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(57) ABSTRACT 

A gas-liquid separator uses a helical passageway to impart a 
spiral motion to a fluid passing therethrough. The centrifugal 
force generated by the spiraling motion urges the liquid 
component of the fluid radially outward which forces the gas 
component radially inward. The gas component is then 
separated through a gas-permeable, liquid-impervious mem- 
brane and discharged through a central passageway. A filter 
material captures target substances contained in the fluid. 

21 Claims, 6 Drawing Sheets 
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CENTRIFUGAL ADSORPTION SYSTEM time captures certain selected substances contained in the 
fluid. Therefore, there exists a need for an apparatus and 
method of removing gas from a fluid which will preserve the 
low-shear environment and prevent the gas from mixing 

5 with the fluid at the boundary therebetween while at the 

fluid, 

ORIGIN OF THE INVENTION 

The invention described herein was made by Same tirne capturing specific contained in the 
of the United States Government and may be manufactured 
and used by or for the government of the United States of 
America for governmental purposes without the payment of 
any royalties thereon or therefor. 

SUMMARY OF THE INVENTION 
10 The invention provides a low-shear method and apparatus 

for removing gas from a fluid mixture and capturing certain 
substances contained in the fluid mixture, wherein the gas 

The invention relates generally to the separation of gases components are physically separated from the liquid com- 
and liquids in a fluid, and more particularly, to a gas-liquid ponents. 
separator that uses centrifugal force to separate the gas from 15 one aspect, the invention relates to a method of 
the liquid while at the Same time capturing one Or more removing gas from a fluid mixture, comprising receiving the 
target substances in the fluid. fluid mixture within a cylindrical chamber, advancing the 

The formation of gas bubbles in the fluid of any equip- fluid mixture in a helical path through the chamber such that 
ment or hardware system designed to contain such fluids can the liquid component is urged radially outward while the gas 
significantly degrade the performance of the equipment or 2o component is urged radially inward, capturing a target 
system. The gas bubble problem is particularly acute in low substance from the fluid; filtering the gas component from 
or zero-gravity environments such as in outer space where the liquid component, and discharging the gas component 
there is no gravitational force to pull the denser liquid from the chamber. 
components down and consequently force the less dense gas In another aspect, the invention relates to an apparatus for 
components UP. Thus, the gas bubbles remain suspended 25 removing gas from a fluid mixture comprising a cylindrical 
within the fluid instead of rising to the top as would be the housing, The apparatus further comprises a spiral core 
case in normal (1-g) gravity. For example, formation of gas mounted on a hollow, perforated spiral core support member 
bubbles have been consistently observed in space bioreac- and housed within the cylindrical housing, a filter disposed 
tors which are cell culture vessels used to cultivate cells in in between spiral disks of the spiral core, and a membrane 
space. The gas bubbles displace nutrient-rich fluids that 30 layer coaxially adjacent to the hollow, perforated spiral core 
provide nutrients for the cells and severely disrupt the flow support member. 

desirable to be able to remove or eliminate gas bubbles from removing gas from a fluid mixture containing a gas com- 
the fluid in such bioreactor vessels. 35 ponent and a liquid component. The apparatus comprises 

Moreover, certain valuable bioproducts in the culture fluid means for receiving the fluid mixture in a cylindrical 
flowing through the bioreactor vessel may need to be housing, means for advancing the fluid mixture in a helical 
recovered and stored while other substances such as nutri- path through the chamber such that the liquid component is 
ents should remain in the fluid. Further, it is often necessary urged radially outward while the gas component is urged 
to store the target substances in such a way as to preserve 4o radially inward, means for capturing a target substance from 
their structural and functional integrity while staying within the fluid, means for filtering the gas component from the 
the limited resources and confines of spaceflight conditions. liquid component, and means for discharging the gas corn- 
Accordingly, it is also desirable to be able to capture specific ponent. 
substances contained in the culture fluid and conveniently still another aspect, the invention relates to an appa- 
store the same while allowing other substances to pass. 45 ratus for removing gas from a fluid mixture containing a gas 

One prior art method of removing gas bubbles from the component and a liquid component. The apparatus com- 
bioreactor vessels involves subjecting the vessel to high- prises a cylindrical housing, a first inner flange and a second 
speed rotation. However, the high rotation speed may inner flange coaxially attached to a proximal end and a distal 
degrade the low-shear fluid dynamics of the environment in end, respectively, of the cylindrical housing, and first and 
the vessel (necessary for cultivation of mammalian cells) 5o second outer flanges connectable to the first and second 
and compromise the experiment. inner flanges, respectively. Each of the first and second outer 

