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ABSTRACT OF THE DISCLOSURE 
A centrifugal casting apparatus for forming in place 

an effective fluid-tight substantially precisely defined cast 
header wall member extending transversely across an 
elongated bundle of substantially parallel hollow filaments 
extending through an elongated hollow casing during the 
specialized manufacture of the specific type fluid permea 
tion separation units described. The apparatus utilizes high 
centrifugal forces to control the uniformity of the cast 
wall structure, the uniformity of the surface of the Wall 
structure, and the wall position relative to the bundle 
and casing. 

CROSS REFERENCE TO RELATED APPLICATION 
AND PATENT - 

This application is a division of application Ser. No. 
515,535 filed Dec. 22, 1965, now Patent No. 3,339,341, 
issued Sept. 5, 1967 to Maxwell et al. 

FIELD OF THE INVENTION 
This invention relates generally to the field of separat 

ing fluid by utilizing their different permeation rates 
through membrane elements in the form of small hollow 
filaments made of organic polymeric compositions. More 
specifically, the invention involves novel and improved 
apparatus arrangements for use in the production or fab 
rication of the new, improved, and specialized fluid Sep 
aration apparatus described. 
PRIOR ART BACKGROUND OF THE INVENTION 
Fluid separation apparatus and methods utilizing hol 

low filaments of polymeric compositions have been dis 
closed in the prior art. However, careful examination of 
such disclosures indicates that the apparatus and process 
arrangements represented experimental or inefficient, im 
practical embodiments of the early ideas in the field. In 
addition, such prior art arrangements were of such de 
sings and possessed features which would not lend them 
selves either to effective commercial operation or to prac 
tical, reliable commercial manufacturing techniques. 

It is one general object of this invention to provide 
new and improved fluid separation apparatus and processes 
for many fluid separations which overcome the deficiencies 
and disadvantages of the prior art arrangements especially 
with respect to efficient, flexible, and reliable commercial 
operation, and also with respect to simple, direct, and 
economical designs and practical commercial manufactur 
ing techniques. 

It is an additional general object of the invention to 
provide new and improved commercial manufacturing 
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2 
equipment for use in producing the novel, improved, and 
Specialized fluid separation apparatus disclosed. 

SUMMARY OF THE INVENTION 

Generally stated, according to the invention, certain 
wall defects are prevented and effective fluid-tight header 
wall members are produced in the specialized permeation 
Separation units described by using the particular centrif 
ugal casting apparatus of the invention wherein a rotat 
able mold assembly utilizes high centrifugal forces to cast 
in place and control the position and uniformity of the 
header wall member cooperating with an elongated bundle 
of hollow filaments extending through a hollow casing 
member of the units described. The casting apparatus is 
also provided with a supporting base on which the rotat 
able mold assembly is mounted, a drive means to rotate 
the assembly about an axis means mounted on the rotat 
able assembly for supporting the elongated bundle of 
hollow filaments and securing the bundle for rotation with 
the assembly in a position such that the axis is substan 
tially perpendicular to the direction in which the filaments 
and bundle extend and such that the axis is spaced from 
the end portions of the bundle, the casting apparatus 
further provided with at least one mold unit carried by 
the rotatable assembly, the mold unit having a cavity 
constructed, arranged, and positioned to surround and 
contain one end portion of a bundle of hollow filaments 
secured on said assembly and to maintain a mass of solidi 
fiable liquid in engagement with one end portion of such 
a bundle during rotation, said apparatus further provided 
with means carried by the rotatable assembly for intro 
ducing the solidifiable liquid into engagement with the 
end portion of the bundle in the mold cavity during rota 
tion of the assembly, the drive means adapted to rotate 
the rotatable assembly, mold unit, bundle and liquid at 
sufficient speeds such that the liquid is maintained in 
bubble-free, void-free condition in desired position during 
introduction, and solidification of the liquid and such that 
centrifugal forces prevent wicking of the liquid along the 
filaments of the bundle due to capillary action which wick 
ing would destroy the desired precisely defined nature 
of the cast wall member Surface. 
The means and methods by which the objects of the 

invention are achieved, as well as additional objects and 
advantages thereof will be apparent from a consideration 
of the following specification and claims taken in con 
junction with the accompanying drawings. 

In the drawings: 
FIGURE 1 is a partial longitudinal sectional view of 

the specialized fluid separation unit produced using the 
apparatus of this invention with parts broken away to 
show the details of its construction. 
FIGURES 2 and 2a are partial transverse cross-sectional 

views taken at line 2-2 of FIGURE 1, FIGURE 2a being 
somewhat enlarged. 
FIGURE 3 is a partial transverse cross-sectional view 

taken at line 3-3 of FIGURE 1. 
FIGURE 4 is a partial greatly enlarged transverse cross 

sectional view of an indicated portion of a group of hol 
low filaments of the unit shown in FIGURE 2. 
FIGURES 5a, 5b, 5c, and 5d are partial showings 

of illustrative porous sheath members used to surround 
and constrain the filaments in the groups and bundles. 
FIGURE 6 is a schematic diagrammatic showing of 

a four stage permeation separation system or arrangement 
utilizing the specialized permeation separation units of 
the type shown in FIGURE 1. 
FIGURE 7 is a general somewhat schematic perspec 

tive view of an apparatus arrangement for forming in 
dividual groups of small filaments in the form of hanks, 
bundles or loops of continuous hollow filaments. 
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FIGURE 8 is a simple side elevational view of a single 
hank or loop of continuous hollow filaments in elongated 
flattened configuration which forms a group or sub-bundle 
for eventual assembly in the permeation separator unit 
embodying principles of this invention. 
FIGURE 9 is a simple side elevational view showing 

a single hank or loop of continuous hollow filaments in 
elongated flattened configuration being encased in and 
radially constrained by an elongated porous sheath mem 
ber to make an encased group or bundle. 
FIGURE 10 is a partial side elevational view showing 

a plurality of groups or sub-bundles of hollow filaments, 
each encased in its porous sheath member, being assem 
bled to form the larger bundle before positioning of the 
larger bundle in the casing of a permeation separator 
unit of the invention. 
FIGURE 11 is a partial elevational view of a bundle 

of assembled groups of sheath encased hollow filaments 
in position for movement into the unit casing after the 
final porous sheath member or members is positioned 
around the assembled bundle. 
FIGURE 12 is a view similar to FIGURE 11 showing 

a final porous sheath member being positioned on a 
bundle of assembled filament groups to radially constrain 
the same to dimensions which permit positioning of the 
assembled bundle in the unit casing. 
FIGURE 13 is a partial longitudinal sectional view 

of a bundle of assembled filament groups in position in 
the unit casing with a mold assembly of the invention 
operatively mounted on the casing for formation of a 
cast end closure member for the unit casing. 
FIGURE 14 is a view similar to FIGURE 13 showing 

the completed cast end closure member positioned in the 
unit casing with the mold assembly removed and before 
the unwanted excess portions of the cast end closure mem 
ber is cut away. 
FIGURE 15 is a view similar to FIGURE 14 of a coin 

pleted modified cast end closure member positioned in 
unit casing as in FIGURE 14, the cast end closure mem 
ber being the type formed against a radially outwardly 
positioned layer of heavy immiscible liquid in the mold 
assembly during centrifuging in order to maintain the 
ends of the bundle of filaments free of the cast material. 
FIGURE 16 is a partial perspective view of a centri 

