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EFFICIENCY AND WIDE OPERATING RANGE

This invention relates generally to compressor apparatus
and, more particularly, to a method and apparatus for
compressing a fluid in a centrifugal compressor with
relatively high efficiencies and over a substantial
operating range.

In a centrifugal compressor, it is desirable to convert
the gas kinetic energy leaving the impeller to potential
energy or static pressure. This is commonly accomplished
by way of a diffuser which may be of either fixed or
adjustable geometry. The fixed geometry diffuser may be
of the vaneless type, or it may be of the fixed vane type.
An adjustable geometry diffuser may be either of the vaned
or vaneless type and take the form of a throttle ring as
shown in U.S. Patent 4,219,305 assigned to the assignee of
the present invention, a movable wall as shown in U.S.

. Patent 4,527,949 assigned to the assignee of the present
invention, or include rotatable vanes as shown in U.S.

. Patent 4,378,194 assigned to the assignee of the present
invention. Each of these various types of diffusers have
. peculiar operating characteristics that tend to favor or
discourage their use under particular operating
conditions. '

Centrifugal chillers used in air conditioning systems are
normally required to operate continuously between full
load and part load (e.g., 10 percent capacity) conditions.
At this 10% flow condition, the air conditioning system
still requires a relatively high pressure ratio (i.e.,
from 50-80% of the full load pressure ratio) from the
compressor. This requirement puts an extreme demand on
‘the stable operating range cépability of the centrifugal
compressor. Therefore, to prevent early compressor surge
caused by impeller stall; centrifugal compressors are
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typically provided with a variable inlet geometry device
(i.e. inlet guide vanes). Rotatable inlet guide vanes are
able to reduce the flow incidence angle at the impeller
under part load conditions, thus enabling stable
compressor operation at much lower capacities.

2

In addition to the instability which may be introduced by
the particular impeller and its inlet design, the diffuser
may also be cause for instability under part load
conditions. Of all types of diffusers, the vaneless type
generally provides the broadest operating range since it
can handle a wide variation of flow angles without
triggering overall compressor surge. If variable
geometry, such as is discussed hereinabove, is added to
such a vaneless diffuser, further stability can be
ocbtained, but such features add substantially to the
complexity and costs of a system.

Typically associated with the broader operating range of a
vaneless diffuser is substantially lower efficiency levels

' because of the modest pressure recovery in the diffuser.
The vaned diffuser, on the other hand, allows higher
efficiencies but generally demonstrates a substantially
-smaller stable operating range. To increase this
operating range, some type of variable diffuser geometry
may be added to the vaned diffuser to prevent surge when
operating under off-design conditions so as to thereby
obtain relatively high efficiency over a broad operating

- range. But again, such a structure is relatively
expensive.

One type of fixed geometry diffuser that has demonstrated
an exceptionally higher efficiency level is that of the
fixed vane or channel diffuser, which may take the-form of
a vane island or wedge diffuser as shown in U.S. Patent
4,368,005, or a so~called pipe diffuser design as shown in '
U.S. Patent 3,333,762. The latter was developed for
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efficiency improvement under transonic flow conditions
occurring in high pressure ratio gas turbine compressors.
Like other vaned diffuser compressors as discussed
hereinabove, higher efficiencies are obtained, but they
normally introduce an associated narrow stable operating
range, which for the gas turbine compressor is not of
concern, but when considered for centrifugal chiller
application is of significant concern as discussed
hereinabove.

3

In one instance as shown in U.S. Patent 4,302 150, a pipe
diffuser was used, supposedly to obtain higher
effiéiencies, with the associated narrow operating range
being broadened by the introduction of a so-called
vaneless diffuser space between the impeller outer
periphery and the entrance to the diffuser. However, the
increased stability of such a design is minimal and only
occurs under full load operating conditions (i.e., no
inlet guide vanes). Further, the larger vaneless diffuser
space reduces the compressor lift capability under part
load conditions. Moreover, the introduction of a
relatively large vaneless space tends to move the peak
efficiency closer to the surge point, an operating
condition that cannot be tolerated for safe compressor
oberation.

In addition to the design considerations for the diffuser
as discussed hereinabove, the impeller design features can
also be chosen so as to generally optimize efficiency and
operating range. While it is generally understood that
impeller efficiency peaks when its blade exit angle 52
approaches 45 degrees (as measured from the tangent
direction), there is also a general understanding that, to
a point, the operating range of a centrifugal compressor
increases as the impeller blade exit angle ﬁ2 decreases.
For a given ratio between the impeller inlet relative
velocity and the impeller exit relative velocity, reducing
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the impeller blade exit angle 32 (i.e., increasing the
backsweep) will reduce the absolute flow exit angle ﬁz
leaving the impeller. If this angle a., decreases too far,:
however, the radial pressure gradients near the impeller
periphery tend to cause flow separation, and the operating
range thus becomes narrower. Therefore, in centrifugal
refrigeration impeller practice, the impeller absolute
flow exit a, angle is normally chosen to be within the
range of 20 and 40 degrees. Further, heretofore, it was
generally understood that to reduce the impeller flow exit
angle a, below 20 degrees would inherenﬁly lead to flow
separation and a narrowed operating range. The use of
impellers with such flow exit angles have thus been
avoided. '

It is, therefore, an object of the present invention to
provide an improved centrifugal compressor method and
apparatus.

This object is achieved in an apparatus according to the
preambles of the claims and by the features of the
characterizing parts thereof.

Briefly, in accordance with one aspect of the invention, a
fixed vane or channel type diffuser is provided with a
relatively few number of channels so as to thereby
maximize the "wedge angle" therebetween. The associated
impeller is, in turn, so designed that its flow exit angle
is relatively small. The combination of the relatively
large wedge angle with the relatively small flow exit
angle allows for a relatively large angle of incidence
without causing flow separation and degradation of the
operating range.

By another aspect of the invention, the diffuser comprises
a series of conical channels having center lines which
extend substantially tangentially to the outer periphery
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. about increased efficiencies, and the tangential
! orientation of the channels to the impeller further
enhances the efficiency characteristics of the systenm.

In accordance with another aspect of the invention, the
impeller is so designed that its absolute flow exit angle
2 is maintained below 20 degrees. This is accomplished
in one form by the use of backswept vanes. Flow
separation that might otherwise occur is then prevented by
maintaining the associated wedge angle a, between the
adjacent diffuser channels above 15 degrees. In this way,
both high efficiency and a broad stable operating range is
obtained. '

a

By yet another aspect of the invention, the vaneless
space, between the outer periphery of the impeller and the
leading edge circle defined by the leading edges of the
wedges, is limited in radial depth to thereby reduce the
likelihood of flow separation in the vaneless space. 1In
particular, the radial dimension is limited so as not to
exceed the throat diameter of the channels.

In the drawings as hereinafter described, a preferred
embodiment is depicted; however, various other
modifications and alternate constructions can be made
thereto without departing from the true spirit and scope
of the invention.

Figure 1 is a graphic illustration of a performance map
for a fixed speed centrifugal compressor with variable
inlet guide vane geometry as compared with that for the
fixed diffuser geometry of the present invention.

Figure 2 is a partial, axial cross sectional view of a
centrifugal compressor having the present invention
incorporated therein.
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Figures 4 and 5 are radial views of the impeller of the
present invention showing the effect of backsweep on the
absolute flow exit angle a,.
Figures 6 and 7 are axial cross sections of the blades
showing the effect of impeller back sweep on the height ﬁz
of the impeller blades at discharge.

Figures 8, and 9 show the flexibility of the present
invention in accommodating various flow rates without
diffuser leading edge separation.

Referring now to Figure 1, there is shown a plurality of
performance map curves representative of various
configurations of centrifugal compressors with different
inlet guide vane positions as compared with the fixed
diffuser geometry of the present invention. 1In order to
understand the sigﬁificance of the present invention, it
is desirable to consider some of the performance
characteristics of existing systems.

Centrifugal compressors with vaned diffusers (such as
diffusers using airfoil vanes, single thickness vanes,
vane islands or conical pipes) have higher efficiencies
than compressors with vaneless diffusers and are therefore
very attractive, but they also have a smaller stable
operating range and therefore need expensive and
complicated variable diffuser geometry devices and control
schemes to prevent surge under off-design conditions.

Considering the definition of the stable operating range
as: '

THIS SHEET.HA.
REPLACL.




requires a relatively high pressure ratio U*ﬂ?——+fﬁﬂf56“869&0+‘the full

| oad pressure ratio) fromthe conpressor. Thi sy, Se ﬁg éﬁus an
extrene demand on the stable operating range ca e centrifuga
conpressor Therefore. to prevent early conpre ”m sed by

i npel ler stall. centrifugal conpressors are typ d wth a var-

iable inlet geometry device (i.e. inlegt guide vanes). Fbtatable I nl et guide
vanes are able to reduce the flow incidence angle at the inpeller under

part |oad foimlid igratie 1At Hgnekabnd scORREESSehrgRehakL0R18Y MuCh

| ower capaciti es. choke mass flow
wherein choke mass flow = the maximum flow when the
flow reaches sonic velocity
at the throat (represented
by curve 1)
surge mass flow = minimum or surge flow
representing the lowest stable
operating condition in the compressor
~ (represented by the curves C or D)
It can be stated that well designed centrifugal
compressors of intermediate pressure ratio (i.e. 2.5 to 1
tb 5 to 1) with vaneléss diffusers can have a stable
operating range of 30%, whereas a centrifugal compressor
of similar pressure ratio with some type of vaned diffuser
is limited at best to a 20% stable operating range.

Many centrifugal compressor applications require part load
characteristics, wherein the head or pressure ratio drops
less fast than the flow rate. Curve A in Figure 1, for
example, represents a typical load line of a water cooled
chiller. 1In practice, even better part load head
capability is required for water cooled chillers since
variations from the typical load line A are not uncommon.
Curve B in Figure 1, for example, is a typical load line
of a water cooled chiller under variable capacity,
constant-temperature-lift operating conditions.

Vaned diffuser centrifugal compressors with only variable
inlet geometry, part-load control devices are not capable
of providing the required head under off-design
conditions. The limited range at full load also results
in limited range under part lcad conditions. The end
result is a steep surge line on the compressor performance
map such as shown at line C in Figure 1.
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compressor constructed in accordance with the present
invention is shown in the curve D of Figure 1. It will be
recognized that, in addition to the high efficiency (i.e.
in access of 85%) a very wide stable operating range (i.e.
in access of 35%) is demonstrated. This surge line which
exceeds the most severe load line condition demands (i.e.
constant temperature lift water-cooled chiller operation),
is obtained with fixed diffuser geometry and with only one
variable geometry mechanism, i.e. the variable inlet guide
vanes. The specific structure of a centrifugal compressor
incorporating the present invention will now be described.

Referring now to Figures 2 and 3, the invention is shown
generally at 10 as comprising a particular configuration
of a pipe diffuser 11 combined with an impeller 12, as

~ installed in an otherwise conventional centrifugal
compressor having a volute structure 13, suction housing
14, blade ring assembly 16, inlet guide vanes 17, and
shroud 18. The impeller 12 is mounted on a drive shaft
19, along with a nose pieée 21. When the assembly is
rotated at high speed, it draws refrigerant into the
suction housing 14, past the inlet guide vanes 17, and
into the passage 22 where it is compressed by the impeller
12. It then passes through the diffuser 11, which
functions to change to kinetic energy to pressure energy.
The diffused refrigerant then passes into the cavity 23 of
the volute 13, and then on to the cooler (not shown).

Referring now to Figure 3, the impeller wheel 12 is shown
in greater detail to include a hub 24, an integrally
connected and radially extending disc 26, and a plurality
of blades 27. It will be seen that the blades 27 are
arranged in a so called backswept configuration which is a’
significant feature of one aspect of the present invention
as will be more fully described hereinafter.

neEN i
THIS SHEET HAS BER
RBPLACLD




Typically associated with the broader operating range of a vanel ess
diffuser is substantially |lower efficiency |evels because of the nodest

pressure recovery in the diffuser. The vaned s Be laced ot her  hand.
al l ows hi gher efficiencies but generally de bstantially
smal |l er stable operating range. To increase th fliiyiillange. sone type

of variable diffuser geometry may be &dded to the vaned diffuser to prevent
surge when operating under off-design conditions so as to thereby obtain
rel ati vel yhai ghpefdiffusey LV eis shewndinpdsitinatalirie PEHEIRMIIN such a
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Figure 3. It comprises a single annular casting which is
secured near its radially outer portion to the volute
structure 13 by a plurality of bolts 28. A plurality of
circumferentially spaced, generally radially extending,
tapered channels 31 are formed in the diffuser 11, with
their center lines 32 being tangent to a common circle
indicated generally at 30 and commonly referred to as the
tangency circle, which coincides with the periphery of the
impeller 12. '

A second circle, located just outside the tangency circle,
is referred to as the leading edge circle and is indicated
at 33 in Figure 3. The leading edge circle, by
definition, passes through the leading edges of each of
the wedge shaped islands 34 between the channels 31. The
radial space between the periphery of the impeller 12 and
the leading edge circle 33 is a vaneless/semi vaneless
space 25 whose radial depth is limited in accordance with
the present invention in order to broaden the operating
range of the system. That is, the applicant has found
that, in order to prevent flow separation in the vaneless
space 25, this radial dimension should be less than the
throat diameter of the tapered channels 31. This
vaneless/semi-vaneless space 25, which, for purposes of
simplicity will be referred to as a "vaneless" space is
more fully described in U. S. Patent Application Serial
No. 605,619 filed on October 30, 1990, assigned to the
assignee of the present invention,land incorporated herein
by reference.

