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[57] ABSTRACT

A supersonic centrifugal COMPpressor comprises a rotor
located in a housing having a fluid intake eye. The
fluid (air for instance) successively travels through an
intake region wherein the rotor has a small number of
blades which deflect the fluid tangentially by a small
amount only, then through a compression region
wherein the rotor has a higher number of blades pro-
ducing tangential and meridian flow deflection. Last,

the fluid flows substantially radially with respect to the
rotor into a stationary diffuser.

11 Claims, 4 Drawing Figures
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1
SUPERSONIC CENTRIFUGAL COMPRESSORS

BACKGROUND AND SUMMARY OF THE
INVENTION

The invention relates to supersonic centrifugal com-
pressors and more particularly to compressors which
are adapted to provide a large flow rate which is large
as compared with the front dimensions of the rotor.

A conventional centrifugal compressor COMPrises a
rotor consisting of a disc secured to a shaft and pro-
vided with blades and mounted in a housing comprising
a diffuser. Fluid enters through an axial daperture mn the
housing (or two apertures in the case of a double-flow
compressor) and 1s accelerated by the blades. after
which 1ts pressure increases owing to slowing down
with respect to the blades and owing to centritugation.
On leaving the rotor, the fluid has considerable kinetic
energy which is recovered in the form of pressure in the
diffuser. There arc numerous known kinds of diffusion
systems, the most widely-used being the vaneless dif-
fuser and the vaned diffuser when the intake flow is su-
personic, and the scroll.

If a centrifugal compressor is to provide a high com-
pression rate, the rotor peripheral speed must be high,
typically about 600 m/s for compression rate of about
1O 1f the fluid is air. Under these conditions. the gas
flow leaving the rotor has a supersonic absolute veloc-
ity. In the case, as before, of a centrifugal COMPressor
providing a highly specific flow rute (the ratio of the
mass flow rate to the frontal cross-section of the rotor)
and a high compression rate (¢.g. 10 as hereinbefore
mentioned) the absolute velocity at the blade tip at the
rotor intake will usually also be supersonic. When the
rativ between the peripheral radius and the intake ra-
dius of the rotor is 1.5, the relative veloceity at the blade
tp at the rotor intake is considerably greater than that
of sound, typically of about MACH 1.3. Since the flow
is supersonic both in the rotor intake regions near the
blade tips and in the diffuser, recompression shock
waves Wil necessarily occur. The compressor effi-
ciency 1s closely dependent on the manner in which the
tlow 1s organized in the shock wave regions and on the
stabitlities thereof. Furthermore., in most prior-art Com-
pressors, the tangential and axial velocities of the fluid
ut the rotor outlet are not uniform. thus reducing the
cthiciency of a vaneless diffuser surrounding the rotor
SO that 1t Is necessary, in many cases, to provide the
rotor with guide means, such as described in French
Pat. No. 7.219,200 of the assignee of the present appli-
cation, while such guide meuns are satisfactory. they
have the disadvantage of making the compressor more
complicated.

Other known centrifugal compressors (French Pat.
apphication No. 2,023,770) comprise an upstream
wheel forming an axial compressor followed by a wheel
Keyed to the same shaft and having blades separated
from thosc of the outer wheel by an axial gap for flow
stabilization. The latter approach increases the axial
length and weight of the compressor, which is objec-
tionable in acronautics, and renders it NECCSSry to na-
chine two sets of blades haaving different characteris-
tics, thereby rendering muchining more intricate and
costly,

[t1s an object of the invention to provide a supersonic
centrifugal compressor which is improved with respect
lo prior-art supersonic compressors. It is a more spe-
cific object to provide a compressor whosc ctiiciency,
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more particularly that of the rotor, is improved. and in
which a relatively uniform tangential and axial flow is
achieved at the rotor outlet, i.e. in the axial direction
of the rotor.

