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Abstract:

A typical rotary face seal employs a seal ring rotating relative to a sealing surface and also
employs means to urge the seal ring towards the sealing surface in order to effect a seal. The seal
ring may itself comprise a seal face bonded to a backing ring. In certain applications, the seal
face may deform significantly as a result of the temperature variations experienced and an
undesirable crowning of the seal face may occur. Such crowning may be reduced by employing
an improved seal ring with anti-crowning features in which the thickness of an edge of the seal
face 1s different from that in the middle of the seal face, or in which a relief slot is employed in
the seal face. The improved seal ring is particularly suited for rotary face seals used in a rotary

valve 1n a rotary gas separation device.



10

15

20

25

CA 2924554 2017-04-26

ROTARY FACE SEAL WITH ANTI-CROWNING FEATURES

FIELD
This disclosure concerns rotary face seals, such as for use in a rotary valve.in rotary
pressure swing adsorption devices. In particular, it concerns certain features employed in

rotary face seals in order to maintain flatness and stabilize the seal against variations in

temperature.

BACKGROUND

Rotary face seals typically comprise two contacting rings where one ring rotates with
respect to the other. The seal is made between the opposing faces of the two contacting rings.

Force is provided in some manner in order to maintain sealing contact between the rings.

Such rotary face seals are used for numerous commercial purposes. A relatively new
application for rotary face seals has been for use in compact and/or rapid cycle pressure swing
adsorption (PSA) devices. For instance, U.S. reissue patent number RE38,493, discloses such
devices. Therein, rotary face seals form part of pressure balanced rotary distributor valves that
are used to open and close the feed and product ends of the adsorbent beds employed in a PSA
device. In addition, US Patent Publication No. US2010/0089241 titled "Gas Separation
Device", filed January 23, 2008, discloses a rapid cycle pressure swing adsorption (RCPSA)

device which also employs rotary face seals in rotary valves used at both the feed and product

ends of the adsorbent beds therein. In the embodiments disclosed,
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the force used to maintain contact between the sealing surfaces can be provided by various

gases as opposed to being provided by mechanical means (e.g. springs).

Problems associated with temperature gradients and thermal distortion in rotary face
seals have been encountered in the prior art and some solutions have been proposed. For
instance, U.S. Patent No. 4,850,599 discloses a rotary mechanical face seal having a

construction which keeps the sealing faces substantially parallel in spite of thermal distortion

of the seal face members.

In many PSA applications (such as in separating hydrogen from refinery waste
streams), the temperature variations experienced by the rotary valves in the PSA device can be
significant. In addition, significant temperature gradients may also exist across the rotary valve
and/or seal components. For these reasons, it is important that the rotary face seals in these

devices be sufficiently stable against variations in temperature and against temperature

gradients.

SUMMARY

In some rotary face seal designs, we have found that undesirable distortion of the
rotary face seal components may occur during events involving significant changes in
operating temperatures due to thermal expansion when the thermal expansion coefficients of
certain seal components differ too much. In particular, in designs that employ a seal ring
comprising a seal face bonded to a backing ring, undesirable crowning of the seal face can
occur if the thermal expansion coefficient of the seal face is much greater than that of the
backing ring. This may be the case when certain polymers are used as the seal face material in
combination with metals or metal alloys, such as steel, as the backing ring material. We have
discovered that in some embodiments this crowning can be eliminated or reduced substantially

and thus the seal can be stabilized against temperature variations by incorporating certain anti-

crowning features into the seal ring.
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In accordance with one aspect, there is provided a rotary valve comprising a rotary face
seal, said rotary facc scal comprising: a seal ring comprising a seal face; a seal ring backer; and
a sealing surface, wherein the seal face is bonded to a backing ring, and comprises at least one
port through both the seal face and the backing ring, wherein the seal face has a coefficient of
thermal expansion that is greater than a co-efficient of thermal expansion of the backing ring,
and wherein the sealing surface comprises at least one port that comes into and out of
alignment with said at least one port of said seal ring as the seal ring rotates relative to the
sealing surface such that the rotary face seal acts as a rotary valve, characterised in that the seal
ring comprising, as an anti-crowning feature, a thickness of an edge of the seal face that is
different from that of a middle portion of the seal face, and in that the seal face has a thicker

edge comprising a periphery of the port in the seal face.

In another aspect, there is provided a rotary gas separation device comprising the rotary

valve above.