As will be seen in Figure 3, each of the tapered channels
31 has three serially connected sections, all concentric
with the axis 32, as indicated at 35, 36 and 37. The
first section 35, which includes the "throat" mentioned
above, is cylindrical in form, (i.e. with a constant
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Fi xed vane or channel diffuser, which nay a vane island or
wedge di ffuser as shown in U S. Patent -called pi pe
di ffuser design as shown in U S. Patent 3 ter was devel oped
for efficiency | nprovenent under 1oanson|c flom/condltlons occurring in
hi gh pressure ratio gas turbine conpressors. Like other

diameter) and is angled in such a manner that a projection

thereof would cross projections of similar sections on
either circumferential side thereof. A second section
indicated at 36 has a slightly flared axial profile with
the walls 38 being angled outwardly at a angle with the
axis 32. An angle that has been found to be suitable is
2*. The third section 37 has an axial profile which is
flared even more with the walls 39 being angled at an
angle which is on the order of 4°. Such a profile of
increasing area toward the outer ends of the channel 31 is
representative of the degree of diffusion which is caused
in the diffuser 11 and is quantified by the equation

area ratio = area at exit of channel
area at inlet of channel

wherein the area at the exit of the channel is
taken normal to the axis at the location identified at A
in Fiqure 3.

It was seen in Figure 3 that the formation of the tapered
channels 31 results in the tapered sections or wedges 34
therebetween. It will also be evident that the more
tapered channels 31 that are formed in the diffuser, the
smaller will be the angle y of the wedges 34. The
particular diffuser 11 shown in Figure 3 has 16 tapered
channels formed therein, such that the angle y is then
equal to 22 1/2°*. This relatively large wedge angle tends
to prevent flow separation that might otherwise occur
because of variations in impeller discharge flow angle ﬂz.
As will be seen in the subsequent discussion of the
impeller design and performance, it is desirable to
provide for relatively'tangential flow. This, in turn,
tends to reduce the change in 52 with mass flow rate
variations. In general, it is therefore desirable to have
a relatively large wedge angle y to accommodate variations
in incidence. The number of tapered channels 31, however,
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volume from the impeller. The applicant has therefore
determined that one can obtain high efficiency performance
over a broad operating range, as is desirable for the
present invention, by a pipe diffuser having a wedge
angle, y as low as 15° (i.e. 24 tapered channels). We
will return to the issue of leading edge separation after
a discussion of the impeller design and characteristics.

Referring now to Figureé 4 and 5, there are shown
impellers 42 and 43 having different degrees of backsweep.
The impeller 42 has blades 44 with a 60° backsweep (i.e.
an impeller discharge blade angle ﬁ2 of 30°), and the
impeller 43 has blades 46 with a 30° backsweep (i.e. an
impeller discharge blade angle B, of 60°). The absolute
tangential component of the flow leaving the impeller, Vze
can be obtained by the equation

v28
where w2

W20 + U2
the tangential component of the

relative velocity and
U2

the propeller tip speed

For impellers with baéksweep, the direction of the
tangential component of the relative velocity, W28, is
opposite to the tip speed direction. . For such impellers,
V20 becomes less than U2 and is reduced further by higher
impeller backsweep angles. However, since the impeller
tip speed U2 is several times larger than the total
relative velocity at the impeller discharge W2, the
relative change in V20 due to impeller backsweep is much
less than the relative change in radial velocity V2R
caused by impeller backsweep. Because the increased
backsweep reduces the absolute radial velocity V2R to a
much larger extent than the absolute tangential velocity
v26, another effect of increased impeller discharge blade
angle backsweep with constant shroud stream surface
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i ncreased stability of such a design is miniml and only occurs under
full | oadyppeasibRis 0ndEéd@Esidn - ¥n thw dbdslutgitiowaned)e durther, the
ar ger Vafggging the impeller. It will therefore be seen in Figure

4 that for a 60° backsweep, the impeller absolute flow

exit angle a, is 12°, and for a backsweep of 30° as shown

in Figure 5, the impeller absolute flow exit angle a, =

20°.

Normally, neithef the impeller 42 shown in Figure 4 or
impeller 43 shown in Figure 5 would be acceptable for
operation where a broad operating range is desired since ’
the radial.pressure gradients at the impeller periphery
would tend to cause flow separation. However, when used
with the pipe diffuser of the present invention, these
lower absolute flow exit angles a, are not only possible
but, as discovered by the applicant, allow one to obtain
higher efficiency over a relatively broad operating range.

It will be recognized that in comparing the impellers of
Figure 4 and 5, an increase in the impeller backsweep
reduces the blade -to blade normal distance n2 of the
discharge normal flow area as shown in Figures 6 and 7.
That is, the high backsweep impeller of Figure 4 with its
attendant reduced blade to blade normal distance n2
requires a greater impeller discharge blade height b2 than
the impeller discharge blade height b2 as shown in Figure
7, which is associated with the lower backsweep impeller
43 of Figure 5. If we assume that we want to maintain the
relative velocity radio LIVALY where W, is the relative
impeller discharge velocity and W, is the relative
impeller inlet shroud velocity, then an increase in
impeller backsweep angle will therefore result in an
increase in the impeller tip blade height bz' This
relatively wider tip impeller tends to provide stability
at low flow conditions since it results in smaller )
absolute impeller discharge flow angles a, which therefore
will show smaller angle variations at reduced flow.
Consequently, incidence effects will.be less to thereby
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In summary, there are three features in the diffuser and
impeller structures of the present invention which
contribute to the high efficiency, broad operating range
characteristics of the present invention. First, the
number of tapered channels 31 is limited such that the
wedge shaped islands 34 therebetween have a relatively
large wedge angle y such that the occurrence of flow
separation at the tips are minimized. Secondly, the
vaneless space 25 between the outer periphery 30 of the
impeller 31 and the leading edge circle 33 is limited in
its radial depth such that the occurrence of flow
instabilities are prevented. 1In this regard, the
combination of the small-.vaneless space 25 together with
the solidity of the wedges 34, create pressure fields
inside the vaneless space with the gradients being more
parallel with the direction of flow rather than creating
radial gradients which would tend to cause flow
separation. Finally, the use of an impeller with high

- backsweep, and therefore one with the wide tip impeller, a
very shallow discharge flow angle, and relatively small
absolute angle variations, reduces the sensitivity of the
downstream component (i.e. diffuser) to variations in flow
rate and thus increases the stable operating range of the
compressor. These results are illustrated in Figures 8
and 9.

In both Figures 8 and 9, the pipe diffuser 11 and the
impeller 12 are identical to that in Figure 3, that is
with a 60° backsweep in the impeller, with a vaneless
space whose radial depth is less than the diameter of the
tapered channel throat, and with a wedge angle of 22 1/2°.
When the flow is at the full design flow level, the
absolute flow exit angle a, the flow direction is parallel
to the center line of each of the tapered channels 31 of

the diffuser 11. This is shown by the arrows in Figure 8.

REPLACED
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i npel l er efficiency peaks when its blade exit angle [err] approaches 45
degrees (as neasured fromthe tangent direction) there is al so a general
understanding that. to a point the operati ngs A @8 Bkn Re &Mrlfugal
conpressor increases as the i mpel | er blade ] decreases. For
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radi al préﬁngf%égéguﬁﬁgf;fE%gigerant flow as it engages the wedge
34 on its pressure and suction side. It will thus be

understood from this illustration that no flow separation
will occur at the tip of the wedge 34. The absolute flow
exit angle a, is 12* at this flow level.

Referring now to Figure 9, the amount of flow is
substantially reduced such that the absoclute flow exit
angle c, is reducgq“EP_Z':” Here, the flow direction is
parallel to the suction side, and there will of course be
no flow separation. The two intermediate arrows again
represent the direction of flow that will engage the wedge
34 on its suction side 48. Again, it will be seen that
the angles are such that flow separatibn at the tip of the
wedge 34 will not occur.
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What is claimed is: I

1. An improved centrifugal compressor of the
type having inlet guide vanes, an impeller and a diffuser
and being adapted for operation over a substantial range
of operating flow conditions, characterized by:

said diffuser comprising a plurality of fixed
wedge-shaped channels disposed circumferentially around
and in close proximity to the outer periphery of said
impeller, with each of said channels having a longitudinal
center line which is aligned tangentially with said
impeller outer periphery and which forms an angle with the
longitudinal center lines of adjacent channels of at least
15 degrees; and

said impeller comprising a plurality of blades
disposed in a backswept orientation such that the fluid

. leaves the tips thereof at a flow exit angle of not more
than 20 degrees.

2. An improved centrifugal compressor as set
forth in Claim 1 wherein said diffuser has at its inner
periphery a vaneless space with a radial depth which is
less than the smallest diameter within its wedge shaped
channels.

3. An improved centrifugal compressor as set
forth in claim 1 wherein said channels each comprise two
serially connected sections, with the first section having
diverging walls angled at one angle and the second section
having diverging walls angled at a second larger angle.

4. An improved centrifugal compressor as set
forth in claim 3 wherein the angle between the walls in
the first section is 4 degrees and the angle between the
walls in the second section is 8 degrees.
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5. An improved centrifugal compressor as set
forth in claim 1 wherein said channels are round in
transverse cross section.

16

6. An improved centrifugal compressor as set
forth in claim 5 wherein said channels are frustro-conical
in longitudinal cross section.

7. An improved centrifugal compressor of the
type having in serial flow combination, a variable
geometry inlet, an impeller and a fixed geometry diffuser,
characterized by:

an impeller having a plurality of _
circumferentially spaced blades for discharging fluid in a
generally radial direction, said blades being so disposed
as to impart motion to said fluid at a flow exit angle of
less than 20 degrees; and

a diffuser structure with a plurality of
circumferentially spaced channels formed therein, said
channels having center lines which extend substantially
tangentially through the periphery of said impeller and
the number of said channels being limited such that the
angle between adjacent channel center lines is greater
than 18 degrees. '

8. An improved centrifugal compressor as set
forth in Claim 7 wherein said diffuser structure has at
its inner periphery a vaneless space with a radial depth
which is less than the smallest diameter within its
circumferentially spaced channels.

9. An improved centrifugal compressor as set
forth in claim 7 wherein channels are circular in cross-
section.
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10. An improved centrifugal compressor as set
forth in claim 7 wherein channels are conical in
longitudinal cross-section.

11. An improved centrifugal compressor as set
forth in claim 7 wherein said impeller blades are formed
in a backswept manner.




wi th such flow exit angles have thus been avoi ded. It-is therefore an
obj ect of the present invention to provide an inproved centri gal

conpressor apparatus in such a way as to obtain high efficiency over a
broad stable operating range.

ABSTRACT:

A pipe diffuser (11) is used in a centrifugal compressor in
such a way as to obtain high efficiency over a broad
operating range. The number of channels in the pipe diffuser
(11) is 1limited such that the wedge angle is relatively
large and therefore not susceptible to flow separation. at
the leading edges thereof. The vaneless space between the
impeller (12) and the leading edge circle of the diffuser
(11) is limited in its radial depth such that the flow
separations are further inhibited. Finally, the impeller
(12) has a relatively high backsweep such that the absolute
flow exit angle is relatively low, thereby reducing the
sensitivity to lower flow conditions. '




This object is achieved in the cdnpfessor according to the invention by the
features of the characterizing part of I n accordance

wi th one aspect of the invention,
relatively few nunber of channels so as to thereby

The associ ated inpeller

provided with a

maxi m ze the "wedge angl e" therebetween.
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a fixed vane or

Briefly,

m 1
channel type diffuser
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turn so designed that its flow exit angle is]{?gively smal | . The
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with the relatively small flow exit angle allows for a relatively |arge
angl e of incidence w thout causing flow separation and degradation of the
operating range. By anot her aspect of the invention the diffuser
conprises a series of conical channels having center |ines which extend
substantially tangentially to the outernBergghery of the inpeller. The
channel structure itself brings about i /P eased efficiencies and the
tangential orientation of the channels to the inpeller further enhances the
efficiency
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characteristics of the system I n accordance wi th another aspect of
the invention the inpeller is so designed that its absolute flow exit angle
[err] is maintained bel ow 20 degrees. This is acconplished in one form by
t he use of backswept vanes. Flow separation that m ght otherw se occur is
then prevented by maintaining the associ ated wedge angle [err e
adj acent diffuser channels above 15 degree€s. B A B s Way. both h| laced
efficiency and a broad stable operating range is obt ai ks Sheet Has Been °p N

N




In a preferred enbodi nent of the invention a vanel ess space, between the
outer periphery of the inpeller and the |eading edge circle defined by the
| eadi ng edges of the wedges. is limted in radial depth to thereby reduce
the likelihood. of flow separation in the vanel ess space. |In particular. .
t he r%dial dimension is limted so as not tqmqgg? the throat dianeter of
t he channel s. In the drawi ngs as hereinaft escribed a preferred
enbodiinent i s depicted: kowever, varhﬁus ot her nod!fications
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andlalternate?constructions can be nmde.

Figure 1 is a graphic

illustration of a performance nmap for a fixed speed centrifugal conpressor

with variable inlet

gui de vane geonetry as conpared with that for the
fixed diffuser geonetry of the present invention.

Figure 2 is a

partial axial cross sectional viewofacentrifugal conpressor having the

present invention incorporated therein

5/5
et
"~ This Sheet Has Beep R

, i

/ 'i'?{?’ 34
%ﬂ// ) 5\

{“~rs SHEET HAS BEER
EPLACED




—

Fi-gures 4 and 5 are radi gl
. showi ng the effect of
Figures 6 and 7 are axi
of i1npeller back sweep

di schar ge.

absolute flow exit .Jq
E ons of the bl ades shdfgs

[err] of the inpeller

EFFICIENCY WIDE OPERATING RANGE

This invention relates generally to compressor apparatus
and, more particularly, to a method and apparatus for
compressing a fluid in a centrifugal compressor with
relatively high efficiencies and over a substantial
operating range.

In a centrifugal compréssor, it is desirable to convert
the gas kinetic energy leaving the impeller to potential
energy or static pressure. This is commonly accomplished
by way of a diffuser which may be of either fixed or
adjustable geometry. The fixed geometry diffuser may be
of the vaneless type, or it may be of the fixed vane type.
An adjustable geometry diffuser may be either of the wvaned
or vaneless type and take the form of a throttle ring as
shown in U.S. Patent 4,219,305 assigned to the assignee of
the present invention, a movable wall as shown in U.S.
Patent 4,527,949 assigned to the assignee of the present
invention, or include rotatable vanes as shown in U.S.
Patent 4,378,194 assigned to the assignee of the present
invention. Each of these various types of diffusers have
peculiar operating characteristics that tend to favor or
discourage their use under particular operating
fcondition;.'

