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AXIAL FLOW COMPRESSOR
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and Hugo K. Basch, Mooresiown, N. J., assignors 1o
Kaiser Metal Products, Inc., a corporation of California

Application December 28, 1948, Serial No. 67,732
6 Claims. (Cl 230—122) |

This invention relates to axial flow compressors for
compressing air or other compressible fluids.

A single stage axial flow compressor, as distingtished
from a centrifugal compressor, consists essentially of &
compressor casing and a rotor comprising a central shaft
or hub carrying a set of vanes or blades, the casing carry-
ing a set of stationary blades constituting entrance stator
blades and an additional set of blades which may be char-
acterized as exit stator blades, the air flow being 1n a
generally axial direction. A single stage compressor in-
cludes only one set of rotor blades associated with a set

of entrance stator blades and with a set of exit stator °

blades. In a multi-stage compressor there are several
sets of rotor blades and corresponding sets of stator
blades.

This invention relates primarily to improvements in
axial flow supersonic compressors, the compressor being
either a single stage or a multistage compressor. In a
subsonic compressor the air flow through the compressor
is such that the Mach number of the flow 1s everywhere
less than 1. In a supersonic compressor embodying the
present invention, the air flow through the compressor
exceeds a flow Mach number 1 within the rotor at its
entrance, and a shock wave is produced which is utilized
to produce compression of the compressible fiuid supple-
menting compression produced in other parts of the
- compressor where the flow is or has become subsonic.

The principal objects of this invention include the pro-
vision of rotor and stator blades forming fluid ducts for
conducting the fiuid in a generally axial direction through
the compressor, and the provision of blades of such char-
acter and so formed or shaped that the compressed fluid
is directed axially in the exit stator with a fluid pressure
substantially constant from the root to the tip portions
of the blades, the configuration of the compressor blades
also being such that the fluid velocity does not have any
radial component at any point.

Other objects of this invention as embodied in a super-
sonic compressor comprise the production of a stable
normal shock wave in the rotor, in other words, a normal
shock wave, the location of which in the rotor ducts
remains substantially constant during normal operation
of the compressor. We prefer to employ means for main-
taining the shock wave in a stable position at or near
the rotor entrance, and to provide rotor blades of such

a character that as the fluid advances from the shock
wave it 1s further compressed to provide a rotor exit pres-
sure substantially greater than the pressure obtaining at
the location of the shock wave. Thus in a preferred em-
bodiment of our supersonic compressor as much as 30%
of the pressure increase through the rotor represents the
pressure increase produced in the rotor ducts following
the shock wave.

According to one embodiment of our invention tht
rotor blades may be of such configuration and so dis-
posed with respect to each other that they define rotor
ducts gradually diverging from rotor inlet to rotor outlet
and having a length several times the minimum width
of the duct between adjacent blades. The rotor ducts con-
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stitute diffusers gradually diverging from rotor inlet to-
ward the rotor outlet whereby the location of a shock
wave 1n the rotor ducts may be stabilized by controlling
the back pressure.. In our improved supersonic com-
pressor the entrance stator blades, the rotor blades and

~ the rotor speed are such that the fluid enters the rotor with

a -velocity with respect to the rotor that is supersonic.
A normal shock wave 1s formed in the rotor ducts because
ihe fluid, flowing at a velocity that is supersonic with
respect to the rotor ducts, in progressing into or through

- the rotor diffuser passages, reaches an area of increased

cross section where the controlled back pressure is ade-
quate, consistent with the Mach number of the super-
sonic fiuid velocity, to prevent further advance of the
fluid at supersonic Veloeity In passing across the shock
wave the fluid velocity is abruptly reduced from its super-
sonic value to a subsonic value and 1ts pressure 1s sub-

~stantially increased.

A further object of our invention is to provide an axial
flow compressor which will operate as a subsonic com-
pressor at rotor speeds below the normal operating speed,
and as a supersonic compressor when the rotor operates
at its normal speed, the transition being gradual and not
requiring at any time the utilization of power in excess
of that required for normal operation of the compressor.
In general this object is attained by employing rotor blodes
forming diffuser passages within the rotor, and blade
entrance and exit angles such that streamlined flow of
the fluid is provided into the rotor and into the exit stator,

A further object of our invention is to provide a rotor
structure of such a character that vortex-free flow of the
fiuid through the rotor is accommodated to the maximum
extent.

Another object of this invention is the provision of a
supersonic axial flow compressor in which the length of
the rotor blades does not exceed a critical value, thereby
insuring maximum efficiency and maximum stability of
the shock wave produced at or near the entrance of the

- rotor.
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Our invention makes 1t possible to provide an axial
flow compressor having numercus advantages, including
the following:

a. The compressible fluid, as it flows ax1ally in the exit

‘stator ducis, has substantially the same pressure at all

radially spaced points between root and tip portions of
the blades forming the exit stator ducts and accordingly
the tendency to cross current flow from a relatively high
pressure region to a relatively low pressure region can be
avoided. |

b. Only a few stages of compression need be employed
to produce the requlred Increase In pressure; pressure ra-
tios per stage may be in the order of 1.7 to 2. 0 with hlgh
efficiencies approaching 90% or bBetier.

c. The rotational speeds of the rotor can be kept low
enough to reduce the centrifugal tension forces in the ma- -
terial to practical values.

d. The weight and cost of the compressor can be re-
duced to a minimum because of simplification of manu-
facture and the fact that the over-all dimensions may be

- reduced to a minimum for a given capacity.

e. The supersonic compressor will act as a subsonic
compressor on starting, thus eliminating the neeessﬂy for
high power starter devices.

f. The back pressure is controlled so as to locate the
shock wave at or near the entrance of the rotor and the
rotor blades are so shaped and arranged that a substan-
tial increase in pressure occurs in the rotor between the
shock wave and the rotor exit. |

According to our invention, the rotor and stator blades
are constructed or formed in the manner hereinafter de-
scribed to provide a supersonic velocity of the air at the
rotor entrance inside the rotor duct and to produce a
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standing shock wave of constant strength from root to
tip of the rotor blade at or near the rotor entrance, where-
by a part of the tota! pressure risc is obtained by shock
at high efficiency and the remainder of the total pressure
rise by diffuser action in the rotor and exit stator ducts.
Substantially constant pressure may be cbtained at all
radially spaced points between the root and tip portions
of the blades where the fluid flows axially, the blades also

being preferably formed so that the fluid velocity dees

not have any radial component at any point.

In general, the rotor and stator blades may be fermed
so that the same amcunt of energy per unif of compres-
sible fluid is transmitted by the rotor to the fiuid at the
root portion of the rotor blades as at the tip portion of
the rotor blades, with a standing shock wave oi constant
strength. at or near the rotor entrance inside the rotor,
even though the circumferential spezd of the rotor blade
tips is substantially greater than the circumferential specd
of the root portions of the rotor blades.

The required configuration of the rotor and stator
blades to accomplish this purpose may be determined with
the highest degree of precision by first selecting appro-
priate operating conditions for the entrance to the com-
pressor, and then ascertaining by thermodynamic equa-
tions for shock wave behavior, the proper angular values
of the entering and exiting angles of the inlet stator blades,
the rotor blades and t"le exit stator blades at all concen-
tric zones or regions between the root and tip portions of
the blades.

The amount of energy imparted to the fuid by the ro-
tor is a function of the circumierential speed of the rotor
and of the velocity of the filuid entering the rotor, and ac-
cording to this invention the entrance stator blades and
the rotor blades are shaped so as to provide progressively
decreasing rotor entrance velocities from root to tip to
- to compensate as compleiely as may be desired for the
increase in circumferential rotor speed between the root
and tip of the rctor blades, whereby the root portions of
the rotor blades, travelling at relatively low circumfteren-
tial speed, may impart to the fluid, entering the rotor with
its higher circumferential velocities, the same amount of
energy as the tip portions of the rotor blades, the exit por-
tions of the rotor blades being correspondingly shaped at
the rotor exit, taking into consideration the standing shock
wave near the rotor entrance inside the rotor duct, so that
as the compressed fluid flows axially in the exit stator, it
may have the same pressure at all radially spaced peints
in the exit stator.

in a compressor embodying this invention, there i1s a
pressure stage or a multiplicity of pressure stages in which
each stage 1s a combinaticn of an entrance statior, a rotor
and exit stator. In succecding stages, the entrance stator
to the next stage becomes a part of or is contiguous with
the exit stator of the plecedmg stage. Tne flow 15 axial
between stages, i. €., the flow is purely axial as the fluid
enters the entrance stater of one stage frem the exit stator
of the preceding stage. |

The rotor blades and stator blades are preferably made
of thin sheet metal. The spaces between the blades form
channels for the flow of the fluid which are either con-
verging to form nozzles or diverging to forim diffusers as
hereinafter explained.

