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Description
TECHNICAL FIELD

[0001] This invention relates to compressors for efficiently compressing various gases, and more specifically, method
(s) for starting gas compressors for stable operation at supersonic conditions, and to apparatus in which such method
(s) are employed.

BACKGROUND

[0002] The development of improved, highly efficient compression processes have become increasingly important in
view of ever-increasing costs for energy. Further, in various power generation processes, including some of those
integrated with fuel synthesis processes, the compression of residual or byproduct various gases, including carbon
dioxide, is expected to become more important and increasingly prevalent as the call for sequestration of carbon dioxide
becomes more urgent. Thus, a reduction in gas compression costs by providing a gas compressor having high efficiency
would be desirable in a variety of gas compression applications. When compressing high molecular weight gases, energy
reduction and thus cost reduction become especially important. In general, design methods associated with prior art
supersonic compressors have encountered various difficulties. Some structures previously suggested have had or would
have difficulty, as a practical matter, in ingesting an oblique leading edge shock pattern, and thus, have not been suitable
for reliable starting in supersonic operation. Most such difficulties are problematic, since in order to maintain low shock
losses at increased relative Mach numbers, the use of some sort of oblique shock system is generally required. However,
an oblique shock wave system is of value in supersonic gas compression since it ultimately enables the maintenance
of an operational pre-normal shock Mach number that is sufficiently low so that the total pressure loss at the terminal
normal shock wave is minimized, thus preserving efficiency.

[0003] As aconsequence of trying to provide low loss supersonic shock compression while maintaining a self-starting
compressor design, compressor designs have had a practical compression ratio upper limit. This is because the level
of geometric contraction required to achieve a low loss supersonic compression process upstream of the normal shock
wave results in a throat size, i.e. the cross-sectional flow area of minimum size of the aerodynamic duct in which
supersonic compression occurs, that will not start at inlet relative Mach numbers required to achieve pressure ratios
above about 2.5 to 1. In other words, in prior art designs known to me, the area of the throat of a compression duct
compared to the area of capture at the inlet of such compression has needed to remain relatively large, roughly in the
85% range or higher, in order to enable such a design to "self start" with respect to the supersonic shock waves attendant
to such designs.

[0004] Due to the above mentioned limitations inherent in self-starting supersonic compressor design, a method for
the design of a supersonic compressor that enables the simultaneous provision of high pressure ratios, at least in the
range above about 2.5 to 1, and moreover from that threshold up to a range of about 25 to 1 or more, and with high
adiabatic efficiency, has not heretofore been provided.

[0005] Consequently, there still remains an as yet unmet need for a method of design for an easily started supersonic
compressorthat is capable of operating at high compression ratios in a stable and highly efficient manner under supersonic
conditions. In order to meet such need and achieve and provide a method for the design of supersonic compressors
that can achieve such operations, it has become necessary to address the basic technical challenges by developing
new methods for starting such a supersonic compressor system. Thus, it would be advantageous to provide supersonic
compressors that achieve supersonic shock capture in a suitably configured apparatus, while providing very high gas
compression efficiencies in normal operation. Moreover, it would be advantageous to accomplish such goals while
providing a compressor with high pressure ratios suitable for a single stage compressor design.

[0006] The invention is defined in the independent claims which follow. The dependent claims are directed to optional
features and preferred embodiments.

BRIEF EDSCRIPTION OF THE DRAWING

[0007] The present invention will be described by way of exemplary embodiments, illustrated in the accompanying
drawing in which like reference numerals denote like elements, and in which:

FIG 1 provides a section view of an exemplary aerodynamic duct in which supersonic compression occurs in a
supersonic gas compressor, wherein a converging inlet portion having a compression ramp is oriented to compress
gas at least partially with a radially outward component, showing within a converging inlet portion the location of a
plurality of oblique shock waves S, S,. S5. etc. in a gas being compressed, which oblique shocks serve to efficiently
reduce the velocity of the incoming gas while increasing pressure and temperature, as well as a location of a normal
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shock wave Sy, at a suitable location as the gas passes through the minimum area throat and emerges into or
travels within a divergent outlet portion of the aerodynamic duct.

FIG. 2 provides a section view of the exemplary aerodynamic duct first illustrated in FIG. 1, but in this FIG. 2 shown
in a condition wherein the aerodynamic duct is in an unstarted condition, with the unstarted supersonic shock wave
Sy located at or near the entry of the converging inlet portion of the aerodynamic duct, however, wherein as taught
herein a bypass gas flow is removed from the converging inlet portion of the aerodynamic duct in order to begin the
movement of the normal shock wave through the converging inletin the direction of gas flow, to a location downstream
of the converging inlet, ultimately to a location such as at an operating position for a normal shock Sy, just illustrated
in FIG. 1.

FIG. 3 provides a graphic illustration of a suitable range for starting bypass gas removal requirements (noted on the
vertical axis as starting bleed fraction, defined by mass of bypass gas bleed divided by mass of inlet gas captured)
for a aerodynamic duct for a supersonic compressor operating at a selected inlet relative Mach number.

FIG. 4 provides a graphicillustration of achievable gas compressor pressure ratio capability of a compressor designed
with an aerodynamic duct and starting gas bypass as taught herein, as a function of a selected inlet relative Mach
number.

FIG. 5 provides a conceptual perspective view of key components of an embodiment for a gas compressor high
speed wheel that, together with adjacent structure shown in other drawing figures (see FIGS. 6 and 7A) is configured
for easy starting and efficient operation, showing a plurality of aerodynamic ducts mounted for rotary motion on a
shaft mounted rotor, configured for utilizing bypass gas exit conduits that cooperate with adjacent structure to form
and provide bypass gas passageways for removing gas directly from the converging inlet portion of the aerodynamic
duct.

FIG. 6 is a partial vertical cross-sectional view of a portion of the gas compressor wheel first shown in FIG. 5, now
showing details of one embodiment for providing bypass gas exit conduits on the rotor as a part of a bypass gas
passageway to achieve starting of a supersonic gas compressor with high compression ratio, wherein a bypass gas
collector providing at least in part an intermediate gas pressure chamber allows collection of the bypass gas from
the converging inlet and provides a portion of a gas passageway for a selected quantity of bypass gas during a
startup period, as first indicated in FIG. 2 above, to operation of the aerodynamic duct to move through a trans-sonic
region until a stable oblique shock is established, as seen in FIG. 1 above, whereupon the flow of bypass gas as
indicated in FIGS. 2, 6, and 7A is terminated.

FIG.7Ais a partial vertical cross-sectional view of an upper portion for an embodiment wherein a stationary supersonic
gas compressor is provided using the wheel first shown in FIG. 5 and using the starting bypass gas arrangement
as justshown in FIG. 6 for the removal of a quantity of bypass gas from the converging inlet portion of an aerodynamic
duct, and now showing an embodiment wherein bypass gas at startup is removed from along the upper portion or
roof of an aerodynamic duct, and wherein the bypass gas is returned through a passageway and a valve to a low
pressure incoming gas supply stream, and also showing use of a rotor on a rotating shaft journaled in a casing.
FIG. 7 B is a partial vertical cross-sectional view of an upper portion for another embodiment of a supersonic gas
compressor using a starting bypass gas arrangement, utilizing the method of removal of a quantity of bypass gas
from the converging inlet portion of an aerodynamic duct, now illustrating an embodiment wherein the bypass gas
at startup is removed on the rotor side (or floor) of the converging inlet of an aerodynamic duct.

FIG. 7 Cis a partial vertical cross-sectional view of an upper portion of a supersonic gas compressor using a starting
bypass gas arrangement, utilizing the method of removal of a quantity of bypass gas from the converging inlet
portion of an aerodynamic duct, now illustrating an embodiment wherein the bypass gas at startup is removed both
(a) on the rotor side (or floor) of the converging inlet of an aerodynamic duct, and (b) the ceiling (in this embodiment,
aradially distal side with respect to the rotor), and returning the bypass gas through a valve to the incoming gas stream.
FIG. 8 provides a section view of another embodiment for an exemplary aerodynamic duct operating at supersonic
compression conditions in a gas compressor, similar to the embodiment first illustrated in FIG. 1 above, but now
showing an aerodynamic duct that provides compression using a converging inlet wherein a compression ramp is
oriented to compress gas at least partially radially inward, while utilizing a plurality of oblique shock waves S;, S,,
S3, etc. which serve to efficiently reduce the velocity of the incoming gas while increasing pressure and temperature.
FIG. 9 provides a section view of yet another embodiment for an exemplary aerodynamic duct operating at supersonic
compression conditions in a gas compressor, similar to the embodiments illustrated in FIGS. 1 or 8 above, but now
showing compression in an aerodynamic duct that provides compression using a converging inlet wherein com-
pression ramps are oriented to compress gas at least partially radially inward and at least partially radially outward,
but still showing a plurality of oblique shock waves S4, S,, S5, etc. which serve to efficiently reduce the velocity of
the incoming gas while increasing pressure and temperature.

