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A gas-scrubbed vertical cylindrical skein of “?bers” has 
their opposed terminal portions held in headers uncon?ned 
in a modular shell, and aerated with a cleansing gas supplied 
by a gas-distribution means which produces a mass of 
bubbles serving the ?lnction of a scrub-brush for the outer 
surfaces of the ?bers. The skein is surprisingly effective with 
relatively little cleansing gas, the speci?c ?ux through the 
membranes reaching an essentially constant relatively high 
value because the vertical deployment of ?bers allows 
bubbles to rise upwards along the outer surfaces of the ?bers. 
The effectiveness is critically dependent upon the length of 
each ?ber in the skein. That length is in the range from at 
least 0.1% more than the ?xed distance between opposed 
faces of the skein’s headers, but less than 5% greater than the 
?xed distance. Lack of tension allows the ?bers to sway in 
bubbles ?owing along their outer surfaces making them sur 
prisingly resistant to being fouled by buildup of deposits of 
inanimate particles or microorganisms in the substrate. For 
use in a large reservoir, a bank of skeins is used with a gas 
distributor means which has ?bers preferably >0.5 meter 
long, which together provide a surface area >10 m2. The 
terminal end portions of ?bers in each header are kept free 
from ?ber-to-?ber contact with a novel method of forming a 
header. 
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VERTICAL CYLINDRICAL SKEIN OF 
HOLLOW FIBER MEMBRANES AND 

METHOD OF MAINTAINING CLEAN FIBER 
SURFACES 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

This is a continuation-in-part application of Ser. No. 
08/514,119 ?led Aug. 11, 1995 US. Pat. No. 5,639,373. 
Terms used in the parent case are summarized in a glossary 
herein to shorten the speci?cation; and, to avoid repetition 
herein, additional details in the parent case as well as in 
provisional application Ser. No. 60/012,921 ?led Mar. 6, 
1996, are incorporated herein by reference thereto as if fully 
set forth herein. In particular, considerations relative to the 
prior art and details of operation of prior art devices, all of 
which have been set forth in the ’ 1 19 parent and provisional 
applications, are incorporated herein by reference thereto as 
if fully set forth herein. 

This invention relates to a membrane device which is an 
improvement on a frameless array of hollow ?ber mem 
branes and a method of maintaining clean ?ber surfaces 
while ?ltering a substrate to withdraw a permeate, which is 
also the subject ofU.S. Pat. No. 5,248,424; and, to a method 
of forming a header for a skein of ?bers. 

This invention is particularly directed to relatively large 
systems for the micro?ltration of liquids, and capitalizes on 
the simplicity and effectiveness of a con?guration which 
dispenses with forming a module in which the ?bers are 
con?ned. As in the ’424 patent, the novel con?guration e?i 
ciently uses air discharged near the base of a skein to pro 
duce bubbles in a speci?ed size range, and in an amount 
large enough to scrub the ?bers, and to provide controlled 
scrubbing of ?bers one against another (“inter-?ber 
scrubbing”). Unlike in the ’424 system the ?bers in a skein 
are vertical and do not present an arcuate con?guration 
above a horizontal plane through the horizontal center-line 
of a header. As a result, the path of the rising bubbles is 
generally parallel to the ?bers and is not crossed by the ?bers 
of a vertical skein. Yet the bubbles scrub the ?bers. 

The restrictedly swayable ?bers, because of their de?ned 
length, do not get entangled, and do not abrade each other 
excessively, as is likely in the ’424 array. 

The side-to-side displacement of an intermediate portion 
of each ?ber within the “zone of con?nement” or “bubble 
zone” is restricted by the ?ber’s length. The de?ned length 
of the ?bers herein minimizes (i) shearing forces where the 
upper ?bers are held in the upper header, (ii) excessive rota 
tion of the upper portion of the ?bers, as well as (ii) exces 
sive abrasion between ?bers. Such swaying motion of a ?ber 
with side-to-side displacement is distinct from vibration 
which occurs when a ?ber is taut, that is, when the length of 
the ported ?ber exposed to substrate is not longer than the 
distance between the opposed faces of upper and lower 
headers holding the ?ber. Such vibration is induced by 
bubbles in a process for exfoliating and precipitating dense 
particles in US. Pat. No. 5,209,852 to Sunaoka et al. Unlike 
the ?bers held in the module used in the ’852 process, in our 
novel skein, there is essentially no tension on each ?ber 
because the opposed faces of the headers are spaced apart at 
a distance less than the length of an individual ?ber. 