To this end, in a supersonic centrifugal COMPpressor
comprising a bladed rotor and a stationary diffuser sur-
roundmg the rotor and borne by a housing having at
least one axial fluid intake. the fluid to be compressed
successively travels through an intake region wherein
the rotor has a small number of blades producing a
slight tangential deflection in the fluid and a slight di-
vergence in order that the recompression shock be sta-
bilized near the leading edge on the compressing sur-
fuce of the blades and breakdowns in the flow and a
compression region. In the compression region, the
rotor has a higher number of blades simultaneously
producing tangential deflection of the fluid and deflec-
tion in the meridian plane. Last, the fluid flows through
a4 region where the flow is substantially rudial with re-
spect to the rotor.

Tthe tangential deflection between two successive
pomnts along a same flow line is the variation in the Stagp
between the two points. The stag is the angie formed by
the tangent to the flow line at a given point and the me-
ridian line of the plane which is tangent to the flow sur-
face at the same point.

The intake region is also designed to stabilize the re-
compression shock wave. In that same intake region.
the deflection along the upper surface of the blades and
the divergence may advantageously be of about 7°
Usually, the number of blades in the intake region 1s be-
tween six and twelve. In the compression region. be-
tween 24 and 32 blades can be provided, the number
being higher if the front size of the rotor is greater. As
an example, intermediate bladcs, e.g. 3 or 4 intermedi-
ate blades per main blade, can be provided between the
blades extending all the way along the rotor. starting
from the intake. In the outlet region. additional short
substantially radial blades are provided and adapted to
prevent breakdowns or stall in the flow on the upper
surface. In practice, at least 32 blades uare usually re-
quired in the outlet region. In many cases. it may be
sufficient to provide an additional guide blade in the
outlet region in the middle of cach duct bounded by
two longer blades.

The compressor according to the invention is suitable
tor use in a number of technical fields. More particu-
larhy. 1t may be used in aeronautics as o turbo-jct intake
component. It can also be used in industry. inter alia
when heavy gases have to be compressed and when it
Is important to obtain high efficicncy and/or a high spe-
cific flow rate, e.g. for compressing heavy gases. e.g,
urantum hexafluoride used in isotopic enrichment
plants.

The invention will be more clearly understood from
the following description of a particular embodiment of
4 SUpCrsonic compressor given by way of example.

SHORT DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagrammatic half sectional view of i su-
personic. compressor, showing the essential compa-
nents thereof, along an axial plane:

FIG. 2 is 4 perspective view of the compressor rotor:

FIG. 3 1s asimiplified graph showing part of the intike
of the rotor blades and the corresponding velocities di-
dgrant, and
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FIG. 4 is a simplified view along IV—IV of FIG. 1,
showing the rotor outlet and part of the diffuser.

DESCRIPTION OF A PREFERRED EMBODIMENT

Referring to FIG. 1, there 1s shown a centrifugal com-
pressor for use where maxumum reduction of the front
size of the rotor is not a primary requircment. Such
compressors may be used mainly in stationary installa-
vions. Since the rotor diameter is relatively large, the
total number of vanes can be substantially higher than
in the case of a compressor for use in'aeronautics, when
the radial dimensions have to be smaller.. |

The compressor comprises a single flow rotor 1 car-
ried by a driving shaft 2 and provided with blades. A
vaneless diffuser 5 and a vaned diffuser 6 are provided
around the rotor in a housing 3 which surrounds the
rotor and limits an intake 4. The rotor 1, which is pro-
vided with blades, draws the fluid to be compressed
(e.g. a heavy gas) through intake 4 and forces it 1INto
the vaneless diffuser, whence 1t travels into the vaned
diffuser 6 and finally into an annular scroll (not shown)
surrounding the vaned diffuser.

During its travel from intake 4 to diffuser 3, it can be
considered that the fluid travels through three succes-
sive reglons. | |

The intake region begins at the leading edge of blades
7 (FIGS 1, 2 and 3). As already stated, the flow will be
considerably above sonic speed at the blade tip at point
A (e.p. the relative speed of the fluid with respect to the
blades will be MACH 1.3) and will be only slightly
below sonic speed at the root of the blade at point B
(e.g. MACH (.9) Consequently, under started flow
conditions, €.g. during normal operating conditions, a
recompression shock wave 8a will form émd__' will be
connected to an oblique shock wave coming from the
leading edge. The shock wave 8a must be in a region
where the fluid is only very slightly deflected by the
blades and where the flow is only very slightly divergent
in order to prevent breakdown or stall therein. |