FIG. 10 provides a graphic illustration of the distinct and significant advantages in adiabatic efficiency as a function
of inlet relative Mach number, for a supersonic compressor designed according to the principles provided herein,
as compared to prior art self starting supersonic compressors.
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FIG. 11 provides a graphic illustration of the distinct and significant advantages in pressure ratios available at various
Mach numbers, and especially at higher Mach numbers in the range of 2 or greater, and further in the range of 2.5
or greater, of a supersonic compressor designed according to the principles provided herein, as compared to prior
art self starting supersonic compressors.

FIG. 12 provides a graphic illustration of the distinct and significant advantages in adiabatic efficiency as a function
of gas compression or pressure ratio, for a supersonic compressor designed according to the principles provided
herein, as compared to prior art self starting supersonic compressors.

[0008] The foregoing figures, being merely exemplary, contain various elements that may be present or omitted from
actual apparatus that may be constructed to practice the methods taught herein. An attempt has been made to draw
the figures in a way that illustrates at least those elements that are significant for an understanding of the various methods
taught herein for design, construction, and operation of high efficiency supersonic compressors. However, various other
actions in the design of supersonic compressors using removal of a portion of bypass gas for starting of the compressor
may be utilized in order to provide a versatile gas compressor that minimizes or eliminates starting difficulties and/or
efficiency losses heretofore inherent in supersonic compressor designs.

[0009] Forthe sake of completeness, and to satisfy the Examining Division of the European Patent Office, there follows
a statement about the disclosure in US-B1-6,334,299.

[0010] US-B1-6,334,299 discloses a method for starting a ramjet engine, by raising the rotational speed of its rotor to
compress gas at supersonic inlet conditions, removing bypass gas from a converging inlet portion of a duct, stabilizing
an oblique shock wave at a selected inlet relative Mach number and compression ration, and then ending the removal
of the bypass gas.

DETAILED DESCRIPTION

[0011] Anexemplary method for the design and construction of a high compression ratio and highly efficient supersonic
gas compressor, such as compressor 18 depicted in FIG. 7A, is set forth herein. Throughout this specification, there is
discussion of the term inlet relative Mach number ("M"), as well as of a Mach number in the minimum cross-sectional
passageway or throat of an aerodynamic duct. For purposes of this specification, unless expressly set forth otherwise,
or unless another interpretation is required by the specific context mentioned, the various Mach numbers as discussed
and described in detail herein are provided as mass averaged values, wherein the term mass averaged means that the
local Mach numbers throughout the flow area of interest are weighted by the local mass flow and are subsequently
averaged by the total flow. Mathematically this expression can be described by the following equation:

IpVM,dA
M=t
_[p VdA

A

Where:

A = the reference area over which the Mach number is to be averaged
p = the local flow density

V = the local flow velocity

M, = the local Mach number

M = the mass Averaged Mach number

[0012] Attention is directed to FIG 1, which provides a section view of an exemplary aerodynamic duct 20 that provides
a bounding passage in which supersonic compression occurs in a supersonic gas compressor 18 configured according
to the design techniques taught herein. The aerodynamic duct 20 includes a convergence inlet portion 22 having a
compression ramps 24 are oriented to compress an incoming gas as designated by reference arrow 26 in an outward
direction as indicated by reference arrow 28, which outward direction is at least partially with a radially outward with
respect to the rotation of compressor. This can be appreciated by reference to FIG. 7A, as well as to FIG. 5, both of
which have been marked to depict the differential between radius R1 (from a shaft 30 centerline axis of rotation 32 to a
floor 34 of an aerodynamic duct 20 in a position upstream of compression ramps 24) and radius R2 (from a shaft 30
centerline 32 to a position 35 on a compression ramp 24 after at least some outward compression has been achieved).
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[0013] Returning now to FIG. 1, shown within the converging inlet portion 22 is a plurality of oblique shock waves S,
S, , Sj, etc. resulting from supersonic compression of a gas. The oblique shocks Sy, S,, S3, etc., serve to efficiently
reduce the velocity of the incoming gas while increasing its pressure and its temperature. During stable compressor
operation at or near design conditions, a stable normal shock wave Sy, is positioned at a suitable location, usually at or
shortly after the gas passes through the minimum area cross-sectional area (designated as a throat 36 in design terms
used for aerodynamic ducts), or more broadly, as the gas emerges into or travels within a divergent outlet portion 38 of
the aerodynamic duct 20. In any event, the design of the converging inlet portion 22 of the aerodynamic duct 20 is
configured to produce a series of oblique shock waves (S1, S2, S3, S4, et cetera, to shock wave Sx, wherein X is a
positive integer), which series of shock waves slows the inlet flow of captured gas in the converging inlet portion 22 from
a selected design point inlet relative Mach number to a Mach number of between about 1.2 and about 1.5 at a reference
location prior to or at the location of a normal shock wave Sy. The selected design point inlet relative Mach number is
selected, of course, at a value above the reduced Mach number at the reference location prior to or at the normal shock
wave. For practical purposes, useful inlet relative Mach numbers may be considered to be at about Mach 1.8 or higher,
orin another embodiment, at about Mach 2 or higher, or in another embodiment, at about Mach 2.5 or higher. Techniques
for the production of multiple oblique shock waves to accomplish such reduction in Mach number, with an attendant
increase in static pressure and static temperature is adequately described in various prior art patents and literature; for
example, the techniques set forth in US Patent 3,777,487 should be more than sufficient to allow one of ordinary skill
in the art and to which this specification is addressed to provide such multiple oblique shock waves in a suitable apparatus.
[0014] FIG. 2 provides a section view of the exemplary aerodynamic duct 20 first illustrated in FIG. 1, but in this FIG.
2 shown in a condition wherein the aerodynamic duct 20 is in an unstarted condition, with the unstarted supersonic
shock wave S|, located at or near the entry 39 of the converging inlet portion 22 of the aerodynamic duct 20. However,
in this FIG. 2, the method of removal of a quantity of bypass gas flow from the converging inlet portion 22 of the
aerodynamic duct 20 is shown. Removal of such bypass gas directly from the converging inlet portion 22 eliminates or
minimizes the choking effect of increased capture of gas 26 by the aerodynamic dict 20 at increasing speed during
startup of the compressor, and allows downstream movement of a shock wave from the unstarted shock wave position
noted as Sy, ultimately to the started shock wave position noted as Sy in FIG. 1. However, during a startup sequence,
after leaving location indicated as Sj, the shock may relocate to an intermediate location S, as indicated in hidden lines
at a position further downstream within diverging outlet portion 38 of the aerodynamic duct 20, which intermediate position
may be expected to vary, depending upon backpressure, instantaneous gas throughput as compared to design condition
capacity, other operating conditions, and the control scheme utilized for the compressor. Ideally, the normal shock Sy
will be located at a position at or near the throat 36 so that losses are held to a minimum via gas expansion before
occurrence of the normal shock Sy operating position, as generally depicted in FIG. 1.

[0015] Further, in FIG. 2, exit conduits 40, as defined by interior sidewalls 42, are shown penetrating through first
bounding portion 44 of aerodynamic duct 20, from a bounding side 46 to an exit side 48. In other words, a first bounding
portion 44 of aerodynamic duct 20 includes perforations defined by interior sidewalls 42 that provide exit conduits 40.
These exit conduits 40 are provided in sufficient size, shape, and quantity, and consistent with acceptable and manageable
aerodynamic loss as further discussed below, in order to provide a bypass gas quantity within an acceptable range with
respect to a selected design operating envelope, as also further discussed below. For embodiments of practical com-
mercial attention, the sizing and quantity of such exit conduits 40 provide for removal of a bypass gas quantity, during
startup, which increases as the inlet relative Mach number increases. Further, the bypass gas quantity required to be
removed during starting, as a function of a particular inlet relative Mach number, is graphically set forth in FIG. 3. By
cursory analysis of FIG. 3, it can be appreciated by those of ordinary skill in the art, to whom this specification is directed,
that the quantities of bypass gas removed for a given design operating envelope, indicated as "starting bleed fraction,"
i.e. the ratio of mass of bleed bypass gas to the mass of captured gas entering aerodynamic duct 20, is in excess (and
increasingly so at increasing inlet relative Mach number) of an amount of bleed that might be used in an aerodynamic
technique for boundary layer control for reducing aerodynamic loss at high speed operation during operation. More
precisely, the quantity of bypass gas fraction (mb,d/mcap) used at a selected inlet relative Mach number, at a given design
point, in selected operating envelope may be bounded by:

(a) an upper limit described by the equation

(Moig/Meap) = 0.0329M* - 0.3835M° + 1.5389M?2 - 2.150M + 0.9632

and
(b) a lower limit described by the equation
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(Mbig/Meap) = 0.0197M° - 0.230M® + 0.9233M? - 1.29M + 0.5779

Where:

my,q = mass of bypass gas bleed from the aerodynamic duct,
Megp = Mass of gas captured by the aerodynamic duct, and
M = the inlet relative Mach number for the aerodynamic duct.