Centrifugal chillers used in air conditioning systems are
normally required to operate continuously between full
load and part load (e.g., 10 percent capaciﬁy) conditiops.
At this 10% flow condition, the air conditioning system
still requires a relatively high pressure ratio (i.e.,
from 50-80% of the full load pressure ratio) from the
compressor. This requirement puts an extreme demand on ‘
the stable operating range capability of the centrifugal
compressor. Therefore, to prevent early compressor surge
caused by impeller stall, centrifugal compressors are

"~\\£ggtdcr BEEN

Eidgure 3 is a radial_viewef—the diffuser and inpeller portions thereof.
e?ﬁﬁﬁﬂ%nﬁ&mkh@ i npel l er of the present invention
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Figures 8, and 9 show the flexibility of the present invention in

acéommodating various flow rates wthout diffuser |eading _edge separation.

Referring now to Fi. u’FiesSb¢etH#sé3€elRapla®hovrm a plurality of f

curves representative - urations of cenfraga WWEEH’SHEET
conpressors W th diffe e vane positions asjc ngaLHﬂg tjhe
xed diffuser geonetry o e present i nv&ntion. In order r"%?t ang

the significance of the present invention, it _is, desira

AC)

t o_consj der
typ1cally provided with a variable inlet gebme ~—

(i.e. inlet guide vanes). Rotatable inlet gu&demvaaes-axeqﬁw
able to reduce the flow incidence angle at the impeller
under part load conditions, thus enabling stable

compressor operation at much lower capacities.

In addition to the iﬁstability which may be introduced by
the particular impeller and its inlet design, the diffuser
may also be cause for instability under part load

. conditions. Of all types of diffusers, the vaneless type

generally provides the broadest operating range since it
can handle a wide variation of flow angles without

triggering overall compressor surge. If variable

geometry, such as is discussed hereinabove, is added to
such a vaneless diffuser, further stability can be
cbtained, but such features add substantially to the
complexity and costs of a system.

Typically associated with the broader operating range of a
vaneless diffuser is substantially lower efficiency levels

' because. of the modest pressure recovery in the diffuser.

The vaned diffuser, on the other hand, allows higher
efficiencies but generally demonstrates a substantially

-smaller stable operating range. To increase this

operating range, some type of variable diffuser geometry
may be added to the vaned diffuser to prevent surge when
operating under off-design conditions so as to thereby
obtain relatively high efficiency over a broad operating
range. But again, such a structure is relatively
expensive.

One type of fixed geometry diffuser that has demonstrated
an exceptionally higher efficiency level is that of the
fixed vane or channel diffuser, which may take the-form of
a vane island or wedge diffuser as shown in U.S. ‘Patent
4,368,005, or a so-called pipe diffuser design as shown -in -
U.s. Patent 3,333,762. The latter was developed for
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sone of the perfor of existing systens
Centri fugal conpr essorg. M, tpha Q Jusers (such as diffusers using

airfoil vanes, single T ¢ o , vane islands or conical plpes) have
hi gher efficienC|es t ha Em ﬂmnth vanel ess -di f f user dpq )
therefore very attracti | so have a smal |l er stahfte

range and therefore need expensive and corplicated vari abl ejdi ffuse*

Somarions " GRS U IR e ottt
occurring in high pressure ratio gas turbine cpmp
1ike other vaned diffuser compressors as discuk
hereinabove, higher efficiencies are obtained, but they
normally introduce an associated narrow stable operating
range, which for the gas turbine compressor is not of
concern, but when considered for centrifugal chiller
application is of significant concern as discussed
hereinabove.

In one instance as shown in U.S. Patent 4,302,150; a pipe
diffuser was used, supposedly to obtain higher
effiéiencies, with the associated narrow operating range
being broadened by the introduction of a so-called
vaneless diffuser space between the impeller outer
periphery and the entrance to the diffuser. However, the
increased stability of such a design is minimal and only
occurs under full load operating conditions (i.e., no
inlet gquide vanes). Further, the larger vaneless diffuser
space reduces the compressor lift capability under part
load conditions. Moreover, the introduction of a
relatively large vaneless space tends to move the peak
efficiency closer to the surge point, an operating
condition that cannot be tolerated for safe compressor
operation. '

In addition to the design considerations for the diffuser
as discussed hereinabove, the impeller design features can
also be chosen so as to generally optimize efficiency and
operating'range. While it is generally understood that
impeller efficiency peaks when its blade exit angle ﬁz-
approaches 45 degrees (as measured from the tangent
direction), there is also a general understanding that, to
a point, the operating range of a. centrifugal compressor
increases as the impeller blade exit angle Bz decreases..
For a given ratio between the impeller inlet relative
velocity and the impeller exit relative velocity, reducing

THIS SHEET HAS BEEN
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of the stable operating range as: .
choke mass flow = -ThitShe:t HavBeeiReplde@w When the flow reache

et oA

the impeller blade exit angle g, (i.e., incréasing'the
backsweep) will reduce the absolute flow exit angle 52
leaving the impeller. If this angle «

2 decreases too far,
however, the radial pressure gradients near the impeller
-periphery tend to cause flow separation, and the operating
range thus becomes narrower. Therefore, in centrifugal
refrigeration impeller practice, the impeller absolute
flow exit @, angle is normally chosen to be within the
range of 20 and 40 degrees. Further, heretofore, it was
generally understood that to reduce the impeller flow exit
angle a, below 20 degrees would inherently lead to flow
separation and a narrowed operating range. The use of
impellers with such flow exit angles have thus been
avoided. '

It is, therefore, an object of the present invention to

provide an improved centrifugal compressor method and
apparatus.

This object is achieved in an apparatus according to the
preambles of the claims and by the features of the
characterizing parts thereof.

Briefly, in accordance with one aspect of the invention; a
fixed vane or channel type diffuser is provided with a
relatively few number of channels so as to thereby
maximize the "wedge angle" therebetween. The associated
impeller is, in turn, so designed that its flow exit angle
is relatively small. The combination of the relatively
large wedge angle with the relatively small flow exit .
angle allows for a relatively large angle of incidence -

without causing flow separation and degradation of the
operating range.

By another aspect of the invention, the diffuser c@mprises
a series of conical channels having center lines which
extend substantially tangentially to the outer periphery

THIS SHEET HAS BEEVA\
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by curve 1) surge nass~iLQMLE—;H“T“Un—| m ni mum or surg representlng
the | owest stable operating condi n the com -~

pressor (represented ﬁlheHﬁlm@é;, 15 It can b
desi gned centrlfuga
to1to5¢to 1) ﬂ)”1 ,

of the impeller. The channel structure itse
about increased efficiencies, and the tangential
orientation of the channels to the impeller further

enhances the efficiency characteristics of the system.

|nterned|ate pressur io (|
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In accordance with another aspect of the invention, the
impeller is so designed that its absolute flow exit angle
a, is maintained below 20 degrees. This is accomplished
in one form by the use of backswept vanes. Flow
separation that might otherwise occur is then prevented by
maintainihg the associated wedge angle.cz2 between the
adjacent diffuser channels above 15 degrees. In this way,
both high efficiency and a broad stable operating range is
obtained.

By yet another aspect of the invention, the vaneless
space, between the outer periphery of the impeller and the
leading edge circle defined by the leading edges of the
wedges, is limited in radial depth to thereby reduce the
likelihood of flow separation in the vaneless space. iIn

" particular, the radial dimension is limited so as not to
exceed the throat diameter of the channels.

In the drawings as hereinafter described, a preferred
embodiment is depicted; however, various other
modifications and alternate constructions can be made
thereto without departing from the true spirit and scope
of the invention.

Figure 1 is a graphid illustration of a performance map
for a fixed speed centrifugal compressor with variable
inlet guide vane geometry as compared with that for the
fixed diffuser geometry of the present invention.

Figure 2 is a partial, axial cross sectional view of a
centrifugal compressor having the present invention
incorporated therein.

THIS SHEET HAS BEEN
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centrifugal Conpres'ms}%}ﬁm’ﬁ{ﬁ ressure ratio with s
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Figures 4 and 5 are radial views of the impeller of the
present invention showing the effect of backsweep on the’
absolute flow exit angle aqe.

Figures 6 and 7 are axial cross sections of the blades
showing the effect of impeller back sweep on the height ﬂz
of the impeller blades at discharge. -

Figures 8, and 9 show the flexibility of the present
invention in accommodating various flow rates without
diffuser leading edge separation.

Referring now to Figure 1, there is shown a plurality of
performance map curves representative of various
configurations of centrifugal compressors with different
inlet guide vane positions as compared with the fixed
diffuser geometry of the present invention. In order to
understand the significance of the present invention, it
is desirable to consider some of the performance
characteristics of existing syStems.

Centrifugal compressors with vaned diffusers (such as
diffusers using airfoil vanes, single thickness vanes,
vane islands or conical pipeé) have higher efficiencies
than compressors with vaneless diffusers and are therefore
'Very attractive, but they also have a smaller stable
operating range and therefore need expensive and
complicated variable diffuser geometry devices and control
schemes to prevent surge under off-design conditions.

Considering the definition of the stable operating range
as:

s mssmanimrn:
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stable operating range = choke mass flow

" choke mass flow
wherein choke mass flow = the maximum flow when
flow reaches sonic velocity
at the throat (represented
by curve 1)
surge mass flow = minimum or surge flow
representing the lowest stable
operating condition in the compressor
~ (represented by the curves C or D)
It can be stated that well designed centrifugal
compressors of intermediate pressure ratioc (i.e. 2.5 to 1
tb 5 to 1) with vaneless diffusers can have a stable
operating range of 30%, whereas a centrifugal compressor
of similar pressure ratio with some type of vaned diffuser
is limited at best to a 20% stable operating range.

Many centrifugal compressor applications require part load
characteristics, wherein the head or pressure ratio drops -
less fast than the flow rate. Curve A in Figure 1, for
example, represents a typical load line of a water cooled
chiller. 1In practice, even better part load head
capability is required for water cooled chillers since
variations from the typical load line A are not uncommon.
Curve B in Figure 1, for example, is a typical load line
of a water cooled chiller under variable capaéity,
constant-temperature-lift operating conditions.

Vaned diffuser centrifugal compressors with only variable
inlet geometry, part-load control devices are not capable
of providing the required head under off-design -
conditions. The limited range at full load also results
in limited range under part load conditions. The end
result is a steep surge line on the compressor performance
map such as shown at line C in Figure 1. '

I T it HAS BEEN
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In contrast the performance map of a centfi
compressor constructed in accordance with| the present
invention is shown in the curve D of Figure 1.
recognized that, in addition to the high efficiency (i.e.

in access of 85%) a very wide stable operating range (i.e.
in access of 35%) is demonstrated. This surge line which

exceeds the most severe load line condition demands (i.e.

constant temperature 1ift water-cooled chiller operation),
is obtained with fixed diffuser geometry and with only one
variable geometry mechanism, i.e. the variable inlet guide
vanes. The specific structure of a centrifugal compressor
incorporating the present invention will now be described.

13 JAN 1997

Referring now to Figures 2 and 3, the invention is shown
generally at 10 as comprising a particular configuration
of a pipe diffuser 11 combined with an impeller 12, as
installed in an otherwise conventional centrifugal
compressor having a volute structure 13, suction housing
14, blade ring assembly 16, inlet guide vanes 17, and
shroud 18. The impeller 12 is mounted on a drive shaft
19, along with a nose piece 21. When the assembly is
rotated at high speed, it draws refrigerant into the
suction housing 14, past the inlet guide vanes 17, and
into the passage 22 where it is compressed by the impeller
12. It then passes through the diffuser 11, which
functions to change to kinetic energy to pressure energy.
The diffused refrigerant then passes into the cavity 23 of
the volute 13, and then on to the cooler (not shown).

Referring now to Figure 3, the impeller wheel 12 is shown
in greater detail to include a hub 24, an integrally
connected and radially extending disc 26, and a plurality
of blades 27. It will be seen that the blades 27 are
arranged in a so called backswept configuration which is a
significant feature of one aspect of the present ih&entioh
as will be more fully described hereinafter.

THiL soukicl HAS BEEN
REPI.ACED
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The pipe diffuser 11 is shown in its install position in
Figure 2, and in combination with the impelleF 12 only in
Figure 3. It ccmprlses_a single annular casting which is
secured near its radially outer portion to the volute
structure 13 by a plurality of bolts 28. A plurality of
circumferentially spaced, generally radially extending,
tapered channels 31 are formed in the diffuser 11, with
their center lines 32 being tangent to a common circle
indicated generally at 30 and commoniy referred to as the
‘tangency circle, which coincides with the periphery of the
impeller 12. ' '

9 1453808 1997

A second circle, located just outside the tangency circle,
is referred to as the leading edge circle and is indicated
at 33 in Figure 3. The leading edge circle, by
definition, passes through the leading edges of each of
the wedge shaped islands 34 between the channels 31. The
radial space between the periphery of the impeller 12 and
the leading edge circle 33 is a vaneless/semi vaneless
space 25 whose radial depth is limited in accordance with
the present invention in order to broaden the operating
range of the system. That is, the applicant has found
that, in order to prevent flow separation in the vaneless
space 25, this radial dimension should be less than the
throat diameter of the tapered channels 31. This
vaneless/semi-vaneless space 25, which, for purposes of
simplicity will be referred to as a "vaneless" space is
more fully described in U. S. Patent Application Serial
No. 605,619 filed on October 30, 1990, assigned to the

assignee of the present invention, and incorporated herein
by reference. ’

As will be seen in Figure 3, each of the tapered channels
31 has three seriaily connected sections, all concéntric
with the axis 32, as indicated at 35, 36 and 37. The
first section 35, which includes the "throat" mentioned
above, is cylindrical in form, (i.e. with a constant

THIS Siifift HAS BEEN
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typical load line A are not uncommon Curve 8 in Figure 1. for exanple is a
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dlameter) and is angled in such a manner that a{ projection

thereof would cross projections of similar sections on
either circumferential side thereof. A second section
indicated at 36 has a slightly flared axial profile with
the walls 38 being angled outwardly at a angle with the
axis 32. An angle that has been found toc be suitable is
2*. The third section 37 has an axial profile which is
flared even more with the walls 39 being angled at an
angle which is on the order of 4°. Such a profile of
increasing area toward the outer ends of the channel 31 is
representative of the degree of diffusion which is caused
in the diffuser 11 and is quantified by the equation

area ratio = area at exit of channel
area at inlet of channel

wherein the area at the exit of the channel is
taken normal to the axis at the location identified at 2
in Figure 3. '

It was seen in Figure 3 that the formation of the fapered
channels 31 results in the tapered sections or wedges 34
therebetween. It will also be evident that the more
tapered channels 31 that are formed in the diffuser, the
smaller will be the angle y of the wedges 34. The
particular diffuser 11 shown in Figure 3 has 16 tapered
channels formed therein, such that the angle y is then
equal to 22 1/2°. This relatively large wedge angle tends
to prevent flow separation that might otherwise occur
because of variations in impeller discharge flow angle ﬁz'
As will be seen in the subsequent discussion of the
impeller design and performance, it is desirable to
provide for relatively tangential flow. This, in turn,
tends to reduce the change in 52 with mass flow rate
variations. In general, it is therefore desirable to have’
a'relatively large wedge angle y to accommodate variations
in incidence. The number of tapered channels 31, however,
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of providing therequired head under off-design conditions. The limted
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? must be suff{ciently high so as to accg odat

volume from the impeller. The applicant has therefore

T

|t 13 YANSEY/
ac of

MW GHET

accordance W tih

85§

S

determined that one can obtain high efficiency performance
over a broad operating range, as is desirable for the
present invention, by a pipe diffuser having a wedge
angle, y as low as 15° (i.e. 24 tapered channels). We
'will return to the issue of leading edge separation after
a discussion of the impeller design and characteristics.

