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SUMMARY

This thesis investigates the pressure drops along the bores of B-9 and
B-10 hollow fibre membranes, their measurements, prediction and effect on
fibre bundle performance. '

The theory of osmosis and reverse osmosis, the transport models, membrane
configurations and productions were reviewed. Laminar flow in eircular
impermeable and porous pipes and the flow through a bundle of hollow

fibres were also reviewed for the better understanding of the theoretical
analysis.

A theoretical model of the fibre behaviowr iz studied and analysed. An
analytical solution is obtained for the case of a fibre in a uniform
crossflow of brine of wniform concentration and uniform pressure. A
numerical procedure, making use of this analytical solution, is developed
to solve the more general problem of detailed bundle behaviour. The
experimental data are analysed using a computer program based on the
numerical procedure presented in Chapter 5.

Experiments were carried out on small B-9 and B-10 hollow fibre membranes.
The performances of the fibre bundles, including the measurements of the
closed end bore pressures were investigated for two feeds, pure water and
sodium chloride solution, under various ranges of operating conditions.

From the resulting membrane performances, in both modules, it was seen
that:

1. The water permeability constant, k1, increased with increasing
temperature. The k1 was pratically independent of applied pressure at
feed temperature of 20°C and 25°C. However, the k1 tended to
decrease with increasing pressure at 30°¢,

2. The salt permeability constant, k2, increased with increasing

temperature and pressure in the experiments with B-9 module. The salt
permeability constant, k2 of the B-10 modules was found to be highly
dependent upon the PT-B post-treatment history.
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A computer program (FD), assuming a fixed fibre gecometery was used to
determine the values of—k1, k2 and the closed end fibre bore pressure.
However, these theoretically precited values of fibre bore pressures were
found to be significantly lower than the experimentally measured values of
fibre bore pressures. A second program {VID) used the overall bundle
performances together with the measured values of bore pressures to
'predict the effective bore diameters, Dia, and médified membrane constants
'k1eff and Ko, pp. As a result of these caleculations, the effective

bore diameters were found to be smaller than the nominal bore diameters.
This suggests that the hollow fibres are compressed, by as much as 25%,
under the effect of external presswre. Furthermore, the constrietion of
fibre bore diameters increased with increasing temperatwre. The
experiments with B-10 modules indicated that the compachtion of the fibres
may also be non-linear and limited, and the apparent fibre bore shrinkage
decreases radially outward through the bundie.

As a result, the modified values of k1eff were found to be higher than
:the values neglecting the fibre bore shrinkage effect. The salt
_permeability constant appears to be independent of allowance for bore
shrinkage.

.The analysis of the whole bundle behaviour, allowing for the fibre bore
shrinkage, showed that the axial distribution of brine concentration
.varies significantly due to the variation of the net driving pressure
along the fibre. The fibres towards the open end tube plate are exposed
to the highest net driving pressure and hence, increase in productivity
and local brine concentration which may lead to a polarisation type
effect.

Nen modified water and salt permeability constants, km and k2A were
determined assuming the fibre outside diameter shrank by the same amount
as the internal diameter. The new modified values of k1A and ko were
found to be higher than the values of k1eff and k2. This is obviously
due to the resulting reduction in the membrane surface area used in the

calctilations with the same bundle performance.
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CHAPTER 1.

INTRODUCTION




INTRODUCTION

It is very well known that life on earth is dependent on water in its many
forms. Without water this planet would have been different and a lifeless
one. T5% of the earth is covered by water but however only less than 1%
is distributed as fresh water in streams, lakes ahd ground water. In the
past people settled near water resources or moved from one water resource
‘to another to provide water for their needs. Increasing population and
industrialisation have increased the water demand. 1In many parts of the
world the quality of water is not always suitable or suitable water
resouwrces are not enough for owr consumption. The water scarclty has
pushed people inbto finding new fresh water resources. Rain water was
collected and wells were dug for water. They did not meet the increasing
demand for fresh water in many places. .

The seawater and brackish waters which are unsuitable for consumption, due
to the salinity, are often readily available. The mineral salts had to be
removed from the saline water to obtain fresh water. Saline waters may be
desalted by several different methods. Reverse osmosis, distillation, ion
exchange and electrodialysis are the ma jor desalination processes
currently in use., Desalination may be defined as: the art of producing
fresh palatable water -from a saline supply at a reasonable cost with
reasonable rellability.

The process reverse osmosis is generally the most economical for desaiting
either brackish or dilute sea water. Reverse osmosis is a membrane
permeation process for separating relatively pure water from a less pure
solution. The solution is passed over the surface of an appropriate
semipermeable membrane at a pressure in excess of the effective osmotic
pressure of the feed solution. The permeating water is collected as the
product {fresh water}. It is obvious that the membrane must be highly
permeable to water, highly impermeable to solutes (salts), and capable of
withstanding the applied pressure without failure.

Within the last twenty years considerable improvements have been achleved
in membrane materials, production techniques and module designs. One of
them is a hollow fine fibre membrane module. Very large surface to volume
ratios, negligible concentration polarisation and self supporting strength

have made them very‘atfractive for desalination of saline waters.
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- In the design of hollow fibre membrane systems, the physical fibre

parameters should be chosen to obtain an optimum bundle performance. A
number of hollow fibre analysis can be found in the literature (14, 15,
20, 23, 24). These concern mainly mass transport, the fibre diameter,
length, wall thickness, packing density and fluid flow inside and outside
of the fibre. The assumptions upon which these analyses are based vary.
However, all-the analyses (14, 15, 20, 24, 48) assumed the fibre cross
section, where there is a very dense skin outside and a porous wall
uderneath, to remain undistorted under working conditions.

In the experimental literature (12, 15, 27, 36, 38, 46) there is ample
evidence that the water and salt permeabilities (based on constant fibre
geometry) vary conslderably with both temperature and pressures The
purpose of this work was to attempt to find out how much of this variation
can be attributed to chanpges in the fibre geometry wnder the influehce of
external pressure. Since the theoretical solution to thé performance of a
fibre is particularly sensitive to changes in the bore diameter, it was
thought. that measurements of the presswe drops along the fibre bores,
uder working conditions might provide some evidence of changes in the
bore diaﬁ@er. To this end a small 4" B-9 and B-10 hollow fibre modules
were disassembled and pressure tapping holes drilled into the resin blocks
suwpporting the looped 'closed' ends of the fibres.

Fibre bore pressure measurements have been made under various ranges of
operating conditions. The results were analysed using a computer program.
Evidence from the fibre bore pressure measurements tends to show that the
fibre bore diameters shrink wnder pressure and this effect increases with
increasing temperature. As mentioned before that the theoretical solution
to the performance of a fibre is particularly sensitive to changes in the
bore diameter. The membrane constants k1 and ko were recaleulated {(as
k1eff and k2eff)’ allowing for the fibre bore shrinkage, The modified
effective water permeability constants (k1eff}were found to be higher

than the values neglecting the bore shrinkage effect. The =alt

permeability constant, k., appears to be independent of allowance for
bore shr'inl;age .

The hollow fibre analyses in the literature (14, 15, 20, 24, 46) also

neglected the axial variation of brine concentration in the fibre bundle.
If the fibre bore shrinkage is taken into account, because of the axial
variation of the net driving pressure, the axial variation of brine

concentration may become significant, producing a concentration
polarisation type effect.
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" 2.1 Inbroduction

The purpose of thié chapter is to give some information about the
natwal osmosis and reverse osmosis which is one of the process used in
desalination of saline waters. The thermodynamics of the process is
reviewed for the better understanding of the process.

2.2 Osmosis and Reverse Osmosis

Natural osmosis ocours in a ¢losed system containing pure water
separated from an agueous salt solution by a semi-permeable membrane.
The characteristics of an ideal membrane are such that water moleculses
can pass through the membrane but the salt molecules may not.

The pure water will flow through the membrane to dilube the salt
solution (Fig. 2.1.A). This spontaneous flow of pure water is termed
"osmosis". Due to the permeation, the volume of salt solution will
increase and create a build up of pressure on the solution side. The
flow of pure water will stop when it reaches the osmotic pressure of the
solution, (Fig. 2.1.B). On the other hand, if a preasure is applied on
the salt solution side, the rate of pure water flow will be decreased.
As the pressure is increased a point will be found where there is no
flow on either side, (Fig. 2.1.C). Then the system is said to be in
MOsmotic Equilibrium" and the applied pressure is equrl to the cosmotie
pressure of the solutlon, Under isothermal condition, osmotic pressure
of a solution is directly proportional to the concentration and it can
be written in a simple form as ¢ = ¢RIC where ¢, osmotic

coafficient, R, universal gas constant, T, absolubte temperature and C is
the conecentration. The osmotic pressure of standard seawater (35000 ppm
which is equivalent to 3.2% NaCl solution) is of the order of 25
atmospheres. At the point where osmotic equilibrium is reached, as the
presswre is increased the direction of pure water flow is reversed, Fig,
2.1.D. Thus, the pure water molecules in the salt solution will pass
through the membrane leaving the salt molecules behind. This last
phenomenon is the basis of the reverse osmosis method of desalination.

A simplified flow diagram of a typieal reverse osmosis system is shown
on Fig. 2.2.
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2.3 Some thermodynamie considerationa

Flow of matter from one region to another is determined by a property
called the "chemical potential®, Any kind of matter, such as water,
flows in the direction of in which its chemical potential decreases,

The pure water molecules pass throuph the membrane, wnder the pressure
which is higher than the osmotic pressure of the solution, and cause a
solute separation in reverse osmosis systems. Consequently the chemical
potential of pure water in aqueous solutions and the osmotic pressure of
solutions are of interest. Hence some of the basia thermodynamic
relations involving chemical potentials and osmotic pressure are
sumarised below, (34, ud, 48, 523,

The chemical potential (ﬂi) of a component i in a sclution is
defined in terms of the Gibbs free energy (G) by the relation

dG = -Sdt + VAP + Ei u, d N (1)

where S is the entropy, T the absolute temperature, V the volume,
P the pressure, and Ni the number of moles of component i,

From equation 1, the chemical potential, L (or partial molar Gibbs
free energy) may be written as

My = (3G/BNiJT,P,NJ {2)

and
V= (BGIBP)T N (3)

where N represent the entire set of N's and NJ represents all N's except
Ni.

Differentiating equation 3 with respect to Ni

2 :
3°G ., ‘ -
[ 1 } ) [-—i] ) [-BL-] ) Vi {4)
Ni 3P T,NJ oP T,N oNi T,P,NJ

-

where Vi is the partial volume of component i,




In actual caleulations it is customary to use not the chemical potential
itself but a quantity called the activity al and related to the chemical

potential by:
= 1% + RT 1n ai
Wy = i (5)

where R is the gas constant, and uoi ia the standard chemical
potential of i which at a given pressure, is dependent on temperature
only not on concentration. Various conventions are available for
.defining uoi, but for the solvent, Hy in the treatment of

solutions it is always taken to be the chemical potential of pure
solvent; this means that the activity of pure solvent is wnity.

The thermodynamic requirement for osmotic equilibrium is that the
chemical potential of. the solvent should be the same on both sides of
the membrane; no such conditicn is imposed on the =solute since the
membrane prevents its passage.

If there is just pure water at pressure P1 on both sides of the
membrane, the two phases will be in equilibrium (the chemical potential
of water in both phases being uJ), and there will be ne net transfer
of water through the membrane. If pure water on one side of the
membrane is replaced by an aquecus solution (both sides still being at
pressure P1), the chemical potential of water in the solution is less
than that of pure water, and the former is given by

H :_u; + RT 1n 3, : (6)
where W, is the chemiecal potential of water in solution at pressure

P1. The equilibrium can be restored by increasing the pressure on the
solution side to P2 such that the chemical potential of water in the
sclution is raised to that of pure water. The increase in chemical
potential of water in the solution as the pressure is increased from P1
to P2 is obtained from equation U4, as;

P
2 Py

J (auwfaP)T,N , dP = [ v, dP

7
p1 p (73

1

T

Al
4

W
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2T

Since this increase, added to H, given by equation 6, must restore
the chemical potential of water in solution to that of pure water,

P2_
#
- (8)
Hy éI wdF =Wy
1
Therefore P2
= #
3 deP =W =W (9]
= -RT Ina (10}
w

From equation 6, if Vw is assumed constant
Va (P2 - P1) = -~ RT Ina_ (11)

The pressure difference (P2 ~ P1) is by definition the osmotic pressure
of the solution, uswally represented by w, thus

Va1 = ~ BT 1n a, (12)
or
T = - RT/V« In a, (13)

for caleculating the activity of water in solution, a s vapour pressure
data are needed, often, a, is calculated from the relation

_ * (14}
a, = Pu/Pu

where Pw is the vapour pressure of water in equilibrium with the

solution, and Pw is that of pure water at a given temperatire.
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ER Electrolyte solutions

Agqueous solutions of salts are mainly concerned in desalination. For
this reason a great many physical-chemical measurements have been made
on ions in solutions and theories of their behaviowr have been
developed. For example, an electrolyte of the form Cy A, ,

which in solution ionise campletely according to the chemical equation:

(15}

+1
. _ -1
(i.e. Na Cl = 1+ ¥a + 1 Ci '}

Considering, each of the ions has its own chemical potential and its cwn
activity, equation 5 can be written in the form:

=
"

o
- u+ +RTlna+

u_o + RT 1n a_

=
i

—

The partial molar free energy {(chemical potential ui) of the overall
electrolyte will be the sum of the ionio chemloal potentials, each
multiplied by the appropriate mumber of ions derived from the
undissociated molecule. Therefore, equation 15 can be written for the
electrolyte;

s
1

uio + R In a; {16)

o o]
v+ L S RT In ay + V_ RT In a_

It now hecomes convenient to define what will be known as the mean ion
activity, a,, which is a quantity that will satisfy the following
equation:
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V+ Ve
=a, a (17)

In this equation, v = Vot Vo the total numbers of ions
formed from the salt. Thus the chemical potential of the salt may be
written in the simple form

o}
Wy =W + Vv RTIna, (18)
When defining the activity of a particular jon, it may be convenient to
use m, the molal concentration, or ¢, the molar concentration, as the
reference function. Thus the activity coefficients for the lons may be

written as
- 19
=T v n (19]
a_= Y._ v_m
In these equations, v m and v_m equal to the concentrations of
the two kinds of ions. Hence the mean activity coefficient, y,,
méy ba defined by the expression
v Ve .
Ty =Y, YL (20)

The mean activity of a simple wni-univalent salt like sodiim chloride is
simply the sguare root of the product of the separate activities, and
the mean activity coefficient is likewise the square root of the product
of the separate activity ccefficients. In general, the activity of the
electrolyte will be;
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in equation 19, if the reference function is taken as the mole fraction
of the component i, X5, the activity may be written as

(22)
or the activity coefficient vy iss
Yy F ai/xi

For an ideal solution the activity coefflcient will be unity. In the
case of dilute electrolyte solutions, the aectivity coefficlents of water
may differ from the unity by less than one in 10ll {e.g., the activity
of water in a 5% sodium chloride solution at room temperature is 0.97
times the activity of pure water, Merten (32).

Therefore equation 13 can bhe written for an ideal solution as
- 71 i 23
T = RT/V& In x, (23)

where xw is the mole fraction of pure water. In an electrolyte
solution, the mole fraction of pure water will be

xw:‘l-\.“xs (24)

where X is the mole fraction of salt. Hence, equation 23 may also be

written as;

T = - RT/\TW In (1 = vx,) {25)

m M o Pn N o N M m M Im m m o

m
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EQLétion 25 can be written by evaluating the second part as:

(26}

._Hence, the osmotic pressure of an electrolyte solution can be caleulated

" by using equation 26.

2.5 Transport mechanism

Under isothermal conditions, in both osmosls and reverse osmosis, the
‘transport of material through the membrane is always in the direction of
lower chemical potential. This is a thermodynamic requirement which
says nothing about the mechanism of the separation process.

The osmosis process is associated with aqueous solutions and
semipermeable membranes. The term 'semipermeable' describes the
membrane but does not explain why the membrane is permeable to the
solvent but not the solute.

Several mechanisms of water and solute transport through the reverse
osmogzis membranes are discussed in the literature, Merten (32), Kedem
(26), Sourirajan (U48), Sourirajan and Matsuura (47), Lonsdale et al
(31), and Banks and Sharples (4). However, the fundamental transport
mechanism is not fully understood. Some useful models are shown
diagrammatically in Fig. 2.3 A,B,C, Blais (10). These are (a) -
soluticn diffusion, (b) - sieve model and (c¢) ~ preferential sorption.

A - Solution diffusion model. Reverse osmosis separation is governed

by a solution diffusion mechanism which requires that the solute and
solvent dissolve in the membrane material and permeate through the
membrane by diffusion through the homogenous non-porous surface layer.
The water (solvent) is readily soluble in the membrane material but the
salt (solute) is only slightly soluble. The water, being more soluble,
can maintain higher concentrations and therefore higher coneentration
gradient and rates of diffusion. The salt is only slightly soluble in
the membrane Limiting the possible diffusion flow rates and thus leading
to relatively small sait fluxes.
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_,ﬁle active layer of membrane is envisaged as a molecular lattice into

which water molecules can penetrate and through which they can pass by
diffusion. In certain areas the lattice is open enough to permit the

‘entry of salt molecules. The variation in properties from membrane to

membrane was explained to be a variation in lattice tightness by Hodgson
(25). 1t is also known that the water sorption properties of cellulose
and its derivates may depend on such factors as their degree of
erystallinity, Lonsdale et al (31).

The overall sclubility of water and salt are considered to be-
independent so that the water flux will not necessarily change in
proportion to the salt fiux, so that for a given salt rejection there
can be a range of water flow rates.

The water flut through the membrane is essentially pressure dependent
and is proportional to the net driving foree. It can be written as:
Lonsdale et al (31).

= =Dy € V.] (#P-an)/RT Xz K, (sP-an) {27)
in arriving at this result, it is assumed that D1, C1 and v1 are
independent of pressure P, where V1 partial molar volume of water,

D1 diffusion coefficient and {'J1 concentration of water dissolved in

the membrane, and 2X is the membrane thickness. The water

permeability constant, K1 ( g/cmz.sec.atm.), can be calculated simply

as; Lonsdale (29)

[{1 = J.]/(AP—AH) (28)

On the other hand, the salt flux is pressure independent, the driving
force is almost entirely due to the salt concentration difference. The
salt flux can be written as

.]2:---D2 Ka CS/ﬁX = K2 ﬂ\CS {29)
The distribution ccefficient, K, for salt between the membrane and

water, and the diffusion coefficlent D2 are independent of salt
concentration Cs. The =alt Qermeability, D.K, of the membrane is

variable in real membranes (not-perfect) due to the salt leakage through
defects in the membranes.
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;i§22_22§2§29£§_@9§§l. According to this model, the transport
éniém in reverse oamosis is one of diffusive flow through the

féne without specific interdtion between the barrier surface, the

and the solvent.

us and the pores are too small for solute

Membrane structure is poro
| to pass through but large enough for water

holecules or hydrated ions
‘molecules to pass. The membrane acts as & micro sieve. In such a
gtructure there is bound to be some variation in the pore sizes and some
will inevitably be large enough to pass the solute molecules or ions

( imperfect membrane) thus accounting for s1ight permeability to salt.

Solvent flow through the rejecting pores is given by K1 {(P-A1) but
asolution flow through the non-rejecting pores is determined only by the
applied pressure K2P, Banks and Sharples {1i).

Therefore water flux through the membrane;

(30)

J, = K1 (P-AT) + K2P

1
and the solute flux is given by

- 31
J2 = K2 P Cb (31)

where K1 and K2 are solvent and solution flow constants respectively.

C - Preferential sorption model hccording to this model, the reverse

osmosis separation mechanism is governed, in.part, by a surface
{interfacial) phenomenon. The characteristic of the membrane is that it
attracts water more than the solute. Wien the swurface of a porous
membrane is in eontact with the solution a multimolecular layer of
preferentially sorbed pure water forms on the membrane surface. A
eontinwus removal of this interfacial layer {water) by flow under
pressure through the membrane capillaries results in a product solution.

If the pore diameter is bigger, permeability will be higher but solute
separation will be lower since the effective feed solution (concentrated
boundary solutlion) will also flow through the pores. When the size of
the pores on the membrane surface is only a few times bigger than the
size of the permeating molecules, and the interfacial forces are

important enough to cause. solute separation.
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a fmwir-ajan Analysis which based on a generalised capillary flow
1 involving viscous flow for water transport, pore diffusion for

“solute transport, and #film" theary for caleulating an effective mass
't_i,tf'aﬁsfer' coefficient applicable to the coneentration polarisation
: ion, Sourirajan and Matsuura a7y,

“situat
The basic equations relating to the pwe water permeability (PWP, g/hr)
~ eonstant A (g.mol/cm2.seo.atm)

“A = PWR/Mp X S X 3600 x P {32)

where MB is molecular weight of water and S is the membrane surface

area as om .

