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1

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

A single stage axial flow compressor, as dis-
tinguished from a centrifugal compressor, con-
sists essentially of a compressor casing and a
rotor comprising a central shaft or hub carrying
a set of vanes or blades, the casing carrying a set
of stationary blades constituting entrance stator
blades and an additional set of blades which may
be characterized as exit stator blades, the air
flow being in a generally axial direction. A sin-
gle stage compressor includes only one set of
rotor blades associated with a set of entrance
stator blades and with a set of exit stator blades.
In a multistage compressor there are several
sets of rotor blades and corresponding sets of
stator blades.

This invention relates to improvements in axial
flow compressors, the compressor being either a
single stage or a multistage compressor. The
principal objects of this invention include the
provision of rotor and stator blades forming fluid
duets for conducting the fluld in a generally axial
direction through the compressor, and the pro-
vision of blades of this character so formed or
shaped that the compressed fluid is directed
axially in the exit stator with the fluld pressure
substantially constant from the root to thz 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. Also the pressure of the fluid as it
is directed axlally in the exit stator may have a
value that is substantially constant from the root
to the tip portions of the exit stator blades. Our
invention makes it possible to provide an axial
flow compressor having numerous advantages,
including the following:

a. The compressed fluid, as it flows axially in the
exit stator ducts, 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 avolded.

b. The over-all dimensions may be reduced for &

given air capacity and pressure rise.

. Only a few stages of compression need be em-
ployed to produce the required increase in
pressure; pressure ratios per stage may be in
the order of 1.5 to 1.6 with high efficicncies
approaching 90% or better.
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d. The blades can be made much longer for a
given diameter, thus greatly increasing the
mass flow for a given diameter rotor.

. The rotational speed of the rotor is greatly
reduced, thereby reducing the stored energy in
the rotor and the tension forces in th
material. :

J. The weight and cost of the compressor can be

reduced to a minimum because of simplifica-
tion of manufacture and the fact that the
over-all dimensions may be reduced to a mini-
mum for a given capacity.

The design of axial flow compressors has here-
tofore been based almost entirely on airfoil
theory which involves two assumptions, i. e., that
the fluid is incompressible, or in other words the
density is constant throughout a stage, and that
the axial fluid velocity is constant through the
various stages.

In the conventional type of axial flow com-
pressor, the energy put into the air by the rotating
blades produces a pressure rise in the rotor and
also imparts whirl velocity to the air, this whirl
velocity being converted into a further pressure
rise by the stator blades. The conventional type
of axial flow compressor is based on airfoll the-
ory, airfoils being used for both the rotating
blades and the stator blades. At the tip the
velocities should be kept below the values which
would produce shock waves or local sonie veloei-
ties. At the root, stalling of the blades must be
avoided, and accordingly the lift coefficient that
can be applled at the root is limited. Since the
pressure rise at the root should be kept as nearly
equal as possible to the pressure rise at the tip,
the limit of the pressure rise available is deter-
mined by the stalfing of the blades at the root,
and, for high efficiencies, by operating the blades
at lift coefficients with low drag values. These
two factors restrict the length of the blade that
can be used and likewise the capacity of the
machine. In the entrance stator ahead of the .
first rotor stage, the fow of air is directed with
the direction of motion of the rotor in order to
reduce the velocity relative to the rotor blades
and also to approach symmetry of velocity dia-
grams in the rotor and the stator blades; that is
to enable the rotor to add an amount of whirl
velocity equal to that which can be taken out by
the succeeding stator blades.

We have found that a greatly improved axial
flow compressor can be made if the basic as-
sumptions of the airfoil theory (i. e., that the
fluid is incompressible and that the axial fluid
velocity is constant for the various stages) are
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ignored and the rotor and stator blades are con-
structed or formed In the manner hereinafter
described whereby substantially constant pressure
is obtained at all radially spaced points between
the root and tip portions of the blades where the
fluid flows axially, the blades also being pref-
erably formed so that the fluld velocity does not
have any radial component at any point.

In general, the principal object of this inven-
tion may be attained by forming the rotor and
stator blades so that the same amount of energy
per unit of compressible fluid is transmitted by
the rotor to the fluid at the root portion of the
rotor blades as at the tip portion of the rotor
blades, even through the circumferential speed of
the rotor blade tips is substantially greater than
the circumferential speed 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 appropriate
operating conditions for the entrance to the com-
pressor, and then ascertaining by means of the
established thermodynamic equations the proper
. exit angle for all entrance stator ducts and for
all rotor ducts at all concentric zones or regions
between the root and tip portions of the blades.

The amount of energy imparted to the fluid by
the rotor is a function of the circumferential
speed of the rotor and of the velocity of the
fluld entering the rotor, and according to this
invention the entrance stator blades and the
rotor blades are shaped so as to provide progres-
sively decreasing rotor entrance velocity from
root to tip to compensate as completely as may be
desired.for the increase in circumferential rotor
speed between the root and tip of the rotor blades,
whereby the root portions of the rotor blades,
travelling at relatively low circumferential speed,
may impart to the fluid entering the rotor at
higher velocity than at the tip, the same amount
of energy, the exit portions of the rotor blades
being correspondingly shaped to insure this re-
sult at the rotor exit so that as the compressed
fluid flows axlally in the exit stator, it may have
the same pressure at all radially spaced points
in the exit stator.

In a compressor embodying this invention,
there is a pressure stage, or & multiplicity of pres-
sure stages, in which each stage is 8 combination
of an entrance stator, a rotor, and exit stator.
In succeeding stages, the entrance stator to the
next stage becomes a part of or is contiguous
with the exit stator of the preceding stage. The
flow is axial between stages, 1. e., the flow is purely
axial as the fluid enters the entrance stator from
the exit stator. The rotor blades and stator
blades are preferably made of thin sheet metal
and these blades are not airfoils. The spaces be-
tween the blades form channels which are either
converging to form nozzles or diverging to form
diffusers, as herelnafter explained. The cross
sectional area of the channel or duct is propor-
tional to the sine o. the angle the blade makes
with a plane normal to the rotor axis. The
solidity, 1. e., the circumferential spacing of the
blades, determines the angle of divergence or the
angle of convergence of the duct, depending on
whether the duct is a diffuser or a nozzle.

In the axlal flow compressor of our invention,
the entrance stator directs the fluld agalnst the
direction of rotation of the rotor rather than
with this direction of rotation as in the conven-
tional axial flow compressor, thereby increasing
the relative velocity between the rotor blades and
the entering air thus greatly reducing the re-

10

20

40

a0

55

6o

4
quired speed of the rotor as compared with the
conventional compressor.

The angle of the blades at the rotor entrance
is adjusted to be streamlined with the flow from
the entrance stator. The channels formed by
the blades in the rotor are diffusers having the
greatest area ratio at the root and the smallest at
the tip. oo

According to one embodiment of our invention,
the circumferential velocity at the exit of the
entrance stator and the circumferential velocity
at the entrance of the exit stator can be kept
equal.

The angle between the airflow leaving the en-
trance stator and the plane normal to the rotor
axis is greatest at the tip and decreases toward
the root. This progressive change in angle tend;
to increase the relative velocity between the roto.
and the entering airflow from tip to root, com-
pensating properly for the decreased rotor veloc-
ity toward the root of the blades. The entrance
stator 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 angle of arc at the
tip than at the root. This increases the ratio
between exit and entrance area at each radius of
the rotor towards the root, again properly com-
pensating for the decreased rotor velocity at the
root. It also increases the amount of whirl veloc-
ity delivered to ihe airflow at the root, further
compensating for the decreased rotor velocity at
the root.