[n another aspect, there 1s provided a seal ring comprising a seal face bonded to a
backing ring, the seal face having a coefficient of thermal expansion that is less than a
coefficient of thermal expansion of the backing ring, said seal ring further comprising, as an
anti-crowning feature, a thickness of an edge of a seal face that is less than that of a middle

portion of the seal face.

In another aspect, there 1s provided a rotary face seal, comprising a seal ring as defined

above, a seal ring backer and a sealing surface.

In another aspect, there 1s provided a rotary valve, comprising a rotary face seal
comprising a seal ring as defined above, a seal ring backer and a sealing surface, wherein the
seal ring and the sealing surface each comprise at least one port that come into and out of
alignment as the seal ring rotates relative to the sealing surface such that the rotary face seal

acts as a rotary valve.

In another aspect, there 1s provided a rotary gas separation device comprising a rotary

valve according to the above.

In another aspect, there is provided a seal ring for a rotary face seal of a rotary valve,

said seal ring comprising a seal face bonded to a backing ring and at least one port through
2a
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both the seal face and the backing ring, wherein said seal ring comprises, as an anti-crowning

fcature, at least one reliet slot in the seal face.

[n another aspect, there 1s provided a rotary face seal, comprising a seal ring as defined

above, a seal ring backer and a sealing surface.

In another aspect, there is provided a rotary valve, comprising a rotary face seal
comprising a seal ring as defined above. a seal ring backer and a sealing surface, wherein the
seal ring and the sealing surface each comprise at least one port that come into and out of

alignment as the seal ring rotates relative to the sealing surface such that the rotary face seal

acts as a rotary valve.

[n another aspect, there is provided a rotary gas separation device comprising a rotary

valve as defined above.

In one embodiment, the pertinent rotary face seal comprises an improved seal ring, a
sealing surfacc, and a scaling load to urge the seal ring towards the sealing surface. The seal
ring rotates relative to the sealing surface about the seal ring axis, and either the seal ring or the
sealing surface may be stationary. The seal ring comprises a seal face bonded to a backing

ring. The side of the seal face

2b



10

15

20

25

CA 2924554 2017-04-26

opposite the backing ring contacts the sealing surface and is essentially flat. When the face seal
1s used in a rotary valve, the seal ring typically comprises at least one port (and often many)
through both the seal face and the backing ring. And, the improved seal ring is characterized in
that it comprises one or both of the following anti-crowning features: i) a thickness of an edge

of the seal face that is different from the thickness of the middle of the seal face; and/or ii) a

relief slot in the seal face.

In- particular, when the seal face has a coefficient of thermal expansion that is greater
than that of the backing ring, the thickness of an edge of the seal face is made greater than that
of the middle of the seal face. In general, most or all of the seal face edges may be greater in
thickness than that of the seal face middle. The backing ring is then made correspondingly
thinner adjacent the thicker edge, or edges, of the seal face. Generally, abrupt discontinuities
are avoided as the thickness of the seal face varies from the middle to its thicker edge or edges.
Thus, in this region, the seal face may be angled or sloped to provide for a smooth, continuous
transition in thickness. Material combinations for working embodiments include designs in
which the backing ring is steel and the seal face is a carbon filled polytetrafluoroethylene. The
thicker scal face edges can comprise both the outer and inner circumferences of the seal face.

The thicker seal face edges can also comprise the periphery of any ports in the seal face (if so

provided).

In an alternative situation, the seal face may have a coefficient of thermal expansion
that 1s less than that of the backing ring. In this instance, the thickness of the edge of the seal
face is less than that of the middle of the seal face. A disclosed material combination includes a

design in which the backing ring is steel and the seal face is made of carbon or expanded

graphite.

The anti-crowning relief slot feature can comprise a blind relief slot in the middle of

the seal face such that the slot does not go all the way through the seal face to the backing ring.

The seal ring may comprise a plurality of such blind relief slots.

The seal ring provides a rotary face seal that is suitable for use in a rotary valve. In the

rotary valve, the seal ring and the sealing surface each comprises at least one port that come

into and out of fluid alignment as
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the seal ring rotates relative to the sealing surface. The rotary face seal can thereby
act as a rotary valve, and 1s particularly suitable for use 1n a rotary gas separation

device.

As 1n the aforementioned PCT application number PCT/CA2008/000148, the
rotary valve may additionally comprise a seal ring backer in which the seal ring
floats with respect to the seal ring backer. This 1s one possible construction that

allows the rotary valve to function as a pressure balanced rotary distributor valve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross sectional view of a rotary valve used in a rotary gas
separation device.

