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(57) Abrege/Abstract:

Hollow fibre membrane modules (1) with a shell-side configuration often comprise a hollow fibre bundle (2) and a perforated hollow
Internal core (4) inside the bundle. A plug (5) in the core and a baffle (15) in the bundle are typically employed in order to desirably
distribute supplied fluid over the bundle for separation purposes. The fluid flow distribution can be improved by incorporating
suitable flow distributors (20, 21) within the internal core itself. Such modules are particularly useful for osmotic membrane
distillation.
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(87) Abstract: Hollow fibre membrane modules (1) with a shell-side configuration often comprise a hollow fibre bundle (2) and a

perforated hollow mternal core (4) mside the bundle. A plug (5) i the core and a battle (15) in the bundle are typically employed

order to desirably distribute supplied fluid over the bundle for separation purposes. The fluid flow distribution can be improved by
incorporating suitable flow distributors (20, 21) within the internal core itself. Such modules are particularly useful for osmotic

membrane distillation.
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HOLLOW FIBRE MEMBRANE MODULE WITH IMPROVED FLUID FLOW
DISTRIBUTION

Technical Field

The present invention pertains to hollow fibre membrane modules which can be used in various
separation applications. In particular, it pertains to improved hollow fibre membrane modules for

osmotic membrane distillation.

Background

Hollow fibre membrane modules or contactors are devices used for separating a variety of
components from numerous types of fluids or fluid mixtures. They can also be used as absorbers for
various species and/or for heat exchange. A corresponding wide variety of hollow fibre membrane
modules are available commercially for various separation and other applications. They generally
comprisc a plurality of hollow fibrc membrancs or lumens arranged suitably in a housmg. In
separation applications, separation is accomplished by a membrane separation process, and the
membrane materials and operating conditions (e.g. temperature, pressure) are chosen 1 accordance
with the membrane separation process and species involved. Numerous membrane separation
processes arc possible, including reverse osmosis, ultrafiltration, nanofiltration, microfiltration,
vapour permeation, pervaporation, membrane distillation, and so on. Osmotic membrane distillation
(OMD) is another candidate scparation process that is receiving increased attention for industrial uscs.
For instance, WO2005/118114 teaches the benefits of using OMD for various industrial uses and
particularly for use in electrolytic haloalkali production plants where reduced capital, operating re-

concentration, and dilution costs can be achieved.

The membrane materials employed in such modules typically comprise one or more polymcric
materials or composites. Further, the membranes may be microporous and/or chemically treated
depending on the process and species to be separated. The hollow fibre membranes or lumens are
arranged in the module with suitable seals provided so that fluid communication between the inside of
the lumens and the outside of the lumens is prevented. The fluid or fluid mixture to be treated can
then be directed over either the outer or inner surface of the lumens whereupon the species to be
separated passes through the membrancs and is collected and/or disposed from the other side ot the

lumens. Commonly the fluid is directed over the outside of the lumens in a configuration known as
the shell-side configuration (because the fluid is on the same side of the lumens as, and in common

contact with, the shell of the housing).
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To make the most effective usce of the membrane 1in shell-side configuration modules, 1t 1s desirable to
bathe the entire external surface of the lumens as uniformly, and with as much of the supplied fluid as
possible while the fluid traverses the module. Various designs and configurations have thus been
considered in the art in order to improve the fluid flow distribution in this regard. For instance, US
5,264,171 discloses various dcsigns for spiral-type hollow fibre membrane modules containing tlow-
directing baffles which are axially positioned to promote improved radial flow of fluids throughout
the hollow fibre bundle. A common present-day commercial hollow fibre membrane module employs
a similar such shell-side configuration design. The common commercial module comprises a hollow
fibre bundle, a hollow internal core in the centre of the bundle, and a central baffle in the bundle. The
internal core is perforated and has a plug located at its centre. When fluid 1s supplied to an inlet of the
modulc, it is first directed to an end of the internal corc. The presence of the plug forces all the tluid
to flow radially outward through the perforations in the internal core and over the lumen surfaces 1n
the inlet side of the module. The fluid then flows around the central baffle, over the lumen surfaces n
the outlet side of the module, and back through the perforations into the internal core. Thus, the
presence of these features establishes a cross-flow pattern in the hollow fibre bundle. Thereafter,
fluids exits the module through an outlet connected to the other end of the internal core. (This

common commercial module is illustrated in Figure 1a and 1s described in more detail below.)

