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Th1s mventmn :celates ta the shapes Bf blades

- 'far use -in: an axial-flow compressor, and. is. in-
. tended. to0 produce- a: higher  pressure ratio per

~ stage-than has hitherto-been: effected. in- this type
Heretofore; in: order. to- achieve hwh |

efficiency in machines of this type, the local gas

of machine.

(CL 230—-—122)

~ velocities entering the rotors and stators have
been restricted to less: than the veloeity of sound -

in: the gas. . This.has;meant.that: the: compression

- ;_ra,tm produced: by dn axial-flow compresser stage-
- "has been: restricted to: about:1:3.. - |
‘Tt is; an-object: of this: mventmn to prov:tde an

”f.-“1mpr0ved method for compressing gas so that a
‘large: compression: ratio: can: be: obtamed m 3,- :

iy

| j_-_':.smgle stage: and: withi high ef

iciency..

' 2 '

Gthe’r st“a',tor bladés £3 are si’mila'ri"y cdhnedtédg_;’ |

| ‘i}o the casirig 8, and the blades. 13 are spaced from
 the blades. {2 to. leave room. for a rotor 14 having
- blades. 15 constructed and arranged: to draw air

through. the passages between the. stator blades.
(2, and to discharge the air through the. passages. B
between the stator blades 3.

Fig. 2 shows the relation of one. of the rotor .

10 ' faIades 15 to the stator blades. 12 and. (3.

outer edge of the blade (5 extends close to the

- wall of the compressor casing 8, and in.the con-
~ struction illustrated. the radlal length. of . the

15

_Another-ebject is to: promde an. 1mproved blade o
- dvoids too mmd an increase in the. Cross section

shape and correlation: of blading for effecting

- larger campressmn ratws m smgle stage axs.a,ln

-ﬂow COMPressors.

. With this mventmn supersemc gas veloclty is
 used ahd- the resulting shock. waves: are con-~
~ trolled so: that high:compressor efficiency is ob="
 tained:in spite: of: the: shock.. . Tt is this: control

- of the shock. waves: that makes it possible to ob-
o 1ta:1n such: higher: pressure rises. in a. single. stage.
Features. of the invention: relate to. the blading

---:ltaf the compressor, and: the preferred embodiment
- ef the: invention- hias: blades of novel shape and
ina. partlcula,r relation W1th cne: another for ef-—-;_ o

50

 fecting deceleration- of: gas: flow against: the
back. pressure: with: control: of. the: shock Wafves

- producing: the: velocity: change.

20

. blade 15 is slightly greater foward its infake - |
| . The internal diameter. of the casing. 8. de~
_creases proportmna,tely to leave ample running

u. -

clearance. for the blade 5. This- construction

of the. passa.ge between.successive blades. 5. "Too
rgpid an increase in the passage. area.. WouId Yew

sult in dead air regions in the. pa,ssages whlch" T

. would lead to reduced efﬁclency

25

~ The. “gas. passages” of the rotor are the pas-' B

- ‘sages. bounded on. the sides by successive rotor
‘blades, on the bottom. by the surface (T of the

rotor between. blades, and on the top by the in-

- side surface ared of thé casing. across which the |
~outer ends of the blades sweep as the rotor res

- volves..

Other objects, features -and: a;dvantages of. the

__'-_inventmn will appear: or be pemted eut as the de- "
scrlptmn proceeds.. - |
- In.the drawing; fermmg a part hereef in. Wthh h

| 'llke reference: characters: mdlca;te cerrespond—_:- -
R 'mg parts in.all the: views,. - = - "
o Pigy kisan perspectwe view: of: a complessnr em-.

hadymg ‘this. invention, the casing being shown

~ in section in order. to: 111ustrate the blading.
S g 2 is a.fragmentary enlarged sectional: wew-
o 'through a. portion.of the rotor and: stator of thef
~ compressor shown. in Fig. 1. :
- . Fig. 3 is a development of the bl&dmg alang |
e the eylinder A—A. of: Fig, 2. )
~"Fhe; &x1al COmMpressor shown in. Flg 1 mcludes

' a ca.smg 8.having an inlet.opening. 9 at one-end.

