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Abstract

A pressure swing adsorption process includes separating a gas mixture by absorbing at 
least one gas component in an adsorbent mass provided within each vessel of a plurality 
of vessels. Each vessel of the plurality of vessels has a single pressure equalization 
cycle. The process is preferably performed with only four valves per vessel of the plurality 
of vessels. Additionally, a pressure swing adsorption system of the invention includes a 
plurality of vessels each containing therein an adsorbent mass configured to separate a 
gas mixture by absorbing at least one gas component in said adsorbent mass, where the 
system is configured to separate the gas mixture using a single pressure equalization 
cycle and includes only four valves per vessel of the plurality of vessels.
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TITLE OF THE INVENTION

PRESSURE SWING ADSORPTION (PSA) SYSTEM AND APPARATUS FOR 

IMPROVED CONTROL OF PSA FLOW VARIATIONS

CROSS-REFERENCE TO RELATED APPLICATION

This application is related to U.S. Provisional Application No. 60/642,989 and 

Australian Application No. 2006204976, both entitled METHODS AND APPARATUS 

FOR IMPROVED CONTROL OF PSA FLOW VARIATIONS, which was filed on 

January 12, 2005.

BACKGROUND OF THE INVENTION

Pressure swing adsorption (PSA) is a commonly used process for the purification 

of gases. Exemplary applications include separation of hydrogen from gas mixtures, 

separation of helium from natural gas, purification of landfill gas, and air separation for 

production of oxygen, nitrogen and/or argon.

Related art PSA systems are limited by their very large product and raffinate gas 

flow fluctuations. These fluctuations require sizeable storage or surge tanks to dampen the 

flow fluctuation adequately to allow proper function of downstream process equipment 

connected to the PSA system.

Industrial-scale gas separations have traditionally been executed using PSA cycles 

possessing at least one pressure-equalizing step to enhance pressurized product fractional 

recovery at a given purity. Increased fractional recovery decreases the amount of gas
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0- rejected to the raffinate surge tank, and ensures a more nearly continuous flow of 

pressurized product gas. Cycles having three or more equalizations are known.

Another step taken to reduce flow pulsation in the related art is to operate cycles 

having many equalizations and many vessels in a single process train. An example of a 

PSA system having many vessels and many equalization steps is U.S. Patent No. 

3,986,849 to Fuderer et al. which describes process trains possessing as many as ten 

adsorbent vessels and fifty-five valves. In industrial applications, the high energy and 

operating costs associated with loss of recoverable product has usually been outweighed 

by the considerable increase in complexity associated with more complex PSA cycles 

having one or more pressure equalizations except for very large plants. Thus, most plants 

employ extremely large surge tanks for both pressurized product and raffinate gas.

Related art PSA systems of all types, but especially those having multiple 

equalizations, are also subject to severe limitations due to their very high complexity and 

attendant high parts count. Not only does this complexity significantly increase the 

probability of a component failure, it also significantly increases the system size, assembly 

time, and material cost. Most related art PSA systems are single point of failure systems. 

Notable exceptions are the process revealed in U.S. Patent No. 4,234,322 to De Meyer et 

al., and U.S. Patent No. 6,699,307 by Lomax. Even in the exemplary related art processes, 

the PSA plant must eventually be shut-down to conduct maintenance on the defective 

component. Such shutdowns are extremely undesirable as they incur a significant amount 

of lost production time for the entire process facility. Further, when the PSA is connected 

to a high temperature process such as a hydrocarbon steam reformer, autothermal 

reformer, partial oxidation reformer, ammonia synthesis plant or ethylene cracker, the 

lifetime of the connected process equipment may be greatly reduced due to the high 

mechanical stresses incurred during a shutdown and restart event.
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U.S. Patent No. 6,051,050 in order to achieve greater overall system capacity, but do not 

disclose a method or strategy for operating these modules in the event of malfunction. 

The rotary modules of Keefer et al. are quite different than those accepted in industrial 

practice, and are not subject to the same type of single point valve failure as valved PSA 

apparatus. Their mode of failure is through gradual seal failure. The modules of Keefer 

also have a very large number of active beds, and they are thus less concerned with 

variations in product and raffinate gas flowrate pulsation. The low-pulsation rotary 

modules of Keefer et al., and the similar inventions of U.S. Patent No. 5,112,367, U.S. 

Patent No. 5,268,021 and U.S. Patent No. 5,366,541 to Hill et al. suffer from inevitable 

leakage due to their use of sliding seals. This leakage results in reduced purity and 

product recovery, as well as maintenance problems due to limited seal lifetime. High 

pressure exacerbates these problems, making rotary modules less desirable for 

industrially-important separations than the valved PSA apparatuses accepted in the related 

art.

Because of the extremely large size of related art valved PSA systems and their 

very high cost, it has remained extremely undesirable to provide backup PSA capacity to 

prevent process shutdowns, especially for valved PSA systems having pressure 

equalizations and large numbers of adsorbent beds, with their attendant high complexity.