Another prior art method of separating gas and liquid flanges has a port therein for providing fluid communication 
applies centrifugal force to the fluid to separate the heavier with the cylindrical housing. The apparatus further com- 
liquid components from the lighter gas components. Such prises a spiral core mounted on a hollow, perforated spiral 
methods typically employ a helical passageway to impart a 55 core support member and housed in the cylindrical housing, 
spiraling motion to the fluid passing therethrough. The a filter disposed in between spiral disks of the spiral core, a 
centrifugal force generated by the spiraling motion drives membrane layer disposed adjacent to an inner surface of the 
the heavier liquid components radially outward, separating hollow, perforated spiral core support member and SUP- 

them from the lighter gas components, which are forced ported by a hollow, perforated membrane support member, 
toward the center of the passageway. The liquid and gas 60 and an annular seal between the first inner flange and the first 
components are then discharged through different outlets. outer flange and between the second inner flange and a 
However, the fluid at the center of the passageway may still second outer flange, the annular seal disposed in an annular 

BACKGROUND OF THE INVENTION 

dynamics Of the fluid within the it is In yet another aspect, the invention relates to apparatus for 

have Some gas mixed therein because there is no barrier in groove formed in each of the first and second outer flanges. 
I 

BRIEF DESCRIPTION OF THE DRAWINGS 
the passageway physically preventing the liquid from mix- 
ing with the gas. 65 

Moreover, the inventors are aware of no prior art method 
as yet that both removes gas from a fluid and at the same 

FIG. 1 illustrates a perspective view of the invention. 
FIG. 2 illustrates an exploded view of the invention. 
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FIG. 3 illustrates a partially-longitudinal-sectional view 
of one embodiment of the invention wherein the spiral discs, 
such as representative disc 34(e), remain unsectioned for 
enhanced clarity. 

of another embodiment, similar to the embodiment of FIG. 

further includes a spiral assembly 30 having a spiral core 32 
made of a plurality of spiral disks 34a-34k. The spiral disks 
34a-34k are evenly spaced relative to one another and are 
mounted on a hollow, perforated tubular spiral core support 

member 36 are shown as holes in this embodiment, but may 
be in the form of slits or other types of openings. Also, 

FIG, 4 illustrates a partially-longitudinal-sectional view 5 member 36. The perforations 38 in the core 

3, but without a membrane member, and wherein the although eleven spiral disks 34a-34k are shown here, other discs, as represented by disc 34(e), have not been embodiments may have fewer or spiral disks that may 
be evenly or unevenly spaced within a given area, depending 
on the particular need of the application, 

The centrifugal adsorption cartridge 10 further includes a 
membrane 40 which is attached to, or mounted on, a hollow, 

disks, as represented by disc 34(e), again remain perforated tubular membrane support member 42. The per- 
15 forations 44 in the membrane support member 42 may be 

FIG. 6 illustrates the effect of centrifugal force on the gas holes as shown here, or may be slits, or any other suitable 
openings. The membrane 40 and membrane support member 

FIGS. 7A-7B show parallel and series configurations of 42 are of such dimensions so as to coaxially fit inside the 
spiral core support member 36. Similarly, the entire spiral 

FIG, 8 is a graphical representation of flow rate vs, 2o assembly 30 is of such dimensions as to coaxially fit inside 
the cylindrical housing 12. 

that is gas-permeable, but liquid-impervious so only gas 
may pass therethrough. The other components of the cen- 

25 trifugal adsorption cartridge 10, however, may be made of 
any material suitable for the particular application. For 
example, in an application involving corrosive fluids, the 
cylindrical housing 12, spiral disks 3&-34k, spiral 

sectioned in Order to enhance the 
FIG. 5 illustrates a partially-longitudinal-sectional view 

of yet another embodiment, similar to the embodiment of 
FIGS. 3 and 4, wherein the membrane is in between the 

unsectioned for enhanced clarity. 

bubbles. 

the invention. 

gravitational forces. 

pump speed to air discharge over time. 

Of the drawing. 