[0016] Due to the presence of exit conduits 40, when the compressor control system valve V is open (see FIG. 6), a
quantity of bypass gas (indicated by reference arrows 50) migrates toward the exit conduits 40, and thence through the
exit conduits 40 (as indicated by reference arrows 52 in FIGS. 2 and 6) and into bypass gas collectors 54. Thus, a bypass
gas passageway 58 is provided that is of increasing capacity (i.e., can conduct more mass, given the conditions of size,
gas, temperature, differential pressure, etc.) as the inlet relative Mach number increases, as generally graphically depicted
in FIG. 3, for example. The bypass gas collectors 54 direct the bypass gas away from the aerodynamic duct 20, by, in
one embodiment as seen in FIGS. 5 and 6, directing the bypass gas through further bypass gas passageways 58 toward
the low pressure gas inlet 60 of the compressor 18. As indicated in FIGS. 5 and 6, in an embodiment, the bypass gas
collectors 54 are configured in a generally parallelepiped shape, as defined by (a) a bottom or floor that is provided by
exit side 48 of a first bounding portion 44 of aerodynamic duct 20, (b) opposing collector boards, and more specifically
a flow preventive collector board 62 on one side, and an overflow collector board 64 on the other side (over which bypass
gas flows as noted by reference arrow 66 in FIG 6). (c) opposing ribs 68, and (d) a ceiling provided by a portion of the
interior 72 of rotor shroud 74. In an embodiment, the inlet to the bypass gas collectors 54 is defined by exit conduits 40.
In an embodiment, the outlet to bypass gas collectors 54 is defined (a) axially along opposing ribs 68 and (b) radially
between the upper end 76 of overflow collector board 64 and an interior roof portion 78 of ceiling of interior 72 of rotor
shroud 74.

[0017] Other structural details of the aerodynamic duct 20 include a second bounding portion 80, shown at the throat
36 and downstream as a roof in the diverging outlet portion 38. in an embodiment, along the diverging outlet portion 38,
the use of ribs 68 may be maintained, for connection to the rotor shroud 74. In an embodiment, opposing the floor 34
upstream of compression ramp 24, a third bounding portion 82 may be provided, similarly using opposing ribs 68 and
rotor shroud 74.

[0018] Overall, operation of a shrouded wheel supersonic compressor is as shown in FIGS. 5, 6, 7A, 7B, and 7C, is
in many respects similar to the unshrouded compressor wheel design illustrated in US Patent No. 7,293,955. More
specifically, a compressor wheel rotates, in the direction of reference arrow 90 as noted in FIG. 5. As seen in FIG. 5, in
an embodiment, one or more helical strakes K are provided adjacent each of one or more compression ramps 24. In
one embodiment, the one or more helical strakes K extend from leading edge 92. Helical strakes K have a height K
have inlet interior walls K| and outlet interior walls K, that form lateral bounds of passageway provided by aerodynamic
duct 20. Compression ramp 24 and first bounding portion 44 form radial bounds for a portion of the passageway provided
by aerodynamic duct 20. Similarly, throat 36 and floor 96 of diverging outlet portion 38 act with second bounding portion
80 to form radial bounds for a portion of the passageway provided by aerodynamic duct 20.

[0019] Strakes K effectively separate the low pressure inlet gas 100 from high pressure compressed gas downstream
at each one the aerodynamic ducts 20. In an embodiment, strakes K are provided in a generally helical structure extending
radially outward from an outer surface portion 102 of rotor 104 to an outward bounding region of the passageways
provided by aerodynamic ducts 20. As noted above, in an embodiment, first bounding portion 44 and second bounding
portion 80 form a significant portion of such outward bounding region. In an embodiment, the third bounding portion 82
may also provide a portion of such outward bounding region. In an embodiment, the number of strakes K is equal to the
number of compression ramps 24. In an embodiment, a compression ramp 24 may be provided for each aerodynamic
duct 20. The number of aerodynamic ducts may be selected as appropriate for the required service, gas being com-
pressed, mass flow, pressure ratio, etc., as most advantageous for a given service. In some embodiments, the number
of aerodynamic ducts 20 provided for rotary motion on a single stage rotor may be 3, or 5, or 7, or 9.

[0020] AsshowninFIGS. 6 and 7A, during starting, compressor 18, via valve V in a compressor control system, opens
a passageway 58 between the aerodynamic duct 20 and the low pressure gas inlet 60. A selected quantity of bypass
gas is thus routed from the aerodynamic duct 20 to the low pressure gas inlet 60. Once the compressor 18 reaches a
stable operating condition with the oblique shock waves stabilized, then the bypass gas is reduced and ultimately
eliminated, thus enabling the compressor 18 to operate at high pressure ratios while maintaining high efficiency.
[0021] As earlier noted above, FIG. 3 provides a graphic illustration of a suitable range for starting bypass gas removal
requirements (noted on the vertical axis as starting bleed fraction, defined by mass of bypass gas bleed divided by mass
of inlet gas captured) for a aerodynamic duct 20 for a supersonic compressor 18 operating at a selected inlet relative



10

15

20

25

30

35

40

45

50

55

EP 2 242 929 B9

Mach number. Thus, for desired target inlet relative Mach number, the bypass gas removal passageways, including exit
conduits 40 and bypass gas collectors 54, need to be sized and shaped to receive therethrough the required quantity
of bypass gas. With respect to selection of a desired target inlet relative Mach number, FIG. 4 provides the range of inlet
relative Mach numbers achievable by some embodiments for a compressor 18 configured according to the teachings
herein.

[0022] In addition to the embodiment for an aerodynamic duct 20 as noted in FIGS 1 and 2 above, other configurations
may be feasible and several additional embodiments are noted herein for providing advantageous wheel mounted
bounding passageways for supersonic compression.

[0023] FIG. 8 provides a section view of another embodiment for an exemplary aerodynamic duct 120 operating at
supersonic compression conditions in a gas compressor, similar to the embodiment first illustrated in FIGS. 1 and 2
above, but now showing an aerodynamic duct 120 that provides compression using a converging inlet 122 wherein a
compression ramp 124 is oriented to compress gas at least partially radially inward, as indicated by reference arrow
126, while utilizing a plurality of oblique shock waves S, S, Sy, etc., which serve to efficiently reduce the velocity of
the incoming gas while increasing pressure and temperature. For starting in such an embodiment, exit conduits 405 are
provided, and bypass gas collectors 54z are provided, each of which functionally and structurally are substantially
comparable to exit conduits 40 and collectors 54 noted above with respect to the structures described in detail in relation
to FIGS. 1 and 2.

[0024] Attention is directed to FIG. 7B, wherein a cross-sectional view of an embodiment for a compressor utilizing a
rotor 1045 that has thereon aerodynamic duct(s) 120 as just described above in the discussion with respect to FIG. 8.
At time of starting (not illustrated functionally in FIG. 8, but rather in FIG. 7B), the exit conduits 405 positioned in the
floor 130 side of aerodynamic duct(s) 120, accept therethrough an amount of bypass gas as indicated by reference
arrow 132. A bypass gas passageway 134 is provided that has a selected design size of increasing gas flow capacity
(i.e., can conduct more mass, given the conditions of passageway physical size, gas, temperature, differential pressure,
etc.) as the design inlet relative Mach number increases. The bypass gas sent through exit conduits 405 in the floor
located bypass gas collectors 54 (see FIG. 8), is directed away from the aerodynamic duct(s) 120 as indicated by
reference arrow 133 and into lower bypass gas passageway 134. In an embodiment as seen in FIG. 7B, the collected
bypass gas as indicated by reference arrow 136 passes through further portions of bypass gas passageways 134, and
travels through valve 137, then through lower bypass gas outlet 138 and on toward the low pressure gas inlet 60 of the
compressor 18g.

[0025] Similarly, in FIG. 9 yet another embodiment for an exemplary aerodynamic duct 140 is provided for use in a
supersonic gas compressor such as compressor 18. In this figure, use of opposing compression ramps 142 and 144 is
indicated in converging inlet 146. The compression ramp structure 142 is oriented to compress gas at least partially
radially inward as indicated by reference arrow 148. Compression ramp 144 is oriented to compress gas at least partially
radially outward as indicated by reference arrow 150. Efficient compression is accomplished utilizing a plurality of oblique
shock waves Sy, Sy4, Sy, and Sz, Sg4, S3p, etc. which serve to efficiently reduce the velocity of the incoming gas while
increasing pressure and temperature. For starting in such an embodiment, exit conduits 40 and 40y, are provided, and
bypass gas collectors 54 and 54, are provided; functionally and structurally these are substantially the same as noted
above with respect to the exit conduits 40 and the collectors 54 described in detail in relation to FIGS. 1 and 2.