Referring now to Figures 4 and 5, there are shown
impellers 42 and 43 having different degrees of backsweep.
The impeller 42 has blades 44 with a 60° backsweep (i.e.
an impeller discharge blade angle B, of 30*), and the.
impeller 43 has blades 46 with a 30° backsweep (i.e. an

~impeller discharge blade angle 52 of 60°). The absolute
tangential component of the flow leaving the impeller, V26
can be obtained by the equation

V20 = w28 + U2
where W2

the tangential component of the
relative velocity and
the propeller tip speed

U2

For impellers with backsweep, the direction of the
tangential component of the relative velocity, w28, is
opposite to the tip speed direction. . For such impellers,
V206 becomes less than U2 and is reduced further by higher
impeller backsweep angles. However, since the impeller
tip speed U2 is several times larger than the total
relative velocity at the impeller discharge W2, the
relative change in V20 due to impeller backsweep is much
less than the relative change in radial velocity V2R
caused by impeller backsweep. Because the increased
backsweep reduces the absolute radial velocity V2R to a
much larger extent than the absolute tangential velocity-
V268, another effect of increased impeller discharge blade
angle backsweep with constant shroud stream surface
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leaving the impeller. It will therefore be see
4 that for a 60° backsweep, the impeller absolute flow

exit angle a, is 12°, and for.a backsweep of 30° as shown
in Figure 5, the impeller absolute flow exit angle o, =
20°.

Normally, neither the impeller 42 shown in Figure 4 or
impeller 43 shown in Figure 5 would be acceptable for
operation where a broad operating range is desired since
the radial pressure gradients at the 1mpe11er periphery
would tend to cause flow separation. However, when used
with the pipe diffuser of the present invention, these
lower absolute flow exit angles a, are not only possible
but, as discovered by the applicant, allow one to obtain
higher efficiency over a relatively broad operating range.

- It will be recognized that in comparing the impellers of
Figure 4 and 5, an increase in the impeller backsweep
reduces the blade to blade normal distance n2 of the
discharge normal flow area as shown in Figures 6 and 7.
That is, the high backsweep impeller of Figure 4 with its
attendant reduced blade'to blade normal distance n2
requires a greater impeller discharge blade height b2 than
the impeller discharge blade height b2 as shown in Figure
7, which is associated with the lower backsweep impeller
43 of Figure 5. If we assume that we want to maintain the
relative velocity radio Wz/wl, where W, is the relative
impeller discharge velocity and LY is the relative
impeller inlet shroud velocity, then an increase in
impeller backsweep angle will therefore result in an
increase in the impeller tip blade height b,. This
relatively wider tip impeller tends to provide stability
at low flow conditions since it results in smaller =
absolute impeller discharge flow angles o, which therefore
will show smaller angle variations at reduced flow.
Consequently, incidence effects will be less to thereby
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of a pipe diffuser 11 conbined with an inpeller 12. as installed in an

ot herwi se conventhisghedt HesdBeer Replacpd|
sluction housing 1

shroud 18. The i

nose piece 21. Wen t

conpressor having a volute structure 1

it draws_

il

e assenbly is rotated at high spe

refrigerant into the suction housing 14, }3ast the inletjgpi d& AN a7 7.
into the passage 22 where_ it i's conpressed by the inpel]lef 12. It then

passes throu@WONﬁﬁedFFP9§é@t¥1 whi ch functions to changge to kinetic energ

to
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In summary, there are three features in the diffuser and
impeller structures of the present invention which
contribute to the high efficiency, broad operating range
characteristics of the present invention. First, the
number of tapered channels 31 is limited such that the
wedge shaped islands 34 therebetween have a relatively
large wedge angle y such that the occurrence of flow
separation at the tips are minimized. Secondly, the
vaneless space 25 between the outer periphery 30 of the
impeller 31 and the leading edge circle 33 is limited in
its radial'depth such that the occurrence of flow
instabilities are prevented. In this regard, the
combination of the small-vaneless space 25 together with
the solidity of the wedges 34, create pressure fields
inside the vaneless space with the gradients being more
parallel with the direction of flow rather than creating
radial gradients which would tend to cause flow
separation. Finally, the use of an impeller with high
backsweep, and therefore one with the wide tip impeller, a
very shallow dischargé flow angle;, and relatively small
absolute angle variations, reduces the sensitivity of the
downstream component (i.e. diffuser) to variations in flow
rate and thus increases the stable operating range of the
compressor. These results are illustrated in Figures 8
and 9. '

In both Figures 8 and 9, the pipe diffuser 11 and the
impeller 12 are identical to that in Figure 3, that is
with a 60°* backsweep in the impeller, with a vaneless
space whose radial depth is less than the diameter of the
tapered channel throat, and with a wedge angle of 22 1/2°.
When the flow is at the full design flow level, the
absolute flow exit angle a, the flow direction is ‘parallel
to the center line of each of the tapered channels 31 of’
the diffuser 11. This is shown by the arrows in Figure 8.

ssenbly 16, inlet guidefy INRITIEET
u unted on a drive shaft ﬁgﬁqﬁﬁﬁﬂgﬁmﬂf;;gff
ed

3.
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pressure energy—Fhe—diffused refrigerant then passes int

the volute 13. andg,t plta rbfRec 00l €r (not shown).

Figure 3. the inp Isgﬁe@t s shown in greater deta
24. an integrally c H E “. adially extending disc 2
of blades 27. It w t the blades 27 are arra

cal | ed backswept configuration which is ggssignificant fea
of the present invention as will be

It will be seen that the two intermediate arr!

0 the cavity 23 of

P Tow—+0.
(KEBEAGETENG itk
, fand a plarariyy

gpd 13 UANS997
[ uy e of one aspgct

U7

ouws..represent

the direction of refrigerant flow as it engages the wedge

34 on its pressure and suction side. It will

thus be

understood from this illustration that no flow separation
will occur at the tip of the wedge 34. The absolute flow

exit angle a, is 12° at this flow level.

Referring now to Figure 9, the amount of flow

is

substantially reduced such that the absolute flow exit

angle «

2 is reduced to 2°. Here, the flow direction is

parallel to the suction si&e, and there will of course be
no flow separation. The two intermediate arrows again
represent the direction of flow that will engage the wedge

34 on its suction side 48. Again, it will be

seen that

the angles are such that flow separation at the tip of the

wedge 34 will not occur.
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‘nore fully described hereinafter iﬁ: dr%%user 11 is_sh in i
installed position in Figure 2. andu lﬂy ;ﬁﬁ;r~”JliJ§§§§ﬁ
only in Fi guré"hIsSheIetHasBBanReﬂ&Sda Si y’ M ,I , i ng Mﬁ!ﬁﬁq
near its radial on to the volutd sfrubture {3 by a_g&gwg?ity
of bolts 28. A |rcunferent|ally spaced. gemefallid |1y
extendi ng, tapered C ann 1 are forned in the diffuset 11. with thei

center lines 32 being tangent to a comonircl e indi cat dd generally at 30
and

What is claimed is:

1. An improved centrifugal compressor of the
type having inlet guide vanes, an impeller and a diffuser
and being adapted for operation over a substantial range
of operating flow conditions, characterized by:

said diffuser comprising a plurality of fixed
wedge-shaped channels disposed circumferentially around
and in close proximity to the outer periphery of said
impeller, with each of said channels having a longitudinal
center line which is aligned tangentially with said
impeller outer periphery and which forms an angle with the
longitudinal center lines of adjacent channels of at least
15 degrees; and

said impeller comprising a plurality of blades
disposed in a backswept orientation such that the fluid-
leaves the tips thereof at a flow exit'ahgle of not more
than 20 degrees.

2. An improved centrifugal compressor as set
forth in Claim 1 wherein said diffuser has at its inner
periphery a vaneless space with a radial depth which is
less than the smallest diameter within its wedge shaped
channels. '

3. An improved centrifugal compressor as set
forth in claim 1 wherein said channels each comprise two
serially connected sections, with the first section having
diverging walls angled at one angle and the second section
having diverging walls angled at a second larger angle.-

4. An improved centrifugal compressor as set
forth in claim 3 wherein the angle between the walls in
the first section is 4 degrees and the angle between the .
walls in the second section is 8 degrees.
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commonly referred to as the tangency—9+LgLe¥7mh|rh coincides with the

peri phery O%—%*E%ﬁﬁﬁﬁﬁ%fﬁ*ﬁﬁ}—* ated just outside the
tangency ci rc.}.he S.t r ceg as thﬁmﬂm,ﬂmﬂlﬂ" ImrclAnnd Ls_indicated
at 33 in Flgur edge ctrci e tyrdesi nrti onfRB; NH%\ _.ZQ
| eadi ng edges ( medge shaped i sl ands 34 bethcu t-He—6 -

31. The radial- t he periphery of the inpellfer

| eadi ng edge C|rcle 33 |s a vanel ess/ senigvanel ess spac RS%ahgég'$§§ia

depth is Iimted in accordance with the present inventign
5. An improved centrifugal compressor as se

forth in claim 1 wherein said channels are round 1in

transverse cross section.

6. An improved centrifugal compressor as set
forth in claim 5 wherein said channels are frustro-conical
in longitudinal cross section.

7. An improved centrifugal compressor of the
type having in serial flow combination, a variable
geometry inlet, an impeller and a fixed geometry diffuser,
characterized by:

an impeller having a pluralzty of
circumferentially spaced blades for discharging fluid in a
generally radial direction, said blades being so disposed
as to impart motion to said fluid at a flow exit angle of
less than 20 degrees; and

a diffuser structure with a plurality of
circumferentially spaced channels formed therein, said
channels having center lines which extend substantially
tangentially through the periphery of said impeller and
the number of said channels being limited such that the
angle between adjacent channel center lines is greater
than 18 degrees. '

8. An improved centrifugal compressor as set
forth in Claim 7 wherein said diffuser structure has at
its inner periphery a vaneless space with a radial depth
which is less than the smallest diameter within its
circumferentially spaced channels.

_ 9. An improved centrifugal compressor as set
forth in claim 7 wherein channels are circular in cross-
section.
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in order to broaden the operating r That is. the
applicant has found that in order toJ ﬂ ration,
vanel ess spacehigSheet Has Beeli Réplasdd di nmen ﬂﬂﬂunmmﬂm?s t han{]
di amet er of  the el s 31. Thi § vhne!es$/ seni - vane F
whi ch. for pur city wll be referred to as a " ss” %Pace
Is nore fully S. Patent ££plication Serial No jEG@ ‘815 9

a

filed on COctober 30, 1990 (US-A—5 131 14 US-A-5 252 027), i gned to the

assi gnee of the present_inventjon.
. 10. An improved centrifugal compressok.as set

forth in claim 7 wherein channels are conical in
longitudinal cross-section.

11. An improved centrifugal compressor as set
forth in claim 7 whereln said impeller blades are formed
in a backswept manner.

THIS SHEET 11ms <> seen
! REPLACED [




As will be seen in Figure 3. each of the tapered channels REPDR@ i
serially connécted sections alt concentric with the axis B2

at 35, 36 and Sﬁhwﬁh&tﬁds@ggniﬁg&& on 35. which includes th

ment i oned above i in form (i.e. with a cons
Is angled in such[l“l m ﬂll
projections of si on eithek8circunferentialf side thereo

a projection thereof woul(d
second section indicated at 36 has a slightly flared axi e with the

wal I s 38 being angl ed outwardI:E/ at a angle with the axis 32. An angle t
has been found CENTRIFUGAL COMPRESSOR WITH HIGH

EFFICIENCY AND WIDE OPERATING RANGE

ABSTRACT:

A pipe diffuser (1l1) is used in a centrifugal compressor in
such a way as to obtain high efficiency over a broad
operating range. The number of channels in the pipe diffuser
(11) is limited such that the wedge angle is relatively
large and ‘therefore not. susceptible to flow separation at
the leading edgés thereof. The vaneless space between the
impeller (12) and the leading edge circle of the diffuser
(11) is 1limited in its radial depth such that the flow
separations are'. further inhibited. Finally, the impeller
(12) has a relatively high backsweep such that the absolute
flow exit angle is relatively low, thereby reducing the
sensitivity to lower flow conditions.
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to be suitable is 2[err].

is flared even nore with the walls 39 being angled at an angle which is on

the order of 4[err].