The transport of solvent water NB is given by

NB = A (P'“(XAE) -+ 'lT(xA?))) = A (AP-An) {33)

where T{(XAE) and "(XFB) represent the osmotic pressure T
corresponding to mole fractions of solute XAE and XA3 in the boundary
layer and in the product respectively.

The transport of solute through the membrane phase is treated as being
dx_xe to pore dlff‘usu?n. Consequently, the solute flux, NA’ through the
membrane is proportional to the concentration difference across the

membrane and is given simply by:

N, = Xa3/(1‘xﬁ3) Ng (34)
It seems 1ikely that all of these situation exist to some degree in
practical reverse oamosis membranes. However, the preferential sorption
depends on the chemical nature of solution relative to the chemiecal
nature of the membrane surface. Therefore the chemical nature of the
barrier must have some influence on the reverse osmosis properties of
membranes. Hence, if' the appropriate chemical relationships exist
between the barrier, the solute and the solvent, the preferential
sorption mechanism may superpose on the other two mechanisms,
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, for engineering purposes, real membrane behaviowr can be

sely approx1mated by using Solutlon—dlffu51on model which has widely
been used in determining the membrans characterlstlea. Thus, the
tPaﬁSpOFt equations in solution-diffusion model will be uszed to explain
“the experimental data in the next chapter.

2.6 Reverse osmosis membranes

A membrane may be defined as a thin sheet-like piece of material forming
" & barrier between two phases. The characteristics of the membrane is
that‘certain constituents in the phases separated by a membrane will
pass through the membrane more easily than others wunder the actions of
particular driving forces.

An ideal or perfect membrane is described to be completely impermeable
to certain species. However, in reality membranes are not often
completely impermeable to any component. It is merely a guestion of
being much more permeable to some components than others.

Saveral characteristics of membranes are important for desalination. An
effective membrane should have:

W
1

wide operating range (pressure, temperature and concentration)

o
1

high water and low salt permeabilities

¢ - physical, chemical and biclogical stablility

=}
!

easily repreducible characteristics
e ~ long service life and low cost

f = high suwrface to volume ratio

There is no perfect membrane, and the ones in use today vary in quality
with regard to these characteristics.
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he'ﬁost important'characteristics of a R.0. membrane is the
ity of water which can flod through the membrane. This is

cribed by the following simplified equation:

:AV;IK (4P - ow) (35)

"_?here J1 = water fluwx, cm3/0m2 sec, (m/d)

mherefore membrane surface area of a unit becomes very important in
overall produetivity.

'2.6.1 Membrane materials

Membranes are made from a varisty of materials. Cellulose Acetate
(C.A.) was used in much of the original development work by Loeb, Reid
and Souwrirajan in the 1950's. The C.A. membrane was about 25 micron
thick film, symmetric in structure, given a flux of 0.01 m/day with a
50-fold reduction in salt concentration.

Loeb and Sourirajan, in 1960, developed membranes which effectively
separated salts from water and led into commercial development of the
process. The membranes were made of cellulose diacetate which had an
acetyl content of 38 to U0%. The active layer of membrane was about 1
micron thick given water flux wp to 100 times that previously available.

The original C.A. material has been largely displaced by various
derivatives of other cellulose acetates, polyamides and other polymers,
(3, 5, 6, 16, U8). The following list gives some idea of the materials
that have been investigated and used in membrane production.

a - Cellulose based polymers (C.A., cellulose triacetate, C.A. butyrate)

b - Commercial polymers (66 Nylon, Polyethylene terephthalate, Polyvinyl
alechol)

e - Polymer blends {Polyvinyl alcohol~polyvinyl pyrrolidone,
Polyacrylonitrile - Polyvinyl tetrazole)
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d - Miscellaneous experiemental polymers. ({Acrylonitrile ~ N - (2 -
hydroxyethyl) acrylamide, Polyaminopivalic acid)

e - Nitrogen linked polymers (Aliphatic polyamides, aromatic
polyamides, aliphatic-aromatic polyamides, polybenzimidazoles,
aromatic polyhydrazides, polysemicarbizides, polyimides).

Out of hundreds of candidate polymers, three clagses proved to 'be most
promising for development of commercial R.0. membranes (a) cellulose
acetate (b) aromg+tic polyhydrazides and (e¢) aromatic polyamides. All
of these could be made into the required asymmetric membrane structures.
Hodever, aramid polymers have been replacing C.A. polymers in membrane
manufacture, because of their better resistance to mechanieal change, as
wall as chemical and hiclogical attack. One of the reasons is that
aramid polymers do not exist in natwre and there is no known case of
micro-organisms attacking them. Secondly C.A. membranes must be used
within a narrow pH range (4 to 9) to prevent hydrolysis. However, C.A.
membranes are cheaper to produce than aramid polymer membranes.

2.6.2 Membrane fabrication methods

Understanding of the structure of desalination membranes is important
for understanding the mechanism of desalination by reverse osmosis.

The most important characteristies of an R.0. membrane is high salt
rejection and water flux. Studies in membrane technology show that
membrane structure is importantras well as membrane materials., Usually
thimmer membranes give better permeation. Hence, membrane must be as
thin as possible and the supporting porous structure must be able to
transport the permeate easily.

The factors governing membrane structure and its characteristics depend
on membrane fabrication technique. There are several techniques of
membrane fabrication using different membrane materials. However, the
two most common membrane fabrication methods will be reviewed for
urderstanding of the membrane formation mechanism. These are asymmetric
cellulose acetate flat-sheet and aromatic polyamide hollow fine fibre
membranes.
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— The asymmetric cellulose acetate (C.A.) flat sheet membranes

These -asymmetric membranes are formed by precipitation from a solution

of the polymer in good solvent such as acetone. The procedure is as
follows: (32).

a. Solution. The polymer is made up into a viscous solution in the
solvent {(acetone) together with a number of modifying additivities (e.g.
c.h. -~ magnesium perchlorate - water - acetone In the proportions 22.2
- 1.1 - 10.0 - 66.7 wt¥). The inclusion of the modifyers in the
solution produces the porous structure In the cast membrane.

b. Casting. A thin (150 ~ 250 micron) layer of the solution is

spread out on a glass plate (if it is desired to separate the membrane
from the surface later) or porous substate (if membrane is being cast
directly onto its support which may be in the form of a sheet or tube).
In this phase, the thickness of the film is determined.

c. - Evaporation. The film is then exposed to the air (e.g. 3
minutes). The solvent evaporates from the suwrface of the film
{concentrating the surface layer) resulting a thin active layer. The
long evaporation time causes a thickactive layer with a low water flux
and high salt rejection. If the evaporation time is too short the
active layer becomes very thin and probably the membrane is not complete
leading to peor rejection.

d. - Gelation. The membrane is solidified by immersion in water (e.g.
0-2°C) for about one howur. The main effect is to produce inhomogenous
precipitation in the bulk of the membrane thus producing the porous
strietura. The temperature of, and additivities in, the gelation bath
are used to alter the membrane properties. In general a higher
gestation temperature produces a more brittle membrane.

e, -~ Amnealing. The membrane is transaferred to a warm water bath at a
temperature between 60 and 85°C for a few minutes to improve salt
rejection. Increasing annealing temperature increases the salt
rejection but decreases the water flux, Treatment at temperatures below
60°C has no effect whereas temperature above 85°C tend to destroy

the porosity of the membrane bulk.




membrane produced by this process iz relatively robust, slightly A
ﬁiﬁnér’ than the cast layer, and gan range from being alnost transparent

being opaque.

_ B Hollow fibre membranes

There are several techniques for gpimning hollow fibres. However, the
' fabrication of aromatic polyamide asymmetric hollow fibre membrane will
.be reviewed here, Caracciolo et al {12). The procedure is as follows:

_ a. Fibre spinning. The asymmetric hollow fibre membrane is spun from a
solution of the aromatic polyamide polymer and inorganic salts in
dimethylacetamide through a shaped orifice., The extrusion orifice, or
spinnerette, used for preparation of hollow fibre may be of several
desimsa. For example, in the dry-jet wet process, the tube-in-orifice

" desipgn is used with nitrogen gas injection. The spin dope is extruded
through a sealed, *."ented insert spinnerette, which admits nitrogen to
the centre of the filament to maintain bore integrity while the final
structure is setting in the subsequent drying and extraction steps.l }i]
Techniques utilising the wet or dry-jet wet spinning approach often are ‘
favoured for hollow fibre membrane applications, Orofino (39).

b. - Stabilisation. 1In a continuwous fibre spinning process, the
threadline emerging from the spinnerette must be quickly stabilised and
thus given sufficient mechanical integrity to permit subszequent passage
over guides and rolls under moderate tension. First, the major fraction
of the solvent is removed from the fibre exterior with heated nitrogen

gas. The balance between the rate of surface evaporation and of solvent
migration to the outer fibre wall has a determining effect on the skin

properties of the hollow fibre membrane. The remaining solvent and 3
salts are extracted with water and the porous body which support the
skin is set up as water displaced the solvent. To retaln its asymmetric

properties, the fibre is kept wet. Thermal annealing increases the
resistance of the hollow fibre to deformation and improves its salt

rejection properties.
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¢. - Post-treatment. When the permeator assembly is completed all the
ingredients from the various manufacturing steps are flushed out and
post treatments to tailor the salt passage are applied. For example,
B-9 permeators are post-treated with PT-A {polyvinyl methyl ether)
during the manufacturing process to increase salt rejection. On

occasion, PT-B (tarmic acid) has been used to increase the salt
rejection,

B-10 permeators are post-treated with PT-B to reduce the salt passage by

about 30-50%. However, this treatment may also cause loss in product
flow of 5-10%.

d. ~ Bundle formation and permeator assembly

The hollow fibre yarns are wound around a fliat porous web. (A1l fibres
are arranged in a parallel configuration. Cross overs or other
misalignments have a significant effect on bundle packing density and:
flow distribution). The web with the layers of Fibre on both of its
sldes 1s rolled around the rotating central distributor tube which forms
the axis of the fibre bundle. As the web moves forvard and is rolled
spirally arowund the distributor, an epoxy adhesive is applied to one of
the two edges, which later forms the tube sheet (open end), The
distributor opening in the tube sheet is sealed after the epoxy has
cured. A plastic tube to connect the distributor tube with a feed inlet
is attached at the other end (closed end), which is thereafter

completely sealed to prevent short circuiting of the feed stream to the
concentrate outlet,

The flow screen is attached on the outside of the bundle and the tube
sheet face is cut to open the fibre ends and to provide the groove for
the O-ring seal. The bundle with the porous back-up disc is then
assembled in the pressure vessel.
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- produced by adding certain chemicals to the feed water as it flows through
~-porous structure. Deposits from these solutions colliecting on the surface 3
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2.6.3 Membrane structures

There are two basic types of membranes used in R.0., the fixed membranes
and dynamic membranes. The overwhelming magority of the membranes are oy
being utilised in R.0. have a fixed membrane structure. All membrane
structures have two sequential components. The first is about 1 micron
thick skin surface layer which determines the salt and water flux

characteristics. The other one is the porous body which supports the
surface layer and transfers the permeate,

.8, - Fixed membranes. The active swface and the porous support layers )
are joined together permanently which makes them asymmetric in structure, E
In some instances, the surface layer can be made from the same material as
the porous base, in which case the surface is usually altered during or
after the forming process. Most of the polyamide and cellulose based
‘hollow fibre and flat membranes are made in this fashion.

Thin film composit membranes (such as PA-300 spiral membrane) are made by
ineorporating the separate active layer on the porous base by

polymerisation or other means., These membranes can be more complex to
produce commercially.

b. - Dynamic membranes. The two components are produced separately and
Joined as part of the operating process. The membrane structure is

of the porous medium form an active layer. These types of membranes do

not have a good combination of water flux and salt rejection comparing to
the fixed membranes.
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2.6.4 Reverse osmosis membrane configurations

Several types of R.0, membrane configurations have been explored over the
past 20 years. Only four membrane configurations have been advanced to
commercial applications. These are plate and frame, tubular, spiral wound
and hollow fine fibre systems. These membranes have been manufactured by
different companies using different techniques and membrane materials.
Manufactirers and their representaties generally distribute specification

sheets describing the nominal performance of their units under certain
operating conditions.
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A comparison of the modules characteristics is given in Table 2.1.
A brief description of these systems is given below.

a. - Tubular wmembranes. The membrane is placed or coated on imner wall
of the porous tubes with a dlameter of about 0.7 to 2.5 cm. Bundles of
these tubes are joined to a header in parallel or in series like a shell
and tube heat exchanger. The feed waber flows inside the tube and the
brine exists from the far end of the tube. The product water passes
through the membrane to the porous tube wall and is collected inside the
shell, Fig. 2.4. The system is not efficient for large scale water
treatment applications because they contain a small membrane area per umit
volume. Packing densities for tubular membrane systems are within the
range from 32 to 320 mE/ 3. Water flux may be around 0.5m/day.

However, the system is used in special applications where the particulate
count is very high. They can be cleaned easily and frequently.

b. -~ Plate and frame membranes. In this device, the membranes are
mounted on opposite sides of a rigid porous plate and sealed to the plate.
The fesd water is applied on the outer side of the plate and product water
is collected at the interior of the supporting plate, Fig. 2.5.
Comparing with other devices, plate and frame R.0. systems contaln a

relatively small membrane surface area for the volume of the pressure
vessel required. The membrane packing density in current designs ranges

from 150 to 500 n® per m> unit volume. The water flux may be given

arownd 0.4 w/day.

Plate and frame equipment, however, does offer flexibility of selecting
different membranes for different applications.

¢, - Spiral wound membranes. The spiral wound membrane configuration
uses Flat sheet membranss. The membrane is cast on a fabric support and
then two of these fabrie supported membranes ars glued together with a
porous material. This porous material provides a route for the product
weater, which passes through the membrane. The membrane leaf is glued
together on three of its fouwr edpges forming an envelope. The fourth edge
is joined to a tube which acts as a collsctor for product water. These

envelopes together with brine side spacer screens are wound around the

TR T T N TR T R AR e e T
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collector tube and the module is housed in a pressure vessel. Usually 2
to 26 membrane envelopes are abtached to the central tube., The feed flows
axially along the side spacer screen and the permeate flow through the

menbrane into porous backing material and then to the central collector,
-Fig. 2.6.

Two to six modules are usually placed in series in a long tubular pressure
vessel to make wp a single production wnit., The diameters of the. modules
range from 5 to 30 em. The spiral wound design is compact, with membrane
area ranging from 650 to 1650 m® per m® unit volume of module,

Initial capital costs of larger modules are less than the smaller modules.

d. - Hollow fibre embranes. Modern technology has made possible the
preparation of R.0. membranes in the form of hollow fine fibres. They
are asymmetric in structure with a very dense skin on the outside,
supported by a porous structure, usually, of the same chemical

composition. The feed solution flows on the outside of the fibres and the
product water flows inside the fibres.

The main advantage of hollow fibre membranes is that very large surface
area can be packed in a shell volume, i.e. ranging from 29000to 60000
n° per m3. The ratio of outside to inside diameter (0.D. = 95

micron, I.D. = 45 micron) is at least 2 to 1, so these fibres can be

.- viewed as thick-walled oylinders. They have the strength to withstand

* high operating pressure (68 atm.) without additional physical support,

A bundle of hollow fibres are sealed on hoth ends and one end is cut open
to remove the permete. The feed tube (at the centre of the bundle) is
sealed at one end and is porous along its length within the fibre bundle,
" The bundle of fibres is placed in a pressure vessel. Fig. 2.7 is a cross
section of a permeator. The construction resembles a shell and tube heat
exchanger. Feed water under pressure enters the pressure vessel through
the feed tube and is forced from the centre of the fibre bundle radially
outward ardund the many fibres within the bundle. The high pressure
conecentrated solution leaves the shell while the product water is
collected and carried away on the other side.

The permeate flux rate through these fibres is low (0.02 - 0.4 m/day).
However, the enormous surface area of such fibres packed into a unit
volume, tends to compensate, for the low flux rate.
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Pressure Flux Packing Flix

. Module (atm,) (1) density (2) density (3)
T

Tubular 40 0.40 32-330 13~132
5 Plate and Frame Lo 0.40 150-500 60-200
] Spiral Wound ho 0.40 650-1650 260-660
I

Hollow Fibre 27 0.013 29000-60000 377-780

ol

(1) Flux (cubic meter product water/sq. meter day (m/day))

+ {2} Packing density (=q.m. membrane area/cu.m. module volume (m2/m3))

Dol

(3) Flux density (cu.m.water/cu.m. module volume per day (m3/m3))

=t

NOTE: The data in Table 2.1 are only informative, they depend on the type
of membrane used, Membranes with a wide range of flux rates are
commercially available, (9, 13, 21).
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3.1 Introduction

The purpose of thig chapter is to give some idea about the physical and
chemical characteristics of water used in desalination by reverse osmosia,

The water enters the system, called "feedwater', is separated by reverse
osmosis membrane into two streams. The hiphly concentrated reject
solution is called “brine" (or concentrate) and the other one is called
"product water" (permeate or fresh water). The characteristics of brine,
product énd feed water are very important factors in designing a
desalination plant. Normally reverse osmosis systems are dezigned,
congtructed, and installed by the original eguipment manufacturers or
their representatives. Regardless of who is involved with the design, it
is important to know about the solution processed in a desalination plant.

3.2 Feed water

The main raw water supplies are swrface and wderground waters. Defining
the characteristiecs of raw water supply is an important item in the desig
of a reverse osmosis system. The chemical and physical characteristics
and their variability should be thoroughly investigated.

One of the major problems in operation of a plant is fouling. It is the
deposition of materials within the plant which result in reduced
performance of the system. The membrane surface especially is very
sensitive to fouling, both biological or non-biological, which can reduce

the water fluw to a major degree. In bad cases the membrane replacement
may become necesasary.

The proper pretreatment of the water before it reaches the membrane is the
key to successful operation of a reverse osmosis plant. Brackish well
water and sea water from shore wells generally require only basic
treatment since the water has already filtered through the earth. Surface
waters, both brackish and sea water, usually require more extensive
pretreatment to make the water suitable for the reverse osmosis process.

Different membrane modules may require different feed water treatment. In
the case of Du Pont hollow fibre membrane systems, the feed pretreatment
techniques for the removal of different substances may be found in
Permasep Engineering Mahual (PEM) (42},
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3.3 Brine

The brine stream has a concentrated salt solution and often some levels of
chemical additivities which must be disposed safely. The. brine in a
brackish water reverse osmosis plant can amount to 10 to 50% of the water
produced and that of about 70% in a sea water reverse osmesis plant.

In coastal locations the brine stream can usually be discharged into the
sea or ocean without problems, However, the concentrated brine with
chemical additivities may cause some problems to aguatic life if
discharged into estuarian areas.

Inland brine discharges can be an important problem, since the brine can
adversely affect the quality of the existing growd water if the brine is
allowed to enter the aquifer. One of the first items that should be
considered in an inland desalting project is the disposal of the brine.
The necessity for a special disposal technique could make the syatem very
costly.

3.4 Product water

 Product water is the most important item because it is the one being

. consuned as drinking or industrial water. In designing a reverse osmosis
plant, information on the desired quantity and gquality of the finished
water is needed. The quality of the product water is referred to its
total dissolved solids (TDS) content. The desired quality of the product
water will determine the salt rejection required.

If the product water is for human consumption then it should be within
W.H.O. 1limits which is less than 500 mg/L as TDS. For specialised uses,
(electronic industry, boliler feed water) much higher degrees of purily may

be requiréd.

The product water emerging from the membrane assembly needs some Lype of
post-treatment beforé being distributed as potable water, {pH adjustment,
removal of dissolved gases such as H28 and 002).

However, the palatability and health aspects of product water should be
considered. The effect of mineral content of product water when comparing
to WHO standards on the palatability and health have been discussed in the
literature (7, 8, 18).
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3.5 Osmotic pressures of solutions

Enowledge of the properties of saline waters and their concentrates is
important in the development, design and operation of desalination

. processes.

The total dissolved solids (TDS) content of a saline solution is the most
important one in desalination by reverse osmosis. Because the osmotic
pressure of a solution is directly related to its TDS content, increasing
the TDS level of a solution increases the osmotie pressure in direot
proportion. A solution with a higher osmotic pressure requires higher
appiied pressure, hence increases the size of plant and energy
consumption.