The entrance to the exit-stator is adjusted to
be streamlined with the flow from the rotor at
each radius, and is bent through an arc to pure
axial flow on leaving the exit stator. 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,
providing the necessary difference of ratio be-
tween exit area and entrance area at each radius
to convert the different velocities into pressure.

The general conditions above described can be
repeated through succeeding stages.

In the accompanying drawings, we have illus-
trated in diagrammatic form, elements of an
axial flow compressor embodying our invention.
In these drawings:

Fig. 1 represents a development of a cylindrical
section taken at or near the tip portion of the
stator and rotor blades;

Fig. 2 represents a similar development of a
cylindrical section taken at the root of the stator
and rotor blades;

Fig. 3 is a vector diagram showing typical fluid
velocity conditions obtaining at several points in
a duct formed by the tip portions of the rotor
and stator blades of a compressor representing
one embodiment of our invention;

Fig. 4 is a vector diagram showing typical fluid
velocity conditions obtaining at several points in
a duct formed by the root portions of the rotor
and stator blades of the embodiment of our inven-
tion to which Fig. 4 is applicable;

Pig. 5 Is a longitudinal section of a portion of
a single stage compressor embodying our inven-
tion;

Fig. 8 is an elevation of a rotor blade; and

Figs. 7 and 8 are fragmentary elevations of
stator blades of & compressor embodying our
invention.



2,508,750

5

In Figs. 1 and 2 of the accompanying drawings,
a pair of entrance stator blades are shown at |
and (’, a pair of rotor blades at 2 and 2’ and a palr
of exit stator blades at 3 and 3°. These Figs. 1
and 2 thus illustrate in diagrammatic form a
single stage of an axial flow compressor and it will
be understood that in a multistage compressor,
the exit stator blades are extended to form the
entrance stator for the next succeeding set of
rotor blades. Figs. 1 and 2 show, respectively,
the tip and root circumferential sections of the
same pairs of stator and rotor blades and accord-
ingly the same reference characters for the blades
are used in both of these figures. The stator and
rotor blades are preferably made of thin sheet
metal stampings, the sheet metal being of uni-
form thickness throughout. All blades in any
entrance stator are identical in shape and size
and would accurately fit each other if placed close
together. This is also true for any rotor set or
any exit stator set.

Figs. 5-8, inclusive, show an entrance stator
blade |, a rotor blade 2 and an exit stator blade
3. 'The stator blades { and 3 have their tip por-

tions secured to an outer casing 4 and their root :

portions secured to stationary members b and 6.
The rotor blades 2, 2’, etc., are secured to a hub 7
fixed to the compressor shaft §.

The rotor and stator blades define ducts ex-
tending from the root to the tip and also extend-
ing in a generally axial direction through the
rotor and stator blades. Each set of rotor blades
and stator blades consists of blade elements bent
to form ducts or channels and because of the fact

that all of the blades in each set are identical in -

shape, consecutive blades are “parallel” in the
sense that they are equidistant at all points from
each other as measured along a circumferential
direction. The cross sectional flow areas of the
ducts formed by the blades are at all points pro-
portional to the sine of the angle that the duct
axis makes with a plane normal to the axis of
the rotor.

The entrance stator blades | and {’ are shaped
to form a nozzle or in other words, so that the
cross sectional area normal to the duct axis at
the exit of the entrance stator is smaller than
the corresponding cross sectional area at the
entrance to the entrance stator. The duct de-

fined 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 en-
trance. Each pair of exit stator blades likewise
defines a diffuser and these exit stator blades are
shaped so that they direct the fluid axially.

The thermodynamic conditions of flow be-
tween two curved blades that are parallel in the
sense above defined are such that the fluid tem-
perature, pressure, and velocity conditions at the
entrance and exit portions of the duct are deter-
mined solely by the ratio of the cross sectional
areas normal to the duct axis at the entrance
and exit respectively, if the shape of the ducts is
such as to maintain streamlined flow between
the entrance and exit. The angle of divergence
(or convergence) between any pair of consecutive
blades of the form described above is determined
entirely by the circumferential distance between
these blades, this distance being constant
throughout the length (axially) of any pair of
blades as explained above. Thus the cross sec-
tional area of the duct defined by any pair of
‘blades Is a function of the shape of the blades,

1
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whereas, the angle of divergence (or convergence)
is a function of the circumferential distance be-
tween the blades and these two factors are en-
tirely independent of each other.

In Figs. 1 and 2, the air or other compressible
fluid is shown entering the entrance stator duct
in a direction parallel to the axis of the rotor, the
air at this point having a temperature Timn, &
vuelocity Vin and a pressure Pin. The air leaves
the entrance stator nozzle with a velocity Vi
which may be considered as having an axia] com-
ponent Vixa and a circumferential component
Vize. It will be understood that the rotor sec-
tion or element illustrated in Figs. 1 and 2 is mov-
ing in the direction indicated by the arrow A, with"
respect to the stationary entrance stator and
exit stator, and in Fig. 1 the arrow z represents -
the reverse of the circumferential velocity or
speed of the rotor tips. The velocity of the afr
entering the rotor, Van, is the vectorial sum of the
velocity Vix and the reverse of the rotor speed u.
The air leaves the entrance stator nozzle at an
angle with respect to a plane normal to the
rotor axis, this angle being destgnated cix 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 Va, is parallel to the
rotor blades at this point, thus providing stream-
lined flow into the rotor. In other words, as the
air enters the rotor duct which is travelling at
high speed in the direction indicated by the ar-
row A in Fig. 1, the air is not immediately sub-
Jected to any impact by the rotor blades. As the
air 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 dis-
charged 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 Vi, which represents
the vector sum of the velocity Vax and the rotor
circumferential velocity #. It will be noted that

. the air entering the exit stator in the direction

Indicated by the arrow Vi flows parallel to the
exit stator blades at this point, thus providing
streamlined flow into the exit stator. It will also
be noted that the air entering the exit stator may
be said to have a circumferential velocity com-
ponent Vxe and an axial component Vina.

To illustrate the manner of selecting approopri-
ate operating conditions, it may be assumed that
the compressor is in an airplane traveling at

.- Vo==500 feet per sccond: that the temperature of

the air is T»=-520° R. rwhere °R. denotes °Rankine
or °Fahrenheit absolute); and that the static
pressure s Po=1 atm. (2116 1bs. per square foot).
It may be assumed that under these conditions,
the air will enter the compressor at a velocity
Vin-= 300 feet per cecond, and in any event the
mouth or entrance of the compressor may be
designed or adjusted so that the velocity of the
air entering the compressor will be 300 feet per

+ second when the plane is travelling at a speed

in the neighborhood of 500 feet per second. An
appropriate value is selected for the tip diameter
of the rotor. Thus, for purposes of illustration,
it may be assumed that the tip diameter is
D==54"’, that the root diameter is 34.77"’ and the
R. P. M. or N is 2543 revolutions per minute.
With the tip and root diameters determined, the
R. P. M. of the rotor is such as to produce a
Mach number of afr flow of approximately 788
entering the rotor tip, a satisfactory value.
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The entrance stator blades may have their tip
portions formed so that in this region the en-
trance stator ducts are shaped to form nozzles
directing the air against the direction of move-

" ent of the rotor. The rotor blades will have & &

clrcumterentlal velocity

2w Nr
60

2x X 2543 X 27 _
ﬂ-——66->?12—""—600 ft./sec. (1)

where N represents the rotor R. P. M. and r the
radius of the compressor rotor at the tip portion
of the rotor blades.

