOW CONC.
gr/it gr/lt bar It/min | It/min gr/lt | cm/sec | cm/sec
25 32.732 50 1.086 4.61 0.138 5.809 3.72
25 29.338 50 1.166 7.935 0.115 7.333 3.609
25 28.226 50 1.196 | 10.549 | 0.103 8.449 3.433
25 27.548 50 1.2156 | 13.245 | 0.098 9.534 3.405
25 27.086 50 1.221 15.994 | 0.098 9.78 3.475
3.5284
25 33.689 55 1.215 4.739 0.125 4.808 3.542
25 29.887 55 1.307 8.076 0.106 5.9 3.529
25 28.626 55 1.338 | 10.691 0.095 6.461 3.353
25 27.887 55 1.369 | 13.399 | 0.095 7.658 3.5569
25 27.374 55 1.381 16.154 | 0.089 8.162 3.434
3.4834
25 34.657 60 1.344 4.868 0.121 4.311 3.586
25 30.349 60 1.462 8.231 0.098 5.602 3.521
25 29.067 60 1.493 | 10.846 | 0.089 6.032 3.378
25 28.217 60 1.518 | 13.548 | 0.089 6.593 3.542
25 27.644 60 1.531 16.304 | 0.083 6.93 3.402
3.4858
25 36.738 70 1.618 5.142 0.111 4.176 3.647
25 31.594 70 1.738 8.507 0.092 4.857 3.606
25 29.957 70 1.802 | 11.155 | 0.083 5.821 3.586
25 28.927 70 1.833 | 13.863 | 0.082 6.35 3.731
25 28.21 70 1.84 16.613 | 0.075 6.309 3.476
3.6092
25 38.591 80 1.859 5.383 0.106 3.828 3.662
25 32.725 80 2.019 8.788 0.086 4.742 3.679
25 30.707 80 2.058 11.41 0.079 4.868 3.579
25 29.527 80 2.096 | 14.126 | 0.072 5.282 3.454
3.5935
35 41.509 50 0.666 4.19 0.346 2.556 4.12
35 38.769 50 0.737 7.506 0.282 3.111 3.924
35 37.84 50 0.767 10.12 0.269 3.486 4.013
35 37.316 50 0.803 | 12.833 | 0.248 4.241 4.015
4.018
35 42.839 55 0.797 4.32 0.293 2.609 3.977
35 39.596 55 0.893 7.662 0.235 3.326 3.825
35 38.536 55 0.947 10.3 0.216 4.091 3.891
- 35 37.701 55 0.971 13 0.207 4.329 3.948
35 37.33 55 0.983 | 15.756 | 0.196 4.872 3.94
3.9162
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Table 5.6.c