[0026] Attention is directed to FIG. 7C, wherein a cross-sectional view of an embodiment for a compressor utilizing a
rotor 104 that has thereon aerodynamic duct(s) 140 as just described above in the discussion with respect to FIG. 9.
At time of starting (not illustrated functionally in FIG. 9, but rather in FIG. 7C), the exit conduits 40 and 40p, positioned
in the roof side compression ramp 142 and in the floor side compression ramp 144, respectively, accept therethrough
bypass gas as indicated by reference arrows 52 and 132, respectively. The bypass gas (as indicated by reference arrows
52) sent through exit conduits 40 in the roof located bypass gas collectors 54, is directed away from the aerodynamic
duct 140 and into bypass gas passageway 58. The collected bypass gas as indicated by reference arrow 66 passes
through further portions of bypass gas passageways 58, and travels toward the low pressure gas inlet 60 of the compressor
18¢. The lower bypass gas passageway 134 is provided that has a selected design size of increasing gas flow capacity
(i.e., can conduct more mass, given the conditions of passageway physical size, gas, temperature, differential pressure,
etc.) as the design inlet relative Mach number increases. The bypass gas sent through exit conduits 40y in the floor
located bypass gas collectors 545 (see FIG. 8), is directed away from the aerodynamic duct(s) 120 as indicated by
reference arrow 133 and into lower bypass gas passageway 134. In an embodiment as seen in FIG. 7B, the collected
bypass gas as indicated by reference arrow 136 passes through further portions of bypass gas passageways 134, and
travels through valve 137, then through lower bypass gas outlet 138 and on toward the low pressure gas inlet 60 of the
compressor 18¢.

[0027] Inany event, once the gas being compressed passes the aerodynamic duct 20, or other suitable embodiments
(such as described in FIGS. 7B and 8, or in FIGS. 7C and 9), the high speed compressed gas exits the rotor through a
passageway as indicated by reference arrow 150, and then in an embodiment may pass through an array of diffusers
152 and 154, as indicated by reference arrow 155, before entering a volute 156 as indicated by reference arrows 158,
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in which the velocity slows and static pressure is accumulated.

[0028] The compressor 18 described herein may be utilized for compression of various gases. Benefits using such a
compressor design are especially seen with gases in which the speed of sound at standard aerodynamic conditions (1
atmosphere, 15.5°C or 60°F) is at or about that of nitrogen or lower. Also, gases with high molecular weight may be
compressed with compressors designed as set forth herein with significant benefit, especially when handling those
gases with a molecular weight of nitrogen or higher. Some of such gases may include hydrocarbons, such as ethane,
propane, butane, pentane, and hexane, as well as other high molecular weight compounds such as carbon dioxide,
sulfur dioxide, or very high molecular weight compounds such as uranium hexafluoride.

[0029] In short, compressors provided according to the designs provided herein are particularly well suited to appli-
cations involving gases with low sound speeds where high pressure ratios are required, such as carbon dioxide or
propane, where high Mach number compression designs are advantageous. For example compression of carbon dioxide
to a discharge pressure of from between about 10.34 MPa (1500 psia) to about 15.17 MPa (2200 psia) can be accom-
plished in a cost effective manner. Similarity, propane compression for natural gas liquefaction requires propane com-
pression at pressure ratios of from about 16:1 to about 50:1, depending upon the details of the process selected. The
combination of relatively low speed of sound in propane, and high pressure ratios required, make such service an ideal
candidate for the compressor designs taught herein.

[0030] Attention is directed to FIG. 7A, where a partial vertical cross-sectional view is provided of a supersonic gas
compressor 18. The compressor 18 includes a casing 160 that has a low pressure gas inlet 60 for admitting a main flow
of low pressure gas to be compressed. The casing has a high pressure gas exit, here represented by volute 156, from
which a flow of high pressure compressed gas is discharged. Rotor 104 is journaled via shaft 30 in casing 160, such as
with bearings 162. Provided with rotor 104 are aerodynamic ducts 20, which in an embodiment as depicted in FIG. 5,
may be bounded laterally and thus configured in helical fashion between helical strakes K, along axis of rotation 32.
Aerodynamic aspects of duct 20 have been adequately discussed above; however, in each compressor design, the
aerodynamic ducts 20 are provided having an inlet relative Mach number for operation associated with a design operating
point selected within a design operating envelope for the selected gas composition, gas quantity, and gas compression
ratio. In an embodiment, a plurality of aerodynamic ducts 20 is mounted on the rotor 104. In an embodiment, wherein
bypass gas collectors 54 are co-located for rotary movement with each of the aerodynamic ducts 20. In an embodiment
such as that depicted in FIG. 5, three aerodynamic ducts 20 are provided.

[0031] Bypass gas passageway(s) 58 are provided and configured for placement in an open, fluid conducting position,
such as by opening valve V for bypass gas passage, during the process of starting of the gas compressor 18. Likewise,
the bypass gas passageway(s) 58 are provided and configured for placement in a closed position, such as by closing
valve V, in order to effectively eliminate the removal of bypass gas (such as indicated by reference arrow 50 in FIG. 6)
after startup of the compressor. In such embodiments, a valve V associated with the bypass gas passageways is
configured for opening and closing the fluid conductivity of the bypass gas passageways.

[0032] Inanembodimentthe bypassgaspassageway(s) 58 are adapted toreceive bypass gas 50 from the aerodynamic
ducts 20 and return the bypass gas to the low pressure gas inlet 60. In an embodiment, the bypass gas passageway(s)
further include one or more bypass gas collectors 54, as seen for example in FIGS. 1 and 2, and as may be better
appreciated in FIG. 5. A plurality of exit conduits 40 provide a fluid connection between the converging inlet portion 22
of the aerodynamic duct 20 and the bypass gas collectors 54. In an embodiment, the one or more bypass gas collectors
54 are each co-located with one of the aerodynamic ducts 20, and are mounted for rotary movement therewith. The
bypass gas collectors 54 are shaped and sized to facilitate removal of a bypass portion of gas as indicated by reference
arrow 50 directly from said aerodynamic ducts via exit conduits 40 defined by sidewalls 46 between an aerodynamic
duct third bounding portion 82 of the converging inlet portion 22, and the exit side (floor 48) of the bypass gas collectors
54. In an embodiment, a compressor is sized to provide a quantity of bypass gas within the ranges as depicted in FIG.
3. In an embodiment, the various components of bypass gas passageway(s) 58, including exit conduits 40, bypass gas
collectors 54, valve V, and associated piping and fluid conduits as may be necessary in a particular design configuration,
are sized and shaped for removal of a selected quantity of bypass gas that increases as the inlet relative Mach number
increases, wherein a quantity of bypass gas selected from a range of (a) from about 11 % by mass to about 19% by
mass of the inlet gas captured by the converging inlet portion for operation at an inlet relative Mach number of about
1.8, to (b) from about 36% by mass to about 61% by mass of the inlet gas captured by the converging inlet portion 22
for operation at an inlet relative Mach number of about 2.8.

[0033] Inan embodiment, the inlet relative Mach number of the aerodynamic duct(s) is in excess of 1.8. In an embod-
iment, the inlet relative Mach number of said aerodynamic duct is at least 2. In yet another embodiment, the inlet relative
Mach number of said aerodynamic duct is at least 2.5. In a yet further embodiment, the inlet relative Mach number is in
excess of about 2.5. In a still further embodiment, the inlet relative Mach number the aerodynamic duct(s) is between
about 2 and about 2.5, inclusive of such bounding parameters. In another embodiment, the inlet relative Mach number
of the aerodynamic duct(s) is between about 2.5 and about 2.8, inclusive of such bounding parameters.

[0034] For most designs, of compressors according to the teachings herein, at the design operating point, the Mach
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number before a normal shock at the design position location, is in a range of from about 1.2 to about 1.5.

[0035] High efficiency at high gas compression ratio is one hallmark of the most advantageous portions of a design
operating envelope achievable by compressors designed as taught herein. However, compressors may be provided
wherein the design operating envelope comprises a gas compression ratio of at least 3. On an embodiment, the design
operating envelope may include a gas compression ratio of at least 5. Further, in an embodiment, a gas compression
ratio of somewhere from about 3.75 to about 12, inclusive of said parameters, may be provided. In yet another embodiment
of such designs, a design operating envelope may include a gas compression ratio somewhere in the range of from
about 12 to about 30, inclusive of said parameters. With certain designs, a design operating envelope may be provided
wherein the gas compression ratio is in excess of 30.