The total temperature Tr: at the entrance to
the entrance stator is

U o=

ft. per sec.

— ——f
Tri=Tot 32 =520+%"0%~0=540.83° R.

(2)
This equation is derived from the conservation
of energy equation and the constant K equals
2JgCp, or 12,000, J being equal to 778, the me-
chanical equivalent of heat in foot pounds per
B. t. u.; ¢ equals 32.2 the acceleration of gravity
in feet per second per second, and Cp equals .24
which is the specific heat of air at constant prea-
sure in B. t. u. per °F. per 1b. of alr.
The total pressure P is found from

Pa)_(Za)"
Po Tn

k
85=5y—3

(3)
where

k being the ratio
Cp
To
or 1.4, for air, and therefore

3.6
Pri=1 x(g—;—g—g—g =1.1474 atm.

The actual temperature of the air entering the
entrance stator, T, I8

Tin= Tﬂ—a'%{g =540.83 —7.50

=533.33 °R

Thé actual pressure of the air entering the en-
trance stator, Pin, 18

\38 .33\8

Pu=P{(32) =1 x(550%)
=(1+1%"2%§ **  (1+.02563)%
=1.0926 atms.

With these values of Tin and Pin and Vin, the
airflow In pounds per second per square foot of
emn.qce-stator entrance area Is

Alnvluplu
Wﬁ' RTlu

(4)

(5)

1n

—
1X300X1.0926 X 2116
53.3X533.33

=24.40 lbs./sq. ft./sec.

For known or assumed values of Tr1, the total
temperature of the entering air, and Tn, the
" total temperature of the outgoing air, the angles
a1x, am, azx &hd «in determine the temperatures,
pressures and velocities (and their components)
at the corresponding points in the compressor.

(6)
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The circumferential velocity component of the
air leaving the entrance stator is
Viee= (Tﬂ‘;:'ﬂ)x__;_ (A)

This can be proved by combining the energy-
equations

()]
and
s
Tr=Tu+ 3 ®
By subtraction,

(Tr—Tr)K=Vom —Via
With the geometry in Fig. 1

f’:_-’=‘-’—u’+u’+2uVu CO8 s

(9)

and
Viz ¢o8 aix=Vize
so that
Vi =Vie 40+ 2u Vi,
substituting in (9)
(Tr2—Tr1) K=u342uVize
solving for Vixe gives

Tr—Tr) K
Vlﬂz(_n_z_u_zl)__% (A)

Likewise the circumferential velocity compo-
nent of the air entering the exit stator is

Vine= (Tn_ _2 fﬂ)K+% (B)

The derivation is similar to that above proved
but using the energy equations

(10)

-v,—l
Tr="T.t+g an
memal
Ppy=Ts.+ V;
m= T+ —I’(_’ (12)
by subtraction
(Pr—Tr) K=V —Var (13)
gince with the geometry in Fig. 1
W=ﬁ’+u’-—2uV,x €OB aiz
and
Vis €08 a3 = Vaze
so that
Vo =Vae 4+ —2uVise (14)
By substituting in (13)
(Tr3—Tr2) K=u2—2uVaze
solving for Vaxe gives
Toy— T
Vieem i = I T ¢ (15)
and as Vise=u—Vaze
Tr—T:
Vine= (__735.11__1?11(_’,% (B)
Adding the Equations A and B we find:
uVIse+uV3uc=(-T—Tl:2_'Trﬂ (9]
or
Vane\_(Trn—Tn) K
Vil 14712 )= Em (€

It follows from Equation C that according to
.our invention, the sum of uVixc and uViuc is a
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¢onstant for any predetermined values of T and
T'rs, this sum being exactly commensurate with
the difference between the total temperature of
the outgoing air T'rz and the total temperature of
the entering air Tn.

If values for Tti, Trs and u are assumed, as
indicated above, it follows from Equations A
and B that the values of Vixc and Vine depend
upon the value of Ttz alone. The value of Tr2
may vary from below Tt: to above T3 and ac-
cordingly there are an infinite number of pos-
sible thermodynamic solutions.

When Vize=V3a: then

_(Tr—Tr)K u_ _(Tn—TrmK _ u
Vlzc——zu—_-E—VSne—" 2u +2
and solving for T
Trs+ T, ¥
Trp=—"5%—1+ K (16}
and substituting T2 into Vixe
Vm:”'L'IM= Vine an

4u

Whether or not Vixc is equal to Vane, then, as
indicated above (see Equations A, B and C), the
sum of uVixe and #Vine must remain a constant
and Vixe and Vinc depend upon the value of Trz
alone.

As stated above, the entrance stator blades
and rotor blades provide progressively decreas-
ing rotor entrance velocities from root to tip to
compensate as completely as may be desired for
the increase in the circumferential rotor speed

(4) between root and tip of the rotor blades, .

whereby the root portions of the rotor blades
travelling at relatively low circumferential speed
may impart to the fluid entering the rotor at
higher absolute velocity than at the tip, the same
amount of energy, the exit portions of the rotor
blades being correspondingly shaped to insure
this result at the rotor exit, so that as the com-
pressed fluid flows axially in the exit stator, it
may have the same pressure at all radial points
in the exit stator.
The energy equetion

uVlzc'*'uV;nc:'(_Tl-—ET'n—)I(

(8]
shows the energy relation above described,
#Vixe being the energy relation at the rotor en-
trance and #Vanc that at the rotor exit.

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

t
‘umzcl =
1 4
and
t
quul =C
r
Thus
t t
:g::: ) =% , —¢ (a constant) (D)

Also, as stated above, the air flow in pounds
per second per square foot of entrance stator
entrance area is

‘- AanI nPh\
“RT (6)

Thus the air flow at the entrance of the en-
trance stator is independent of the radius, or in
other words, it is the same at all radial points of
the entrance of the entrance stator. This means
that the flow of air is vortex free as it enters the

w
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compressor. It is well known that if the flow
of air is vortex free, i. e., irrotational (assuming
an ideal compressible fluid), it remains vortex
free throughout its motion. Accordingly, in the
compressor of our invention the flow of air re-
mains vortex free as it passes through the com-
pressor (assuming ideal conditions). It follows
from this fact that in the compressor the product
of the circumferential component of the fluid ve-
locity at the exit of the entrance stator (Vixe) and
the circumferential velocity of the rotor (u) is
constant at all radial points between the root and
the tip. Likewise the product of the circumfer-
ential component of the fluid velocity at the en-
trance of the exit stator (Vinc) and the circum-
ferential velocity of the rotor (u) is constant at
all radial points from root to tip. Hence the
ratio of

is constant from root to tip. Where Vize=Vins,
then this ratio is 1. However, when a value of
T2 is chosen which results in values of Vixc and
Vine that are not equal, then the ratio of Vixe to
Vine, of course, has a value other than 1.