T=25C
FEED BRINE | Pb(0,W) PERMEAT. FEED |PERMEAT, Ke3 K2e6
CONC. CONC. FLOW FLOW CONC.
gr/lt gr/lt bar It/min | It/min gr/lt | cm/sec | cm/sec
35 44.01 60 0.911 4.435 0.258 2.498 3.793
35 40.242 60 1.013 7.782 0.207 3.039 3.629
35 39 60 1.068 10.421 0.182 3.577 3.506
35 38.21 60 1.099 13.129 0.179 3.954 3.656
35 37.659 60 1.117 15.89 0.168 4.231 3.576
3.632
35 46.267 70 1.129 4.653 0.2 2.351 3.297
35 41.636 70 1.27 8.039 0.176 2.943 3.564
35 40 70 1.319 | 10.672 | 0.146 3.21 3.182
35 39.042 70 1.369 | 13.399 | 0.141 3.651 3.317
35 38.37 70 1.4 16.1783 | 0.135 3.989 3.347
3.3414
35 48.512 80 1.344 4.868 0.192 2.307 3.459
35 42.969 80 1.5612 8.281 0.15 2.863 3.354
35 40.945 80 1.556 | 10.909 | 0.136 2.981 3.228
35 39.779 80 1.606 | 13.636 | 0.129 3.275 3.28
35 39 80 1.65 16.423 | 0.122 3.623 3.303
3.3248
40 47.24 55 0.648 4.172 0.379 2.351 3.811
40 44.238 55 0.725 7.494 0.314 2.868 3.722
40 43.221 55 0.761 10.114 0.296 3.264 3.798
40 42.608 55 0.791 12.821 | 0.277 3.746 3.809
3.785
40 48.61 60 0.767 4.291 0.334 2.373 3.789
40 45 60 0.851 7.62 0.272 2.787 3.614
40 43.885 60 0.911 10.264 | 0.242 | 3.408 3.589
40 43.104 60 0.935 | 12.965 | 0.232 3.689 3.623
3.6538
40 51.001 70 0.971 4.495 0.279 2.205 3.622
40 46.44 70 1.086 7.855 0.22 2.616 3.414
40 44.688 70 1.141 10.494 0.2 2.908 3.385
40 43.968 70 1.184 | 13.214 | 0.182 3.277 3.302
40 43.267 70 1.196 15.969 0.169 3.369 3.161
3.3768
40 53.38 80 1.172 4.696 0.243 2.149 3.488
40 47.892 80 1.319 8.088 0.189 2.579 3.304
40 46.082 80 1.4 10.753 | 0.162 2.993 3.153
40 44.839 80 1.432 | 13.462 0.15 3.142 3.063
40 44.03 80 1.462 16.235 0.141 3.348 3.019
3.2054
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Table 5.6.d
T=30C
FEED BRINE | Pb(0,W) PERMEAT, FEED |PERMEAT. Ke3 K2e6
CONC. | CONC. FLOW FLOW | CONC.
gr/lt gr/lt bar It/min | It/min | gr/lt | cm/sec | cm/sec
25 33.726 50 1.221 4.745 0.161 7.352 4.873
25 29.956 50 1.325 8.094 0.129 9.819 4.63
25 28.726 50 1.375 | 10.728 | 0.121 13.225 | 4.727
25 27.98 50 1.412 | 13.442 | 0.118 | 18.806 | 4.907
25 27.427 50 1.421 | 16.194 | 0.111 19.655 | 4.715
4.7704
25 34.971 55 1.387 4.911 0.15 6.778 4.912
25 30.616 55 1.493 8.262 0.118 8.029 4.542
25 29.225 55 1.549 | 10.902 | 0.111 10.155 | 4.661
25 28.341 55 1.574 | 13.604 | 0.108 | 11.186 | 4.734
25 27.767 55 1.6 16.373 | 0.104 | 13.407 | 4.769
4.7236
25 36.06 60 1.5631 5.055 0.141 5.826 4.809
25 31.334 60 1.675 8.444 0.115 7.833 4.806
25 29.77 60 1.738 | 11.091 | 0.103 9.849 4.719
25 28.794 60 1.776 | 13.806 0.1 11.693 | 4.859
25 -28.102 60 1.783 | 16.556 | 0.093 | 11.502 | 4.596
4.7578
25 38.477 70 1.846 5.37 0.133 5.628 5.04
25 32.694 70 2.012 8.781 0.103 7.14 4.817
25 30.778 70 2.083 | 11.436 | 0.095 8.525 4.882
4.913
35 42.459 50 0.761 4.285 0.368 3.47 5.09
35 39.237 50 0.827 7.596 0.314 3.788 4.934
35 38.273 50 0.881 | 10.234 | 0.285 4.677 4.954
35 37.6 50 0.899 | 12.929 | 0.279 | 4.996 5.056
35 37.19 50 0.929 | 15.702 | 0.271 5.888 5.226
5.052
35 43.748 55 0.887 4.411 0.322 3.133 4.884
35 40.073 55 0.983 7.752 0.275 3.669 4.9
35 38.886 55 1.038 | 10.391 | 0.248 4.316 4.843
35 38.149 55 1.111 | 13.141 | 0.238 5.849 5.225
4.963
35 44.732 60 0.983 4.507 0.322 2.641 5.046
35 40.892 60 1.135 7.904 0.255 3.584 5.02
35 39.479 60 1.19 10.543 | 0.228 4.051 4.878
35 38.616 60 1.233 | 13.263 0.22 4.572 5.034
35 37.976 60 1.245 | 16.018 | 0.207 4.689 4.871
4.9698
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Table 5.6.e
T=30C
FEED BRINE | Pb(0,W) PERMEAT, FEED |PERMEAT, Ke3 K2e6
CONC. | CONC. FLOW | FLOW | CONC.
gr/lt gr/it bar It/min | It/min gr/lt | cm/sec | cm/sec
35 47.517 70 1.252 4.776 | 0.275 2.719 5.021
35 42.507 70 1.431 8.2 0.216 3.512 4.948
35 40.683 70 1.493 | 10.846 | 0.187 3.856 4.64
35 39.576 70 1.543 | 13.673 | 0.178 | 4.26 4.719
35 38.7 70 1.562 | 16.335 | 0.166 4.371 4.546
4.7748
35 49.8 80 1.468 4.992 0.253 2.518 4.912
35 43.722 80 1.65 8.419 0.187 2.984 4.459
35 41.674 80 1.738 | 11.091 | 0.162 3.361 4.259
35 40.45 80 1.821 13.851 0.158 3.899 4.573
35 39.49 80 1.84 16.613 | 0.141 3.961 4.198
4.4802
40 47.895 55 0.707 4.231 0.476 2.67 5.233
40 44.73 55 0.809 7.578 0.37 3.429 4.924
40 43.712 55 0.875 | 10.228 | 0.358 4.556 5.363
40 42.951 55 0.893 12.923 0.33 4.601 5.161
5.1703
40 49.425 60 0.839 4.363 0.411 2.693 5.104
40 45.61 60 0.953 7.722 0.317 3.338 4.746
40 44.25 60 0.995 | 10.348 | 0.289 3.653 4.645
40 43.391 60 1.02 13.05 0.276 3.889 4.653
4.787
40 51.983 70 1.056 4.58 0.346 2.431 4.858
40 47.227 70 1.215 7.984 0.258 3.077 4.496
40 45.595 70 1.295 10.648 | 0.235 3.6 4.555
40 44.48 70 1.332 | 13.362 0.22 3.849 4.5
40 43.829 70 1.369 | 16.142 | 0.216 4.225 4.606
4.603
40 54.743 80 1.288 4.812 0.309 2.433 4.857
40 48.821 80 1.468 8.237 0.218 2.954 4.234
40 46.811 80 1.662 | 10.915 | 0.207 3.405 4.482
40 45.589 80 1.644 | 13.674 | 0.189 3.995 4.416
40 44.609 80 1.662 16.435 | 0.182 4.061 4.306
4.459
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Table S.6.f
T=3C
FEED BRINE | Pb(0,W) PERMEAT, FEED |PERMEAT, Ke3 K2e6
CONC. | CONC. FLOW FLOW | CONC.
gr/lt gr/lt bar It/min | It/min gr/lt | cm/sec | cm/sec
35 42.741 50 0.791 4.315 0.469 3.189 6.605
35 39.64 50 0.905 7.674 0.368 4.117 6.293
35 38.639 50 0.977 10.33 0.332 5.302 6.383
35 37.868 50 0.989 | 13.019 | 0.332 5.347 6.566
35 37.395 50 1.013 | 15.786 | 0.311 5.914 6.451
6.4596
35 44.091 55 0.923 4.447 0.403 2.911 6.206
35 40.586 55 1.08 7.849 0.309 4.02 6.008
35 39.306 55 1.147 10.5 0.279 5.217 5.959
35 38.405 55 1.166 | 13.196 | 0.277 4.853 6.146
35 37.849 55 1.167 | 15.969 | 0.269 4.795 6.051
6.074
35 45.774 60 1.086 4.61 0.358 3.055 6.19
35 41.447 60 1.239 8.008 0.279 3.8 5.918
35 39.986 60 1.376 | 10.729 | 0.245 5.413 6.177
35 39.047 60 1.385 | 13.405 | 0.243 5.306 6.238
35 38.361 60 1.4 16.173 | 0.223 5.436 5.884
6.0814
35 48.396 70 1.338 4.862 0.338 2.774 6.454
35 43.187 70 1.556 8.325 0.253 3.629 6.171
35 | 41.333 70 1.656 | 11.009 | 0.218 4.24 5.937
35 40.122 70 1.719 | 13.749 | 0.206 4.708 6.026
35 39.301 70 1.77 16.543 | 0.198 5.211 6.15
6.1476
35 52.792 80 1.6 5.124 0.296 2.895 6.167
35 44.952 80 1.872 8.641 0.22 3.638 5.995
35 42.601 80 1.968 | 11.321 0.2 4.015 5.989
35 41.201 80 2.058 | 14.088 | 0.169 4.584 5.528
35 4.0133 80 2.09 16.863 | 0.162 4.724 5.495
5.8348
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Table 5.6.g
T=35C
FEED BRINE | Pb(0,W) PERMEAT, FEED |PERMEAT, Ke3 K2e6
CONC. | CONC. FLOW FLOW | CONC.