Saline waters having a TDS content below 10000 mg/L (ppm) is generally
described as "brackish water'. At higher TDS levels, it becomes "high
brackish" or "sea water".

In the literature the properties of electrolyte solutions and sea water
are well documented, (17, 48)., Concentration of seawater may be Ffound
different in different locations but sodium chloride is the predominant
salt component with a proportion of about 78% with 10.5% Mg Cl,.

When brackish waters are considered, there is no specific predominant salt
component in common. However, Caleium, Magnesium and Sodium cations with
Sulphate and Chloride anions are generally found in different proportions.
One of the cations with an anion may become the predominant salt content
in a specific brackish water. Mineral content analyses of some brackish
waters can be found in the literatuwre (1, 2, 19, 28, U1),

Different salt component of solutions may give different osmotic pressures
due to their physical and chemical properties, such as approximately, one
weight percent of NaCl gives 116 psi, Ca Cl2 92 psi, Na,S0y, 60 psi

and Mg 501; 36 psi. Osmotic pressure determination of solutions is given
in Chapter 2 and related references.

In desalination practice, concentration of solutions are determined by
measuring the electrolyte conductivity as mhos/em {or Siemen (S)}/cm). The
tables of conductivity vs. concentration used in these experiments are
given in Appendix 3.
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CHAPTER 4 FLUID FLOW

§.1 Introduction
4.2 Laminar flow in a circular pipe
4.3 Laminar flow in porous pipes

4.4 Flow through a bundle of hollow fibres
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4.1 Introduction

In the experimental work, the analyses of pressure drops along the bores
of hollow fibre membrane were made. The hollow fibres are actually pipes
(or tubes with Do/Di = 95/U5 microns) with permeable wallS. The fluid
flow inside the tubes were assumed to be laminar due to the small Reynold
number. The analyses here and In the literature are based on
Hagen-Poiseullle equation for laminar flow in pipes. Because of this
reason 1t was thought to be useful to review the laminar flow
characteristics in pipes. Fluid flow through a bundle of hollow fibres
were also reviewed.

4.2 Laminar flow in a circular pipe.
Laminar flod may ocewr in many sitwations. Its distinguishing features
however, are always the same; individual particles of fluld flow paths

which do not cross the neighbouring particles, (33, 35).

The steady flow of an incompressible fluid through a circular pipe of
radius R and length L, is illustrated on Figure 4.1.

i ¥ )
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Figure 4.1 Laminar flow in a circular pipe.

The pressure at the upstream and downstream reference sections are
denoted by P1 and P2 respectively.

The flow of fluid within the cylindrical core of radius {r=R) is in
equilibrivm under the action of a visq'ous resisting forece and a net

pressure force. The tangential {or shear) stress experienced by the fluid
at radius r is,
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T= " du/dy

where dU/dy is the value of the velocity gradient at radius r, y is the
distance from the wall of the pipe, and u is the viscosity. Since the
distance y is measured in the opposite to the radius it follows that

T = 4 dU/dr
The viscous resistance force is then obtained by multiplying this stresa
- by the area subjected to that stress, l.e., 2nrL.
The net pressure force on this core of fluid is (P1 - P2) a2,
~ Hence, for equilibrium in steady motion,
(P1 - P2) wr® = - y dU/dr 2nrl
and the velocity gradient is given by

dl/dr = -~ (P1 - P2} r/2ul, ‘ {1

The veloeity distribution in the pipe is now obtained by integrating
equation 1

Usz==(P1=-P2) r°/lul. + A S (2)

where A is a constant of integration which may be evaluated with reference
to a suitable boundary condition, the appropriate boundary condition in
this case is the no-slip condition at the pipe: u = U when r = R,
Inserting these boundary values into equation 2;

A = (P1 = P2)R%/lL
and, on substituting for the constant A, it becomes
U= (P1 - P2)/Ml. (B2 - r®) _ (3)

From equation 3 it is clear that the maximum velocity, Uo, occurs at the
centre of the pipe, where r = Q.
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Uo = R%/MuL  (P1 - P2) ()

The distribution of velocity over the cross-section may be represented

graphically by plotting U against r as in Figure 4.1 and seen that it is
parabolic in form.

The volume flow rate may be evaluated by an integration of the velocity
distribution given by equation 3.

Hence, Q= [®U 2ur dr = nR'/BuL (P1 - P2) (5)

It may be written over an elemental length (dx) and pressure drop, (P1 -
P2) = AP,

Q = -7R'/8y daP/dx

The mean veloeity U is given by

U = o/nR®

and it becomes;

U = R%/8uL. (P71 - P2) (6)

Thus, a comparison of equation 4 and equation 6 shows that

¥ = Uo/2

The usual problem associated with this type of flow is the determination

of the pressure drop resulting from a given rate of flow. Therefore,
re-arranging equation 53

AP = B4LQ / 7R

in terms of the diameter Di of the pipe,

AP = 128 wLQ / mi” (1)

or, the pressure gradient may be written over an elemental length (dx)
in different forms, such as;
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- dP/dx = 128,Q/a0i" = 32,0/Di? (8)

This equation is known as Hagen-Poiseuille's equation and it enables the
pressure drop in laminar flow of a fluid of known viscosity in a circular
plpe to be calculated.

4.3 Laminar flow in porous pipes

Some interesting properties of liquid flow in tubes with permeable walls
" have been disussed by Weissberg (59) and, Terril and Thomas (51) on the
basis of the complete Navier-Stokes equations. However, thelr analysis
and solutions were rigorous and may be used for special cases.

In the case of a fluid flow in a fibre with permeable wall is considered,
it may be an excellent approximation to ignore the radial component and to
treat the axial flow on the bore side as Hagen-Poiseullle flow;

~d P(x)/dx = Bkt R 2mr u(x,rdar (9)

The integration gives the total volume flux (Q) through the cross- section
at the level x. It is assuned that steady state conditions prevail and
- that Reynolds' number for the axial flow: p UD;/u is sufficiently

small to neglect the inertia effects, (15, 24, 49). The radial velocity
as a result of permeation is always small that its contribution to the
Reynolds number is quite negligible. '

If above equation is used for a tube with permeable walls, the flux Q is a
funetion of x, because liquid is fed into the tube along the entire
length. IF J1{x) is the volume of liquid that enters per wit time per
wnit area of outside tube wall, continuity requires that dQ/dx = 2gRJ1.
Hagen- Poiseuille law may not be rigorously valid when the wall is
permeabls, but the relative error in the equation in all cases of
practical interest is very small.

Detailed analysis and an analytical sclution of a laminar flow in a fibre
with permeable wall is given in Chapter 5, which is based on Hanbury et
al's work {23).

M oM oM M om o m

N o N SN I MY N RN ¥ PN ¥ SN NN N NN (N NN N PN SN S NN N UG ¥ R A S f SR N SO N I N o 5




39
4.4 Flow through a bundle of hollow fibres

The flow of fluids through porous media was investigated by Carman as a
method for the determination of the specific surface of the wedia and
related studies by Sullivan and Hertel (49) recommended an equation for
caleulating pressure drop in cross flow systems using solid fibres.
Dandavati et al (15) adopted their equation into the pressure dPOP
determination in hollow fibre bundles and shown asj

=1

dr OE.Z E

2
e T I ) i N | (10)

where P1 is the radial pressure distribution on the shell side; r is the
radial distance from the centre line of the shell, So is the surface area
per wit solid volume given by 2/ro, ro fibre outside radius; E is the
void fraction of the fibre bundle, V; is the radial superficial flow
veloeity and ko is a constant which depends on the fibre orientation with
respect to the flow. The calculated and experimental values, obtained

from a standard B-9 hollow fibre bundle, showed less than 5% difference in
their experiments.

Orofino (39) and Hermans (24), separately, discussed the radial pressure
gradient in hollow fibre bundles on the basis of Darcy's Law where the

radial pressure gradient is proportional to the average radial velocity V
on the shell side.

A different approach to the problem was made by Hanbury et al (23) giving
the radial pressure gradient in hollow fibre bundies to be of the form

Pbi - Pb = (Pbi ~ Pbo) 1n (r/ri}/ln (ro/ri) (1)

neglecting the recovery ratio or the permeation rate which is assumed to
be small., The discussion of brine flow is given in Chapter 5,
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CHAPTER 5 - ANALYSIS OF HOLLOW FIBRE SYSTEMS

5.1 Introduction

5.2 Description of the system
5.3 Theoretical Analysis

5.3.1 Concentration polarisation
5.3.2 Pressure losses

5.3.3. An analytical solution

5.4 Numerical analysis

5.4.1. Solution for a single fibre

5.4.2 Solution for the fibres bundle
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Introduction

" this chapter, theoretical and mumerical analyses were made to describe
é hollow fibre reverse osmosis systems., First, the performance of a
ingle Fibre was analysed then secondly the behaviow of the bundle of
vres as a whole.

e numerical solution to the fibre bundle performance problem will be
{wed to analyse the experimental results in the next chapter.

5.2 Description of fhe system
The system consists of a shell which houses the hollow fibre bundle. The

the other open. The feed solution is fed into the bundle from a central
distributor tube and moves radially outward through the bindle flowing
arowd the outside of the fibres, Figure 5.2. Water permeates through the
fibre membrane and emerges from the open end while concentrated brine
leaves the shell side. The feed flows outside the fibres is radial and
the permeate flow inside the fibre bores is axial.

5.3 Theoretical analysis

In the hollow fibre systems two analyses are considered: the
- performance of a single fibre and the bundle az a whole. The analysis
- presented here was based on that of Hanbury et al (23).

. 'The analysis is based on the premisis that the Flow of water and =salt

through the outer skin of the hollow fibres may be represented by the
equations:- '

1

Water flux, dy = ky (4P - ¢RT(Cw - Cq)) (1)

Salt flux, J

2 = ks (Cw - Cd) | {2)
. where the membrane constants k1 and k2 may at least be

- considered invariant at a fixed temperature and over the variations

- in pressure and brine concentrations that occur within the Fibre

~ bundle.
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5.3.1 Polarisation

The ron-permeating domponent accumulates near the membrane surface due to
the water permeation. The accumulation of salts on the membrane surface,
called concentration polarisation, increases the concentration difference
on both sides of the membrane resulting in a lower flux. This is a
serious problem on the flat membranes. One of the reasons that makes the
hollow fibre membranes attractive is the negligible concentration
polarisation. There are two factors reducing the polarisation; a - the
permeability of hollow fibre membranes is usually less than that of flat
membranes, b — the distance over which diffusion takes place is very small
in hollow fibre membraes. However, thie analyses in the literature usually
neglected this phenomenon (14, 15, 23, 39) and a detailed theoretical
analysis of this may be found in Herman's (24) analysis. The concetration
polarisation is therefore assumed to be negligible, The interface
concentrations, cw’in equations 1 and 2 above may be replaced by the

local brine concentrations, C,. Provided the rejection is good the salt
flux maf be written:-

Hence equations 1 and 2 are reduced to

€
n

Ky (AP = RI(C, ~C,)) (3)

G
1

(4)

which lead to the quadratic for the water flux, Jy» 1n terms of

the local brine concentration and pressure difference across the
membrane wall:—

J1% + (kq4RIC, ~ k AP + Kyp)dy =~ kikypAP = 0 (5)

1
With tight membranes such as those used for seawater a further
approximation may be made by ignoring the product concentration in

comparison to that of the brine. Equation 3 and Y4 may then be reduced
to:-

J1 = kq(aP - ¢RTC,) (6)
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5 .3.7 Polarisation

The non-permeating cbmponent accunulates near the membrane swface due to
the water permeation. The accumulation of salts on the membrane surface,
called concentration polarisation, increases the concentration difference
“on both sides of the membrane resulting in a lower flux. This is a
- serious problem on the flat membranes. One of the reasons that makes the
‘hollow fibre membranes attractive is the negligible concentration
polarisation, There are two factors reducing the polarisation; a - the
. permeability of hollow fibre membranes is usually less than that of flat
‘membranes, b - the distance over which diffusion takes place is very small
“in hollow fibre membraes. However, thlie analyses in the literature usually
neglected this phenomenon (14, 15, 23, 39) and a detailed theoretical
‘analysis of this may be found in Herman's (24) analysis. The concetration
polarisation is therefore assumed to be negligible. The interface
goncentrations, C ,in equations 1 and 2 above may be replaced by the
local brine concentrations, Cb. Provided the rejec¢tion is good the salt
flux may be written:-

m

_ gm

Hence equations 1 and 2 are reduced to

o
It

kq(AP - ¢RT(C, -C,)). (3)

(4)

&
]

= kop(Cy - c‘._‘)x‘cd

which lead to the quadratic for the water flux, J, in terms of
the local brine concentration and pressure difference across the
membrane wall:~

2 - {5)
J.I + (k.lq‘.nRTCb - k1AP + kap)J1 - k.ll{szP = 0
~ With tight membranes such as those used for seawater a further
approximtion may be made by imoring the product concentration in
comparison to that of the brine. Equation 3 and 4 may then be reduced
to::~

RNl

J = k(&P - ¢RTC,) (6)
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= kgpcbfcd | {(7)

n this case equation 6 may solved directly for the water flux.
3.2 Pressure losses
There are generally two significant pressure losses. One is the, radial

ressure drop in the brine flow and the other is axial pressure drop in
he product flow along the fibre bore.

The brine flow

The feed solution is distributed from a central feeder and moves radially
utward through the bundle. The concentration of feed solution changes as
result of the permsation.

f the module is not operating at a very high recovery ratic, the axial
omponent of the brine flow within the fibre bundle will not be

ipgnificant and the flow can be considered to be purely radial. In that
case, the radial distribution of the radial brine velocity will not vary
significantly axially along ﬁhe bundle. This is similar to Sullivan and
Hertel's (49) work that used solld fibres instead of hollow fibres used

here in’caloculations. 1In terms of the fibre bundle pressure drop
- measurements, presaure drop in the bundle will not couple with the ozmotic

The brine pressures at the inner and outer swrfaces of the fibre bundle
may be considered to be wniform axially. It therefore remains to

- establish the form of the pressure loss profile radially. The dependence
of the profile form on the solution of the flux distributions can be shoun
to be small. This may be done by comparing the profile produced by the
assumption of a wniform water flux throughout the entire bundle with that

produced by assuming a negligible recovery ratio. The forms of these
profiles are glven by:-
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2
APb = All1 + R ry Inr - Hc r*l +B where A & B are constants
C oy
rt-r ro—ri

and RG is the recovery ratio at that axial position.

Putting in typical bundle dimensions and comparing the profiles for zero
and typiecal finite recovery ratios shows that there is seldom more than
one or two percent difference. Hence it is a valld approximation to
assume the radial brine pressure profile ta be of the form:-

Py - Py = (Ppy = Pbo)ln(r/ri) / 1n(r0/ri) : (8)

Thus the problem of the brine side pressure loas may virtually be
wncoupled from the solution to the osmotic fliuxes.

The product side pressure losses

The solute (salt) flux through the membrane is essentially pressure
independent (depends on the concentration difference} and therefore it is
wcoupled to the pressure to which the fibre is exposed. The water flux
through the membrane varies linearly with the net driving force, (AP -
An). ‘The pressure drops along the fibre bores are highly dependent on
the water flux distribution and therefore coupled with the solution to the
osmotic equations. However a useful analytical solution to the coupled
problem may be found for cases where the product concentration,cd, is
 small compared with that of the brine and the brine concentration does not
vary significantly in the axlal direction. In all cases the pressure
gradient in the fibre bore is assuned to be given by the equation:—
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This is obtained from the Hagen-Poiseuille equation for pressure drop for
laminar flow in a pipe. It should be recognised that "U" is a fumetion of

axial positicn, sinee the fluid is fed into the Fibre along its entire
length.

5.3.3 An Analytieal Solution

The sitwation to be analysed 1s depicted in Figire 5.1. The water mass
balance (m = p.A.U) over an elemental length of fibre, dx, gives:-

au 4D,
S-—te (9)
Dip

The water flux, J1, is given by equation 6. Now, the osmotic pressure
of the brine is assumed constant along the fibre length, =so

¢RTCb my be written as An, a constant. Using the notation of

Figure 5.1, the nett driving pressure difference for the water flux may be
written:-

APY = Pw - APf - A

and it varies from AP'O at the closed end of the fibre to
ﬂP'1 at the point where the fibre enters the resin tube plate.

Since Pw and A7 are constant, the axial gradient in the net
driving pressure may be written:-

(10)

if the exposed length of the fibre is I, then at x=L. P! = P‘1 and




a7

1

Separating the variables and integrating over the exposed length of
the fibre:-

2
o =%é%1 s (11)

-

JfAP'dAP! = %H% fuau

2
AP{ - AP
o1

This equation connects the conditions at either end of the exposed Fibre
For any point along the fibre the net driving pressure and product
velocity in the fibre bore are related by:-

2 2 8u
AP' - AP! = SHB 2 {12)

The praoduct velocity, U, may be eliminated betwean equations 10 and 12 %o
give an equation for the driving pressure, AP' :-

. D k 3
g—fc-fi - %E E&i [Apzf- AP%]
i R

This may be integrated,with the boundary condition that at x=0

AP' = AP'O, to give:-
AP! APY] 2 8

Inj— + H——] - ]% = [-—-—-—-12 uD"k’J %x (13)
APY API| D; D

&% AW W
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Equations 11 and 14 deseribe the overall performance of the exposed part
of the fibre. There will be an additional pressure drop in the product as
it flows through the portion of the fibre buried in the resin tube plate,

The net driving pressure at the location where the fibre enters the tube
plate will be given by:-

3210

- - -
AP1 = PW an

1 L ’ {15)
ey
D3

where L' is the fibre length buried in the tube plate.

Equations 11, 14 and 15 describe the overall performance of the
fibre. These equations may be simplified and cast in a non-
dimensional form using the charecteriatic length, G, given by:

Dip
G? = 1
123].|D0k1

2

and seeing that e(L/G) " e—(L/G) = sech(L/G)

The equations then become respectively:-

pU Dk ’

1 oK1, 2L
—_ = tanh (3) (18)
s P By @
aP! G

1 1

2 2 2 t
(1 =(L'/G) tanh (L/G))[ﬂ} -2 i1 -0 (18)
B B

where B = P, - Amw,

W
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Hehce the fibre production, product quality and water flux
distribution:-

my = GD0k1w&Pi tanh(L/Q) . (19}

C, ~ k '

a2 (L/G) coth(L/G) (20)
1 ]

Cp kAP

T2 % cosaxg) | (21)

J44 &P} cosh(L/G)

Equations 16 to 21 thus represent the solution for a fibre with constant
brine pressure and concentration along lta exposed length for the case
‘where the product concentration is small compared with that of the brine -
i.e. for a tight membrane.

Equation 17 is the critical relation of the solution, giving the fall off
in net driving pressure, and hence also in water flux, due to pressure
losses in the fibre bore. If sech(L/G) is near to unity then conditions
along the fibre will vary only slightly and the radial brine concentration

profile will not vary significantly in the axial direction. In such cases
if the brine pressure drop is small compared to the driving pressure the
analytical solution may be taken a stage further and expressions produced
for the productivity and product quality of the bumdle as a whole, which
would in most practical cases lead to some loss of accuracy. This is
particularly so when feeds of high concentration are uged and the brine
concentration starts to vary appreciably along the fibre length and the
product concentration may become sigificant.

The primary use of this analysis is as an aid in the development of
nunerical solutions for conditions throughout the fibre bindle and for the
performance of complete bundles.
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5.4 Numerieal analysis

In the analytical solution, the brine concentration variation along the
fibre length and product concentration were neplected. A nuverical
iterative solution has been developed taking into account these two -
effects on the performance of a fibre and the bundle as a whole. The
analytical solution is used as an approximate golution to speed up the
lteration.

5.1.1 Solution for a single fibre

Equations 5, 9 and 10 are solved for an individual fibre by dividing it up
into a number of finite elements and then proceeding as follows:-

The brine pressure Pw and the distribution of the brine concentrabtion
along the fibre are taken as known (see later). The analytleal solution
is used to make an initial guess at the product pressure at the closed end
of the fibre. Starting at the closed end equation 5 is solved to find the
water flux for the flrst element of the fibre - hence the bore veloeity at
the end of the first element and the frictional pressure drop in the
product flow. Decreasing the initial value of the bore pressure by the
pressure loss in the previous element equation 5 is solved for the second
element to give the water flux, increase in bore velocity and bore
pifeg.stme loss. This process is repeated along the 'lehgth of‘ the fibre and
.theri the preasure loss in the portion of the fibre sealed in the tube
plate is added on to arrive at the total pressure loss along the fibre.
This loss is compared to the initial guess for the bore pressure (to which
it should be equml)} and the guess readjusted accordingly. If Pd1 is the
product static pressure on emerging from the fibre then the pressure at
the closed end is adjusted by an amount - E.P a1 and the solution along
the fibre recalculated. This process is repeated uwmtil the error, P a1’

is sufficiently small. The convergence is fairly fast, each iteration
reducing Pd1 by an order of magnitude.