FIG. 2 shows an exploded perspective view of the rotary face seal and seal
ring backer components 1n a rotary valve used 1n a rotary gas separation device.

F1G. 3 shows the calculated temperature gradient and exaggerated depiction
of the distortion of a rotary face seal during operation at elevated temperature.

F1Gs. 4a and 4b show cross sectional views of a secal ring for a rotary face
seal 1n which the edges of the seal face are thicker than the middle of the seal face.
F1G. 4a shows the cross section through a portion of the seal ring where no port is
present, while FIG. 4b shows the cross section through a portion where there1s a
port.

FIG. 4¢ shows, for comparative purposcs, thc same scal ring view as FIG. 4a
cxcept that the scal face 15 uniformly thick throughout.

FIG. 5a shows a plan view of a portion of the seal face side of a seal ring in
which the seal face comprises reliet slots.

FIG. 5b shows, for comparative purposes, the same view of a portion as FIG.
5a cxcept that the scal face has no relief slots.

F1G. 6a shows the calculated thickness increase (inches) across a section of
the seal face away from a port, at the elevated temperature conditions indicated 1n
the Examples.

FIG. 6b shows the calculated thickness increase (inches) across a section of

the seal face at a port, at the elevated temperature conditions indicated 1n the

Examples.
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DETAILED DESCRIPTION

Unless otherwise explained, all technical and scientific terms used herein have the
same meaning as commonly undersfood by one of ordinary skill in the art to which this
disclosure pertains. The singular terms "a," "an," and "the" include plural referents unless the
context clearly indicates otherwise. Similarly, the word "or" is intended to include "and" unless
the context clearly indicates otherwise. The term "includes" means "comprises." In case of
conflict as to the meaning of a term or phrase, the present specification, including explanations
of terms, will control. Directional terms, such as "upper," "lower," "top," "bottom," "front,"
"back," "vertical," and "horizontal," are used herein to express and clarify the relationship
between various elements. It should be understood that such terms do not denote absolute
orientation (e.g., a "vertical" component can become horizontal by rotating the device). The

materials, methods, and examples recited herein are illustrative only and not intended to be

limiting.

Disclosed herein are embodiments of a seal ring for a rotary face seal, embodiments of

a rotary valve for use in a rotary gas separation device in which the seal ring is a component,
embodiments of a method for reducing the crowning of a face seal due to thermal expansion,

and embodiments of a method for producing a fluid product using a rotary gas separation

‘device comprising the seal ring.

The rotary face seal comprises a seal ring in contact with an adjacent sealing surface
(typically also ring shaped). The seal ring rotates relative to the sealing surface about the seal
ring axis. Depending on the application, either the seal ring or the sealing surface may be
stationary. A sealing load also is provided to force the seal ring towards the sealing surface in

order to maintain contact between the two and thereby affect a seal. The seal is made between

opposing faces of the two contacting components.

For certain disclosed embodiments, the seal ring comprises a seal face bonded to a
backing ring. The side of the seal face opposite the backing ring is essentially flat and is in

contact with the opposing sealing surface. The seal is thus made between the seal face and the

adjacent sealing surface. The materials for these
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two components must be selected appropriately in order to provide for the desired
substantially leak tight or leak tight seal under what may be, in some applications,
very demanding operating conditions. The rotation speed and mechanical load
torcing the components together contribute to wear and result in friction that
increases the overall temperature and the temperature gradients across the
componcnts. Further, the components must be able to withstand the temperatures,
pressures, and chemical environments of the particular application.

Rotary face seals have recently found use as part of unique pressure balanced
rotary valves 1n pressure swing adsorption (PSA) and other gas separation devices.
FIGS. 1 and 2 have been excerpted from the aforementioned PCT application
number PCT/CA2008/000148 (“148) and 1llustrate the construction of exemplary
rotary valves for use 1n a rapid cycle PSA device. In this device, multiple adsorbent
beds are mounted on a rotor which rotates between stator assemblies provided at
both ends of the beds. Process gases are provided to and removed from the feed and
product ends of the adsorbent beds via appropriate plumbing incorporated into these
stator assemblics. Rotary valves are used at the interfaces between the rotating
adsorbent beds and these stator assemblies 1n order to connect and disconnect the
fced gas and product gas ends of the adsorbent beds appropriately to the plumbing in
the stator assemblies, in accordance with a desired PSA process cycle.

