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RESEARCH MEMORANDUM

RELATION BETWEEN FLOW RANCGE AND OTHER
COMFRESSOR-STAGE CHARACTERTSTICS

By Arthur W. Goldstein and Ralph T.. Schacht

SUMMARY

A method based on blade-element concepts was developed to evaluste .
the effect of stall or choke-free angle-of-attack range on the attainsble
pressure rise and relative Mach numbers for cascades or single blade rows.
This method was extended to evaluste the effect of usable compressox-
stage flow range on the deslign parameters of stage flow per unit aree,
pressure ratio, and rotetive speed. In the anelysis of compressor stages,
flow range (proporbional to the veariation of the rabtio of flow at posi-
tive stall o flow at choke or negabtive stall from 1.0) was taken as the
independent varisble, and the effect of range on these design parameters
was evaluated. The analysis indlcates that high inlet Mach number de-
8igns necessarily have small flow ranges and thet blade rows with meximum
flow renges are designed for choked-discharge flow. The greatest flow
range is athtained at low values of Mach number, flow per unit ares, and
over-gll diffusion, end at high surface-velocity diffusion. Blades de-
gigned to sattain large surfaece-velocity diffusion mey be used for either
large pressure rabtios or large flow ranges.

INTRODUCTION

Compressor design procedure is normally concerned with a single
operating point, and all steges are designed to satisfy requirements at
this condition. In practice, however, off-design operation often proves
to be the decisive factor in the evaluation of compressor suitabllity.
Therefore, compromises in stage capabilities are generally made in order
to obtain better off-design performsnce. For example, in a compressor
of meny stages, the front and rear stages operate over a wide range of
flow coefficients as speed and pressure ratios are veried. In mulbti-
stage designs, the £low capacity (flow per wmit frontel a.rea.) or pres-
sure ratio is normelly reduced from the maximum attainable in order to
achieve improved ranges of stell or choke-~free operation for the front
stages and thus minimize off-design operating problems.
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In order to make effective design compromises to ensure adequate
off-design compressor performance, additional knowledge of the relation
between usable stage flow renge and such design parameters s flow per
unit frontal area, stage pressure ratio, and rotative speed is required.
A reasonsble approximation to the relations of the primsry varisbles
(choke-flow coefficient, stall-flow coefficient, relative flow angle,
and ares contraction) is mede, and these approximations are used to es-
timate the relations between stage flow range and the compressor-stage
performence parameters {(flow per umit area, stage pressure ratlo, rota-
tive speed, ete.). From this, the following information will be sought:
What comblngtions of compressor characteristics are obtalnable, which
characteristics must be sacrificed to improve & desired cperation mode,
and upon which blade-row gualities research snd development should be
concentreted,

Inasmuch as generslized angle-of-ghbtack limits sre not readlly de-
fined for any arbitrary blade section, a particular sectlon considered
applicable to high-performence compressors was selected, and operating
limits were estimated from basic flow theory. Although the results were
obtalned for a perticular type of blade shape, the trends are believed
to be generally spplicable to the type of blade sections currently in
use. : .

In the analysis, the blede row is treated as a two-dimensional cas-
cade. The operating limits of a cascade or a blade row are first esti-
mated and then extended ta = stage. Stage flow range is then taken as
the independent variesble; and other operating characteristles, such as
choke-flow limit, pressure ratioc, and operating speeds, are defined for
selected values of flow range.

SEIECTION CF BIATE SECTIONS

Because the operating conditions assume high-performance compressors
and, therefore, high subsonic Mach numbers, the wedge-shaped leading edge
is considered sppropriete; blades of this type have low surface veloc-
ities and less danger of locel shocks than blunt-nose types suitable for
large range st low subsonic velocities. Also appropriate for blades of
this type are gradual curvatures that help keep local velocitles low.
In a later section of the report, the highest local velocity required is
shown to be a minimm when the surface velocity is constant on the sue-
tion surface over the anterior exposed region between the leading edge
and the point (A} foumd by dropping a perpendicular from one leeding edge
to the suction surface of the adjacent blade (fig. 1). This perpendic-
ular marks the entrance to the channel between blades. In reference 1,

a calculated example for a cascade of thin circular arcs shows that such
a nearly constant surface velocity is obtalned. Consequently, the suc-
tion surface of the proposed blades may be expected to resemble clrculer-
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arc sections in the exposed part upstream of the channel entrance, since
this surface will have nearly comstant curvature.