In practice, in spite of the increased thickness of the
blades from the leading edge onwards, there is a diver-
gence owing to the blade curvature, and the latter must
be moderate (more particularly on the upper surtace of
the blade). More particularly, the diffuser throat Cross-
section must be selected so that the shock wave Bu 18
kept in the mmmediate neighbourhood of the leading
edge ut the blade tip, on the compress-surface side (1.e.
near the line AC). It is known that, if the throat section
< decreased. the shock wave tends to move towards the
leading edge. Even if the shock wave is substantially
level with AC. there is no appreciable risk of surge,
since the relative flow speed remains subsonic at the
root of the blade. -

In order to obtain satisfactory efficiency, the recom-
pression shock wave 8a must be in a region in which the
fluid is only very slightly deflected by the blades, since
this minimises overspeeds along the upper surface, i.e.
the intensity of shocks, and prevents considerable
breakdown in the flow or stall. In practice, 7% may be
considered as near the optimum value for the angle of
deflection between the leading edge A of the blade and
the point C where the blade intersects the perpendicu-
lar from the leading edge A of the next blade. A diver-
gence of 7° is likewise acceptable. :

To obtain a large mass flow rate, only a small number
(about 8) of blades 7 must be provided in the intake re-
gion, so that the total thickness of the blades does not
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excessively reduce the most restricted cross-area lcft
for fluid flow. Advantageously, the blades arc narrow
and have a high hub ratio (ratio between the radn of
the blade tip and the blade root} in the intake Cross-
section. .« . | - ~

That ratio may be from 2 to 2.2. The thickness of the
blade. in an embodiment which will again be referred
to later, is e.g. 1.5 mm at the blade root and 0.75 mm
at the blade tip. The stag angle of the leading edge of
the blade tips is e.g. 60° to 65° with respect to the axis.

Since there is a small number of blades, the limit flow
rate which can be provided by the rotor can be deter-
mined relatively accurately from the triangle of veloci-
ties given in FIG. 3. The rate of flow velocity (or merid-
ian velocity C,,) can be calculated by constructing the
triangle of velocities, since the rotating speed w, and
the direction.of the fluid flow relative to the blades
(substantially in the direction of the blades in the in-
take region AC) are Known. |

On leaving the intake region, the fluid traveis into the
deflection region, in which the blades azimutally (of
tangentially) deflect the flow to an angle which 1s usu-
ally of about 58° if the total deflection at the blade tip
i of the order of 65° and if, as already stated, the de-
flection in the intake region does not exceed 7°.

The following steps may be taken in order to obtain
a large deflection together with satisfactory uniformity
of flow at the rotor outlet, where the blades are sub-
stantially radial. o o

First. the blades in the compression region dre
shaped so that they deflect the flow simultaneously in
the tangential direction and in the meridian direction.
The center line 9a (FIG. 1) is given a radius of curva-
ture defined by the following conditions: the radius of
curvature of the central :flow meridian (or centroid)
line 9a is such that the pressure gradient is zero along
a direction at right angles to the centroid line. Starting
from this line, the blade skeleton is defined by a straight
line which bears on the rotor axis and the central cur-
rent line 9a while remaining perpendicular to the cen-
troid current surface (which is a surface of revolution,
while the meridian plane has an angular position which
changes along the blade).

The corresponding equations can be written as fol-
lows:. | .

I | Sp - C® , Cos €
-— o a” — " -+ R 1 S r - l} ‘: I .]
F,=1{ {2)
Ol cls
T Vicos e de (3)

In addition to thesc equations, the following condi-
tions in respect of the central meridian or centroid line
(the line whose distance at each point from the AXIS 1S
such that it divides the flow into two parts having the
same cross-section) should be fulfilled:

__ the rate of variation in the meridian velocity, in
dependance on the curvilinear abscissa along the line
should be substantially linear or proportional,

— the rate of variation of the tangential deflection in
dependence on the curvilinear abscissa s along the me-
ridian line is s@ , with o between 1.5 and 2.