The cross-sectional arca of the channel or duct is pro-
portional to the sine of the angle the blade makes with a
plane normal to the rotor axis. The solidity, 1. e., the cir-
cumferential spacing of the blades, determines the axial
space rate change of a*1g1e between the required calcu-
lated entrance angle and exit angle of a duct, whether a
nozzle or converging duct or a diffuser or expanding duct.
Consecutive blades are pre 'erﬂbly eguidistant from each
other at all points as measured 1n a cucumfereﬂt al direc-
tion.

‘In the axial flow supersonic compressor of cur inven-
tion, the entrance stator directs the fluid against the direc-
tion of rotation of the rotor rather than with this direction
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of rotation, thereby increasing the relative velocity be-
tween the rotor blades and the entering air thus greatly
reducing the required speed of the rotor.

In this supprsontc Con pressor of our invention the rotor
biade speed is such that hF* velocity of the air as it enters
the rotor, relative to the rotor, is above the local velocity

ThIS rctor speed may be adjusted

so z2s to obtain a Mach number of flow of any desired
amouni greater than 1. Also, the back pressure i1s con-

trolled so as to insure the production of a standing shock
wave of the desired constant sirength just at the rotor
entrance at the root and tip and very near to the entrance
of the rotor duct at intermediate points along the rotor
blade.

The angle of the blades at the rotor entrance is such
as to provide streamimed flow of the fluid from the
enfrance stator intc the rotor and the angle of the blades
at the exit stator entrance is such as to provide stream-
iined flow into the exit stator.

nccozdmg to one embediment of our invention, the
circumicrential velocity at the exit of the entrance stator
and the circumferential velocity at the entrance of the
exit stator can be kept equal. IHowever, it is usually pre-
ferred to iet the ratio of these two circumferential veloc-
ities be of such a value as to satisfy other desired require-
ments of greaier import, as will be expiained.

The angle between the airflow leaving the entrance
stator and the plane ncrmal to the rotor axis is greatest
at the tip and decreases toward the root. This progressive
change in angle tends to increase the relative velocity
between the rotor and the entering airflow from tip to
root, The entrance staior and the rotor are so formed
that the rotor puts into the air the same amount of energy
at the tip as it does at the root so that as the fluid is
directed axially in the exit stator, there will be the same
pressure and velocity from tip to root. To accomplish
this end, the direction of the air flow is bent through a
lesser angie of arc at the tip of the entrance stator than
at the rcot, the exact amount of this bending being
dﬁp-..,ﬂﬂem upon the combined effect of the thermodynamic
conditions of the flow and the strength of the standing
shock wave.

This increases the ratio between exit and enirance area
at each radius of the rotor towards the root, again prop-

iy compmsanﬂ g for the decreased rotor velocity at the
root. It also increases the amount of whirl velocity
delivered to the air flow at the root, further compensating
for the decreased rotor velccity at the root.

The angle between the airflow entering the exit stator
and a plane normal to the axis of the compressor is
largest at the tip, and decreases towards the root, provid-
ing the necessary difference of ratio between exit area and
cntrance arsa at each radius to convert the different
velocities into pressure. The general conditions above
deseribed can be repeated through succeeding stages.

In the accempanying drawings, we have illustrated ele-
ments of one stage of an axial flow compressor embodying
cur invention. |

Fig. 1 represents a diagrammatic development of a
cviindrical section taken at the root portmn of the stator
and rotor blades; 5

Fig. 2 represents a similar dlaﬂrmlmat1c development
ot a cylindrical section taken at the tip of the stator and
rotor vlades;

H1g. 3 represents an enlalged diagrammatic develop-
ment of a cylindricel section taken at the root portion
of the stator and rotor blades at the rotor entrance;

Fig. 4 is a longitudinal section of a portion of a single
stage compressor embodying cur invention;

Fig. 5 15 an elevation of a rotor blade;

i g 6 and 7 are fragmentary etevations of stator blades
cf a COMPIessor embodying our invention, and

Fig

. 8 18 a fragmentary elevation, partiy in section, of
compreasor apparatus embodying our invention.
In Figs. 1, 2 and 3 of the accompanying drawings, a
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pair of entrance stator blades are shown at 1 and 1, a
pair of rotor blades at 2 and 2’ and a pair of exit stator
blades at 3 and 3’. These Fizs, 1, 2 and 3 thus illustrate
in diagrammatic form a single stage of an axial flow
supersonic compressor and it will be understood that in
a multi-stage compressor the exit stator blades are ex-
tended to form the entrance stator for the next succeed-
ing set of rotor blades.

Figs. 1 and 2 show respectively, the root and tip cir-
cumferential sections of the same pairs of stator and rotor
blades and accordingly the same reference characiers for
the blades are used in both these -figures.

The stator and rotor blades are preferably made of
thin metal stampings (the sheet metal being of uniform
thickness throughout). All blades in any entrance stator
are identical in shape and contour. This is also true for
any rotor set or any exit stator set.

Figs. 5 to 8, inclusive, show an entrance stator blade 1,

a rotor blade 2 and an exit stator blade 3. 'The stator
blades 1 and 3 have their tip portions secured to an outer
casing 4 and their root portions secured to stationary
members 5 and 6. The rotor blades 2, 2/, etc., are secured
to a hub 7 fixed to the compressor shaft 8.
. The rotor and stator blades define ducts extending from
the root to the tip and also extending in a generally aXial
direction through the rotor and stator blades. Each set
of rotor blades and stator blades consists of blade ele-
ments bent to form ducts or channels and because of the
fact that all of the blades are identical in shape and thick-
ness each duct or channel existing between these blades
whether stator or rotor blades is also identical in shape
to any other duct lying between stator or rotor blades
respectively.

The cross-sectional ﬁow areas of the ducts formed by
the blades are at all points proportional to the sine of
the angle that the duct axis makes with a plane normal
to the axis of the rotor, regarding the blades as made
of thin material of constant thickness.

The entrance stator blades 1 and 17 are shaped to form
a nozzle or in other words, s¢ that the cross-sectional
area normal to the duct axis at the exit of the entrance
stator is smaller than the corresponding cross-secticnal
area at the entrance to the entrance stator. The duct
defined by each pair of rotor blades as illustrated in the
accompanying drawings, is a diffuser, for the cross-
sectional area normal to the duct axis at the rotor exit
is larger than the cross-sectional area normal to the duct
axis at the rotor entrance. Each pair of exit stator blades
likewise defines a diffuser, the exit of the exit stator duct
directing the fluid axially.

‘The thermodynamic conditions of ﬂOW bmween two
curved blades are such that the relative fluid temperature,
pressure and velocity conditions at the entrance and exit
portions of the duct are determined solely by the ratio of
the cross-sectional areas normal to the duct axis at the
entrance and exit respectively, |

The angle of divergence (or convergence) between any
pair of consecutive blades made of uniform thin material
is a function of the constant circumferential distance be-
tween the blades (or solidity), the angle at any axial loca-
tion between two consecutive blades of a duct either stator
or rotor being greater when the circumferential distance
is large than when this distance is small. The angle of
divergence approaches zero as the two blades are brought
nearer together.

~ The cross-sectional area of the duct defined by any

pair of blades 1s a function of the shape of the blades

whereas the angle of divergence (or convergence) is a
function of the circumferential distance between the

blades and these two factors are entirely mdependent of

each other. -
In Figs. 1 and 2, the air or other compressible fluid

1s shown entering the entrance stator duct in a directicn
substantially paraliel to the axis of the rotor, the air at
this point having a local temperature Tin, a velocity Vin
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fore and aft remains the same.
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and a pressure Pin. The air leaves the entrance stator
nozzle with a velocity Vix which may be considered to
have an axial component Vixe and a circumferential com-
ponent Vixe.

It will be understood that the rotor section or element
1l]ustrated in Figs. 1, 2 and 3 is moving in the direction
indicated by the arrow A, with respect to the stationary
entrance stator and exit stator, and in Fig. 1 the arrow u
represents the reverse of the circumferential velocity or
linear speed of the root of the rotor blade.