The present inventors have previously developed improved apparatuses for 

advanced PSA systems that greatly reduce the complexity of PSA apparatus employing 

pressure equalizations in U.S. Patent No. 6,755,895 (hereafter “the ‘895 patent”). We 

have also developed new methods for executing PSA cycles which dramatically-reduce 

the number of valves required to execute PSA cycles in U.S. Patent No. 6,699,307 

(hereafter “the ‘307 patent”). We have also developed improved methods of controlling
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flows of purge and equalization gas in co-pending U.S. App. Serial No. 10/453,601 

(hereafter “the ‘601 application”) as well as more advanced PSA apparatus and a novel 

approach to the use of multiple, modular PSA’s to reduce flow variability, manufacturing 

cost and provide ease of service and fault tolerance in co-pending U.S. App. Serial No. 

10/615,244 (hereafter “the ‘244 application”). All of these references are incorporated 

herein by reference in their entirety. Although these inventions all address the 

shortcomings of related art PSA’s, further room for improvement remains.

The novel PSA cycles of the ‘307 patent are directed at separations benefiting from 

multiple pressure equalizations, which are generally beneficial in obtaining optimal PSA 

product recovery for equilibrium separations. Under certain circumstances, however, a 

single pressure equalization may be preferred to maximize performance. Examples 

include cases where an unusually-high amount of purge gas is required to strip adsorbed 

impurities from the adsorbent surface, where the void fraction of the adsorbent mass is 

low, or where the operating pressure is low. The same situation may arise when the 

economic value of the purified product is low and the allowable capital cost for the PSA is 

very low.

The modular PSA method and apparatus of the ‘244 application greatly reduces the 

flowrate variation of a PSA plant, potentially reducing the required volume of gas storage 

tanks to buffer this variation, reducing the required size of piping and valving and 

reducing the total footprint of the PSA plant. It does, however, disadvantageous  ̂

increase the number of piping connections, structural supports, etc.

The reference to any prior art in this specification is not, and should not be taken as 

an acknowledgement or any form of suggestion that the referenced prior art forms part of 

the common general knowledge in Australia.

4
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Accordingly, the present invention advantageously provides a pressure swing 

adsorption system having a single pressure equalization preferably using only four valves 

per vessel.

The present invention further advantageously provides a pressure swing adsorption 

apparatus where preferably at least two independent pressure swing adsorption cycles are 

provided in a single mechanical assembly.

The present invention also advantageously provides a pressure swing adsorption 

process using two single equalization PSA cycles preferably operated in parallel which 

reduces the variation in waste gas flowrate.

Furthermore, preferred embodiments of the present invention advantageously 

provide for optimization of pressure swing adsorption cycles to minimize variation in 

product and waste gas flowrate either independently or simultaneously.

These and other objects will be made more evident by reference to the description 

and drawings of embodiments of the invention..

BRIEF DESCRIPTION OF THE FIGURES

A more complete appreciation of the invention and many of the attendant 

advantages thereof will become readily apparent with reference to the following detailed 

description, particularly when considered in conjunction with the accompanying drawings, 

in which:

Figure 1 is a process diagram showing a four vessel PSA system capable of 

executing a single pressure equalization PSA cycle;

Figure 2 is a valve timing diagram for the single-equalization PSA system of

Figure 1:
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systems operating in parallel;

Figure 4 is a first embodiment of a valve timing diagram for the parallel single

equalization PSA system of Figure 3;

Figure 5 is a second embodiment of a valve timing diagram for the parallel single

equalization PSA system of Figure 3;

Figure 6 is an isometric view of a PSA apparatus for executing the process of

Figure 3; and

Figure 7A is a front plan view of a throttling assembly according to the present 

invention, Figure 7B is a side view of the throttling assembly of Figure 7A, and Figure 7C 

is a side cross-sectional view of the throttling assembly taken along line VIIC—VIIC in 

Figure 7A.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Figure 1 shows a PSA system 100 having adsorbent vessels 10, 20, 30 and 40.

These adsorbent vessels are connected to four parallel flow manifolds, namely a feed 

manifold 1, a product manifold 2, a waste gas manifold 3 and an equalization and purge 

manifold 4 according to the practice of the ‘307 patent. The vessels are provided with 

corresponding raw gas feed valves 11,21,31 and 41, product valves 12, 22, 32, and 42, 

waste valves 13, 23, 33 and 43 and equalization and purge valves 14, 24, 34 and 44. This 

mechanical arrangement thus possesses four vessels with four valves each.

The present apparatus may advantageously be used to execute either the valve 

timing cycle of the ‘307 patent or the valve timing cycle of Figure 2. Figure 2 shows a 

valve timing cycle divided into eight time segments, where time steps are repeated to
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manifold 2 from a mixed feed gas provided in feed manifold 1. Figure 2 shows that each 

vessel executes identical process steps shifted in time relative to one another, so only the 

steps for vessel 10 will be explained in detail. During the first time step, the vessel 10 is in 

an adsorption step (A) where mixed feed gas valve 11 is open and product valve 12 is also 

open. Valves 13 and 14 are closed. The impure feed gas travels through the adsorbent 

mass in vessel 10, which may be provided as a bed of pellets or extrudates, as a solid 

monolithic mass, as a rolled cloth or paper, as a powder, or by any of the other familiar 

adsorbent means known in the art. The choice of the adsorbent mass is dictated by the 

chemistry of the separation and is generally known in the art. The choice of adsorbent 

mass does not affect the practice of the present invention.