FIG. 1 shows a cross scctional view of rotary valve 1 which includes seal
ring 2 that scals against scaling surfacc 3 (which 1s actually the scaling surface of
upper rotor end plate in ‘148). Scal ring 2 comprises backing ring 4 upon which 18
bonded to seal face 5. Seal face 5 contacts sealing surface 3 in order to create a seal.
The 1llustrated backing ring 4 1s a single piece comprising continuous ring-shaped
base 6 and a plurality of discrete projections 7. Seal ring 2 mates with stationary
scal ring backer 14 and can move vertically or “tloat” with respect thereto. Scal ring
2 18 urged towards sealing surface 3 as a result of a pressurized gas or mixture of
gases bemng admitted to first and second chambers 11, 12. The walls of first and
second chambers 11, 12 ar¢ defined by opposing surtaces of base 6 and scal ring
backer 14. Additional seals, such as O-rings 18, 20, and 22, may be employed to
seal basc 6 to seal ring backer 14 and thus make chambers 11, 12 substantially leak

tight or leak-tight. Process gases that may vary in composition during a pressure

6 -
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swing process and/or vary for different gas separation applications that are obtained from
operation of the PSA are admitted to first chamber 11, and pressure from these gases 1s exerted
on top surface 9 of projection 6. Gas is admitted to second chambers 12, such as from an
external supply, and pressure from it is exerted onto ledges 10 of base 6. The cross section
view of FIG. 1 is taken at a point in which a flow port 8 appears in seal ring 2 and

corresponding aperture 15 appears in seal ring backer 14. The view of FIG. 1 is taken at a point

in which there is no port in sealing surface 3 however.

F1G. 2 shows an exploded perspective view of rotary valve 1 (except for sealing
surface 3, which is not shown in FIG. 2). Apertures 15 (with only one aperture being numbered
in FIG. 2) fluidly connect to plumbing in the associated stator assembly (not shown) in order to
direct gases appropriately to and from chambers 11 and also to and from the rotating adsorbent
beds during operation of the rotary PSA device. Pressurization port 24 also 1s provided in seal
ring backer 14, and is fluidly coupled to an external high-pressure gas source (not shown) and
to all the second chambers 12 within rotary valve 1. FIG. 2 illustrates the possible complex

arrangement and sizes of projections 7 that may be employed in these pressure balanced rotary

valves.

During operation, sealing surface 3 (being part of the rotating assembly comprising the
adsorbent beds) is in sliding, sealing contact with seal face 5. However, gas pressures typically
vary significantly from bed-to-bed and also within a given bed over the complete procéss
cycle. Thus, the pressure pushing the rotary seal apart varies from place-to-p]'ace and also with
time at any given place around the rotary face seal. However, the design of rotary valve 1 (e.g.

projections 7, first and second chambers 11, 12) in some embodiments compensates for this

variation and roughly balances the pressure around the rotary face seal.

~ Also dur‘ing operation, rotary valve 1 distributes a mixture of gases or a substantially
pure gas to and from the various adsorbent beds at appropriate times during the pressure swing
cycle. As the rotor comprising the adsorbent beds rotates, valve action is provided as flow
ports 8 in seal ring 2 come into and then out of alignment with corresponding apertures (not

shown in FIGS. 1 and 2, but which fluidly connect to ends of the adsorbent beds) in sealing

surface 3.
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In principle, a variety of rhaterials can be used 1n the embodiments of FIGS.
1 and 2. For instance, seal face 5 may be made of a polymeric material or matenals,
such as polyalkylene polymers, particularly halogenated polyalkylene polymers, as
exemplified by filled polytetrafluoroethylene. Backing ring 4 may be made of a
metal, metal alloy, or combinations thereof, such as carbon steel. Any suitable
adhesive, such as cpoxy, may be used to bond seal face 5 to backing ring 4. Other
components and surrounding structures can also be made of suitable materials, such
as metals or metal alloys, such as carbon steel, and/or polymeric materials. And, in
particular, sealing surface 3 can be made of cast 1ron.

While the PSA device 1s operating, hot flowing gascs and friction heat the
various components making up the rotary face seal. Temperature gradients can form
and the components will expand and can distort. In particular, 1f the thermal
expanston coetticient of face scal 5 1s significantly grcater than that of backing ring
4, the former wants to expand more than the latter. But, because they are bonded
together, seal face 5 then can get distorted. Both a coning (developing a convex
shape over the diameter of the seal ring) and a crowning (developing a convex shape
over the width of the seal face) of seal ring 2 and seal face 5 can occur.