It will be noted that in a typical embodiment
of our invention (see, for example, Figs. 3 and 4),
the ratio

Vlze

VS ne

is the same at all points between the root and the
tip. Thus in Figs. 3 and 4 this ratio at the root is

Vise 360,97
Vine 360.97

=]
and at the tip

Vise_ 232.4

Vane
Also, at the root (Figs. 3 and 4) :

UV12e=386.3 X 360.97—=139443
and at the tip:
#V12c==600¢ 232.4 —=139440

The choice of the ratio

Vlze
Vxne

in any specific case, at any given radius, deter-
mines the kind of compressor desired, i. e,
whether it is of the more or less reactive type. If

Vlzc

Vlnc
is large, the compressor is mostly reactive, if
small, it is less reactive. In any event, we prefer
to have the blades formed so that

I’lza

Ine
is constant from root to tip, for this condition
prevents cross flow (i. e. radial flow) at all
points.
The constancy of the ratio
Vlzc

Vlllc

in any one compressor design shows that
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mmtbeoomtantfromroottotlpuuumym
by taking the ratio of (A) to (B), giving

Vise _(T“--x)-_r"l

- {D")
e Py (Tn-i’

or, solving,

ut %’:%: Tﬂ+Tﬂ

g

Thus the values of Vixe, Vine and TTs are deler-
minate for any radial calculation of the required
angles.

The value of “ix for any radial point is given by

Tn—

a1o=tan l[KT"(l -12)- } (F)
where
T1a
ia the la.rger positive roo:l of
R arccanl

To derive this equation, we have
Py=P rl(T" (for air)

the adiabatic relation between pressure and tem-
perature (see Equation 3)

Vil =K(Trn—Ti) =KTn( 1- 72

VI.I - Jvl_l. Vll_l

as shown in Figs. 1 and 2.
Substituting Equation 8 for

Ve

Vl..--JETﬂ( l - ‘Ti!

Using the continuity equation

AVP
W="rT

8)

we have

- Vm (18)
(see Equation 6)

. a1sV1aP1a
We=gin ~RT..

Vl.uP is
RTw.

W

because Viza=V1s sin a1z
Substituting the above values of Pix Vixs in this
1ast equation, squaring, and rearranging, we have

(B)' - (B (- )+ (=Y o
Also since @
22 mtan a;, (see Fig. 1)
and dividing Equation 18 by Vixs we have

o eum K RE) 1

80 that si:= the tan—1
IKTﬂ(1 Tx-

Viss
Vies

)-1}% ®

Similarly we find:
age==tan— -(——vp—”_ o~ 1=
§ Wwhere
T,
Tn
’};thehrzerpouﬂnredmotol

(B - o) (- SR (TR

whuehhkmwnrrom!quaﬁonnmdm
35 arbitary chosen ratio

-

ne
for the compressor. The smaller root involves
20 supersonic flow.
Again similarly we find
] KT Tis ¥
ayn>=tan I{r—.;_—vﬂ:” ” ’(I—T:—,)—l} ’
g8 where
T
Tn

15 the larzer positive real root of

By - - ) R =
35 e m:: m;_l 5_1'_,_.(1_1'..)__ 1% -
mtan-{ETn(1 -7 } (™)
where
. I
is the larger positive real root of
Tx-)‘( vl-;’)_‘_(j;_r___i%')’—ﬂ (N)

The angle 71z and the corresponding rotor angle
am producing streamlined fiow into the rotor,
ueaeentoberelatedbytheeqmtion

(P)

m“ﬂ-_ Viae
tan a)e m

Vs
tan L Dremy s

tn o=

70 and
v @

In the above Equations G, J, L and N, the ex-
75 ponents are simple whole numbers (6 and 5) be-
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cause of the value used for k. The value used and circumferential velocily components are de-
for k is k=1.4 which is the ratio of termined

%! Vlll- Via 8in o) g = Vlu
* 5 Viae=Vy, cos ang
for alr. However, if k 1s not equal to 1.4, there Vinew= Viee+u
will be a similar equation. The exponent and 0T Ve
k+1
e=ptl Vie =VVind T Vird
and the exponent 10 The entrance angle to the rotor om is &
9 goniometric function of Vana, Vane or Vam
S=f—1 or
Of the two real positive roots, one is larger than ; = YVina
l' 8IN ogy 477
Tu_5 e
Tn 6 or
and one less than this value. The lesser one in- 008 ay, == L0
volves & supersonic value of Tix which is ex- " Vais
traneous to the subject matter of this invention. 20 ©F
The greater root will come out to be greater than Vine
% which is the subsonic value for Tix. tan ayy ==

The angles an=90°, oz, a3, c2r, op and

3;=90° thus determined will insure & constant For the case where Vize=0, Vana=V1s and

flow across the compressor from root to tip of the 23 tan as.=Yane _ Via
blade without cross flow, and that the pressure at T u
the exit of the exit stator is constant from root The total temperature Tra of the rotor which
to tip. s the same throughout the duct
The determination of the pressure, tempera- the equax?lﬁn ofo ggns;-tv:tfogugf iig.‘:;d by using
ture, and velocity conditions obtaining at the $o
exits Xj, Xa and X3, assuming streamlined flow, Vau 0
can be made by employing the usual thermo- 2% +JcpT,.=7g+J epTry
dynamic relations. The ordinary method of
meking such computations is cumbersome be- v T’—’
cause it involves a trial and error procedure. The 25 Tpy= T,..+2g—}—’;p= T,.+%

solution can be simplified by utilizing a “B” table
glving the ratio of the total pressures to the pres- the thermodynamic adiabatic relation gives
sures at the exits, as &
Trs \F=1
A L “ Pe=Pu(72)
for various assumed values of T, Pr and outlet

With Vize=V3a: and for example Tri, Pra W

known, an Az:=Ao sin ez—=sin ¢ has to be as-
areas Aix and Aixx and Asx. ’
To find the conditions at the exit of the en-  Sumed that results in a known
trance stator 45 Vare=t—Vine=—Vizee .
B,="VEyTn The procedure, explained above, has to be re-
AVKPp peated for different i until the computation

is used. (Air=sin @) where W is the entrance gives the desired Vaxe.
air flow in pounds per square foot per second, R 60 Prom
is the gas constant for 1 pound of air, {i. ., 53.3,

and K is the value of 2JgCr=12,000. Tr: is the B=— RN
total temperature of the alr In the duct and is 8in a3 VK Prs
the same throughout the duct; Pr: is the total Pra/Pax I8 found
pressure in pounds per square foot. 53 P
xncwinz P"-F;;IT’T,,=P'.
Pn i1
P oo PeNE.
which is the corresponding value to Bix 0 D= "’(ﬁ,) =Tin
TH = Vige= Vs 8in age= Visza
and assuming an adiabatic process Viee=Via €08 a3, m the desired Vi,
E'_—l L I’l-e= U— I’l-c
— T P 1z 3 T
The=Tn Py =1 Vu=V Vu-’+ Vlu’
The equation of conservation of energy tan a“=%._._.
iIno
Vl=’+J¢pTls=9' +JevTﬂ 70 —
2g 2 T T, +V,.
Y!elda 9= L3n K

Vie=v20Jcp(Tri—T10) =YK (Tr1i—T12) PP &)R":
and by the geometry of the velocities the axial yg i N
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- fror the ¢dse where Vsmo==0, Vin=Vss and
Vaew=it. Therefore

From

Pra/Pau is found

P-TP"
2 P Pl:

P ot}
Tya= Tl 7;;") .
Vas=vE (T1a— Tss)

To show a numerical calculation to get a con-
stant exit pressure throughout the exit of the exit
stator, an extreme high u, say 782.1 ft./sec. was
assumed and the computation made for the fol-
lowing conditions

W=244 1bs./sq. fi./sec.
Tr1==540.83° R.
Pr1=1.1474 atms.
212—60°
sin #1z—=A1:=.8660
Thus
Py 244X 58.3 XV/540.83
.86602</12000 ¢ 1.1474 X 2116
=.13132
From the B-table, for a value of B=.13132

Pr_
Pr=10693

1.1474
Pie=10603
To find Tix we have
Tia= Tn(&)“ where m=—L =286
- Pr/ K-1
=530.66° R
To find Vix we have
Vx-“VK ( Tr1— Tia)
=2+/72000 X 10.27
=351.1 ft./sec.
The axial velocity component

Viza=VizXsin aiz
=3851.1 X .866
==304.0 ft./sec.