The third section 37 has an axi al

profile which
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wherein the area at _the exit _of the channel is taken nornmal to the axis at

the location identified at A in Figure 3. It was seerpi F-e-—-3.f hat
the formation of {he tapered channels 31 results in the YE QHEE?f
wedges 34 therebe t HasBesgiReplaced S0 be evi dent that the |

channel s 31 that & m _ he diffuser. the snaller I I13)§ANI1§97an
[err] of the wedge icular_dgftuser 11 shown] in Figure hag 16
tapered channels fornmed therein. such that the angle [erfr] e tfo

22 1/2[err]. This relatively large wedge angle tends to

_
separation that
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m ght ot herwi se occur because of variations in inpeller discharge flow
angle [err]. As will be seen in the subsequent discussi | |

design and performance, it is desirable to provide for

tangential flow. This, in turn. tends to reduce the chapgs i, £
mass flow rate variations. In general. it is therefore 'e;iq%ghgwhéghaM
relatively | arge wedge angle [err] to acgonmpdate variati‘ons 1n-i dericd.
The number of tapered channels 31. however, nust be sufficiently high so as

to accommodate the flow vol ung the inpeller The applicant has

therefore determ ned that )
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CENTRIFUGAL COMPRESSOR WITH HIGH
EFFICIENCY AND WIDE OPERATING RANGE

This invention relates generally to compressor apparatus
and, more particularly, to a method and apparatus for
compressing a fluid in a centrifugal compressor with
relatively high efficiencies and over a substantial
operating range. '

In a centrifugal compressor, it is desirable to convert
the gas kinetic energy leaving the impeller to potential
energy or static pressure. This is commonly accomplished
by way of a diffuser which may be of either fixed or
adjustable geometry. The fixed geometry diffuser may be
of the vaneless type, or it may be of the fixed vane type.
An adjustable geometry diffuser may be either of the vaned
or vaneless type and take the form of a throttle ring as
shown in U.S. Patent 4,219,305 assigned to the assignee of
the present invention, a movable wall as shown in U.S.
Patent 4,527,949 assigned to the assignee of the present
invention, or include rotatable vanes as shown in U.S.
Patent 4,378,194 assigned to the assignee of the present
invention. Each of these various types of diffusers have
peculiar operating characteristics that tend to favor or
discourage their use under particular operating
conditions. '

Centrifugal chillers used 'in air conditioning systems are
normally required to operate continuously between full
load and part load (e.g., 10 percent capaciﬁy) conditions.
At this 10% flow condition, the air conditioning system
still requires a relatively high pressure ratio (i.e.,
from 50-80% of the full load ptessure ratio) from the
compressor. This requirement puts an extreme demand on

the stable operating range capability of the centrifugal

compressor. Therefore, to prevent early compressor surge
caused by impeller stall, centrifugal compressors are
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one can obtain high efficiency pﬁﬁf rmance over a broad operating range. as
I's desirable for the present invep Hps Beep Ry eddi f fuser Jhaving. a - wedge
angle [err] as low as 15[err] (i % R , ﬂ”ﬂ channel s) . |REPMACEMERTUSHEED
the i ssue of |eading edge separat _ scussi on ol f{he-—Tnpetter

desi gn and characteristics. Referring now to Figures j angé?FEbhﬁbg a
shown i npellers 42 and 43 havi ng differgnt degrees of backsye

C—
-

e

typically provided with a variable inlet geometry device
(i.e. inlet guide vanes). Rotatable inlet guide vanes are
able to reduce the flow incidence angle at the impeller
under part load conditions, thus enabling stable

compressor operation at much lower capacities.

In addition to the instability which may be introduced by
the particular impeller and its inlet design, the diffuser
may also be cause for instability under part load
conditions. Of all types of diffusers, the vaneless type
generally provides the broadest operating range since it
can handle a wide variation of flow angles without
triggering overall compressor surge. If variable
geometry, such as is discussed hereinabove, is added to
such a vaneless diffuser, further stability can be
obtained, but such features add substantially to the
complexity and costs of a system.

Typically associated with the broader operating range of a
vaneless diffuser is substantially lower efficiency levels
' because of the modest pressure recovery in the diffuser.
The vaned diffuser, on the other hand, allows higher
efficiencies but generally demonstrates a substantially
-smaller stable operating range. To increase this
operating range, some type of variable diffuser geometry
may be added to the vaned diffuser to prevent surge when
operating under off-design conditions so as to thereby
obtain relatively high efficiency over a broad operating

range. But again, such a structure is relatively
expensive.

One type of fixed geometry diffuser that has demonstrated
an exceptionally higher efficiency level is that of the
 fixed vane or channel diffuser, which may take the-form of
a vane island or wedge diffuser as shown in U.S. Patent
4,368,005, or a so~called pipe diffuser design as shown in .
U.S. Patent 3,333,762. The latter was developed fo
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The inpeller 42 has blades 44 with.
di scharge bl ade angle [err] of 30
with a 30[err] backsweep (i.e. an I
60[err]).

I mpel | er.

[err]

60Lerr] backsweep (i.e an inpeller
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The absol ute tangenti al

: he flow | epvi ng th
V[err]H can be obtained by the equation (’?ZFEB 1997
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efficiency improvement under transonic flow conditions—
occurring in high pressure ratio gas turbine compressors.
Like other vaned diffuser compressors as discussed
hereinabove, higher efficiencies are obtained, but they
normally introduce an associated narrow stable operating
range, which for the gas turbine compressor is not of
concern, but when considered for centrifugal chiller
application is of significant concern as discussed
hereinabove.

In one instance as shown in U.S. Patent 4,302,150; a pipe
diffuser was used, supposedly to cbtain higher
effiéiencies,_with the associated narrow operating range
being broadened by the introduction of a so-called
vaneless diffuser space between the impeller outer
periphery and the entrance to the diffuser. However, the
increased stability of such a design is minimal and only
occurs under full load operating conditions (i.e., no
inlet guide vanes). Further, the larger vaneless diffuser
space reduces the compréssor lift capability under part
load conditions. Moreover, the introduction of a
relatively large vaneless space tends to move the peak
efficiency closer to the surge point, ‘an operating
condition that cannot be tolerated for safe compressor

‘operation.

In addition to the design considerations for the diffuser
as discussed hereinabove, the impeller design features can
also be chosen so as to generally optimize efficiency and
operating range. While it is generally understood that
impeller efficiency peaks when its blade exit angle 52
approaches 45 degrees (as measured from the tangent
direction), there is also a general understanding that, to
a point, the operating range of a centrifugal compressor
increases as the impeller blade exit angle 32 decreases.
For a given ratio between the impeller inlet relative
velocity and the impeller exit relative velocity, reducing

THIS SKEET HAS BEEN
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the impeller blade exit angle ﬁz (i.e., increasihg;:#u»—f :

backsweep) will reduce the absolute flow exit angle ﬂ2
leaving the impeller. 1If this angle «

2 decreases too far,
however, the radial pressure gradients near the impeller
periphery tend to cause flow separation, and the operating
range thus becomes narrower. Therefore, in centrifugal
refrigeration impeller practice, the impeller absolute
flow exit a, angle is normally chosen to be within the
range of 20 and 40 degrees. Further, heretofore, it was
generally understood that to reduce the impeller flow exit
angle a, below 20 degrees would inherently lead to flow
separation and a narrowed operating range. The use of
impellers with such flow exit angles have thus been
avoided. '

It is, therefore, an object of the present invention to
provide an improved centrifugal compressor method and
apparatus.

This object is achieved in an apparatus according to the
preambles of the claims and by the features of the
characterizing parts thereof.

Briefly, in accordance with one aspect of the invention, a
fixed vane or channel type diffuser is provided with a
relatively few number of channels so as to thereby
maximize the "wedge angle" therebetween. The associated
impeller is, in turn, so designed that its flow exit angle
is relatively small. The combination of the relatively
large wedge angle with the relatively small flow exit
angle allows for a relatively large angle of incidence

“without causing flow separation and degradation of the
operating range.

By another aspect of the invention, the diffuser comprises
a series of conical channels having center lines which
extend substantially tangentially to the outer periphery

THIS SHEEY HAS 570 ]
REPLACED I




Foriinpellers wi t h backsweep. the~aTFEETTUn‘ﬁ%—%he_Langent|aI conponent of
tthe relative velocity. WoH, is oppO'ElhsTSHee'EHas A TEET
such inpellers. V2H becones | ess’ thig

I npel | er backsweep angl es. However ller ti
several tines larger than the total Ity at
di scharge W2. the relative change in V2H due to inpeller

backsweep. Because the increased backsweep reduces the ab qute radlal
of the impeller. The channel structure itself

about increased efficiencies, and the tangential
orientation of the channels to the impeller further
enhances the efficiency characteristics of the systemn.

In accordance with another aspect of the invention, the
impeller is so designed that its absolute flow exit angle
a, is maintained below 20 degrees. This is accomplished
in one form by the use of backswept vanes. Flow
separation that might otherwise occur is then prevented by
maintaining the associated wedge angle a, between the
adjacent diffuser channels above 15 degrees. In this way,
both high efficiency and a broad stable operating range is
obtained. '

By yvet another aspect of the invention, the vaneless

space, between the outer periphery of the impeller and the
leading edge circle defined by the leading edges of the
wedges, is limited in radial depth to thereby reduce the
likelihood of flow separation in the vaneless space. In
particular, the radial dimension is limited so as not to
exceed the throat diameter of the channels.

In the drawings as hereinafter described, a preferred
embodiment is depicted; however, various other
modifications and alternate constructions can be made

thereto without departing from the true spirit and scope
of the invention.

Figure 1 is a graphic illustration of a performance map
for a fixed speed centrifugal compressor with variable
inlet guide vane geometry as compared with that for the
fixed diffuser geometry of the present invention.

Figure 2 is a partial, axial cross sectional view of a
centrifugal compressor having the present invention
incorporated therein.
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velocity V2S to a much larger extent than the absolute tangential velocity
V2[err] another effect of increased inpeller discharge bLade—ﬁgﬁﬁgf‘““q
backsweep with constant shroud stream surface diffusion|REPLAG |Sﬂ£ﬂr\
the absolute flow angle [err] leaving the inpeller. It | 7
seen in Figure 4 that for -a 60[err] backsweep. the inpe I=r1§§ Euﬁ@7fl
own in
rmn

exit angle [err] is 12[err], and for a Qﬁcksmeep of 30[ ¢rt]
Figure 5. the inpeller absolute flow exit angle [err] =}|2

Nor mal Iy mﬁ%ﬂ:ﬁ; &5 {Hﬁdﬁl PSP UE ik A PGt Und|BiddPlef3 shown

Figure 5
portlons thereof

Figures 4 and S are radial views of the impeller of the
present invention showing the effect of backsweep on the
absolute flow exit angle a,.
Figures 6 and 7 are axial cross sections of the blades
showing the effect of impeller back sweep on the height ﬁz
of the impeller blades at discharge.

Figures 8, and 9 show the flexibility of the present
invention in accommodating various flow rates without
diffuser leading edge separation.

Referring now to Figure 1, there is shown a plurality of
performance map curves representative of various
configurations of centrifugal compressors with different
inlet guide vane positions as compared with the fixed
diffuser geometry of the present invention. 1In order to '
understand.the significance of the present invention, it
is desirable to consider some of the performance
characteristics of existing systems.

Centrifugal compressors with vaned diffusers (such as
diffusers using airfoil vanes, single thickness vanes,
vane islands or conical pipes) have higher efficiencies
than compressors with vaneless diffusers and are therefore
vefy attractive, but they also have a smaller stable
operating range and therefore need expensive and
complicated variable diffuser geometry devices and control
schemes to prevent surge under off-design conditions.

Considering the definition of the stable operating range
as:

This sp,

e
i
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pressure gradients at the inpeller periphery would t
separation. However when used with the pipe diffuser
i nvention, these |ower absolute flow exit angles [err
possi bl e but. as discovered by the applicant allow ong
efficiency over a relatively broad operatlng range.

recogni zed that in comparing the |npellers of Figure 4

in the inpeller backs
rr]Dstable operQ%aA% range =

choke mass flow
wherein choke mass flow = the maximum flow when the

flow reaches sonic velocity
at the throat (represented
by curve 1)
surge mass flow = minimum or surge flow
representing the lowest stable
operating condition in the compressor
~ (represented by the curves C or D)
It can be stated that well designed centrifugal
compressors of intermediate pressure ratio (i.e. 2.5 to 1
tb 5 to 1) with vaneless diffusers can have a stable
operating range of 303, whereas a centrifugal compressor
of similar pressure ratio with some type of vaned diffuser
is limited at best to a 20% stable operating range.

Many centrifugal compressor applications require part load
characteristics, wherein the head or pressure ratio drops
less fast than the flow rate. Curve A in Figure 1, for
example, represents a typical load line of a water cooled
chiller. 1In practice, even better part load head
capability is required for water cooled chillers since
variations from the typical load line A are not uncommon.
Curve B in Figure'l,.for example, is a typical load line
of a water cooled chiller under variable capacity,
constant-temperature-l1ift operating conditions.

vaned diffuser centrifugal compressors with only variable
inlet geometry, part-load control devices are not capable
of providing the required head under off-design
conditions. The limited range at full load also results
in limited range under part load conditions. The end

result is a steep surge line on the compressor performance
map such as shown at line C in Figure 1.
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reduces the bIade*fe\bnggégi;Ei\f[;tance n2 of the discharge nornal flow
area as shown in Figures That is. the bel | er of
Figure 4 with its a se?hebamsBreduced | ade to bl m%ﬁm@mg née n2
requires a greater i ) adege bl ade heilg b[err] thanijthe inpeller

di scharge bl ade hei
the | ower backsweep inmp

in Figure 7.| whi glp ¥&8d9%0cilat

( "Figure 5. If assune that wg want to

mai ntain the relative velocity radio Werr]/Wefr—were Werr]
relative inpeller discharge velocity and Werr]}lis the relative

ed with

is the

eller

i nl et shrgudceakeastythe performance map of a centrifugal

compressor constructed in accordance with the present
invention is shown in the curve D of Figure 1. It will be
recognized that, in addition to the high efficiency (i.e.
in access of 85%) a very wide stable operating range (i.e.
in access of 35%) is demonstrated. This surge line which
exceeds the most severe load line condition demands (i.e.
constant temperature 1ift water-cooled chiller operation),
is obtained with fixed diffuser geometry and with only one
variable geometry mechanism, i.e. the variable inlet guide
vanes. The specific structure of a centrifugal compressor
incorporating the present invention will now be described.