The velocity of the air entering the rotor Van is the
vectorial sum of the velocity Vix and the reverse of the
rotor speed . 1If the rotor speed at the root is sufficiently
great this velocity Van relative to the rotor is SUpersonic
in value,

It will be shown that this supersonic velocity will pro-

duce a shock wave somewhere in the rotor diffuser duct,

Its position being controlled by the exit pressure in the
exit of the rotor duct which, in turn, is controlled by the
This pressure is
adjusted to locate the shock right at the rotor duct
entrance at the roof, |

‘The greater Vix and u« are, the greater will be the
Mach number of flow at the rotor duct entrance and con-
sequently the greater the strength of the shoc:«: located
there,

The ratios of the velocities, temperatures, pressures,
and total pressures fore and aft of a shock wave are func-
tions of the shock strength alone, the total temperature
By means of the knowi-
edge of these ratios, the velocity, temperature, pressure,
and total pressure aft of the shock wave may be deter-
mined when the velocity, temperature, pressure and total
pressure are known in front of.the shock. Conditions
just in front of a shock wave are designated with a
subscript s and conditions just aft the shock by a sub-
script s with the quantity “primed.” Thus V2s denotes
the velocity just in front of a shock and V’zs the velocity
jusi after the shock.

The supersonic velocity just in front of the shock sud-
denly diminishes to a value which is subsonic just aft of
the shock. The local temperature just in front of the
snock suddenly increases just aft of the shock.

These changes do not take place at 100% efficiency; in
other words, the transition is not isentropic although it
18 adiabatic. However, the efficiency is high, higher than
obtaining the same pressure rise through diffuser action
where the diffuser duct efficiency factor is taken into
account. For example, through a shock of strength
M2s=1.4 the static pressure ratic increase is 2.12, or a
pressure of 1 atm. in front of the shock becomes a pres-
sure of 2.12 atm. just after the shock, this rise being
obtained at a pressure recovery efficiency of 93.5%.

From just aft of the shock at the entrance to the rotor
the flow is subsonic. The subsonic flow equations deter-
mine the air conditions at the rotor exit, for a given area
ratio between the rotor duct exit area and the rotor duct
enfrance area. -

The air leaves the entrance stator nozzle at an angle
with respect to a plane normal to the rotor axis, this
angle being designated oax in Fig. 1, and it will be noted.
that the direction of the air entering the rotor duct at
the rotor entrance, as indicated by the arrow Von is
parallei to the rotor blades at this point, thus providing
streamlined flow into the rotor. In other words, as the
air enters the rotor duct which is travelling at high speed
im the direction indicated by the arrow A in Fig. 1, the
air 1S not Immediately subjected to any impact by the
rotor blades. The velocity of the air entering the rotor,
with respect to the rotor, i. e., Van is supersonic. The
rotor duct at this point is a diffuser, or gradually enlarg-
ing passage, and, if the back pressure is adequate, a shock
wave is formed at or near the rotor entrance. The velocity |
of the air is now diminished from just in front of the

shock (Mazs) where its velocity is Van or Vas to a new
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value Va2’ which is in the same direction as Vzs and of

a magnitude determined by the shock strength. Similarly,

the guantities Tas’, P2s’, Pres’ are determined from the

shock wave formulas.

As the air now progresses in the rotor duct, however, its
direction of flow is progressively changed by the curved
rotor blades, the air being discharged from the rotor
duct in a direction indicated by the arrow Vax (relative

to the rotor). The air discharged from the rotating rotor

ducts enters the stationary ducts formed by the exit stator
blades and the direction of flow into the exit stator is
represented by the arrow Vin which represents the vector
sum of the vector velocity Vax and the rotor circumfer-
ential velocity u.

"~ The air entering the exit stator in the direction indi-
cated by the arrow Van flows parallel to the exit stator
blades at this point, thus providing streamlined flow 1mto
the exit stator. The air entering the exit stator may be
said to have a circumferential velocity component Vine
and an axial component Vsna.

Five independent conditions determine the construcs
tion of the supersonic compressor, as follows:

1. The flicht Mach number of the compressor or Mo.

This number indicates the ratio of the velocity of the
compressor relative to the air it is compressing, to the
local velocity of sound in the still air. 1t thus is dependent
upon the flight speed of the compressor Vo and the tem-
perature of the still air. The pressure of the still air
may be assumed to be 1 atmosphere in all cases, because
if the compressor increases this pressure to any other
value, then this initial pressure, differing from 1, will be
increased in the same proportion by the compressor.

If the compressor is at rest in still air, the value of
Mg is zero. If Mo is zero, then To is Tm1 and Po 1s Pr1.
If, actunally the compressor has a relative velocity with
respect to the air, then Mo is not zero, and

—2

T’Pl == Tﬂ"f‘v—}'-“g"
and

m 3.5
P =Py *ﬁ)

2. The strength of the constant standing shock Moas

wave at or near the entrance to the rotor duct. Mas 18
preferably between 1.2 and L.3.
3. The angle «on (which is «3s at the root). a2n 18

preferably between 10° and 30° at the root.

4. The ratio of the area of the exit of the rotor duct
at the root to the area of the entrance to the rotor duct
at the root; 1. ¢,

This value is chosen at values low enough to give good
subsonic diffuser efficiencies.
tween 1.5 and 2.5 are appropriate.

Since the areas are proportional to the sines of the
angles the axis of the duct makes with a plane normal
to the axis of the compressor, this condition amounts to

AE T _ Sil}. ﬂig:;
.ai'{i 1 Sin Cﬂz 1,

and since aan is given then a2z may be determined.

5 The ratio of the area of the exit of the exit stator
at the root to the area of the entrance to the exit stator
at the root, 1. ¢.

fj—ﬂm
Aan

fj.am___SiIl ﬂfam Sill gﬂﬂ'
Az, sin oz, SIN agq
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The ratio

Asa
A3ﬂ

is preferably between 1.5 and 2.5.

The above five conditions thus determine the following:
Mo, Mas, a2n, a3x and «s3n.

As hereinafter explained, the root rotor velocity ur
which will satisfy these data is given by the equation

KT py

and this determines «an.

==

Uy =~ S_.inﬂ X .1_‘—,82:: 2 Sin Q34 COS a2n‘A+1
| Sin? (ﬂg:“l‘ﬂmn) B Sin (&23‘1"&311)
where
Az___l"'ﬁ.%' 3211
ﬁﬁ'z 1+62H
and

Eﬂ

5 AT _K

T T

as hereinafter explained.

All velocities, temperatures, pressures and flow Mach
numbers are determinate as soon as ur is found.

The total temperature TTi1 at the entrance to the en-
trance stator is

T_ff
¢

1f V=0 Tpn=T, (say 520°R)

The above equation is derived from the conservation
of energy equation, sometimes called Bernoullis’ equa-
tion, where the constant

K=2J,C,=12000
=5k, R

J being equal to 778, the mechanical equivalent of heat
in foot pounds per B. t. u.; g equals 32.2 the accelera-
tion of gravity in feet per second per second, and Cp
equals .24 which is the specific heat of air at constant
pressure in B. t. u’s per ° F. per 1b. of air. k& is the
ratio of the specific heats of air, viz.

Cy
C,

the specific heat at constant pressure divided by the
specific heat at constant volume. R is the gas constant
for 1 Ib. of air and is equal to 53.3, as used in the gas
equation

r I i
py=T"g

Py=RT

where v is the specific volume of the air in cubic feet
per pound and P is the pressure in pounds per square foot.
The total pressure Pri is found from the adiabatic rela-
tion between pressure and femperature

3.6
PT1=P{] %?)

where
3‘54_'10—1 when k=1.400
The circumferential velocity component of the air
leaving the entrance stator 1s |
Tro—Tr ) K o
VI:.:{:""" ( T2 ‘Tl) Il (A)

This can be proved by combining the general energy
equations

L

7

’ | |
T.T2=T1:::+ Kn_ (1)
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and
7 2
— | 1z (2)
TTI Tl:.:.+ K
By subtraction
A, S
(Tr—Tr)K=Vs, —V;. (3)
With the geometry in Fig. 1
_ ?_2:2=V132+52+2uV12 ¢0S a4 (4)
and | |
| V]a:. COS ff-lm=vlz:c | (5)
sO that .
Von =Vis +u +2u Vs (6)

Substituting in (3)

(T ro— TTI)K=EB+'2%V1:=¢

Solving for Vize gives Equation A above.
Likewise, the circumferential velocity component of the
air entering the exit stator is - |