| gr/lt gr/it bar It/min | 1t/min gr/lt | cm/sec | cm/sec
40 46.991 50 0.63 4.154 0.644 3.141 6.689
40 44.322 50 0.743 7.512 0.516 4.442 6.679
40 43.337 50 0.791 | 10.144 | 0.484 5.301 6.857
40 42.655 50 0.809 | 12.839 | 0.464 5.637 6.853
6.7695

40 48.712 55 0.779 4.303 0.536 3.142 6.515
40 45.23 55 0.893 7.662 0.438 3.921 6.439
40 44.026 55 0.947 10.3 0.403 4.523 6.472
40 43.234 55 0.977 | 13.007 | 0.378 4.93 6.405
6.4578

40 50.092 60 0.899 4.423 0.528 2.85 6.971
40 46.154 60 1.044 7.813 0.401 3.669 6.55
40 44.809 60 1.123 | 10.476 | 0.368 4.426 6.719
40 43.9 60 1.16 13.19 0.356 | 4.8717 | 6.876
40 43.235 60 1.184 | 15.957 | 0.332 5.134 6.686
6.7604

40 53.149 70 1.166 4.69 0.422 2.803 6.546
40 48.101 70 1.356 8.125 0.32 3.581 6.232
40 46.228 70 1.425 | 10.778 | 0.299 3.922 6.32
40 45.042 70 1.493 | 13.523 | 0.273 4.444 6.254
40 44.27 70 1.549 | 16.322 | 0.269 5.014 6.598
6.39