After the first time step, the adsorption is stopped by closing the feed gas valve 11 

and the product valve 12. In the manufacture of a substantially pure product gas the 

adsorption step is stopped before impurities reach the product end of the adsorbent vessel 

10. At this point, the void spaces in the adsorbent mass are still filled with valuable pure 

product gas. This residual pure product is then used in the second time step to repressurize 

vessel 40. The second time step for the adsorbent vessel 10 is referred to as a pressure 

equalization step (Ed), where the vessel 10 is depressurized from a first, highest pressure 

near the feed gas pressure to a second lower pressure and the vessel 40 is pressurized to 

essentially the same second pressure from a third, lower pressure. During this time step, 

the feed product and waste valves 11 and 41,12 and 42 and 13 and 43 of vessel 10 and 

vessel 40 are in the closed position while the equalization and purge valves 14 and 44 are 

open.

In the third time step for the adsorbent vessel 10, the vessel 10 begins the process 

at the second, intermediate pressure with its void spaces still filled by substantially pure
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the third, lower pressure during this time step, and the flowrate between vessel 10 and 

vessel 20 may be controlled by the flow control method of the ‘601 application, by the use 

of orifice plates, or by the provision of valves 14 and 24 with suitably-restrictive orifices 

to affect the desired flow control. During this time step the valves 14 and 24 are open to 

transfer the purge gas to vessel 20 and waste valve 23 is open to allow the purge gas and 

the purged impurities to flow to the waste manifold 3. All other valves for these two 

vessels are closed during the provide purge step (pp) of time step 3 for vessel 10.

After the provide purge step in time step 3, the vessel 10 is at a fourth intermediate 

pressure between the second pressure and the lowest third pressure. The gas in the void 

space is still substantially-pure. This gas is released to the waste manifold 3 by opening 

valve 13 while all other valves for vessel 10 are closed in a fourth step for vessel 10 

referred to as a blowdown step (BD). This step brings the pressure in vessel 10 at or near 

the third, lowest pressure. At the end of the fourth time step, purge gas is provided from 

vessel 30 to vessel 10 through valves 34 and 14 and is conveyed to the waste manifold 

along with the purged impurity gases by valve 13 to provide a purge step (P) for vessel 10. 

At the end of time step five, the vessel 10 is purged of impurities and is at the third, lowest 

pressure.

During time step six, pure gas from vessel 40 is used to repressurize the vessel 10 

in a pressure equalization step (EP). In this case, the valves 14 and 44 are open and the 

other valves for these vessels are closed. This step brings the vessel 10 to the second, 

intermediate pressure.

Before adsorption begins again, it may be desirable to perform a step of final 

repressurization (FP) of the vessel 10 using pure product gas from the product gas 

manifold. This occurs in time step seven by opening the product valve 12 while all other
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repressurization by means of mixed feed gas is used. The use of pressurization by feed 

gas does not affect the practice of the present invention.

In the eight time step adsorption (A) is started again by admitting mixed feed gas 

through valve 11 and delivering product through valve 12. It is evident from the forgoing 

discussion that the exact pressure levels between stages may be adjusted according to the 

practices known in the art. Further, it is also possible to execute a two pressure 

equalization PSA cycle according to the ‘307 cycle using the same apparatus.

Figure 3 shows an improved PSA system using the PSA system 100 of Figure 1 in 

combination with a second, identical PSA 101. The vessels of the PSA cycle 101 are 

denoted 50, 60, 70 and 80 and their respective valves are numbered as for the PSA 100. It 

is notable that the two PSA’s are connected via a common feed manifold 1, product 

manifold 2 and waste manifold 3, but have separate equalization and purge manifolds 4 

and 5. Thus, these two PSA’s 100 and 101 can be operated as separate PSA modules 

according to the methods of the ‘244 application. However, in the present invention they 

are combined into a single mechanical assembly 102. This assembly is shown in Figure 6. 

By combining at least two PSA modules into a single mechanical assembly 102, the 

number of fittings and pipes are advantageously reduced. Further, the number of 

machined or otherwise formed features to accept these elements is likewise reduced. 

Further, the required size and weight of the combined apparatus is advantageously reduced 

while its mechanical strength is increased and its need for mechanical support structures is 

advantageously reduced.