The use of an array of ?bers in the direct treatment of 
activated sludge in a bioreactor, is described in an article 
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2 
titled “Direct Solid-Liquid Separation Using Hollow Fiber 
Membrane in an Activated Sludge Aeration Tank” by Kazuo 
Yamamoto et al in Wat. Sci. Tech. Vol. 21, Brighton pp 
43454, 1989, and discussed in the ’424 patent the disclosure 
of which is incorporated by reference thereto as if fully set 
forth herein. The relatively poor performance obtained by 
Yamamoto et al was mainly due to the fact that they did not 
realize the critical importance of maintaining ?ux by aerat 
ing a skein of ?bers from within and beneath the skein. They 
did not realize the necessity of thoroughly scrubbing sub 
stantially the entire surfaces of the ?bers by ?owing bubbles 
through the skein to keep the ?bers awash in bubbles. This 
requirement becomes more pronounced as the number of 
?bers in the skein increases. 

Tests using the device of Yamamoto et al indicate that 
when the air is provided outside the skein the ?ux decreases 
much faster over a period of as little as 50 hr, con?rming the 
results obtained by them. This is evident in FIG. 1 described 
in greater detail below, in which the graphs show results 
obtained by Yamamoto et al, and the ’424 array, as well as 
those with a vertical skein in which the headers are 
rectangular, all three assemblies using essentially identical 
?bers, under essentially identical conditions. 
The investigation of Yamamoto et al with downwardly 

suspended ?bers was continued and recent developments 
were reported in an article titled “Organic Stabilization and 
Nitrogen Removal in Membrane Separation Bioreactor for 
Domestic Wastewater Treatment” by C. Chiemchaisri et al 
delivered in a talk to the Conference on Membrane Technol 
ogy in Wastewater Management in Cape Town, South 
Africa, Mar. 245, 1992, also discussed in the ’424 patent. 
The ?bers were suspended downwardly and highly turbulent 
?ow of water in alternate directions, was essential. 

It is evident that the disclosure in either the Yamamoto et 
al or the Chiemchaisri et al reference indicated that the ?ow 
of air across the surfaces of the suspended ?bers did little or 
nothing to inhibit the attachment of microorganisms from 
the substrate. 

Later, in European patent application 0 598 909 A1 ?led 
by Yamamori et al, they sought to avoid the problem of 
build-up on the ?bers by “spreading the hollow ?bers in the 
form of a ?at sheet” (see page 4, lines 4647) and there is no 
indication how the ?bers would be maintained in a spread 
position in actual use. Further, each array is held in a “struc 
tural member for enclosing and supporting the fastening 
member” (see page 3, line 42, and lines 51452) which is 
contrary to the concept of a frameless array. Their FIGS. 14, 
and 18 emphasize the horizontal con?guration in which the 
array is used. To combat build-up FIG. 13 depicts how the 
?bers would trough when the array is taken out of the reser 
voir to be “vibrated” or shaken. A prior art module is illus 
trated in FIG. 16 showing both ends of each ?ber potted in a 
cylindrical header, each ?ber forming a loop, the looped 
ends being free. As the data in FIG. 17 shows, use of the 
prior art cylindrical module with looped ends freely movable 
in the substrate, was less effective than the frameless array 
with spread apart looped ?bers shown in FIG. 1. 

SUMMARY OF THE INVENTION 

It has been discovered that for no known reason, ?bers 
which are more than 5% but less than 10% longer than the 
?xed distance between the opposed faces of the headers of a 
vertical skein, tend to shear off at the face; and those 10% 
longer tend to dump up in the bubble zone; and, that a gas 
scrubbed vertical cylindrical skein of substantially concen 
trically disposed, restrictedly swayable ?bers, provides an 
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optimum con?guration of ?bers through Which bubbles of a 
?ber-cleansing gas (“scrubbing gas”) When ?oWed vertically 
upwards, parallel to and along the surfaces of the ?bers. In a 
skein of densely packed ?bers, bubbles in such a con?gura 
tion are more effective cleansing agents than bubbles Which 
are intercepted by arcuate ?bers crossing the path of the 
rising bubbles. Bubbles of an oxygen-containing gas to pro 
mote groWth of microbes unexpectedly fails to build-up 
groWth of microbes on the surfaces of sWaying ?bers 
because the surfaces are “vertically air-scrubbed”. Deposits 
of animate and/or inanimate particles upon the surfaces of 
?bers are minimiZed When the restrictedly sWayable ?bers 
are kept aWash in codirectionally rising bubbles Which rise 
With su?icient velocity to exert a physical scrubbing force 
(momentum provides the energy) to keep the ?bers substan 
tially free of deleterious deposits. Thus, an unexpectedly 
high ?ux is maintained in ?bers over each unit area the sur 
face of the skein ?bers over a long period. 