fuging aparatus embodying principles of the invention as 
used in forming the cast end closure member for the 
permeator separator unit casing, showing a casing and 
cooperating mold assemblies in operative engagement with 
the centrifuging apparatus. 
FIGURE 17 is a partial side elevational view of a 

modified version of the centrifuging apparatus shown in 
FIGURE 16 showing a plurality of unit casings in position 
for formation of one of their cast end closure members. 
A basic unit of the specialized fluid separation apparatus 

made using the apparatus of the invention is shown in 
FIGURES 1, 2, 3, and 4 of the drawings. Generally speak 
ing, this apparatus depends, for its operation, on the Se 
lective passage of gases and liquids through non-porous 
membrane elements by permeation or activated diffusion. 
Such passage is usually pictured as involving solution of 
gaseous or liquid material into one surface of a solid 
non-porous membrane element, migration of the material 
through the membrane element under the influence of a 
difference in concentration or pressure, and emergence of 
the material from another surface of the membrane ele 
ment. Separation is obtained when different components 
of a fluid mixture pass through the non-porous membrane 
element at different rates. This type of separation involv 
ing differential permeation has been achieved, according 
to the known prior art, in membrane elements of platinum, 
palladium and their alloys; in membrane elements of silica 
and certain glasses; and also in membrane units of various 
polymeric materials. 
The apparatus shown in FIGURES 1-4 comprises an 

elongated fluid-tight tubular casing assembly 101 formed 
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4. 
of a suitable material such as steel. Tubular casing as 
sembly 101 is preferable open at both ends. Both ends 
are provided with flange elements 102 and outwardly 
tapered portions 107. In addition the tubular casing as 
sembly is provided with inlet and outlet means 108 and 
109 to provide for movement of fluid into and out of 
the assembly. Preferably, means 108 and 109 communi 
cate with the enlarged interior portion of the tubular as 
sembly formed by tapered portions 107. A plurality of 
very small hollow filaments 111, of polymeric composi 
tion, Such as polyethylene terephthalate for example, are 
positioned inside the tubular casing assembly 10 in a 
relatively close-packed relationship. As shown in FIG 
URES 1-4 the plurailty of filaments 111 comprises a 
number of substantially equal groups 110 of filaments 
each group firmly peripherally constrained by an elon 
gated flexible porous sleeve member 12 extending lon 
gitudinally of the filaments and the groups. In addition, 
the groups 110 of filaments each surrounded by their 
porous sleeve members are all surrounded by at least 
one overall elongated flexible porous sleeve member 113 
as shown. The detailed construction and functioning of 
these sleeve members will be discussed at a later point 
in this specification. Each end of the tubular casing as 
sembly 101 is closed by a fluid-tight cast wall member 
950 preferably formed of polymeric composition, such 
as an epoxy resin, for example. The hollow filaments, 
substantially parallel to each other and to the axis of 
the tubular casing assembly, extend between the cast wall 
members 950. The hollow filaments have open end por 
tions which are embedded in and extend through the cast 
wall members in fluid-tight relation thereto. The tubular 
casing assembly iO is further provided at each end with 
outer closure members 103 with cooperate with the tubu 
lar casing assembly 101 and the cast wall members 950 
to define a closed chamber 130 in communication with 
the interior portions of the hollow filaments. Each cham 
ber 130 is provided with conduit means 104 to permit 
movement of fluid between each chamber and a point 
outside the chamber. The outer closure members 103 
are provided with flanges 105 which are secured to the 
flanges iO2 of the tubular casing assembly by means of 
belts 106. In the preferred embodiment shown, an annu 
lar resilient gasket K of suitable material such as rubber 
or neoprene is provided between the cast wall members 
950 and the tubular casing assembly 101 and between 
the cast wall members and outer closure members 103 
to improve the fluid-tight sealing action. The outer clo 
Sure members 103 are formed of a suitable material 
Such as steel, for example. 
As shown in FIGURE 2, the sleeve-encased groups 

110 of filaments 11 positioned in the main portion of 
the tubular casing assembly between the tapered portions 
107 are relatively closely packed. The flexible constrain 
ing nature of the porous sleeve members 12 maintains 
the filaments in each group in a compact cross section 
While permitting each group to yieldably engage the other 
groups and the inside of the tubular casing assembly, in 
Order to accommodate where necessary the cross sectional 
deformations necessary to achieve a packing condition of 
a higher degree than could be obtained by groups of rigid 
circular transverse cross sections. This is best shown in 
FIGURE 2a. The filament groups and the filaments them 
Selves engage each other, and the casing assembly, later 
ally in a number of elongated areas or lines extending 
along the length of the groups and filaments (FIGURES 
2, 2a, and 4). These elongated areas define between the 
groups, between the filaments, and between the groups 
and the interior of the casing assembly, a plurality of 
transversely evenly distributed elongated passageways ex 
tending along the length of the filaments and the tubular 
casing assembly. These passageways have very little lat 
eral communication, and force circulation of fluid in the 
casing assembly and outside the hollow filaments to move 
substantially longitudinally along the filaments and the 
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interior portion of the tubular casing assembly between 
the tapered portions 107. 
A positional relationship of the filament groups adja 

cent their ends and resulting from the tapered portion 
107 of the tubular casing assembly, is shown in FIG 
URE 3. It will be seen in this figure that the enlarged 
interior cross section at the tapered portion 107 reduces 
the packing density of the filament groups and increases 
the spacing between them to permit improved distribu 
tion and collection of fluid between the inlet and outlet 
means 108, 109 and the elongated passageways between 
the adjacent filaments, and groups of filaments. 
The interior tapered end portion 107 of each end of 

the tubular casing assembly 101 cooperates with the cor 
responding tapered portion of the cast wall member 950 
to develop a wedging action to help maintain the fluid 
tight seal between these parts. A similar action occurs as 
a result of the engagement between the engaged tapered 
portions of outer closure member 103 and the cast Wall 
member 950. 
An important feature of the apparatus involves the 

inner face SF of the cast wall members 950. This Sur 
face is relatively smooth, continuous, even, and Substan 
tially free of sharp deviations in the direction along which 
the hollow filaments extend. It is important that this con 
figuration be achieved and maintained so that a fluid 
tight seal exists around the hollow filaments without di 
minishing the effective surface area of the filaments be 
tween the cast wall members. In a preferred embodi 
ment of the invention, the inner Surface SF of the cast 
wall members 950 has a concave curved configuration of 
a right circular cylinder, as shown. This configuration re 
suits from the centrifugal casting operation preferably 
employed to form the cast wall member 950 and which 
will be described in detail hereinafter. 
The hollow filaments 111 may be composed of any 

polymeric material which is suitable for selective or dif 
ferential permeation fluid separations. They may be made 
of olefin, ester, amide, silicone, ether, nitrile, or sulfide 
polymers; or of any other suitable polymer or copolymer. 
Suitable hollow filaments can be made from polyethylene 
terephthalate, polyvinyl chloride, polyvinylidene chlo 
ride, polyhexamethylene adipamide, copolymers of tetra 
fluoroethylene and hexafluoropropylene, cellulose acetate, 
ethyl cellulose, polystyrene, copolymers of butadiene and 
styrene and many other polymers and copolymers. The 
filaments may be prepared in any suitable manner, Such as 
by solution spinning or by melt spinning. The hollow 
polymeric filaments are preferably between about 10 and 
about 500 microns in outside diameter and preferably 
have wall thicknesses between about 1 and about 100 
microns. Hollow filaments between 20 and 250 microns 
in outside diameter with wall thicknesses between 2 and 
50 microns are especially preferred. 
The density of packing of the hollow filaments 111 

within the flexible porous sleeve members 12 may for 
practical purposes be of any convenient value above about 
35%, but for optimum results should be as high as prac 
ticable. Packing density is defined as the percentage of the 
cross sectional area which is enclosed within the outer 
walls of the hollow filaments inside the tubular casing as 
sembly 101. For a housing assembly of circular transverse 
cross section of inside diameter Ds containing N hollow 
filaments of circular cross section and outside diameter 
DE, the packing density is given as follows: 

ND2 
Ds? 