If the cascade 1s to operate at high flowse, constricting the flow
channel between blades and thus forming an intermal throst smaller than
that required at the entrance to the ghannel between blades is inapprop-
riate. Consequently, the direction of the pressure surface of the hlade
section near the leading edge wlll be parallel to the opposite guction
surface (point A of £ig. 1) if the leading-edge wedge sngle is to be a
maximm, For a blade row with maximm flow rsnge the use of a2 maximm
wedge angle at the leading edge is desirable; this assumption is discussed
lgter in the report,

To summarize the blade-row charscteristics, the blade sections dis-
cussed in this report have the following properties: (1)} The leading
edges will be wedge-shaped except for & smell radius of curvature required
for febrication; (2) the anterior part of the suction surface between the
leading edge and the entrance of the chamnel between blades will not de-
viate strongly from a circulsr arc, since this part must have nearly con-
gtant curvature in order to maintain a near constant surface velocity at
stalling inflow conditions; (3) the entrance to the interblade channel
will have paralilel walls; and {(4) the other geometric festures of the
blade are not specified but are assumed appropriate to achieve what are
regarded as attainable performance properties. The chord, for example,
is not specified nor is any portion of the pressure surface other than
the angle at the leading edge. Typlcal limitations on the shape are:

(1) An interns]l throat must not be formed, and (2) the surface velocity
must not rise to a value higher than that on the enterior exposed part
of the suction surface.

FIOW RANGE OF CASCADES

Now that the principal shape factors of the blade sections have been
specified, the effective or useful range of angle of attack for the oper-
gtion of these shapes must be determined. At large positive or negative
angles of attack, the flow separates from the surface. This condition of
stall is sccompsnied by lerge losses. Thus, the useful range of Inflow
angles is limited by the occurrence of positive or neggtive stall. In
many cases the stall is gradual, and this indefinite characteristic has
led to several definitions of stelling I1imit for compressor-blade rows,
such es (1) positive sngle of attack with meximm pressure rise, (2)
positive angle of sttack for meximm deflection, (3) engle of attack for
separation of the boundasry layer, (4) sngle of abttack with loss coeffi-
clent twice the minimm value, and (5) angle of attack when the flow is
unstable and flow pulses travel from one blade to another (rotating
gtall). In the present anslysis, only stall limits (3) end (4) are
considered.
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At high airspeeds, another limit takes precedence over the condition
of negative stall - this is the condition of choke. With Mach number
equal to 1.0 in the blade-passage throat, further decreases in back pres-
sure will not change the upstream flow bub will merely increase losses.

Blade Stall

Dats from isolated alrfoils examined in reference 2 show that s good
correlation of flow separstion is obtained with the ratic of maximum sur-
face velocity to free-stream velocity. That is, within reasonable limits
on the veloclity distribution, the velocity distribution is of secondary
importance compered with the over-all velocity change. The critical ve-
locity ratio was found to be 2.3. The deba of references 3 and 4 on cas-
cades of low-speed airfoils are exsmined in reference 5; and 1t is shown
that, wvhen the ratlo of maximm surface velocity to discharge velocity is
1.83, the losses begin to increase end that, when a ratic of 2.0 to 2.2
is attained, the losses are doubled. Unlike the isclated airfoll, the
stall 1limit in cascades is c¢learly influenced by the over-all velocity
decrease for the cascades as well as the angle of attack that affects the
maximum surface velocity near the leading edge, Theoretically, almost
any velocity ratio mey be used, but large veloclty ratios require long
chords and are critiecal in pressure distribution. A ratio of 1.85 to 2.0
may be attained with reasonably long chords and is not critically depend-
ent on details of the blade shepe ox inflow state of the gas.