Figure 4 shows an embodiment of a valve timing cycle using the two-module PSA 

of Figure 3. This valve timing diagram is further divided into sixteen time steps such that 

each of the time steps of Figure 2 results in two time steps in Figure 4. Thus the provide
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Figure 4 the PSA cycle for PSA 101 is offset from the PSA cycle 100 by two time steps, 

which is identical to offset by one time step in the eight-step cycle of Figure 2. For the 

purpose of greater understanding of the relative reduction in flow variation we have added 

a row of waste gas flowrate values and the maximum number of adsorbent vessels which 

may be adsorbing to Figure 4. For the waste gas flowrate we assume an example PSA 

which has the following flowrates for each step which produces waste gas. PPI provides 

2.1 units of gas, PP2 provides 1.4 units of gas, BD1 provides 2.8 units of gas and BD2 

provides 0.7 units of gas. The sum of the wastegas released for each time step is shown in 

Figure 4 for that valve cycle. The maximum number of adsorbent vessels includes 

adsorption during FP2, as the final pressurization can be very rapid under some conditions, 

and the time period FP2 may be available for adsorption, thus reducing the flowrate and 

improving the separation of the desired product from the undesired components of the 

mixed feed gas. The use of FP2 as an adsorption step is wholly optional, and does not 

affect the practice of the present invention.

Another valve timing cycle embodiment is shown in Figure 5, which is also 

provided with waste gas flowrates and the number of vessels adsorbing. The time cycle 

for the PSA 100 is offset by one of the sixteen time steps from the PSA cycle for the PSA 

100 in the embodiment of Figure 5. For the example PSA waste gas flows listed above, 

the table below summarizes the variability in the waste gas flow between the embodiment 

of Figure 4, Figure 5, and the case where both PSA cycles are operated in unison. This 

table shows that the embodiment of Figure 4 reduces both the peak waste gas flowrate and 

the variability in waste gas flowrate compared to operating both PSA modules 

synchronously as in the ‘244 application. Further, the minimum flowrate is also 

advantageously increased compared to the synchronous operation. This advantage is to be

10



20
10

23
60

58
 

27
 O

ct
 2

01
0 expected from the teachings of the ‘244 application, and holds true for the particular 

embodiment having two single equalization modules in combination here.

The table shows that by dividing the valve timing into twice as many distinct time 

steps and offsetting the cycles by a single time step as in the timing cycle of Figure 5, the 

variability is further reduced by a substantial margin. This is accompanied by further 

substantial reductions in the maximum waste gas flowrate and an increase in minimum 

waste gas flowrate. These changes correspondingly reduce the need to provide buffer 

storage reservoir capacity to reduce flowrate and/or flow pressure variations. They also 

advantageously allow the waste gas manifolds and valve orifices to be reduced in size for 

the same allowable peak pressure loss.

Maximum 
flowrate per 

time step

Minimum 
flowrate per 

time step

ratio between 
maximum and 

minimum 
flowrate

parallel 
operation with 
identical cycle 
timing

5.6 1.4 4

parallel 
operation with 
cycle timing 
offset one time 
step

4.2 2.8 1.5

parallel 
operation with 
cycle timing 
offset two time 
steps

4.9 2.1 2.33

The duration of the time steps can be equal or unequal. This can change the 

flowrates in the time step from those used in the example based of sixteen equal time 

steps. Indeed, the PSA valve timing cycle can be divided into a greater number of time 

steps in order to conduct optimization. Additionally, the valve timing could be optimized
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instead for product flowrate. More generally, the discrete valve timing cycle gives rise to 

a time function for each PSA variable such as waste gas flow, waste gas concentration of a 

species, product gas flowrate, etc. These time functions are essentially-continuous except 

very near valve opening and closing events. These functions may be integrated and 

differentiated using the normal mathematical functions. For the purpose of these functions 

it is useful to consider the total period of the PSA cycles in polar coordinates as 2π 

radians, i.e. a complete cycle or circle. Thus, in the sixteen time step PSA cycle having 

equal time steps in Figure 5, vessel ten is beginning the purge step at the position π radians 

in the cycle.

Accordingly, we have found that combinations of at least two PSA cycles may be 

operated with a phase angle between their valve timing. In the example of Figure 4 with 

sixteen equal time steps in the cycle and a phase angle of two steps this phase angle has a 

value in the polar coordinates of π/4. In the embodiment of Figure 5 with sixteen equal 

time steps this phase angle has a value of π/8. It can be seen from the table that in the 

example PSA the phase angle of Figure 5 with a value of te/8 gives a lower variability of 

waste gas flowrate than the embodiment having twice as great a phase angle in Figure 4. 

This variability in waste gas flowrate may be expressed as the amplitude of the continuous 

function resulting from the sum of the waste gas flowrate functions for the PSA cycles 

either in the time domain or in the polar coordinates discussed above. Mathematical 

techniques for minimizing the amplitude of combinations of such mathematical functions 

are known in the art.

Further, it is possible to select a phase angle between the two or PSA cycle which 

simultaneously minimizes more than one variable of interest. For example, the flowrate of 

waste gas and the flowrate of product gas, or the composition of some waste gas species

12



20
10

23
60

58
 

27
 O

ct
 2

01
0 and the total waste gas flowrate. Using the method of the present invention, it is also 

possible to maximize variation of some variable, such as concentration of some waste gas 

species, in order to capture a greater or lesser amount of that species as a second product 

directly or for subsequent purification. These diverse aims may be attained without 

making substantial alterations to the basic PSA apparatus or adversely impacting 

complexity.