There still remains a need however to improve fluid flow distribution within such modules in order to

increase efficiency and performance and to maximize utilisation of the often expensive membrane
surface available inside. Preferably this is done in as compact and simple a manner as possible. The

present invention addresses these needs and provides other benefits as disclosed below.

Summary

Surprisingly it has been discovered that incorporating appropriate flow distributors in the hollow
internal core of hollow fibre membrane modules can result in a worthy improvement in fluid tlow
distribution over the fibre bundle without unacceptable adverse consequences, and particularly
without an unacceptable increase in pressure drop. The use of such flow distributors does not increase

module size and is a relatively simple and effective modification to the module fabrication and

assembly.

In a basic embodiment, the hollow fibre membrane module has a shell-side configuration and
comprises a hollow fibre bundle comprising a plurality of hollow fibre membrancs, a perforated
hollow internal core inside the bundle (e.g. in the centre), and at least one bundle baffle within the
hollow fibre bundle. There is at least onc plug located part way within the internal core and there 1s at

least one perforation on either side of the plug. The module further comprises a housing comprising a
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shell, shell ends, a shell inlet for a shell fluid (c.g. fluid supplied to the module), a shell outlet for the
shell fluid, and a lumen outlet for a lumen fluid (e.g. fluid separated from the shell ﬂuid by the
membrancs). The housing contains the hollow fibre bundle and intcrnal core. The shell inlet 1s
fluidly connected to one end of the internal core, and the shell outlet is fluidly connected to the other
ecnd of the internal core. The lumen outlet is fluidly connected to an cnd of cach hollow fibre
membrane. Suitable seals are provided within the housing and prevent fluid communication between
the shell fluid and the lumen fluid. The bundle baffle within the hollow fibre bundle 1s located
between at least one perforation on the shell inlet side of the internal core and at least one perforation
on the shell outlet side of the internal core. And in accordance with the invention, the internal core

comprises at least one flow distributor.

In certain embodiments, it can be desirable to allow lumen fluid to exit from both ends of the hollow
fibre lumens. Alternatively, it can be desirable to provide an external flow of fluid through the hollow
fibre lumens in order to absorb and/or carry away species scparatcd from the shell fluid. The housing
in such embodiments therefore comprises a lumen inlet for the lumen fluid and the lumen inlet 1s

fluidly connected to the other end of each hollow fibre membrane.

The plug and the bundle baffle need not be aligned and neither need be centrally located in the
module. However, in certain embodiments this can be preferred. In other embodiments, more than
one plug may be employed (with appropriate additional perforations in the internal core) and more

than one bundle baffle may also be employed.

More than one flow distributor may be employed in the internal core. For instance, the internal core
can comprisc at least onc flow distributor on cach side of the plug. This can provide for improved
flow distribution on cither side of the plug. Further, the internal core can comprise more than one flow
distributor in serics on the shell inlet side of the plug. These flow distributors in series can provide an
increasing restriction to flow in the direction from the shell inlet to the plug. When properly arranged,
these flow distributors (restrictors) advantageously improve fluid flow distribution by directing flow
into the bundle more evenly. In a like manner, the internal core can comprise more than one flow
distributor in series on the shell outlet side of the plug. And as above, the flow modification provided
by these series flow distributors can provide an increasing restriction to flow in the direction from the

plug to the shell outlet and thereby advantageously improve fluid flow distribution in the bundle.

Several different types of flow distributors may be considered. For instance, the flow distributor can
comprise a core baffle which obstructs flow. Such a flow distributor can further comprise locating
tabs attached to the periphery of the corc baffle in order to locate the core bafflc centrally with respect

to the walls of the internal core. A particularly suitable core baffle is double cone shaped 1n which the
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axcs of the cones arc aligned along the axis of the internal core. The angles of suitable double cones
with respect to the cone axes can be about 30 degrees. Other types of flow distributors which may be
employed include an orifice plate or plates located against the inner wall of the internal core, or

helical-shaped flow distributors.

The flow distributor or distributors are located in the internal core to provide effective improved fluid
flow distribution in the fibre bundle. While the preferred location or locations vary from case to case,
an effective location in the Examples below was at about 1/6 of the distanc?c between the shell inlet
and the plug in the internal core. A tie rod or other similar mechanical device may be used to connect

the flow distributor to the plug and thereby serve to locate the flow distributor as desired.

In combination with the present invention, the configuration of the perforations in the internal core
can also be varied if desired to improve the fluid flow distribution. For instance, the perforations in
the internal core can be asvmmetric on opposite sides of the plug, and the perforations need not be
uniform on the same side of the plug (i.e. can be of different sizes or shapes). And if desired, the
packing density of the hollow membrane fibres can be made to be lower at the centre of the bundle

than at the perimeter of the bundle.