[0036] As noted in FIGS. 8 and 9, as contrasted to FIGS. 1 and 2, differing variations for compression ramp portions
of an aerodynamic duct may be provided. As noted in FIGS. 1, 2, and 9, an aerodynamic duct may include a converging
inlet having a compression ramp that compresses incoming gas at least partially radially outward, such as shown by
reference arrow 28 in FIGS. 1 and 2, or reference arrow 150 in FIG. 9. As noted in FIG. 9, a second compression ramp
may be provided, wherein the second compression ramp is oriented to compress an incoming gas at least partially
radially inward, as noted by reference arrow 148 in FIG. 9. In a still further embodiment, as depicted in FIG. 8, an
aerodynamic duct may include a converging inlet that only utilizes a having a compression ramp that compresses
incoming gas at least partially radially inward, as noted by reference arrow 126 in FIG. 8.

[0037] While the exact design of an aerodynamic duct may vary in various design configurations, for ease of construc-
tion, it may be useful and save materials, weight, and space if the bypass gas collectors 54 are at least partially defined
by a floor (exit side) 48 that is also an exterior portion of a third bounding portion 82 of an aerodynamic duct 20, as
shown in FIG. 1. As better seen in FIGS. 1 and 5, the bypass gas collectors 54 may also be at least partially defined by
axially oriented and radially extending opposing ribs 68. Also, the bypass gas collectors 54 may be at least partially
defined by opposing collector boards, said opposing collector boards provided in pairs, wherein an upstream collector
board 62 substantially prevents flow of bypass gas thereby, and wherein a downstream collector board 64 defines at
least a portion of a bypass gas outlet from the bypass gas collector 54. Further, a rotor shroud 74 (hoop shroud) may
be provided, extending circumferentially about the rotor 104 to provide a bypass gas flow restrictive interior roof portion
78 above the bypass gas collectors 54. In an embodiment, an outer surface 79 of the rotor shroud 74 may be provided
with a grooved portion 81 providing a labyrinth seal with respect to casing 160.

[0038] As seenin FIG. 7A, the compressor 18 may include an interconnecting a conduit 170 between the diverging
outlet portion of the aerodynamic duct and the high pressure outlet volute 156 of the casing 160. With such a conduit
170, there may be located one or more outlet diffusers, such as diffusers 152 and 154. Such outlet diffusers 152 and
154 are adapted to slow high speed gas escaping the diverging outlet portion, to convert kinetic energy to static pressure
in the high pressure outlet volute 156 of the casing 160.

[0039] In a method for starting a supersonic gas compressor, a compressor is provided including a rotor having one
or more aerodynamic ducts mounted for rotary movement, wherein the aerodynamic ducts 20 have converging inlet
portions and diverging outlet portions. The aerodynamic ducts include one or more structures that at supersonic inflow
conditions generate oblique shock waves in a gas within the converging inlet portion and a normal shock wave in a gas
as said gas enters or passes through the diverging outlet portion. The aerodynamic duct provided has an inlet relative
Mach number for operation associated with a design operating point selected within a design operating envelope for a
selected gas composition, gas quantity, and gas compression ratio. A method of starting includes initiating engagement
of the converging inlet portion of the aerodynamic ducts with an inlet gas stream to be compressed. Then, a selected
quantity of bypass gas is removed from the converging inlet portion as the aerodynamic duct increases in velocity while
the gas therein transforms from a subsonic inflow condition to a supersonic condition at an inlet relative Mach number
associated with a design operating point. The selected quantity of bypass gas removed increases as the inlet relative
Mach number increases as selected for the desired design operating point. Generally, the quantity of bypass gas removed
is selected from a range of (a) from about 11 % by mass to about 19% by mass of the inlet gas captured by the converging
inlet portion for operation at an inlet relative Mach number of about 1.8, to (b) from about 36% by mass to about 61%
by mass of the inlet gas captured by the converging inlet portion for operation at an inlet relative Mach number of about
2.8. Exemplary operating conditions for such bypass gas removal amounts are suggested in FIG. 3. When the oblique
shock waves are effectively stabilized within the design operating envelope of the supersonic gas compressor, the
removal of a quantity of bypass gas from the converging inlet portion is effectively eliminated. In an embodiment, the
removal of said bypass gas is completely terminated after the aerodynamic duct has reached a selected inlet relative
Mach number for the design operating point. Thereafter, normal operation of the compressor occurs without removal of
bypass gas.

[0040] In one aspect, the compressor startup method taught herein may be practiced in a compressor configuration
wherein one of the converging inlet portions comprise exit conduits therein, and wherein removal of the bypass flow is
conducted by removing gas through such exit conduits 40.

[0041] In short, the novel supersonic gas compressor described and claimed herein, and the method and apparatus
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for starting the same, can provide a significant benefitin compressor designs for high efficiency operation. The supersonic
gas compressor described and claimed herein may be utilized to compress a variety of suitable gases. In an embodiment,
such a compressor may be utilized to compress carbon dioxide. In another embodiment, the compressor may be utilized
to compress propane.

[0042] In summary, whether for application for carbon dioxide sequestration, air separation, hydrocarbon processing,
or other gas compression operation, and especially for gases having low sonic velocities and or high molecular weights,
a novel supersonic gas compressor design has now been developed. Initial calculations have indicated that significant
improvements in efficiency may be attained in such a design. And, an important consideration is that efficiency is
increased since after starting using a significant bleed fraction, the bleed amount is reduced to little or nothing, i.e.
essentially zero, as the compressor design, and especially the rotor design, is able to achieve stable operation in a
desired very high compression ratio design range without ongoing removal of bypass bleed gas.

[0043] In the foregoing description, numerous details have been set forth in order to provide a thorough understanding
of the disclosed exemplary embodiments for a novel supersonic gas compressor. However, certain of the described
details may not be required in order to provide useful embodiments, or to practice a selected or other disclosed embod-
iments. Further, the description includes, for descriptive purposes, various relative terms such as adjacent, proximity,
near, on, onto, on top, underneath, underlying, downward, lateral, base, floor, shroud, roof, ceiling, and the like. Such
usage should not be construed as limiting. Terms that are relative only to a point of reference are not meant to be
interpreted as absolute limitations, but are instead included in the foregoing description to facilitate understanding of the
various aspects of the disclosed embodiments. Various steps or operations in method(s) described herein may have
been described as multiple discrete operations, in turn, in a manner that is most helpful in understanding the method
(s). However, the order of description should not be construed as to imply that such operations are necessarily order
dependent. In particular, certain operations may not need to be performed in the order of presentation. And, in different
embodiments, one or more operations may be performed simultaneously, or eliminated in part or in whole while other
operations may be added. Also, the reader will note that the phrase "in one embodiment" has been used repeatedly.
This phrase generally does not refer to the same embodiment; however, it may. Finally, the terms "comprising", "having"
and "including" should be considered synonymous, unless the context dictates otherwise. Various aspects and embod-
iments described and claimed herein may be modified from those shown without materially departing from the novel
teachings and advantages provided by this invention, and may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof. Embodiments presented herein are to be considered in all respects
as illustrative and not restrictive or limiting. This disclosure is intended to cover methods and apparatus described herein,
and not only structural equivalents thereof, but also equivalent structures. Modifications and variations are possible in
light of the above teachings.

Claims

1. A method of starting a supersonic gas compressor for compressing a selected gas, said compressor comprising
a casing (160), said casing further comprising a low pressure gas inlet (60) for admitting a main flow of a selected
gas (26) to be compressed, and a high pressure gas exit (156) for discharging a compressed flow of said selected
compressed gas,
arotor (104) journaled in said casing, said rotor comprising one or more aerodynamic ducts (20) having a converging
inlet portion (22) and a diverging outlet portion (38), said aerodynamic ducts comprising one or more structures that
at supersonic inflow conditions generate a plurality of oblique shock waves (S4 to S,) in a gas within said converging
inlet portion and a normal shock wave (Sy) in a gas as said gas enters or passes through said diverging outlet
portion, said aerodynamic ducts having an inlet relative Mach number for operation associated with a design operating
point selected within a design operating envelope for a selected gas composition, gas quantity, and gas compression
ratio,
abypass passageway (58) adapted to receive bypass gas from said aerodynamic ducts, said bypass gas passageway
further comprising one or more bypass gas collectors (54), said one or more bypass gas collectors each co-located
with one of said aerodynamic ducts and shaped and sized to facilitate removal of a bypass portion of gas directly
from said aerodynamic ducts;
said method comprising:

raising the rotating speed of said rotor to compress said selected gas at supersonic inlet conditions;
removing a selected quantity of bypass gas from said converging inlet portion of said aerodynamic duct through
said bypass gas collectors and returning it to said low pressure gas inlet;

stabilizing said oblique shock wave at a selected inlet relative Mach number and compression ratio; and then
effectively ending removal of said bypass gas.
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The method as claimed in claim 1, wherein said rotor comprises a plurality of leading edges (92), and wherein each
one of said plurality of said leading edges corresponds to, and lies upstream from, one of said one or one or more
aerodynamic ducts.

The method as claimed in claim 1, wherein each one of said converging inlet portions comprise exit conduits (40)
therein, and wherein removal of bypass gas comprises exit of said bypass gas through said exit conduits.