FIG. 3 shows a possible thermal distortion scenario for the rotary face scal of
FIG. 1 1n a realistic application. The direction to the right in FIG. 3 represents the
direction away from the axis of rotation (1.c. towards the outer circumference of the
rotary tace scal). The temperature gradient shown 1s that calculated to exist in an
actual rotary PSA device used to purify hydrogen from a waste stream exhaust of a
refinery. In FIG. 3, the temperature rises from about 60° F (16° C) at the lower
portion of scaling surface 3 to about 1507 F (66° C) at the upper portion of sealing
surface 3. The temperature gradient across seal ring 2 ranges from about 110° F (43°
C) at the top of projcction 7 to about 150° (66° C) at the hottcst part of scal face 5.
The tilt (due to coning) shown for seal ring 2 and the distorted shape (due to
crowning) shown for seal face 5 are exaggerated depictions (by about 100 times) of
the actual tilt and distortion expected as calculated using finite element analysis.

As is evident from FIG. 3, a significant coning and crowning of seal face 5 is
expected to occur. In general, coning 1S not as serious a concern as 1S crowning
because seal nng 2 18 not as stiff to bending 1n this way, and any coning can

_8 -
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generally be flattened out.under load. However, as areas of seal face S expand and crowning
occurs, the contact force between seal ring 2 and sealing surface 3 increases. In turn, this
results in increased friction, and further heating. Thus, the feedback here leads to instability

and eventually the seal can fail (leak) substantially and not recover.

Depending on the situation, it may be possible to work around the possibility of such
thermal distortion. For instance, the seal could undergo a lengthy "wear in" procedure at a
"wear in" speed and temperature prior to the device being put into service. The "wear in"
procedure would be used to wear off the high, expanded areas of the distorted seal under
suitable controlled conditions. Aside from the effort required to do this, a drawback of using a
wear 1n procedure is that the seal may still be sensitive to changes to process temperature.
Another option may be to employ a much thinner seal face which would reduce the magnitude

of the distortion. However, this can lead to a reduction in lifetime.

Alternatively, it may be possible to reduce the component temperature by choosing

lower coefficient of friction materials or operating speeds. Further, lower process gas

temperatures might be considered. Or, higher gas flow rates might be considered to remove
heat.

However, it is preferable not to be limited to any of the preceding design or operation
restrictions. Instead, or optionally in combination with such des; gn or operating restrictions, we
have found that certain structural features can be incorporated into the seal ring so as to
significantly reduce the thermal distortion seen due to crowning in some embodiments. The
distortion can be reduced in some embodiments by the use of a variable thickness seal face,
whose thickness at the edges differs appropriately from that in the middle. Distortion can also

be reduced in some embodiments by incorporating expansion relief slots in the seal face.

A person of ordinary skill in the art will appreciate that terms such as "thicker,"
"thinner," and variations thereof, such as "thickness," particularly with reference to the seal
face, can vary from application-to-application, and that these terms can be defined with
reference to the desired result, or results, to be obtained. For example, the seal face may be

thicker at the edges, such that during operation the sealing surface remains substantially flat to

provide a suitable seal with the seal
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face. Without being limited to particular thicknesses or thickness variations, the
thickness variation typically is from greater than 0 to at least about 0.1 inch, more
typically from greater than 0 to at least about 0.04 1inch, and for certain disclosed
embodiments the thickness variation over the seal ring was from about 0.001 inch to
about 0.0025 inch.

A person of ordinary skill 1n the art also will appreciate that references to
ditfcrences 1n coctficients of thermal expansion can vary from application-to-

application, particularly with variations in material choices. Solely by way of

example, statements such as the seal face has a coefficient of thermal expansion that
1S greater than that of the backing nng means that the difference 1n the coefficients
of thermal expansion is greater than zero up to at least about 10 X 10> K.

FIGS. 4a and b show embodiments of a seal ring, for a rotary face seal like
that shown 1in FIGS. 1 and 2, 1n a situation where the thermal coetficient of
expansion of the seal face material is greater than that of the base. In these Figures,
the thicknesses of the edges of the seal face are greater than that in the middle of the
seal face. FIG. 4¢ 1s provided for comparative purposes and shows the same seal
ring view as FIG. 4a except that the seal face 1s uniformly thick throughout.