For sharp-edged ailrfolls, the surface velocity is always large
enough to engure separatlon at all angles other than the engle for smooth
inflow. This smooth inflow angle is somewhat less than the camber-line
direction neasr the leading edge. The boundary layer subsequently reat-
taches to the airfoll, and diffusion is begun with a boundary layer less
gble to withstaend diffusion than in the case of the round-nosed sirfoil.
The higher the incidence angle, the worse the boundary-layer condition.
Consequently, the ratic of the surface velocity to the discharge veloc-
ity that mey be used without blade stell is a function of the Incidence
angle for which the blades are designed. In selecting values of the in-
cidence angle for stall, experimental data should be used for shapes ap-
proximately of The type being considered. The double-circular-arc blades
are therefore appropriate, and the data of references 6 and 7 (replotted
in fig. 2) show that, for negative incidence angles, an inflow direction
parallel to the pressure surface gives approximstely twice the lowest
loss and is in a region of rapidly rising loss with angle change. Anal-
ogously, the loss might be expected to show a similer limit when the ~
inflow is parallel to the suctlon surface, since the phenomenon of sepa-
ration and reattachment is local to the leading-edge region. If such a
limit is selected, the discharge velocity that may be attained for that
angle must next be estimated. On both the curves shown, the losses rise
to very large values, since diffusion stall has occurred at a lower angle

802%



4208

NACA RM ES58B24 . ~I 5

because of the high values of suction-gurface diffusion. For the condi-
tion of flow parallel to the suction surface, the ratios of average ve-
locity on the surface upstream of the channel entrasnce to the downstream
velocity are 2.4 and 2.5 for the tests of references 7 and 6, respec-
tively. No other date on double-circulasr-arc cascades are availsble.

Thus, the lower limit of angle of attack may be either negative
stall (angle less than the angle tangent to the pressure surface) or
choke., The upper 1imit of angle of attack may be either positive stall
(angle greater than the angle tangent to the suction surface) or exces-
sive surface-velocity diffusion. At low inflow Mach numbers, the inci-
dence angle will be the 1imit. At high inflow Mach numbers, choke and
surface-velocity-diffusion stall will limit the range. Figure 3 shows
these genersl limits and 1s discussed in detail in e later section.

Egtimate of Maximm Surface Velocity

In a plane séction of a blade row of the type being considered, a
potential line may be drawn from the leading edge of one blade to the
suction surface of the next (BA in fig. 1). This defines the suction-
surface length b. The circulation theorem gives

b
sVlsinGl=£ v dx = bv - (1)

where el is the inflow angle and v is the averasge velocity on the
anterior blade length b. (All symbols are defined in appendix A.)

For a given blade geametry, the lengbth b will depend only slightly
on 67 if the solidity of the blade row is sufficlently high, since the
flow pattern in the interblade chamnel will change only slightly with in-
flow angle. ©Since the channel walls are parallel at the entrance, the
potential line is spproximeted as a straight line from the leeding edge
that is normal to the suction surface at the point of intersection. The
maximm surface velocity vy, can be kept to & minimum value for a fixed

average value when v 1is consbtant over the region b. In this case,

Vp = V. If 1/§ is the average curvature on the length b, then using

the circular-arc approximation results in b = R(Bg - Bp), and

s1in

E/S - Sin(BS - Bp)

(2)
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Substitutlion yields
s sin 6y sin 6, s:in(BB - Bp)
Ve, = -

1 R(pg - 8y) "B PBp  Bg - B

(3)

(¢)

where 6, 1is the inflow angle for which v is constant on b. The ve-

locity ratio vm/Vz that can be used to determine a stalling value for

Vz is then

Vl gin 8

Vv, sin Bl ' (5)
a D

ﬁth
I

As previously mentioned, the Gl value of Interest is 61 = Bg.
In this case the formula gives an average surface velocity
V; sin B8
1 8
V, 8in B_ (6)
a D

w51«
i

which may be used 1n place of vm/VZ if the empirical value 18 based on
ViV,

The only fact presently known is that the average velocity ratio
should be somewhat less than Z.0. In the present analysis, values of
1.75 and 1.55 are investlgated because these values should be obtainable
without critlcal blade-design requirements snd should sllow somewhat for
the effect of the sharp leading edge on the conditlion of the boundary

layer.