The method as claimed in claim 3, wherein bypass gas removed through said exit conduits comprises a quantity of
(a) from about 11% by mass to about 19% by mass of the inlet gas captured by said converging inlet portion for
operation at an inlet relative Mach number of about 1.8, to (b) from about 36% by mass to about 61% by mass of
the inlet gas captured by said converging inlet portion for operation at an inlet relative Mach number of about 2.8.

The method as claimed in claim 1 or in claim 3, wherein the quantity of said bypass gas removed is between an
upper limit described by the equation

(mp)g/mcap) = 0.0329M4 - 0.3835M3 + 1.5389M2 - 2.150M + 0.9632

and a lower limit described by the equation

(mp)d/Meap) = 0-0197M4 - 0.230M3 + 0.9233M2 - 1.29M + 0.5779

wherein
Mg = Mass of bypass gas removed from said aerodynamic ducts,
Megp = Mass of gas captured by said aerodynamic ducts,
M = the inlet relative Mach number for the aerodynamic ducts.

The method as claimed in claim 5, wherein removal of bypass gas comprises discharging gas from said converging
inlet portion through exit conduits (40) in a bounding portion (44) of said converging inlet portion.

The method according to any one of the preceding claims, wherein said selected gas has a molecular weight of at
least that of nitrogen.

The method as claimed in any one of the preceding claims, wherein said selected gas comprises a hydrocarbon gas.

The method as claimed in any one of the preceding claims, wherein said selected gas comprises carbon dioxide.

10. A supersonic gas compressor, comprising:

a casing (160), said casing further comprising a low pressure gas inlet (60) for admitting a main flow of a selected
gas to be compressed, and a high pressure gas exit (156) for discharging a compressed flow of said selected
compressed gas,

a rotor (104) journaled in said casing, said rotor comprising one or more aerodynamic ducts (20) having a
converging inlet portion (22) and a diverging outlet portion (38), said aerodynamic ducts comprising one or more
structures that at supersonic inflow conditions generate a plurality of oblique shock waves (S; to S,) in a gas
within said converging inlet portion and a normal shock wave (Sy)) in a gas as said gas enters or passes through
said diverging outlet portion, said aerodynamic ducts having an inlet relative Mach number for operation asso-
ciated with a design operating point selected within a design operating envelope for a selected gas composition,
gas quantity, and gas compression ratio,

a bypass gas passageway (58), said bypass gas passageway having an open position, for use during bypass
gas passage during starting of said gas compressor, and a closed position where gas bypass passage is
effectively eliminated, for use after stabilizing said oblique shocks;

said bypass gas passageway adapted to receive bypass gas from said aerodynamic ducts and return it to said
low pressure inlet, said bypass gas passageway further comprising one or more bypass gas collectors (54),
and a plurality of exit conduits (40), said one or more bypass gas collectors each co-located with one of said
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aerodynamic ducts and mounted for rotary movement therewith, said bypass gas collectors shaped and sized
to facilitate removal of a bypass portion of gas from said aerodynamic ducts via exit conduits defined by sidewalls
(42) between an aerodynamic duct bounding portion (44) of said converging inlet portion and said bypass gas
collectors.

The compressor as claimed in claim 10, wherein said bypass gas passageway is sized for increased capacity for
removal of a selected quantity of bypass gas as said inlet relative Mach number increases, wherein the selected
quantity of said bypass gas removed is between an upper limit described by the equation

(mp)d/mecap) = 0.0329M4 - 0.3835M3 + 1.5389M2 - 2.150M + 0.9632

and a lower limit described by the equation

(mp1d/mcap) = 0.0197M4 - 0.230M3 + 0.9233M2 - 1.29M + 0.5779

12,

13.

14.

15.

wherein

my,q = mass of bypass gas removed from said aerodynamic duct(s),
Megp = Mass of gas captured by said aerodynamic ducts,
M = the inlet relative Mach number for the aerodynamic duct(s).

The compressor as claimed in claim 10, wherein said bypass gas collectors comprise chambers at least partially
defined by a floor (48) comprising an exterior portion of a bounding portion of said aerodynamic duct.

The compressor as claimed in claim 12, wherein said bypass gas collectors comprise chambers at least partially
defined by axially oriented and radially extending opposing ribs (68).

The compressor as claimed in claim 12, wherein said bypass gas collectors comprise chambers at least partially
defined by opposing collector boards, said opposing collector boards provided in pairs, wherein an upstream collector
board (62) substantially prevents flow of bypass gas thereby, and wherein a downstream collector board (64) defines
at least a portion of a bypass gas outlet from said bypass gas collector.

The compressor as claimed in claim 10, further comprising an interconnecting conduit (170) between said diverging
outlet portion of said aerodynamic duct and said high pressure gas exit (156) of said casing, and further comprising
outlet diffusers (152, 154), said outlet diffusers adapted to slow high speed gas escaping said diverging outlet portion
to convert kinetic energy to pressure in said high pressure gas exit of said casing.

Patentanspriiche

1.

Verfahren zum Starten eines Uberschallverdichters zum Verdichten eines ausgewahlten Gases, der Verdichter
aufweisend

ein Gehause (160), wobei das Gehause des Weiteren einen Niedrigdruckgaseinlass (60) zum Einlassen eines
Hauptstroms eines zu verdichtenden ausgewahlten Gases (26) und einen Hochdruckgasausgang (156) zum Ent-
laden eines verdichteten Stroms des ausgewahlten verdichteten Gases aufweist,

einen in dem Gehause gelagerten Rotor (104), wobei der Rotor einen oder mehrere aerodynamische Kanéle (20)
umfasst, die einen zusammenlaufenden Einlassabschnitt (22) und einen auseinanderlaufenden Auslassabschnitt
(38) aufweisen, die aerodynamischen Kanéle eine oder mehrere Anordungen umfassend, die bei Uberschall-Ein-
lassbedingungen eine Vielzahl von schragen StofRwellen (S bis S, ) in einem Gas innerhalb des zusammenlaufenden
Einlassabschnitts und eine senkrechte Stowelle (Sy) in einem Gas erzeugen, wahrend das Gas in den auseinan-
derlaufenden Auslassabschnitt eintritt oder hindurchstrémt, die aerodynamischen Kanale eine relative Einlass-Mach-
zahl fur den zu einem vorgesehenen Betriebspunkt zugehdrigem Betrieb aufweisend, der innerhalb eines vorgese-
henen Betriebsbereichs fir eine ausgewahlte Gaszusammensetzung, Gasmenge und Verdichtungsverhaltnis aus-
gewahlt ist,
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einen Nebenstromdurchgang (58), der angepasst ist, um Nebenstromgas von den aerodynamischen Kanalen zu
empfangen, der Nebenstromgasdurchgang des Weiteren einen oder mehrere Nebenstromgassammler (54) auf-
weisend, wobei jeder der einen oder mehreren Nebenstromgassammler zusammen mit einem der aerodynamischen
Kanale angeordnet und geformt und dimensioniert ist, um eine Entnahme einer Nebenstromgasmenge direkt von
den aerodynamischen Kanalen zu erméglichen;

das Verfahren umfassend:

Erhéhen der Rotationsgeschwindigkeit des Rotors, um das ausgewahlte Gas bei Uberschalleinlassbedingungen
zu verdichten;

Entnehmen einer ausgewahlten Menge von Nebenstromgas des zusammenlaufenden Einlassabschnitts des
aerodynamischen Kanals durch die Nebenstromgassammler und Zurlickfihren des Gases zu dem Niedrig-
gaseinlass;

Stabilisieren der schragen StoRwelle bei einer ausgewahlten relativen Machzahl und einem ausgewahliten
Verdichtungsverhaltnis; und dann

effektives Beenden der Entnahme des Nebenstromgases.

Verfahren gemaR Anspruch 1, bei dem der Rotor eine Vielzahl von Vorderkanten (92) umfasst und wobei jede der
Vielzahl von Vorderkanten korrespondiert zu und stromabwarts liegt von einem der einen oder mehreren aerody-
namischen Kanale.

Verfahren gemaR Anspruch 1, bei dem jeder der zusammenlaufenden Einlassabschnitte darin Ausgangskanale
(40) aufweist und wobei die Entnahme von Nebenstromgas die Abgabe des Nebenstromgases durch die Ausgangs-
kanale umfasst.

Verfahren gemaR Anspruch 3, bei dem durch den Ausgangskanal entnommenes Nebenstromgas eine Menge (a)
von in etwa 11% Massenanteil bis in etwa 19% Massenanteil des Einlassgases, das durch den zusammenlaufenden
Einlassabschnitt fir den Betrieb bei einer relativen Einlass-Machzahl von in etwa 1,8 eingefangen wurde, umfasst,
bis zu (b) von in etwa 36% Massenanteil bis in etwa 61% Massenanteil des Einlassgases, das durch den zusam-
menlaufenden Einlassabschnitt flr den Betrieb bei einer relativen Einlass-Machzahl von in etwa 2,8 eingefangen
wurde.