The packing density defined in this way has a maximum 
value of 90.5% for circular cross section hollow filaments 
in a hexagonally close packed arrangement and maximum 
value of 78.5% for square close packing. Packing densi 
ties above 45% inside the flexible porous sleeve members 
have been achieved without difficulty. Packing densities 
up to 60% or more can be obtained by maintaining the 

Packing density percent= X 100 
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6 
filaments parallel, surrounding them by a sleeve member, 
and reducing the peripheral dimension of the sleeve mem 
ber to compact the filaments contained therein. When 
groups of sleeve-encased compacted filaments have been 
bundled and drawn into tubular casing assemblies as 
shown in the drawings, packing densities of about 55% 
have been achieved. Overall packing densities above about 
40% are preferred in the permeation units of the type 
sown in FIGURES 1-4. These high packing densities do 
not prevent all movement of fluid into and out of the 
bundles between the filaments, but they do cause the fluids 
outside of the hollow filaments in the tubular casing as 
sembly to flow along and in the direction of the filaments 
in a given group or bundle. This flow condition causes 
desirable concentration gradients to be established and 
maintained inside the housing assembly along the hollow 
filaments when a fluid mixture is passed through the hol 
low filaments in the housing assembly. This will be dis 
cussed in more detail at a subsequent point in the specifica 
tion. 
The flexible porous sleeve members 112, 113 may be 

made of any suitable material, natural, reconstituted, or 
Synthetic, of suitable strength and compatible with the 
fluid mixture being handled, the polymer from which the 
hollow filaments are made, the material forming the cast 
wall members, and the other materials with which the 
sleeve will come in contact. The sleeve members may be 
of any practical construction which is porous and flexible. 
Preferably the sleeve members should be of a strong abra 
Sion resistant material, or a construction, which is capable 
of shrinkage or shortening at least in the transverse pe 
ripheral dimension to give a uniform constraining com 
pacting action on and along an enclosed bundle or group 
of filaments. A preferred construction is a circularly knit 
fabric sleeve of a suitable material such as cotton thread, 
for example, which sleeve is capable of considerable re 
duction in transverse peripheral dimension when the sleeve 
is placed under tension longitudinally. This sleeve is es 
pecially advantageous, for when tension is exerted on such 
a sleeve Surrounding a bundle to pull a filament bundle 
into a tubular casing assembly, the tension also results 
in uniformly compacting and reducing the bundle cross 
Section along the bundle length to facilitate positioning 
the bundle in such a casing assembly without flattening or 
damaging the filaments of the bundle. The sleeve mem 
bers 113 may also be made of woven, or non-woven 
fabric, or of punched or cut cylindrical tubes, or tubes 
of netting as shown in FIGURES5a, 5b, 5c, and 5d. The 
ability of the sleeve member to shrink or reduce its radius 
O circumference uniformly and evenly is highly desirable 
and important. 
The tubular casing assembly may be made with any 

Suitable transverse Cross sectional configuration and of 
any suitable compatible material of sufficient strength. 
Cylindrical metallic housings, for example, steel pipe, are 
Satisfactory, being reasonable easy to produce and assem 
ble. The size of the tubular casings of the separation ap 
paratus units may vary from less than one inch to many 
inches in outside diameter, and may vary from a few 
feet to many feet in length. 
An idea of the effective construction and use of hollow 

filaments in the apparatus of this invention may be indi 
cated by the fact that in a separation apparatus embody 
ing features of this invention and having a tubular casing 
assembly about six inches in diameter and eight feet long, 
about twelve million hollow filaments have been packed 
to give an effective membrane surface area of about 
20,000 square feet. 

In certain forms of the fluid separation apparatus of 
this invention, it is desirable to introduce fluid adjacent 
each end of the tubular casing assembly (see final stage 
of FIGURE 8) and remove fluid from the assembly at 
a position intermediate its ends. Under these circum 
stances, it is desizable to provide an enlarged interior cross 
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section for the assembly at this position intermediate its 
ends to reduce the packing of the filaments and filament 
groups for a limited distance to permit lateral flow and 
collection of fluid from between the filaments and fila 
ment groups. 
The cast end closure members 950 may be made of 

any convenient settable or solidifiable material of Sufi 
cient strength and compatibility with the other parts of 
the apparatus. Solders, cements, waxes, adhesives, natural 
and synthetic resins may be used. This cast wall member 
material may set or solidify because of freezing or cool 
ing, or because of cooling, or because of chemical reac 
tions which cause polymerization, condensation, oxida 
tion, or other hardening processes. Other desirable proper 
ties of the settable or solidifiable material are: a low 
viscosity in the liquid form to promote easy penetration 
of filament bundles prior to solidification or setting, a 
high density to perform better under the centrifugal cast 
ing action (to be described in detail hereinafter), absence 
of gas evolution or similar physical change during Solidifi 
cation, minimum or no change in volume during Solidifica 
tion, and minimum evolution of heat during solidification. 
Synthetic organic resins are well Suited for use as setting 
materials with the preferred polymeric compositions of 
the hollow filaments. The preferred materials from which 
the cast wall members are formed are epoxy resins. 

In describing the operation and functioning of the 
apparatus unit shown in FIGURES 1-4, the description 
will first be given of the unit operating as first stage unit 
in a multi-stage system. In use as a first stage unit for the 
enumerated separations of gases (where the component 
filament walls to be separated from a fluid mixture repre 
sents only a small percentage of the mixture), it has 
been found advantageous to move the initial mixture 
through the interior of the hollow filaments and collect 
the permeated fluid from the outside of the hollow fila 
ments. With respect to FIGURE 1, this general procedure 
is accomplished by bringing the inlet stream of the initial 
fluid mixture at elevated pressure into chamber 130 at 
the left hand end of the apparatus, as viewed in FIGURE 
1, through conduit means 104. From this chamber 130, 
the fluid mixture then moves through the interior por 
tions of the hollow filaments of filament groups 10 to a 
similar chamber 130 at the right hand end f the ap 
paratus as seen in FIGURE 1. With a suitable pressure 
and/or concentration differential maintained between the 
inside and outside of the hollow filaments, a fraction of 
the initial fluid mixture enriched in the component with 
the highest permeation rate will permeate outwardly 
through the walls of the hollow filaments into the Space 
between the inside of tubular casing assembly 101 and 
outside of the hollow filaments. The resulting fluid mix 
ture, or effluent, which reaches the chamber 130', Some 
what depleted in the component with the highest permea 
tion rate through the filament walls, is removed through 
conduit means 104. 
The enriched fraction of the initial fluid mixture, or 

permeate product, which has permeated through the walls 
of the hollow filaments may then be removed from the 
interior of tubular casing at a lower pressure relative to 
that of the inlet stream, through a suitable outlet means 
such as 108. The preferred mode of operation involves 
the use of a sweep fluid stream, which may be a portion 
of the inlet stream at lower pressure, moved into the cas 
ing assembly 101 through inlet means 109, along the out 
side of the hollow filaments in the casing assembly, and 
out through outlet means 108. Sweep fluid flow in a di 
rection countercurrent to the inlet stream flow is preferred 
in order to maintain desirable effective concentration 
gradients. Under these conditions, the close packing of 
the filaments and groups, which is made possible by the 
sleeve members 112, 113, together with the resulting 
longitudinally extending passageways between the fila 
ments and groups, as discusesd previously, result in highly 
efficient evenly distributed fluid flow patterns inside casing 
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assembly 101 and outside the hollow filaments in which 
flow patterns undesirable back mixing of the fluid outside 
the hollow filaments, and disturbance of the undesirable 
concentration gradients is kept to a low minimum. In 
addition, the large amount of effective membrane Surface 
area present per unit volume of the casing assembly in 
its extremely small thickness, also contributes im 
portantly to the efficient, practical, economically feasible 
fluid separation rates of this apparatus. 