The hollow fibre membrane modules of the invention can be used for various industrial and other
applications. An exemplary application is for the osmotic membrane distillation of a fluid 1n which
use of a flow distributor might be expected to lead to improvement given the flow rates, pressures,

and other operating conditions typically encountered m such a separation process.
Brief Description of the Drawings

Figurc 1a shows a schcmatic side cross-scction view of a prior art hollow fibrc mcmbranc modulc
having a shell-side configuration. Figure 1b shows a schematic side cross-section view of a simlar

hollow fibre membrane module except that it additionally includes double cone shaped baffles in the

internal corc on cach side of the plug.

Figures 2a to 2h illustrate various embodiments which may be considered for core baffles. Figure 2a
shows a side cross-scctional view of an internal core comprising a double cone shaped baffle on cach
side of the plug and connected thereto with a tie rod. Figure 2b shows a simlar view to Figure 2a

cxcept the embodiment compriscs two double conc shaped baffles 1n serics on cach sidc of the plug.

Figures 2¢ to 2h show side profiles of other possible core baftle shapes.
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Figurc 3 shows a sidc cross-sectional view of an internal core comprising a serics of orifice plates on
each side of the plug in which the flow restriction they provide increases in the direction from the

shell inlet to the plug and then again (beyond the plug) from the plug to the shell outlet.

Figure 4 shows a side cross-scctional view of an internal core comprising a helical shaped baffle on

cach side of the plug and connected thereto.

Figures 5a, b, and c relate to the modeling done in the first study in the Examples. Figure Sa
illustrates the condition of uniform flow referred to in the Examples. Figure 5b illustrates the
deficiency areas for the comparative commercial embodiment in the first study in the Examples.
Figurc Sc shows thc modeled radial fluid flux distribution curves for the various embodiments in the

first study in the Examples.

Figure 6 shows the modeled radial fluid flux distribution curves for the various embodiments 1n the

second study in the Examples.
Detailed Description

Unless the context requires otherwise, throughout this specification and claims, the words "comprise”,

C__ Y2 66
d

“comprising” and the like are to be construed in an open, inclusive sense. The words an”, and

the like are to be considered as meaning at least one and are not limited to just one.
In a numerical context, the word “about” is to be construed as meaning plus or mmus 10%.

Herein, a “flow distributor” refers to a structure which modifies fluid flow but does not completely

block it. The structures can comprise various baffles, plates, orifices, helical-shapes, and the hke or

combinations thereof.

In reference to flow distributor shapes, “double cone shaped” refers to shapes described by two cones

joined at common bases (and is not that of the rigorous mathematics definition with two cones joined

at a common apex).

An “orifice plate” is a plate having an orifice of some kind in it.

A common present-day commercial hollow fibre membrane module is shown in the schematic side

cross-section view of Figurc la. Module 1 has a shell-side configuration and contains hollow fibre

bundle 2 comprising a plurality of hollow fibre membranes 3 (also known as lumens). Hollow fibre
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bundlc 2 is often convenicently prepared by spirally winding a sheet on which the numcrous hollow
fibre membranes 3 had previously been mounted. (In such embodiments, the hollow fibre membranes
must be suitably rigid in order to be able perform this opceration.) Alternatively, hollow fibre bundle 2
may be prepared using loose hollow fibre membranes that are weaved together at the ends and then
rolled up. At the centre of hollow fibre bundle 2 is perforatcd hollow internal core 4, which has plug
5 in the middle thereof which blocks fluid flow through core 4. As shown imternal core 4 has
numerous perforations 6a, 6b in it to distribute fluid over hollow fibre bundle 2. Perforations 6a
appear on the shell inlet side of internal core 4 and perforations 6b appear on the shell outlet side of

internal core 4.

Module 1 comprises a housing 7 which includes shell 8, shell ends 9a, 9b, shell inlet 10, and shell
outlet 11. Shell inlet 10 and shell outlet 11 are fluidly connected to internal core ends 4a and 4b
respectively. Housing 7 also has lumen inlet 12 and lumen outlet 13 which are fluidly connected to
lumen ends 3a and 3b respectively. Various seals 14 are used within housing 7 to prevent fluid
communication between those fluids inside hollow membrane fibres 3 and those fluids outside hollow

membrane fibres 3 and flowing through internal core 4.