Figure 6 depicts a PSA apparatus for executing the process diagram of Figure 3. 

The assembly 210 is used to connect to or house product manifold 2, and equalization and 

purge manifolds 4 and 5. The assembly 220 is used to connect to or house feed manifold 1 

and waste manifold 3. The assembly 210 and the assembly 220 are preferably joined 

together by a plurality of rods as shown.

The present invention advantageously provides a flow variation suppression 

aspect. Flow between different pairs of vessels in the PSA is preferably equal for the 

execution of the same cycle steps. Thus, the provide purge 1 step, PPI, is executed 

between eight distinct pairings of vessels in the apparatus of the present invention. 

Inconsistencies in the flow characteristics between these eight pairings gives rise to 

variations in the degree to which various vessels are purged of adsorbed impurity species. 

This can result in an undesirable reduction in the fractional recovery of pure product gas 

from the PSA. In order to minimize unwanted flow variations, throttling assemblies 300 

including throttling orifices 310 as depicted in Figures 7A, 7B, and 7C can be provided, 

for example, along the equalization and purge manifolds 4 and 5 or at locations between 

the vessels on the other manifolds. In one embodiment, the throttling assemblies may be 

used in place of the porous metal frits described in U.S. Patent No. 6,887,301. Such 

orifices advantageously provide the pre-determined, desired flow characteristic with a
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can give rise to substantial differences in the flow characteristics of throttling orifices.

For example, in a group of throttling assemblies each with a single orifice, and 

with a mean orifice diameter of 0.095 inches with a standard deviation of about 0.003 

inches, the standard deviation in flow was found to be large. However, in a group of 

throttling assemblies each with a single orifice, and with an orifice diameter of 0.095 

inches with a standard deviation of 0.001 inches, the standard deviation in flow was about 

half of the first orifice example. This type of reduction in standard deviation may be 

obtained through greater care in manufacturing, such as careful reaming and deburring of 

drilled orifices, precision drilling of the orifices, or the use of wire EDM or other similar 

precision hole-making techniques. Such techniques may advantageously be used to limit 

the standard deviation in orifice diameter to as little as 0.0001”. Thus, the present 

invention preferably includes a throttling assembly where a standard deviation in a 

diameter of each of the orifices is maintained at less than 2% of a mean orifice diameter, 

and a throttling assembly where a standard deviation in an orifice diameter in an array of 

orifices installed in the pressure swing adsorption system is less than 2% of a mean orifice 

diameter.

Furthermore, in a group of throttling assemblies each possessing an array of three 

orifices, and with each orifice having a diameter of 0.055 inches with a standard deviation 

of 0.001 inches, the standard deviation in flow was about one quarter of the first orifice 

example. Notably, this further reduction was obtained without an increase in the accuracy 

of manufacturing the orifices. Thus, for a given flow restriction required, it has been 

found that for equal manufacturing tolerances, an orifice assembly having at least two 

separate orifices is preferred over ones having a single orifice.
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0· It should be noted that the exemplary embodiments depicted and described herein 

set forth the preferred embodiments of the present invention, and are not meant to limit the 

scope of the claims hereto in any way.

In the specification the term “comprising” shall be understood to have a broad 

meaning similar to the term “including” and will be understood to imply the inclusion of a 

stated integer or step or group of integers or steps but not the exclusion of any other 

integer or step or group of integers or steps. This definition also applies to variations on 

the term “comprising” such as “comprise” and “comprises”.

Numerous modifications and variation of the present invention are possible in light 

of the above teachings. It is therefore to be understood that, within the scope of the 

appended claims, the invention may be practiced otherwise than as specifically described 

and/or illustrated herein, as will be appreciated by the skilled addressee.
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CLAIMS

1. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and

a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels, the at least two throttling orifices each 
penetrating a same obstruction,

wherein the system is configured to separate the gas mixture using a single 
pressure equalization cycle, and

wherein the system includes only four valves per vessel of the plurality of vessels.

2. The system according to claim 1, wherein the system includes four vessels.

3. The system according to claim 1, wherein the system includes eight vessels.

4. The system according to claim 1, further comprising four parallel flow manifolds 
including a feed manifold, a product manifold, a waste gas manifold, and an equalization 
and purge manifold,

wherein each vessel of the plurality of vessels is connected to each of said four 
parallel flow manifolds.

5. The system according to claim 4, wherein a single valve is provided along a conduit 
connecting each manifold of the four parallel flow manifolds to each respective vessel of 
the plurality of vessels.

6. The system according to claim 1, wherein the system is configured to separate the gas 
mixture using at least two independent pressure swing adsorption cycles, and wherein 
the independent pressure swing adsorption cycles are each performed in respective sets 
of vessels of the plurality of vessels.