FIG, 9 is a graphical representation of the relationship of It is preferable the membrane 40 be made Of a 

DETAILED DESCRIPTION OF THE 
INVENTION 

Following is a detailed description of the various embodi- 
merits ofthe invention. Throughout the description, the term support member 36, etc,, should be made of steel or other 
“fluid” is used to mean a mixture which may contain both a 3o types of corrosive-resistant materials, 

Referring now to FIG. 3 (with continued reference to FIG. liquid component and a gas component. 
In general, the invention employs centrifugal force and a 2), the first outer flange 22 has a port 46 formed therein for 

gas-permeable barrier to separate gas from a fluid mixture allowing fluid to flow into or out of the fluid passageway 14 
containing gas components and liquid components. The in the cylindrical housing 12. Likewise, the second outer 
invention also employs a filter which captures certain 35 flange 24 has a port 48 for allowing fluid to enter and exit 
selected materials contained in the fluid mixture. As the fluid the cylindrical housing 12, The first and second outer flanges 
mixture flows through a helical Path, the centrifugal force 22, 24 also have annular grooves 50, 52 formed therein for 
therefrom drives the liquid components radially outward receiving annular, elastomeric rings or 54, 56, The 
which consequently forces the gas components radially seals 54, 56 form a fluid-tight contact between the inner 
inward. The gas components Pass through the gas- 40 flanges 16, 18 and the first and second outer flanges 22, 24. 
Permeable barrier and are discharged into the mvii-onment. Each of the first and second outer flanges 22, 24 also has an 

Referring now to FIG. 1, a fully assembled centrifugal annular shoulder 60, 62 formed therein which defines an 
adsorption cartridge 10 has a cylindrical housing 12 which annular recess 64, 66 for receiving the ends of the spiral core 
is connected at its proximal and distal ends to a first inner support member 36. The first and second outer flanges 22,24 
flange 16 and a second inner flange 18, respectively, as 45 further include openings 68, 70 which, in conjunction with 
shown. The cylindrical housing 12 and the first inner and the membrane support member 42, forms a gas passageway 
outer flanges 16, 18 together define a fluid passageway 14 58 in which gas may be collected and discharged from the 
(shown in FIG. 2) through the cylindrical housing 12. The centrifugal adsorption cartridge 10. Cap screws 72a, and 72b 
first inner flange 16 is in turn connected to a first outer flange may be inserted into either or both of the openings 68, 70 to 
22 and the second inner flange 18 is connected to a second 50 prevent or control the exit of the gas from the centrifugal 
outer flange 24. In some embodiments, the cylindrical adsorption cartridge 10. A filter material 74 is packed into 
housing 12 and the first and second inner flanges 16, 18 are the cylindrical housing 12 in between the spiral disk 
formed from a single piece, while in other embodiments they 34a-34k as shown. 
may be made of separate Pieces which are then c m t ~ c t e d  In operation, fluid is pumped or otherwise introduced into 
together during assembly of the centrifugal adsorption car- 55 the centrifugal adsorption cartridge 10 through one of the 
tridge 10. A set of holes 20 (shown in FIG. 2) are formed in ports 46,48. Once the fluid enters the cylindrical housing 12, 
the first and second inner flanges 1 6 1 8 ,  and a corresponding it follows a helical path defined by the spiral disks 34a-34k 
Set of holes 26 are formed in the first and second outer that make up the spiral core 32. The fluid passes through the 
flanges 22, 24. The holes 20 and 26 are adapted to receive filter material 74 which captures certain selected bioproducts 
one Or more SCreWS 28 for connecting the first inner flange 60 in the filter material 74. In one embodiment, the filter 
16 to the first outer flange 22 and the second inner flange 18 material 74 is preferably coated with a ligand which is 
to the ~ c o n d  outer flange 24, as dmwn. Although SCrewS 28 effective to capture particular biological agents (e.g., vita- 
are used in this embodiment, alternative means for connect- min D, or Epo). In other embodiments, however, the filter 
ing or otherwise attaching the inner flanges 16, 18 to the material 74 is made of any suitable fibrous, adsorbent 
outer flanges 22, 24 together may certainly be used. 65 material which can easily conduct fluid therethrough while 