Module 1 also comprises bundle baffle 15 which is located in the middle of fibre bundle 2 outside
internal core 4 but is aligned with plug 5 in internal core 4. Bundle baffle 15 appears outside hollow
fibre membranes 3 but not inside hollow fibre membranes 3. (Baffle structures like this can
conveniently be created during assembly for instance if spirally wound sheets of flat-sheet

microporous membranes are used by appropriate application of potting compound to the centre of the

sheets before winding.)

In separation applications then, the fluid or fluid mixture to be treated is supplied as shell fluid at shell

inlet 10. The shell fluid flows through the shell inlet side of internal core 4 and is distributed via
perforations 6a over fibre bundle 2. Because the shell fluid cannot pass through plug 4 nor through
bundle baffle 15, all the supplied shell fluid must flow over fibre bundle 2 on the shell inlet side and
into the space between fibre bundle 2 and shell 8 before being directed around the edge of baffle
bundle 15 to the shell outlet side of module 1. The arrows shown in Figure 1a are provided to give a
qualitative indication of the direction and distribution of the shell fluid flow. While the design of
module 1 provides for reasonable distribution of the shell fluid over fibre bundle 2 on the shell inlet
side, the flow is not perfectly uniform and there are obvious regions where the flow is lower than

average and thus the membrane surface here is not being uscd as cfficiently as possible.

In a like manner, shell fluid on the shell outlet side of module 1 is directed over fibre bundlc 2 and

through perforations 6b into internal core 4 whereupon it exits shell outlet 11. Agamn, arrows are
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provided to give a qualitative indication of the dircction and distribution of the shell fluid flow in this

side of module 1.

As the shell fluid bathes the surfaces of hollow fibre membranes 3, membrane separation of the
desired specics from the shell fluid occurs, and thesc species pass through and mto hollow fibre
membranes or lumens 3. As shown, a lumen fluid is provided to absorb and/or carry away these
separated species. Lumen fluid is provided at lumen inlet 12, 1s directed through hollow fibre
membranes (lumens) 3, and then out through lumen outlet 13.  (In other embodiments not shown
here, a lumen fluid may not be needed and thus only a lumen outlet may be required in the module to
remove the separated species therefrom. Alternatively, the separated species may be removed from
both cnds of thc lumens, thus cffcctively using both lumen inlet and outlet 12, 13 1n Figurc 1a as

outlets instead.)

In the present invention, the hollow fibre membrane module is similar to that shown in Figure la
except that a flow distributor or flow distributors are incorporated into the internal core to improve
flow distribution over the fibre bundle in the module. Figure 1b shows an inventive embodiment
similar to that of Figure la except that double cone shaped core baffles 20, 21 are employed 1n
internal core 4 on each side of plug 5. (In Figure 1b, like numerals are used to denote features
common to those appearing in Figure 1a.) Tie rods 22 and 23 are used to connect core baffles 20 and
21 to plug 5 respectively and also serve to locate core baffles 20 and 21 along the centre axis of
internal core 4. As illustrated qualitatively by the arrows in Figure 1b, the fluid flow distribution
over the fibre bundle is improved. (In the Examples below, the improvement is confirmed under an

exemplary set of conditions by computational fluid dynamics models.)

While the extent to which the flow distribution can be improved will be specific to a given
embodiment and operating conditions, various other core baffle profiles are expected to be suitable for
this purpdse. Figures 2a to 2h illustrate some of the various embodiments which may be considered.
Figure 2a shows a side cross-sectional view of the internal core of Figure la in which double cone
shaped baffles 20, 21 appear on each side of plug 5 and are connected thereto with tie rods 22, 23
respectively. Figure 2b shows a similar view to Figure 2a except here there are two double cone
shaped baffles in series on each side of plug 5 (1.e. core baffles 20 and 30 in series on the shell inlet
side and core baffles 21 and 31 in series on the shell outlet side). Figures 2c to 2h show side profiles
of other possible core baffle shapes (i.e. teardrop, football, truncated cone, single cone, spear point,

and truncated spcar point shapes respectively). In all these figures, the corc baffle profiles arc

oriented for flow originating from left to nght on the page.
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Instcad of corc baffles, an orifice plate or plates may be used as the flow distributor. Figurc 3 shows a
side cross-sectional view of such an embodiment in which internal core 4 comprises a series of orifice
platcs with differing size orifices on cach side of plug 5 (i.c. orifice plates 32a, 33a, and 34a in scrics
on the shell inlet side and similarly sized orifice plates 32b, 33b, and 34b respectively in series on the
shell outlet side). Here, cach of the orifice plates in the serics provides an increasing restriction to
flow in the direction from shell inlet 10 to plug 5 and then again (beyond the plug) from plug 5 to
shell outlet 11. This embodiment of Figure 3 exemplifics a desirable gradient for flow restriction then
in internal core 4. In each section separated by plug 5, the back pressure provided by more restrictive
orifice plates 34a and 34b increases fluid flow where it is desirably increased, namely through the

perforations nearer shell inlet 10 and near bundle baffle 15 on the shell outlet side.