In a “gas-scrubbed assembly” comprising a skein and a 
gas-distribution means, the skein preferably has a surface 
area Which is at least >1 m2, and opposed spaced-apart ends 
of the ?bers are secured in spaced-apart headers, so that the 
?bers, When deployed in the substrate, acquire a generally 
vertical cylindrical pro?le Within the substrate and sWay 
independently Within the bubble Zone de?ned by at least one 
column of bubbles. The length of ?bers betWeen opposed 
surfaces of headers from Which they extend, is in a critical 
range from at least 0.1% (percent) longer than the distance 
separating those opposed faces, but less than 5% longer. 
Usually the length of ?bers is less than 2% longer, and most 
typically, less than 1% longer, so that sWay of the ?bers is 
con?ned Within a vertical Zone of movement, the periphery 
of Which Zone is de?ned by side-to-side movement of outer 
skein ?bers; and, the majority of these ?bers move in a 
slightly larger Zone than one de?ned by the projected area of 
one header upon the other. Though the distance betWeen 
headers is ?xed during operation, the distance is preferably 
adjustable to provide an optimum length of ?bers, Within the 
aforesaid ranges, betWeen the headers. 

Permeate may be WithdraWn from only one, usually the 
upper permeate collection means (pan or end-cap), or, in 
skeins of large surface area greater than 200 m2, from both 
(upper and loWer) pans or end-caps. Most preferably, air is 
introduced betWeen skein ?bers by an air-tube potted cen 
trally axially Within the upper end-cap, the air-tube supply 
ing air to a sparger near the base of the skein ?bers, and 
simultaneously providing a spacer means to position and 
space the loWer end-cap the requisite distance from the 
upper end-cap. The sparger is part of a gas-supply means 
Which supplies cleansing gas. The air-tube may be internally 
provided With a concentric permeate WithdraWal tube axially 
extending to the permeate collection Zone in the loWer end 
cap, and in open ?uid communication With it to WithdraW 
permeate from both the upper and loWer end-caps. 
Alternatively, the permeate WithdraWal tube from the loWer 
end-cap may be externally disposed so as to WithdraW per 
meate from a passage in the loWer portion of the end-cap, the 
tube being led outside the skein ?bers, to communicate With 
the permeate WithdraWal tube from the upper end-cap. 

Preferably, for maximum utiliZation of space on a header, 
the ?bers are deliberately set in a spiral pattern by rolling a 
large array into a spiral roll and potting each end of the spiral 
roll directly in a cylindrical resin-con?ning means. Such 
resin-con?ning means is typically a cylindrical end-cap such 
as is used for PVC pipe, or, an open-ended cylindrical ring. 
For use, each ring of the skein is, in turn, secured in an 
end-cap. Whether directly potted in an end-cap, or ?rst in a 
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4 
ring, men secured in an end-cap, an integral header is 
formed. Since, a cylindrical skein in use, requires an end-cap 
to serve as an integral header, an end-cap integral header Will 
be referred to hereafter as an “end-cap” for brevity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and additional objects and advantages of 
the invention Will best be understood by reference to the 
folloWing detailed description, accompanied by schematic 
illustrations of preferred embodiments of the invention, in 
Which illustrations like reference numerals refer to like 
elements, and in Which: 

FIG. 1 is a graph in Which the variation of ?ux is plotted as 
a function of time, shoWing three curves for three runs made 
With three different arrays, in each case, using the same 
amount of air, the identical membranes and the same mem 
brane surface area. The results obtained by Yamamoto et al 
are plotted as curve 2 (under conditions modi?ed to give 
them the bene?t of doubt as to the experimental procedure 
employed, as explained beloW); the ?ux obtained using the 
gas-scrubbed assembly of the ’424 patent is shoWn as curve 
1; and the ?ux obtained using a gas-scrubbed assembly of 
equal surface area is shoWn as curve 3. The headers of the 
gas-scrubbed assembly are rectangular parallelpipeds. 

FIG. 2 is a cross-sectional vieW schematically illustrating 
a cylindrical skein having upper and loWer end-cap integral 
headers in each of Which is directly potted an array of ?bers 
in a ?nished header sealed at its periphery to the Wall of the 
end-cap Without a gasket; permeate is WithdraWn separately 
from the upper and loWer headers and the draW from each 
combined in a permeate Withdrawal manifold. Except for the 
loWer end-cap resting on the ?oor of the tank, or otherWise 
supported in the substrate, the skein is unsupported during 
operation. By “unsupported” is meant ‘not supported except 
for spacer means to space the headers’. 