Equation (6) relates the opersting range of angles to the over-all
velocity change after an appropriate value of the average veloclity v/Vz

is pelected. This relation is independent of design details and relates
only operational veriables.
Choking Limits of Cascade Operation

If the back pressure on & cascade is reduced, the inflow Mach
number will increase until the velocity in the channel throst is
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gpproximately soniec. If there is a velocity variation scross the throat,
the choking or meximm inflow is given by

(Eﬁ)
P1V1) 1 - 0.4an® ©O8 2 7)
* ¥ = cos & -

where

%* *
e Sk —(———Sin a8 1)
w -y 2\sDn Ry

This result is derived in sppendix B and determines the inflow Mach
number as a function of the inflow angle el for 64 < (BS + B )/2.
The accuracy for determining Mach number from prl/p ** g not good if
the Mach number is near 1.0; the equation will be more sabisfactory as
an indicator of maximum flow rather than of choking Mach number. The
flow limit In blade rings of varieble section wlll be somewhat less when
the spanwise varistions do not permit simultaneous choke of all sections,
but this situation does not affect the estimsie of obtainable flows for
compressor stages that are here assumed to be designed for meximum flow.
The flow limits are regarded as spplicable to umswept blades only, since
spanwise flow mey extend the range of swept blades.

OPERATING CHARACTERISTICS OF SINGLE BLADE ROWS

Up to this point, the low-gpeed flow-angle limits for By and ﬂg
have been related to the over-gll wvelocity ratio szvl at gtall and
the maximum flow rate. The surface diffusion will Increase with increas-

ing inlet Mach number as an effect of compressibility where the operating
speed is increased over that at which the stalling wvelocity ratio VZ/VJ_

is designed to occur for 67 = B, and stalling will occur unless 61
is decreased to a value less then B . The choke 1imit will require a

larger anglé with increased inlet Mach number so that evenbuslly, at

some speed, choke and stell will occur simnltanecusly unless shock losses
are sufficient to provide an operation limlt before this Mach number is
attained. The blade-row limit curve will have the general asppearance
shown in figure 3. ’

The placement of the lines for B, and ﬁp (inflow angles parallel

to the suction and pressure surfaces, respectively) determines the inlet
leading-edge wedge shape and the size of the throat section for the blade
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gections previously characterized in this report. Therefore, Bg and

determine the location of the choke curve or, alternatively, the entire v
choke curve is specified by a single point on it. The stell curve is as
yet unspecified since the point at M,, Bg (fig. 3) can be freely

assigned; in a compressor, the velue of My 1s chosen to oecur at the
same wheel speed as the choke flow at M,. Once this point (Mg,B5) is

chosen, the value of the discharge Mach number 1s determined from the
velocity ratio Vz/Vl. The equa.tion of cont:l_nuity with the abbreviation

g = pV/o*a® states that for amy inflow condition g;,6] and for choking
inflow condition gl, cel, c

anzy

ngz cos 92 = glAl cos 91

82,cA2 €08 8 o = g1 oAy OB 63 o

where A;, A, are the frontal areas of the cascade at entrance and ex-
heaust. If negligible variation of the discharge angle 92 is assumed

and if choke occurs st maximum range of el,c = Bl,p’

g/81 _coB oy  cos 6y
(gZ/gl)c cos el,c cos E‘l,p

(8) )

Since the flow density ratio gz/gl can serve as & measure of cascade
diffuslon, the increase of diffusion as 6, increases from Bl,p to
Bl,s is indicated.

For low inlet Mach number, tos Bl,s/cos 3l,p is an indication of
flow range; values c¢lose to 1.0 indicate Bl,s close to Bl,p and s_mall
range, whereas smsll values of cos ﬁl,s/qos Bl,p indicate large range.

A single chart may be used with these interpretations to describe
to a large degree the performance characteristics of blade rows by uti-
lizing the relations of equations (7) and (8). Such a chart is shown in
figure 4, where the ramge parameter cos B S/cos Bi,c 1s plotted

against the ratio of cascade-flow cepacity to the a.nnulu.s choke-flow ca-
pacity (g cos Bi), With contours of inlet choke-flow Mach number and

sin Be U1 2
= 28 - : -
53 ﬁs Vz » s' Over-all diffu

angle and over-all diffusion D=

o v
sion was used to make the chart generasl since D (VZ) (v—]z') ; and the
8



4208

CL-2

NACA RM ES€B24 <IN 9

one chart can then be used for any value of W—r/VZ chosen. Blockage due
to blade thiclkmness bas not been accounted for on this figure.