Once the solution has converged the resulting water flux distribution is
used to get the product quality distribution.
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5.4.2 Solution for the fibre bundle

The fibre bundle is divided up radially into a number of annular elements,
As the feed comes into the bundle it passes over the fibres in the
innermost element first. These fibres are thus assumed to experience g
wniform brine concentration at the feed pressure. The single fibre
solution for this condition is then ealculated and the result used to
estimate the axial brine concentration distribution for the next annular
element (radially outwards). The brine pressure drop through the first
element is also estimated - hence the brine pressure for the next element.
This process 1s repeated radially out through the bundle to complete the
solution. As the solution progresses outwards from the centre so the
axial brine distribution along the fibres becomes less uniform.

A computer program (Appendix 5) using this solution technique was written
and used to compare the numerieal solution both with the analytical
solution and with experimental results.




oy

L1V

}

(1

Wi, AN

aij

FIgnY

el

atm
gm/cc
cm
cm

em
gm/cm?s
gm/cm?s

em/s
cm
cm

atm
atm

52

"{ON USED IN THIS CHAPTER

Nett driving pressure for zero bore pressure
Conecentration. ron.
Fibre bore diameter.

Fibre outside diametep.

sech(L/G).

characteristic 1éngth of fibre.

Water flux.

Salt flux.

m/em?s.atm Membrafie water permeability constant.
g

Membrane salt permeability constant.
Exposed fibre length. '

Fibre length encased in tubeplate.

Pressure.

Nett driving pressure (J1 = k1.AR').
Universal gas constant.

Recovery ratio.

radial position in bundile.
Temperature.

Product mean velocity in fibre bore.
Axjial position in bundle.

Osmotic pressure coefficient.
Solution density,

Water viscosity.

Osmotic préssure.

brine

product

initial

closed end of fibre or outside of bundle.
membrane/solution interface.

station where fibre enters tubeplate.
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CHAPTER 6: EXPERIMENTAL WORK

6.1 Introduction
6.2 Du Pont hollow fibre membranes
6.3 Experimental rig
6.4 Experimental procedure
6.5 Experiments
6.5.1 Experiments with the B-9 Permeator
6.5.1.1 The results (B-9)
6.5.1.2 Discussion of the B-9 results
6.5.2 Experiments with the B-10 membrane module

6.5.2.1 The experimental results for the B-10 module
6.5.2.2 Discussion of the B-10 results
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6.1 Introduction

Hollow fine fibre membrane design for desalination by reverse osmosis

- was started early 1960's, The first commereial hollow fibre membrane, B-3,
"to desalt brackish waters, was introduced by Du Pont in 1970 . Since then
research work has continued seeking to improve membranes, hardware and
plant operating procedures. Different hollow fibre membrane modules are now
_available from a number of companies in the world. VYery large surface to
volume ratios, negligible concentration polarisation and self supporting
strength has made them very attractive for many applications e.g.
desalination of saline waters, waste water treatment, food industries eto.

In the design of hollow fibre membrane systems, the physical fibre
parameters should be chosen to obtain an optimum bindle performance, A
number of hollow fibre analysea upon which such optimisations could ba based
can be fourd in the literature (14) (15) (20) (23) (24). These concern
mainly mass transport, the fFibre diameter, length, wall thickness, packing
density and fluid flow inside and outside of the fibre.

The assumptions upon which these analyses are based vary. A constant
rejection model was assumed in Gill and Bansal's (20} analysis. Dandavati et
al (15) extended these studies and assumed a diffusion model}, instead of
constant rejection model, to deseribe the salt transport and to predict the
product concentration. Hermans (24) reported an analysis of hellow fibre
system, paying special attention to concentration polarisation. Analytical
solutions of Dandavati et al {15) and Hermans {24) for the detailed
performance of complete bindles with radial brine flow are limited by
assumptions of wniform brine concentration distribution along the outside of
- the fibre and the effect of permeate concentration in reducing the osmotic
pressure difference across the membrane wall., Chen and Petty (14) analysed
the flow characteristics inside onm outside of hollow Fibres with different
length and proposed the coupled model (coupling between the csmotic fluxes
and the bore flow) for any active length of hollow Fibre. An analysis of
hollow fibre systems was made by Chya et al (38} neglecting the pressure drop
in the bore of hollow fibre. A complete-mixing model was suggested by
Scltanieh and Gill (%6) assuning a wniform shell-side brine concentr'atlon

- equal to the reject (brine) concentration.
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A sumary of the assumptions used in these analyses may be seen in Table 6.1.

However, all the analyses (14-15-20-24-U46)} above assumed the fibre
cross-section, where there ia a very dense skin outside and a porous wall
underneath, to remain wndistorted under working conditions.

In the experimental literature (12) (15) (27) (36) (38) (u6) there is
. ample evidence suggesting that the water (solvent) and salt (solute)
permeabilities (based on constant fibre geometry) vary considerably with both
temperature and pressure. The purpose of this work was to attempt to find
out how much of this variation ean be attributed to changes in the fibr-e
geometry under the influence of external pressure. Since the theoretieal
solutlon to the performance of a fibre is particularly sensitive to changes
in the bore diameter it was thought that measurements of the pressure drops
along the fibre bores, wuler working conditions might provide some evidence
of changes in the bore diameter. To this end a small 4 B-9 and B~10 hollow
fibre modules were disassembled and pressure tapping holes drilled into the
resin blocks supporting the looped, ‘closed', ends of the fibres (Figwe 6.3,
6.4, 6.16). These holes had to be drilled very exactly so as just
to break into the "U" bends of a few fibres within the resin without
allowmg leakage of the high pressure brine into the tappings. In the
experiments only one such tapping on B-9 module and three tappings on B~10

module proved to be sound. These tappings however have produced some
iriteresting measurements.

Analyses of Hollow Fibre Membranes
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TABLE 6.1 "
Factors taking Radial brine  Axial brine Fibre hore Fibre hore - E
into aceount distrihution distribution prassure sheinkare ‘
Dandavati et al (15) Yes tio Yan Mo N E
Ohya et al ‘ (38) Yes No Mo Mo :
Hermans (2u) Yes Mo Yes Mo E
Chen & Petty (1) Yes Ho Yes o B
Soltanieh and ' : o E
Gill (U6) Mo flo Yes ilo ey .
Hanbury et al  (23) Yes Yos Yes Yes : E

o




Fig. 6.1 The elements of B-9 Holiow Fibre Membrane

Fig. 6.2 The elements of B-10 Hollow- Fibre Membrane




Fig. 6.3 Picture showing the pressure tappings on B-9
membrane closed end tube.

Fig, 6.4 Picture showing the pressure tappings on B-10
membrane closed end tube.
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2 Du Pont hollow fibre membranes

‘Du Pont introduced the first "Permasep" hollow fibre membranes
e B-9 permeator was to desalt the brackish waters, Later, in 1973 the B-10
meators were introduced Far desalting the seawater in a single pass. The
onstruction of these two permeators are almost the same except for the
: ification of the B-10 fibres to withstand hipher operating pressures.

in 1970,

These membrane fibres, of dimensions similar to hunan hair,

are made of
romatic polyamide., They are asymmetric in structure with a very dense skin
the outside, sup

: ported on the inside by a porous structure of the same
hemical composition,

The hollow fibre yarns are wound arownd a flat porous web and this web
th the layers of fibre on both of its sides is rolled around a cantral

tributor tube which forms the axis of the fibre bundle. Both ends are

ealed with epoxy resin and one end of the bundle is precisely cut so that

e U-bends in the fibres are removed from one end exposing the opened fibre

ends and allowing the product water to be discharged from the bare of the
fibres, Figure 2,7.

The feed water is introduced into a ecentral distributor tube whare it is
forced out radially through the bundle of fibres.
ontacts the outside of the fibres, pur
ach hollow fibre into the bore.

As pressurised feeduater

e Wwater is forced through the ﬁalla of
The permeate (pure water - product water)
oveg&along the bores of hollow fibres and comes out at the open end. The

ne flows radially to the outer surface of the bundle and out of the
ermeator. '

Aromtic polyamide fibres are reasonably chemically stable (except to

can tolerate a broad range of pH conditions and are
elatively impervious to biologic attack,

The figures (6.1 and 6.2) show the elements of B-9 and B-10 hollow fibre

lembranes and the figures (3 and 4) the closed end tubes.

The Figure (6.5)
Ows the open end tube of B-

10 hollew fibre membrane {same as B-9) and the

gure (6.6) the fibre open ends under the microscope. The table (6.2) shows

e dimerisions of B-9 and B-10 hollow fibre membrane modules.
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Jength, cm 63.5 123.2
diameter, cm 13,3 1.1
bundle length, em 30.0 70.0
»"sealed length, cm 6.64 11.8

outside diameter, cm 9.80 10.5
‘.insi'de diameter, cm 2.20 2.5

fibres /em?’ 10000 10000
inside diameter, micron 42,0 5.0
outside diameter, micron 85.0 05,0

licroscopie studies of polyamide hollow fibre memhrane structure

The purpose of this study was to investigate the structure of the hollow

membrane. The fibre structure was described by the manufactiurers (PEM)
0 be a very dense skin layer on the outside, 0.1
rbus wall underneath.

to 1 micron thick, and
There is also a thin skin layer inside the hore of

Fibre. These hollow fibre membranes (B-10) can stand pressures as

as 70 atm., without any additional swpport. The experiments in Chapter
: tated that the hollow fibres were compressed under typical operating
sures.  Hence the smaller bore size increased the product side pressure
which reduces the performance of the hollow fibre membrane.

efore, it was thought that these studies of the structure of the hollow

Sthrathmann and Kook (50) reported a comprehensive theory of the
e formation on the basis of thermoclyriaﬁ:ic and kinetie relations of
Separation processes. Guanghu et al (22) studied the structure of

ic polyamide type asymmetric membranes and reported that the

flike porous membranes had higher water fluxes than sponge-like
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structures. Blais (10) studied the polyamide membrane structures on the
basis of the improvement of the barrier layer and the underlying support
structure to ensure usefyl product rates.

However, the high permeate flow rate is not the only factor in the
selection of membrane structure and material. The other characteristics
(factors} have also effects on selecting the membrane structure and material
sweh as salt flwx, chemical and biological stability etec. and the self
supporting strength in the case of hollow fibre membranes.

Panar et al (h0) studied the asyrmetric membranes and reported that the

polyamide membranes were composed of polymeric spheres {(micelles). These
" sphere elements have ubo to 8O0 angstrom (ﬁ) diameter and 75 to 100 A voids
between them. The surface layer was compressed by surface tenslon forces
which were tended to fuse the micelles on the surface. These spheres are
deformed and partly fused so that few permanent pores remain. The permeation
occurs through free volume (dynamie pores) rather than permanent pores. The
micelles directly below and in the bulk experienced no such forces and remain
only poorly fused and relatively spherical. The product water moves through
the 100 A gaps between the spheres with little impedence.

Preparation of Hollow fibre samples for microscopic examination

_ Initially samples were produced simply by cutting or brealking the fibres
at room temperature. However, these two methods of preparation, were found

tb distort the structure of fibre cross sections and were therefore
considered unsatisfactory.

Subsequently, a small bundle of wet fibres was immersed in liquid
nitrogen and broken while still frozen. The fibre cross sections, thus
produced, were investigated under a scanning electron microscope (SEM). As

seen on Figure (6.7) laminar or plate-like structures were observed which
were suspected to be freeze fractures.

Later, air-dried fibres were buried in araldite resin and broken. s
seen on Figure (6.8) the fibre wall structure was seen to be different to
those of Figure {6.7). Close examination of the fibre cross sections
indicated that the wall structure had been stretohed and sheared. However,
as seen from Figure (6.8) the fibre skin was clearly visible. After that,
air-dried fibres were immersed in liquid nitrogen and broken. These

e
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‘wall structure of these fibres are similar to skin structur
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air-dried eryogenically fractured fibre cross sections were smoother than the

others under the same magnifications, Figure (6.9). Sphere elements were

seen on the fibre cross sections at higher magnifications (80 000 x). As

seen from Figure (6.10-12), these spherical elements were seemed to be fused.

However, the detailed structure was found to vary slightly from

sample to
sample, as can be seen from Figurea (6.10-12}.

The membrane manufacturer (PEM) reported that the fibres had to be kept

wet to retain the reverse osmosis characteristics. This phenomenon was

explained by Panar et al (40) that dehydration leads to complete fusion of

the micelles. When the membranes (Tibres) are dehydratcd these snherical

elements are fused together irreversibly loosing the reverse osmosis
characteristics,

However, it was possible to see the spherical elements with this simple

method of sample preparation. The structure (fused elements) was the same

all over the fibre cross section except the dense skin layer or Just beneath.

The studies in the literature (10) (22) (40) (50) all involved showing the

dense skin structure. However, there is an indication that the very dense

e of the flat

It may be one of the reasons that these hollow fibre
menbranes have lower permeate fluxes than the flat membranes and also having
self supporting strength.

polyamide membranes.

As seen from the results of B-9 and B-

10 membrane performances, the
water permeability constant, k

1) did not change considerably with pressure
at Iower temperatures. But, however, in both experiments the l<1 values

peratures such as 30°%. This
phenomenon may be due to the compaction of these spherical elements
temperatures and pressure.

decreased with pressure at higher tem

at higher
Decrease in the apparent fibre bore diameter with
increasing temperature may also be due to the compaction of the spherical

elements (where the elasticity increases with temperature).
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Fig. 6.7 Cross-section of a wet fibre cryogenica
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Fig. 6.9 Cross—section of an air dried fibre cryogenically
broken
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Fig. 6.10 Cross-section of a fibre wall structure showing
spherical elements
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Fig. 6.11 Cross—-section of a fibre wall structure showing
spherical elements

L qp

Fig. 6.12 Cross—section of a fibre structure showing
fused spher@cal elements
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6.3 Experimental rig

The experimental rig is a recirculation system mainly consisting of a
feed tank, high pressure pump (H.P.P,) and a merbrane wunit, ses Fimwe 6,13
and 15. The feed solution tank has a cooler and a heater to keep the desired
feed temperature. Feed solution is first pumped into the system hy a priming
punp. The pump has two roles, one is to fill the system with water purging
any air from the system and the second is to supply the hirh pressure pump
with a sufficiently pressurised water at about 20 psi. After the priming
punp there is a flow metar, a 10 micron ecartridrm filter and A cooling device
to help maintain a constant feed temperature.

The feed is pumped into the membrane by a high pressure pump which was
made of 316 S.S. with teflon pistons and driven hy a 3 H.P. sinple phase

electric motor. A pressure dampener (accumulator) is incorporated into the
outlet of the hiph pressure pump to give a smoother flow into the membrane
(to eliminate the pulsation caused by the hish pressure pump).

The by-pass and pressure control valves are used to control the flow
rates and the applied pressures. The preasure rauges were placed on the
reject stream, and also before and after the hish pressure puap. The brine
pressure drop across the membranc is measured by a differential pressure
gauge connected to the inlet and outlet of the membrane module,

The temperatures of the incoming and outpoing streams are measured by
thermocouples (type K) connected to a data logeer, Figure 6.1,

6.4 Experimental procedure

For each set of conditions investipated the rig was run at least five
hours to allow a steady state to he reached. This run settling time was
required for two reasons. Firstly it takes ahbout that length of time for the
membrane to relax under the operating pressure, and secondly, it took a
similar time for the bore pres3ure measurement to stabilise. This later
eff'ect being due to the very slow rate at whiéh the product {permente) can
issve from the tapping to react against any compressibility in the
measurement system.
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Fig. 6.13 The Reverse Osmosis Test Rig

IFig. 6.14 The Data Logger
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High Pressure  Differential
pressure  Accumulatorn auge. pressure gauge,
pump, 0 6’? @ ¢
{|Hollow fibre
(|) [ _membrane.
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Flow meter - pHy d)
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T pH.l C control %{ control
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Cooler. Filter pump.
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solution. solution.
@ Heater
Figure 6.15 Flow diagram of reverse osmosis test rig.
AX7) Fibre pressure tappings.
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membrane.
Figure 6,16 Pressure -tappings in hollow fibre bundle,
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(nce the experimental rig is started, the conditions are adjusted such
as desired temperature and pressure. After about one houwr of runninp, the
measurements of flow rates, temperatures, pressures and conductivities are
taken every thirty minutes.

The system is assumed to be stablised when the fibre hore preésure and
{haprgduct concentration are stable. The rip is shut doun after at least two
hours of stable rumning. After that the system is flushed with distilled
water for at least five minutes to prevent direct osmosis and crevice
corrosions.

During the experiments the pressure raums and transducers were checked
at repular intervals by using a dead-weipht tester. The thermocouple
calibrations were also regularly checked.

6.5 The Experiments

Measurements of pressure drops along the bores of hollow fibres in B-9
and B-10 fibre bundles have been made under various ranpes of oporating
conditions.

The membrane rodules were disassembled and pressure tanpping holes
drilled into the resin tube plate to break the fibre walls at the 'U' hends,
Stainless steel hypodermic tubes were inserted into the tapnings to he enahle
to measure the product pressure at the closed ends of the fibres, sece Figure
{6.3 and ¥ ). The hypodermic tubes were taken through the pressure vessel
wall and were connnected to pressure transducers.

The sodium chloride feed solution was made up with sodiun chloride and
distilled water in the measuring containers. The feed tank was filled with
about 150 litres of sodium chloride solutions. The feed solutions of salt
water and distilled water were chanpged every two or three dnays of
experiments.

The system was flushed with distilled water at the end of each
experiment.

The readings of product conductivity, flow rates, temperaturtes and
pressures were taken every 30 minutes during each rin.
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6.5.1 Experiments with the B-9 permeator

The small B-9 membrane module was disassembled and three tapping holes

vwere drilled into the resin tuhe plate. The stainless steel hypodermic tubes

were taken out through the pressure vessel (shell). The inteprity of these
tappings was established by running the rig on a feed of 5000 nppm Sodim
chloride (NaCl) solution and allowing liquid to issue freely from the onds of
the pressure tapping tubes. The samples were collected at the end of the

tubes and conductivity measurements made. Only one of the tappines was found

to be entirely secure giving a conductivity slightly less than thnt for the

overall permeate. This was the one at a radius of 2.1 cm from the modiile
aris,

The fibre burvdle performance, including the measurement of the closed
end hore preséure (at r = 2.1 em} was investipated for two feeds, one of pure
(distilled) water and the other of a 4500 ppm NaCl solution.
temperatures were looked at, 2000, 25°C and 30°¢.

Threo feed

At each temperaturs
a serlies of working pressures werc investirated batween the values of 11 and

25 atms. The feed flow rate was kept constant at 0.275 1/sec.

6.5.1.1 The results (B-9)

Computer Programs: Fach set of experimental conditions, both pure
water and salt solutions, was mmerically analysed using a computer program.
The details of the procedure used to analyse the results can be foind in
Chapter 5, numerical analysis. 7Two programs were used.

1. The first program (FD-9), assumed a fixed fibre meometry with a bore
diameter of 39 microns and, given the overall bundle performance, determined
the appropriate values for the membrane constants k1, k2 and the bore
pressure at the closed end of the fibre.

2. The second program (VID-9) used the measured value of the hore
pressure to predict an effective hore diameter, Dia, and the modifierd

membrane constants k1eff and k2eff to fit the experimental data.
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Analysis of ‘Experimental Results

The results for pure water feeds are shown in Table (6.3} and those for
sodium chloride feeds in Table (5.4}. Plots of the resulting membrane

- constants k1, k k? and effective bore diameters, Dia, are shown in

leff”’

© Plgure 6,17 to 21. From the membrane performance it was seen that::

1.” The permeate flow rate increased with in¢reasing temperature and

pressure.

2. The increase in permeate flow rate was proportional to that of the

net driving pressure.

3. The permeate concentration increased with increasing temperature but
decreased with increasing pressure.

A. Using the first propram {FD-9), the Ky and I, values and the
fibre bore pressures at the closed end were determined. However, as seen
from Fipure 6.18 and 20, the results indicate that:-

1. The water permeability constant, k1 increased with incereazsing
temperature.

2, Increasing pressure did not show much variation on k, at 20°%
and 25°C. However, k1 decreased with increasing pressure at 3OOC.