(TT:;-—-TT:;)K U

— |
VBnc—' 2‘3& ) 2 (B)
Adding the two Equations A and B we find
uVizgetuViape= (TTR_QTTI)I{ (C) |
or . :
| VSnc (QTTH“TTI)K !
| —

It follows from Equation C that according to our
invention, the sum

UVixe-uVine

is a constant for any predetermined values of Tt: and
T3, this sum being exactly commensurate with the differ-
ence between the total temperature of the outgoing air
Tr3 and the total temperature of the entering air Tri.
Thus to obtain any given compression as indirectly
measured by the value of T3 there are a multiplicity of
values of Vixe and Viane which will satisfy the require-

ments. If Vixe 1s small Vane is large and vice-versa.
The above conditions determine the ratio
Vl:rc
Vﬂﬁ.c |

In a supersonic compressor the value of Vixe is greater
than Vine, and the ratio

has a high value. Since

(Trs—Tr)K
2

is a measure of the energy imparted to the air, it follows

that the terms of its equal as in Equation C are measures

of the energy imparted to the air also. The term #Vixe
is the energy relation at the rotor entrance and Vanc
that at the rotor exit. |

To have the same energy imparted to the fluid entering
the rotor from root to tip, we must have

{

| RVlmc —'_‘-01 (A constant)

r

and

'GOHstgnt)

(v 3

10

15

10
-l

10
Thus

- - t
UV 126 Vize

UV ane Vine

!

= (4 constant)

» ’

The air entering the compressor is vortex-free. If the
flow of air is vortex-free, i. e., irrotational (assuming an
ideal compressible fluid) it remains vortex-free through-
out its motion. This fact leads to the conditions that

_- 1Vixe
must be constant from root to tip and likewise _
o uVY3ne

must- be constant from root to tip for ideal adiabatic
flow.
- The weight flow of air as it enters the entrance to
the entrance stator or pounds of air per square foot per
second 1s constant from root to tip. Since the air flow
across the compressor is vortex-free there will be no
cross flow, otherwise this condition would be violated,
and the weight flow computed at any station of any duct
must show the same value of weight flow as at the en-
trance to the compressor. |

A compressor designed to ensure this condition will
compress the fluid with greater efficiency than any other

- design. This is true of the subsonic compressor as well

30

40

45

50

as the supersonic compressor. -

A standing shock wave of given strength may be stably
held at any desired section of a diffuser such as the rotor
ducts of our design. Its position is controlled by the

- pressure Psx, the discharge pressure of the compressed

air.  On the other hand, a standing shock wave of given
strength cannot be held stably in a nozzle by the control
of the exit pressure. It suddenly pops out the larger end
of the duct. In a compressor this means that if a portion
or all of each rotor passage forms a nozzle in which a
shock wave is produced, its location would not be stable
and it would pop out and be dissipated. - |
. The calculations for flow through nozzles and diffusers,
whether subsonic or supersonic, are based on the fol-
lowing considerations:

Bernoullis equation for adiabatic flow between two
stream tube stations 1 and 2 may be expressed as

where
12
bkg R,
1s the impact pressure rise of a compressible fluid when

- its velocity V is arrested.

55

60

65

70

76

‘The above equation shows that the total temperature

—2

_m 1 Ve
| TTz—Tz'l‘-K-—
1s the same as the total temperature
| -2
4
We may write the equation further as
T+ AT =T, 4+AT, (15)
where '
L —_[-;_-2
ﬁT-—-‘"—‘-—f (16)
rT1(1+—4—2~1—1)=T (1 +9-—71?) . (17)
| T ? T,
or ' o
TT1=T£¥'2 (18)
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We define a quantity g as

e

A
AT K
— 19
p=" =7 (19)
so that (17) becomes |
| - Tl+8)=Ts(1+B8:)=Tr (20)
Since the Mach number of flow M is defined by
Ctre |
Mr=" (21)
a
where g is the local velocity of sound, and
at=kgRT =§-5Z (22)
it follows that
7
1%&; K |
rF— g 23
M R RT 5T 5%6) (23)

The adiabatic relation between temperatures and pres-
sures 1S

P, ’T1)3.5
B, \T, (24)
giving
Pi(1481)35=P3(1+B)3 2 (25)

" The air velocity V1 is related to T and T1 by Bernoullis
squation

Vi=yVEK(Tr—T1)

as seei} from (14). |
The continuity equation for equal weight flow through

the two sections 1 and 2 is

(26)

(27)

where A1 is the entrance area, Az the exit area and p, and
p, the weight densities at the entrance and exit respectively.
The general gas equation gives |

I

- ——r—

pL—= RTl
which substituted in (27) gives

AViPy_ APy _AVaPs
RT,  RT, RT;

While it is always true that the total temperature does
not change throughout the flow, it 1s not true that the
total pressure is consant throughout the fiow. For ideal
flow

w=A1V1p,=A2V2p,

£y
RT,

and po=—

tc.

— (28)

Pro=FPr

but for non-ideal flow, i. e., flow with friction and/or :

with a shock wave existing in the tube
Pro<lPm

In any case, if the tube efficiency is known and has

a value e then
Pro—=ePri-(1—e) P21
If there is a shock of known strength, then

(29)

is purely a function of the shock strength alone.
~ If Equations 20, 25, and 26 are substituted in 28 and
obvious simplifications made, there results, in general

B11/2 B21/2
(1481)% (148.)3

Wwe now deﬁﬁe o, a function of g alone, as

51/2
=1+ 8)8

APy = Aq Py (30)

5

19

20

o
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then (30) may be written

- A1Pr1¢p,=A2PT120, (31)

'As mentioned above, if the flow is ideal and without
shock (31) becomes

A1p,=A2¢, (32)

It is convenient to employ a table of the function ¢
versus 8 for finding B, where Ai, Pri, 8, and Az are
known. For exampile, in such a table, .if

£=.09050 then ¢=.23198
$=.14970 then ¢=.25460
8=.10943 then ¢=.24225

As soon as B is determined, then
To=i14 (38)
Pi= (T (34)
V=R (Tr—Tq) = 1/ I{Tmi fﬁz (35)

The values thus obtained give the same w at entry
and exit, viz.,

A\ ViPy A3V P,
RT:  RT:

The equation for ur is derived for the root duct when
the five conditions mentioned above are assigned. These
conditions are Mo=0, AMas, aan’ a2z, and asn. (e12==90°
and «3z=90°.) |
Since |

w (entry)=

(36)

| |
M 28— 5B231 ﬂﬁa

is known, and ¢3zs is known.
According to shock wave theory, the B'zs just after
shock is related to the Bas just before shock by the relation

1 +623
35ﬁ23 - 1
so that 8'2s is known and hence ¢'2s.

Equation 32 then gives for ideal flow from aft of shock
wave at rotor root entrance to rotor root exit. |

6’2.5=

(37)

» 4 —_ v
SIN G230 2;—8IN CagPog
and

hgp ==

‘35’2: (38)
We thus know Ba2x (from S—¢ table) and all air con-

ditions at the rotor exit are found from (33) (34) and
(35).

The geometry of Fig. 1 shows that
o sin X3p
V3= G (ara - asn) (39)
We have also, using Bernoullis theorem as in (35)
. Vﬁm 1+6ﬂm o
T pg=— 4
and
Vol 1482 '
__ran 28 / 44\
TTE"“""' K ‘32‘- (4:1)

- Equating (40) and (41) and replacing Vax by (39) we
find |
sin? agy 1+52$_ B2s

sin? (ﬂgm‘l'&':an). B2: 1 Bae

: X A2
sin? (‘121: ~+t3n )
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where
. 2 e 1 "I‘ﬁ?f Bas
A 62m 1 +ﬁ2a

~ But the geometry also shows that, remembering that
at the root aan=was

V2nc —_— Vﬂﬂ COS 4 4) P

- sin (22
= 9} — L

A eos «
sin (age—-csn) an

and S

Vlmg: Vone—u
so that .
Sin oz, COS agy
: A=y
S11 (a2:c+&!3n)
Usmg Equation A as demonstrated in the precedmg,

TroK TnK u

_(42)

Vlmc=u'

Vize=— 2u 2 (A)
Using Equations 39 and 40 in (A) it becomes
— 2 - T

Vet SID? s (14B3:) TmK u (43)

sin? (gt ogn) 2uBse 2u

Equating (41) and (43) and solving for u2 we have
finally |

—32
urnut.:"‘:

KT 5y |
1+ﬂ2¢ 2 8in &3n COS oy
—— A-+1
B2 Sin (oz-ot3n) u

Siﬂ2 an
sin? (as;=0an)

(44)

in which everything is known. This value of ur is the
only rotor velocity at the root which will satisfy the five
conditions. For supersonic compressors Mzgs>1 and

B2s s >.2. | | |
A numerical example will clarify the procedure for
finding all conditions in the root duct. The conditions

are |
My=0 and T'p=Ty=520° R,
M,,=1.400
tgn =25H°

A2::
=2
| Azn

and

A3m
‘ Aﬂn

sin ay,==8in 25°==. 42262
| ‘Sm 0, = 2.81n a:gﬂ,-" 84524
0z==01.698°
€08 ap,==.90631
8in (cgrtoss)=sin 87.698°=. 99919
51112 (ag;g—l-agn) = ,00838
8in a3, =14 sin? az,=%

=2, hence az,==30°

My=1.4
——\/Mzu — 39200
Doy = 23213 from p—¢ table
6 2l=~10943

from shock Equation 37.
‘Then ¢’2s=.24225 from B-¢ table.