Further still, helical shaped baffles may be used instead of core baffles or orifice plates as are
exemplified in Figures 2a-2h and 3 respectively. Figure 4 shows a side cross-sectional view of
internal core 4 comprising exemplary helical shaped baffle 40, 41 connected to each side of plug 5
respectively. Helical shaped baffles promote radial turbulence in internal core 4 as well as providing
flow restriction. Further, the shape of baffles 40, 41 may desirably be varied in the axial direction

such that the flow restriction provided increases as illustrated by the series of orifice plates in Figure

3.

Selecting an appropriate flow distributor or series of flow distributors to improve fluid flow

distribution in a given hollow fibre membrane module requires consideration of many factors,
including the dimensions and component types in the module along with fluid properties and the
operating conditions to be encountered. And depending on circumstances and if opportunity allows, it
may be preferred to modify a module dimension (c.g. inner diameter of intcrnal corc) or opcrating

condition (flow rate or pressure of the supplied shell fluid) because the combination of incorporated

flow distributor and modified module or modified operating condition leads to greater improvement.
While somewhat complex, those in the art are capable of such consideration and can be expected to
artive at appropriate selections using general engineering principles (such as heat and mass transfer,

and fluid dynamics) and modeling (for instance as illustrated below).

The following Examples have been included to illustrate certain aspects of the invention but should

not be construed as limiting in any way.

Examples

In a first study, computation fluid dynamics (CFD) modeling was done on a conventional hollow fibre
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mcmbranc module design as shown in Figurc la and which might typically be uscd in a filtration
application. CFD modeling was then done on a stmilar module in which the internal cotre perforations
were modified and on several similar modules which incorporated various shaped flow distributors in

the internal core.

In all cases, the fibre bundle was about 100 cm long and 18 cm in diameter and contained about 4800
PTFE fibres or lumens with an average outer diameter of 1.9 mm. The fibres were spirally wound
around an internal core with an outside diameter of about 6.4 cm. The distance from each end of the
internal core to the plug was about 50 cm. The internal core was perforated with staggered circular
holes of 0.4 cm diameter such that 40% of the internal core surface was open. And this fibre bundle

was houscd in a shell with an inside diamcter of 20 cm.

To simplify the calculations, the model was only applied to the shell inlet side of the module (i.e. the
half of the module from shell inlet 10 up to plug 5 and bundle baffle 15). A porous media model was
employed to further simplify the bundle simulation, although the inner rows of lumens were
maintained with their actual dimensions in order to predict core-to-bundle flow with better accuracy.
The shell side fluid was assumed to be 30% caustic solution at 80 °C, which might typically be treated
by osmotic membrane distillation in industrial applications. With 10 m’/hour caustic feed assumed in

the simulations, the flow was treated as turbulent in both the internal core and bundle regions.

The radial flux distribution of the supplied shell fluid for this conventional hollow fibre membrane
module, Comparative Example 1, was determined and was compared to the i1deal condition 1 which
the

Radial flow is uniform at the samc radial distance as fluid spreads out over the fibre bundle. Figurc

Sa illustrates this “ideal condition”, which was used as a normalized base to facilitate comparison for

actual flow distributions. At any point in the fibre bundle, the “normalized radial flux” is defined as

the ratio of the actual radial flux to the value in the “ideal condition” illustrated in Figurc Sa.

Figure 5b plots the model results of normalized radial flux for Comparative Example 1 and compares
it to the ideal uniform flow condition. The x axis represents normalized radial flux cutoff values and
the y axis represents the area % of fibres which are subjected to radial flow up to the normalized
radial flux cutoff value. In the ideal case, the normalized radial flux is 1 throughout the bundle. Thus
in Figure 5b, y is 0 up to a cutoff value of 1, and thereafter becomes 1, as represented by the dashed
linc in Figurc 5b. In Comparative Example 1, about 25% of the fibres have normahized radial flux
less than 0.5, and 50% of the fibres have normalized radial flux less than 1, or less than ideal. The
cross-hatched deficiency arca Ajgwe provides a quantitative mcasurc to thc overall distnbution

deficiency. In a like manner, the normalized radial flux in another fraction ot the module 1s more than
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1. The cross-hatched deficiency arca A, provides a quantitative measure to this type of distribution
deficiency. The total A, of these areas, Ajgwer T Aupper, 1S Epresentative of the extent of the non-
uniformity of fluid flow in thc module. And thus, the lower Ay 18, the more uniform is the fluid

flow.