Verfahren gemaf Anspruch 1 oder Anspruch 3, bei dem die Menge des entfernten Nebenstromgases zwischen
einem oberen Limit, beschrieben durch die Gleichung

(Myya/Mesp) = 0,0329M° - 0,3835M° + 1,5389M° - 2,150M + 0,9632

und einem unteren Limit, beschrieben durch die Gleichung

(Mpra/Meap) = 0,0197M* - 0,230M° + 0,9233° - 1,29M + 0,5779

ist, wobei

my,q = die Masse des von dem aerodynamischen Kanal entnommenen Nebenstromgases ist,
Meap™ die Masse des durch die aerodynamischen Kanéle eingefangenen Gases ist,
M = gleich die relative Einlass-Machzahl fur die aerodynamischen Kanéle ist.

Verfahren gemaf Anspruch 5, bei dem die Entnahme von Nebenstromgas das Entladen von Gas von dem zusam-
menlaufenden Einlassabschnitt durch Ausgangskanale (40) in einem Randabschnitt (44) des zusammenlaufenden

Einlassabschnitts umfasst.

Verfahren gemal einem der vorstehenden Anspriiche, bei dem das ausgewahlte Gas mindestens das Molekular-
gewicht von Stickstoff aufweist.

Verfahren gemafR einem der vorstehenden Anspriiche, bei dem das ausgewahlte Gas ein Kohlenwasserstoffgas
umfasst.
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9. Verfahren gemaf einem der vorstehenden Anspriiche, bei dem das ausgewahlte Gas Kohlenstoffdioxid umfasst.

10. Uberschallverdichter, aufweisend:

ein Gehause (160), wobei das Gehause des Weiteren einen Niedrigdruckgaseinlass (60) zum Einlassen eines
Hauptstroms eines ausgewahlten zu verdichtenden Gases umfasst und einen Hochdruckgasausgang (156)
zum Entladen eines verdichteten Stroms des ausgewahlten verdichteten Gases,

einen in dem Gehause gelagerten Rotor (104), wobei der Rotor einen oder mehrere aerodynamische Kanale
(20) umfasst, die einen zusammenlaufenden Einlassabschnitt (22) und einen auseinanderlaufenden Auslas-
sabschnitt (38) aufweisen, die aerodynamischen Kanale eine oder mehrere Anordnungen umfassend, die bei
Uberschalleinlassbedingungen eine Vielzahl von schragen StoRwellen (S bis Sy) in einem Gas innerhalb des
zusammenlaufenden Einlassabschnitts und eine senkrechte Stowelle (Sy) in einem Gas erzeugen, wahrend
das Gas durch den auseinanderlaufenden Auslassabschnitt eintritt oder hindurchstrémt, die aerodynamischen
Kanale eine relative Einlass-Machzahl fiir den zu einem vorgesehenen Betriebspunkt zugehdrigem Betrieb
aufweisend, der innerhalb eines vorgesehenen Betriebsbereichs fiir eine ausgewahlte Gaszusammensetzung,
Gasmenge und Gasverdichtungsverhaltnis ausgewahlt ist,

einen Nebenstromgasdurchgang (58), wobei der Nebenstromgasdurchgang eine offene Position zur Verwen-
dung wahrend des Nebenstromgasdurchgangs wahrend des Startens des Gasverdichters aufweist und eine
geschlossene Position, bei der ein Durchgang von Nebenstromgas zur Verwendung nach Stabilisierung der
schragen StoRe effektiv ausgeschlossen ist;

wobei der Nebenstromgasdurchgang angepasst ist, um Nebenstromgas von den aerodynamischen Kanalen
zu empfangen und zu dem Niedrigdruckgaseinlass zurlickzufiihren, der Nebenstromgasdurchgang des Wei-
teren einen oder mehrere Nebenstromgassammler (54) und eine Vielzahl von Ausgangskanalen (40) aufwei-
send, wobei der eine oder mehrere Nebenstromgassammler jeweils zusammen mit einem der aerodynamischen
Kanale angeordnet ist und fiir eine Rotationsbewegung damit montiert ist, wobei der Nebenstromgassammler
geformt und dimensioniert ist, um eine Entnahme einer Nebenstromgasmenge von den aerodynamischen Ka-
nalen Uber Ausgangskanale zu ermdglichen, die durch Seitenwande (42) zwischen einem Randbereich (44)
eines zusammenlaufenden Einlassabschnitts des aerodynamischen Kanals und der Nebenstromgassammler
definiert ist.

11. Verdichter gemaR Anspruch 10, bei dem der Nebenstromgasdurchgang fiir eine erhéhte Kapazitat zum Entnehmen

12

13.

einer ausgewahlten Menge von Nebenstromgas, wenn die relative Einlass-Machzahl ansteigt, dimensioniert ist,
wobei die ausgewahlte Menge des entnommenen Nebenstromgases zwischen einem oberen Limit, beschrieben
durch die Gleichung

(Mp1a/Meap) = 0,0329M* - 0,3835M° + 1,5389M° - 2,150M + 0,9632

und einem unteren Limit, beschrieben durch die Gleichung

(Mp1a/Meap) = 0,0197M* - 0,230M° + 0,9233M° - 1,29M + 0,5779

ist, wobei

my,q = die Masse des von dem aerodynamischen Kanal entnommenen Nebenstromgases ist,
Meap™ die Masse des durch die aerodynamischen Kanéle eingefangenen Gases ist,
M = gleich die relative Einlass-Machzahl fur die aerodynamischen Kanéle ist.

Verdichter gemafl Anspruch 10, bei dem die Nebenstromgassammler Kammern umfassen, die zumindest teilweise
durch einen Boden (48) definiert sind, der einen dulReren Abschnitt des Randabschnitts des aerodynamischen
Kanals umfasst.

Verdichter gemafl Anspruch 12, bei dem die Nebenstromgassammler Kammern umfassen, die zumindest teilweise
durch axial ausgerichtete und sich radial erstreckende gegentiberliegende Rippen (68) definiert sind.

14. Verdichter gemal Anspruch 12, bei dem die Nebenstromgassammler Kammern umfassen, die zumindest teilweise

14
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durch gegeniiberliegende Sammelplatten definiert sind, wobei die gegeniiberliegenden Sammelplatten paarweise
bereitgestellt sind, wobei eine stromaufwarts liegende Sammelplatte (62) im Wesentlichen das Vorbeistrémen von
Nebenstromgas verhindert und wobei eine stromabwarts liegende Sammelplatte (64) zumindest einen Abschnitt
eines Nebenstromgasauslasses von dem Nebenstromgassammler definiert.

Verdichter gemaf Anspruch 10, des Weiteren einen Verbindungskanal (170) zwischen dem auseinanderlaufenden
Auslassabschnitt des aerodynamischen Kanals und dem Hochdruckgasausgang (156) des Gehauses aufweisend
und des Weiteren Auslassdiffusoren (152, 154) umfassend, wobei die Auslassdiffusoren angepasst sind, um das
Entweichen von Hochgeschwindigkeitsgas des auseinanderlaufenden Auslassabschnitts zu verlangsamen, um ki-
netische Energie zu Druck in dem Hochdruckgasausgang des Gehauses umzuwandeln.

Revendications

Procédé de démarrage d’'un compresseur supersonique a gaz destiné a comprimer un gaz sélectionné, ledit com-
presseur comprenant

un carter (160), ledit carter comprenant en outre une entrée (60) pour gaz a basse pression destinée a I'admission
d’un écoulement principal d’'un gaz sélectionné (26) devant étre comprimé, et une sortie (156) pour gaz a haute
pression destinée a décharger un écoulement comprimé dudit gaz comprimé sélectionné,

unrotor (104) monté rotatif par le biais d’'un arbre dans ledit carter, ledit rotor comprenant une ou plusieurs canalisation
aérodynamiques (20) comprenant une partie d’entrée convergente (22) et une partie de refoulement divergente
(38), lesdites canalisations aérodynamiques comprenant une ou plusieurs structures qui, en conditions d’écoulement
rentrant supersonique, générent une pluralité d’'ondes de choc obliques (S a S,) dans un gaz dans ladite partie
d’entrée convergente et une onde de choc normale (Sy) dans un gaz lorsque ledit gaz rentre ou passe a travers
ladite partie de refoulement divergente, lesdites canalisations aérodynamiques présentant un nombre de Mach
relatif en entrée pour un fonctionnement associé a un point de fonctionnement de conception sélectionné a l'intérieur
d’'une enveloppe de fonctionnement de conception pour une composition de gaz, une quantité de gaz et un taux
de compression de gaz sélectionnés,

une voie de passage de contournement (58) adaptée pour recevoir un gaz de contournement a partir desdites
canalisations, ladite voie de passage de contournement comprenant en outre un ou plusieurs collecteurs de gaz
de contournement (54), chacun desdits un ou plusieurs collecteurs de gaz de contournement étant colocalisé avec
'une desdites canalisations aérodynamiques et conformé et dimensionné de sorte a faciliter le retrait d’'une partie
de contournement du gaz directement depuis lesdites canalisations aérodynamiques ;

ledit procédé comprenant le fait :

d’élever la vitesse de rotation dudit rotor pour comprimer ledit gaz sélectionné en conditions d’entrée
supersoniques ;

de retirer une quantité sélectionnée de gaz de contournement de ladite partie d’entrée convergente de ladite
canalisation aérodynamique a travers lesdits collecteurs de gaz de contournement et de la renvoyer a ladite
entrée pour gaz a basse pression ;

de stabiliser ladite onde de choc oblique a un nombre de Mach relatif en entrée et a un taux de compression
sélectionnés ; et ensuite

de mettre effectivement fin au retrait dudit gaz de contournement.