Under conditions in which the fluid mixture compo 
nent to be separated (with the highest permeation rate 
through the hollow filament walls) represents a large 
percentage of the mixture, it has been found desirable 
to introduce the initial fluid mixture under elevated pres 
sure into the interior of the tubular casing assembly 101 
and outside of the hollow filaments through inlet means 
109 and remove it as the effluent stream from out 
let means 108 in condition depleted of its highest permea 
tion rate component. In this mode of operation, a fraction 
of the initial fluid mixture enriched in the component with 
the highest permeation rate will permeate inwardly 
through the hollow filament walls into the interior of the 
hollow filaments from which it may be removed at lower 
pressure through conduit means 104 and/or 104 after 
being collected in chambers 130 and 130'. It is also desir 
able in this mode of operation to utilize a sweep fluid 
moving countercurrently to the flow of the initial fluid 
mixture, bringing it in through conduit means 104 and 
removing it and the permeate product through conduit 
means 104. This mode of operation has been found ad 
vantageous for the final stage apparatus units of a multi 
Stage gas Separation system. However, it is understood 
that in other applications of the invention, such as water 
deSalinization, or hydrocarbon separations other arrange 
ments may be more advantageous. 

Another desirable final stage version involves supply 
ing the inlet fluid mixture into the casing assembly out 
side the hollow filaments at a point adjacent each end 
of the assembly and removing the depleted inlet mixture 
from the casing at a point between the ends of the casing 
(Final Stage FIGURE 6). In this version the fluid which 
permeates into the interior of the hollow filaments is 
removed simultaneously from both ends of the apparatus 
(Final Stage FIGURE 6). It will be noted that this 
establishes the desirable countercurrent flow of permeated 
fluid and inlet fluid mixture with its desirable concen 
tration gradients. 
With the preferred materials of construction, these ap 

paratus units embodying principles of the invention can 
be operated Satisfactorily at ordinary atmospheric tem 
peratures and at moderate pressure levels, well below 
1000 pounds per square inch for example, although the 
hollow filaments will easily sustain sufficiently high pres 
Sure differentials to give commercially required flow 
rates. The flexible porous sleeve members 112, 13 which 
Surround the groups of filaments not only serve a very 
useful purpose during assembly of the fluid separation 
apparatus of the invention but are important as a part of 
the apparatus combination itself in that they also continue 
to protect the hollow filaments during operation and 
function to maintain the lateral, or transverse, compres 
sive stresses substantially evenly distributed throughout 
the entire bundle of closely packed hollow filaments with 
out flattening or damaging the hollow filaments, even 
those at the outer periphery of the bundle in contact with 
the tubular casing assembly walls. 
The preferred use of centrifugally cast wall members 

to close the casing assembly ends and seal around the 
filaments is believed to be extremely important to the 
overall apparatus combination in achieving an effective 
uniform fluid-tight wall and seal between the very small 
closely packed filaments and between those filaments and 
the casing assembly, without wicking of the wall material 
(when in liquid form) between and along the filaments 
due to capillary action which could cause voids in the 
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Wall and would, by coating the filament surfaces, reduce 
the effective membrane area within the casing assembly 
for permeation and separation. 
The apparatus unit shown in FIGURES 1-4 can be 

combined in various forms and ways to provide many 
different multi-unit and multi-stage separation systems if 
desired or required. A number of such systems are shown 
in FIGURE 6. 
FIGURE 6 shows a preferred four stage separation sys 

tem utilizing in each stage one or more separation units of 
the type shown in FIGURE 1 and made using the appara 
tus of this invention. The feed or inlet stream, entering the 
System through conduit 501 passes through a pressure 
regulating valve 502 and a control valve 504 actuated by 
an automatic controller 545 for final feed stream pressure 
control and then via conduit 505 into the interior of the 
hollow filaments of the first stage permeation unit 100. 
The depleted stream or effluent coming from the interior 
of the hollow filaments of the first stage permeation unit 
is conducted by conduit 506 to a control valve 507 actu 
ated by an automatic controller 532 for effluent pressure 
control. From valve 507 this stream passes through con 
duit 508 to vent, recycling, or other disposition. A por 
tion of the feed stream is diverted through a flow sensing 
device 534, conduit 533, pressure regulating valve 541, 
conduit 539, control valve 538, and conduit 540 into the 
casing assembly of the first stage permeation or separa 
tion unit 100 as a sweep stream. This sweep stream and 
the fluid permeated outwardly through the hollow fila 
ments of the first stage permeation unit is carried from 
the casing assembly of the unit by conduit 509 to com 
pressor unit C1 and thence via conduit 510 into the in 
terior of the hollow filaments of the second stage permea 
tion unit 100. The depleted stream or effluent coming 
from the interior of the hollow filaments of the second 
stage separation, or permeation, unit is carried via con 
duit 511, control valve 557, and conduit 591 as a recycle 
stream to join with the inlet stream supplied by conduit 
505 to the interior of the hollow filaments of the first 
stage separation unit. The fluid permeated outwardly 
through the hollow filaments of the second stage separa 
tion unit is carried out of the casing assembly of this 
unit by conduit 513 to compressor unit C2. From com 
pressor unit C2 this stream is supplied as an inlet stream 
via conduit 514 into the casing assembly of the third 
stage separation unit 100 at two spaced inlet points each 
adjacent one end of this casing assembly. The depleted 
stream or effluent from the casing assembly of the third 
stage separation unit is removed therefrom at a point on 
the casing assembly between the two inlet points by con 
duit 515 and passes through pressure regulating valve 
516, and conduit 517 to be recycled into the inlet stream 
to the second stage separation unit carried by conduit 
509. The stream of fluid which permeates inwardly 
through the hollow filaments of the third stage separation 
unit is removed from both ends of the interior of the 
hollow filaments and the unit by means of conduits 518, 
519 and carried via conduit 520 to compressor C3. From 
compressor unit C3 this stream is supplied as an inlet 
stream via conduit 521 into the casing assembly of the 
fourth and final stage separation unit at two spaced inlet 
points each adjacent one end of the casing assembly. The 
depleted or effluent stream from the casing assembly of 
the fourth stage separation unit is removed therefrom at 
a point on the casing assembly intermediate the two inlet 
points and moves for recycling through conduit 522, 
pressure regulating valve 523, and conduit 524 to be re 
cycled into the inlet stream to the third stage separation 
unit carried by conduit 513. The stream of fluid which 
permeates inwardly through the hollow filaments of the 
fourth stage separation unit is the final permeate product 
and is removed from both ends of the interior of the hol 
low filaments and the unit by means of conduits 525, 526 
and carried to storage or use by conduit 527. The com 
position, or concentrations of the permeate product 
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stream is preferably continuously monitored by analyzer 
unit 578. 