Referring now to FIG. 2, in addition to the components capturing specific substances which are contained in the 
previously described, the centrifugal adsorption cartridge 10 fluid. 
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As the fluid flows along the helical path, the centrifugal relatively tight spacing, not shown, of the spiral disks which 
force generated therefrom drives the heavier liquid compo- defines a longer helical path through the centrifugal adsorp- 
nent radially outward, which forces the lighter gas compo- tion cartridge, while in another configuration, not shown, the 
nent radially inward. The inwardly moving gas component spiral core has a relatively loose spacing, not shown, of the 
passes through the perforations 38 in the spiral core support 5 spiral disks which, as will also be understood by those in the 
member 36, is filtered through the membrane 40, passes art, defines a shorter helical path through the centrifugal 
through perforations 44 in the membrane support member adsorption cartridge. Also, as in the embodiment illustrated 
42, and into the gas passageway 58. The fluid, which is now in the drawings, the spiral disks of the spiral core may have 
substantially free of the gas component, exits the centrifugal a spacing that is intermediate that of the two above- 
adsorption cartridge 10 through one of the previously i o  mentioned configurations. 
described ports 46, 48 formed in the outer flanges 22, 24. The different spacing of the spiral disks discussed above 

The gas component in the gas passageway 58 is dis- 
charged from the centrifugal adsorption cartridge 10 through 
one of the previously described openings 68, 70 formed in 
the outer flanges 22, 24. In some embodiments, the gas 
component is discharged directly into an external environ- 
ment by simply exposing the gas to the environment such 
that the gas naturally diffuses into the external environment. 
In other embodiments, the gas component is discharged by 
reducing the air pressure in the vicinity of one of the 
openings 68, 70. 

also results in the generation of varying amounts of cen- 
trifugal force, because the fluid will flow through the cen- 
trifugal adsorption cartridge at different flow rates depend- 

15 ing upon the spacing of the spiral disks. As may be seen in 
FIG. 8, the centrifugal G forces increase as the flow rate 
increases. As will be understood by those in the art, the 
amount of centrifugal force generated increases more rap- 
idly for tightly spaced spiral disks than for configurations 

20 employing more loosely spaced spiral disks, in that, from 
basic and well-known principles of physics and fluid flow, 

By virtue of the symmetrical shape and even spacing of 
the spiral disks 34a-34k, the centrifugal adsorption cartridge 
10 is bi-directional, i.e., the direction of the fluid flow does 
not affect the utility or efficiency of the centrifugal adsorp- 25 
tion cartridge 10. However, in other embodiments, the 
spacing and shapes of the spiral disks 34a-34k may be 
adjusted to maximize the fluid flow rate in a particular 
direction or in a particular section (e.g., the middle) of the 

Referring now to FIG. 4, in another embodiment, the 
membrane 40 is not mounted on the membrane support 
member 42, but is instead attached to the inner surface of the 
spiral core support member 36 and supported thereby. 

cylindrical housing 12. 30 

- 

the flow path is shortened and made more acute. 
Advantages of the centrifugal adsorption cartridge 

include a passive (i.e., no external power needed), low-shear 
method and apparatus for removing gas from a fluid that also 
physically separates the gas components from the liquid 
components. In addition, the cartridge may be used to 
capture preselected target substances contained in the fluid. 
When a cartridge is full, or when it is desired to store the 
captured substance, the cartridge may be easily removed and 
conveniently stored and a replacement cartridge inserted 
into place. Furthermore, the cartridge may be easily scaled 
larger or smaller to suit the size requirement of a particular 
application without affecting the utility thereof. 

FIG. 6 is a graphical representation of the effects of 
centrifugal force on gas bubbles in a fluid flowing through 45 
the centrifugal adsorption cartridge 10. As the fluid flows 
through the helical path, gas bubbles are forced toward the 
center (shown by arrows) due to the centrifugal force acting 
on the heavier liquid components. Although the invention 
was originally designed for low or zero-gravity applications, 5o 
it should be clear the principles and concepts disclosed 
herein are equally applicable to normal gravity environ- 

prising; 
receiving the fluid mixture in a cylindrical chamber; 
advancing the fluid mixture in a substantially helical path 

through the chamber such that the liquid component is 
urged radially outward while the gas component is 
urged radially inward; 

capturing a target substance from the fluid mixture; 
filtering the gas component from the liquid component; 

and 
ments. discharging the gas component from the chamber. 