Equation (1) defines the average flow line, in con-
junction with the above-mentioned conditions. In the




3,904,308

S

equations, F, denotes the force component at right an-
gles to the blade, i.e. in the direction of the line A in
F1G. 1; the term

Cl
R

corresponds to the force produced by the curvature of
the flow surface; and the third term corresponds to the
centrifugal force, r denoting the radius at the point in
question and € denoting the angle between the axis and
the tangent to the meridian flow line. The third equa-
tion, in which C,, denotes the meridian velocity and v
denotes the absolute tangential velocity, defines the ra-
dius of curvature R. The radius of curvature R of the
central meridian line is infinite at the intake at the out-
let, € being equal to 90° at the outlet and v (the tangen-
tial velocity) being substantially zero at the intake.

For a same curvilinear abscissa, the deflections of the
blade tip and the blade root as determined by the previ-
ously-defined method of generation are different from
the deflection along the central meridian line. The co-
efficient « should be made low enough to ensure that,
starting from constructive data (e.g. the hub ratio and
the intake angle), a tip deflection is computed which
does not detrimentally affect the mechanical stresses at
the blade root to an excessive extent. If the peripheral
velocity (at the blade tip) is too high, the skeleton may
have to be generated from straight lines which are not
perpendicular to the central meridian line any longer.

Another step is to increase the number of blades. in
order to ensurc satisfactory efficiency and uniform ve-
locities in the compression region. The blades 7 extend-
ing all along the rotor are supplemented with blades 8
such that the total number of blades in the compression
region is between 24 and 32, To this end, in the exam-
ple shown, three additional blades 8 are inserted be-
tween each two blades 7. The blades 8 have a shape
which is identical with that of that part of blades 7 in
the same annular portion. The thickness of the leading
edge will be greater than that along A-B, since the
speed 1s sub-sonic. In the example considered hereinbe-
fore, the thickness and diameter of the leading edge
may be 1.5 mm at the tip and 3 mm at the root of

blades 8.

In order to simplify manufacture, the rotor can be
made in two components. A first component, compris-
ing the upstream wheel, bears those portions of the
blades 7 which are upstream of the leading edge of
blades 8. A rear part, forming the wheel proper, bears
the rest of the blades. The rotor can be machined after
the wheel and the outer wheel have been assembled.

Last, after substantially complete tangential deflec-
tion, the fluid flows through a region of substantially
radial flow which comprises that part of the blades 7
and 8 which extends until the rotor outlet and supple-
mental short blades 10 adapted to guide the flow and
prevent breakdown from occuring therein on the upper
surface of the blades.

The inner and outer walls of the rotor illustrated by
way of example in FIG. 1 are designed so that the
meeridian velocity in each cross-section taken at right
angles to the flow surface corresponding to 9u¢ in-
creases In direct proportion of the curvilinear abscissa
along the central meridian line; this result ts achieved
by providing the radial flow region with convergent sur-
faces 11 and 12. If, for example, a convergent angle of
12° 1s selected, the surfaces of the radial portion will be
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inclined at 6° to the radial direction. Of course. an
asynunetrical arrangement is possible or even neces-
sary in a double flow compressor. |

The flow speed at the rotor outlet is uniform in both
the axial and the tangential direction. Since the flow is
axially uniform, a vaneless diffuser 5 may be used
which 1s known to have a low efficiency if there is
marked non-uniformity. A vaneless diffuser has the ad-
vantage of reducing the absolute supersonic velocity of
the flow at the rotor outlet, without producing a shock.

An industrial compressor according to the invention
can include a large vaneless diffuser 5: the ratio be-
tween its outer and inner diameter can be up to 1.30.
Space requirements frequently render a lower ratio —
at most |.15— advisable. In an aeronautical compres-
sor, having a compression rate of 5 to 6 and for M ~
1.5 at the intake, the ratio is frequently limited to 1. OS
in order to reduce bulk.
~ A vaned diffuser 6 is disposed downstream of the
vaneless diffuser § and has an axial depth equal to that
of the wheel (i.e. cortesponding to the axial length of
the trailing edge of the blades). Advantageously, the
number of ducts is large, so that the bulk can be re-
duced. The leading angle can be low, e.g. between 6°
and 12 °, with respect to the tangential direction, but
mcreasmg the diffusion length for a given radial size.
The diameter of the leading edge of each blade of dif-
fuser 13 1s typically about 5 to 10% of the throat width.
The inlet of cach actual duct forms a throat having a
length which is substantially equal to half its depth, and
adapted to stabilize the recompression shock waves.
Downstream, the blades define a duct having an angle
of divergence of approximately 6° to 7°. The uncovered
part of the upper surface of each blade, i.e. the intake
region from the leading edge which does not bound a
duct, 1s preferably in the form of a spiral. The ratio be-
tween the outlet cross-section of the diffuser and the
intake cross-section perpendicular to the flow may be
e.g. between 3 and 3.5 for a divergence of 6°.