Procédé tel que revendiqué dans la revendication 1, dans lequel ledit rotor comprend une pluralité de bords d’attaque
(92), et dans lequel chacun de ladite pluralité desdits bords d’attaque correspond a et s’étend en amont de I'une
desdites une ou plusieurs canalisations aérodynamiques.

Procédé tel que revendiqué dans la revendication 1, dans lequel chacune desdites parties d’entrée convergentes
comprend des conduites de sortie (40) dedans, et dans lequel le retrait de gaz de contournement comprend la sortie
dudit gaz de contournement a travers lesdites conduites de sortie.

Procédé tel que revendiqué dans la revendication 3, dans lequel le gaz de contournement retiré a travers lesdites
conduites de sortie comprend une quantité (a) allant d’environ 11% en masse jusqu’a environ 19% en masse du
gaz en entrée capturé par ladite partie d’entrée convergente pour un fonctionnement a un nombre de Mach relatif
en entrée d’environ 1,8, a (b) d’environ 36% en masse jusqu’a environ 61% en masse du gaz en entrée capturé
par ladite partie d’entrée convergente pour un fonctionnement a un nombre de Mach relatif en entrée d’environ 2,8.
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5. Procédeé tel que revendiqué dans la revendication 1 ou dans la revendication 3, dans lequel la quantité dudit gaz
de contournement retiré se trouve entre une limite supérieure décrite par I'équation

10.

(Mp1a/Meap) = 0,0329M* - 0,3835M° + 1,5389M° - 2,150M +

0,9632

et une limite inférieure décrite par I'équation

(Mp1a/Meap) = 0,0197M* - 0,230M° + 0,9233M° - 1,29M +

0,5779

ou:

mpg = Masse de gaz de contournement retiré desdites canalisations aérodynamiques,
Megp = Masse de gaz capturé par lesdites canalisations aérodynamiques,
M = nombre de Mach relatif en entrée pour les canalisations aérodynamiques.

Procédé tel que revendiqué dans la revendication 5, dans lequel le retrait du gaz de contournement comprend le
fait de décharger du gaz de ladite partie d’entrée convergente a travers des conduites de sortie (40) dans une partie
de délimitation (44) de ladite partie d’entrée convergente.

Procédé selon I'une quelconque des revendications précédentes, dans lequel ledit gaz sélectionné présente un
poids moléculaire au moins égal a celui de I'azote.

Procédé tel que revendiqué dans I'une quelconque des revendications précédentes, dans lequel ledit gaz sélectionné
comprend un gaz d’hydrocarbures.

Procédé tel que revendiqué dans I'une quelconque des revendications précédentes, dans lequel ledit gaz sélectionné
comprend du dioxyde de carbone.

Compresseur supersonique a gaz, comprenant :

un carter (160), ledit carter comprenant en outre une entrée (60) pour gaz a basse pression destinée a 'admission
d'un écoulement principal d'un gaz sélectionné devant étre comprimé, et une sortie (156) pour gaz a haute
pression destinée a décharger un écoulement comprimé dudit gaz comprimé sélectionné,

un rotor (104) monté rotatif par le biais d’un arbre dans ledit carter, ledit rotor comprenant une ou plusieurs
canalisations aérodynamiques (20) comprenant une partie d’entrée convergente (22) et une partie de refoule-
ment divergente (38), lesdites canalisations aérodynamiques comprenant une ou plusieurs structures qui, en
conditions d’écoulement rentrant supersonique, générent une pluralité d’ondes de choc obliques (S & S,) dans
un gaz dans ladite partie d’entrée convergente et une onde de choc normale (Sy) dans un gaz lorsque ledit
gaz rentre ou passe a travers ladite partie de refoulement divergente, lesdites canalisations aérodynamiques
présentant un nombre de Mach relatif en entrée pour un fonctionnement associé a un point de fonctionnement
de conception sélectionné a l'intérieur d’'une enveloppe de fonctionnement de conception pour une composition
de gaz, une quantité de gaz et un taux de compression de gaz sélectionnés,

une voie de passage de contournement (58), ladite voie de passage de gaz de contournement présentant une
position ouverte, a utiliser pendant le passage du gaz de contournement lors du démarrage dudit compresseur
a gaz, et une position fermée dans laquelle le passage de gaz de contournement est effectivement éliminé, a
utiliser apres la stabilisation desdits chocs obliques ;

ladite voie de passage de gaz de contournement est adaptée pour recevoir un gaz de contournement provenant
desdites canalisations aérodynamiques et le renvoyer a ladite entrée a basse pression, ladite voie de passage
de gaz de contournement comprenant en outre un ou plusieurs collecteurs (54) de gaz de contournement, et
une pluralité de conduites de sortie (40), chacun desdits un ou plusieurs collecteurs de gaz de contournement
étant colocalisé avec I'une desdites canalisations aérodynamiques et monté pour avoir un mouvement de
rotation avec celle-ci, lesdits collecteurs de gaz de contournement étant conformés et dimensionnés en vue de
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faciliter le retrait d’'une partie de contournement de gaz depuis lesdites canalisations aérodynamiques a travers
des conduites de sortie définies par des parois latérales (42) entre une partie (44) de délimitation des canali-
sations de ladite partie d’entrée convergente et lesdits collecteurs de gaz de contournement.

Compresseur tel que revendiqué dans la revendication 10, dans lequel ladite voie de passage de gaz de contour-
nement est dimensionnée pour que sa capacité augmente pour le retrait d’'une quantité sélectionnée de gaz de
contournement a mesure que ledit nombre de Mach relatif en entrée augmente, dans lequel la quantité sélectionnée
dudit gaz de contournement retiré se trouve entre une limite supérieure décrite par I'équation

(Mpya/Meap) = 0,0329M° - 0,3835M° + 1,5389M% - 2,150M +

0,9632

et une limite inférieure décrite par I'équation

(Mprg/Meap) = 0,0179M* - 0,230M° + 0,9233M° - 1,29M +

0,5779

12

13.

14.

15.

ou:

my,q = Masse de gaz de contournement retiré de ladite/desdites canalisation(s) aérodynamique(s),
Megp = Masse de gaz capturé par lesdites canalisations aérodynamiques,
M = nombre de Mach relatif en entrée pour la/les canalisation(s) aérodynamique(s).

Compresseur tel que revendiqué dans la revendication 10, dans lequel lesdits collecteurs de gaz de contournement
comprennent des chambres au moins en partie définies par un plancher (48) comprenant une partie extérieure
d’une partie de délimitation de ladite canalisation aérodynamique.

Compresseur tel que revendiqué dans la revendication 12, dans lequel lesdits collecteurs de gaz de contournement
comprennent des chambres définies au moins en partie par des nervures (68) en regard orientées axialement et
s’étendant radialement.

Compresseur tel que revendiqué dans la revendication 12, dans lequel lesdits collecteurs de gaz de contournement
comprennent des chambres définies au moins en partie par des panneaux de collecteur en regard, lesdits panneaux
de collecteurs en regard étant prévus par paires, dans lequel un panneau de collecteur amont (62) empéche ainsi
sensiblement tout écoulement de gaz de contournement, et dans lequel un panneau de collecteur aval (64) définit
au moins une partie d’'un refoulement de gaz de contournement dudit collecteur de gaz de contournement.

Compresseur tel que revendiqué dans la revendication 10, comprenant en outre une conduite d’'interconnexion
(170) entre ladite partie de refoulement divergente de ladite canalisation aérodynamique et ladite sortie (156) pour
gaz a haute pression dudit carter, et comprenant en outre des diffuseurs de refoulement (152, 154), lesdits diffuseurs
de refoulement étant adaptés pour ralentir le gaz a haute vitesse s’échappant de ladite partie de refoulement
divergente pour convertir I'énergie cinétique en pression dans ladite sortie pour gaz a haute pression dudit carter.
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FIG. 12
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