The other module examples which were modeled 1ncluded:

- Comparative Example 2; which was identical to Comparative Example 1 except that perforations

were only present along the half of the internal core nearest the shell inlet. The half of the internal

core nearest the plug had no perforations.

- Inventive Example 1; which was similar to Comparative E'xample 1 but which included a double
shaped cone core baffle in the internal core as illustrated in Figure 2a. The double cone shaped core
baffle was assumed to be about 8.5 cm long and the angles of the double cones with respect to the
cone axis (and internal core axis) were 30 degrees. The core baffle was centred about 6.3 cm from the

end of the internal core.

- Inventive Example 2; which was similar to Inventive Example 1 but which included an additional
double shaped cone core baffle in series along the internal core as illustrated in Figure 2b. The gap

between the two core baffles 1n series was about 2 cm.

- Inventive Example 3; which was similar to Comparative Example 1 but which included an mverted
arrow head shaped core baffle in the internal core as illustrated in Figure 2a. The core baffle was
again assumed to be about 8.5 cm long and centred about 6.3 cm from the cnd of the intcrnal core.
The arrow head faced the plug and had a profile where both the leading and trailing faces of the arrow

head made an angle of 30 degrees with respect to the internal core axis.

Figure 5c plots the model results of normalized radial flux for all the various Example embodiments
along with the ideal uniform flow condition. Table 1 below tabulates the numeric values obtained
from these plots for the deficiency areas for the various Examples. The pressure drop from the shell

inlet to the bundle baffle was also determined and presented in Table 1

10
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Table 1. Comparison of pressurc drop and flow distributions

Example # Pressure drop | % fibres | % fibres | Ajower Aoner Asgtal
(inches water i with with
column) f. <0.5 f. <1.0
Comparative 10.7 23% 46% 0.30 0.57 0.87
Example 1 | ,
Comparative 1135 4_6.5% [32% JOT— 0.48 | 0.62 _k
Example 2
Inventive 2.1 19% 44% 025 o5t [0.76 |
Example 1 l
Inventive 12.4 | <1% 52% 0.15 1 0.41 0.57
Example 2
Inventive 19.6 3.0% 35% 0.13 0.48 | 0.61
Example 3 | | |

Out of all the module variations considered here, the results suggest that incorporating two double
conc shaped corc baffles in scrics (Inventive Example 2) should provide the best flow distribution
since it has the lowest total deficiency area A...;. The module with the inverted arrow head core baftle
(Inventive Example 3) had the lowest Ajowe Value and thus the fewest lumens with insufficient shell
fluid flow. Modifying the perforation distribution could also significantly reduce the total deficiency
area (comparing Comparative Example 2 to Comparative Example 1) and this suggests 1t may be
advantageous to employ a combination of flow distributors and perforation modifications for the best

possible flow distribution.

All the inventive examples showed an improvement in fluid flow distribution compared to the

conventional module. In the embodiments employing the double cone shaped core battles, a very
modest increase in pressure drop is expected in the modules. Use of the inverted arrow head shape

core baffle resulted in the greatest increase in pressure drop.

In a second study, an actual hollow fibre membrane module which might typically be used m a
filtration application was built. The module had a similar layout to that shown in Figure la and the
internal core of this module could incorporate various flow distributors for testing purposes. Inrtially,
computation fluid dynamics (CFD) modeling was done as before for two instances using this hollow
fibre membrane module design; namely a comparative module without any flow distributor 1n its

internal core, and an inventive module in which three conic shaped flow distributors were

11
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incorporated in its internal core. The module was then actually tested using both these configurations

to determine performance and to compare actual results to those predicted by CFD.

In both cases, the fibre bundle was about 108 cm long and 19.4 cm in diameter. Again, PTFE fibres
having an average outer diameter of 1.9 mm were used. However, in this seccond study, the module
contained about 3240 fibres compared to about 4800 used in the first study. The fibres were spirally
wound around an internal core with an outside diameter of about 5.0 cm. The distance from each end
of the internal core to the plug and bundle baffle was about 51.3 cm. The internal core was perforated
with staggered circular holes of 0.4 cm diameter such that 50% of the internal core surface was open.