3. The salt permeability constant, k2 inereased with increasing
temperature and pressure and it was approximately proportional to the net
driving pressure.

B, The effective bore diameter and the medified values of membrane
constants k1eff and k2eff based on the effective hore diametor werea
determined by using the second propram (VID-9). As seen on Fifpre 6,17 and
21 the resuits indicate that:-

1. The modified values of water permeability constant (k1eff) were
found to be higher than the valnes of k1 for the fixed diameter.

™M TA T

(8
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2. The salt permeability constants (k2 and kpp ff.) from tuo methods
of caleculation were found to be identical because £ﬂe same membrane surface
- area or fibre 0.D. was used in the calculations.

3. The effective fibre bore diameter decreased with increasine prassure

~and temperature.

‘H6.5.1.2 Discussion of the R9 Results

Fibre cross section measurements were made both on the fibres ot the
-open end (embedded in the resin tube plate) and on fibres taken from the
outer surface of the bundle. The fibre diameters on the open end were in the
range of 35 to U6 micron internal diameter (IDY and 72 to 88 micron outer
diameter (OD}. The averape values were ID:39 microns and OD:80 microns. The
free fibre diameters on the outer surface of the bundle were in the range of
78 to 91 microns OD and 38 to 4T microns ID. The averam free fibre
diameters were ID:U2 microns and OD:85 microns.

However, in the experimental literature (38) (42) (15) (46) the nominal
bore of the B-9 fibres is usially taken to be 42 microns. The difference
betuween this and measured average value of 39 microns may well he die to the
fact that the measwrements were mde on the exposed ends of the fihres
embedded in the resin tuha plate. lowever, as may be seen, on looking at
Flgure 6.21, the effective bore diameters vary from just over 29 microns
at lower pressures to as lou as 37.5 microns at the himeﬁ prassiras. A bore
dimeter of 12 mierons at zero applied preasure would be more conzistent with
trend shown by the effective bore diameters than the walue of 390 microns.
The scatter of the effective bare diameter results make it dirficult, but if
anything, it would appear that the bore diameter deeremses with inereasing
temper*atur-e, suggesting that the fibres become weaker at hipgh temperatures
and hence more easily compressed.

The pure water permeability constants obtained, at 20°C and 2500,

using the first program (FD-9, assuming a fixed fibre peometry), as seen on
Figure (6.18), do not show much variation with pressure. Those for 30°¢, however
show a tendency to decrease with increasing pressure.




Dandavati et al (15) Ohya et al (38) and Soltanieh and Gil) (46) (S and
G,) carried out experiments on standard B-9 membranes (La = 75 om). A small
B~9 membrane (La = 30 cm) was also used in S and G's (h9) experimont which
was the same as the module used here. However, the structural differmioss
between the small and standard B-9 membrane utits were reported hy &
(46) to result in differing responses to condition changes

differing values for the membrane constants, k

and G
and to mive
1 and k2.

The k1 values were determined in Dandavati et al (1

5) and S and 'y
(46} experiments in the same way but the a

ssunptions were different

o s

considering the feed concentration distributions

Dandavati et al's experiments the feed concentration increased radially
outward but in 8 and G's experiments the feoed concentration was as
‘be the same in the shell which was

(complete-mixing model).

sured to
equal to the brine (reject) concentrakion
In Ohya et al's (38) experiments the k
were determined meglecting the fibre bore pressure which was rep
maximm 1 atm. or less than 5% of the oper

1 valies

orted to he
ating pressure,

The experimentai k1 and k2 values in Ref. (15) and (38) were similap
but however, the values of k1 and k? in 8§

higher than those Ref. (15) and (38). S
to the different water permeability of the

and G's (46) experiments yepre
and G {(h6) explained this to he due
membrane modiles used,

Generally, in the ahove experiments (15) (38) (H0), the effent of
pressure on the k] was found to be small in the pressure ranpe between 12

atm. and 30 atm. at 25, This is also true of the results of the small
B-9 membrane module in S and G's (36} experiments.

fHlence, comparing the experimental results obtained here with those or
the above experimental workers (15) (38) (46

) it may be concluded that the
water permeability constants,

k1, af B-9 membranes are not a strong
function of nominal applied pressure at 25°¢ (even thoush thes
obtained dffferent absolute values due to the differences in the way they
analysed their results),

G Horlars

In Dandavati et al (15) and 8 and G!

pressure on k2 Was reported to be small.

s (46) experiments, the effect of

However, an increase in ks with

increasing pressure was reported by Chya et al (38) and it was sugmsted that

this phenomenon was due to the some imperfections on the surface of the B-g

membranes. The experimental results here

are in apreement with Ohva et alts
(38} results where k2 increas

ed with inereasing pressurs.
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In the experiments here, the membrane performance obtained from the
small B-9 membrane was well within the makors specifications,

All the experiments with B-9 membranes (15) (38) (1K) and the analysis
of hollow fibre systems {24) (14) determined the membrane constants hy

assuming that the fibre reometry remained unchanped under working conditions.

Using the second propram, (VID-9 assuming the fibre horea sheink under
pressure), the modified values of kieff vere found to be hipgher than the
values of k1 for the fixed diameter, Fipure 6.19. The incrcase in k1ﬂff
over k1 would be expectod sinee the effective bara dianater, Din, vhich was
smller than the Tixed value Di, wns vsed when determining the k]nff
values. It is well known that the solution to a fibre porformaner in very
sensitive to chonges in bore diameters, Therefore the differencn botweon the
k1 angl k1eff values would have hean higher if the hore diametar had boen

taken to be 42 microns in the caleulations instead of 39 microns Fipn-e 6.19,

The values of k1 determined Crom the pure water and salt solution
a¥xporiments were found to be similar, see Fipure 6.19. Menge, the k1 values
may be determined by operating the membrane with pure uater feed for a Few
appliad pressures as was done by Dandavati et al {15) and Ohya of 11 (38),
However, as seen on Fipure 6.19 k1cff values differ from the k1 values,
therefore the bore stirinkare should he taken into accotnt when determining
the k1 values.

The salt permeability constants (k2) from two methods of caloulation
vere found to be identieal, and hence k2 appears to be independont of
allosance for bore shrinkape as would be expected because the anmimed Fibre
surface area remains constant.
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TABLE 6.3

Experimental results for pure water feeds.

Run numhbegr i 2 3 b 5 6 7 B g
Temperature C 20,0 20,0 20.0 25.0 25.0 325.0 30.0 30.0 30.0
- Feed Press.atm. 13.8 18.74 23.67 13.8 18.7Y4 23.67 13.8 18.74 23.67
Feed flow co/s. 226 225 224 226 224 223 235 205 335

_Permeate co/s. U5 6k 82 54 7 101 66 91T 116

.DPB atm. 2.86 2.86 2.86 2.86 2.76 2.66 2.76 2.76  2.66 L
Fibre press,atm 2.56 3.55 4.83 2.86 4.24 6.12 2.78 . oy 5.473 E"
Calculated values.

k1,39 x 10° 9.37 9.07 "B.79 "11.2 10,8 10.8 13.5 72,8 32,0

Fibre press.atm 2.57 3.58 U4.55 2,74 3,83 u.97 3.01 4,08 5 15

Dia -microns 39.13 39.20 38.38 38.55 38.10 37.08 39.86 39.13 38.48

kleff.x 108 9.35 9.0M B8.B8  11.3 11,1 11.3 13.3 12.8 12.6

TABLE 6.4

Experimental results for 4,500 ppm NaCl solution feeds.

Run -number 1 2 3 I 5 [ T 8
Temperature ¢ 20.0 25.0 30.0 20.0 25.0 30.0 20.0 25.0
Feed Press.atm. 13.8 13.8 13.8 16.3 16.3 16.3 18.7 18.7
Feed flow ce/s. 228 227 227 227 226 225 226 225
Permeate cc/s. 30 35 b5 Lo 7 57 ug 58
Permeate ppm. 380 429 388 ‘345 370 395 335 350
DPB atm 2.96 3.06 2.91 3.06 2.95 2.88 3.06 3.0t
Fibre preas.atm 1.77 .87 2,27 2.47 2.57 2.71 2.86 2.98

Calculated values,

k1,39 x 10° 9.03 11,0 10.% 9.36 11.2 14,71 B.62 1t.3
¥2x10% om/s 4.05 5.13 5.87 U4.74 5.82 7.214 5.19 6.51
Fibre press.atm 1.81 1.89 2,18 2,37 2.49 2,72 2.70 3.08
Dia microns 39.26 39.14 38,60 38.58 38.66 39.05 38.40 39.2Y4
kieff.x 10°% 9.00 10.9 14.6 .45 11.3 14,1 .73 11.2

- Experimental results for 4,500 ppm MaCl solution feeds.
Ran number 9 10 11 12 13 114 15
Temperature C 30.0 20.0 25.0 3¢.0 20.0 25.0 130.0
Feed Press.atm. 18.7 21,2 2l.2 21.2 23.7 23.7 23.7

~ Feed flow corss. 224 226 224 224 224 224 224
Permeate cc/s. 66 59 67 79 68 77 86
Permeate ppm. 360 310 340 360 310 325 365
DPB atm. 3.00 3.06 2.96 2.90 3.06 3.06 3.01
Fibre press.atm 3.28 3.75 3.85 4,14 4.19 N 3% K,7n

™ m om oMo om omom

Calculated values.

k1,39 x 10° 13.0 9.%0 70,8 13.779.3% 0.7 15.3
k2 x 106 - 7.38 5.86 7.06 8.37 6.53 7.45 8.96
Fibre press.atm 3,12 3.43 3.148 3.71 3.93 3.99 4,02
Dia microns 38.24 38.15 38.02 37.96 38.35 38.18 37.U5
kieff.x 10% 13.3 9.58x 11.1 13.5 0q.,4 10.9 12,7

mmmmmmmm m
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A Permeate flow
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6.5.2. Experiments with the B-10 Membrane Module

The B-10 hollow Fibre membranes were introduced to desalt highly 'EF
brackish and sea waters in a single pass. They are modified version of B-9 =!
membranes with thicker fibres and mich smaller permeabilities. The very hipgh _
rejections of these fibres are achieved by chemiecally treating the fibre :g
surface with a solution of tannic acid. This 'post-trpatwent' as it is
referred to by the makers must be carried out both dn_a newly installed zg'

membrane and also at regular intervals during the membrane life -
particularly after any form of membrane cleaning operation. The

m

post-treatment helps restore the membrane rejection which is usually
sipnificantly reduced by such operations.

)

Preparation of the B10 Module and Fresh Water Tests.

The newly installed B-10 membrane unit was first flushed with distilled
water to discharge the sterilising solution. The experimental ripg was rn ‘
with distilled water for a set of conditions. After that the membrane was
post-treated with PT-B {tannic acid) powder and run for another set of
conditions. Theae two sets of conditions, before and after post-treatment,
are compared on é graph, shown in Figure 6.28, where the permeate flow rate
is plotted against the operating pressure. As seen in Figure 6.28, the

perticate Flow rate decreased after the PT-B post- treatment.
Salt Water Tests.

Following these pure water tests the rig was run with a feed of 3.2%
(32,000 ppm) sodium chloride solution. As seen from the results in Table
6.13, the membrane was post-treated with PT-B to increase salt rejection
after each set of experimental conditions. The salt rejection above 98% with

27% recovery was thus achieved and product concentration kept below 500 ppm
for a single pass. The result was similar to the permeator characteristics
wnder the the manufacturer's standard test conditions (feed 30,000 ppm NaCl,
30% convertion at 25°C) reported in PEM (42). These results demonstrated
the dependence of the B10 rejection on the post-treatment history of the

membrane.
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‘Insertion of Pressure Tappings.

The membrane module was disassembled to drill the tapping holerm at the
closed ends of the fibres, so as just to break into the '0I' bends of a few
fibres in order to be able to measure the fibre bore preasures. Seven
tapping holes were drilled at different locations and stainless steal
'hypodermic tubings were set into the resin block, Figure H.%. The drilling
-operation had to be done very carefully bacause the fibres are so small. The
ﬁain difficulty was to break into the fibres without disturbing the -senl
petween the fibre and the resin tube plate and allowing hirh pressure brine
to leak through into the tappinm. It was found that the hiph precsure feed
solution could sormetimes lealk into the sealed end tube plate thronrh the web
or through saps betwecn the fibres which were not filled with resin
thorouphly. If the fibre ecnds are properly embedded in the resin, the flow
from the tappings should be pure permente.

Test of tappings.

The rig was rua with 20,000 ppm sodium chloride solution and samples
were collected from each tapping. At the beginning of the experiments, four
out of seven tappings were miving water with a concenteation less than the
overall permeate indicating that the tappinps were sowxl, The rest of them
fave salt water with concentrations similar to that of the feed solution and
the pressure at the end of tappings was a couple of atmospheres less thnh the
applied pressure, indieating that they were not sound.

Some experiments were carried out with these four tappings but however,
later one of the tappings at r = 30 mm started leaking andl giving salt water
and high pressure readings. The remaining experiments were carried out using
only three tappings at 23 mm, 20 mm and 37 mm away from the distributor. The
concentration of' the water issuing from each tapping was checked after each
run, to ensure their inteprity. They were found to remain sownd (riving pure
permeate} during the remainder of the experiments.

Post treatment and cleaning.

One of the problems encountered during the experiments was tho day by
day increase in permeate concentration and brineside pressure drop noross the
fibre bundle. -The reason for this was thoupht to be exhavstion or removal of
the PT-B (tannic acid) film on the fibre surfaces. The experiments were
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carried out daily and at the end of a day's experiments the membrane wnit yas
flushed with distilleq water and kept In distilled water overnisht or over
the weekend. The tiembrane was flushed again with diatilled (pure) uyater Just
before starting the next experiment,

The B~10 membrane was post-treated with PT-H powder to decroane prodyct
conecentration and brineside pressure drop across the bundle. Aftop hors
. post~treatments, the post-treatment became less effective in decreasing the
pressure drop across the bundle but it was still effective in reducing the
product éoncentration. At this stage the brineside pressure drop had risen
above‘3 atmospheres. The reason was thoupht to be memhrane fouling and g
'sz»cleaning' {deterrent wioh) was used to redure the hundle prassures drop.
The pressure drop came down to Just less than one atmosphere after.
'Biz~cleaning' followed by PT-B treatment. This dependance of the membrane
rejection on the post-treatment history made it very difficult to pet
repeatable results from one set of experiments to another,

The experimental progran.

© The hollow fibre membrane performance, ineluding the measuroments of
closed end fibre hore pressures (at r = 23 i, 24 mn, 30 m and 37 mm} were

investipated for two Feeds, distilled (pure) water and a 20,000 ppm HaCl
solution,

The applied pressures and temperatures were kept evler the mnulacturers
safety limits of 54 atm. and 35°C maximums,

In these experiments four different vworking pressires of 35 atm., o

atm., 45 atm, and 50 atm. were used at feed temperatures of 209, osoc
and 309,

6.5.2.1 The Experimental] Results for the B-10 Module,

A series of tests, as deseribed above, were made on n N B-10 mombrane
module. The results of membrane performance including measured values of

fibre bore pressures under different experimental conditions are shoun on

Table 6.10 and 11 for Pure water and Table 6.7 to 9 for 20,000 ppm sodimm
chloride solution.

(0 & 4 an I sy aw |

i

&N 4am

el




82

The experiments were-ﬁepcated at least two or thres times. The foed
Flow rate was kept constant at about 350 cm3/sec (0.35 1./5).

From the resulting membrana performance with sodium chloride and pire
water, it was seen that,

1. The permeate flow rate increased with Inereasinm pressure and
temperature. The permeate flow rates were almost identical in the repeated

experiments (i.e. relatively wnnffected by the post-treatment history).

2. The inecreasc in pormeate flow rate was proportional to the increase
in the net driving pressure.

3. The permeate concentrations may be found to be different in the
repeated experiments {i.e. were not repeatable). This would appeor tn have
been due to differences in the lapse of time since post-treatment.

H. Comparing sets of experiments carried out at 30°: hetwaon which
there was a larpge variation in rejection, indicated that a larse incrense in
salt flux was accompanied by a smaller, but sipnificant, increase in water
flere. It would thus appear that the post-treatment may hava a sliesht affect

onn the water flux at hipher temprratures.

5. Increasing temperature and pressure inereased the fibre hore
pressures. The fibre bore pressures were found to be alrost identionl in
the repeated experiments, as were the water fluxes.

6. The pressures at the end of the fibre bores decreased with radial
distance from the central of the bundie,

Computer programs used for analysis of results.

Water and salt permeabilities, k1 and k2, for each experiment,

vwere determined using the following computer programs:-




1. The first program (F.D.} used the overall bundle performnee to

determine the membrane constants ki, ks and the fibre hore pressures at

the closed end by assuming a Tixed fibre geomebry of OD = 95 microns arvl with
bore diameters of #2 and U5 microns. The results are shicun on Tahles 6.5 t
11 and Figure 6.22 to 29.

2. The second program (VID), allowing the bore diameter to float, used
the overall bundle performance topether with the measurcd values of. bore
pressures to predict the effective bore diamcters, Dia, and modified memhrane

constants Kierp and P2 fre The outside fibre diameter was kept eonstant

at a5 microns (i.e. underformed).

3. The third program (VIDOD), allowed both the outzide and hore
dlameterﬂ to float together, maintaining a constant wall thlc#nﬂ“" and used

Caidy

the overall bundle performance to determine the new modified water and salt

permeability constants k1n and Koy .

b

Analysis of Experimental Results.

1. Using the first propgram {FD) for sodium chlorida solution and pure
water experiments gave the results in Figure 6.23, 26 and 27, from which it
can he seen that:-

{a) The water permeability constant, k

1 increased with incrensing
temperature.

(b) Increasing the working pressure did not have much effect on k1 at
20°% ang 25°,

However, Ity decreased with increasing pressure at
300¢,

(c) The water permeabilities, Ky values, were found to be hirmer in

the pure water experiments than in the salt solution exporiments.

(d) The scatter of salt permeability constants, K5, results make it

difficult to detect a consistent temperature or pressure effect.

(e} The decrease of hore diameter in caleuwlations frem U5 microns to 42

microns makes about 4% increase in water permeability, k1, but has little
" effect on the salt permeability, kg_
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2. The results obtajned by using the second propram (VID) and thirdg

programn (VIDOD) on both the pure water and sodium chloride axporimental
results, may be seen in Fisrure 6.24, 2% and 29.

(a) The effective water permealility constants, k1eff arnel k1q

; 1A values wearn hipher
Teff Values due to the smaller values used for the calculatnd
membrane area. '

increased with increasing temperature. As expected k
than k

(b) The effect of inereasing pressure on k

Teff and ko, at the Jower
temperatures, 20°¢ ang o5

OC, was only small, but at the hipher

tewperature of 3ODC?'the Kynpr and fegp decrensed with inorensing
pressure.

{e) The valies or Kiafr and I3 decreased as the fibre position
noved radially outward from the central of the bundle, mainly because of the

radial variation in the calculated hore diamater.

(d} The values of k

for the fixed diameter.

14 and Kieff Were higher than the valuos of e

(e) The salt permeability constants ky and Kpppp sere identionl,

op Was found to be higher than the values assuming a fixed fibra
cutside diametor, This was to be expected due to the chanps in the assumed
membrane surface area.

but K

(f) The effective fihre bore diameters decreased with inereasing
temperature and pressure. The effective hore diameters, Nia and THA wnre
found to be identical in both ealeulations beeause they uare ba=rd on the
same fibre performances.

(g) The effect of increasing working pressure in increasing the fibre
bore shrinkage tends to be lower at high tempeatures. Tn othor worls the
higher the temperature the smaller the values of the effective kopn
diameters, and the less their variation with the vorking pressire,

(h) The values of the effective hore diateters determined in pure yater
experiments were smaller than those for the salt water experiments,
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(i) The apparent fibre bore shrinkage hecomes lower as the Tihre

position moves radialiy outward from the central of the hundle.

(k) The values of Kqyoeo and gy determined in pure water
experiments were higher than the values found in salt selution cxperiments.