¢2z= }é¢le= -12113
. B2z=.016152 from 5—-—:;!: table

1 +ﬁ2:n 52: -
B2z 1 +ﬁ2:

1+622_ga 919
ﬁz:: .

Equation 38 gi?es

A= 42092

5

60

14
. Substituting the values in (44)
ulroot=482410

Uroot=694.56

5 From (39)
| . Sinay, .
e ) SA757
From (40)
10 N Ve 1+
T . *2:3' 521!:_'_6 .
T2 K _Bgz 33 31
Vn'_\/KT 82‘ 14 .
s T21+32, 62.9
T 1= T'ry 454.96
1+ﬁ2:
As a check |
00 .. 14629 -
Ma=Mn=5150c251.96— 1400

as assumed above
Vzm—-—Vgﬂ COS Qgp== 1325 9

2; Vl:t:c_"vznc ——631 34
Vl:m=V:3n sin 32n=618.25
Vlma
tan .= =,979
M= Vize | 27
30 a1 —==44.4(0°
Vip= 2128 _ggs Ga
Sl O » |
Tori—Ti,
a5 Biz= T = 14296
—"w/5ﬁ1m 84543
3.5
P1x:PT1 glx) =62651
| Tl
40 - |
W(1z) —-Vg%f”——%.’? 99
3.5
Pryy=Pm %ﬂj) ==1,9937
. | 71 oI
45 P’ pye=.9582 X P ry,==1.9104

This.factor 9582 comes 'froin'th_e shock for
. B2s=.3920
The formula is

P I"T (&ftlﬁl‘ Sh ) 5!2 7/3
Py (before sh.) (355 1) 1_|_3 (45)

a function of shock strength only.

50

P’T.‘h
PJ’ —
(1+B’2‘)3 +=1.3286
| - P’Tz:
Py =1.8062
== T By 8062
| Tpy o
T, — .1
~ (1 B20) 625.24
. ,_u,. sin g __
V“_'sin (ctoz+azq ) =9o87.54
65 Tk
TT3=T2#+V3H =652.01
. Van
K
70 . 63H=T2$ == 04616(712:: TJH)
| Mgn=.4804 I
| /A 3.5
i Pfa#P’Tz.(T:E) =2.1153
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If the Equations 20, 25, and 26 are substituted 1n
Equation 28

A3V 3P
RT;

(I

vaTT *""'A
VK Prs

. 5
(46)

33z == SIN W33,

=sin 90 sz =3 =.09382

using the values of w, T3, Pm, found above.
from the (8-¢) table we have

B83z=.009305

Then 10

and

(14-B32)35=1.03285 15

so that

20

and

V4. =+ K (652.01—646.00)
—268.55

.~ The air enters the entrance stator axially and leaves
the exit stator axially and accordingly o«12=90° and
a3z=90°.

Thus In the foregomg example, the root angles are
as follows:

25

30

| Imnzgﬂu -
a1r=44.40°
azn:25°
a2e=—237.698°
az3n=30°
03z=90°

The rotor blades may be formed so that at the root a
development of the blade shape is a segment of a circle
of constant radius R, and

Rl
ot

40

1

COS agn—COS Qo

If the axial blade width is taken as unity, values b may
be taken as the axial distance from entrance, b==0, to
b=1, all for the root, we can find by the above formula
the angles a2 at any value of b, as

B ==

15

il
o b -

R

From the ﬁ-~¢s relation, the ¢’z belonging to any b or

its corresponding angle a2 we have

55
¢ in blﬂ Cﬁqﬂ

Slﬂ Oln

--qﬁa

The primes denote values downstream of the shock
which is placed at the root duct entrance. The strength
of this shock Moan is given and hence fon. 60
From Bzn we find 8'2n as

1+ Bsn
35182?1"“ 1

321;

from shock wave formula.
From 8’2z we find ¢’2n from the g-¢ table.
The relatwe velocity V'z is given by

; . B
V 2 (ral) — KTTzl

7
+6 2 70
Then |
V’zc(rel,.).:-V’_z(rel) COS a2

and

= V"m(a-bs) ;?.V’zc(relj-;—ur | 75

16

A plot of these absolute whirl velocities at the root
for any particular case may be made. For example, If

1r==623.88 and w=20.897

then at the entrance there is a positive value to the whirl
velocity, and this value decreasing to zero at b==.17710,
and becomes negative for larger values of b.

If we now consider a duct at a u larger than wur, for
example at a u corresponding with a radius larger than
that of the root, the g—¢ relation gives

sin WR\/TTE(H.)
N o=
? '\/KPTB(*H)‘#’E:

| Since
T
PTZ () ﬁPTl qﬂ;ﬁ(u))
| -1
and substituting this value in the above, we find
. wR\/ﬁ T m )3
VK P piys T rou
Since |
— 3
U U
TTE(u}zTTZ (root) Er“ "K""
we find sin o2 and hence «2s and cos 025,
We then have
Vﬂl(u) (ral);‘JI{ TT2(H.] ﬁ?a
1+182.=

Vﬂac(u) (rel):‘VEa(u) (rel) Gﬂslﬂﬂa -

This is the value in front of the shock in the u-duct.
The value behind the shock is found from the shock wave
formula for velocities behind (V') when the velocity in
front (V) is given. For a normal shock this apphes also
to all components of the velocity.

Vi 148
vV 68
giving
7 _ ]- +623
V' zact) (eo) = g5 Vaacqu (ro)
Then

Vr2sc(u) (abs) == Vrﬁac(u] (rel) — U

The vortex-free condition requires that this absolute
whirl velocity in the wu-duct be situated directly over an
absolute whirl velocity in the root duct of amount

V’E:m(u) (abs) TU
.

Vf:!c () (aba) =

By referring to the plot of absolute whirl VBIOCltICS we
find for what value of b this occurs. —

For all other points on the rotor blade downstream
from this Mach line location as found above for any u,
the situation is the same as for the subsonic compressor,
except that P't2 behind the shock must be used instead of
Py in front. This contingency does not occur in sub-
sonic flow.

The circumferential velocxty component of the air leav-
ing the entrance stator is

(Trow—Trm) K _u
2u 2
and knowing Traw) we can find Vize(u).
The value of «,, for any radial point having a rotor

speed 1S _‘ o
| KTTl( T”;)—'l Y
m:_ -1 1 —
cm_ tan{ — \ T }

Vl:::c(u] —

whera
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is the larger positive root of

Tl:: le) (1_ 4 #c(u)) (’LU{B_ TTI 2=0
TTI T‘TI KTnr VK Pp |
| C - (G) 5]
and solving for o
T 12
T'm
we find Tizwy=T2n), then 10
By = L T2 Tz _ AT
Tlm(u), le(u)
and

| Mzﬂ(u)=\/532n{u) L - __
If Man) is slightly less than Mp2s it shows that a small
amount of supersonic acceleration must take place be-

tween entrance to rotor duct at x and the position of the

standing shock wave in the same duct.

It is found that as higher u’s are used, the values of
Mazn decrease from Mags and then increase again.

When the Ma2x=»Ma3ss at a point B, we have the maxi-
mum usable blade length for vortex free flow. To find

the « belonging to B, and the position of B along the .7

axial width of the blade at the root we proceed as follows:
If Mon——Mzs, then fan=P3s, and Tix for this point is
given by .