And this fibre bundle was housed in a shell with an 1nside diameter of 19.6 cm.

The comparative module here, i.c. Comparative Example 3, had no flow distributors in the mternal
core. The inventive module here, i.e. Inventive Example 4, included a flow distributor in the internal
core comprising three double truncated cone shaped core baffles in series. Here, each of the truncated
double cone shaped core baffles comprised a short cylindrical section in its centre. Specifically, these
core baffles were assumed to be about 6.5 cm long. The central cylindrical section was 1.7 cm long.
And the angles of the double cones with respect to the cone axis (and internal core axis) were again 30
degrees. The first core baffle was centred about 5.2 cm from the end of the internal core. The gap

between the subsequent core baffles in series was about 7.5 cm.

As before, to simplify the calculations, the model was only applied to the shell inlet side of the
module. And a porous media model was employed to further simplify the bundle simulation,
although again the inner rows of lumens were maintained with their actual dimensions in order to
predict core-to-bundle flow with better accuracy. The shell side fluid was again assumed to be 30%
caustic solution at 80 °C and the flow was treated as turbulent in both the internal core and bundle

regions. Here however, 12 m°>/hour caustic feed was assumed in the simulations.

Again, normalized radial flux was determined in each case and Figure 6 plots the model results for

Comparative Example 3 and Inventive Example 4, along with the ideal uniform flow condition. Table
2 below tabulates the numeric values obtained from these plots for the deficiency areas in these

examples. The pressure drop from the shell inlet to the bundle baffle was also determined and

presented in Table 2.

12
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Tablc 2. Comparison of pressure drop and flow distributions

Example # Pressure drop [ % fibres | % fibres | Alower Aupper Asoral
(inches water | with with |
column) . < 0.5 f.<1.0

Comparative 11.6 16% 56% | 0.19 0.20 0.39 l

Example 3

Inventive | 21.6 — A Tew 035 08 o1

Examplc 4 | |

Inventive Example 4 showed more balanced shell side flow than Comparative Example 3. Thus
again, the inventive module showed an improvement in fluid flow distribution compared to the
conventional module. However, the inventive module also showed a significant increase in pressure

drop.

Actual hollow fibre membrane modules were then fabricated in a like manner to the modeled
Comparative Example 3 and Inventive Example 4. And these modules were tested 1n a pilot facility
under similar conditions to those assumed in the modeling (e.g. 12 m’/hour feed). In preliminary
testing to date, the pressure drop observed in these modules closely matched that predicted by the
CFD modeling. And consequently, this provides a high level of confidence in the other CEFD
predictions. Table 3 below shows the pressure drops measured from the shell inlet to the shell outlet
for the actual modules and compares them to those predicted by CED. (Note that Table 2 shows the
expected pressure drops over % the length of a module. Thus, the expected pressure drops in Table 3

arc twice thosc presented 1n Tablc 2.)

Table 3. Comparison of pressure drops between actual and modeled examples

Example # Actual pressure drop Modeled pressure drbp
(inches water column) (inches water co]ﬁmn)
| Comparativé 24.9 - [ 23.3 |
Example 3 |
Tnventive 41.6 [ 43.2
Example 4 | |

13
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All of the above U.S. patents, U.S. patent applications, forcign patents, foreign patent applications and
non-patent publications referred to in this specification, are incorporated herein by reference in their

cntircty.

Whilc particular clements, cmbodiments and applications of the present invention have been shown
and described, it will be understood, of course, that the invention is not limited thereto since
modifications may be made by those skilled in the art without departing from the spirit and scope of
the present disclosure, particularly in light of the foregoing teachings. Such modifications are to be

considered within the purview and scope of the claims appended hereto.

14
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Claims

1. A hollow fibre membrane module with a shell-side configuration comprising:‘

~ a hollow fibre bundle comprlsmg a plurahty of hollow ﬁbre membranes
a pcrforated hollow mtemal core inside the bundle .
~at least one plug located part way within the mternal core and such that there is'at’ least one
-_ perforatlon on either side of the plug;
a housing comprlsmg a shell shell ends a shell inlet for a shell ﬂu1d a shell outlet for the
shell fluid; and a lumen outlet for a lumen fluid, wherein the housing contains the hollow
fibre bundle and intemel_ core, the shell inlet is fluidly connected to one end of the internal
core, the shell outlet 1S fluidly connected to the other end of the internal core, and the lumen
~outlet 1s ﬂuldly connected to an end of each hollow fibre membrane -
seals within the housing preventing fluid commumcatlon between the shell ﬂUId and the
‘lumen ﬂuld and '
at least one bundle baffle within the hollow fibre bundle between the at least one perforanon
on the shell inlet side of the internal core and the at least one perforatlon on the shell' outlet
~ side of the internal core; | |
characterized in that the membrane module compriseS at least one flow distributor within the

hollow internal core on a side of the plug.