- Within. the casing there is a: fixed. stator hub. 10.

~ The gas.or air enters the compressor. through the

45

The rotor can be constructed with a cy=
lindrical shell connected. with.the. tlDS of the ro-
tor blades. Such shrouds. are used on turbifies
and. axial-flow compressors for the purpose of -
preventmg tip clearance losses and. for reducmg_“
mbratmn and are well understood ifl the art,.
The rotor (4 is connected with a.driving shaft

| 35.: 18 that turns i bedrings within the compressof '

arid power is applied to the drive shaft 18 from q

- mpotor or any external source of power;

- The prmcmle of tHe invention; the shap-e' of

| “the blades, and the correlation of the blades can
B Lo Fig. 3.

best be understood by considering . the operation
in connection. with two successwe bla.des (k) an"d' |

- As the. rotatlonal spéed Gf an a?xml ﬂow cnm--
pressor is increased, 4 speed is redched at which:

‘the relative gas velocity exceeds thie Iocal speed
~ of sound af. somie point on thie blading. If the
- speed. is still further increased a shock” wave

forms. at some. point on the blading: usual‘ly bhe-

~ tween points 81 and 32, As the:speed increases

50

 annular space |1 between the inside wall of the °
ahead .of the. leading edge of’ the adjacent blade

- casing, 8 and.the. peripheral surface. of the stator
"~ hub.. . The stator has: fixed blades 12 at equi-
.'____;angular positions. around  its. entire circumfer-
- ence and the outer ends. of these bla,des are. ngz.d- "

- _gly connected to the. casmg 8.

55

o still further the shock. grows, extending further
‘away from. the bladé surfaces and eventually

15,

referred to herein. as a. “detached bow.  wave.”
These detached fbow waves existing.. ahead of," B

The -

A shock.wave. of this type which. exists up~
stream from. the lea,dmg edge of a bldde will be.




 less than 20 degrees.

.

each of theblades. eventually extend far out frem'
the cascade and form an extended wave system.

- The losses due to this extended wave system are

'D.628,768

so large that designers have avoided the cceur-

rence of supersomc velocities in order to avoid
- these losses. |

- In order to maintain the compressor efﬁmency
it is necessary to have the bow wave move back
far enough to attach to.the next successive blade

13". Such attachment prevents the setting up of
an extended wave system.

10

The amount that the bow _'Wave moves back '

along the blade I8 depends upon several difier-
ent factors. One is the blade speed. The bow
wave tends to move back as the velocity of the
‘blade through the air increases. Another factor

is the wedge angle, that is, the sharpness of the
The

leading edge of the succeeding blade 15°.

15

the blades.

L e— o wm ) _—

4 .
- In this specification and in the
claims, the term “sharp” as applied to the lead-
ing edge designates an edge in which the effec-
tive angle between the forward and rearward
blade surfaces is less than 30 degrees, and the
leading edge radius is less than 2 percent of the
circumferential distance between the leading
edges of successive blades; or the blades are made

of such thin material that the thickness of the

leading edge is less than 2 percent of the cir-
cumferential distance between blades.

The cross-sectional area of the inlet of the gas

'pass&ge between the blades {5 and 15" is indi-

cated by the plane 33. All gas passage cross-
sections referred to in this specification and in

- the claims are areas of planes normal to the

~ direction of gas flow through the passage at the

‘bow wave moves back further, at a given speed,

if the leading edge of the succeeding blade is
sharp. If the angle of the blade surfaces that
 meet to form the leading edge is greater than 90°,
it is not possible in air to get attachment no mat-~
ter how high the blade speed may become.