06.5.2.2 Discussion of the N-10 Results.

Experiments were carried out on a U" B=10 hollow fihre memhrane.  The
plots of the resulting merbrane constanta k1, k2 and effective hore
diameters are shown in Figure 6,22 to 29. According to the experimantal
literature (12) (15) (27) (36) (38) (15) using hollow fibre membrancs the
I':1 and k2 are both varied with temperature and pressurn.  The purpose of
this work was to attemnpt to Tind out how much of this variation was due to
changes in the B-10 [ibre geometry mder the influence of external pressure.
This is very important because the theoretical solution to the performance of
a fibre is very sensitive to chanpges in bore diameter, Sonsitivity nnalyses
were made using the computer prapram (VID), Fipure 6,30 shows the offect of
assuncd fibre hore diameter on the variation of the water permeability
constant, k;  and the fibre bore pressure. For example, reducine the fibre
bare diameter in the calculations from 115 microns to U2 microns mxle ahout HE
increase in water permceability ennstant, k1, In the literature on hollow
Tibre membranes, water permeability constant, Kk, yag obtained by naing
different assumptions Table 6.1. Qs seen on Table 6.1 all the ealeulations,
however, assumed fibre cross section remained contant under worlkine
conditions except lanhury et al's {23) work where the fibre hore shrinkarg
under the effect of external pressure was taken into acrount when determining
the water permeability constant, k1.

Before looking at the effect of pressire and temperature on the fibre
bore diameter wuder working conditions, the mndle performance was
investipated with a fixed fibre geometry. The renson for this to ke
comparison between the values of k1 and I determined here and thene of
the experimental literature. Reported results using B-10 hollow fibre
merbranes are rather limited. However, there are some experimental reports
(1) (15) {5h) (36) (27) using B-10 memhranes but these reports are mainly
concerned with the long term performance and service life characterictics of
the hollow [ibre module.
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Considering the permeate flow rate, whatever the transport model is
used, it is in direct proportion with the effective pressure, 31 k
(AP-AT). As seen on Figure 6.22 the permeate flow rate is proportlonal
to the net driving pressure in both salt solution and pure water experiments.
The membrane constant kj, in both experiments Figure 6.2U, did not shou
much variation with pressure at lower temperatures such as 20°C and 25%
but decreased with increasing pressure at 30°C. However, the average k1
increased with increasing temperature. Murayama et al (36) carried out
experiments on a 4" B-10 membrane and reported that the pressure dependence
of k1 could be negligible within the applied pressure rangas from 10 atm.
to 54 atm. at a temperature around 25°C. Thus, the experimental results
here where the k1 is practically independent of applied pressure at 2500,
is in agreement with the experimental results of Murayama et al (36).

In the experiments of Murayama et al (36) k was determined to be 2 x

g/cmz.s.atm. with seawater at 25°C, However this fligure is
hlgher than the values of k1 found here. One of the reasons may be due to
the effect of the assumed membrane surface area used in their ealculation
which was reported to be 139 e by Kunisada et al (27) in the continuing
experiments. However, the surface area of the B-10 membrane was determined
to be 170 2 in this experiment. Sensitivity analyses, using the computer
program VID, shows the effect of assumed fibre packing denzity {(which
determines the membrane surface area) on the variation of water permeablility
constant, k1, and the fibre bore diameter, Di, Figure 6.311 Analyses of
these experiments (27) (36) were made by Ohya (37) and the values of k1
were simply determined by using pure water feed and moreover the fibre bore
pressure was neglected in the caleulations. However, a decrease in the
productivity of the B-10 membrane with time was reported by Chya (37) and
Winters et al (54).

The water permeability constant k1, in pure water experiments, were
found to be higher than the values of k1 in the salt solution experiments,
Figure 6.23. In the literature (37) (15), the water permeability constant,
k1, of a hollow fibre membrane is obtained by measuring the productivity
for a few values of the applied pressure, The water permeability constant,
k1, is the property and characteristics of the membrane itself. Different
menbranes may give different water transport depending on their chemical
nature and the fabrication technique. However, the prediction of k1 by




using pure water feed solution,

as seen on Figure 6.23, may lead to an
overestimate on B-

10 membrane model used here,

When the salt pPermeability consatant, k2, or product concentration is

fect of pressure and temperature
10 membranes are post~

considered, the direct comparison of the ef
on ké was d;ffieult. Because the B-
{(tannic acid) to decrease the salt
causes a thin film on the fibre s
the salt rejectior,

treated with PT-RB

passage by time. The PT-R treatment

urfaces (membrane) which marked1y improves

istilled water and left overnight
ceurred on the experimental rig,

3sponsible for the apparent loss ¢
e membrane srface,

» Weekend. or for some days when the faults
This procedure my be one of the reasons

£ effectiveness of t
However, generally,
638 than 500 ppm) was maintained by
tring these exXperiments.
oduct'concentrations,
quite different
>bably due to
atment,

he tannic acid film on
satisfactory product watep quality
the application of PT-B treatment

The experiments Were repeated time to time and

in the repeated experiments, were sometimes found to

» while the water fluxes remained constant,
the differences in time elapsed sinee the last
This heavy dependence or rejection on post—~
difficult to depeot any consistent effect of pressue

However, in continuous operation with B-10
meability, k,

J. . In thig work

This was
FT-B
treatmant history made

€ or temperature on
» & decrease in salt

In the literature (11) (7) (42) (43), the B-10 fibre bore diameters
taken to be between 38 microns to 46 microns wi

ns to 98 microns, However, the measured ave
ms ID and 95 microns 0D.
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fibre performance for two different fibre bore diameters of 42 and 45
microns. As seen on Figure 6.26, decreasing the fibre bore diameter in
caleulations from 45 to 42 microns made about 4% increase in k,. As would
be expected from the theoretical analysis the estimated water permeability
constant, k1, ‘Increases proportionally with decreasing assumed values for
the fibre bore diameter, Figure 6.30. |

Fibre cross section measurements were made both on the open end of the
bundle where the fibres were buried in the resin tube plate and on the bundle
surface where the fibres were free. The fibre outside diameters wers in the
rangs of 87 to 94 microns and inside diameters 40 to 47 microns. However, an
average outside diameter of 92 microns and inside diameter of U4 microns Were
foud from the measurements made on the open end tube plate. Some fibres
were cul out from the outer surface of the bundle to be able to measure the
bore diameters in a free, wet state. The fibre outaide diameters, in these
samples, were in the range of 86 to 107 miorons and inside diameters 42 to U8

microns, The average free fibre outside diameter was 95 miorons and inside
diameter 45 microns.

Using the first program (F.D.), assuning fixed fibre bore diameters,
values for k1 R k2 and the fibre bore pressures vwere determined. However,
the theoretically determined values of fibre bore pressures assuming a fixed
fibre geometery (U5 microns) were found to be signif‘icantly less than the
measured fibre bore pressures. The major reasons for this difference was
thought to be the decrease in the fibre bore diameter under the working
conditions. Stulies on the capability of hollow fibre membranes to withstand
high pressures by Orofino (39) Suggested that the maximun compaction oceurs

at the inner surface, thus supporting the concept of bore shrinkage. Hence
the measured values of fibre bore pressures, Table 6.7 to 11, were used to

predict the effective fibre bore diameters by using the second program (VID).
As seen on Figure 29, the effective bore diameter was found to be as low as
31.5 microns compared to the atmospheric measured values of U5 microns.

Fibre bore presswure measurements were made at the closed end of the
bundle at radius 23 mm, 24 mm, 30 mm and 37 mm away from the distributor
tube. The computer program (VID) was run for each tapping separately using
the measured value of the bore pressure to estimate an effective bore
diameter, wniform throughout the bundle. The fibre buidle was analysed as a
whole and the fibre bore préssures, at the other tappings, based on the
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effective bore diameter were predicted. quaver', these theoretical values of
the bore presswe for the other tapplngs were found to differ from the
measured values of the bore pressure.

The résults of these computations may be seen on Figure 6.29, The
effective bore diameter increased as the position of the tapping upon which
it was based moved radially outwards from the axis of the bundlé. In other
words, the apparent (uniform) fibre bore shrinkage decreased radially
outwards.

Looking for some possible explanations for this phenomenon, it may be
seen that the brine concentration increases due to the permeation as it
moves radially outwards through the burdle and this causes a higher osmotic
pressure and reduces the net driving force. Also, the brine pressure drep
reduces the apblied pressure difference acrosss the fibre wall, But these
facts cannot account for the radial differences in apparent bore shrinkage.

As seen on Figure 6.29, the apparent fibre bore shrinkages in the pure
water experiments was higher than those in the salt water experiments, It
should be appreciated, when making this commparison, that the water
permeabilities, k1's, for the pure water experiments are higher than those
for equivalent conditions in the salt water experiments.

Considering the pure water experiments, theoretically, there iz
virtwlly no pressure drop radially other than the small bundle pressure
drop. Therefore the effective bore diameters would be expacted to be the
same radially in all over the bundle in pure water experiments. On the other
hand, in the salt water experiments, since the fibre production would be
éxpected to decrease radially it would be expected that the bore pressure
losses would also decrease radially and hence the fibre bore shrinkagss
should increase radially. However the opposite effect is observed in these
experimental results.

As seen on Figure 6.29 the apparent fibre bore shrinkage decreased
radially outward in both experiments. Detailed measurements on B-10 hollow
fibres showed that the fibre diameters were not uniform and also microscopic
examination of the fibre structure tended to suggest that the porosity of
fibre structure might not be entirely wniform in the fibres studied. The
differences in apparent .f‘ibr'e shrinkage in the pure water experiments
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Suggested that the fibres at each tapping might have different diameters or
that the fibre structure resistances to compression under external pressure’
might be different. In the above calculations the fibre bore diameters were
assuned to be uniform axially. However, the variation of the pressure
difference across the fibre wall along the fibre becomes significant when the
.axial bore pressure drop is taken into acecount. Therefore the fibres towards
the open end tube plate are exposed to the highest net pressure differance
and hence would be expected to undergo the greatest bore shrinkage. Thus the
fibres may become non-uniform axially or slightly conical in shape. This
would tend to distort the pressure distribution along the fibre bore and
could also cause a higher pressure at the closed end of the fibre in pure
water experiments.

The fibre bore shrinkage increased with increasing temperature, see
Figure 6.29 suggesting that the fibres become weaker at higher temperatures
and hence more easily compressed. The effect of increasing pressure on fibre

, bore shrinkage tends to be lower at higher temperatures. For example, as

f Seen on Figure 6.29 increasing pressure from 35 atm. to 50 atm, at 20°C
(23 mm tapping) decreased the fibre bore 0.7 mieron however, at 30°C
increasing pressure from 35 atms. to 50 atm. the fibre bore decreased only
0.3 miecron. Moreover, in pure water experiments it seems that increasing
pressure from 35 atm. to 45 atm. has a relatively small effect on fibre
bore shrinkage. It would tend to suggest that the fibre bore shrinkage is
limited. As the fibres are compressed under increasing pressure and the
Fibre shrinkage tends to reach a point beyond which their stiffness increases
dranmatically and little f‘urther- contraction takes place,

Sumarising, evidence from the fibre bore pressure measurements tends
to show that the fibre bore diameters shrink wnder pressure and thig effect
increses with increasing temperature and furthermore the compaction of the
Fibres may also be not-linear and limited,

The membrane constants k1 and k2 Were recaleulated (as k1ef‘f &
Koorr)s allowing for the fibre bore shrinkage. As seen on Figure 6.24, the
. modified effective water permeability constants (k1eff‘) were found to be
- higher than the values neglecting the bore shrinkage effect. The increase in
k1 eff Was probably due to the smaller fibre bore diameters taken into
Account under the same bundle performance. As explained earlier that the
Solution to a fibre performance is sensitive to changes in fibre bore

diameter. However, the salt permeability constants, k2 and kzeff’ were

identical as expected, since the same fibre surface area was used in both
‘Qalculations,




plate are exposed to

In the calcylations above,
wmnchanged.

If the fibre bores shrink wnder the influence of external
bressure, there will obviously be another effect due to
strain experienced by the outside skin of the fibre.

diameter is assumed to shrink by the same amowunt as th

the compressive

If the fibre outzide
e internal diameter,
ed water and galt
This was" done

As seen on Figure 6.25, the ney modified

values of k1A and kEA were found to be higher than the val off

" and k. The reason for this is obviously due to the resulting reduction in
the membrane surface area used in the caleculations wit

h the same burdle
performance. However, the effective bore diameters {Dia)

both caleculations.

assuming the wall thickness unchanged, then new modifi
permeability constants, k1A and kEA can be determined,
using the third program (VIDOD),

ues of k1

Here identical ip
The result was expected because the same fibre bore

pressure and the bundle performance taken in the calculations,

The whole fibre bundle behaviour was analysed using the computer
programs (FD) and (VID), then these two results were compared.
these results can be seen as computer outputs in Appendix YA and

for the fixed diameter of b5 mierons and the other takes into ace
fibre bore shrinkage.

An example of
4B. One ig
ount the

The variation of bressure difference across the fibre
wall along the fibre becomes significant when the axi

al fibre bore pressure
drop is considered.

In the experiments with B-g bundle, the measured fibre
bore pressures were about two times higher than the theoretically prediated
fibre bore pressires for the fixed fibre bore diameter. However, in the
eXperiments with B-10 bundle, the measured values of fibre bore presswures

were about 3 or 4 times higher than initially expected for a fixed bore

diameter of 45 microns. Therefore, the fibres towards the open end tube

the highest net pressure difference and hence increasing
the productivity and the local brine concentration.

Thus the polarisation
type effect is increased significantly.

the fibre outside diameter was assumed to be
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Figure 6. 22. variation of {B-10} permegte flow rate with
temperature qnd pressure,
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Figure 6, 24. Comparison of B-10 water permeability constants with(VID},
and without (FD) taking into account the fibre bore

shrinkage vs. applied pressure {Above NaCl solution
below pure water as feed),
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Figure 6,25 Comparison of B-10 effective water permeability
constants with{VIDOD), and without (VID) taking

into account the shrinkage of assumed fibre
outside diameter
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Figure 6. 26. Variation of B-10 water permeability constant with
assumed fibre bore diameters vs. applied pressure.




Figure 6.27 \Variation of {B-10] salt permeability constant,K,, with
different time elapsed since the last PT-B posttreatment
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Figure 6.30, Calculated values for variation of fibre bore pressure
(above} and water permeability constant {below) with
fibre bore diameter,
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TABLE 6.5

Average values of-experimental results for 20,000 ppm Na Cl solution Ffeeds

Run number

gemper'atur'e 200 20 20 20 25 25 25 25 30 30 30 30
C _

Feed press. 35 %0 45 50 35 4o w5 5 35 40 45 sgp
atm,

Feed flow, 349 350 347 32 356 348 3u6 35 358 3/2 3u9 3u4
T oess

Permeate 38 50 60 70 47 59 69 82 51 62 73 83
flow, ce/s
Permeate 670 630 530 U465 443 515 455 310 685 555 400 368
lonen. ppm.

Bundle press. 241 1.73 1.66 1.60 1.31 1.36 1.40 1.76 1.25 1.56 1.76 1.96
drop. atm.

Fibre press. at, (atm)

23mm 7.4 9.9 12,3 1.6 8.4 10.7 12.8 15.3 8.6 10.5 12.6 14.6

2Um 7.2 9.5 11.8 4.0 7.9 9.8 12.0 14.5 8.1 10.0 12.0 13.7

37mm 5.4 7.0 8.9 10.7 6.3 8.0 9.4 11.» 6.3 7.7 9.3 10.5
Calculated values

k1, 6(45) 1.41 1,42 1.40 1.&1.1.77 T.74 1.69 1.72 1.92 1,85 1.85 1,76
x 10

k1, 6(H2) 1.47 1.48 1.46 1.87 1.85 1.82 1.76 1.80 2.00 1.93 1,93 1.83
x 10

ky % 1% 0.70 0.85 0.83 0.85 0.57 0.81 0.83 0.76 0.96 0.93 0.77 0.78
Diameter at. (u)

23m 33.132.9 32.7 32.5 32.9 32.8 32.6 32.5 32.5 32.4 32.3 32.3
2l 33-3 33.2 32.9 32.8 33.2 33.2 33.1 32.9 32.9 32.8 3.7 32.6
354350 35.0 30.7 30.8 30.7 30.6 30.5 305 3.4 3.3 3.3

kiope X 0% 1.83 1.86 1.85 1.88 2.38 2.32 2.25 2.36 2,62 2.53 2.50 2.38

k1A X 106 2.07 2.11 2,13 2.14 2.72 2.64 2.59 2,70 3.01 2.89 2.86 2.73

oy x 10° 0,80 0.97 0.7 0.97 0.65 0.93 0.92 0.87 1.11 1.07 0.89 0.90
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TABLE 6.5

Average values of experimental results for pure water feeds

Temperature oC 20
Feed press. atm. 35
Feed flow, co/s 355
Permeate flow, cc/s 79

Bundle press. drop. 1.82
atm.

Fibre press. at, (atm)

23nm 17.1
2limm 15.3
37mm 12.6

Calculated values

_ffijum“mmjuuﬂ_gjue__lju_ﬂilgu“_mljumt_!ju_wmljyf”

kys (45) % 10° 1.53.
k1, {42) x 106 1.60
Diameter at. {(u)

23mm 32.0
2lmm 33.0
37mm 34.6
k1eff b4 106 2.12
k1A X 106 2.03

1.87

19.7
7.7
14.7

1.54
1.60

32.0
32.9
3.5
2.13

2.1

22.3
20.0
16.7

1.51
1.58

31.8
32.7
344
2.09

2.40

1.29

18.4
16.3
13.3

1.77
1.84

31.7
32.8
34.5

N
L8]
no

ny
.

<o
(Yol

1.4
18.6

15.6

1.78
1.85

31.6
32.8
34,4
2.5
2.1

23.9
21.2
17 .6

1.79
1.86

31.5
3.7
33
2.54

2.93

1.36

19.7
7.6

4.

2.1h

2.26

1.6
3.7
31

3.18

30
ify)
351
125

1.42

2.2

2.22

30
5
349
139
1.49

20,7
1.7
18.4

2.09

31.%

32.7
3.3
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TABLE 6.7 I
|

Experimental results for 20,000 ppm Na Cl solution feeds - ‘;_,f.

e
Run number 1 2 3 4 5 6 T 8 , I
-

o !f -
Temperature C 20 20 20 20 20 20 0 20 ; i
Feed press. atm, 35 35 Lty 40 K5 s 50 50 ' -
Feed flow, ce/s 350 37 39 352 36 37 3wt w2 | - l
Permeate flow, cc/s 38 38 by 52 57 62 67 72 ‘ E x
Permeate concn. ppm. 700 alg GOD 660 855 505 k8 4s0 : l

. Bundle press. drop. 2.38 2.4 2.31 1,15 2.7 1.15 0 2.00 1.15 ‘E '
atm. . I
Fibre press. at, {(atm) Eﬁ 1
23mn 7.3 7.5 9.1 104 1.8 127 M2 1o Bl I
2lim 79 7.3 9.1 10.0 1.4 1201 13.6 103 | 1
37w 5.3 5.4 6.6 7.4 8.6 9.1 10.5 10.8

Calculated values
6

k1,(1i5)x‘|0 W1 a2 1,37 1.8 1.3 M7 1,37 1.6

L F (42) = 10 .07 1,48 142 1.51 1.39  1.5%3 1.2 1.82

6
k2 x 10

Diameter at. {(u)

0.74% 0.67 0.77 0.93 0.84 0.83 0.95 0.85

23 ©33.2  33.0 32.9 32.9 3.6 32.7 32.4 32.6 g

2l1m 3BM33.2 33.2 332 W28 330 327 329

37 5.5 35.3  35.5 35040 W8 3501 3.5 3.9 E 1
6 ( :

k1effx10 1.8t 1.85 1.76 1.95 1.75  1.95 1.31 1.94 E |

Kep X 10(J 2,040 2,10 2.00 .21 2.00  2.22 2.0 2.21 2

Koy X 10° 0.83 0.76 0.87 1.05 0.07 0.05 0.97 0.97 8\

"

d I
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TABLE 6.8

Run number ] 1112 13 1% 15 16 97 18 1g
Temperature °C P> 25 25 25 25 25 25 25 25 25 a5
Feed press. atm. 3 35 35 B0 W 45 s N5 5y g5 50
Feed flow, ce/s 359 359 351 3U6 349 36 3UT 36 3H§ 33 344
Permeate flow, co/s 6 47 49 57T 61 63 6£9 0 8¢ 83 83

Permeate conen. ppm. 320 425 585 555 475 U475 450 4o oo 370 320

Bundle press. drop.  0.88 1.83 1,22 1.36 1.36 1.36 1.49 1.36 1.49 2.04 1.76
atm. ’

Fibre press. at, (atm)

23mm 8.2 8.% 8.7 10.4 10.9 12.7 12.8 12.9 1.9 15.6 15.4
“28mm 7.8 8.0 2.8 11.9 12.0 M.0 1.6 14,8
37mm 6.2 6.2 6.5 7.9 8.1 9.6 9.2 9.4 11.0 11.4 1.2
Calculated values

Ky, (45) x 10 1.69 1.80 1.83 1.67 1.82 1.68 1.68 1.71 1.66 1.76 1.75
kg, (82) x 106 1.76 1.88 1.91 1.74 1,90 1.75 1.75 1.78 1.73 1.8 1.83
Ky x 100 0.40 0.51 0.78 0.85 0.77 0.86 0.82 0.81 0.83 0.77 0.68

Diameter at. (p)

23mm 32.9 32.8 32.9 32.6 32,9 32.6 32.5 32.6 37.5 32.4 32.5
2lmm 33.2 33.2 33.2 33.2 33,0 33.0 32.9 32.8
37mm 34.8 34.8 34.8 34.5 34,8 3.4 30,7 3.7 3.5 38,0 34.6
Kiopp X 10° 2.25 2,85 2.U46 2.23 2,45 2.24 2.25 2.26 2.92 2N P42
kpg x 100 2.57 2.80 2.81 2.55 2.76 2,58 2.59 2,59 2.56 £.78 2.76
oy x 100 0.16 0.62 0.88 0.97 0.87 0,98 0.93 0.92 0.9 0.87 0.78




TABLE 6.9

Run number
Temperature °c
Feed press. atm.
Feed flow, co/s

Permeate flow, co/s

Permeate concn. ppm.