2. The hollow fibre membrane module of claim | wherein the housing coniprises a lumen 1iniet
for the lumen fluid and the lumen inlet is fluidly connected to the other_ end of each hollow fibre

membrane.

3. ‘The hollow fibre membrane module of claim 1 wherein the plug and the bundle baffle are

aligned and located in the centre of the module.

4, The hollow fibre membrane module of claim 1 wherein the membrane module comprises at

least one flow distributor within the hollow internal core on each side of the plug.

5. The hollow fibre membrane module of claim 1 wherein the membrane module comiprises

more than one flow distributor within the hollow internal core in series on the shell inlet side of the

plug.

6. The hollow fibre membrane module of claim 5 wherein each distributor in series provides an

increasing restriction to flow in the direction from the shell inlet to the plug.

15
AMENDED SHEET
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7. The hollow fibre membrane module of claim 1 wherein the membrane module comprises

more than onc flow distributor within the hollow intcrnal core in scrics on the shell outlet side of the

plug.

3. The hollow fibre membrane module of claim 7 wherein each distributor in series provides an

increasing restriction to flow in the direction from the plug to the shell outlet.

9. The hollow fibre membrane module of claim 1 wherein the flow distributor comprises a core

10  balffle.

10. The hollow fibre membrane module of claim 9 wherein the flow distributor comprises

locating tabs attached to the periphery of the core baffle to locate the core baffle centrally with respect

to the walls of the internal corc.

15
11. The hollow fibre membrane module of claim 9 wherein the core baffle is double cone shaped

with the axes of the cones aligned along the axis of the internal core.

12. The hollow fibre membranc module of claim 11 whercin the angles of the double concs with

20  respect to the cone axes are about 30 degrees.

13. The hollow fibre membrane module of claim 1 wherein the flow distributor comprises an

orificc platc located against the inner wall of the internal core.

25 14, The hollow fibre membrane module of claim 1 wherein the flow distributor is helical-shaped.

15. The hollow fibre membrane module of claim 3 wherein the flow distributor is located at about

1/6 of the distance between the shell inlet and the plug in the internal core.

30 16. The hollow fibre membrane module of claim 1 wherein the perforations in the internal core

arc asymmetric on opposite sides of the plug.

17. The hollow fibre membrane module of claim 1 wherein the perforations in the internal core

are non-uniform on the same side of the plug.

35
18. The hollow fibre membrane module of claim 1 comprising more than one plug located part

way through the internal core and such that there 1s at least one perforation on either side of each plug.

16
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19. The hollow fibre membrane module of claim 1 wherein the packing density of the hollow

“membrane fibres is lower at the centre of the bundle than at the perimeter of the bundle.

5 20.  The hollow fibre membrane module of claim 1 comprising a tie rod connecting the flow
distributor to the plug.
21. Use of the hollow fibre membrane of claim 1 for osmotic membrane distillation of a fluid.
10 22, A method for improving flow distribution of the shell fluid in a hollow fibre membrane

module with a shell-side configuration, the hollow fibre membrane module comprising:
~ ahollow fibre bundle comprising a plurality of hollow fibre membranes,
a perforated hollow internal core inside the bundle,
at least one plug located part way within the internal core such that there is at least one
15 perforation on either side of the plug,
a housing comprising a shell, shell ends, a shell inlet for the shell fluid, a shell outlet for the
shell ﬂuid, and a lumen outlet for lumen fluid, wherein the housing contains the hollow fibre
bundle and internal core, the shell inlet is fluidly connected to one end of the internal core, the
shell outlet is fluidly connected to the other end of the internal core, and the lumen outlet IS
20 fluidly connected to at least one end of each hollow fibre membrane,
' seals within the housing preventing fluid communication between the shell and the lumen
.ﬂuids, and
at least one bundle baffle within the hollow fibre bundle between the at least one perforation
on the shell inlet side of the internal core and the at least one perforation on the shell outlet.

25 side of the mternal core; _
the method comprising incorporating at least one flow distributor within the hollow internal core on a

side of the plug.

30
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