Referring now to Figures 2 and 3, the invention is shown
generally at 10 as comprising a particular configuration
of a pipe diffuser 11 combined with an impeller 12, as
installed in an otherwise conventional centrifugal
compressor having a volute structure 13, suction housing
14, blade ring assembly 16, inlet guide vanes 17, and
shroud 18. The impeller 12 is mounted on a drive shaft
19, along with a nose piece 21. When the assembly is
rotated at high speed, it draws refrigerant into the
suction housing 14, past the inlet guide vanes 17, and
into the passage 22 where it is compressed by the impeller
12. It then passes through the diffuser 11, which
functions to change to kinetic energy to pressure energy.
The diffused refrigerant then passes into the cavity 23 of
the volute 13, and then on to the cooler (not shown).

Referring now to Figure 3, the impeller wheel 12 is shown
in greater detail to include a hub 24, an integrally
connected and radially extending disc 26, and a plurality
of blades 27. It will be seen that the blades 27 are

arranged in a so called backswept configuration which is a

significant feature of one aspect of the present invention
as will be more fully described hereinafter.
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then an increase in inpeller backsweep angle will therefore result in an
.increase in the ifpetter—tip biade hei ght b[err]. This relativel ] '

i npel ler tends to qﬁ@&m hdeyy at low flow conditiorf
in smaller absolute m ﬂ arge flow angles [err]

wi |l show snaller nHIm - at reduced flow. Conse
effects will be |ess onDt stability. In|s

are three features in the diffuser i npel l er structure f the
I nventiongyhi G0,GORE EFQULE 11 is shown in its installed pdsition in !
Figqure 2, and in combination with the impeller 127GHlY 1in
Figure 3. It comprises a single annular casting which is
secured near its radially outer portion to the volute
structure 13 by a plurality of bolts 28. A plurality of
circumferentially spaced, generally radially extending, .
tapered channels 31 are formed in the diffuser 11, with
their center lines 32 being tangent to a common circle
indicated generally at 30 and commonly referred to as the
tangency circle, which coincides with the pe;iphery of the
impeller 12.

A second circle, located just outside the tangency circle,
is referred to as the leading edge circle and is indicated
at 33 in Figure 3. The leading edge circle, by
definition, passes through the leading edges of each of
the wedge shaped islands 34 between the channels 31. The
radial space between the periphery of the impeller 12 and
the leading edge circle 33 is a vaneless/éemi vaneless
space 25 whose radial depth is limited in accordance with
the present invention in order to broaden the operating
range of the system. That is, the applicant has found l
that, in order to prevent flow separation in the vaneless
space 25, this radial dimension should be less than the
throat diameter of the tapered channels 31. This
vaneless/semi-vaneless space 25, which, for purposes of
simplicity will be referred to as a "vaneless" space is
more fully described in U. S. Patent Application Serial
No. 605,619 filed on October 30, 1990, assigned to the

assignee of the present invention, and incorporated herein
by reference.

As will be seen in Figure 3, each of the tapered channels
31 has three serially connected sections, all concentric
with the axis 32, as indicated at 35, 36 and 37. The
first section 35, which includes the "throat" mentioned
above, is cylindrical in form, (i.e. with a constant
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to the hi gh efficiency, broad operating range characteristics of the

present i nventiom: Fi[bL the—nuorber of tapered channgls 31 is limted such

angle [err] such Fence of fl ow separation ﬂj{ﬁﬂﬂﬁﬁTéﬁ

m ni m zed. Secon ss space 25 between the otit ¢ ery 3

of the |npeller Ing edge circle 33 is |limjteéd,, Syl ad
dept h such that the occurrence of fl instabilities arelpie 1éﬂf§§ b(n t

regard. th
Lol jalanelaR) "hd °fs UndEa IR dudf "' FaindP Eal s
+hereof would cross projections of similar sectiohs..on

t hat the medge }i s 34 t her ebet ween have a rel gatively—t-are

either circumferential side thereof. A second section
jndicated at 36 has a slightly flared axial profile with
the walls 38 being angled outwardly at a angle with the
axis 32. An angle that has been found to be suitable is .
2°*. The third section 37 has an axial profile which is
flared even more with the walls 39 being angled at an
angle which is on the order of 4°. Such a profile of
increasing area toward the outer ends of the channel 31 is
representative of the degree of diffusion which is caused
in the diffuser 11 and is quantified by the equation

area ratio # area at exit of channel
area at inlet of channel

wherein the area at the exit of the channel is
taken normal to the axis at the location identified at A
in Figure 3.

It was seen in Figure 3 that the formation of the tapered
channels 31 results in the tapered sections or wedges 34
therebetween. It will also be evident that the more
tapered channels 31 that are formed in the diffuser, the
smaller will be the angle y of the wedges 34. The
particular diffuser 11 shown in Figure 3 has 16 tapered
channels formed therein, such that the angle y is then
equal to 22 1/2°. This relatively large wedge angle tends
to prevent flow separation that might otherwise occur

. because of variations in impeller discharge flow angle Bz.
As will be seen in the subsequent discussion of the
impeller design and performance, it is desirable to
provide for relatively tangential flow. This, in turn,
tends to reduce the change in ﬁz with mass flow rate
variations. In general, it is therefore desirable to have
a relatively large wedge angle 7 to accommodate variations
in incidence. The number of tapered channels 31, however,
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of the wedges 34, create pressure fields inside the vanel ess space with the
gradients being:nore parallel wth the direction of floypn St
creating radial grragdiskéiSasBbin®Bpiedll d tend to cause flo F‘mEETSHEET
Finally, the use of ] i th high backsweep. anfl therefore one mifth
the wide tip inpell | ow di scharge flow ang|le| &&FEBIWITve y

smal | absol ute angl , reduces the sensitivity pf the downstrjegm
conmponent (i.e. diffuser) to vari- atiYhs in flowrate and thus I NCreases

the stabl e operaliideidldhedl WG PR WY ackififodattH chir 3o LLust ratled
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volume from the impeller. The applicant has therefore
determined that one can obtain high efficiency performance
over a broad operating range, as is desirable for the
present invention, by a pipe diffuser having a wedge
angle, Yy as low as 15° (i.e. 24 tapered channels). We
will return to the issue of leading edge separation after
a discussion of the impeller design and characteristics.

Referring now to Figures 4 and 5, there are shown
-impellers 42 and 43 having different degrees of backsweep.
The impeller 42 has blades 44 with a 60° backsweep (i.e.
an impeller discharge blade angle ﬂz of 30°), and the
impeller 43 has blades 46 with a 30°' backsweep (i.e. an
impeller discharge blade angle-ﬂ2 of 60°). The absolute
tangential component of the flow leaving the impeller, V26
can be obtained by the equation

v28
where w2

W20 + U2
the tangential component of the
relative velocity and

U2 = the propeller tip speed

. For impellers with backsweep, the direction of the
tangential component of the relative velocity, W28, is
opposite to the tip speed direction. . For such impellers,
V20 becomes less than U2 and is reduced further by higher
impeller backsweep angles. However, since the impeller
tip speed U2 is several times larger than the total
relative velocity at the impeller discharge W2, the
relative change in V20 due to impeller backsweep is much
less than the relative change in radial velocity V2R
caused by impeller backsweep. Because the increased
backsweep reduces the absolute radial velocity V2R to a
much larger extent than the absolute tangential velocity
V20, another effect of increased impeller discharge blade
angle backsweep with constant shroud stream surface
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{ hat
backsweep in the inp r it _
t han the di aneter ofﬂ m hannel throat. and wth la lwed
22 1/2[err]. Wien th he full design flow | evef
flow exit angle [err] the flow directi Is parallel to the
each of the tapered channels 31 of the diffuser 11. This i§
diffusion is a reduction in the absolute flow andgle
leaving the impeller. It will therefore be seen in Figure
4 that for a 60° backsweep, the impeller absoclute flow
exit angle a, is 12°, and for.a backsweep of 30° as shown
in Figure 5, the impeller absolute flow exit angle a, =

20°.

Normally, neither the impeller 42 shown in Figure 4 or
impeller 43 shown in Figure 5 would be acceptable for
operation where a broad operating range is desired since
the radial.pressure gradients at the impeller periphery
would tend to cause flow separation. However, when used
with the pipe diffuser of the present invention, these
lower absolute flow exit angles o, are not only possible
but, as discovered by the applicant, allow one to obtain
higher efficiency over a relatively broad operating range.

It will be recognized that in comparing the impellers of
Figure 4 and 5, an increase in the impeller backsweep
reduces the blade to blade normal distance n2 of the
discharge normal flow area as shown in Figures 6 and 7.
That is, the high backsweep impeller of Figure 4 with its
attendant reduced blade to blade normal distance n2
requires a greater impeller discharge blade height b2 than
the impeller discharge blade height b2 as shown in Figure
7, which is associated with the lower backsweep impeller
43 of Figure 5. If we assume that we want to maintain the
relative velocity radio Wz/wl,_where W,
impeller discharge velocity and W1 is the relative
impeller inlet shroud velocity, then an increase in
impeller backsweep angle will therefore result in an
increase in the impeller tip blade height b2. This
relatively wider tip impeller tends to provide stability
at low flow conditions since it results in smaller .
absolute impeller discharge flow angles a, which therefore
will show smaller angle variations at reduced flow.
Consequently, incidence effects will be less to thereby
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arrows represe s e dlrectlon of refrigerant flow as it

34 on its presstf eplavedi de. It will thus be un
illustration th J " ration will occur at the t}pl

The absolute fl err] is 12[err] at this flpw

promote stability.

In summary, there are three features in the diffuser and
impeller structures of the present invention which
contribute to the high efficiency, broad operating range
characteristics of the present invention. First, the
number of tapered channels 31 is limited such that the
wedge shaped islands 34 therebetween have a relatively
large wedge angle y such that the occurrence of flow
separation at the tips are minimized. Secondly, the
vaneless space 25 between the outer periphery 30 of the
impeller 31 and the leading edge circle 33 is limited in
its radial depth such that the occurrence of flow
instabilities are prevented. 1In this regard, the
combination of the small-vaneless space 25 together with
the solidity of the wedges 34, create pressure fields
inside the vaneless space with the gradients being more
parallel with the direction of flow rather than creating
radial gradients which would tend to cause flow
separation. Finally, the use of an impeller with high
backsweep, and therefore one with the wide tip impeller, a
very shallow dischargé flow angle, and relatively small
absolute angle variations, reduces the sensitivity of the
downstream component (i.e. diffuser) to variations in flow
rate and thus increases the stable operating range of the

compressor. These results are illustrated in Figures 8
and 9.

In both Figures 8 and 9, the pipe diffuser 11 and the
impeller 12 are identical to that in Figure 3, that is
with a 60° backsweep in the impeller, with a vaneless
space whose radial depth is less than the diameter of the
tapered channel throat, and with a wedge angle of 22 1/2°.
When the flow is at the full design flow level, the
absolute flow exit angle a, the flow direction is parallel
to the center line of each of the tapered channels 31 of

the diffuser 11. This i b TH Fi
is shown by tﬂ;1afrﬁﬁﬁﬁkﬁn qﬂ
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It will be seen that the two intermediate arrows represent
the direction of refrigerant flow as it engages the wedge
34 on its pressure and suction side. It will thus be
understood from this illustration that no flow separation
will occur at the tip of the wedge 34. The absolute flow
exit angle ¢, is 12° at this flow level. '

Referring now to Figure 9, the amount of flow is
substantially reduced such that the absolute flow exit
angle a, is reducgqng?.Z':” Here, the flow direction is
parallel to the suction side, and there will of course be
no flow separation. The two intermediate arrows again
represent the direction of flow that will engage the wedge
34 on its suction side 48. Again, it will be seen that
the angles are such that flow separation at the tip of the
wedge 34 will not occur. '
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1. An improved centrifugal compressor of the
type having inlet guide vanes, an impeller and a diffuser
and being adapted for operation over a substantial range
of operating flow conditions, characterized by:

said diffuser comprising a plurality of fixed
wedge-shaped channels disposed circumferentially around
and in close proximity to the outer periphery of said
impeller, with each of said channels having a longitudinal
center line which is aligned tangentially with said
impeller outer periphery and which forms an angle with the
longitudinal center lines of adjaéent channels of at least
15 degrees; and

said impeller comprising a plurality of blades
disposed in a backswept orientation such that the fluid
leaves the tips thereof at a flow exit angle of not more
than 20 degrees.

2. An improved centrifugal compressor as set
forth in Claim 1 wherein said diffuser has at its inner
periphery a vaneless space with a radial depth which is
less than the smallest diameter within its wedge shaped
channels.

3. An improved centrifugal compressor as set
forth in claim 1 wherein said channels each comprise two
serially connected sections, with the first section having
diverging walls angled at one angle and the second section
having diverging walls angled at a second larger angle.

4. An improved centrifugal compressor as set
forth in claim 3 wherein the angle between the walls in
the first section is 4 degrees and the angle between the
walls in the second section is 8 degrees. '
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5. An improved centrifugal comprésso: as set

forth in claim 1 wherein said channels are round in
transverse cross section.

6. An improved centrifugal compressor as set
forth in claim 5 wherein said channels are frustro-conical
in longitudinal cross section. '

7. An improved centrifugal compressor of the
type having in serial flow combination, a wvariable
geometry inlet, an impeller and a fixed geometry diffuser,
characterized by:

an impeller having a plurality of
circumferentially spaced blades for discharging fluid in a
generally radial direction, said blades being so disposed
as to impart motion to said fluid at a flow exit angle of
less than 20 degrees; and

a diffuser structure with a plurality of
circumferentially spaced channels formed therein, said
channels having center lines which extend substantially
tangentially through the periphery of said impeller and
the number of said channels being limited such that the

angle between adjacent channel center lines is greater
than 18 degrees.

8. An improved centrifugal compressor as set
forth in Claim 7 wherein said diffuser structure has at
its inner periphery a vaneless space with a radial depth
which is less than the smallest diameter within its
circumferentially spaced channels.

9. An improved centrifugal compressor as set
forth in claim 7 wherein channels are circular in cross-
section.
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10. An improved centrifugal compressor as set
forth in claim 7 wherein channels are conical in
longitudinal cross-section.