The circumferential velocity component,

Vize=V12X 008 ain
=351.1X.5000
=175.5 ft./sec.

=1.0731

For the rotor seotion for which

Pan =P12=1.0781
Tan=T12>=530.56

Vana=V12a=304.0
then
Vine=Vize+28
=176.84-792.1=967.6 ft./sec.
Vana_ 304.0

tan “ll_'m-%7‘_6--3143
@, =17° 26’ 30"
Agn=8ID a3,=.29974
€08 ay=.05401

18

30

35

40
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__Vsa, _967.63

08 o, m-1014.3 ft./sec.

VI -

Try= Tl-"""};‘.
=530.56 +85.78=616.29° R.

Typg\3-

Py P:-(E:

’ 616.20\:4
=1.o731(5—:,,&—56

For the simple condition
Vize=Vano
for example, then
Vane=1175.53

=1.8124 atm.

Accordingly
Vaze=tt—Vane
=702.1—175.563=616.57 ft./sec.

With this value of Vae, we try various values
of 25 80 that Vaxo shall equal 616.57.
For example, with

a3:—21° 35’ Vaze=615.3

This value is sufficlently close to the desired
value. The computations required for eaz=21° 35’
are carried through bhelow in detail.

Ay =sin 21° 35'=0.36786

cos 21° 35'=0.9299

wRyTrs
= = 20891

VK AsiPrs
From B-table,

;3-1.2378

1.8124
Pu=17378

=1.4643 atm.
T P\
12 )=(p2) = a2
=1.0678

616.29
T]' - 1.%78 - 57”.8‘0 R.

B

Try— Tae=36.48
Vie=VE(Tr—Toa)
=+/12000 X 36.43 =661.60 ft./sec.
Vise== Vs X CO8 a5
=651.60X.0209=615.8 ft./sec.

0 With the value of 23r=21" 35’, then

70

78

Visa= Vs X sin as,

=661.6X.3670==243.39 ft./sec.
—Vaea
tan as Vl‘u

243.39
=785 5_53—1.3865

aln=54° 12
Ayn=s8in ay,= 8111

Viss _243.30

Vie™ oo e 8111

=300.1 ft./sec,
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0.0

=§5790.81 +m’..7
=579.81-1-7.50="587.31° R.

- Trs s 587.81\2-5
Pr P"(T,. 1.464 m)
=1.5316 atms,

To find Ps: note that =3 i3 always 80° and sin
t3p=]=Ass

Bw= 08878

%—1.0292 from B-table
s

1.5316
Pyye= 1.0292—1-4881

Toum T 52 )"=582.40° R,

Vaa=VE(Trn—Ts.)

=v12000X4.9=242.7 ft./sec.

These detailed ecalculations are sufficient to
draw all of the points on curves representing
u=792.1 ft./sec. and o:.—60° and pressure
P3r=1.4881.

Similar calculations can be made for «; from
80° to 40° and all values tabulated for u="7T921
ft./sec.

The next step is to assume g different u, say
4=600 ft./sec. The problem is: What values of
%1z etc., will produce with this value of u the
same values of Piz, Taz, Viz a5 ®12==60° produced
for u="792.1 ft./sec.? 'The condition Vipe=Vine
must still hold.

In order to do this, we use the following two
relations which are generally true when

Vize= Vine
W, Tn+Th
(A) Tnmg+— 2120
and

(B)

Using (B), with T13=587.3, the value for
u="192.1, and Tr1=540.83 the entrance value, we
have

= Vane

(Tn—TmK
VIJG-T

Trs+Tr1=1128.14

Try—Tri=46.48
Then

46.48
Vieom 500X 12000 =232.4 6. fsec.

= Vine==Viss—u

so that
Vagez=u— Viee=600—232.4 =367.6 ft./sec.
Using (A),

vl
1128.14 , 6
rom 320, 0

=564.074-30=594.07° R.
Then
g\ 8.5 3.5
Pr.=Pn(%-j) =l.5316(§~§¢:3§)

=1.59386 atin,

correspond to a value for
*15=80° for x=792 ft./sec,
We now try a1;m52° 51°,

Aiz=xin 52° 51'=_T9705
oos 52° 51'=.60390

Knomagthevﬂuuofmwdpn,whlchm
the same from root to tip

10 B==.14268
and from B-table
pl=1.0842

Py 11474
Px--m-m- 1.0583 atm.

Then
Tiym=Tr f;—:)'-szs.w B.

VI.SVR (! - §|.=385.3 ft.,m.
Viso= V1, X co8 ay,
=385.3 % .60390
=232.4 ft./sec.

which checks with the required value 2324 for
Vixe.

Vlsu= ViaXsin Qg

] =385.3 X.79705=307.1 ft./sec.

Viea  307.1
tan a,.-mam—.%&)
oy ==20° 15’
v, 4
b m.—ﬁ=%=w.z ft./sec.
— ———g
Tr=T+ V2 -528.46+%g.%
© =528.46+65.61
=594.07° R,

This checks with the required value 594.07 for
Ttz from Equation A,

We now have to find the right o35 from which
all the 2r values will develop. Try a3s=46° 30°,

A= gin ay,=72537
CO8 3x—=,68835

Enowing that Try must be 587.31 and Prs must
be 15315 in order to get the same Psx as before
B=,12239

From the B table

P _Pn_
Pro = Py =1.0500

456

Hence,
P,.-P..-;fT?;g-l.mz atm.

Tye=Tsa =Tn(%)- =577.76° R.

Trs— T3 =594.07 ~577.76 =16.81
Vie=vVK(Try—T3)
=v12000X16.81 =442.1 ft./sec.
Trs—T1a=587.81—577.76 =9.55

Vi =v12000X9.55 =338.5 {t./sec.

Vine= V34X cos [ 1

70 =338.5<.6884 =233.0 ft./sec.
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This value is sufficiently close to the desired
value, 232.4 ft./sec.

Vino= Vaza= Via X8in azs
=338.5¢.7254=:245.6 ft./sec.
We rlso have

Var X sin 02z=Var=V3na
so that
sin a,,=V7’;‘—'=%g:—‘:=.5554
and
agp= 33° 44" 30"’
We should find that Try=587.3 if calculations
are correct.

2N Vlﬂ

Tr=Ti+ 2 =Tt g

=577.76+9.55=587.31° R.

The above calculations illustrate our method
of determining the entrance and exit angles for
the rotor and stator blades to insure constant
pressure Psx at all radially spaced points in the
exit stator where the air flows axially and to in-
sure a circumferential velocity component at the
exit of the inlet stator, Vixe, that is equal to the
circumferential velocity component Vinc at the
entrance of the exit stator. Thus, these calcu-
lations show that at a radius at which u=792.1
ft./sec.