' Bundle press. drop.
atm.

20
30
35
352
49
320
1.19

Fibre press. at, (atm)

23

2l

37mm

Calculated values
kis (45) x 10°
kys (H2) x 108

ks X 106

Diameter at. {u)

8.2
7.7
6.0

1.85
1.93
0.42

32.4
33.0
34.5
2.50
2.85
0.8

21

30
35

356

1.36

8‘9
8.5
6.6

350

300
1.63

16.0
9.5
7.0

1.77
1.8%
0.47

32.
32.7
3.3
2.38
2.73
0.54

103

10.9
10.4
8.0

1.94
2.02
1.39

32.0
32.8
34.5
2.69
3.06
1.60

M 5
30 30
us s
350 348
7T T7h
240 560
1.90 1.63
12.3 12.9
1.6 12.3
9.0 9.6
1,77 1.89
1.85 1.97

o.M 1.10

32.2 32.4

32.6 32.7
3.2 34.3
2.3% 2.60
2.75 2.98

0.51 1.27

37

m.3

13.4

10.2

1.72
1.79

0.9

27
30
50

341

500

1.76

.8

13.9
1n.8

1.80
1.87
1.08

3R.7
32.6
3.2
244

2.80

. g!n‘

£y

i;y
e

e
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TABLE 6.10
Fxperimental results for pure water feeds

Runn number ! 2 3 4 5 b 7 8
Temperature C 20 20 2 2 2 20 20 20
Feed press. abi: 35 35 35 ho ha 110 I s
Feed flom, ©¢/S 360 357 319 359 350 36 3Wh 3NN
ec/s 79 79 79 91 91 91 100 102

Permeate 1o, :
1.1 1.83 2.50 1.2 1.90 2.50 1,79 2.44

Bundle pr-.ess " dl"Op -

atm.

Fibre press. ats (atm)

23 17.6 16.7 17.0 19.8 9.3 19.8 pP2.0 22,5
o

o) 15.8  15.1 5.4 17.7 17.6 7.9 190 20.5

2Uinm

- 13.0 12.6 12,3 15.1 14.6 1h.4 15.8 14,5
i

P 1.51 150 1,56 1.52 154 1, !
oy 015) % o 5 5% 1.56 108 1,55

1.57 1.61 1.62 1.58 1.61 1.62 1.50 1.61

Diameter at. (1)
31.8 32.2 32.1 31.9 32.2 32.0 1.8 31.8

23mm
32.9 33.1 32.9 33.0 33.0 32.8 3.8 37.6
2Urmn
3H.” 3.6 30,8 30,3 3h.h N. I,a f
o _ T 3 3
6 2.11 2.10 2,16 2.13 2.10 2,17 2.0 2,18
kTeff x 10
6 2.0 2.8 247 2,42 2,43 248 2.9 248
km x 10 )




TABLE 6.11

Run number
Tenperature C¢
Feed press. atm.
Feed flow, co/s
’Permeate Flow, co/s

Bundle press. drop.
atm.

P

105

9 10 1 12

35 Ho li5 35
358 356 353 352
Oé 106 120 111
.29 1.29 1.36  1.36

Fibre press. at, (atm)

23mmn
2Umm
37mm

Calculated values

iy, (45) x 100
kys (42) x 100
Diameter at. (u)
23mm

24mm

37om

6
Kigpr * 10

6
k.lA X 10

8.4 214 23,9 19.7
16.3  18.6 21.2 17.6
13.3  15.6  17.6  14.4

LT L8 119 2016
.84 1.85 1.86 2.5

31.7 31.6 31.6 31.6
32.8 32.8 32.7T  32.7
3.5 34 343 gy
2.52 2.54 2.54 3.18
2.89  2.91 2.93 3.67

30
No
351
125

1.2

P24

19.5
6.2

2,22

31.6
32.8
3h.H
3.10

3.56

24,7
21.7
18,4
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TABLE 6.12

Run number
Temperature oC

Feed press. atm.
Feed flow, co/s
Permeate flow, ce/s
Permeate conen. ppm.

Bundle press. drop.
atmn,

23nm
2Umm
30mm
37rmm
Caleulated values

k }:2‘!06,

cm .sec,.atm.

k2 X 106, cm/s

Effective fibre
diameter, (p)

23mm
2hmm
30mm
37mn

k‘l X 106

(average)

106

200 20 20 20 20 25 2% 25 30 30 3
35 40 O W5 45 3% W0 N5 35 Ko 45
334 338 338 339
o K9 S50 58 583 U5 56 68 50- 66 78
350 350

1.0

328 334

260 220 300 590 410

0.8

350

1.0 1.0 1.7 1.0 0.0 0.8

Fibre press. at, (atm)

7.0 9.3 9.5 1.3 11.2 7.8 9.8 12.0 8.1 10.8 13.2

1. - - - -

6.4

7.9 — -

6.1 8.0 8.0 9.8 9.6 8.3 10.9 6.5

8.8 10.4

— 7.0 — — — 57 77 9.7 — 8.2 10.0

¢.38 0.46 0.35 0.34 0.34 0.36 0.52 0.53 0.79 0.71 0.70

3401 33.4 33.4 33.1 33.3 32.3 33.1 33.0 32.8 32.7 32.4
- 33.3 — @ — - —

33.0 — —
35.0 34.4 34.6 34.1 34,3 34,5 34,3 3.0 3.3 3.2 34,0

— 354 -— — — 34,9 3.6 38,3 — 34.5 3h.2

1.80 1.73 1.83 1.82 1.75 2.21 2.10 2.15 2.50 2.65 2.59




TABLE 6.13

Temp.
8C

The permeator

25
25
25

30
30
30

- The permeator

25
25
25

30
30
30

Flow
rates
o /s

Feced Permeate Feed

221
224
223

224
223
222

227
226
225

224
224
223

227
22k
223

225
224
224

27
33
&1

28
1
62

23
36
56

25
37
57

23
33
52

24

35
61

1067

Pressure
Atm.

Drop

bundle
35 0.65
ho 0.70
50 a.75
35 0.80
ho 0.83
50 0.82

was post-treated to

35
ho
50

35
Ao

50

was post-treated to

35
ho
50

35
o
50

32,000 ppm NaCl solution as feed

Permeata
concn.

mgz/1.

650
510
h6o

1550
1360
1100

Salt
raject

b

97.9
98.4
98.6

95.3
95.9
95.6

increase salt rejection

0.
0.
1.

O o
O i

— ok

.00
.05
.30

650
Us0
h50

1200
850
720

praRtoRte]
o co3
s P e s

e RV¥e R Vo]
i i Y

increase salt rejection

1.10
1.15
1.42

1.00
1.00
1.05

910
675
585

920
690
535

D D)
—_— D)

e lNaRVe ]
20 =) =]
Moo -

Recovery

xl'i !,« !-..i
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TABLE 6.14

The experiments started after the brand new permentor was flushed with
distilled water for 10 hours

Temp. Flow rates (cm3/s) Pressure (atm)
. Feed Conent. Permeate Feed Drop

acrioss membrane

20 221 166 58 20 0.5
20 220 132 88 30 0.75
20 216 99 117 ho 0.80
20 222 71 151 50 0.80
25 225 155 70 20 0.55
25 225 121 10U 30 0.57
25 224 85 139 h0 0.60
25 226 55 171 50 0.68
30 226 148 78 20 0.50
30 226 107 119 30 0.55
30 225 71 151 Lo 0.60 .
30 221 34 187 50 0.h2
The permeator was post-treated twice
25 223 113 110 B 1.24
25 222 96 126 hio 1.29
25 219 63 156 50 1.31
30 224 99 125 35 1.20
30 223 80 143 i 1.25
30 223 k6 1K 50 1.28

Distilled water as feed solution
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CONCLUSIONS

As seen from the results of B-3 and B-10 modules perfoménees,
. permeate flow rates increased with inereasing temperatwre ang
and in both cases were proportional to the net driving pressyur

the

pressure,
es =

1 of B-9 modgle

» both membrane modules showed
similar characteristics that the ki values obtained at 209C and

25°C did not show much variation with pressure. Those for 30°C showed
a-tendency to decrease with increasing pressure. '

In the experiments with B~9 module, the k1 values obtained frem pure

water and salt solution experiments were similap, However, in the
experiments with B-10 module, the ki values obtained from pure water

experiments were higher than the values obtained from salt solution
experiments,

The salt rejection of the B-10 module was found

to be highly dependent
Upon post~treatment history,

which made it diffieult to detect any
consistent effeact of pressure or temperature on the salt permeability
constat, l':2 Howaver, in continuous operation with B-10 module, a
decrease in salt Permeability with increasing pressure was reported by
Murayama et al (36). This effect is Opposite for the B~9 module in that
the salt permeability constant;, K5 was found to increase with increasing
presswre, This was also reported by Chya et al (38) who suggested that

imperfections on the surface of the B-9
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Fibre bore pressure measurements were made at the closed ends of the
fibre bundles. However, these measured values were found to be significantly
higher than the theoretically determined values assuming fixed gecmetries of
95/45u OD/ID for B-10 and 85/421 OD/ID for B-9 membrane modules. These
measured bore pressures were about two times as high in the case of the B-9
module and four times as high in the case of the B~10 membrane module.

Sensitivity analyses were made using the computer program to investigate
possible reasons for the higher bore pressures measured (see Appendix 8).
The effect of possible errors in the measurement of the following parameters
were Investigated:- the fibre packing density, the aotive and buried fibre
lengths, the Preasure drop across the bundle, the feed and permeate flow
rates and the fibre diameters. The theoretical model used in these analyses
assumed that the fibres in the bundle were straight and parallel to the
bundle axis and were axially and radially wniform in diameters. The
variations introduced in the sensitivity analysis were also assumed to be
wniform for the bundle.

However, the results of this sensitivity analysis, with the exception of
~ those for the variation of the fibre bore diameters, indicated that
ﬁr‘easonably large variations in these parameters would have to take place in
order to explain the large discrepancy between the measwred and predicted
valtes of the bore pressure losses. In the theoretical analysis, the
solution to the problem is sensitive to the assumptions concerning the fibre
bore diameter, as can be seen from fact that it ccewrs to the fourth power in
the expression for the characteristic length of a fibre;

= D:lﬁ4 P/(128 u ky Do)

As seen from the sensitivity analyses, fig. 6.30, decreasifig the assumed
bare diameter from 45u to 33u increases the fibre bore presswre from 5
atm. to 16 atm. The theoretieally predicted fibre bore pressure losses,
based on the fixed fibre geonetry, were compared with the measured bore
Pressure iosses and this may suggest that the fibre bores may be considerably
constriocted under operational conditions.
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Stuties on the capability of hollow fibre membranes to withstand high
pressures by Orofino (39) suggested that the maximum compaction ccours at the
inner surface. Ohya et al (38) also suggesteqd that the fibre bores become
constricted wnder pressure, thus supporting the concept of bore shrinkage.

In the analysis of the experimental results, the measured values of hore
pressure losses are used to estimate the effective bore diameters by using
the computer program. The results indicate that if this analysis is correct,
the fibres are considerably compressed inder normal operating conditions.

The nominal B-9 bore diameter of U2p would appear to be reduced to 3TH

and the bore diameter of B-10 from 45k to something in the range from 31
to 3du.

However, in this analysis, a wniform bore shrinkage was assumed and also
the buried length in the open end tube plate was assumed to shrink in the
..Same manner as the active 1ength In reality, the fibres buried in the open
end tube plate are not under such compressions, and therefore the fibre bores
here would not be expected to contract. If the analysis were to take this
fapt into account then the estimated degree of bore shrinkage would be
‘even greater. In this respect the present analysis-is expected to
nderestimate the magnitude of the bore shrinkage.

In reality, the variation of the pressure difference across the fibre
wall along the fibre might become significant when the axial bore pressure
“drop is taken into accomt. In this case, the fibres towards the open end
tube plate would be exposed to the highest net pressure difference and hernce
would be expected to undergo the greatest bore shrinkage. Thus the fibres
may become non-uniform axially or slightly conical in shape. This would tend
to distort the presswe distribution along the fibre bore and could also
cause a higher pressiure at the closed end of the fibre.

. TEn

CTh

r—

=T




AR

Y

110 B

Other possible explanations of the high bore pressures measured might
include:~ possible comstriction of the fibres within the open end resin tube
plate (this is thought to be unlikely because the bore diameters measwred on
the open end tube plate surface agreed well with those measured on broken
free fibres), it is possible that there is significant variation in the bore
diameters throughout the bundle and that all the pressure tappings were made
into the ends of particularly narrow bored fibres (this is not felt to be
likely).

The fibre bore pressures, in pwe water experiments, were higher than
salt solution experiments. As seen on figure 6.29, the apparent fibre bore
shrinkage was higher in pure water experiments than salt solution
experiments. The bore shrinkage, in pure water experiments, was expected to
be smaller but the opposite effect was observed here. However, the theory

does not explain this phenomenon and this aspect does require further
investigation.

Fimally, if the water permeability constants are determined allowing for
the fibre bore shrinkage, the modified effective water permeability

constants, k, efpr Would be higher than the values neglecting the bore
shrinkage effect.

In the analysis of the whole fibre bundle, the axial variation of brine
concentration became more significant when the fibre bore shrinkage was
taken into accomt. The fibres towards the open end tube plate were
exposed to the highest net driving pressure and hence increasing the
productivity and the brine concentration locally. Thus, this phenomenon

may lead to a local concentration polarisation type effect especially at
higher recoveries.
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Future Work.

In this work, the performance of B-9 and B-10 hollow fibre membrane
modules with fibre bore pressure measurements were investigated under normal
opef'ating conditions. The measured values of fibre bore pressures were found
to be significantly higher than theoretically predicted values. It is
suggested that a likely explanation of this discrepancy is that the bore
diameters are considerably constricted under the high operating pressure
differences normally used.These measured values of bore pressures were used

- to predict effective bore diameters using a computer program. This

investigation suggests that the constriction of the bores of hollow fibre

- membranes under normal operating conditions offers the most likely

explanation of the high bore pressures measured.

If the fibre bore is constricted wunder the influemce of external
pressure, obviously there must alsc be a compressive effect on the outside
skin of the fibre. As a future work, this point may be investigated by
measuring the fibre outside diameter under pressure. This work may be done
by wsing a single fibre in a pressure apparatus with a transparent part
so that the fibre outside diameter can be measured by optical means. _

This Investigation was carr;ied out under normal operating conditions,
€.8. applied pressures 35 to 50 atm, for B-10 and 14 to 25 atm. for B-9 with
20 to 30°C feed temperatwres. Fibre bore pressure measurements may be made
at lower applied pressures using pure water as feed to investigate the
initial compressive effect. If in such experiments the effective bore

- diameters are found to approasch the nominal or measured values as the

operating pressure is reduced to very low values, then this would provide
further support for the fibre bore shrinkage theory. Pressures higher than
the above values with different feed temperature may also be investigated,
possibly to the point of fibre collapse.
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APPENDIX 1

Post treatments

{(PT-A and PT-B) "Permusep" permeators.

Every B-Y perucator is post treated with PI-A (polyvinyl methyl ether)
duing the manufacturing process. PI-A increases the salt re jection by

reducing salt flow through wembrane or fibre imperfections (coupled flow),

New B-1U permeators usually must be treated with PT-§ Dbefore placing
ou~stream after the initial flushing. Also, B-10 permeators nust ho
retreated with FPl-8 after any eleaning operation. Ihe PT-B absorbs an the
mewbrane surface, which enliances the salt rejeckion. lhus, diffusive salt
Flow rather than coupled flow is reduced.

Procedure for PT-B post Lreatment

1) TFlush the permeator with c<hlorin
prior Lo post treatment.

38 litres of water.

g~free product or pood quality water
Use a once through (brine and product to drain) of
{in this case, distilled water was used here),

2) VPrepare g solution containing 1 wt percent citric acid plus 80
wgflitre of PI=B {taunic acid), Ihe solution was prepared with 80 litre
divtilled water,

3) Recireulate the PT-B solution through the permcator.

A brine Flow
ol about 7 L/m with pressure of G.B to 10.? atm.

is recommended.

4) After ome hour, stop recirculating and drain the solutivn to waste,

5) Flush the residual PT-B solution From the perneator with clean water
at 3.4 to 5.1 atm and a brine rate of 17 L/m for Five minutes,

6) after the system operation has stabilised,

check the performance to
determine the effectiveness of PT-B tveatment.
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APPENDIX I1
"Biz" eleaning procedure

Ihe need for cleaning is based on the change in productivity, salt
rejection, and bundle pressure drop. lHowever, salt rejection and brine
bundie pressure drop are usually the more sensitive indicators. [f elther

the salt passage or the brige bundle pressure drop increases by 1.5 times,
cleaning is recommended,

Lhis assumes that the changes in the reverse osmosis rerfurmance
caused by fouling rather than other causes., Cleaning with "Biz" 4.
effective in removing colloidal fouling,

are
tergent is

Biz cleaning procedure.

1) Flush permeators with product water prior to

cleaning using a once
through flush of 33L per permeator.

the brine pH must be 6.0 or above,

Z) In the mix tank, prepare a 0.5 wt. percent "Biz" detergent (with
17.0% phospliorus) solution, Alternate detergents to Biz are given in PEy (

Yo (lun this cleaning here, the solution was prepared with Ariel

i detergent
and distilled water).

3} Add with agitation sufficient NaOH solution to incre

ase the pll to
11.0,

4) Cireulate the c¢leaning solution through the permeator. rake the
first 20% of the solution to drain via the brine return valve, aud then

recycle the cleaning solution through the mix tank, A hrige flow of abaout 17
L/m is recommended at a pressure of 3.4 - 10.2 atm,

5} the effect of the "jiz" cleaking can be monitored by observing the

effluent. If the effluent is darker than the feed, collojidal material is

being removed, Ihe flushing operation should be conducted for at least 2
hours/or as dictated by the amount of Ffoulants.

6) When cleaning is complete, stop recirculation. Drain mix bank

solution to waste. Flusl residval cleaning solution From perueator with
product water (pure watcr) by operatiug at 3.4 - 5.1 aew. and 17 L/w brine
rate in the normal feed direction, During this flush, brine and product go
to drain. Ihe unit may then be Flushed with brine and product to drain using

regular feed water at reduced pressure of less than 13.6 atm. until uo
foaming occurs.

7} After post treatment (Pr-n),

and check the performance to determiue
effectiveness.,

return permeator to normal operation
cleaning and post treatment
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Appendix 3.
Aqueous sodium chloride solutions electrical conductivity vs. concentration.

ELECTROLYTIC CONDUGCTIVITY
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AFPENDIX 4,
COMPUTER PROGRAM, INPUT' AND OUTPUT

The computer programs used in the analysis of experimental results
employ a mmerical iterative solution to the problem of predicting detailed
-bundle performance based on the analytical solutions in Chapter 5,

The steps below were followed in ruming the program. First, the fibre
and bundle dimensions were fed into the computer as constants. After that,
the measured values from the bundle performance were fed into the computer,
e.g. temperature, pressure, flow rate and concentration of feed and, flow
rate and concentration of permeate. Initial estimates of the membrane
permeability conatants, k1 and ka, are guessed and fed into the computer.

The initially guessed values of k1 and k2 are readjusted by the

computer wuntil the computer output of the product flow rate and concentration

are equal to the measured values or the diserepancy is less than one percent.
After this, the computer can print out the variation of water flux, brine
concentration and product concentration distribution axially and radially
within the bundle. The fibre bore pressures at the closed ends and the
permeate velocities at the open end are also predictad.