~Another factor affectmg the ultimate posfumn'

of the bow wave is the width of the narrowest
section between the blades, that is, the area of
cross section of the space between the blades 15

~and 1% in a plane normal to the direction of

the gas flow between the blades. If there is any
considerable reduction in section along the pas-
sage between the blades the how waves cannot
become attached to the blades.

will become apparent, it is desirable to have 2

shghtly restmcted throat between the bla,des and
to have the shock wave between the blades down--

stream of the minimum section of the passage

o between the blades.

20

location where the cross-section is taken.
As the result of the increase in thickness of
the blades 15 and 15’ downstream from the pas-

- sage inlet 33, the cross-section of the rotor gas
. passage between these blades decreases pro-

29

gressively to a throat section 34 where the cross-
sectional area is a minimum, but not substantial-
ly less than the passage entrance or inlet 33.
The area of the throat section 34 is approximate-
ly 93 percent of the cross-section of the inlet 33

" in the compressor shown in the drawing. ThIS -
- value is given merely as an illustration. |

30

For reasons that )

35

‘'The position of the bow wave is. affected also

by the back pressure ratio, that is, the ratio of
back pressure to inlet pressure. A hicher back

40.

pressure ratio opposes downstream movement of

the bow wave, but with sonic or supersonic
velocity of the air at the minimum throat sec-
tion 34, the back pressure ratio is not directly
eﬁectlve on the p051t10n of the detached bow

- W&VE

45

1f, hewever the throat sectmn 1S large enough .

- the back pressure low enough, the wedge angle_
50

small enough and the rotational speed high
enough the bow waves become attached. The

portion of the waves upstream from the cascade

-~ then nearly d1sappears and the. portmn between
the blades moves downstream and is confined en-.

tirely within the blading. This confined shock
‘decelerates the air thru the speed of sound and
in this process compresses the air efficiently.

~ Although it is possible to accelerate gas to su-

- The back pressure at the discharge: regmh 35
is so correlated with the inlet pressure and the

- rotor speed that the air flow decreases through

the sonic. velocity and undergoes normal shock

“at the region 36 just downstream from the throat

34. The gas passage between the blades (5 and
{5’ increases in cross-section beyond the throat
34, and this insures stability of the shock wave.

Although the shock wave tends to be substan-
tially normal to the direction of gas flow, it is,
in practice distorted by interaction Wlth the
boundary layers on the blades, the rotor and
the casing. Angular waves given off from the
boundary layers interact with the normal shock
and sometimes result in multiple reflections. In
the compressor of this invention, this entire nor-
mal shock complex is confined within the blade

passage in the region 36; and the term “region

of shock,” as used herein, refers to the space oc-

;_ eumed by this normal shock complex.

Tt is essential, in order to maintain high com-
pressor efficiency, that this shoeck reglon 30 is
within the gas passage, and that the normal

- shock complex is thereby confined on all sides by
- - the walls of the rotor gas passage. The blading,

55

therefore, must have sufficient chord length from
the leading edges 31 to the trailing edges 31, as
compared with the spacing between the hlades,

- so that planes normal to the gas flow through-

~ personic velocity without shock, it is not possible

to decelerate through the sonic velocity without;
having a shock wave in the gas stream.

'In the operation of the compressor, the rotor

60

is driven at sufficiently high speed to make the

relative velocity of the air entering the rotor

bla,dmg higher than the sonic velocity. The air
velocities relative to the stator blades, both in-

let and discharge, is subsonic and the design of -

the stator blading is conventional.

“The blade surfaces at the leading edge meet
- in an angle less than 30 degrees and preferably
In the ﬂlustrated embodi-

6o

out the region of shock is bounded on both ends
by the blade surfaces; and it is important that
this be true at the top as well as at the lower
ends of the blades where they connect to the -
body of the rotor, and are closer together than

- af their {ips.