40 56.125 80 1.406 4.958 0.372 2.703 6.336
40 49.994 80 1.656 8.425 0.273 3.547 6.015
40 47.677 80 1.751 11.104 0.24 3.949 5.822
40 46.263 80 1.833 | 13.863 | 0.222 4.453 5.852
40 45.197 80 1.865 | 16.638 | 0.216 |- 4.609 5.911
5.9872
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* ()

APPENDIX I

PROGRAM PAR1

THIS PROGRAM CALCULATES THE MEMBRANE PARAMETERS K1, Kfb,Kfp

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
CHARACTER*5 WORDS (11)

COMMON/ PAR1/DPEFOW, DPEFLW, DW, DW2, DHB, DM, QF,, OB
COMMON/ PAR2 /DPEFOO, DHP, QP
COMMON/ PAR3 /DKFB, DKFP
COMMON/PAR4/DJ, DL, DL2, UF

OPEN (10, FILE='INPUT.DAT', STATUS='OLD')
OPEN (20, FILE='QUTPUT.DAT', STATUS='OLD')

READ (10, 100)WORDS (1) , DW, WORDS (1) , DW2,WORDS (2) , DL, WORDS (2) , DL2,
&WORDS (3) , DHP,WORDS (4) , DHB, WORDS (5) , PIN,
&WORDS (6) , POUT, WORDS (7) , PNEW, WORDS (8) , DM, WORDS (9) , OF,
&WORDS (10) ,QP,WORDS(11),0B
100 FORMAT (15(2X,25,2X,F10.5/:))

WRITE(*,100)WORDS (1) ,DW,WORDS(1) ,DW2,WORDS(2) ,DL,WORDS (2),DL2,
&WORDS (3) , DHP,WORDS (4) , DHB, WORDS (5) , PIN,WORDS (6) , POUT,

&WORDS (7) , PNEW, WORDS (8) , DM, WORDS (9) , QF , WORDS (10) , QP,

&WORDS (11),0B

DJ=3.0E4*QP/ (DN*DL)
DPEFOW=PIN-1.
UF=(6.0E4/DW2) * (QF /DHB)
DPEFLW=POUT-1.
DPEFOO=PIN-PNEW

DKOLD=DJ/DPEFOW
DKNEW=DKOLD/1000 . +DKOLD
FOLD=FBJ (DKOLD)

10 CONTINUE
FNEW=FBJ (DKNEW)
CHECK FOR SOLUTION
IF (DABS(FNEW) .LT.1.D-8)GO TO 50
DIFF=FNEW* (DKNEW-DKOLD) / (FNEW-FOLD)
IF (DABS(DIFF).LT.1.D-5)GO TO 50
DKOLD=DKNEW
FOLD=FNEW
DKNEW=DKNEW-DIFF
GO TO 10

50 CONTINUE
DKNEW=DNEW/3600.
WRITE (*, *) DKNEW, DKFB, DKFP
WRITE(20, * ) DKNEW, DKFB, DKFP

60 STOP
END
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FUNCTION FRJ (DK)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON/ PAR1/DPEFOW, DPEFLW, DW, DW2 , DHB, DM, QF , OB
"COMMON/ PAR2 /DPEFOQO, DHP, QP
COMMON/ PAR3 /DKFB, DKFP
COMMON/PAR4/DJ, DL, DL2, UF

DKFB1=DPEFOW* * 2-DPEFLW* * 2
DKFB2=1.962*DK*DN*DW*DHB

DKFB3=DM* (QF*QF-QB*QB)

DKFB=DKFB1*DKFB2/DKFB3

DKFP= (DPEFOW**2-DPEFQO**2) *1, 962*DK*DL2*DL2*DHP/
& (DM*QP*QP)

Q=DSQRT( (176 .58*DHP/ (DK*DM) )*1.E7/DKFP)

B=DSQRT ( (DK/ (DM*DHB) ) *7 . 06 0E9/DKFB)

A=DSQRT( (DKFB*1.E-7) * (DK*DM/(DHB*176.5)) )

FOBJ1=DK*Q*DTANH (DW/Q)
FOBJ2=B*DPEFOW**2*DSINH (A*DL)
FOBJ3=(UF*UF/B)*( 1.-DCOSH(A*DL) )
FOBJ4=DPEFOW*UF* ( 1.-DEXP(-A*DL) )
FOBJS5=A*DW*DL* (B*DPEFOW+UF)

FOBJ=FOBRJ1* (FOBJ2+FOBJ3+FOBJ4) /FOBJ5-DJ

RETURN
END
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PROGRAM PAR 2

THIS PROGRAM CALCULATES THE MEMBRANE PARAMETERS K1

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
CHARACTER*5 WORDS(8)