7. The system according to claim 6, wherein each vessel of the plurality of vessels is 
connected to a common feed manifold, a common product manifold, and a common 
waste gas manifold, and wherein each set of vessels is connected to a separate 
equalization and purge manifold that is connected to each vessel within a respective set 
of vessels.

8. The system according to claim 6, wherein each set of vessels is identical to one 
another.

9. The system according to claim 6, wherein all of sets of vessels are provided in a single 
mechanical assembly.
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10. The system according to claim 6, wherein a controller is configured to cause each set 
of vessels to perform a same series of steps in the at least two independent pressure 
swing adsorption cycles, and the controller causes a timing of cycles to be offset by a 
predetermined phase angle.

11. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and

a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels,

wherein the system is configured to separate the gas mixture using a single 
pressure equalization cycle, and

wherein the system includes only four valves per vessel of the plurality of vessels, 
wherein the system is configured to separate the gas mixture using at least two 

independent pressure swing adsorption cycles, and wherein the independent pressure 
swing adsorption cycles are each performed in respective sets of vessels of the plurality 
of vessels,

wherein a controller is configured to cause each set of vessels to perform a same 
series of steps in the at least two independent pressure swing adsorption cycles, and the 
controller causes a timing of cycles to be offset by a predetermined phase angle, and

wherein the controller is configured to vary the predetermined phase angle to 
minimize a predetermined variable including at least one of a total flowrate of waste gas, 
a composition of waste gas species, and a total flowrate of product gas.

12. The system according to claim 11, wherein the predetermined phase angle is varied 
by the controller to simultaneously minimize more than one predetermined variable.

13. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and

a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels,

wherein the system is configured to separate the gas mixture using a single 
pressure equalization cycle, and

wherein the system includes only four valves per vessel of the plurality of vessels, 
wherein the system is configured to separate the gas mixture using at least two 

independent pressure swing adsorption cycles, and wherein the independent pressure 
swing adsorption cycles are each performed in respective sets of vessels of the plurality 
of vessels,
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wherein a controller is configured to cause each set of vessels to perform a same 
series of steps in the at least two independent pressure swing adsorption cycles, and the 
controller causes a timing of cycles to be offset by a predetermined phase angle, and

wherein the predetermined phase angle is varied by the controller to maximize a 
predetermined variable including a concentration of waste gas species.

14. The system according to claim 10, wherein the controller causes durations of time in 
the steps of the series of steps to be equal.

15. The system according to claim 10, wherein the controller causes durations of time in 
the steps of the series of steps to be unequal.

16. The system according to claim 6, further comprising means for minimizing a 
predetermined variable including at least one of a total flowrate of waste gas, a 
composition of waste gas species, and a total flowrate of product gas.

17. The system according to claim 16, wherein the means for minimizing includes means 
for simultaneously minimizing more than one predetermined variable.

18. The system according to claim 16, further comprising means for maximizing a 
predetermined variable including a concentration of waste gas species.

19. The system according to claim 6, further comprising means for minimizing variation in 
product gas flowrate and waste gas flowrate independently.

20. The system according to claim 6, further comprising means for minimizing variation in 
product gas flowrate and waste gas flowrate simultaneously.

21. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and

a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels, the at least two throttling orifices each 
penetrating a same obstruction,

wherein the system is configured to separate the gas mixture using at least two 
independent pressure swing adsorption cycles, and

wherein the at least two independent pressure swing adsorption cycles are each 
performed in respective sets of vessels of the plurality of vessels.

22. The system according to claim 21, wherein the system includes only four valves per 
vessel of the plurality of vessels.

wherein the system is configured to separate the gas mixture using a single

18



20
10

23
60

58
 

20
 F

eb
 2

01
3

pressure equalization cycle.

23. The system according to claim 21, wherein each vessel of the plurality of vessels is 
connected to a common feed manifold, a common product manifold, and a common 
waste gas manifold, and wherein each set of vessels is connected to a separate 
equalization and purge manifold that is connected to each vessel within a respective set 
of vessels.

24. The system according to claim 21, wherein each set of vessels is identical to one 
another.

25. The system according to claim 21, wherein all of sets of vessels are provided in a 
single mechanical assembly.

26. The system according to claim 21, wherein a controller is configured to cause each 
set of vessels to perform a same series of steps in the at least two independent pressure 
swing adsorption cycles, and wherein the controller causes a timing of cycles to be offset 
by a predetermined phase angle.

27. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and

a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels,

wherein the system is configured to separate the gas mixture using at least two 
independent pressure swing adsorption cycles,

wherein the at least two independent pressure swing adsorption cycles are each 
performed in respective sets of vessels of the plurality of vessels,

wherein a controller is configured to cause each set of vessels to perform a same 
series of steps in the at least two independent pressure swing adsorption cycles, and the 
controller causes a timing of cycles to be offset by a predetermined phase angle, and

wherein the controller is configured to vary the predetermined phase angle to 
minimize a predetermined variable including at least one of a total flowrate of waste gas, 
a composition of waste gas species, and a total flowrate of product gas.