FI1G. 4a shows the cross section through a portion of seal ning 2 where no
flow port 1s present, while FIG. 4b shows the cross section through a portion which
includes a flow port &. In both, the edges 3a, Sb of seal face 5 are thicker than the
middle 5d of seal face 5. In FIGS. 4a and 4b, edgcs Sa are located at the inner and
outcr circumferences of seal ring 5. In FIG. 4b, there are additional cdges 5b which
are located at the periphery of [low port 8. (Herem, the term muddle refers to those
parts of the seal ring located away from the edges. Thus, the area denoted 5d 1n
FIG. 4b is also in the “middle”.)

Preferably the scaling sidc of scal facc 5 1s csscentially flat and stays flat
during operation at elevated temperature. To accommodate the thicker edges of seal
face 5, the base 6 of backing ring 4 1s made correspondingly thinner at those
locations 6a, 6b adjacent the thicker seal face edges Sa, 5b.

In the embodiment of FIG. 4¢, when the components are subjected to
elevated temperature, seal face 5 expands and tends to crown by becoming thicker in

the middle 5d than at the edges. However, 1in FIGS. 4a and 4b, with the seal face

- 10 -
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now thicker at the edges, when subjected to elevated temperature, seal face edges Sa,
5b expand more than the middle 5d because of the additional matenal there. And so
at the sealing side of seal face 5, edges Sa, 5b now expand so as to “catch up” to
middle 5d, resulting in a flatter, expanded seal face 5 and thus one with reduced
crowning. Those in the art will appreciate that the various dimensions required at
the modified edges of these components will depend on the other component
dimensions, component material types, and operating parameters. It is expected that
those skilled 1n the art will readily be able to determine suitable sets of dimensions
in order to significantly reduce crowning and maintain a flatter seal at elevated
temperatures.

FIGS. 5a and 5b also show embodiments of a seal ring, again for possible
use 1n a rotary face seal like that shown in FIGS. 1 and 2, and for use in a situation
where the thermal cocetficient of expansion of the scal face material 1s greater than
that of the base. FIG. 5a shows a plan view of a portion of the seal face side 5 of the
seal ring 1n which the seal face comprises relief slots 16. For comparative purposes,
FI1G. 5b shows the same view as FIG. 5a except that the seal face has no relief slots.
(Note: the various shadings shown in FIGS. 5a and 5b represent various thickness
increases at elevated temperature as determined by finite element analysis in the
Examples to follow. The range of these thickness increases are reported numerically
in the Examples.)

In both FIGS. 5a and 5b, seal face 5 and numerous flow ports 8 are visible.
F1G. 5a also shows numerous relief slots 16 that have been mcorporated into face
seal 5. In the embodiment shown, relief slots 16 only partially go through se¢al face
5 and are thus “blind” slots. It can be preferred to employ blind slots 1n order to
prevent any gas in the slots from accessing the underlying surface of backing ring 4,
and thereby protecting the bond between the two (against delamination). In general,
thc presence of relict slots 16 allows the materal of scal face 5 to cxpand laterally
with temperature (1.¢. parallel to base 6) instead of expanding normal to base 6. As
a result, crowning of seal face 5 in these areas 1s reduced. It can thus be desirable to
introduce relief slots into those larger, continuous middle regions of seal ring 2 lying
between various flow ports 8. As a rule of thumb, an equidistant spacing between

the relief slots may be employed, but equivalent spacing 1s not required.

11 -
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As exemplified herein, seal ring 2 is intended to be part of the stator assemblies in a
rapid cycle rotary PSA device. In other embodiments however, seal ring 2 could instead be part
of the rotor. In this case, fewer relief slots may be needed because the flow ports would be

expected to be closer together (i.e. the continuous middle regions of seal ring 2 will be

smaller).

In some embodiments, either or both of the anti-crowning features described above

reduce the problems associated with crowning at elevated temperature. (In fact, in some

embodiments the anti-crowning features are also effective in correcting for changes which

occur when the temperature is reduced.)