Modifications were made to the computer program to investigate the
effects of variations in the other parameters. For exsmple, in the computer
" program (VID) the measured values of fibre bore pressures are input and
the bore diameter is adjusted wtil the predicted and measured bore pressure
drops match. The value of the bore diameter at which the matech occeurs is
taken to be the effective bore dizmeter. Samples of the computer program
outputs can be found in Appendix UA and B.
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APPENDIX 4.A

Sample Hollow Fibre Program Output’
for the fixed diameter, (FD}

INPUT
TEMPERATURE = 25°C . WRKNG PRESS = U5 ATM
BRINE DP = 1,49 ATM K1 X 10° = 1.68 GM/3QCM/S/ATM
K2 Xx1° = 0,81 cws MD in ce/s = 69
FEED in cc/s = 347 FBR BORE ecm = 0.00H5

FEED CONCENTRATION in ppm = 20,000

QUTPUT MODULE OUTPUT IS 68.9 CC/S. PERMEATE CONCENTRATION,CD IS LH6 PEM.

. WATER FLUX DISTRIBUTION,J1 X 100,000, IN OM/S,

AXTAL POSITION, X = 0.0 17.8 35.0 52.5 T0.0 in cm.
RADIAL POSITION, i
in cm.
5.3 3,59 3.62 3.68 3.78 3.92
4.5 3,78 3.81 3.88 3.99 4.6
{closed end) 3.7 3,94 3.96 4.08 W7 4.3 {open end}
2.8 b,07 U4.10 4,18 4,32 H.5%
2.0 k.19 h.22 K.,31 W45 U4.66
1.2 b3t 4.3% 443 4,58 U4.79
BRINE CONCENTRATION DISTRIBUTION, CB,IN PERCENT
AXTAL POSITION, X = 0.0 17.5 35.0 62,5 T0.0 in cm.
RADIAL POSITION, R
in em. '
5.3 245 2,46 2.47 2.89 2.51
4.5 2.31 2.3 2.32 2.33 2.34
{closed end) 3.7 2.19 2.19 2,20 2,20 2.21 {open end)
2.8 2.10 2.10 2.1 2.11 2.12
2.0 2.04 2,04 2.04 2,00 2.05
1.2 2.00 2,00 2.00 2.00 2.00

PERMEATE VELGCITY AT FIBRE EMD AND BORE PRESSURE LOSS

RADIAL TO3ITION, R U av/s PL ATM.
5.3 4.8 3.28
4.5 5.12 3.%6
3.7 5.34 3.60
2.8 5.53 3.73
2.0 5.69 3.84
1.2 5.8 3.95

PRODUCT CONCENTRATION DISTEIBUTION. CD,TH PPM

AXTAL POSITION, X = 0.0 7.5 - 35.0 2.5 T0.0 im com.
RADIAL POSITION, R
- in am.
5.3 553.3 550.6 543.7 533.0 519.1
4.5 hgha hoi.2 1i83.7 472.0 456,71
(closed end) 3.7 U50.8 .8 440.0 h27.8 12,0 {open)
2.8 m8.7 415.6 k07,8 395.5 379.5 (end)
2.0 394.7 391.7 383.9 3711.6  355.8
1.2 376.2 373.3 365.5 353.5 337.9
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APPENDIX 4.B

Sample Hollow Fibre Program Output
for variable internal diameter, (VID)

INPUT ,

TEMPERATURE = 25°C WRKNG PRESS = 45 ATM

ERINE DP = 1,49 ATM K1 X 10° = 2.25 (M/SQCM/S/ATM
K2 X 10° = 0.83 oM/s MD in co/s = 69

FEED in ea/s = 347 FBR BORE cm = 0.00331

FEED CONCENTRATION in ppm = 20,000

‘OUTPUT MODULE QUTPUT IS 68.9 CC/S. PERMEATE CONCENTRATION,CD IS 456 PPM.

- WATER FLUX DISTRIBUTION,J1 X 100,000, IN cM/S,

AXTAL POSITION, X = 0.0 7.5 3.0 52.5 70.0 in om.
RADIAL POSITION, R )

in om.

5.3 3.27 3.36  3.61 4,02 L.61

4.5 3.40 3.51 3.80 4,20 4,39
(closed end) 3.7 3.52 3.64 3,96 4,50 5,30

2.8 3.62 3.75 U4.09 H4.68 5,55 .

2.0 3.7 3.85 k.2t U.BY4 5.76

1.2 3.81 3.95 U4.33 4,99 5,95

BRINE CONCENTRATION DISTRIBUTION, CB,IN PEHCENT

AXTAL POSITION, X = 0.0 17.5 3».0 52,5 70.0 in cm.
RADIAL POSITION, R _

in em. :

5.3 2.0 2,81 2,46 2,53 2.66

4.5 2.27 2.28 2.31 2.36 2.44
{closed end) 3.7 217 2,17 2,19 2.22 2,27

2.8 2.09 2.09 2.10 2.12 2.1

2.0 2.04 2,04 2,08 2.05 2.06

1.2 2,00 2,00 2.00 2.00 2.G0

PERMEATE, VELCCTITY AT FIBRE END 4ND BORE PRESSURE L0OSS

RADIAL POSTTION, R U /8 PL. ATM,
5.3 8.95 10.86
4.5 9.45 11.42
3.7  9.87 11.89
2.8 10,22 12.28
2.0 10,53 12.63
1.2 10.83 12.99

PRODUCT CONCEHFRATION DISTRIBUTICH, CD,IN PPM

AYIAL POSITION, ¥ = 0.0 17.5. 35.0 52.5 0.0
RADIAL POSITION, R
in am.
5.3 605.5 593.7 562.8 521.1 h77.0
4,5 n551.2 536.9 502.2 55,0 403.7
{closed end) 3.7 509.6 LS| gy.9 408.1 353.9
2.8B. 478.0 U62,5 li25.1 3744 319.4
2.0 453.8 438.2 400,6 349.9 295.2
1.2 by k19.0 381.8 331.7 27117.9

(open end)

(open end)

in cm.

{open)
(end)

=

|
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APPENDIX 5

(*HOLLOW FIBRE REVERSE OSMOSIS PROGRAMM)
(HEERBEEER RO DR )

PROGRAM HOLLOWFIBRE;
USES TRANSCEND, SCREENDATE;

"CONST TPI2=19.T74;X2=20;W=1E5;

R2=20;

TYPE BZ = ARRAY 0..X2,0..R2 OF REAL;
BQ = ARRAY 0..R2 OF REALj; -
DATAA = AHRAY 0..7 OF REAL;
DATAF = FILE OF DATAA;

VAR PQ:INTERACTIVE;CD,J1,C:BZ;D3M,U1,DMD,PL:BQ;
E,G,K3,NF,DO,DE,RO,R1,CF,MF,P1,L,DR,LIM,
ERROR1,DPFF,DX2,D¥1,PHI,PF,PFO,K1,K2,DU,U,
F?vL,ERROR,PF3,P11,DPB,DPF,PF1,RR,DR1,MD,Z2,MFL, DX, X,

MD1,CDO1,T,MJ,K, PDB M B1,SL, DPF1 DRE PF'2 DA DPE‘, MS MSF,S3M,CDO tREAL:
FR, I R,N, RA NA 'INTEGER,

NPﬂ# NP13
A,NPO,ZP,NP,NP1,NP2,NP3,NP11,NP5,NP6,NPT,NPB,NP9,NP1O,NP11,NP12:STRING;
B:CHAR;

SEGMENT PROCEDURE SIX;
BEGIN
DRi:= (RO-R1)/R2;MFL:= MF/L;DX:= L/X2;

DR2:=1, 934 DI*DI*NFADR1 ;DR:= 19. T*NF*DO*DRVCF/MFL
LIM:= (P1-~PHI*CF)/100;

DX2:= -32*MU*DX/DI/DI;DX11= U*DX¥DO/DI/DI;

DA:= K2%3, 14¥DOWDX;K3::=K2;

FOR N:= 0 TO X2 D0 C N,0 := CF;
SM:=6.283%NF*DR1;

K1:=PDB/LN(RO/R1);

EG==DI*DI/SQRT(128*MU*DO*K1); E:=2/(EXP(L/G) + EXP(-L/G));
ND3

SEGMENT PROCEDURE TWO;

PROCEDURE TRACE;

VAR SP:CHAR;

BEGIN SPs=' '; '

D WRITELM(PQ,A1,SP,B1,8P,J1 W,R ,5P,U,3P,DPF,SP,PF);
b ]

PROCEDURE 0G;
BEGIN
MS:=(DSM O +DSM R2 )/2;
MD:=(DMD O +DMD R2 }/2;
FOR R:=1 TO R2-1 DO
BEGIN
MS:

MS+DSM R ;

MD:= MD+DMD R
END;
CDO1= 1E6* MS/MD
END;
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BEGIN
POR R:= O TO R2 DO
BEGIN RR:= R1+R*DR1;DPB:=K¥LN(RR/R1};P1:= P11-DPB;
PF:=(P1-PHI*C O,R )¥{1-E);PF2:=PF;PF3:=PF2;MSF:=0;
REPEAT U:=0; FOR N := 0 TO X2 IO
BEGIN
Al 1= K1%(P1-PF-PHI¥*C N,R )-K3;
B1 := K1*¥K3¥(P1-PF});
J1 N,R - := (A1+SQRT(A1*A144%B1)}/2;
DU := DX1%J1 N,R
U 1= U4DU;
DPF := DX2*U;
. PF := PF4DPF;
END;
DPF1 :=-32%MUI¥SL*#(/DI/DI ; PF: =PF+DPF 13
PF3:=FPF2; PF1 := PF-DPF;
PF:=PF2-PF1¥E;PF2: <P ;WRITELN{PF1:2:3)
UNTIL ABS{PF1)<0.01;
RR := R1+R¥DR1;U1 R := U-DU;
IMD R :=DR2*RR*U1 R ;PL R :=PF3;
IF R<R2 THEN FOR N:=0 TO X2 DO
C N,R+1 :=C N,R +DR¥SQR({C N,R )*
J1 N,R *RR;
FOR N:=0 TO X2 DO
BEGIN
CD N,R $=K2%C N,R /J1 N,R ;

IMS := DA®C N,R ;MSF 1= MSF+DMS

END3 |
MSF s =MSF-DM3;DSM R :=SM*RR¥MSF;
~ WRITELN(! R = ',R);;WRITELN(PF3)
END;
0G3
END;
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SEGMENT PROCEDURE FOUR;
BEGIN
PAGE(OUTPUT) ;
WRITELN(PQ,‘WATER FLUX DISTRIBUTION,J1 X 100,000,');
WRITELN(PQ, ! IN CM/S, VS. X AND R ');WRLTELN(PQ);

WRITE(PQ,'X=  ');
FOR NA:=0 TO 4 DO BEGIN N:= 5*NA;X:=N¥*DX;
WRITE(PQ,X:2:1," 1)
END;
WRITELN(PQ);
WRITE(PQ,' R');
WRITELN(PQ) ;
WRITELN(PQ);
FOR RA:= 10 DOWNTO O DO
BEGIN R:= 2%RA; RR:= R1+R*DR1;
WRITE(PQ,RR:1:1);
FOR MA:=0 TO 4 DO
BEGIN N:= 5*NA;X:= W*J1 N,R ;
WRITE(PQ,X:1:2,' '}
END;
WRITELN(PQ)
END;

WRLTELN(PQ)

WRITELN(PQ, 'BRINE CONC.CB,IN PERCENT, V3. X AND R s

WRITELN(EQ);

WRITE(PQ,'X= ');

FOR NA:=0 TO 4 DO BEGIN N:= 5%NA;X:=N*DX;
WRITE(PQ,X:2:1,' *)

*
?

WRITELN({PQ);
WRITE(FQ,' R');
WRITELN(PQ);
WRITELN(PQ) ;
FOR RA:= 10 DOWNTC O DO
BEGIN R:= 2*RA; RR:= R1+R*DR1;
WRITE(PQ,RR:2:1);
FOR MA:=0 TO 4 DO
BEGIN N:= S5¥NA;X:= 100¥C N,R ;
WRITE(PQ,X:1:2,' ')
END;

WRITELN(PQ)
END;

WRITELN(PQ);
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WRITELN(PQ, '"PERMEATE VELOCITY AT FIBRE END AND PRESSURE LOSS VS.
WRITELN(PQ)
WRITELN(PQ);
WRITE(PQ,' R U c/s PF ATM.');
WRITELN(PQ) ;
WRITELN(PQ);
FOR RA:= 10 DOWNTO 0 DO
BEGIN R:= 2¥%RA; RR:= R1+R¥*DR1;
WRITE(PQ,RR:1:1,' ')
t= Ul R 3 .
WRITE(PQ,X:2:2,° *)3X:=PL R ;WRITE(PQ,X:2:2);
WRITELN(PQ)
_ END

_END;

SEGMENT PROCEDURE FIVE;
BEGIN '

WRITELN(PQ);

WRITELN{PQ, "PRODUCT CONC.CD,IN PPM, VS. X AND R '}y
WRITELN(PQ);
WRITE(PQ,'X= ');
FOR NA:=0 TO 4 DO BEGIN N:= 5*NA;X:=N*DX;
WRITE(PQ, X:2:1, ! ")
WRITELN(PQ);
WRITE(PQ,' R');
WRITELN(PQ); -
WRITELN(PQ);
FOR RAs3= 10 DOWNTO 0O DO
BEGIN R:= 2*RA; RR:= R1+R¥DR1;
WRITE(PQ,RR:2:1);
FOR NA:=0 TQ 4 DD
BEGIN Ni= H¥NA;
WRITE(PQ,' ',CD N,R ®1EB:6:1,v 1)
END; :
WRITELN(PQ)
END;

WRITELN(PQ);

END;
PROCEDURE TEN;

BEGIN

WRITELN(PQ) ;WRITELN(PQ) ;WRITELN(PQ, 'MODULE OQUTPUT IS !,MD:1:1,
WRITELN(PQ) ;WRITELN(PQ, 'PERMEATE CONCENTRATION,CD IS ',TRUNC(CDO):4,' PPM.

WRITELN(PQ) ;WRITELN('PRESS SPACE3 FOR NEXT CASE');
WRITELN(PQ,'PRESS E} TO EXIT');
READ(B)

END;

R ');

t CC/8.1);
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PROCEDURE. Npw;

BEGIN

PROMPTAT (0, 1 TEMPERATURE 7 = ') SINR(T) g
PROMPTAT(1, 1yRKNG PRESS 7 = 'Y INR(P11);
PROMPTAT(E, 'BRINE DP ? = ');INR(PDB);
PROMPTAT(3, 1%  1o4%g 7 < ") 3INR(K1) ;K12 =K1¥1E-6;
PROMPTAT(, vk X 10%%g 7 - ') INR(K2) ;K21 =K2* 166 5
PROMPTAT(5 W i oo/s 7 = "} INR(MD1);
FROMPTAT(6, 10D in ppm 7 = ')$INR(CDO1);
PROMPTAT(T,'FEED in ec/s? = ');INR(MF);
gggﬁgg(ﬁ,'mm in g/g ? = ');INRECE;F;‘)

' = '}sINR(D '
PROMPTATE?' FIBRE PRESS ? = '); ;

y! = ');INR(DI);
%%TELN By, FBR BORE cm );

?
"TEMPERATURE = ',T);
TrLlN(PQ, 'WRRNG PRESS = '.P11);
YRITELN(PQ, 'RRING Dp o t,PDB) ;
WRITELN(PQ) k1 X 10%%6 = K1)}
WRITELN(PQ, 1kp X 1046 o " K2);
WRITELN (PQ) v in ce/s = t,MD1);
WRITELN(PQ, 1¢p in = 1,0001);
WRITELYN PQ, 'FEED in co/s = sME) 3
WHITELN(PQ’ 'FEED in g/g = ',CF);
WRITELN(PQ, 1R BORE em = ',DI);
VLT85 5% (1y273) 208,

:=1.002ap - 09)*(3,1559+1,915TE-3*(T-20) ) )/1.01325E8
NF 1210000 ot «(20-T)/(T+109)¥(3, 1559+1. 91578

3D0:=0.00 $R0:=5,25;R1:=1.25;
L:=70;8L:a17 81 000 '
EOS

RESEI(P 1 « b ==‘| = 1,
BEGIN g T 'BRINTER: ') ;
REPEAT S1x, 0,

WRITELN(PQ,‘MD',A,MD:E:H);
WRITELN(PQ, 'MD1* A yMD1:6:4);
WRITELN(PQ,'CDO',A,CDO:G:H};
WRITELN(PQ,‘K2',A,K2*1E6:6:1l);
K1 ==K1*m1/bm;K2:=K2*l"ﬂ)1*CDD1/Pﬂ)/CDO;
TELNCPQ, "K17,A,K1%1E6: 4:2)
WRITELN(PQ,'Kzf,A,K2*1E6=6=n);
TELN(PQ) ;
RRDR:=ABS(I~{D1—IVID)/MD1+ABS(CD01—CDO)/CD01 :
WRITELN( 'EREQR = ° »ERROR:4:L) ;
UNTIL ERgon <0.01;
OR FR :=0 TO 20 DO
BEGIN Fpp:=p1, FR :
END WRITELN(PQ, 'FPL at '\FR,* = ',FPL:6:2);
3

WRITELN(PQ) sWRITELN(PQ, 'MD' ,A,MDtL;2);
WRLTELN(PQ, 'CDO' ,8,CD0+3:0) ;
WRITELN(PQ, 'K1" A, K1%1E6:4:2)
WRITELN(PQ, 'K2' ,A,K2#1E6:6:1)
_ ggIUTELN(PQ,-DI',A,DI:'(ﬁ);
EENED;CLOSE(P@;R,FIVE,TEN,

s av
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APPENDIX 6.

Senaitivity analyses were made using the computer program tc; investigate
possible reasons, other than bore shrinkage, for the discrepancy hetween the
- high bore pressures measured and the lower values predicted.

1. Error in Packing Density Measurement,

Variation in the assumed (counted) fibre packing density has little
effect; e.g. variation in the fibre packing density from 9000 to 10000/
GIII'2 makes about 1M decrease in the effective hore diameter which
increases the bore pressure about 1 atm., fig. 6.30 and 31.

2. Errors in the Active Fibre Length Measurement.

Some variation of the fibre active and buried length has alsc small
effect on the variation of fibre bore presswre. Measurement of fibre active
ard buried length were made on the outside of the fibre bundle. The astive
length of some fibres may vary differentially with the buried length due to
the bundle construction, e.g. decrease in the active length increases the
length of fibres buried in epoxy resin. However, the variation is not
thought to be large and it may be * 5 om, at most, for 70 cm active length
with averags 11 cm buried length. Such a variation makes less than half atm.
difference in the bore loss predictions; Figwres A.6. a and c.

3. Possible Effects due to Errors in Flow Measirements

The measured fibre bore pressure variation in the repeated experiments
was generally less than 1 atm. Variation of permeate flow rate was less than
5% in the repeated experiments. However the effect is small, Figure A.6.d.

4. Possible Effects due to Membrane Fouling,

Membrane fouling was suspected due to the build up of the brine pressure
drop across the fibre bundle, The membrane was occasionally cleaned which
reduced the brine pressure drop. However, each of the experiments were
repeated at least twice with different degrees of fouling and the permeate
flow rates and bore pressure drops were almost the same. Therefore it was

concluded that membrane fouling practically had very small effect.
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+ Fibre Bore Pressure {a)
Atm.
.16t 2.0
: Assumed
Bore
[ Diameter. Di. -9
12} 0\\ 18 }
33p.
10} 1.7}
1213 1.6}

LF o— N 1.4}
: — —045 .
L 1 i o C 1T 1 4 b= C (T,
65 70 75 Active length, 65 70 75 Active L.
16 11 6 Buried length. 16 1 6 Buried L.
Figure Ab.

ol G\Q\--OBQ . 1.54

leloﬁ
gr:/crn.2 sec.atm.

(bl

Sensitivity of numerical solutions, for the bore pressure 1oss

and ky values,

due to the effects of variati

ons in the active and

buried fibre lengths, with differing assumed bore diameters and

permeate flow rates.

Fibre Bore Pressure, le)
Atm,

13F 75 AL.

12} 70
65 «

11}

10}

w

2 Active Length AL.cm.

- 75 AL.
- Di=45 . 70 *
/ 65 «
Buried Length.

. , L
3 5! g 12

A

Fibre Bore Pressure.
Atm.

{d)

5 L
-‘o' [ //DT=L5P.
3 L
Permeate
2} Flow
Rate.
1 1 1#—’
69 79 89 cm/s.