In order to reduce the 1nten51ty, and hence_

“the energy losses, in the normal shock complex

at the region just beyond the throat <4, the

- rearward surface of each of the blades 5 is
-~ Iade with a concave portion 39 for a short dis-

70

ment of the invention the blade faces form an

angle of approximately: 10 degrees at the leading -

edge. The leading edge thus forms a sharp

' - wedge S0 that bow waves can become a.ttached to-

75

tance back from the edge 31. This concave
region originates compression waves which re-

duce the velocity of the air smoothly before the

air reaches the region of normal shock. These
compression waves will thus reduce the inten-
sity of the shock e,nd the losses tha.t £0 W1th it.



o ~ inlet section 23.

. this entails large losses.
~ desired flow conditions set. up; it 1 is'necessary that
. the air, after undergomu' these lsrge losses, be
-~ still capable of passing through the blading. If

- tor.

I’n ordcr that supersomc ﬂow into the: cascsde_

'_may be started, it is necessary that the narrow-

-~ est_section of the psssages formed by the blades.
: downstream from' the inlet section 33 be nearly
as large as the area avallsble for gas flow at the
In stsrtmg the machine, an

extended wave system is setb. up in the air and

- secs 763

T
| .61

| gas ﬂow bebween the: blacles the confrontmz -

faces of said blades dwergmg frcm one another-

 in’ the direction of gas flow: for at least a pore

tion of their length between: the parallel planes
3. A supersonic axial-flow compressor com-

- prising a cascade having angularly: spaced rotor .

- blades with sharp leading edges-at -acute-angles

In order to have the

10 '
- said blades increasing in thickness along the por=

‘a.throat with considerably less air flow area than

.. the 1n1et sectfcn 33 were mcluded in the blade

.....

{5 get thr‘ough this’ throst 111 the startlng con-f"
- dition, and the desn'ed ﬂow cond1tlons could.

~ notbesetup. .
- It will be understood that the blades 15 of

~ charge side of a rotor. ‘that delivers the gas to

 -the downstream stator blsdes ol supersonic ve-
~locity. 'The relative veloclty of ‘the blades and -
- gas is the 1mpcrtant consideration whether or
- not the blades are moving in space. ‘The term
“cascade” is used herein to deagnate a - circle of

|
Tt

to the- plane of rotation- of the rotor gnd with

a2 concave surface on the rearward faces of thef
blades just beyond their leading-edges; each- of

tion of its length that has said eoncave surface.
4 A supersomc axral flow

- disposed- at an-acute angle to ‘the plane of ro-

N -'the rotor may be used in the stator on the dis- R

20

- supersonic Veloclty, said compressor comprising

blades whether secured to a rotating or sta-

tlonsry part of the apparatus. In any event, the

. blading offers the advantage that the gas hav-"
~ ing supersonic veloeity with respect to the gas
~ passages can decelerate to a subsonic value with

. the 'shock waves. conta,med entlrcly within the

B jblsde passages.

In the case of statmnary bladmg the forward

- .___'__-and rearward: surfaces of the blades are the_-
- surfaces corresponding to the forward and rear-

: -_wa.rd surfaces of the blades when used on a ro-
The direction of the air entering the pas-

-:'{_ sages between the blades has both an axial and

.~ a tangential component, and the direction of
the tangential component is toward the for-

‘tation of the rotor throughout the entire length
- of the blade and having a concave surface on its

rearward face just beyond the leading edge of

the blade, each of said plades increasing in thick-
‘ness along the portion of its length that has said

concave suriace. |
d. An axial-flow compressor for gas ha.vmg

a casing and a bladed rotor that rotates within
the casing with running clearance between the-

blade tips of the rotor and the inside surface

- of the casing, said rotor having blades of suffi-

cient chord length to enclose a gas passage in =~
a0

which g plane perpendicular to the gas flow

- through the- passage mtersects the confrontmg: "

ward surfaces of the blades. and awoy from thEII' |

- rearward surface.