Each compressor unit is provided with a by-pass vac 
ulam breaker arrangement as shown to control the pres 
Sure of the permeate streams. 
The flow rates of the effluent streams from the third 

and fourth stage separation units were controlled by con 
trol valves 566 and 575, in conduits 567 and 576 respec 
tively, to maintain the desired concentration or composi 
tions of these streams and of the final permeate product. 
The system is provided with process control unit 551 

which alternately analyzes the effluent stream concentra 
tion or composition leaving the first stage separation unit 
and the recycled stream concentration or composition 
leaving the second stage separation unit. A bleed line or 
conduit 560, having a pressure regulating valve 561 there 
in connects the effluent stream in conduit 506 to unit 
551 for analysis and a bleed line 562 having pressure 
regulating valve 563 therein connects the recycle stream 
in conduit 511 to unit 551 for analysis. A signal repre 
sentative of the analysis of effluent (concentration or 
composition) in conduit 506 is transmitted via conduit 
550 to controller unit 547 which compares the signal with 
the desired or set-point concentration or composition and 
generates an error or difference signal which is trans 
mitted to controller unit 536. A rate of flow signal gen 
erated by flow sensing device 534 is transmitted to con 
troller unit 536. With these two inputs, controller unit 
536 actuates control valve 538 to maintain a desired pre 
determined concentration or composition in the effluent 
stream from the first stage separation unit. A signal rep 
resentative of the analysis of recycle concentration or 
composition in conduit 511 is transmitted via conduit 
552 to controller unit 553 which compares the signal with 
the desired or set-point concentration or composition and 
generates an error or difference signal which is trans 
mitted to controller 555. A pressure difference signal gen 
erated by pressure sensing device 559 connected across 
conduits 511 and 510 is transmitted to controller. 555. 
With these two inputs, controller unit 555 actuates con 
trol valve 557 to control the flow in conduit 511 and 
maintain a desired predetermined concentration or com 
position in the recycled effluent stream from the second 
stage separation unit. 

Summarizing generally the operation of the FIGURE 6 
system, the flow of sweep fluid to the casing assembly of 
the first stage separation unit is adjusted by means of 
control valve 538 and controller units 547 and 536 to 
maintain a predetermined low concentration, or composi 
tion, of the more permeable components in the depleted 
effluent carried by conduit 506. In addition, the flow of 
either the second stage recycle stream, the third stage 
recycle stream, or the fourth stage recycle stream is ad 
justed in response to changes in the concentration, or 
composition, of the second stage permeate stream, the 
third stage permeate stream, or the fourth stage permeate 
product stream. The preferred arrangement as illustrated 
in FIGURE 6 is to control the rate of the second stage 
unit recycle stream to maintain a desired high concentra 
tion of the more permeable component in the fourth 
stage permeate product stream. Such a system with this 
process of operation is especially useful in recovering a 
high fraction of a high purity product from a fluid mix 
ture containing a low concentration of a more permeable 
component, as for example in recovering helium from 
natural gas. 
A pilot plant for recovering helium from natural gas 

using a four stage system embodying principles of this 
invention and of the type shown in FIGURE 6 was 
built and operated successfully. The system utilized hol 
low filament membrances of poly(ethylene terephthalate) 
with outside diameters of about 29.2 microns and inside 
diameters of about 15.5 microns. The first stage arrange 
ment contained a number of separation units connected 
in parallel with a total of about 50 million hollow fila 
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ments with effective lengths of about 200 cm. and an 
effective total area of about 73,000 square feet. The sec 
ond stage arrangement contained about 11 million hol 
low filaments with effective lengths of 75 cm. and an ef 
fective total area of about 617 square feet. The first and 
Second stage arrangements operated with the feed or 
inlet streams supplied into the interior of the hollow 
filaments. The third and fourth stage arrangements oper 
ated with the feed or inlet streams supplied into the 
casing assemblies outside of the hollow filaments, each 
having active filament lengths of 86 cm., with about 
10,400, and 3200 hollow filaments respectively and ef 
fective areas of about 66.4 and about 20.3 square feet 
respectively. This system included automatic control 
units for adjusting the flow of sweep gas to the first stage 
arrangement in response to analysis of the depleted effluent 
gas from the first stage arrangement, and for adjusting 
the flow of the secoond stage recycle stream in response 
to analysis of this recycle stream. In addition, the de 
sired concentration of the recycle stream was changed or 
controlled in response to changes in the helium content of 
the fourth stage final permeate product. This pilot plant 
system operated continuously with minor fluctuations in 
flow rates and gas mixture compositions under the fol 
lowing conditions (minor losses and those due to sample 
streams are not indicated) (Table I): 

TABLE I 
Flow Helium 

Stream in percent by 
conduit No. Stream description Pressure (s.c.f.m.) volume) 
501--------- System feed -------- 740 p.S.i.g. ---- 51.0 0.50 
508-------------- do ----------- 315 p.S.i.g----- 50.9 0.50 
540--------- 1st stage Sweep ----- -22.5 in. Hg-- 0.12 0. 50 
593--------- 1st stage feed ------- 315 p.S.i.g----- 51.6 0.59 
506-- -- ist stage effluent---. 248 p.s.i.g----- 49.7 0.032 
509 1st stage permeate--- -22.5 in. Hg-- 2.05 13.1 

2nd stage feed--- 375 p.S.i.g----- 0.91 13.0 
2nd stage recycle.---- 345 p.s.i.g----- 0.76 3. 8 

513- -- 2nd stage permeate. -15.5 in. Hg - 0.15 59.8 
514--------- 3rd stage feed.------ 200 p.s.i.g----- 0.10 61 
515--------- 3rd stage receyle ---- 200 p.s.i.g----- 0.06 10 

-- 3rd Stage pernleate.- 0 p.s.i. 0.04 85 
4th stage feed------- 110 p. 0.025 85 

-- 4th stage recycle ---- i.10 p.s. 0.016 74 
525, -- 4th stage permeate 0 p.s.i.g------- 0.010 99.9 

(product). 

A preferred arrangement embodying principles of the 
invention for manufacturing the improved fluid separa 
tion apparatus described is illustrated in FIGURES 7-17 
of the drawings. 

Continuous hollow filaments either in the form of 
monofilament or multi-filament yarns are received in 
wound packages P which are positioned as shown on a 
supply frame structure 700 (FIGURE 7) which com 
prises vertical members 701 interconnected with horizontal 
members 702 preferably supported on wheels or rollers 
W. The filaments 111 or yarns from each package are 
led through suitable guide elements E carried by the 
supply frame structure to a suitable rotary apparatus 
800 which winds up the hollow filaments to simul 
taneously form a plurality of skeins or hanks 110 as 
shown in FIGURE 7. The rotary apparatus shown com 
prises a base 703, a vertical support 704, in which is 
journalled a horizontal shaft 705. Shaft 705 is provided 
at one end with a pulley wheel 706 which is driven by an 
endless belt or chain 707. Shaft 705 carries at its other end 
a circular member 708 which carries a plurality of radially 
extending elements 709 each carrying a laterally ex 
tending hank supporting element 710. Each element 710 
is provided with cut out portions 711 for receiving the 
hanks 110 formed by winding up the hollow filaments 
from the package P. 