The quality of the fluid from which gas is removed may 2. The method of claim 1, wherein discharging the gas 
be improved by connecting multiple centrifugal adsorption 55 component comprises reducing an air pressure at a gas 
cartridges in series as shown in FIG. 7B. Each additional component outlet. 
centrifugal adsorption cartridge removes any gas and cap- 3. The method of claim 1, wherein discharging the gas 
tures any target substance not previously removed and component comprises exposing the gas component directly 
captured by the centrifugal adsorption cartridges upstream. to an environment external to the chamber. 
Alternatively, the quantity of the fluid from which gas is 60 4. The method of claim 1, wherein receiving the fluid 
removed may be increased by connecting multiple cartridges mixture comprises pumping the fluid mixture into the cham- 
in parallel as shown in FIG. 7A. Each additional centrifugal ber. 
adsorption cartridge allows that much more fluid to be 5. The method of claim 1, wherein receiving the fluid 
processed at the same time. mixture comprises allowing the fluid mixture to flow under 

As has been previously noted, different configurations of 65 its own weight into the chamber. 
the spiral core are possible. For example, and as will be 6. The method of claim 1, further comprising sealing the 
understood by those in the art, the spiral core may have a chamber to prevent leakage of the fluid mixture. 



US 7,122,071 B1 
7 8 

7. An apparatus for removing gas from a fluid mixture 
containing a gas component and a liquid component, com- 
prising: prising: 

19. An apparatus for removing gas from a fluid mixture 
containing a gas component and a liquid component, com- 

means for receiving the fluid mixture in a cylindrical 
chamber; 

means for advancing the fluid mixture in a substantially 
helical path through the chamber such that the liquid 
component is urged radially outward while the gas 
component is urged radially inward; 

a cylindrical housing; 
a spiral core mounted on a hollow, perforated spiral core 

member and housed within the cylindrical 

a membrane layer coaxially disposed adjacent to the 

a filter disposed in between spiral disks of the spiral core. 
8. The apparatus of claim 7, wherein the membrane layer 

9. The apparatus of claim 7, wherein the filter is coated 

housing; 

perforated core member; and 10 means for capturing a target substance from the fluid; 
for filtering the gas component from the liquid 

means for discharging the gas component from the cham- 

20. The apparatus of claim 19, further comprising means 

component; and 

ber. 
is gas-permeable and liquid-impervious. 

with a ligand. 

is adjacent to an inner surface ofthe hollow, perforated spiral 
core support member. 

is adjacent to an outer surface ofthe hollow, perforated spiral 20 prising: 
core support member. 

12. The apparatus of claim 7, wherein the membrane layer 
is supported by a hollow, perforated membrane support 
member disposed coaxially within the hollow, perforated 
spiral core support member. 

second inner flanges attached to proximal and distal ends, 
respectively, of the cylindrical housing. 

14, The apparatus ofclaim 13, further comprising first and 
second outer flanges connectable to the first and second 30 
inner flanges, respectively. 

15. The apparatus of claim 14, further comprising an 
elastomeric annular seal between the first inner flange and 
the first outer flange and between the second inner flange and 
the second outer flange. 

16. The apparatus of claim 15, wherein each of the first 
and second outer flanges has an annular groove formed 
therein for receiving the elastomeric seal. 

17. The apparatus of claim 14, wherein each of the first 
and second outer flanges has an annular shoulder defining a 4o 
recess therein for receiving the hollow, perforated spiral core 
support member. 

18. The apparatus of claim 7, further comprising an inlet 
for providing fluid communication with the cylindrical hous- 

15 
lo. The Of 7, wherein the membrane layer for sealing the chamber to prevent leakage of the fluid 

mixture, 
21. An apparatus for removing gas from a fluid mixture 

11. The apparatus of claim 7, wherein the membrane layer containing a gas component and a liquid component, corn- 

a cylindrical housing; 
a first inner flange and a second inner flange coaxially 

attached to a proximal end and a distal end, 
respectively, of the cylindrical housing; 

support member and housed within the cylindrical 
housing; 

a ligand coated filter disposed in between spiral disks of 
the spiral core; 

a membrane layer coaxially disposed adjacent to an inner 
surface of the hollow, perforated spiral core support 
member and supported by a hollow, perforated mem- 
brane support member; 

first and second outer flanges connectable to the first and 
second inner flanges, respectively, each of the first and 
second outer flanges having a port therein for providing 
fluid communication with the cylindrical housing; 

an annular seal between the first inner flange and the first 
outer flange and between the second inner flange and a 
second outer flange, the annular seal disposed in an 
annular groove formed in each of the first and second 
outer flanges. 

13, The apparatus of claim 7, further comprising first and 25 a core mounted On a perforated core 

35 

ing. * * * * *  
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