T
le'—“ 1 +B2l |
Inserting this value of Tm in the (G) formula we have
(s -
1482 T'n

(75 g’if) (1- }2;;)%‘3?2

We are using this equatlon to determine a u,, for
which Mar=>M2s which occurs both at the root (A) and at

the point (B) Let
then

I_et

root
This value of S must be constant from root to t1p and |
(TTE'—TTl)K o
1 -l—S - 2u | _
'If these quantities Tz, Vize, are substltuted in the above
formula we shall ﬁnd it to become | |

(a—i—m)“-— (a—l—x)“(l—-i) +c—--

. -
_fﬂ? o ..i}rlme.

whei'e
.o 1 - Z = a
Y (1 4Baey Tar

- —2

w - ~d
K TTI (1'|‘52;)
‘LUR‘\,/TT1) — g

| VK Py
st ()],

1 +52=

=T

15

30

9

40

-
&It

65
" ward the rotor entrance.

i

75

 blades.
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For example, let . =~

| - T1r1=3520
Tr3=628.48

Z as found in root duct caluclation, and constant
from root to tlp,

U,

- = =597.90 
' _Vlm::_74:9.-2_2___ -
SV ome 27405 21200
c=.012007
a=.84266
| d=.0041113 |
The equation 1S then S
(.84266+2)8— (. 34266-+2)°1 - 004;”3+ 01201=0
where |
| —2 —2
U U
* 712000 X 520—1.3645 SET4500
A few trials for u« around 925 will give ut=923.6 for
x=.100186
Then )
TTg(ﬁp)“——"'f)g'?.gO 92}-?26 =668.99
T T K Ug;
Vave teod t10= ( T2(ti;)u 71) SR t p
tip |
148 99><6000
= 0236 +461 8
== 1429 69
L - 1.3645 N
' V’Elc (rﬂl)(tip)=1429 69=2 1870=892 00 |
V 28¢ (abn)(tm)—892 00 923 6—31.60
—31.60 X 923.6
v 2c(aeu)_(mqtj = 623.88 =046.781
This value of V’2c(abs)(root) Occurs at b==.247.
The Mach line then starts at b=0 at the root and ends

at b=.247 at the maximum utip==923.6.

Fig. 2 of the drawings shows how the entrance to the
rotor tip is displaced downstream with respect to the
entrance to the root portion of the rotor. In Figs. 1 and
2 the line L indicates the point at which the fluid leaves
the entrance stator and enters the rotor at the root and
the line L’ indicates the corresponding point at the tip
and in Fig. 2 it will be noted that these lines L and L’
are separated or displaced by an'amount 5. Under nor-
mal operating conditions the shock line, indicated by a
wavy line normal to the rotor duct pasage in Figs..1, 2
and 3, substantially intersects the edge of the rotor en-
trance both at the root and at the tip, and at intermedi-

-ate-points it is slightly displaced in the downstream di-
_rectlon from the rotor entrance by.an amount sufficient

to produce area ratlo equal to

Slll C!g.

at the rate of convergence of the duct at the shock to-
The preferred shape of the
rotor blades, with their entrance tip portions- displaced
downstream with respect to their entrance root portions,
is diagrammatically illustrated in Figs. 4 and 5, and Fig.
6 best illustrates in diagrammatic form the preferred
configuration or shape of the entrance stator blades,
showing how the tip portions thereof are displaced dowh-
stream with respect to the root portions thereof to ac-
commodate the corresponding configuration of the rotor
Portions of the entrance stator blades designated
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by the reference characters @ and 9’ in Flgs 2 and 6
constitute straight duct ‘sections having parallel walls
defined by the entrance stator blades, these straight pas-
sages serving to interconnect those portions of the rotor
ducts displaced radially outward frem the roet ‘portion 5
of the rotor with the corresponding converging or nozzle
portions of the entrance stator ducts, these nozzle sec-
tions of the entrance stator ducts extending from the

entrance to the entrance stator to a plane normal to the
axis of rotation and coinciding with the line L indicating i

the point of separation between the root portion of the
entrance stator exit and the root portion of the rotor en-
trance.

As soon as ut has been determmed the calculations

for aix, «on, ozx, a3n may be made for any desired u 1j
equal to or less than ut.
For any such u,-the Vixe for that valu..... is glven by
the vortex-free condition |
V]m r'ur g
lec(“}= i 20
U
Similarly, the
V - V3ne'r ‘!L
3“6 ) R
(u) h ok
Again
—2 .,
Tri=Tr—g +%
We shall now._ derive. equatlons defining the proper 40
angles for all desired w's, or at any radius along the
blades up to the radius correspondmg to ut.
We have (for air) |
pepn(TE) 3
Pi=P
S Tl TTI
the well known adiabatic relation between préssure and
temperature. o
e T
Vie =K(T r1—T1z) 40
P
ZKT (1 — )
T1 TTI
By the geometry of Flgs 1 and 2

| _ len"" Vl:e "_'Vlme
‘and we have

50
Usmg the centmulty equatmn

VlzﬂPlx
= RTI::

Elll"al:ﬁVIIPlf
RTI;:

w._

"becatise
Vl;ﬂﬂ - Vi.:. Sln 111:

Subst1tut1ng the above valies ‘of Pix and Vm 1n the
‘above equation for w, squaring and rearffanging, we

have 60

e . 2
(Tlm)ﬁ_ Tlm)ﬁ 1__;,-111“2) , ( w BVTmY
T 7 T 1 KTm VK Py o
o ' (G) 65
‘Also, sirice
t&ﬂ o Vizﬁ 70
_""and dmdmg the “above equatmn for Vixa by Viie w
have
Cnem e e | % A
G )
VI::e b T5

20

where
Tz

T T‘I)

'is the larger positive real root of G, and hence «ix is

determined.
Similarly, we find

tan “e:; (] Th) - %h (H)
where 1
{ Tsi
| T:ﬁe)
is the larger positive real root of
Tz:) | Tﬂm) (1__(U““V3ne)3)+
T Ty KT ry
“’R‘/T“) -T-ﬂ)°=0 )
- VK EPp/ \Tr
by iie of
3 ﬁ
PT, =Ty g:f)
where
P’ T2 5;2 605, N7
~ Pora, (35152::'"1) 1+Bz;) |

and a9x is thus detemuned
Again, in a similar manner we find

KT’I‘2 ( Tlm) 1 %M 2T
(u-- Vl:r-e) T 74 (K)
| T‘lr..)
| TT2 |
1s the smaller pos:ttlve real root of

Tm) )(1 _(_?-6+V1m) ~
T 7o TT2 KT 7 |

‘IUR‘VTT1 ? T 8
'\/-I?PTI) (ﬁi) =0 (L)

tan a,,= ;

where

and oon Is determined.
We have also

tan azn== {K___TE;S( 1— g%) —1 }%
V:in_,e T3

where

is the larger posnwe real reet of

TE:: Tz.r.) ( “*"“"YBne )_I_(WR'\/TTI) (TTI
T'rz Trs T KTr VK PHE T'rs
and «3n 1s determined.

The angle «i1x and the cerrespondmg rotor angle o2n
producing streamhned flow “into the ‘rotor, are seen to

be related by the geometrical equation (see Flgs 1
and 2): .

e Vige
tan din=¢ +;1 tan a;q (65)
e o o
N o Y
w300 Ttan ay,
| e Vin’e '
and also |
tan mg,;:ﬁ'__;: tan osy (66)
: ne
=270 tan aiy
V?:e
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In the equations G, J, L, and N, the exponents are
simple whole numbers (6, and 5) because of the value
used for k=1.4. However, if k is not equal to 1.4 there
will be a similar equation with exponents

| .
- (67)
instead of 6 and
2
51 (68)

instead of 5

All of these equations G, J, L,
form

and N are of the

xﬁux5b+c#0

b is a quantity slightly less than 1 and x is a quantity
less than 1.

There are four consecutive missing terms in the equa-
tion and accordingly there are two pairs of conjugate
imaginary roots, and there are two posﬁwe roots; one

larger than
5

——

6
for equation G, and one smaller than

o

6

A close approximation to the root of. any of these
equations is found from

b — 6¢
z (approx. )—1 =

A trial or two will give an exact solution. For example,

x6—x°(.98165) +4.01000=0

has an approximate root

.98165—.06
-z (approx.) = Y

-_The exact root found by a trial is
| x(exact)—-—- 97001

The exact value of the exponents does not affect this
approximation to any great cxtent.