Vize== V3ne=175.5 ft./sec.
P3z=14881
o12==60°
aga=17° 26’ 30**
agr=21° 35’
a3p==54° 12’
037==90°

At a radius at which 4=600 ft./sec. (which can
be considered the tip, Fig. 3)

Vize= Vinc=232.4 ft./sec.
P3z=1.4881
a12==52° 51’
g =20° 15’
a3:==33° 44’ 30’’
o3pn=—=46" 30’
a37==90°

and at a radius at which u=386.3 ft./sec. (which
can be considered the root, Fig. 4, having a di-
ameter of 34.77’’ as assumed above)

Vize= Vinc—361. ft./sec.
Pis;=14881
ayp=41° 21’
a3, =22° 59’ 15’
az,=84" 16" 30"’
3 =35° 0’
e3r=90°

The same method as explained for u=600 was
used, that is, to find values of aix etc. that produce
with this value of #=386.3 the same values of
Psx, Tax, Vix, 88 a1z=52° 51’ produced for u=600
or 212=60° produced for u=T792.1, while the con-
dition

Vize=Vane

must still hold in this example. :

An examination of Fig. 3 and Fig. ¢ will show
the values listed above for a tip where the radius
and R. P. M. are such that #=600 ft./sec. and a
root where the R. P. M. is the same but the radius
is such that u=—386.3 ft./sec. These values apply
to the case where the condition that Vize=Vinc
has been imposed, 1. e., the circumferential veloc-
ity at the exit of the entrance stator equals the

10

13

35

40

20
circumferential velocity at the entrance to the
exit stator.

In Figs. 1 and 2, the entrance stator blades are
shown at 1 and 1’, the rotor blades at 2 and 2’
and the exit stator blades at 3 and 3’ as explained
above, and the dotted line in each flgure repre-
sents the center line or axis of the duct formed
by the stator and rotor blades. In Figs. 3 and 4,
the center line or axis of the duct formed by the
blades is likewise illustrated by a dotted line. In
each figure of the drawings, vertical dot and dash
lines represent the entrance stator exit lx, the
rotor entrance and exit 2n and 2x, respectively,
and the exit stator entrance 3». In Figs. 3 and 4,
vertical lines also indicate the entrance stator
entrance 1n and the exit stator exit 3x, the latter
denoting that portion of the exit stator at which
the fluld is directed axially by the exit stator
blades. At this point in the exit stator, the angle
of the exit stator blades with respect to a plane
normal to the axis of the compressor, ox, 1s 90°.
The blades of the entrance stator and of the
exit stator preferably consist of thin sheet metal
of uniform thickness and the rotor blades may
also be formed of thin sheet metal of uniform
thickness throughout, slthough in some in-
stances, it is appropriate to have the rotor blades
of greater thickness near the middle portion of
the rotor than at the rotor entrance and exit.
This latter construction is desirable where the
solidity of the rotor blades is such that the rotor
ducts would not constitute diffusers extending
from the rotor inlet to the rotor outlet unless the
blade thickness is increased near the central
plane of the rotor. Figs. 1 and 2 illustrate a con-
struction in which the stator blades have the
same solidity as the rotor blades but it is to be
understood that this condition is not essential,
for in some instances it is desirable to have one
or more of the stator elements comprising blades
having a solidity different from that of the rotor
blades. In general it may be stated that a single
stage or multistage compressor embodying our
invention comprises entrance and exit stator ele-
ments and a rotor element interposed between
these stator elements, the s’ ator and rotor blades
all forming fluid ducts extending from the root
to the tip portions of the blades and in a gen-
erally axial direction through the stator and
rotor blades, the entrance stator blades being
shaped to provide axial flow of the fluid into the
entrance stator and the exit stator blades being
shaped to direct the fluld axially. Also, ac-
cording to our invention, the entrance stator

g8 has an exit angle aix having a value that is

70

%

a function of the total temperature at the en-
trance of the entrance stator, T'ri, the temper-
ature of the fluid as it leaves the entrance stator,
Tix, and the circumferential component of the
velocity of the fluid as it leaves the entrance
stator, Vixc, as set forth in Equation F, and the
rotor has an exit angle 22z having a value that
is a function of the total temperature in the
rotor, Tra, the vemperature at the rotor exit,
Tz, and the circumferential component of the
fluid velocity at the rotor exit Vaxc as set forth in
Equation H, with the rotor and exit stator hav-
ing entrance angles (2zn, @31) ) having values pro-
viding streamlined flow of the fluid into the rotor
and from the rotor into the exit stator, with

VIIQ

constant and Vixe determined by Equations A
and C’.
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& typical computation of the sev-

Yor
eral blade angles it may be assumed that
’ Vln
VII‘

is chosen to give the type of compressor desired,
1. e, the desired degree of reaction. Thus, if

Vl=¢=.2

the degree of the reaction at the center of the
rotor blade, 1. e. for a u of 500 feet per second,
where u at the tip is 600 feet per second and
1 at the root is 386.3 feet per second, is approxi-
mately 60%. With the entering conditions as
indicated in Figs. 3 and 4 of the drawings we
have, for W=-24.4:

Tr1=540.83 Pr1=1.1474
Tr3=587.31 Pra—1.5315
For the values at the tip portions of the blades
we have from Equation C’:
Vige=77.47
Vine=000-+77.47=8677.47
Vine=T o = 387.33
Viee=000—387.33=212.63
and from Equation A:
Trs=578.58

and then

3.
P,,=P,,(;—: ! =1.4529 (for sir)

Similarly for the root values we have from
Equation C’:

Vise=120.32
Vine=120.32+386.3 = 508.62
Vinem 1203260160
Vi20.=3863.—601.60=—215.3
ahd from Equation A
Tr2=561.02

and then

Pn=Pn(§ﬁ ' = 1.3043

Substituting these values in the equation for
Tix we find for the tip

T”)'—.ms(%ﬂ)'+.01293=0
m

Tn
the solution of which is
Tia
Tﬂ—.%&ﬁ)

and for the root

ﬁi)‘_ (Z‘-_)‘ -
To: 99777 Trs +.01293=0
the solution of which is

Tls
Tr-lg 98377

These values for

T
Tn

22
when substituted in the Equation F (for 11x) give
for the tip ‘

az==tan-1 3.8741
=75.53"

and for the root
ae==tan—! 2.5052
=68.24°

Similarly when these values are substituted
in the equation for Tz2x we have for the tip

.Y _ &)‘ -
T 0034 Tre +.00863=0
1s the solution of which is
Tll
Tre = 08414
20 and for the root
T\ Ts.\* .
T;) - .99311(1.—") +.01038 =0
the solution of which is
s T
T—,-:='98172
These values of
T,
0 Tn

when substituted in the Equation H (for o)
give for the tip

ar=tan-! 1.1082

1] =50.15°
and for the root
azz—tan—1 1.2865
=52.14°
&0

{pointing toward the axis because Vac is neg-
ative, —215.3).
For the condition of streamlined flow of the
fluid into the rotor and from the rotor into the
45 exit stator we have the condition that

Vlse

tan a3 = (tan al:)u_'_ Viee

50 which gives tan a2m at the tip

tan o2,—.44301
a3 —23.89°

(P)

and for the root

[} tan o2x=.50498
3n=30.75°

In Hke manner the values of i may be de-
termined from Equation Q with the following
..results:

At the tip o3n—33.34°
At the root o3x=24.72°

Corresponding values of the blade entrance and
68 exit angles can be found in the manner set forth
above for asny other value of u along the blade.
In the typical computation set forth above the
angles o1x and e1x for the root and tip were com-
puted by the direct Equations F and H and o
70 and #» deduced for the root and tip by using
the Equations P and Q which define the condi-
tion for streamlined flow of the fluid into the
rotor and into the exit stator. It will be under-
stood, however, that the angles ®n and @, may
78 be determined by the direct Formulas K and M
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respectively. Thus, using Equations M a.nd N,
the value for

Tla
3
has for its solution at the tip
T
Tre =.96950
and
ay=tan-! .656789
or
nyx—33.34°
at the tip, i. e,, the same angle determined from
Equations Hand Q.
At the root
Ta
Trs
has for its solution
Th -
Tre 93780
giving
ax=tan—!, .45856
or
a3y —24 68°

at the root i. e, the same angle determined
above, by using Equations H and Q.