The embodiments depicted in the preceding Figures address situations in which the
thermal expansion coefficient of the seal face is significantly greater than that of the backing
ring. However, in other situations, the seal face may instead have a coefficient of thermal
expansion that is less than that of the backing ring. For instance in some applications, the seal
face material might desirably be a carbonaceous material (e.g. carbon or carbon-graphite) with
the backing ring being steel. When a seal ring using these components is heated up, the
tendency now is for the edges of the seal face to expand more than the middle, thereby
resulting in a concave shaped seal face. To reduce this inverse crowning, the thickness of the
edge of the seal face may now instead be made less than that of the middle of the seal face.
When such an embodiment is now heated up, the middle of the seal face expands more than
the edges because of the additional material there. And so in this case, the thickness of the
middle increases and "catches up" to the expanded edges, thereby reducing the crowning. This
inverse crowning may not be as serious an issue in some applications. For instance, in the
application for a rotary valve in a rapid cycle PSA device discussed here, this situation leads to
a more favorable feedback. Here, when the temperature increases and the edges of the seal face
expand more than the middle, gas within flow port 8 can leak into space created between seal
face 5 and sealing surface 3. This reduces the contact force between the two, thereby
weakening the seal made at the expanded edges. Under these conditions, it has been found that

gas can leak out more at the edges, thereby cooling the expanded edges of seal face 5, and as a

consequence resulting in a return of seal
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face 5 to its original flat shape. This feedback is favorable and provides some inherent stability

to the seal.

In some embodiments, the anti-crowning features of the present provide a more stable
shape to rotary face seals subjected to significant temperature variations. The following

examples have been provided to illustrate certain representative aspects, but should not be

- construed as limiting in any way.

Examples

In the following examples, model calculations were carried out on seal ring structures
similar to those shown in FIGS. 1 and 2 and that are intended for use in a rapid cycle rotary
PSA device that separates hydrogen from refinery waste gas streams. Each seal ring was
assumed to have the following dimensions: 45" (114 ¢cm) outside diameter, 39" (99 cm) inner
diameter (hence width of seal ring was 3" (8 cm)). The backing ring was always assumed to be
made of a conventional steel (ASME SA-516 GR70), about 1.65" (4.2 cm) in overall thickness,
and having a coefficient of thermal expansion (CTE) of 1.2 x 10 K''. Two types of polyrﬁeric
materials were considered as the seal face material. Also, several seal face structures were

considered, some with and some without anti-crowning features.

Comparative seal ring example C1 was assumed to be shaped similar to that shown in

FIG. 4c at 20° C. The seal face was made of Vertec 1215A, a carbon-filled PTFE with some
additional MoS2 content made by Vertec and having a CTE of 11.5 x 10° K. The seal face
was 0.2" (0.5 cm) thick.

Comparative seal ring example C2 was assumed to be like that of Cl except that the

seal face was madé of EGC A-90 PTFE, another carbon filled PTFE made by EGC. This
material has a CTE of 8.35 x 10” K. This is closer to the CTE of the backing ring than is the
material of example Cl and thus is a better choice for reducing thermal distortion. In addition,
the C2 material has better storage modulus characteristics\above about 100° C than does C1.
The two materials have a similar modulus up to about 100° C. The storage modulus is

determined using dynamic mechanical analysis and is indicative of the elastic component of a

viscoelastic material when subjected to strain.
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Seal ring example 11 was assumed to be shaped similar to that shown in FIGS. 4a and
4b at 20° C but was otherwise the same as conﬁparative example C2. Edges 5a and 5b of the
seal face were thus thicker than in the middle. At edges 5a, the thickness was 0.4" (1.0 cm). At
edges 5b (the periphery of the flow ports), the thickness was 0.36" (0.91 cm). Abrupt changes
In thickness between edges Sa, 5b and the middle 5d were avoided. Instead, sloping linear

transitions were used between these various regions.

Seal ring example 12 was assumed to be similar to 11 except that a plurality of blind
relief slots were incorporated in the seal face as shown in the sections of FIGS. 5a and 5b.

These slots extended to a depth of about 80-90% of the seal face thickness.

Finite element analyses were then performed on the various example seal rings under
the temperature conditions expected in this refinery application. In each case, the backing ring
temperature was assumed to be 40° C throughout. The seal face surface adjacent the backing
ring was thus also 40° C. The opposite seal face surface (which would be contacting the

sealing surface) was taken to be 80° C. There was therefore a temperature gradient of 40° C

across the seal face.

FIG. 6a shows the calculated thickness increase, at these elevated temperature
conditions, across the width of the seal face near the edge (i.e. starting from a point equivalent
to the location of the perimeter of the flow ports and extending to the outside circumference of
the seal face) in a region of seal rings C1, C2, and I1 away from any flow port. The thickness
increase for the other edge of the seal face would be a mirror image of that shown. In a like

manner, FIG. 6b shows the calculated thickness increase across the width of the seal face near

the edge for the same seal rings, but at a flow port location. The original seal ring constructions

at 20° C were all initially flat and thus would lie along the x axis if plotted on each of these

figures.