After hanks 110 of suitable size are formed, rotation 
of apparatus 800 is terminated and the hanks removed 
therefrom. Each hank is then engaged at two diametrically 
opposed positions by suitable means such as hook ele 
ments 720 and by manipulating the hook elements as 
shown in FIGURE 8 the hank is flattened and elongated 
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as shown to form a single compact bundle. While each 
bundle 110 is maintained in this configuration by suffi 
cient tension applied to the hank elements 720, a porous 
flexible sleeve 112, preferably of a circularly knit con 
Struction as described in the preceding portions of the 
Specification, is placed around the bundle and extending 
longitudinally along the bundle. As previously described 
the porous sleeve member 112 is of a construction such 
that tension applied to it longitudinally causes its trans 
verse dimension, or periphery to diminish. The sleeve 
member 112 may be applied by placing it in accordian 
like pleated or folded configuration on a smooth annular 
bushing or guide N as shown in FIGURE 9. Then, with 
the bushing and sleeve member surrounding one end of 
the filament bundle 10, the bushing is moved toward 
the other end of the bundle and the sleeve member 
allowed to pull off the bushing and engage the filament 
bundle in a snug constraining fit uniformly along the 
bundle length as indicated in FIGURE 9. It will be seen 
that longitudinal tension applied to the ends of the sleeve 
member will cause the reduction in the sleeve member 
transverse periphery to compact and compress the hollow 
filaments into a closely packed bundle or hank. As dis 
cussed previously, the flexible porous sleeve member is 
formed of a sufficiently strong and abrasion-resistant 
material and construction not only to maintain the com 
pacting compressing action but also to protect the fila 
ments during assembly and operation of the apparatus. 
A plurality of sleeve-encased filament bundles or groups 

prepared in accordance with the preceding description are 
assembled and suspended at one end in a parallel vertically 
extending relationship as shown in FIGURE 10 by means 
of an annular ring or a plate element 721 to which are 
hooked or secured the hook elements 720 which carry 
the sleeve-encased filament groups or bundles. The plate 
element 721 is supported by suitable means such as the 
vertical chain 723 which, as shown in FIGURE 11, is 
led through the interior of a tubular casing assembly 101. 
The thus suspended plurality of sleeve-encased filament 
bundle or group is then further encased, as shown in 
FIGURES 11 and 12, by one or more larger flexible 
porous sleeve members 113 in a similar manner to that 
shown in FIGURE 9 for encasing the individual groups. 
The one or more larger sleeve members are then ten 
sioned longitudinally to compact the plurality of groups 
into one compact cross section composite bundle which 
is of a size which can be drawn into the interior of the 
casing assembly 101 by tension or chain 723. The lateral 
or transverse compacting action of the sleeve members 
is sufficient to enable positioning of a closely packed 
bundle in a casing assembly to substantially fill the inter 
ior of the casing assembly with tightly packed filaments 
without flattening or damaging any of the hollow fila 
ments which are in the small sizes used very fragile and 
susceptible to damage in handling. It is believed that it 
would be impossible to compress the same number of 
hollow filaments in a single large bundle sufficiently to 
give a close packing arrangement in a casing assembly 
by merely compressing the bundle from its outer periphery, 
without flattening or damaging at least those filaments 
around the outer periphery of the bundle. Other desirable 
aspects of assembling filament groups in the porous sleeve 
members and alternate sleeve member constructions have 
been discussed earlier in this specification. 
When the single large composite sleeve encased bundle 

of hollow filaments has been positioned in the tubular 
casing assembly 101, a mold unit 905b is bolted to the 
end of the casing assembly 101 as shown in FIGURE 13, 
previous to which, if desired, an annular resilient gasket 
member K of suitable material, such as rubber or neo 
prene, is positioned in the tapered end portion of the cas 
ing assembly as shown in FIGURE 13. The mold unit 
905b, in operative position, is secured in fluid tight relation 
ship to the flange 102 of the casing assembly 101 by suit 
able means such as mold flange 907 and bolts 906. The 
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mold unit is provided with a mold cavity MC which, in op 
erative position, surrounds the ends of the groups of fila 
ments making up the end of the large bundle of filaments 
as shown in FIGURE 13. The mold unit 905b is also 
provided with an inlet means 908a communicating with 
the the mold cavity MC for the supply of the liquid mold 
ing material. 

During rotation of the casing assembly 101 with the 
attached mold unit 905b so that centrifugal force acts 
in the direction of arrow CF in FIGURE 16, a solidifiable 
liquid, such as an epoxy resin mixture or other material 
as described in preceding portions of the specification, 
is introduced into the mold cavity Surrounding the end 
of the filament bundle and engaging the interior tapered 
portion of the casing assembly. The centrifugal force 
developed by the rotation is sufficient to keep the solidi 
fiable liquid from wicking along the hollow filaments into 
the interior of the casing assembly and maintains the 
liquid in a configuration with an inner surface SF which 
is relatively smooth, continuous, even and substantially 
free of sharp deviations in the direction along which the 
filaments extend. The liquid surface SF is also maintained 
by the rotation and centrifugal force in a concave cylin 
drical shape as shown in FIGURES 1 and 13. While con 
tinuing this rotation, the liquid is caused to solidify to 
form the fluid tight cast wall member 950 surrounding 
the filaments and engaging the casing assembly. The cast 
wall member with the mold unit removed is shown in 
FIGURE 14. The next step required is the severing of 
the end of the cast wall member and the looped ends of 
the filaments of the bundle by severing or cutting the 
cast wall member along line CL shown in FIGURE 14. 
This opens the ends of the hollow filaments embedded in 
and extending through the remaining portion of the cast 
wall member. One satisfactory method of accomplishing 
the severing action involves initially sawing through the 
cast wall member 950 followed by a shaving operation 
with a razor-sharp instrument to open or clear the hol 
low filament ends. Assembly of this end of the apparatus 
is completed by securing an outer end closure member 
103 to the casing assembly as shown in FIGURE 1. The 
same technique may be used to complete the other end 
of the apparatus unit. 

In an alternate casting technique for forming the cast 
wall member, the same procedure is followed except that 
an immiscible liquid more dense that the solidifiable ma 
terial forming the wall member, is also supplied to the 
mold cavity during rotation. Naturally under the centrif 
ugal action, this more dense liquid is positioned between 
the solidifiable liquid and the outer wall of the mold 
cavity and is controlled so that upon solidification of the 
casting liquid and removal of the more dense material, a 
cast wall member is formed as shown in FIGURE 15 
in which the looped end portions of the filament bundle 
are exposed. In order to complete the formation of this 
cast wall member, it is only necessary to cut of the end 
portions of the filament bundle along line CL shown in 
FIGURE 15 and open the end portions of the hollow 
filaments embedded in and extending through the cast 
wall member. It is desirable to first add the Solidifiable 
material to the mold cavity and then add the immiscible 
more dense liquid. This results in a coating of the end 
portion of the hollow filaments by the solidifiable materi 
a which coating persists through the application of the 
immiscible liquid and solidifies in a thin coating on the 
filament end portions which makes them much easier to 
Cut. 
A number of suitable materials can be used as the 