11. An improved centrifugal compressor as set
forth in claim 7 wherein said impeller blades are formed
in a backswept manner.
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CENTRIFUGAL COMPRESSOR WITH HIGH
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EFFICIENCY AND WIDE OPERATING RANGE

ABSTRACT:

A pipe diffuser (1l1l) is used in a centrifugal compressor in
such a way as to obtain high efficiency over a broad
operating range. The number of channels in the pipe diffuser
(11) is limited such that the wedge angle is relatively
large and therefore not susceptible to flow separation at
the leading edges thereof. The vaneless space between the
impeller (12) and the leading edge circle of the diffuser
(11) is limited in 1its radial depth such that the flow
separations are further inhibited. Finally, the impeller
(12) has a relatively high backsweep such that the absolute

flow exit angle is relatively low, thereby reducing the
sensitivity to lower flow conditions. '

FIGURE 3. ‘This Sheet Has Been Replaced
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Clains 1. An centrifugal conpressor of the type havin
.and a diffuser (11) and being adapted for operation F
range of operating flow conditions.




sai d diffuser (11) conprising a plurality of fixed wedge-shaped channel s

(31) disposed circunferentially around and in close proximty to
the outer periphery of said inpeller (12), with each of said channel g (31)
havi ng a | ongi tudi nal center line (32) whi ”“ﬁggamrbé with
the |l ongitudinal center lines (32) of adjacent chan )\ of at
| east 15 degr ees. said inpeller (12) conprAst f
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bl ades (27) disposed in a backswept arigentati on.
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\characterlzed in that said conpressor conprises inlet guide vanes (17)

~éach of the | ongi tudi nal center lines (32) is aligned tang

outer periphery of said inpeller(12), and t he bac
(27) are so disposed that, in use, the flowexit angle ([
whi ch | eaves the tips of the aneller blades (27)
20 degrees

CENTRIFUGAL COMPRESSOR WITH HIGH EFFICIENCY AND WIDE OPERATI

Description

This invention relatas genaerally to a centnlugal camprassor apparatus and. mare particularly. lo an agparatus for
compressing a fluid in a centrifugal comprassor with relatively high efficiencias and over a substantial aperating ranga.

In a centnfugal compressor. it is desirable lo convert the gas kinetic anergy leaving the impaeller (o patential anergy
or static pressure. This is commonly accomplished by way of a diffuser which may be of either fixad or adjustable
geometry. The fixed geometry diffuser may be of the vaneless type. or it may be of the fixad vane type. An adjustable
geometry diffuser may be either of the vaned or vaneless lype and taka the form of a throttle nng as shown in U.S,
Patent 4.219.305 assigned to the assignee of the presant invention. a movable wall as shown in U.S. Patent 4 527.949
assigned to the assignee of tha grasent invantion. ar include rotatable vanes as shown in U.S. Patent 4.378.194 as-
signed to the assignee of the present invention. Each of these varnous types of diffusers have peculiar operating char-
acteristics that tend to lavor or discourage their use under particular operating conditions.

Centrifugat chillers used in air conditioning systems are norally required 10 operale continuously between full
load and part load (e.g.. 10 percent capacity) conditions. At this 10% flow condition. the air conditioning system still
requires a relativaly high pressure ratio (i.e.. from SQ-80% of the full load pressure ratio) from the compressor. This
requirement puts an extreme demand on the stable operating range capability of the centrifugal compressor. Therefore.
to prevent early compressor surge causad by impefler stall. centrifugal comprassors are typically provided with a var-
iable inlet géometry device {i.e. inlet guide vanes). Rotatable inlet guide vanes are able to reduce the flow incidence
angfe at the impeller under part load conditions. thus enabling stable compressor operation at much lower capacities.

In addition to the instability which may bae introduced by the particular impeller and its inlet design. the difuser may
also be cause for instability under part load canditions. Of all types of diffusars. the vaneless lype generally provides
the broadest operating range since it can handle a wide variation of flow angles without triggering overall compressor
surge. If variable geometry. such as is discussed hersinabove. is added to such a vaneless diffuser. further stability
can be cbtained. but such featiires add substantially to the complexity and costs of a system.

Typically associated with the broader operating range of a vaneless diffuser is substantially lower efficiency levels
because of the modestpressure recovary in the diffuser. The vaneddiffuser. on the other hand. allows higher efficiencies
but generally demanstrates a substantially smaller stable operating range. To incraase this operating range. some lype
of variahle diffuser geometry may be added to the vaned diffuser to prevent surge when operating under off-design
conditions so as to thereby obtain relatively high efficiency over a broad operaung range. But again. such a structure
is relatively expensive.

One type of fixed geometry diffuser that has demonstrated an exceptionally higher efficiency level is that of the
fixed vane or channel diffuser. which may take the form of a vane island or wadge diffuser as shown in U.S. Patent
4.368,005. or a so-called pipe diffuser design as shown in U.S. Patent 3,333.762. The latter was daveloped for eificiency
improvement under transonic flow conditions occurring in high pressure ratic gas turbine compressors. Like other
vaned diffusar compressors as discussed herainabove. higher efficiencies are obtained. but they normally introduce
an associated narrow stable aperating range. which for the gas turbine compressor is not of concem. but when con-
sidered for centrifugal chiller application is of significant concern as discussed hereinabove.,

. FR-A-2 315 608 discloses a single shaft gas turbine engine including a comprassor having a channeled diffuser
in which the longitudinal center fines of the channels farm a wedga angle of 15 dagrees.

in US-A-4 302 150 there is described a centrifugal compressor according to the preamble of claim 1. More partic-
ularly in the above-mentioned US-A-4,302.150. a pipe diffuser was used. supposedly to obiain higher efficiencies. with
the associated narrow operating range being broadened by the introduction of a so-called vaneless diffuser space
batween the impeller auter periphery and the entrance to the diffuser. However. the increased stability of such a design
~is minimal and orly occurs under full load operating conditions (i.e.. no inlet guide vanas). Further. the larger vaneless
diffuser space reduces the compressor lift capability under part load conditions. Moreover. the introduction of a relatively
large vaneless space tends to move the peak efficiency closer to tha surge point. an oparating condition that cannot
be tolerated for safe comprassor operation,

In addition to the design considerations for the diffuser as discussed hareinabove. the impelier design features
¢an aiso be chosen so as lo generally optimize efficiency and operaling rarigs. While it is generally understood that

" impeller efficiency peaks when its blade axit angle §J, approaches 45 dagrees (as measured from the tangent diraction).

there is also a general understanding that, to a point. the operating range of a centrifugal compressor increases as the
impeller blade exit angle BB, dacreases. For a given ratio betwaen the impaeller inlet relative velocity and the impelier
axit relative valacity. raducing the impeller blade axit angle f8a (i.0.. increasing the backsweep) will reduce the absolute
flow exit angle Ji, leaving the impaeller. If this angle (15 decreases loo lar. howsver. the radial pressure gradients near
the impeller periphery tand 1o cause flow separation. and the operating range thus becomes narrowar. Thersfora. in
cantrilugal relrigeration impeller practice. the impeller absolute flow axit (¢ angle is normally chosen to be within the
range of 20 and 40 dagrees Furthar. haratofora. it was generally understood that lo raduce the impaetler flow exitangle
(3 below 20 degrees would inharently lead (o flow separation and a narrowad operating range. The use of impallars'
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2. An centrifugal conpressor as set forth in claim1, characterized in
that said diffuser (11) has at its inner periphery _____amuaneLee@egﬁape
(25) with a radial depth which is less than the snaIRP LA@ENﬁﬁﬂbﬁﬁﬁb hi N
its wedge shaped channel s (31). 3. An centrlftgi set

forth in claim1l, characterized in that gaid channelis se
t wo :

with such flow exit angles have thus been avoidad.

itis. therafore. an object of tha prasant nvantion lo provide an improved cenln*tgal comprassor apparatus in sur}n
a way as to cbtain high alficiency aver a braad stable operating range.

This cbject is achieved in the comprassar according to the invention by tha featuras of the charactenzing part of
claim 1

Briefly. i accordance with ane aspect of the invention. a fixed vane or channel typae diffuser is provided with a
relatively few number of channels so as (o thergby maximize the *wedge angle” therebelwesn. The associated impeller
1. in turn. so designed that its flow exit angle is relatively small. The combination of the relatively large wedge angle
with the relatively small flow exit angle allows for a relatively larga angle of incidence without causing flow separation
and cegradation of the operating range.

By another aspact of the invention. the diffuser comprises a series of conical channels having center lines which
extend substantially tangentially to the outar periphery of the impeller. Tha channel structure itself brings about in-
creased elficiencies. and the tangential orientation of the channels to the impeller further anhances the efficiency
characteristics of the system.

In accardance with another aspect of the invention. the impaller is so dasigned that its absolute flow exit angle ¢y
is maintained below 20 degrees. This is accomplished in one form by the use of backswept vanes. Flow separation
that might ctherwise occur is then prevented by maintaining the associated wedge angle «, between the adjacent
diffuser channels above 15 degrees. In this way. both high efficiency and a broad stable operating range is obtained.

In a preferred embodiment of the invention. a vaneless space, between the outer periphery of the impeller and the
leading edge circle defined by the leading edges of the wedges. is limited in radial depth to thereby reduce the likelihcod
of flow separation in the vaneless space. In particular. the radial dimension is limited so as not to exceed the throat
diameter of the channels. '

in the drawings as hereinafter described. a preferred embodiment is depu:led however, various other modmcauons
and alternate constructions can be made.

Figure 1 is a graphic illustration of a performance map for a fixed speed centrifugal compressar with variable inlet
guide vane geometry as compared with that for the fixed diffuser geometry of the present invention.

Figure 2is apartial. axial cross sectional view of a centrifugal compressor having the present invention incorporatad
therein.

Figura 3 is a radial view of the diffuser and impaller portions thersat.

Figures 4 and 5 are radial views of the impeller ol the present invention showing the effect of backsweep on‘the -
absoiute flow exit angle vy,

Figures § and 7 are axial cross sections of the blades showing the effect of impeller back sweep on the height i3,
of the impeller blades at discharge.

Figures 8. and 9 show the flexibility of the present invention in accommodating various flow rates without diftuser
leading edge separation.

Aelerring now to Figure 1. there is shown a plurality of performance map curves representative of various config-
urations of centrifugal compressors with different inlet guide vane positions as compared with the fixed diffuser gecometry
of the present invention. In order to understand the significance of the presem invention. it is desirable to consider
same of the performance characteristics of existing systems.

Centﬂfugal compressors with vaned diffusers (such as ditfusers using airfoil vanes. single thickness vanes. vane
islands or conical pipes) have higher efficiencies than compressors with vaneless diffusers and are therefore very
attractive. but they also have a smaller stable operating range and therefore need expensive and complicated variable
diffuser geometry devices and control schemnes to prevent surge under off-dasign canditions. Considering the definition
of the stable operating range as:

choke mass flow -surge mass flow
choke mass flow

stable operating range =

wherein choka mass flow = the maximum flow when the flow reaches sonic velogity at the throat (represented
by curve 1)
surge mass flow = minimum or surge flow reprasenting the lowest stabile operating candition in the com-

pressor (represented by the curves C ar D)

It can be statad that well designed centrifugal comprassors of intermediate pressure ratio (i.e. 250 1 to § to 1)
with vaneless diffusers can have a stable operating range of 30%. whereas a centrifugal compressor of similar praessure
ratio with soma type of vaned dilfuser is limited at best to a 20% stable operaling range.

Many centrifugal compressor applications require part load characteristics. wheren the head or pressure ratio
drops less last than the flow rate. Curva A in Figura 1. for exampls. reprasents a typical load line of a water cooled
chiller 1n practice. even betler part load head capability I1s required lor water cooled chillers since variations from the
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typical load line A are not uncaommon Curve B in Figure 1. for example. is a typigalead lina.ol-a-water-ceeted-chiller
under variable capacity. constant-tamperature-lift oparating conditions.

Vaned dilfuser centrifugal compressors with only variable inlet gaometry. part-load control devices are not capable
of providing the required head under aff-dasign conditions. The limited range at full load aiso resuits in limited range
undar part load conditions. The end rasult 1s a stesp surge line on the compressor performance map such as shown
at lina C in Figurg 1

in contrast the performance map of a centrifugal compressor constructed in accordance with the prasent invantion
is shown in the curve D of Figure 1. It will be recogrized that. in addition 1o the high efficiancy (i.e. in access of 85%)
a very wide stabie operating range (i.e. in access of 35%) is demonstrated. This surge line which axceeds the maost
severa load line condition demands (i.e. constant lemperatura lift water-cooled chiller operation). is obtained with fixed
diffuser geometry and with only one variable geometry mechanism. i.e. the variable inlet guide vanes. The specific
structure of a centrifugal compressor incorporating the present invention will now be described.

Referring now to Figures 2 and 3. the invention is shown generally at 10 as comprising a particular configuration
of a pipe diffuser 11 combined with an impetfler 12. as installed in an otherwise conventional centrifugal compressor
having a volute structure 13. suction housing 14. blade ring assembly 16. inlet guide vanes 17, and shroud 18. The
impeller 12 is mounted on a drive shaft 19. along with a nose piece 21. When the assembly is rotated at high speed.
it draws refrigerant into the suction housing 14, past the inlet guide vanes 17. and into the passage 22 where it is
compressed by the impeller 12. It then passes through the diffuser 11, which functions to change to kinetic energy o
pressure energy. The diffused refrigerant then passes into the cavity 23 of the volute 13. and then on to the cooler (not
shown). -

Reterring now to Figure 3. the impeller wheet 12 is shown in greater detail to include a hub 24. an integrally
connectad and radially extending disc 26, and a plurality of blades 27. It will be seen that the blades 27 are arranged
in a so called backswept canfiguration which is a significant feature of ane aspect of the present invention as will be
more fully described hereinafter. _

The pipe diffuser 11 is shown in its instailed position in Figure 2. and in combination with the impeller 12 only in
Figure 3. it comprises a single annular casting which is secured near its radially outer portion o the volute structure
13 by a plurality of boits 28. A plurality of ciccumferentially spaced. generally radially extending, tapered channels 31
are formed in the ditfuser 11. with their center lines 32 being tangent to a common circle indicated generally at 30 and
commonly referred to as the tangency circle. which coincides with the periphery of the impeller 12,

A second circle. located just outside the tangency circle. is reterred to as the leading edge circle and is indicated
at 33 in Figure 3. The leading edge circle, by definition. passes through the leading edges of each of the wedge shaped
islands 34 betwaen the channels 31. The radial space between the periphery of the impeller 12 and the leading edge
circle 33 is a vaneless/semi vaneless space 25 whose radial depth is limited in accordance with the present invention
in order to broaden the operating rangs of the system. That is. the applicant has found that. in order to prevent flow
separation in the vaneless space 25. this radial dimension should be less than the throat diameter of the tapered
channels 31. This vaneless/semi-vaneless space 25. which. for purposes of simplicity will be referred 1o as a “vaneless®
space is more fully described in U. S. Patent Application Serial No. 605.613 filed on October 30. 1990 (US-A-S 131
142, US-A-5 252 027), assigned to the assignee of the prasent invention.