COMMON/ PAR1/DPEFCW, DW, DW2, DHB, DM, QF
COMMON/ PAR2 /DHP, QP
COMMON/ PAR3 /DKFB, DKFP
COMMON/PAR4/DJ, DL, DL2, UF

OPEN(10,FILE="'DATA.IN', STATUS='OLD')
OPEN(20,FILE="'OUTPUT.DAT', STATUS='OLD')

READ(10,100)WORDS(1),DW,WORDS (1) ,DW2,WORDS(2) ,DL,WORDS(2) ,DL2,
&WORDS (3) , DHP, WORDS (4 ) , DHB,WORDS (5) , PIN,
&WORDS (6) , DM, WORDS (7) , QF ,WORDS(8) , QP

100 FORMAT (15(2X,A5,2X,F10.5/:))

WRITE(*,100)WORDS(1) ,DW,WORDS (1) ,DW2,WORDS(2) ,DL,WORDS(2) ,DL2,
&WORDS (3) , DHP, WORDS (4) , DHB, WORDS (5) , PIN,
&WORDS (6) , DM, WORDS (7) , QF ,WORDS(8) , QP

DJ=3.0E4*QP/ (DW*DL)
DPEFOW=PIN-1.
UF=(6.0E4/DW2) * (QF /DHB)

DKOLD=DJ/DPEFOW
DKFB=3.* (UF**0.8)
DKFP=1038152.* (QP**0.25)
DKNEW=DKOLD/1000 . +DKOLD
FOLD=FBJ (DKOLD)

10 CONTINUE
FNEW=FBJ (DKNEW)
CHECK FOR SOLUTION
IF (DABS(FNEW) .LT.1.D-8)GO TO 50
DIFF=FNEW* ( DKNEW-DKOLD) / (FNEW-FOLD)
IF (DABS (DIFF).LT.1.D-8)GO TO 50
DKOLD=DKNEW
FOLD=FNEW
DKNEW=DKNEW-DIFF
GO TO 10

50 CONTINUE
DKNEW=DKNEW/3600.
WRITE (*, *) DKNEW, DKFB, DKFP
WRITE (20, *) DKNEW, DKFB, DKFP

60 STOP
END

FUNCTION FBJ(DK)"

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
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COMMON/ PAR1/DPEFOW, DW, DW2 , DHB, DM, OF
COMMON/PAR2/DHP, QP

COMMON/ PAR3/DKFB, DKFP
COMMON/PAR4/DJ, DL, DL2, UF

Q=DSQRT( (176 .58*DHP/ (DK*DM) )*1.E7/DKFP)
B=DSQRT ( (DK/ (DM*DHB) ) *7.060E9/DKFB)
A=DSQRT( (DKFB*1.E-7) * (DK*DM/(DHB*176.5)) )

FOBJ1=DK*Q*DTANH (DW/Q)

FOBJ2=B*DPEFOW* *2*DSINH (A*DL)
FOBJ3=(UF*UF/B)*( 1.-DCOSH(A*DL) )
FOBJ4=DPEFOW*UF* ( 1.-DEXP(-A*DL) )
FOBJ5=A*DW*DL* (B*DPEFOW+UF)

FOBJ=FOBJ1* (FORJ2+FOBJ3+FOBJ4) /FOBJ5-DJ

RETURN
END
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PROGRAM PAR3

THIS PROGRAM CALCULATES THE MASS TRANSFER COEFFICIENT K
AND THE SOLUTE PERMEABILITY COEFFICIENT K2

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

CHARACTER*5 WORDS(15)

COMMON/ PAR1/DPEFOW, DW, DW2, DHB, DM, QF, OB, CF, CB, DK1
COMMON/PAR2 /T, DHP, QP, CON, F, Q

COMMON/ PAR3/DKFB, DKFP, PIN
COMMON/PAR4/DJ, DL, DL2, UF,CP,D

OPEN(10,FILE='SALT.DAT', STATUS='OLD')
OPEN(20,FILE='SALT.OUT', STATUS='OLD')

READ(10,100)WORDS (1) ,DW,WORDS(2) ,DW2,WORDS(3) , DL, WORDS (4) ,DL2,
&WORDS (5) , DHP, WORDS (6) , DHB, WORDS (7) , DM, WORDS (8) , T, WORDS (9) , CON,
&WORDS (10) ,CF,WORDS(11),CB,WORDS(12) , PIN,WORDS (13) ,QP,WORDS(14),
&QF ,WORDS (15) ,CP

FORMAT (15 (2X,A5,2X,F10.5/:))

WRITE(*,100)WORDS(1) ,DW,WORDS(2) ,DW2,WORDS (3) ,DL,WORDS (4) ,DL2,
&WORDS (5) , DHP, WORDS (6) , DHB, WORDS (7) , DM, WORDS (8) , T, WORDS (9) , CON,
&WORDS (10) ,CF,WORDS(11) ,CB,WORDS(12) , PIN,WORDS (13) ,QP,WORDS (14) ,
&QF ,WORDS (15) ,CP

DJ=3.0E4*QP/ (DN*DL)
UF=(6.0E4/DW2) * (QF /DHB)

F=(CB-CF) /DL
D=(0.72598+2.308D-2*T+2.7657D-4*T*T)*1.D-5

DK1=0.14061*DEXP(8.6464* (T-20)/293.-0.0028*PIN)
DKFB=3.* (UF**0.8)

DKFP=1038152.* (QP**0.25)

Q=DSQRT ((176.58*DHP/ (DK1*DM) )*1.E7/DKFP)
DKUP=500.