The blades can be angularly adjustable around a shaft
14 so that the throat width can be adjusted by moving
the blades from the broken-line position to the continu-
ous-line paosition in FIG. 4, in order to determine the
position for optimum efficiency.

The vaneless diffuser 5 having parallel surfaces could
be replaced by a convergent diffuser extending the
rotor ducts, as illustrated in chain-dotted lines in FIG.
1.

In the example given, the diffuser had 23 channels.
and this has given satisfactory results. A centrifugal
compressor of that type can be constructed which pro-
vides a per stage efficiency greater than 80% for a com-
pression rate between 6 and 8, if the fluid is air.

I claim:

1. A supersonic centrifugal compressor comprising a
rotor provided with at least first blades and second
blades and with a stationary diffuser surrounding the
rotor and carried by a housing having at least one axial
fluid inlet, wherein said rotor and housing limit an in-
take region, 4 compression region and a radial flow re-
gion through which the fluid flows successively and
wherein said blades each have a tip portion and a root
portion and extend continuously from a leading edge to
a trailing edge, the trailing edges of all said blades being
located in said radial flow region,

said intake region extending from the leading edges

of said first blades to the leading edges of said sec-



3,904,308

7

ond blades, said second blades being shorter than
the first blades, said first blades having a stag varia-
tion in the intake region which is such as to pro-
duce a tangential fluid deflection which is small as
compared with the tangential flow deflection in the
compression region, and having a substantial stag
at their leading edges,

said first and second blades being so shaped 1n the
compression region as to produce the major por-
tion of the tangential flow deflection and azimuthal
flow deflection,

and said first and second blades having trailing end
portions directed radially with respect to the rotor
in said radial flow region.

2. A compressor according to claim I, wheremn the

deflection along the upper surfaces of the blades be-

tween the intake and the orthogonal projection of the
leading edge of the next blade is about 7° at the tip of

the blade, and the divergence between the tips of adja-
cent blades 1s about 7°.

3. A compressor according to claim 1, wherein the
diffuser comprises a vaneless diffuser surrounded by a
vaned diffuser and the ratio of the outer diameter of the
vaneless diffuser to the rotor outlet diameter 1s between
[.15 and 1.30.

4. A compressor according to claim 1, wherein 1n the
radial flow region, the rotor has third blades whose
leading edges are located at the outlet of the compres-
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5. A compressor according to claim 4, wherein the
thickness of the first blades increases from their leading
edges up to a cross-section level with the leading edges
of the second blades.

6. A compressor according to claim 4, wherein the
rotor has from six to 12 first blades, from 24 to 32

blades in the compression region, and at least 36 blades
in the radial flow region.

7. A compressor according to claim 1, wherein the
absolute outlet angle of the fluid from the rotor is be-
tween 6° and 12° with respect to the tangential direc-
tion.

8. A compressor according to claim 7, wherein the
diffuser has vanes and the angular position of the dif-
fuser vanes can be adjusted so as to alter the cross-

section of throats of said diffuser.
9. A compressor according to claim 1, wherein the

hub ratio in the compressor intake cross-section i1s of
the order of 2 to 2.2.

10. A compressor according to claim 1, wherein the
stag angle of the leading edges of the rotor blades ut the
tip of the blades is from 60° to 65°.

1. A compressor according to claim 4, wherein the
rotor consists of an upstream wheel bearing a front
fraction of the first blades, and a wheel which carnies

the balance of the blades.
E 3 . ] % E
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