8imilarly the angles eix and @n may be de-
termined by the direct formulas F and M and
then the angles 22n and o2x may be deduced by
using the Equations Pand Q.

As explained above, our invention makes it
. possible to provide an axial flow compressor in
which the pressure of the fluid as it flows axially
in the exit stator has substantially the same
value from the root to the tip portion of the
exit stator.

Purthermore the fluid velocity does not have
any radial component at any point in the com-
pressor. The entrance stator blades and the
rotor blades are shaped so as to provide progres-
sively decreasing rotor entrance velocity from
root to tip to compensate as completely as may
be desired for the increase in circumferential
rotor speed between the root and the tip of the
rotor blades, whereby the root portions of the
rotor blades, travelling at relatively low circum-
ferential speed, may impart to fluld entering the
rotor at higher absolute velocity than at the
tip, the same amount of energy, the exit portions
of the rotor blades being correspondingly shaped
to insure this result at the rotor exit. Thus
the rotor and stator blades are of such shape
that the rotor and stator ducts accommodate
the vortex free flow of the fluid through the
compressor. A characteristic of our compressor
is that the velocity of the fluid entering the en-
trance stator and as it is directed axially in the
exit stator is truly axial in direction, (. e., with-
out any circumferential velocity component and
without any radial velocity component), the
magnitude of the velocity of the filuld entering
the entrance stator being constant from root
to tip and likewise the magnitude of the fluid
velocity as it is directed axially in the exit stator
is constant from root to tip. At the rotor en-
trance and exit, however, the fluid has a velocity
varying progressively from root to tip and which
may be regarded as the resultant of circum-
ferential and axial velocity components, at least
one of these components varying progressively
from root to tip.

‘10
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It will be understood by those skilled in the art
that the equations set forth above and appear-
ing in the appended clalms are based on the
assumption of an ideal compressible fluid and
that in the design of any specific compressor
embodying our invention the usual slight modi-
fication of the theoretically correct blade shapes
may be made to compensate as completely as
may be desired for the fact that the compressible
fluld does not have the precise physical prop-
erties of the assumed ideal fluid.

It Is to be understood that our invention is not
limited to the particular illustrative embodi-
ments illustrated in the accompanying drawings
and described in detail above, but includes such
modifications thereof as fall within the scope. of
the appended claims.

We claim:

1. An axial flow fluid compressor comprislng
entrance stator blades, rotor blades, and exit
stator blades, all forming fluld ducts extending
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 provide
axial flow of the fluid into the entrance stator,
the exit stator blades being shaped to direct
the fluid axially, the entrance stator having an
exit angle e1x varying progressively from root
to tip and having the value

)
T

ay = t&n"{KTﬂ( 1-—

where
Tl:l
TTI
is the largest real positive root of
k+1 3
)R- B (R -
Tr Ty KTy, vKPq, -

the exit stator having an entrance angle m»
varying progressively from root to tip and hav-
ing the value

an= tan“‘{K T“( 1-

where
T
T

is the largest real posltive root of
( ) (BT (PR o

Vlsc
Vlso

constant from root to tip and
Ve Tn=Tr)K
1ze

w(pr+)

and the rotor having an entrance angle o
varying prog'resslvely from root to tip and hav-
ing the value

Vlso

a,.=tan“(u+v tan al‘)
and an exit angle o varying progressively from
root to tip and having the value

=Yiuten o)

ge= tan"(
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whereby streamlined flow of the fluid is provided
ag the fluld enters the rotor and as it enters the
exit stator and whereby the velocity of the fluid
85 it leaves the rotor varies progressively from
root to tip and consists of circumferential and
axial components each varying progressively
from root to tip, and the pressure of the Suld
as it is directed axially by the exit stator is
constant from root to tip.

‘2. An axial flow fluid compressor comprising
entrance stator blades, rotor blades, and exit
stator blades, all forming fluld ducts extending
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 provide
axial flow of the fluid into the entrance stator,
the exit stator blades being shaped to direct the
fluid axially, the entrance stator having an exit
angle ¢ix varylng progressively from root to tip
and having the value

KT T
au=tan"[ﬁ(l —Ti)—l]%

where
Tl F]

T
is ‘the largest real positive root of

k41 2
Zu)":-‘_ &)ﬁ(l_vl‘“,, ) + WR\/_“TT.);O
Tr Tn KTn VKPy,

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

aye=tan-1 f%‘( 1- %,'—;:)— 1]"

where
Ty
Tn
is the largest real positive root of
k41 2
(7)) (- B+ (PR w0

the rotor having an entrance angle e varying
progressively from root to tip and having the

value
[KT. Tie
R
where
Tl-
by

is the largest real positive root of

k41 2 M
(7_'1_’)11—._1_ (_Ti'. le'(1 — V’lﬂ + WR‘V Tn)’:o
Tn Tr KTr vEPp,

and an exit angle axx varying progressively from
root to tip and having the value

I{KT" 1 Tln 1}%
== "1} m=——g ——— ]
cse=tan Vias Tn
where
Ty,
Try
is the largest real positive root of
k1 2 — S
Tae)'1_(ZaeY 1-"===')+ ___WR_VTH)LO
Trs Try KTy, vKPr;

Vllc
Ins

constant from root to tip and

Vieg= (Tﬂ_TTI K
1z 2.“(."‘_”.'. 1
Vl (14 )

Viee= (Tn—zfﬂ) K__%

with

10

whereby streamlined flow of the fluid is provided
as the fluid enters the rotor and as it enters the
exit stator and whereby the velocity of the Auid
as it leaves the rotor varies progressively from
root to tip and consists of circumferential and
axial components each varying progressively from
root to tip, and the pressure of the fiuid as it is
directed axially by the exit stator is constant from
root to tip.

3. An axial! flow fluid compressor comprising
entrance stator blades, rotor blades, and exit
stator blades, all forming fluid ducts extending
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 provide axial
flow of the fluid into the entrance stator, the exit
stator blades being shaped to direct the fluid
axlally, the entrance stator having an exit angle
aix varying progressively from root to tip and
having the value

a,,=tan-l{_K—T—T,‘( 1 —?—#) - 1}%
’ IV'lao T

15

33
where
Iy,
Tr
40 13 the largest real positive root of
k41 2 —
(T_,l =i &)?—‘1 1 —Viae )+ M)'=o
Tn Tm ( K Tn VKP Tt
48 the rotor having an exit angle «x varying pro-
gressively from root to tip and having the value

KTl T\ %
agg=tan~HN—=2% 1 _ ~ 2=z -1
* Ve’ ( 77) J

80 where
Ty
Try
15 the largest real positive root of

8 A1 2
(T“)-k_——l (Tl- ‘!——1(1 Vlza) (WRVT—H *
) ~(72 &5 )+ (2B TnY _,
Try Tr KTy, YEPp,
with
o0

YViee
Vlﬂl

constant from root to tip and
Vi T=Tr) K
o8 1ze V' -
2u *17—'- +1 )
lze

and
Vieomm (Tr—Tr) K u
lge™=— g ———F
0 2u 2
with the rotor having an entrance angle 2, vary-
ing progressively from root to tip and having the
value

— - lee
ayy=tan l(u +than a,,)

1
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and with the exit stator having an enfrance angle
a3, varying progressively from root to tip and hav-
ing the value

mam-l(u"—;v"' tan “’.)

whereby streamlined flow of the fluid is provided
as the fluid enters the rotor and as it enters the
exit stator and whereby the velocity of the fluid
as it leaves the rotor varies progressively 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 axlally by the exit stator is constant from
root to tip.