As expected from their respective CTEs, the C2 seal ring showed less expansion than
the C1 seal ring. However both show significant crowning of the seal face, as is apparent from
the markedly greater expansion seen at the centre than at the outer edges. In FIG. 6a, seal ring

I1 however shows a much flatter plot than that of C2 (3.5 times flatter). The crowning effect

has been reduced. In fact, the
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heated seal ring 11 is actually slightly higher at the edges than it is in the middle. As mentioned
previously, this is a more stable situation for the seal than the reverse. If anything, the
expansion at the edges of the seal face allows gas to leak between the seal face and the sealing
surface, thereby reducing the contact force therebetween. This allows more gas to leak out past
the edges of the seal, resulting in a general cooling at the edges and a return to the original
shape. In a like manner, FIG. 6b shows a markedly flatter expansion plot for seal ring I1 than

for seal ring C2 (approximately 2.5 times flatter).

Finite element analysis also showed the effectiveness of ihc relief slots incorporated in
seal ring I2. Under the simulated elevated temperature conditions, the thickness increase over
the seal ring C1 ranged from 0.0011" to 0.0025" (28 to 64um), or a 0.0014" (36 um) range.
The largest increases occurred in the larger areas between the flow ports. However, the
thickness increase over seal ring 12 ranged only from 0.0006" to 0.0010" (15 to 25 um), or a
0.004" (10 pm) range. While this reduced total expansion of seal ring 12 is partly the result of

the difference in CTE between the materials, the presence of the relief slots provided additional

flattening of the seal face in the regions between the flow ports.

The preceding examples are illustrative of rotary face seals for use in rotary PSA

devices. Those in the art will appreciate however that the anti-crowning features of the seal

ring can be useful in other applications in which thermal stability of face seal components is an

1ssue.

Thus, in view of the many possible embodiments to which the principles disclosed may

be applied, it should be recognized that the illustrated embodiments are only preferred

examples and should not be taken as limiting the scope.
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The embodiments of the present invention for which an exclusive property or privilege is claimed are

defined as follows:

[ A seal ring comprising a seal face bonded to a backing ring, the seal tace having a
coetficient of thermal expansion that i1s less than a coefticient of thermal expansion of the backing
ring, said seal ring further comprising, as an anti-crowning feature, a thickness of an edge of a seal

face that is less than that of a middle portion of the seal face.

2. A seal ring according to Claim 1, further comprising at least one port through both

the seal face and the backing ring.

3. A seal ring according to Claim 2, wherein the seal face has a thinner edge comprising

a periphery of the port in the seal face.

4. A seal ring according to any one of Claims 1 to 3, wherein the backing ring is
correspondingly thicker adjacent a thinner edge of the seal face such that the seal face opposite the

backing ring contacts a sealing surface and 1s essentially flat.

5. A seal ring according to any one of Claims 1 to 4, wherein an inner circumference of

the seal face has a thinner edge than that of a middle portion of the seal face.

6. A seal ring according to any one of claims 1 to 5, wherein an outer circumterence ot

the seal face has a thinner edge than that of a middie portion of the seal face.

7. A seal ring according to any one of Claims 1 to 6, wherein the backing ring is made

from a metal, a metal alloy, or combinations thereof.
8. A seal ring according to Claim 7, wherein the backing ring 1s made trom steel.

9. A seal ring according to Claim 8, wherein the seal face i1s made from carbon or

expanded graphite.

10. A seal ring according to any one of Claims | to 9, comprising, as another anti-

crowning feature, at least one relief slot in the seal face.
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I1. A seal ring according to Claim 10, wherein the relief slot i1s blind and in the middie of

the seal face.

[2. A rotary face seal, comprising a seal ring as defined in any one of Claims 1 to 11, a

seal ring backer and a sealing surface.

[3. A rotary valve, comprising a rotary face seal comprising a seal ring as defined in any
one of Claims 1 to 11, a seal ring backer and a sealing surface, wherein the seal ring and the sealing
surface each comprise at least one port that come into and out of alignment as the seal ring rotates

relative to the sealing surface such that the rotary face seal acts as a rotary valve.

14. A rotary gas separation device comprising a rotary valve according to Claim 13.
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