28. The system according to claim 27, wherein the predetermined phase angle is varied 
by the controller to simultaneously minimize more than one predetermined variable.

29. A pressure swing adsorption system comprising:
a plurality of vessels each containing therein an adsorbent mass configured to 

separate a gas mixture by absorbing at least one gas component in said adsorbent mass, 
and
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a throttling assembly disposed in a fluid path between at least two of the plurality of 
vessels, the throttling assembly including at least two throttling orifices configured to 
regulate fluid flow between the at least two vessels,

wherein the system is configured to separate the gas mixture using at least two 
independent pressure swing adsorption cycles,

wherein the at least two independent pressure swing adsorption cycles are each 
performed in respective sets of vessels of the plurality of vessels,

wherein a controller is configured to cause each set of vessels to perform a same 
series of steps in the at least two independent pressure swing adsorption cycles, and the 
controller causes a timing of cycles to be offset by a predetermined phase angle, and 

wherein the predetermined phase angle is varied by the controller to maximize a 
predetermined variable including a concentration of waste gas species.

30. The system according to claim 26, wherein the controller causes durations of time in 
the steps of the series of steps to be equal.

31. The system according to claim 26, wherein the controller causes durations of time in 
the steps of the series of steps to be unequal.

32. The system according to claim 21, further comprising means for minimizing a 
predetermined variable including at least one of a total flowrate of waste gas, a 
composition of waste gas species, and a total flowrate of product gas.

33. The system according to claim 32, wherein the means for minimizing includes means 
for simultaneously minimizing more than one predetermined variable.

34. The system according to claim 32, further comprising means for maximizing a 
predetermined variable including a concentration of waste gas species.

35. The system according to claim 21, further comprising means for minimizing variation 
in product gas flowrate and waste gas flowrate independently.

36. The system according to claim 21, further comprising means for minimizing variation 
in product gas flowrate and waste gas flowrate simultaneously.

37. A throttling assembly for a pressure swing adsorption system including at least two 
vessels each containing therein an adsorbent mass configured to separate a gas mixture 
by absorbing at least one gas component in the adsorbent mass, said throttling assembly 
comprising at least two throttling orifices configured to regulate flow between the at least 
two vessels, the at least two throttling orifices each penetrating a same obstruction, and 
where a standard deviation in a diameter of each of the orifices is maintained at less than 
2% of a mean orifice diameter.

38. The throttling assembly of claim 37, where a standard deviation in a diameter of each
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of the orifices is maintained at less than 2% of a mean orifice diameter.

39. A throttling assembly, for a pressure swing adsorption system including at least two 
vessels each containing therein an assorbent mass configured to separate a gas mixture 
by absorbing at least one gas component in the adsorbent mass, said throttling assembly 
comprising:

at least two throttling orifices configured to regulate flow between the at least two 
vessels, the at least two throttling orifices each penetrating a same obstruction, and 
where a standard deviation in an orifice diameter in an array of orifices installed in the 
pressure swing adsorption system is less than 2% of a mean orifice diameter.

40. A pressure swing adsorption apparatus comprising at least two pairs of vessels in fluid 
communication, with at least one throttling assembly interposed in a fluid path between 
each pair of vessels, wherein the throttling assembly includes at least two orifices, the at 
least two throttling orifices each penetrating a same obstruction .

41. A pressure swing adsorption system substantially as herein described with reference 
to the accompanying drawings.

42. A throttling assembly for a pressure swing adsorption system, substantially as herein 
described with reference to the accompanying drawings.

21



1/7

20
10

23
60

58
 

27
 O

ct
 2

01
0

1C>

3 O-

Figure 1

100

<=>



2/7

20
10

23
60

58
 

27
 O

ct
 2

01
0

CM 
Φ L- 
3 
cn 

'll.

tim
es

te
p 

1

CO < s

1 
1

1 
09 

1

K· Q. 
U. < a. CL 

a.

to Q 
UJ < o 

m
Ό 
UJ

ID OL a. 
u.

CL 
CL <

Q 
m

a 
UJ

Ό 
UJ <

co Q. 
Q. CL· < Ct 

u.

CM TJ
111

o 
m < Q. 

UJ

- < CL 
Q.

a. 
u_

CL· 
Dl

Ve
ss

el

o o 
CM

o 
co

o



20
10

23
60

58
 

27
 O

ct
 2

01
0

I 
I
I
I

I

I
I

I
I

I
I

I »
II
I
I

I 
I
I )
I
I

I
I

I
I

I

I
I

I
I

I
I

I



4/7

I

20
10

23
60

58
 

27
 O

ct
 2

01
0

Ti
m

e 
st

ep
 

1

<0 5 £ £ BD
2 1 V 

a
UJ S < 3.

5

—------------—

CO

ID 
T" <

V
2 Q.