4. An axigl flow rir compressor comprising en-
trance stator blades, rotor blades, and exit stator
blades, all forming fluid ducts extending from
the root to the tip portions of the blades and ex-
tending in a generally axial direction through the
stator and rotor blades, the blades of the entrance
stator being shaped to pr-vide axial flow of the
air into the entrance stator, the exit stator blades
being shaped to direct the air axially, the en-
trance stator having an exit angle «ix varying
progressively from root to tip and having the

value
: KTn T
o; .=tan—l{—, 1—752 }
' VI-. ( )
where
Ty
T
is the larger real positive root of
Tu) Tl- ( Vln ) (WR‘V !rl)’ =
Tn ( ) “KTn + VKPr o

the exit stator having an entrance angle am vary-

ing progressively from root to tip and having the
value
KT, T,
a...=tan-!|—-2',(x —ﬁ)— 1}"
3an

where

Ty

Trs

i8 the larger real positive root of
( ) = (B (2 - )+ (o) =

Yiee

V'.I
constant from root to tip
and
Vo o (Trn—Tr) K
1ze 2u(.Y_’_!_’ + 1)
Vlce

and the rotor having an entrance angle e vary-
ing progressively from root to tip and having the
value

= tan“(u _}‘_"‘? tan a...)

and an exit angle aix varying progressively from
root to tip and having the value

Vau )
U— Vine tan oy,

whereby streamlined flow of the air is provided
as the air enters the rotor and as it enters the

¢1l=tan—l
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exit stator and whereby the velocity of the air
a8 it leaves the rotor varies progressively from
root to tip and consists of circumferential and
axial components each varying progressively from
root to tip, and the pressure of the eir 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, all forming fluid ducts extending
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 provide
axial flow of the fluid Into the entrance stator,
the exit stator blades being shaped to direct the
fluid axially, the entrance stator having an exit
angle aix having the value

a,.=tan"%(l -12)- 1}"

where
Tie
T
is the la.rgest real positive root of
Tl Fy k—l Tl ')k_( Vlu WEYT waylinm
KTﬂ 'JK P Tl

the exit stator having an entrance angle am
varying progressively from root to tip and hav-

ing the value
A= n—szT"(l T 1}%
l-o

where
%‘a
n
18 the largest real positive root of

()BT (R

VEPn
with

Vlu

constant from root to tip and
(Trm—Trn)K
ino
u Vln + 1

Viee™

and the rotor having an entrance angle am
varying progressively from root to tip and hav-
ing the value

Cn'-—-t&n“( Vizs

utVize tan au)

and an exit angle axx varying progressively from
root to tip and having the value

Via
Py ~V:“ tan a,.)

whereby streamlined flow of the fluid is provided
as the fluid enters the rotor and as it enters the
exit stator and whereby the velocity of the fluid
as it leaves the rotor varies progressively from
root to tip and consists of circumferential and
axlal components each varylng progressively
from root to tip, and the pressure of the fluld as
it is directed axially by the exit stator is con-
astant from root to tip.

as,=tan™?
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6. An axial flow fluld compressor comprising
entrance stator blades, rotor blades, and exit
stator blades, all forming fluid ducts extending
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 provide
axial fiow of the fluld into the entrance stator,
the exit stator blades being shaped to direct the

fluld axially, the entrance stator having an exit 10

angle aix varying progressively from root to tip
and having the value
_ﬁs)_ 114
Tn

as,=tan"1 —Igh 'l( 1

where
Ty,
Tn
is the larger real positive root of

k41 2
T )T (2 Y4 ""V,,.) ( WRVTnY _
—_—f = — +
Tn Tn KTn vKPT,

the rotor having an exit angle aax varying pro-
gressively from root to tip and having the value

w0

Tss
Try

is the larger real positive root of

where

2
le k—l (T2: k_l( — V):e) (WRVTN) -
( 1 KTps + VKPr 0
with
Viee
Vau
constant from root to tip and
Viee= (T'ra ~Tm)K and V= _(Tr—Trm)K_u
Vlnn 2u 2
Vo +1
1ze

with the rotor having an entrance angle am
varying progresively from root to tip and hav-
ing the value

Vln tan ¢l.)

—tan— —lze
am=tan (u+V1,.

and with the exit stator having an entrance
angle asn having the value

—rancif 4= Vine )
a"_tan l( Vlu t.a.nag.

whereby streamlined flow of the fluld is provided
as the fluid enters the rotor and as it enters the
exit stator and whereby the velocity of the fluid
as it leaves the entrance stator varies progres-
sively from root to tip and consists of circum-
ferential and axial components each varying
progressively from root to tip, and the pressure
of the Auid as it is directed axially by the exit
stator is constant from root to tip.

7. An axial flow fluid compressor comprising
rotor blades and exit stator blades, all forming
fluid ducts extending from the root to the tip
portions of the blades and extending in a gen-
erally axial direction through the rotor and exit
stator blades, the blades of the exit stator being

35

having an entrance angle asa varylng progres-
sively from root to tip and having the value

s, =tan- KT”(l T 1}"
lue
where
Ty
Tr
is the largest real positive root of
k1 2
Tas\*1_ T:s)r:"( Vine )+ WR\/T'I':
T T “KTn K Pry
where
Ve, me Trn—Tm K
3ne 2“

and the rotor having an entrance angle aan vary-
ing progressively from root to tip and having
the value
_ V
1= tan x.u_
and an exit angle gix varylng progressively from
root to tip and having the value

“"=mn_l(u—‘-,'1;:.."°n "")

whereby streamlined flow of the fluid is provided
as the fluid enters the rotor and as it enters the
exit stator and whereby the velocity of the fluid
as it leaves the rotor varies progressively Irom
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 axlally by the exit stator is con-
stant from root to tip.

8. An axial flow fluld compressor comprising
entrance stator blades and rotor blades all form-
ing fluid ducts extending from the root to the tip

o portions of the blades and extending in g gen-

44

70

erally axial direction through the entrance stator
and rotor blades, the blades of the entrance
stator being shaped to provide axial fiow into
the entrance stator, the entrance stator having
an exit angle aix varying progressively from root
to tip and having the value

7)1}

e =tan—} KT"‘( 1-

( Tis

is the largest real positive root of
2
URCORE AU

Viee= ( Tm;Z‘n)K

and the rotor having an entrance angle aan vary-
ing progressively from root to tip and having
the value

where

a,,.=tan-l(u_r“’,‘ tan a,,)

and an exit angle azx varying progressively from
root to tip and having the value

Qag= tan—! Y;a:"

whereby streamlined flow of the fluid is provided
as the fluld enters the rotor and whereby the
velocity of the fluld as it leaves the entrance

shaped to direct the fluid axially, the exii stator yg stator varies progressively from root to tip and
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consists of circumferential and axial components
erach varying progressively from root to tip and
the absolute velocity of the fluid as it leaves the
rotor is axial.

9. An axial flow fluild compressor according
to claim 1 characterized by the ratio

VI::
iInc
being equal to 1.
10. An axial flow fluid compressor according
to claim 4 characterized by the ratlo

Viso

Ins

CARL pz GANAHL.
JOSEPH G. COFFIN.
HUGO F. BASCH.

being equal to 1.
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