FIG. 2A is a bottom plan vieW of a potted array held as a 
roll in a ?ber-setting form, before the end of the roll is potted 
in a ring, so as to form an integral header in Which the pattern 
of ?bers is spiral. 

FIG. 2B is a bottom plan vieW of a series of potted cylin 
drical arrays referred to as “ring arrays” because the ends are 
secured in stiff cylindrical rings, the arrays being nested With 
each successive ring array being slid over the previous one. 
The nested rings are then potted in a resin-con?ning ring. 

FIG. 2C is a bottom plan vieW ofa series ofplanar arrays, 
the Widths of each being chosen so that they may be stacked, 
chord-like (that is, as successive chords in the resin 
con?ning ring) before the stack is potted in the ring. 

FIGS. 3 and 3A are a cross-sectional vieW schematically 
illustrating a cylindrical skein and end-cap integral headers 
as in FIG. 2, except that permeate is WithdraWn from only 
the upper header. 

FIG. 4 is a perspective vieW of a single array, schemati 
cally illustrated, of a roW of substantially coplanarly dis 
posed parallel ?bers secured near their opposed terminal 
ends betWeen spaced apart cards. Typically, a single such 
array With a large number of ?bers is rolled up before being 
sequentially potted. 

FIG. 5 illustrates a side elevational vieW of a cylindrical 
skein of ?bers, With the ends of the ?bers on a rolled strip 
potted in a ring clamped to a panel coated With a release 
coating, to describe in detail hoW a ?nished header is 
formed. 

FIG. 6 is a side elevational vieW schematically illustrating 
another embodiment of a cylindrical skein in Which a con 
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ventionally formed header is hend in a permeate pan and 
permeate is WithdraWn from the loWer end-cap into the 
upper end-cap through a rigid permeate tube inserted 
through both the upper and loWer headers. Terminal portions 
of a permeate connector tube are held in ?uid-tight engage 
ment With the upper and loWer headers so that the permeate 
tube functions as a spacer means, and at the same time, as a 
support for the upper end-cap. 

FIG. 7 is a side elevational vieW schematically illustrating 
a cylindrical skein in Which a ring header is formed ?rst. The 
ring header is then sealed into an end-cap. In addition to the 
permeate tube, a rigid air supply tube is inserted through the 
upper end-cap and upper header into the central portion of 
the skein, the loWer portion of the air supply tube being 
potted in the loWer header, thus functioning as a spacer 
means, and at the same time, as a support for the upper 
end-cap. 

FIG. 8 illustratively shoWs another embodiment of the 
skein in Which the permeate tube is concentrically disposed 
Within the air supply tube, and both are potted, near their 
loWer ends in the loWer header. Ports in the loWer end of the 
air supply tube provide air near the base of the skein ?bers. 

FIG. 9 is a perspective vieW schematically illustrating a 
pair of skeins in a bank in Which the upper headers are sup 
ported on brackets on the vertical Wall of a tank and the 
loWer headers rest on the ?oor. The skeins in combination 
With a gas-distribution means form a “gas-scrubbing assem 
bly” deployed Within a substrate, With the ?bers suspended 
essentially vertically in the substrate. 

FIG. 10 is an elevational vieW schematically illustrating a 
“stand-alone” cluster of skeins. 

FIG. 11 is an elevational vieW schematically illustrating a 
bank of skeins mounted against the Wall of a bioreactor, 
shoWing the convenience of having all piping connections 
outside the liquid. 

FIG. 12 is a plan vieW of the bioreactor shoWn in FIG. 11 
shoWing hoW multiple banks of skeins may be positioned 
around the circumference of the bioreactor to form a large 
permeate extraction Zone While a clari?cation Zone is 
formed in the central portion With the help of baf?es. 

FIG. 13 is a bar graph shoWing ?ux (liters per meter2 per 
hour, LMH) as a function of the orientation of a skein. 

FIG. 14 is a graph in Which ?ux is plotted as a function of 
time during Which a vertical cylindrical skein is aerated at a 
constant ?oW rate of air provided in one instance, by external 
aeration, and in another instance, by internal aeration. 