DKLOW=0.1

FUP=FBJ (DKUP)

FLOW=FBJ (DKLOW)

CHECK THE LIMITS

IF (FUP*FLOW.LT.0.0)GO TO 10

WRITE(*,*) 'NEW LIMITS'

GO TO 50

DKM= (DKUP+DKLOW) /2.

FKM=FBJ (DKM)

IF (DABS(FKM) .LT.1.D-8) THEN

GO TO 40

ELSE IF (DABS(DKUP-DKLOW) .LT.1.D-8)THEN
GO TO 40

ELSE IF ((FUP*FKM).GT.0.0)THEN

GO TO 30

ELSE

DKLOW=DKM

GO TO 10

DKUP=DKM

GO TO 10
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40

50

END IF
CONTINUE
FINAL=FBJ (DKM)

FUN1=Q*DTANH (DW/Q) / (DK1*F*CON*CON*DKM)
FUN2=DK1*CON* (CB-CF)

DPEFOW= ( (PIN-1.-CON* (CF-CP) ) / (DKM+CON*CF*DK1) ) *DKM
FUN3=DKM+DK1*CON* (CF-CP)
FUN4=DKM+DK1*CON* (CB-CP)

FUN5=DLOG (FUN3)

FUN6=DLOG (FUN4)

FUN7=DPEFOW*FUN3

FUN8=DKM*DKM/DK1

FUN9=DKM*CON* {CB-CF)
FUN10=DKM* (CF-CP) *UF*1.D-6
FUN11=DKFB*2.831D-4

FUN12=DM/F

FUN13=DLOG (CB-CP)

FUN14=DLOG (CF-CP)
FUN15=FUN11*FUN12*FUN10* (FUN13-FUN14)
FUN16=DLOG (DKM)

FUN17=FUN2* (FUN7+FUN8-FUN9/2.)
FUN18=DPEF0W+DKM/DK1
FUN19=DKM*FUN18*FUN3* (FUN6~-FUN5)
FUN20=FUN15* (DKM* (FUN6-FUN16) -DK1*CON*CB+
&DK1*DK1*CON*CON*CB* (CB-CF') /DKM)
FUN21=FUN1* (FUN17-FUN19+FUN20)
FUN22=(CB-CF) *DL*DW/2.

FUN23= (CF~CP) *DL*DW
FUN24=FUN21+FUN22+FUN23
DK2=DJ*DW*DL*CP/FUN24

DK2=DK2/3600.

DKM=DKM/3600.
DK1=DK1/3600.

UF=UF/3600.

RE=DLOG (UF*DHB*1.0252/DM)
SH=DLOG (DKM*DHB/D)
WRITE(*, *) DKM, DK2,RE, SH
WRITE (20, *)DKM,DK2,UF,RE

STOP
END

FUNCTION FBJ (DK)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON/ PAR1/DPEF(0W, DW, DW2, DHB, DM, QF, OB, CF, CB, DK1
COMMON/ PAR2/T, DHP, QP,CON, F,Q
COMMON/PAR3/DKFB, DKFP, PIN
COMMON/PAR4/DJ, DL, DL2, UF, CP

FB1=Q*DTANH (DW/Q) / (CON* (CB-CF) *DW)
FB2=DK+DK1*CON* (CF-CP)
FB3=DK+DK1*CON* (CB-CP)

FB4=DLOG (FB2)
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FB5=DLOG (FB3)
FB6=FB5-FB4

FB7=FB2*FB6

DPEFOW= (PIN-1.-CON* (CF-CP) ) *DK/ (DK+CON*CF*DK1)
FB8=DK/DK1

FBR9=FB8+DPEF0W
FB10=FB7*FB9

FB11=DK*CON* (CB-CF)
FB12=UF* (CF-CP) *1.D-6
FB13=DKFB*2.831D-4
FB14=DM/F
FB15=FB12*FB13*FB14
FB16=DK1*CON* (CB-CF)
FB17=DLOG (CB-CP)

FB18=DLOG (CF-CP)

FB19=DK* (FB17-FB18)
FB20=DLOG (DK)

FB21=FB5-FB20
FB22=FB19*FB21
FB221=(DK1*DK1*CON*CON/ (4.*DK) ) * (CB*CB-CF*CF)
FB23=FB15* (FB16-FB22-FB221)
FB24=FB10-FB11+FB23
FB25=FB24*FB1