immiscible liquid provided it is more dense than the set 
ting, or solidifiable material, unreactive with the hollow 
filaments, and solidifiable material, and can be removed. 
The material may be hardenable temporarily by gelatin, 
polymerization or otherwise if it can be conveniently re 
moved by heating, depolymerization, or dissolution with 
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convenient immiscible liquid for use with some solidifia 
ble materials and if desired may be thickened or gellied 
with agar, gelatin, polyvinyl alcohol or the synthetic or 
natural gums. Low melting point paraffin waxes and hy 
drocarbon oils thickened into greases may also be used. 
However, the preferred immiscible liquid for use with 
epoxy resin setting materials are halogenated fluids such 
as the “Kel-F' fluorocarbon oils sold by the Minnesota 
Mining and Manufacturing Company. These oils are suffi 
ciently more dense than epoxy resins and form a sharp 
interface therewith under moderate centrifugal forces. 
FIGURES 16 and 17 show a preferred and an alternate 

apparatus for forming the cast wall members of the sep 
aration units of the invention. 
FIGURE 16 shows a permeation separation unit like 

that of FIGURE 1 suitably mounted on a preferred cen 
trifugal apparatus ready for casting of the cast Wall mem 
bers 950. Removable mold units 905a and 905b are 
fastened in a fluid tight manner to flanges 102 and casing 
assembly 101 by means of bolts 906 and flange 907. Inlet 
fittings 908a and 908b through which the solidifiable wall 
material flows into the molds 905a and 905b are shown 
near the extreme ends of the mold units but may be at 
other locations as desired. 
The centrifugal apparatus shown includes a stationary 

tubular housing or other suitable support 909, a rotating 
shaft (not shown), a drive pulley 911, a belt 912, a motor 
913, a pedestal 914, a base 915, a clamping assembly 916, 
and other parts as required for support and rotation. 

Suitable means for feeding a setting or solidifiable liquid 
to the molds 905a and 905b are also mounted on or part 
of the centrifugal apparatus. This means may be the hy 
draulic slip ring assembly 917 of FIGURE 16. This slip 
ring assembly includes a block of suitable material mount 
ed on the centrifugal apparatus which contains in its up 
per surface grooves 918a etc. in to which the setting or 
solidifiable liquid can be introduced and from Which the 
setting liquid can flow to molds 905a and 905b through 
tubes 919a etc. 
The hydraulic slip ring 917 may contain two, four, or 

more grooves 918a etc. to allow for feeding casting liquids 
at one or more levels into molds 905a and 905b. These 
grooves 918a etc. are conveniently slightly eccentric 
toward their outlets to induce the casting liquid to flow 
under centrifugal force toward their outlets and through 
tubes 919a etc. toward the molds. The grooves 918a etc. 
are also conveniently shaped to prevent flow of the cast 
ing material over their outside edges during rotation. 

Casting liquids may be introduced into the hydraulic 
slip ring assembly 917 in any convenient way. For exam 
ple, they may be retained in containers 92.0a etc. and 
metered through valves 92.1a etc. through tubes 922a etc. 
leading to grooves 918a etc. This hydraulic slip ring and 
its associated parts provide for convenient and effective 
introduction of casting materials into molds 905a and 
905b while the centrifugal apparatus is in operation. 

Before casting a wall member with the centrifugal ap 
paratus of FIGURE 16, the following preliminary opera: 
tions are completed: Hollow filaments are assembled and 
installed within casing assembly 101. Mold units 905a 
and 905b are then fastened to the ends of the casing as 
sembly as shown. Final adjustment and trimming of the 
center of gravity of the complete assembly may be attach 
ing ordinary threaded nuts to the ends of tie bolts 906. 
After the unit is statistically balanced, it is mounted on the 
centrifugal apparatus and clamped in place by Suitable 
means. Hydraulic slip ring 917 is then assembled in place 
and feed lines 919a etc. are connected to the various fit 
tings on mold units 905a etc. into the appropriate outlets 
of hydraulic slip rings 917. 
The centrifugal casting operation then includes the fol 

lowing steps: Motor 913 is energized and the centrifuge is 
brought up to a speed which subjects mold units 905a etc. 
to the desired centrifugal force. A setting or Solidifiable 
liquid (and immiscible liquid, if used) is then introduced 
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into the mold cups through the hydraulic slip ring and its 
various parts. The setting material is introduced at a con 
venient rate which allows sufficient time for the material 
to penetrate and fully impregnate the interstices of the 
hollow filaments in the mold cavity uniformly. After the 
liquid has reached the desired level, further addition is 
stopped. During the addition of the setting liquid the cen 
trifuge is operated, as previously mentioned, at a speed 
which subjects the material within the mold units to the 
desired centrifugal force. Rotation is continued for a 
sufficient time to permit solidification of the setting liquid 
until it will maintain its shape. 
When the setting material has sufficiently hardened, 

rotation is stopped and the separation unit is removed 
from the centrifugal apparatus. The unit may be set aside 
to allow further hardening of the setting material if de 
sired. The final fabrication steps involve draining of the 
immiscible liquid, if used, removal of the mold units, cut 
ting or otherwise breaking the hollow filament end por 
tions (and the setting material if no immiscible liquid was 
used) to open the ends of the hollow filaments to fluid 
flow, and adding the outer end closure members 103 to 
form the head spaces 130, 130' of the separation unit. 
The unit is then ready for operation when provided with 
other necessary fittings and suitably connected to a source 
of the mixture to be separated and to means for removing 
the separated products. 
FIGURE 17 shows another alternate type of centrifugal 

apparatus for casting cast wall members 950 in separation 
unit casing assemblies. This centrifugal apparatus includes 
a stationary support housing 923, spindle 924, motor 925, 
and other mechanical parts as necessary for support and 
rotation. A hydraulic slip ring assembly 97 may be 
mounted on spindle 924 with flexible tubes 919a etc. con 
necting slip ring 97 with molds 905a etc. At the upper 
end of spindle 924 is mounted platform 929 to which are 
rigidly attached trunnions 926a etc. These trunnions are 
equally spaced around the platform and diametrically 
opposed. Two, four, or more tubular casings i91 are pivot 
ally attached to trunions 926a etc. by means of clevices 
927a etc., one end of each clevis being attached to a flange 
102 of a casing assembly 10, while the other is journalled 
to a trunion 927 with a pin 928. As shown by the dotted 
lines in FIGURE 17, tubular casings 101 hang vertically 
when the centrifuge is not operating. The method of oper 
ation of this apparatus is generally the same as that fol 
lowed in the operation of the FIGURE 16 centrifugal 
apparatuS. 
The position of the openings 908a (FIGURE 13) 

through which the setting liquid is passed into the mold 
units can be varied as convenient. These openings may be 
located in the bottoms of the molds, so the setting mate 
rial or immiscible liquid will progressively displace air 
from the extremities of the hollow filament bundles to 
ward the center of the bundles, or the openings may be on 
the sides of the molds. The bottom location will usually 
be preferred when using an immiscible liquid and when 
using a setting material which tends to "wick' unevenly in 
the assembled hollow filaments, but the side location will 
be preferred when it is desired to add the setting material 
on top of an immiscible liquid, when the setting material 
tends to shrink on setting, and when it is desired to feed 
additional liquid setting material on top of partially set 
material to insure complete filling of cracks and voids re 
sulting from shrinkage. Also, several openings can be 
provided at different locations on any particular mold cup, 
each with an associated feed system, so that the immis 
cible liquid and part of the setting material can be fed at 
one location and other parts of the setting material can be 
fed at one or more different locations. 
When using an immiscible liquid, the liquid may be in 