LU
Q 
m

£

CL
CM 
CL 5 £

IX
CM 
M- CM

Xfr cmCL u_ 5 CM 
XL PP

2 τα, a.
£ 3 £ 

IX

ID 
CO

CO

co £
IX

co 
< £ £

CL

CM 
Ό 
UJ B

D
2

£ CM
Q 

UJ
CD 
CM

CM

CM Ώ. 
ui

CM 
Q 
m UJ

£
s
m < £

10 
CO CO

v
V Cl UJ < o 

m
£ <

£ 
CL

CM 
o. 
u. £ CM

O CM 
Q.

CM 
XL 
U. PP

2

< <
V·· £L CL a 

IL a
ID 
co’ CO

σ> ν
α. a 

u_
£ 
CL <

CM 
*0 
UJ

CM 
Q 

UJ B
D

2 1 co 
CM

CM

co a 
m

CM 
Q 

UJ

CM
Ό 
lu

£
<

V
£

V 
a 

UJ

τ
ο 
CD

ID 
CO CO

S 

tn Q. 
UJ

£ <
£ 

ix
CM 
Q.

£ 

CL
CM
MT

CM

CD ε
CL

CM 
XL

5 CM 
CL 
IX

Va.
LL

CO
<

T-
0.

να. CL
ID
CO CO

Τ
Ο. 
0»

V 
CL 3 CL 

LL
a 

UJ
£

B
D

2

LU
€0 
CM CM

■»r
CM 
Ό 
UJ

CM 
O 
m

£ CM 
a 

UJ
£ < a 

CD

V

UJ
ID * 
CO CO

co £
V· 
□ 
m <

Ή 
UJ

£ £
IL

CM 
XL 
a

3 CM
V

CM

CM 5 PP
2 CM 

a 
u.

CM 
n_ £ £ 

IL
£CL

ID 
CO

CO

-
CO 
<

£ 
CL

a 
IX

£
CM 
Q 
m

CM
Q 
UJ

CM 
*0 
UJ £ CO 

CM CM

Ve
ss

el

- CM co xr ID (0 CO

w
as

te
ga

s 
flo

w
 in

 ti
m

e 
st

ep
m

ax
. #

 o
f 

ve
ss

el
s 

ad
so

rb
in

g



J

5/7

20
10

23
60

58
 

27
 O

ct
 2

01
0

IO 
Φ k.
3 
g> 
iZ

i 
Ti

m
e 

st
ep

 
1

CO 2 CM 
Ό 
UJ

CM 
£ o 

CD

CM 
□. 
a.

CM 
CL 5 & 2.

1 CO

m
ν’ <

T“
E

UJ
X- 
Q 
CD

x
X x 2 X 

X xt CM

xr 
X“

£
UL

3 CM 
□.

CM
CL 
a

CM 
•o 
UJ B

D
2 Si 

UJ
X“
CM CO

co 
v-

v-
x 
u.

CO
<

x·
0-

x— 
X 
Q.

X" 
s s

m <
x·
CL· 

UJ
CD
xf CM

CM CM 
Q.

UJ
Ω m

CM 
■o 
UJ

CM 
o. 
Cl

CM
Cu 
u.

CM 
CL

x·
CM CO

-
Ή
UJ

D m
X“
Ό 
UJ <

X“ 
CL 
Q_

CL·
U_

X“ 
X

CD 
xr

CM

o £ Si
UL

CM 
£L 
CL· 3 CM 

“O 
UJ

CM a 
UJ

CM 
a 
co

T—
CM

CO

σ> x-
IX

X"
0. 
u.

X 
X 3 x—< E

x— 
Q. 

UJ

χ— 
o a

a>
V

CM

co
8 
m UJ UJ

3 CM 
CL 
LL·

5 CM 
a. £

X CM
CO

r* s 
CD

X» 
Q.

UJ
E < X 

U.
5 x~ 

Q_ X 
a

CM 
xr«

CM

CD
£ 
X

CM 
Q. <

CM
CL
U.

21
UJ

S'
CM 
O 
CD

CM
2

X“
CM

<0

U) CL· 
CL

Sl CO
<

x*  
D_
LL·

a 
UJ < Q co w

a> 
’’T

CM

m·
CM 
S O 

m
S! CM 

a
UJ

CM 
□.

CM 
Q_ 
Li.

£

Q. <
x—
CM

CO

co S
x— 
O 
m

X“ 
<

Ή
UJ

v·
a.

X"
& X 

X <
a> 
xr

CM

CM
CM 
x 
X

CM 
X 
U.

Si Q
CD

2 

UJ

CM 
Ό 
UJ CM

CO

CO 
<

τ
Ο- 
Ο.

CL· 
U. a 5

CD
Q in T> 

UJ <
a» CM

Ve
ss

el

- CM co xr to CD r- co

w
as

te
ga

s 
flo

w
 in

 ti
m

e 
st

ep
m

ax
. #

 o
f 

ve
ss

el
s 

ad
so

rb
in

g



20
10

23
60

58
 

27
 O

ct
 2

01
0

Figure 6



7/7

20
10

23
60

58
 

27
 O

ct
 2

01
0·

7a Fici. 7B