FBJ=FB25-DJ

RETURN
END
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PROGRAM PAR4

THIS PROGRAM PREDICTS THE MEMBRANE PERFORMANCE

IMPLICIT DOUBLE PRECISION (A-H,O0-%)
CHARACTER*S WORDS(15)
COMMON/PAR1/DW, DW2 , DHB, DM, QF
COMMON/ PAR2 /T, DHP, CON, Q, DK, DK2
COMMON/ PAR3 /DKFB, DKFP, PIN, DEN

COMMON/PAR4/DL, DL2,UF,CF,DK1,D

OPEN(10,FILE= 'IN', STATUS='OLD')
OPEN(20,FILE= 'OUT', STATUS='CLD')

READ(10, 100)WORDS (1) , DW,WORDS (2) , DW2,WORDS (3) , DL, WORDS (4) , DL2,

&WORDS (5) , DHP, WORDS (6) , DHB, WORDS (7) , DM, WORDS (8) , T, WORDS (9) , CON,
&WORDS (10) ,CF,WORDS(11) , PIN, WORDS (12) ,QF ,WORDS (13) , DEN

FORMAT (15(2X,A5,2X,F10.5/:))

WRITE(*,100)WORDS (1) ,DW,WORDS(2) ,DwW2,WORDS (3) , DL, WORDS (4) ,DL2,

&WORDS(5) , DHP,WORDS (6) , DHB, WORDS (7) , DM, WORDS (8) , T, WORDS (9) , CON,
&WORDS (10) ,CF,WORDS (11) , PIN,WORDS (12) , QF ,WORDS(13) , DEN

UF=(QF*16.666)/ (DN2*DHB)

DK1=3.906D-5*DEXP(8.6464* (T-20)/293.-0.0028*PIN)
DK1=3.8225D-5*DEXP(-0.0018*PIN)
DKFB=309. * (DHB*UF*DEN/DM) **0. 83

DKFP=1.1D6

Q=DSQRT (9.81D5*DHP/ (2. *DK1*DM*DKFP) )
D=(0.7259+2.308D-2*T+2.7657D-4*T*T)*1.D-5

DK=(D*0.63/DHB) * ( (DM/ (DEN*D) ) **0,17) * ( (UF*DHB*DEN/DM) **0.4) *

&((CF/(1000.*DEN) ) **-0.77) * (PIN**-0.55)

DK2=9.536D-7*DEXP(14.648*T/273)
DJIN=(PIN-1.-CF*CON) *DK*DK1/ (DK+CON*CF*DK1)
DJOLD= (PIN-1.-CF*CON) *DK*DK1/ (DK+CON*CF*DK1)
FJOLD=FBJ (DJOLD)

DINEW=DJOLD/1000 . +DJOLD

CONTINUE

FINEW=FBJ (DINEW)

CHECK FOR SOLUTION

IF (DABS(FJNEW) .LT.1.D-8)G0O TO 50
DIFF=FJINEW* (DJNEW-DJOLD) / (FINEW-FJOLD)
WRITE(*, *) DINEW

IF (DABS(DIFF).LT.1.D-7)GO TO 50
DJOLD=DJNEW

FJOLD=FJINEW

DINEW=DINEW-DIFF

GO TO 10

CONTINUE

DJ=DJNEW

F=2*DJ*DW*CF/ (UF*DHB*DW2-2*DJ*DW*DL)
CB=CF+F*DL
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FUN1=Q*DTANH (DW/Q) / (DK1*F*CON*CON*DK)
FUN2=DK1*CON* (CB-CF)

DPEF(QW= ( (PIN-1.-CON*CF) / (DK+CON*CF*DK1) ) *DK

FUN3=DK+DK1*CON*CF
FUN4=DK+DK1*CON*CB

FUN5=DLOG (FUN3)

FUN6=DLOG (FUN4)

FUN7=DPEFOW*FUN3

FUN8=DK*DK/DK1

FUN9=DK*CON* (CB-CF)
FUN10=DK*CF*UF*1.019D-6

FUN11=DKFB

FUN12=DM/F

FUN13=DLOG(CB)

FUN14=DLOG (CF)
FUN15=FUN11*FUN12*FUN10* (FUN13-FUN14)
FUN16=DLOG (DK)

FUN17=FUN2* (FUN7+FUNS-FUN9/2.)
FUN18=DPEFOW+DK/DK1
FUN19=DK*FUN18*FUN3* (FUN6-FUN5)
FUN20=FUN15* (DK* (FUN6-FUN16) -DK1*CON*CB+
&DK1*DK1*CON*CON* (CB*CB-CF*CF) / (4.*DK) )
FUN21=FUN1* (FUN17-FUN19+FUN20)

FUN22= (CB-CF) *DL*DW/2.
FUN23=CF*DL*DW
FUN24=FUN21+FUN22+FUN23
CP=(DK2*FUN24) / (DJ*DW*DL)

CP=CP*1000.