It will be noted that two of these equations G and N,
are simpler to use than the ones containing TT2, and are
sufficient to determine all angles using Equations 65 and
66. The angles determined by these equations; viz.,

=.,97017

a1n==90°, a1z, a2n, a2, a3n, and «32=90° give the struc-

ture required and will insure a constant weight flow across
the compressor from root to tip of the blade without cross
flow and produce a pressure at the exit of the exit stator
Wthh is constant from root to tip.

All centrifugal forces and pressures of the air are in
perfect balance as the total temperatures and total pres-
sures satisfy everywhere the vortex-free conditions.

As explained. above, the location of the shock wave in
the rotor ducts is controlled by what may be called the
back pressure on the shock wave or in other words the

pressure obtaining in the rotor duct downstream of the

shock wave. This back pressure can be varied by con-
trolling or regulating the pressure downstream of the
rotor, for example at the exit of the exit stator or in'some
portion of the compressor apparatus communicating with
the exit to the exit stator.. As an illustrative example we
have shown in Fig. 8 a compressor apparatus or installa-
tion embodying our invention wherein a pressure control

valve 10 of any well known type may be adjusted as de-
sired to control the compressor back pressure, it being
understood that the details of the valve construction. con-
stitute no part of this invention. In general, any adjust-
.able valve mechanism or means for controlling the value

of the pressure P3_ either directly, or indirectly as by con-

trolling the pressure downstream from the exit portion of -
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the compressor exit stator, may be used for controlling-or
regulatlng the back pressure whereby the shock wave is
located in the desired posmon near or at the entrance to
the COmMPpressor rotor. -

It is to be understood that our invention is not limited
to the specific embodiments thereof described above ‘in
detail as illustrative examples of the invention but in-
cludes such modifications thereof as fall within the scope
of the appended claims. In the appended claims the
various angles specuﬁed such as the entrance angle to the
rotor a2n, the angle in the rotor duct «2s, the exit angle of
the rotor blade «2,, the exit angle of the entrance stator
aix, the entrance angle of the exit stator «3n and the in-
termediate angles «1, a2 and'ag, are all angles with respect
to a plane normal to the axis of the rotor -

We claim:

1. An axial flow fluid compressor comprlsmg entrance
stator blades, rotor blades and exit stator blades consti-
tuting stator and rotor units in closely related tandem re-
lation, the rotor and stator blades being spaced apart
and radially extending and forming fluid ducts extending
from the root to the tip portions of the blades and extend-
ing in a generally axial direction through the stator and
rotor blades, the blades of the entrance stator being
shaped to allow axial flow of the fluid into the entrance
stator, the exit stator blades being shaped to direct exit
of the fluid axially, the rotor blades forming ducts di-
verging in the downstream direction and the entrance
edge of the rotor blades being progressively displaced
downstream from root to tip, wherein the entrance angle

to the rotor o2n is given by
Tl:z:) . ¥
T'r2

K TTEI
Koy — tan™—1 1

Vﬂnn |
where
' -le
‘ TTE)‘ |
is the smaller real positive root of
Tl:a Tm) (1___ Vane )_I_(WR\/TTI) T:'m
TTz T, KT r ‘\/—PTI TTﬂ

and a2, the angle in the rotor duct where a shock- oceuirs,
is given by

—3111"1< wRyT 1y )(TTI
‘\f_PTl‘i’El TT2

| ﬁﬂl
(1+ﬁ21)3

in which

and

M3,
523"‘“‘_’. 2

Mas beiﬁg the strength of the shock, whé:r&i_ﬂ .t:tﬂs‘ éﬁﬁais qu'in

at the root and at the tip of the rotor blade and aas is
slightly greater than «2n at all points between root and
tip; wherein the exit angle of the rotor blade az_is greater

than «2n and is given by
Tﬂ S

| K T‘I’2

“tan“ (1
T2z);= ' BRI
Tps)

Vﬂ Ze
is the larger real positive root of

where

Tﬂ::: Tﬂ:: Vﬂmc )_I_(HJR Y TTI) (T“I‘l =0
T T“ Trz K T, VE PoE/) \T13/ =

in which E is the ratio of the value of ‘the total pressure

75 after the shock of strength Mas to the value of the total
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e -':prcssure Befo're the shock as fonnd from the ‘expression

Pl ( )m 662, )m
PTM 85&21_’1 1+525

B wherein, thc exit ‘angle 'of the entrance stator a1, is ‘given
by the sllpless flow condition

e ARy E DT r ol 2 L P T
oy, = tan 1( “R° . tan agﬂ,)
V2ﬂn""'"1£r

_'"and tEe entrence angle {0 the ‘exit stator w3n is given by the
slipless flow ‘condition

" -‘Vﬂmn . \
-"t&n“l( tan ag
| U— Vﬂms £z
wherein
-.Vl"-ﬂiﬁ-';-:_ .-V2ﬂ Co u~= . S
’nnd
T' ; 'T-'-'L---“; 7
T2 74

_S and “Z betng constant from root to top, wherem Ur and

" Hre determinéd by the two real positive roots xr and xi
of |

(o—l—m)ﬂ-—-(e-i-a:)ﬁ(],——;)-i-c—-o

“Wwhefein
1.2
14834 T'ry
. w1

TTRKT 1 1+ Bas
wE KITTI
JKPm

[ . TT3
Q(S-t'l) T
1+62s

*mr A
.o

9]

ut=\/ﬂ3tKTT1(1+5za)

thus givirg

end

“‘“'\/mrKTTI ( ]- +1823)

wherein the absolute subsonic whirl velocity v 386 (abs)
just after the shock at pomts along the shock line matches
the absolute whirl velocity in the root duct V'2cr(abs), satis-
fying the relation

uV ‘}ac(dbg)“_'u V 2er(aba)

wherein the distance of edge of ‘the rotor blade upstream
from the shock line, is zero at the root and at the tip, and
“at lntermedtate pomts its "amount’is sufficient to prodnce

*H—-\q-“

an area’ ratto equnl to
at the rate of convergence of the duct at the shock to-

ward the rotor entrance; ‘whertein the 1ntermedlate angles
az in the rotor from shock’line to exit are determined by

agﬁt&H*I{KTzz( —-g-?- —1 }%
Wé‘s T2
where
Try
i ‘is'?the Inrger'frea}posmve root of
) (T )ﬁ( Ve ) +<”WR\/TT1) _:g*_g;)@;o
b TTTz TPrs K T'ro -\/ K Pl T'ra/

o - 24
and in which ‘E-is the
ihfl'-"ﬂsr
» for a shock of strength Mzs and
5—2 (1% Ef
T'ry = Tra, K‘r ; I{':Z_l—f

wherein the intermediate angles «1 in the entrance stator

10 ‘from the entrance to points in a plane normal to the axis

of rotation, at the exit of the entrance stator at the root
are given by

al-—.:.ta,n—-l{KTi;l(l ____L)._ 1 }%
2\~ Try
Vi

Ty
20 s the larger real posnnre Toot of

AR
Try T'ry KTm VK Py

15

where

o5 wherein the entrance stator ducts extend from said points

toward the rotor without change ‘in angle; and wherein
the intermediate angles o3 of the exit stator are given by

L”
az;=tan~! KTTE(I ) 1
T 73 .

30
where
T,
o I <
35 is the larger real “j;iﬁs'itiire ‘root of
) ( ) ( V:Ie ) -*H__JR‘:\{TTI TTI;
TT3 TT3 I{TT3 VKPTIE TT'3

whereby the weigsht flow of air per unit -¢ross-sectional
area in any plane normal to the axis of rotation from the
entrance to the exit of the compressor is constant ‘and the
flow is directed against the rotation of the rotor by the
entrance stator in a vortex-free whirl and the speed of the
‘rotor is suchas to create a supersonic veloc:tty of the en-
tering air to the rotor rélative to the rotor, and a normal
shock wave of constant strength occurs near the entrance
‘to the rotor, the shock wave being substantially at the en-
‘trance at the tip and Tcot of the rotor and slightly down-
rstream ‘of the éntrarice to the rotor at intermediate points,
and. vortex—free flow “occurs. 1n1n1edlately followmg the
snoe]\ in all planes normal to fhe ‘axis of rotation from the
“éatrance to the rotor fo its exit, the flow being supersonic
on entering the rotor and dropping to subsonte nnmech-
_. ately after the shock line with a’sudden increase in pres-
" “Sure’and ‘a continued increase in pressure by subsonic dif-
‘fusion to the exit of the rotor, ‘and the fluid enters the exit
stator by shpless flow in a vortex-free whirl and con-
tiriues to increase in pressure by subsonic diffusion ‘until
it leaves ‘the exit stator axially at ‘substantially constant
pressure from root to tip.