As will be seen in Figure 3. each of the tapered channels 31 has three serially connected sactions. all concentric
with the axis 32. as indicated at 35, 36 and 37. The first section 35. which includes the "throat® mentioned above. is
cylindrical in form. (i.e. with a constant diameter) and is angled in such a manner that a projection thereol would cross
projections of similar sections on either circumferential side thereof. A second section indicated at 36 has a slightly
flared axial profile with the walls 38 being angled outwardly at a angle with the axis 32. An angle that has been found
to be suitable is 2°. The third section 37 has an axiat profile which is flared even more with the walls 39 being angled
at an angle which is on the order of 4°. Such a profile of increasing area toward the outer ends of the channel 31 is

" reprasentative of the degree of diffusion which is caused in the diffuser 11 and is quantified by the equation
area at exit of channel
area at inlet of channei
wherein the area at the exit of the channal is taken normal to the axis at the location identified at A in Figure 3.
It was seen in Figure 3 that the formation of the tapered channels 31 results in the lapered sections or wedges 34
therebetween. It will also be evident that the more tapered channels 31 that are formed in the diffuser. the smaller will
be the angle 7 of the wedges 34. The particular diffuser- 11 shown in Figure 3 has 16 lapered channels formed therein.
such that the angle ¢is then equal to 22 1/2°. This relatively large wedge angle tends to prevant flow separation that
might otherwise occur because of variations in impeller discharge flow angle )i, As will be seen in the subsequent
discussion of the impeller design and performance. it is desirable to provide for relatively tangential flow. This. in turn.
tends 1o reduce the changae in [§, with mass flow rate variations. In genaeral. it is therefore desirable to have a relatively
large wadge angle 7 lo accommodate variations in incidence. The number of tapered channels 31. however. must be
suiticiently high so as to accommodate the llow volume lrom the impeller. The applicant has therelora determined that

area ratio =
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ona can oblain high efficiency parformance aver a broad operating range. as is desirable for the present inventian. by
a pipe diffuser having a wedge angle. v as low as 157 (i.a. 24 tapered channals). We will return ta the 1ssue of leading
adge separalion alter a discussion of the impeller design and characteristics.

Raferring naw to Figuras 4 and S. there are shown impallers 42 and 43 having diffarent dagrees of backsweeg.
Tha impeller 42 has blades 44 with a 60° backsweep (1.e. an impuller discharge blade angle |3, of 30°). and the impeller
43 has blades 46 with a 30° backsweep (i.e. an impaller discharge blade angle |3, oi §0°). The absolute fangential
component of the flow leaving the impelier. V,b can be obtained by the equation

V2B = W28 + U2

where

W2 = the tangential component of the ralative velocity and
U2 =" the progeller tip speed

Far impellers with backsweap. the direction of the tangential component of the relative velocity. W28. is opposite
to the tip speed direction. For such impellars. V28 becomes less than U2 and is reduced further by higher impeller
backsweap angles. However. sinca the impeller lip speed U2 is several times larger than the total relative velocity at
the impelter discharge W2. the ralative change in V2t due to impelier backsweep is much less than the relative change
in radial velocity V2R caused by impeller backsweep. Because the increased backsweep reduces the absoluta radial
velocity V2A to 2 much larger extent than the absolute tangential velocity V28. another effect of increased impeller
discharge blade angie backsweep with constant shroud stream surface diffusion is a reduction in the absclute llow
angle «, leaving the impeller. It will therefore be seen in Figurs 4 that for a 60° backsweep. the impeller absalute flow
axit angle ¢z, is 12°, and for a backsweep of 30° as shown in Figure 5. the impelier absaiute flow exit angle «, = 20°.

Normally. neither the impeller 42 shown in Figure 4 or impaller 43 shown in Figure 5 would be acceptable for
operation where a broad operating range is desired since the radial pressure gradients atthe impeller periphery would
tend ta cause flow separation. Howaver when used with the pipae diffuser of the prasent invention. these lower absoiute
flow exit angles «, are not only possible but. as discovered by the applicant. allow one to abtain higher efficiency over
a relatively broad operating range.

It will be recognized that in comparing the impellers of Figure 4 and S. an increase in the impelier backsweep
raduces the blade to blade normal distance n2 of the discharge normal flow area as shown in Figures 6 and 7. That
is. the hi_gh backsweep impeller of Figure 4 with ils attendant reduced blade to blade normal distance n2 requires a
greater impeller discharge blade height b, than the impeller discharge blade height b, as shown in Figure 7. which is
associated with the lower backsweep impeller 43 of Figure 5. If we assume that we want to maintain the relative velocity
radio W/W,, where W, is the relative impeiler discharge velocity and W, is the relative impeller inlet shroud velocity.
then an increase in impeller backsweep angle will therefore result in an increase in the impeller tip blade height b,.
This relatively wider tip impeller tends to provide stability at low flow conditions since it resuits in smaller absolute
impelter discharge flow angles &, which therefore will show smaller angle variations at reduced flow. Consequently.
incidence effects will be less to thereby promote stability.

in summary. there are three features in the diffuser and impeller structures of the prasent invention which contribute
to the high efficiency, broad operating range characteristics of the present invention. First. the number of tapered
channels 31 is limited such that the wedge shaped islands 34 therebstween have a relatively large wedge angle 7such
that the occurrence of flow separation at the tips are minimized. Secondly, the vaneless space 25 between the outer
periphery 30 ol the impsller 31 and the leading edge circle 33 is limited in its radial depth such that the occurrence of
flow instabilities are prevented. In this regard. the combination of the small vaneless spaca 25 together with the solidity
of the wedges 34, create pressure fields inside the vaneless space with the gradients being more parallel with the

~dirgction of flow rather than crealing radial gradients which would tend to cause flow separation. Finally, the use of an
impeller with high backsweep. and therafore one with the wide tip impeller. a very shallow discharge flow angle. and
relatively small absolute angle variations. reduces the sensitivity of the downstream component (i.e. diffuser) to vari-
ations in flow rate and thus increases the stabie operating range of the comprassor. These results are illustrated in -
Figures 8 and 9.

In both Figures 8 and 9. the pipe diffuser 11 and the impsller 12 are identical to that in Figure 3. that is with a 60°
backsweep in the impeller. with a vaneless space whose radial depth is less than the diameter of the laperac channel
throat. and with a wedge angle of 22 1/2°. When the flow is at the full design flow level. the absolute flow exit angle ¢y
the fiow diraction is parallel to the center lina of each of the tapered channais 31 of the diffuser 11. This is shown by
the arrows in Figure 8.

It will be seen that the two intermediale arrows represent the direction of refrigerant flow as it engages the wedge
34 on its pressure and suction side. It will thus be understood from this illustration that no flow separation will occur at
the tip of the wedge 34. The absolute flow exit angle « is 12° al this fiow level.
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Relarring now to Figure 9. tha amount of flow is subistantially raduced such that the absolute flow axit angle .y is

raducad to 2°. Hare. the flow diraction is parailel to the suction sida. and thare will of course ba no flow separation.
Tha twao intermediate arraws again raprasant the diraction of flow that will angaga the wedge 34 anils suctian side 48.
Again. it will be saen that the angles are such ihat flow separation al the tip of the wedga 34 will not gccur.

Claims

1.

7.

10.

An centrifugal compressor af the type having an impeller {12) and a ditfuser (11} and being adapted for operation
ovar a subsiantial range of operaling flow conditions.

said diffuser (11) comprising a pluralily of fixed wedga-shapad channals (31) disposed circumlerentially around
and in closa proximity to the outer gerighery of said impaller (12). with each of said channels (31) having 3
longitudinai center line (32) which forms an angle with the longitudinal center lines (32) of adjacent channels
(31) of at least 1S dagrees.

said impellar (12) comprising a plurality c! blades (27) disposed in a backswept orientation.

charactarized in that said comprassor comprises inlaet guida vanes {17,

each gt the longitudinal center lines (32) is aligned tangentially with the outer pariphary of saidimpeller (12). and
the backswept biades (27) are 50 disposed that. in use. the flow exit angle («2) of the fluid which leaves the
tips of the impeller blades (27) is not mara than 20 degrees.

An centrifugal compressor as sat forth in claim 1. characterized in that said dilfuser (11) has at its inner periphery
avanalass sgaca (25) with a radial depth which is lass than the smallest diamater within its wedge shaped channels
(31).

An centrifugal compressor as set forth in claim 1. characterized in that said channels (31) each comprise two
serially connected sactions (36.37). with the first section {36) having diverging walls {38) angled at one angle and
the second section {37) having diverging walls (39) angled at a second larger angle.

A centrifugal comprassor as set forth in claim 3. characterized in that the angle between the walls in the first section
{36) is 4 degraes and the angie between the walls in the second section (37) is 8 degrees.

A centrifugal compressor as set forth in claim 1. characterized in that said channels (31) are round in transverse
cross-saction.

A centrifugal compressor as set forth in claim S. characterized in that said channels (31) are frustro-canical in
longitudinal crass-section.

A centrifugal comprassor as set forth in claim 1. characterized in that the number of the circumlerentially spacad

channels (31) is limited such that the angle between adjacent channel canter lines (32) is greatar than 18 degrees.
A centrifugal compressor as set forth in claim 7. characterized in that said diftuser {11) has at its inner periphery
avanelass space (25) with a radial depth which is less than tha smailast diameter within its circumferantially spaced
channels (31).

A centrifugal comprassor as set forth inclaim 7, characterized in that the channels (31) are circular in cross-section.

A centrifugal compressor as set forth in claim 7. characterizad in that the channels (31) are conical in longitudinal
crass-saction.
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Relarring naw 1o Figura 9. the amount of flow 15 substantially raduced such that the absoluta flow exit angla «, is
raduced to 2° Hera. the flow diraction is parallel to the suction side. and thare wilf of course ba no flow separation.
Tha two intermeciata arrows again raprasant the directian of flaw that will angage tne wadge 34 an ils suclion side 48.
Again. it will be saen that the anglas ara such that flow separation at the up of the wadge 34 will not accur
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Claims

1.

.

10.

An centrtugal comprassor of the lype having an impalier {12) and a diltuser (11) and being adapted for operation
ovar a supstantial range ot aperatng flow conaitions.

said diffuser (11) comprising a plurality of fixed wedge-shaped channels {31) disposed circumferentially around
and in close proximily 1o the outer periphery of said impaller (12). with sach of said channels (31) having a
longiudinal canter line (32) which forms an angle with the longitudinal canter linas (32) of adjacant channels
{31) ot at laast 15 dagraes.

said impetler (12) comprising a plurality of bladss (27) disposad in a backswept orientation,

charactarized in that said comprassor comprisas nlat guide vanas (17).

each of the longitudinal centar lines (32) is aligned tangantially with tha outer parighary of saidimpelier (12). and
the backswept biadaes (27) are so disposed thal. in usae. the flow axit angte (a2) of the fluid which laavas the
tips of the mpalier blades (27) is not mora than 20 degrees.

An centrifugal comprassor as set forth in claim 1. charactarizad in that said diffuser (11) has at its inner paniphery

avanalass sgace (25) with a radial depth which is lass than the smallest diamater within its wedge shapedchannels
(3%).

An centrifugal compraessar as sat forth in claim 1. charactarized in that said channels (31) each comprise twa
sarially connected sactions (36.37). with the first saction (36) having diverging walls (38) angled at ona angla and
the sacand saction (37) having diverging walls (39) angled at a second lacgar angla.

A cantrifugal comprassor as sat facth in claim 3. charactacized in that the angie betwaen the walls in tha first section
(36) is 4 dagraes and tha angle batween the walls in the secend sactian (37) is 8 dagraees.

A cantnfugal comprassor as sat farth in claim 1. charactarized in that said channals (31) are round in transverse
crass-saction,

A cantrilugal comgrassor as sat forth in claim 5. charactarized in that saig channels (31) are frustro-conical in
longitudinal cross-section.

A cantrifugal comprassor as sat forth in claim 1. charactaerizad in that the numbar of the circumterentially spacad
channaeis (31) is limitad such that the angle batween adjacent channal canter lines (32) is greater than 18 degreas.

A cantrifugal comprassor as set farth in claim 7. characterized in that said diffuser (11) has al its inner periphery

avaneless spaca (25) with a radial depth which ig lgss than tha smallest diameter within its circumferantially spaced
channais (31).

A cantrifugal comprassor as sat forth in claim 7, charactarized in that the channals (31) ara gircular in cross-section.

A centrifugal compressar as sat forth in claim 7. charactarized in that the channals [31) ara conical in longitudinal
crass-section.
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CENTRIFUGAL COMPRESSOR WITH HiGH
EFFICTENCY AND WIDE OPERATING RANGE

ABSTRACT:

A pipe diffuser (11) is used in a centrifugal compressor in
such a way as to obtain high eff:l_.ciency over a broad
operating range. The number of channels in the piﬁe diffuser
(11) is 1limited such that the wedge angle is relatively
large and ‘therefore not susceptible to flow separation at
the leading edges thereof. The vaneless space between the
impeller (12) and the leading edge circle of the diffuser
(11) is limited in its radial depth such that the flow
separations are further inhibited. Finally, the impellexr
(12) has a relatively high backsweep such that the absolute
flow exit angle is zrelatively low, thereby reducing the
sensitivity to lower flow conditions.

FIGURE 3.