WRITE(*, *) PIN, DINEW,CP,DK1

- WRITE(20, *)PIN, DINEW,CP, DK

60

STOP
END

FUNCTION FBJ (DJ)

IMPLICIT DOUBLE PRECISION (A-H,0-2Z)
COMMON/PAR1 /DWW, DW2, DHB, DM, QF
COMMON/PAR2 /T, DHP, CON, Q, DK, DK2
COMMON/ PAR3 /DKFB, DKFP, PIN, DEN
COMMON/PAR4 /DL, DL2,UF,CF,DK1,D

F=2*DJ*DW*CF/ (UF*DHB*DW2-2*DJ*DW*DL)
CB=CF+F*DL

FB1=Q*DTANH (DW/Q) / (CON*F*DW*DL)
FB2=DK+DK1*CON*CF

FB3=DK+DK1*CON*CB

FB4=DLOG (FB2)

FB5=DLOG (FB3)

FB6=FB5-FB4

FB7=FB2*FB6

DPEF0OW= (PIN-1.-CON*CF) *DK/ (DK+CON*CF*DK1)
FB8=DK/DK1
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FBY9=FB8+DPEFOW
FB10=FB7*FB9

FB11=DK*CON* (CB-CF)
FB12=UF*CF*1.019D-6
FB13=DKFB

FB14=DM/F
FB15=FB12*FB13*FB14
FB16=DK1*CON* (CB-CF)
FB17=DLOG (CB)

FB18=DLOG(CF)

FB19=DK* (FB17-FB18)
FB20=DLOG (DK)
FB21=FB5-FB20
FB22=FB19*FB21
FB221=(DK1*DK1*CON*CON/ (4. *DK) ) * (CB*CB-CF*CF')
FB23=FB15* (FB16-FB22-FB221)
FB24=FB10-FB11+FB23
FBJ=FB24*FB1-DJ

RETURN
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APPENTDIX II

PROPERTIES OF DISTILLED WATER AND SEA-WATER (Ref.30,42)

Viscosity values of distilled o/ :
200 C 250 C 300C 350 C

1.005x10-2 8.92x10-3 7.98x10-3 7.202x10-3

Viscosity values of sea-water. (or/ ]

Conc. (ppm) 200C 250 C 300 C 350C
25,000 1.054x10-2 9.391x10-3  8.43x10-3 7.612x10-3
35,000 1.077x10-2 9.6x10-3 8.621x10-3 7.792x10-3
40,000 1.089x10-2 9.712x10-3  8.717x10-3 7.879x10-3
Density values of sea-water. (gricm3)
Conc. (ppm) 200 C 250 C 300 C 350 C
25,000 1.0132 1.0119 1.0104 1.0085
35,000 1.0239 1.0224 1.021 1.0191
40,000 1.0281 1.0266 1.0252 1.0233
ivi f - r 2[§gg)
200 C 250 C 300 C 350 C
1.298x10-5 1.475x10-5 1.667x10"5 1.872x10-5
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Osmotic pressure coefficient, &, (Atm 1t/gr)
200 C 250 C 300 C 350 C

0.711 0.728 0.744 0.758
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APPENDIX III1

CALIBRATION OF THE INSTRUMENTS

1. Pressure transducers,

Although the pressure transducers were calibrated by the supplier, they were tested with a
dead-weight pressure gauge tester and they were found to perform perfectly.

2 n ivi lls an ransmitter,

The conductivity cells were calibrated by using sea-water solutions at known
concentrations and for each solution the output from the transmitters was measured in mA.
A standard graph was found, see Fig.A.1 and Fig.A.2, to give the concentration as a
function of the output current of the transmitter in mA, for the permeate and the feed side
respectively. Similar graphs were found at different temperatures.

y = - 1728.5879 + 420.2968x R =1.00

Concentration (ppm)

0€ T Y T _— 1 T 1
4 6 8 10 12 14 16
Transmitter output (mV)

Fig.A.1 Calibration curve for the permeate side conductivity-meter at 25° C.

80000

€ 700004 y=-1121.4899 +6453.6648x R =1.00
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4 6 8 10 12

Transmitter output (mV)

Fig.A.2 Calibration curve for the feed side conductivity-meter at 25° C.
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Paddle wheel Flow- I

The flow-meters were calibrated by measuring the volume of the liquid passing at a given
time from the flow-meter and the output value from the transmitter in Volts. Two
correlation equations were found for the permeate side flow-meter and the feed side
flow-meter to give the flow rate as a function of the output of the transmitter in Volts, see

Fig.A.3.

12 —37
10 -
g
£ 7 . .
= Begression equations
3 6~ B Permeate Y= -0.0249 +0.6037x R=1.00
= ® Feed y=0.119 + 9.0385x R =1.00
4 -
2 -
0 -M—-—a‘k/
0 1 2 3

Transmitter output (V)

Fig.A.3 Calibration curve for the feed and permeate side flow-meters.
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