troduced into the mold either before or after the setting 
material. Addition of the liquid before the setting material 
may be preferred when it can be conveniently added 
through openings at the bottom of the mold and the 
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setting material can be added through openings at the top 
of the mold. Addition of the setting material before the 
more dense immiscible liquid is preferred when both are 
to be added through openings at the bottom of the molds. 
Addition of the setting material first is desirable when the 
immiscible liquid wets the hollow filaments and is not 
easily displaced from their surfaces by the setting mate 
rial. Addition of the setting material first is especially 
desirable when the setting material wets the hollow fila 
ments and is not completely displaced by the immiscible 
liquid. Under these conditions, a thin film of the setting 
material hardens on the follow filaments and stiffens them 
to simplify and make more efficient the later step of cut 
ting them to open their bores for flow. Addition of the 
setting material first is also desirable when the immiscible 
liquid wets the hollow filaments because it makes practical 
the production of strong seals in which the hollow fila 
ments are distributed uniformly throughout the potting 
area. Addition of the immiscible liquid first requires that 
the hollow filaments be relatively separate and far apart 
so the setting material will flow between the hollow fila 
ments to form a uniform seal rather than remain near the 
inlet and force the immiscible liquid into areas which the 
setting material is intended to occupy. 
The magnitude of the centrifugal force required to ob 

tain the advantages of this invention depends on many 
factors. Important is the size and packing density of the 
hollow filaments, the viscosity and other flow properties 
of the setting material, the surface tension forces between 
the setting material and the hollow filaments and be 
tween the setting material and the walls of the mold unit, 
the relative densities of the hollow filaments and the set 
ting material, and (in the alternate form of centrifugal 
apparatus in which the supports and the molds swing in 
response to centrifugal force) the weight and shape of 
the Supports and molds. 

In practice, centrifugal forces between a few times 
the force of gravity and several hundred times the force 
of gravity may be effective. The preferred range of 
centrifugal forces is between about 50 times gravity and 
about 200 times gravity. The minimum effective force 
may be between 5 and 25 times the force of gravity. 
Forces above about 900 times gravity however may be so 
great as to collapse the walls of thin-walled hollow fila 
ments of polymeric materials and should be avoided. The 
centrifugal force used is easily controlled by varying the 
speed of rotation of the centrifuge as indicated by well 
known mathematical expressions. 

It is believed to be apparent that in accordance with the 
objects of the invention novel and improved production 
apparatus has been provided for use in manufacturing 
the Specialized and novel gas separation units described. 

Although a number of preferred embodiments have 
been described in detail in accordance with the Patent 
Statute, many modifications and variations within the 
Spirit of the invention will occur to those skilled in the 
art, and all such are considered to fall within the Scope 
of the following claims. 
What is claimed is: 
1. For use in the manufacture of fluid separation ap 

paratus of the type comprising an elongated tubular cas 
ing assembly, said casing assembly comprising a first 
end, Said end being closed by a cast wall member of 
polymeric composition, a plurality of very small diam 
eter filaments of polymeric composition and having hollow 
interior portions, said filaments extending from said 
cast Wall member through said casing assembly and hav 
ing open end portions extending through said cast wall 
member; a centrifugal casting apparatus for forming a 
cast wall member extending transversely across an elon 
gated bundle of substantially parallel hollow filaments, 
Said apparatus comprising, a supporting base structure, 
a rotatable assembly mounted on said base structure for 
rotation about a given axis, drive means cooperating 
With said rotatable assembly to rotate the same about 



3,492,698 
17 

said axis, means mounted on said rotatable assembly for 
supporting an elongated bundle of substantially parallel 
hollow filaments and securing said bundle for rotation 
with said assembly, said bundle having two end portions, 
in a position in which said given axis is substantially per 
pendicular to the direction in which said filaments and 
said bundle extend, said axis being spaced from the end 
portions of said bundle, said apparatus further compris 
ing a mold unit carried by said rotatable assembly and 
having a mold cavity formed therein, said mold unit and 
its cavity constructed, arranged, and positioned to Sur 
round and contain one end portion of a bundle of fila 
ments supported and secured on said rotatable assembly, 
and to maintain a mass of liquid in engagement with the 
said one end portion of such a bundle during rotation, 
and means carried by said rotatable assembly and co 
operating with said mold unit for introducing a solidi 
fiable liquid into engagement with the said one end por 
tion in said mold cavity during rotation of said as 
sembly, said mold unit and said bundle, said drive means 
arranged and operated to rotate said rotatable assembly, 
hollow filament bundles and mold units carried thereby 
at speeds such that the centrifugal force developed main 
tains said solidifiable liquid in desired position during 
its solidification in said mold cavity during rotation and 
in a bubble-free void-free condition and in addition said 
centrifugal force prevents wicking or movement of said 
liquid along and between said filaments of said bundle 
due to capillary action by opposing the forces of Such 
capillary action. 

2. For use in the manufacture of fluid separation ap 
paratus of the type comprising an elongated tubular cas 
ing assembly, said casing assembly comprising a first 
end, Said end being closed by a fluid-tight centrifugally 
cast wall member of polymeric composition, a plurality 
of very Small diameter filaments of polymeric composi 
tion and having hollow interior portions, said filaments 
maintained Substantially parallel and in a compact bundle 
by a flexible porous sleeve member extending along said 
bundle, said filaments extending from said cast wall mem 
ber through said casing assembly and having open end 
portions extending through said cast wall member; a 
centrifugal casting apparatus for forming in place a cast 
Wall member extending transversely across an elongated 
bundle of Substantially parallel hollow filaments and 
across the casing assembly, said bundle formed of a 
hank of continuous hollow filaments and having end 
portions each comprising a plurality of loops of said 
continuous filaments as they traverse the bundle, said ap 
paratus comprising, a Supporting base structure, a rotat 
able assembly mounted on said base structure for rota 
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8 
tion about a given axis, drive means cooperating with 
said rotatable assembly to rotate the same about said 
axis, means mounted on said rotatable assembly for 
Supporting a tubular casing assembly containing a sleeve 
encased elongated bundle of substantially parallel hollow 
filaments and securing said casing assembly for rotation 
With said rotatable assembly, said casing assembly and 
contained bundle having two end portions, in a position 
in which said given axis is substantially perpendicular to 
the direction in which said filaments and said bundle ex 
tend, said axis being spaced from the end portions of 
said bundle, said apparatus further comprising a mold 
unit carried by said rotatable assembly and having a 
mold cavity formed therein, said mold unit and its cavity 
constructed, arranged, and positioned to cooperate with 
said ends of said tubular casing assembly positioned and 
Secured on said rotatable assembly and surround and 
contain one end portion of a bundle of filaments in 
said casing assembly, and to maintain a mass of liquid 
in engagement with the said one end portion of such 
a bundle during rotation, and means carried by said rotat 
able assembly and cooperating with said mold unit for 
introducing a solidifiable liquid into engagement with the 
Said one end portion in said mold cavity during rotation 
of said assembly, said mold unit and said bundle, said 
drive means operated to rotate said rotatable assembly, 
casing assembly, hollow filament bundles and mold units 
carried thereby at speeds such that the centrifugal force 
developed maintains said solidifiable liquid in desired 
position during its Solidification in said mold cavity dur 
ing rotation and in a bubble-free void-free condition and 
in addition said centrifugal force prevents wicking of 
said liquid along and between said filaments of said 
bundle due to capillary action by opposing the forces of 
Such capillary action. 
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