FIG. 15 is a graph in Which ?ux is plotted as a function of 
time for the same cylindrical skein used in tWo different 
embodiments achieved by adjusting the distance betWeen 
the headers; the ?rst embodiment having spaced apart con 
ventionally at the maximum distance to provide taut ?bers, 
and the outer having headers spaced closer together to pro 
vide sWayable ?bers. During the test each vertical cylindri 
cal skein is aerated at a constant ?oW rate of air. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The Cylindrical Skein and the Arrays Which form it 
The cylindrical skein of this invention may be used in a 

liquid-liquid separation process of choice, and more 
generally, in various separation processes. The skein is spe 
ci?cally adapted for use in micro?ltration processes used to 
remove large organic molecules, emulsi?ed organic liquids 
and colloidal or suspended solids, usually from Water. Typi 
cal applications are (i) in a membrane bioreactor, to produce 
permeate as puri?ed Water and recycle biomass; for (ii) ?l 
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6 
tration of secondary e?luent from WasteWater treatment, to 
remove suspended solids and pathogenic bacteria; (iii) clari 
?cation of aqueous streams including ?ltration of surface 
Water to produce drinking Water (removal of colloids, long 
chain carboxylic acids and pathogens); (iv) separation of a 
permeable liquid component in biotechnology broths; (v) 
deWatering of metal hydroxide sludges; and, (vi) ?ltration of 
oily WasteWater, inter alia. 

Typically the skein is con?gured so that all connections 
for ?uids entering or leaving the skein are provided in the 
upper header. Permeate is most preferably WithdraWn 
through a tube passing through the upper header Whether (i) 
the loWer header collects no permeate (as explained beloW); 
or (ii) permeate collects in both the upper and loWer headers. 
The substantially circumferential geometry of the potted 
skein ?bers is determined by a ‘?ber-setting form’ used to set 
the ?bers in a ring before they are potted. Instead of a single 
array rolled into a spiral, the ?bers may be arranged in plural 
concentric arrays, or in plural ?at arrays arranged chord-like 
in the potting ring. After potting, a star-shaped sparger or 
other shaped gas-distribution means is positioned near the 
base of the skein ?bers. The skein preferably operates in a 
substrate held in a reservoir at atmospheric pressure or above 
in the range up to about 10 atm in a pressurized vessel, 
Without being con?ned Within the shell of a module. 
One or more arrays are substantially concentrically potted 

about a central vertical axis in headers, the surfaces of Which 
are in horiZontal (x-y) planes. Instead of a single continuous 
array, plural arrays may be made and joined together, end-to 
end successively, to form a much larger array Which can be 
extended as it is rolled into a spiral roll. 

Operation of the cylindrical skein is affected by (a) the 
?ber chosen, (b) the amount of air used, and (c) the substrate 
to be ?ltered. The goal is to ?lter a sloW-moving or captive 
substrate in a large container under ambient or elevated 
pressure, but preferably under essentially ambient pressure, 
and to maximiZe the ef?ciency of a skein Which does so 
(?lters) practically and economically. 
By operating at ambient pressure, mounting the integral 

headers of the skein Within a reservoir of substrate, and by 
alloWing the ?bers restricted movement Within the bubble 
Zone in a substrate, We minimiZe damage to the ?bers. 
Because, a header secures at least 10, preferably from 50 to 
50,000 ?bers, each generally at least 0.5 m long, in a skein, it 
provides a high surface area for ?ltration of the substrate. 
The Fibers and HoW they are Densely Packed 
The ?bers divide a reservoir into a “feed Zone” and a 

WithdraWal Zone referred to as a “permeate Zone”. The feed 
of substrate is introduced externally (referred to as “outside 
in” How) of the ?bers, and resolved into “permeate” and 
“concentrate” streams. The skein, or a bank of skeins of this 
invention is most preferably used for micro?ltration With 
“outside-in” ?oW. Though at least one skein is replaceably 
disposed in a small reservoir having a volume up to about 10 
L (liters) and even up to about 100 L or more, a bank of 
skeins is preferably used in a relatively large reservoir hav 
ing a volume in excess of 1000 L, such as a ?oWing stream, 
more typically a pond or tank. Most typically, a bank or 
plural banks With collection means for the permeate, are 
mounted in a large tank under atmospheric pressure, and 
permeate is WithdraWn from the tank. 
Where a bank or plural banks of skeins are placed Within a 

tank or bio-reactor, and no liquid other than the permeate 
leaves the tank, it is referred to as a “dead end tank”. 
Alternatively, a bank or plural banks may be placed Within a 
bioreactor, permeate removed, and sludge disposed of; or, in 
a tank or clari?er used in conjunction With a bioreactor, per 
meate removed, and sludge disposed of. 
