. .The preferred. embodiment and method of this
| mvenmon has been illustrated and described, but
changes and modifications can be made and some

features. of the invention can be used in differ-

- ent combinations without deportmg from. the .
N mventmn as defined in the clalms A

I claim ag my 1nvent1on

- . 1. A supersonic: compressor mcludmg a cas-—'_
e -'ca,de of blades, angularly spaced from one an-
- other around a surface of revolution, said blades
-_hs,vmg sharp leading edges which are disposed
. abt acute angles to a plane normal to the axis
of the body of revolution gnd bemg of sufi
- chord length so that successive blades intersect

cient:

45

40

- faces of the blades that form the gas passage
| s,long a region of the passage where the blades
- are. shaped to. provide first a throat and then
5 a region of expanding cross-section in the di-
rection of gas flow, the blades having concave

surfaces on their rearward faces at regions
spaced a, short distance beyond the leadmg edges

of the blades for controlling the gas velocity,
‘each of said blades increasing in thickness along
‘the portion of its length that has S&ld conca,ve_ -
surface. | - -
6. A supersonic axial- ﬂow compressor com- -
prising- a stator, a rotor, and blades on the ro- :
tor having leadmg edges forined by forward. and o

rearward hlade faces that meet in an effective
angle of less than 30 dcgrees and with the bi-

- sector of such angle at an acute angle to the |

plane of rotation of the rotor, the rearward

50

Gt
N ) ¢

common parallel planes that are ‘spaced from

one: another by a substantial d1stance and that -

~ are normal to the direction of gas flow between -

 the blodes ‘the confrontmg faces of said blades

o dwergmﬂ' from one another in the direction of
- 'gas flow for at least a portlon of thelr length-
o between the parallel planes.

60

faces of the blades just behind the leading edges'

being concave for controlling the velocity of

flow, each of said blade,s increasing in thickness
along the portion of its length that has said

concave surface and successive blades of the ro- :
tor being of sufficient chord length to intersect

common parallel planes that are spaced from
one another by a substantial distance and that

~are normal to the direction of gas flow between
said blades, the confrontmg faces of said blades .

diverging from one a,nother in the direction of

 gas flow for at least a portmn of their length
_between the parallel planes. - |

2.'A supersonic axial-flow compressor ccm- |

pr1smg a casing, a bladed rotor supported with-

" in the casing for rotation with running clearance

85

‘between the blade tips and the inside surface of

the casing, angularly spaced blades on the ro-
- tor with sharp leading edges dlsposed at acute

"":-'.?ongles to both the axis of rotation and the plane

"';'_'é"-"--'g_sl:)aced from one another by a substantial dis-
o ___;;ta.nce and that are normal to the dlrectlon of

7. An axial-flow compressor 1nc1ud1ng a, stator |

& rotor having blades for moving gas from the '
stator at supersonic velocities with respect to
the leading edges of the rotor bledes, successive

blades being shaped to provide gag passages -
with entrances that have a cross sectmn slightly

larger than the cross-section of the passages at
70
of rotatmn of the rotor, said blades being of
- sufficient chord length so that successive blades
.. intersect. common parallel planes that are

an mtermedla,te throat region, and said blades

‘being of sufficient length so that successive
blades intersect common parallel planes that are.
spaced from one another by a substantial dis-

 tance and that are normal to the direction of

- -

gas ﬂow in the passage Just beyond the throat in -

| compressor  ¢ont=
_pnsmg a casing; a rotor withir the casing, and |
angularly spoced bhlades on the rotor; and- gach




7

the downstream 'direction ‘the confronting faces-_- _
of said blades diverging from one another in

 the direction of gas flow for at least a portion
of their length that lies beyond the throat bhut
between the parallel planes.

- 8, A supersonic velocity compresser including
a cascade of blades angularly spaced around a

surface of revolution and having leading edges

at their upstream ends and portions of greater
-thickness infermediate their ends providing sur-
faces that cooperate with confronting surfaces

- of preceding and succeeding blades to form gas

passages that decrease slightly in cross section

to a throat area some distance back from the

leading edges of the blades, and then increase in
cross section teward the .outlet ends of .said pas-

2,628,768

&t

] Number

sages, and concave surfaces on the rearward
faces of the blades upstream from seid throat
areas.
- ARTHUR KANTROWITZ
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