2. ‘An a}nel flow fluid compressor accordlng to clalm
1, in :-which the rotor eéntrance angle ‘azn is Between 10°
‘and 30°, with the ratio

.:_r -}

413

{3y .

) S i‘Il ﬂa b, |
‘between 1.5%and 2.5 'and the ratio

;Sin...aﬁm

Sill Xyn
between 1.5 %and 2.5 where “a3x is the “exit “angle “of “flie
“exit stator,_ the “compressor -having dnrlng normal -Op-

eratton ‘a "stable normal shock wave in fhe rotor with
~a’shock’ strength Mazs' béetween- 1.2 and 1.5.

3. An ‘axial - flow supersonicair ‘compressor- for opera-

70
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tion at a speed such that the relative velocity of the air
entenng the rotor is supersonic, the compressor compris-
ing stator blades, rotor blades, and exit stator blades con-
stituting stator and rotor units in closely related tan-
dem relation, the rotor and stator blades being spaced
apart and radially extending and forming fluid ducts ex-
tending from the root to the tip portions of the blades
and extending in a generally axial direction through the
stator and rotor blades, the blades of the entrance sta-
tor being shaped to allow axial flow of the air into the
entrance stator, the exit stator blades being shaped to
direct exit of the air axially, the rofor blades forming
ducts diverging in the downstream direction to provide a
stable normal shock wave of constant strength from root
to tip of the rotor blade substantially at the diverging
duct entrances, with vortex-free flow through the com-
pressor from rcot to tip in all planes normal to the axis
of rotation from compressor entrance to exit, whereby
a constant weight flow of air per unit area is obtained
as it issues axially from: the exit stator at a constant
exit pressure from root to tip which locates the shock
wave substantially at the rotor entrance, the rotor speed
at the root of the rotor ur, being given by

. KTTI
1+623_2 sin &3, COS an
Boz  sin (apy-toasy)

oA l'I"BEz_
A_( ﬁﬂx

—2
Ur =—

sin? (et osn)

A1

where

)

2
2e

ﬁ2u=“?)""

with the shock strength

and the angles a2x and «3n having values such that with
an assumed value of «2n, the area ratios at the root arz

rotor exit area _ Sin oy,
rotor entrance area sin asy

and

exit stator exit area  sin ws.
exit stator entrance area sin as,

4. An axial flow fluid compressor comprising entrance
stator blades, rotor blades, and exist stator blades con-
stituting stator and rotor units in closely related tandem
relation, the rotor and stator blades being spaced apart
and radially extending and forming fluid ducts extend-
ing from the root to the tip portions of the blades and
extending in a generally axial direction through the sta-
tor and rotor blades, the blades of the entrance stator
being shaped to allow axial flow of the fluid into the
entrance stator, the rotor blades being shaped to con-
stitute a diverging duct to provide a stable normal shock
wave from root to tip, the exit stator blades being shaped
to direct exit of the fluid axially, the rotor having an
entrance angle agn having the value of

K TTE( ) %}-ﬁ
1 - —1
V2nc TT2

Tl T
T,

1s the smaller real positive root of

Tl:w:) (Tl:z:)ﬁ(l__ sznc )
Ty Tre KT

where

’EUR\/Tﬂ) (TTI
\/f P TT2

WR‘\/TTI )(Tm
VK Priés, T’-”?

where a2s—a2on at the root and the tip of the rotor blade

b
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and «2s>>asn at the other portions of the rotor blade,
the rotor having an exit angle aax having the value

| | K TT2 ( 2:) } v
— —1 .

Wz tan % Vﬂmc . TTQ |
with a2:>ass>a2n |
where

T2:n
T2
is the larger real positive root of
Tza: )ﬂ__ Tz::) 1 _—Vﬂ:ﬂc ) ?-UR\/TTI (TTI
Lry) T'rg KTr -\/T( PmE Ty
wﬁh ' |
VEﬂc — U .
U— V2 e o S
constant from root to tip and |
oy _ 8 (Tn—Tm)K
VE'R-G u_Vl:!:c"""l_I_S 2'“» |
and
(T'rp— T:m)K 4
Vﬂnc 2 ¥ "I"

and E being the ratio of total pressure after the shock
to total pressure in front of the shock

and the enfrance stator having an exit angle «ix varying
progressively from oot to tip-and having the value

v
am=tan"1<v 2”_';"_“ tan sy,
2ne

and the exit stator having an entrance angle a3n varying
progressively from root to tip and having the value

whereby streamlined flow of the fluid is provided as the
fluid enters the rotor and as it enters the exit stator, the
relative velocity of the fluid to the rotor being in excess
of the speed of sound as the fluid enters the rotor, where-
by the pressure in the rotor after the shock wave may
be so controlled that the shock occurs substantially at
the entrance to the rotor at the root and tip of the rotor
blades and the strength of the shock is constant from root
to tip, whereby vortex-free flow is maintained in all
planes normal to the axis of the compressor, and whereby
the velocity of the fluid as it leaves the rotor varies pro-
gressively from root to tip and consists of circumferential
and axial components each varying progressively from
root to tip, and the pressure of the fluid as it is directed
axially by the exit stator is constant from root to tip.

5. An axial flow fluid compressor comprising entrance
stator blades, rotor blades, and exit stator blades con-
stituting stator and rotor units in closely related tan-
dem relation, the rotor and stator blades being spaced
apart and radially extending and forming fluid ducts ex-
tending from the root to the tip portions of the blades and
extending in a generally axial direction through the sta-
tor and rotor blades, the blades of the entrance stator
being shaped to allow axial flow of the fluid into the en-
trance stator, the rotor blades being shaped to form
ducts diverging in the downstream direction to provide
a shock wave of constant strength from root to tip with
its extremities at the root and tip portions of the rotor
entrance, with the intermediate portion of the shock
wave downstream near the enfrance of the rotor, the
exit stator blades being shaped to direct exit of the fluid
axially, the ratio of blade length to the tip radius of the
rotor being equal to the ratio of the tip speed minus the
root speed, to the tip speed, the tip speed and root speed
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ad

being derived from the two real positive roots xr and x
of the equation

(z+a)"— (-’*3‘[‘@)5(1_"%)4‘0:0

6. An axial flow supersonic air compressor compris-
ing stator blades, rotor blades, and exit stator blades
constituting stator and rotor units in closely related tan-
dem relation, the rotor and stator blades being spaced
apart and radially extending and forming fluid ducts ex-
“tending from the root to the tip portions of the blades
and extending in a generally axial direction through the
stator and rotor blades, the blades of the entrance stator
being shaped to allow axial flow of the air into the en-

trance stator, the exit stator blades being shaped to

direct exit of the air axially, wherein the entrance edge of
each rotor blade is gradually displaced downstream from
root to tip, the absolute whirl velocities at all points just
behind a shock line matching those in the rotor duct at
the corresponding root points in a vortex-free manner
such that at all values of u, from root to tip

(uvrﬂac) u= (uvii‘c) r

thus determining the position of the shock line from root
to tip, with the distance between the shock iine and the
rotor entrance determined by the value of the supersonic
Mach number of flow having at the rotor entrance the
same value Man=DM2s at the root and tip and smaller
values at intermediate points, with the value of u at any
point downstream, from the shock line to the exit edge
of the rotor duct, determined-by

S | —2 —— N 2
_T_g_)ﬁ__(_z*_z_)ﬁ( _ 7 ) . (WR\/T'P,%> _
(J)(Tﬂ ~(7..) xS + 7% oy =0

] |
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and |
| | y
tan oy= {K_Z?(l 7?2 ) — 1}

. 7o .
where |

T

Try

is the larger real positive root of (J) and P’rz is the re-
duced value of Ptz in fromt of the shock as found from:
the shock wave equation |

Plny_ (- )
.PTE—- 35.‘923""1

5

6}323 )‘I /2
1 ‘l‘ ﬁﬂ_s |

and PB3s 18

and where

—=3
N4 8
(Tre)u=A{Tr2)r— g5+

whereby vortex-free flow resulting in a constant weight
flow of air per unit area and a constant exit pressure Psx
are maintained from root to tip.
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