The cascedes to which this chart is spplicsble are those previously
described, where the choke inflow Mach number ig the highest &t which
the inflow angle may be as low as B, (fig. 3), the intersection of the

choke line and the negatilve stall line, al,c = Gl,p'

This point may be regarded as the design condition. The posibive
stall condition is also assumed to occur at the meximm Mach number at
which the inflow angle 91, g 18 equal to Bl,s » so that diffusion stall

and leeding-edge stall occur simulbtaneously. Actually, the flow range
is the maximm attaineble and is proportional to the variation of
cos Bl,s/cos Bl,p from 1.0, where the range Is clearly zero. The entire

renge of design parameters Indicsted by f£igure 4 is not usable because
the flow at choke is limited by the poesibility of choking at the dis-
charge (gz,c = 1.0}. The continulty equetion (8) then reduces to

P2

szs .8 _ 81,5 ©°8 B1 g

= g
a* p* 82,3 €1,c c08 Bl,P (9)
The stall condition (eq. (6)) also describes the exit velocity
VZ,S:
V2,8 Vi,g 8in Bl,s(lz_) Vi,e 812 B3 ¢ E Vlzc: (10)
o ¥ sin Bl,p - Vl o 8in By P —
L
ve {r-1
B v T -1 2
ecause g=—7F |1+ 5 1- 5% the discharge velocity
a 8

V’z,s/a* may be eliminated between equatioms (9) and (10) if & value for
the diffusion ratio /Vz) is assumed and a relation is obtained be-
tween stall and choke inflow for this cascade design limit of M.a g = 1.0.
However, the velocity ratio Vy, E/V]_ ¢ mey still be chosen at Wi'l_'l. The
exit-choke line for (-_/V2 = 1,75 is shown in figure 4 for the case of
Vl e = V:L . and gl g = gl c® This single curve was ?-'b'bained from equa-
tions (9) end (10) and the approximstion g & 1 - r==q- M2, a1

designs must be above and to the left of this curve if the inlet stall
and choke Mach numbers are equal.
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The chart (fig. 4) shows that, as the choke Mach number increases,
the range factor spproaches 1.0; that is, the range is smsll. For ex-
ample, &t Mi,c = 0.9 the range factor is 0.98 and, therefore, the co-

sine of the Inflow angle may vary only 2 percent between cos B, &nd
2
cos Bl,P‘ At Ml,c = 0.7, cos Bl,s/cos P1,c = 0.82, so that an 18-

percent variation is permitted. Further, the exit-choke line indicates
that large range is obtained only at low flows. For example, at g flow
density of gl,c cos Bl,c = 0.8 of the annulus cepacity, the range fac-

tor may be as low as 0.82, so that an 18-percent variation is the mex-
imum possible; whereas, abt 8l,c 08 Bi,c = 0.4, the maximum range pos-

gible is 50.6 percent, since at exit choke the cosine ratio is 0.494.
At the same time, cos By o is reduced from 0.88 (B1 o = 28.4°) to 0.525

(B, o = 58.33°). If a surface diffusion ratio (?/VZSS greater than
2

1.75 were used, the exit-choke curve would be lowered and would permit
larger flow range. For any fixed Mach number or flow range
cos Bl,s/cos Bl,p’ the largest diffusion is obtained at the lowest flows,

a8 indicated by the larger values of D on the left side of the chart.
At high flows (right side of chart), large values of diffusion are ob-
tained only et small range cos-Bl’s/cos Bl,p neaxr 1.0 or at large Mach

numbers. Compressor stages of high flow would have to be designed in
this region and, thus, would have small flow-range capaclties.

CHARACTERISTICS OF COMPLETE COMPRESSOR STAGE
Calculations

The blade-row enalysis can be applied to estimste the characteris-
tics of a coumplete stage, which consigts of a rotor and a downstream
stator. In the analysis of the blade row, it was unnecessary to specify
the value of the discherge veloclty at stall or choke or to state the
discharge angle or span varlation in passing through the blade row.
Since this now must be done in order to f£ind the performance of the com-~
bination, a stall value must be assumed for the velocity diffusion ratlo
(v/V2)g. A value of C?/VZ)S = 1.75 is assumsd as usable, but a value

of 1.55 is also used in the calculations in order to obtain some estimate
of the effect of this varisble. Also, the flow relative discharge angle
from the stator and from the rotor is assumed constant regardless of the
inflow conditions. This condition relates the gas velocity at choke and
stall by . : - :

1 1
= tan B4 - —_—
q}l,s Le P1,c

ten B = tan B o - (11)

80e%
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where B is the (constant) absolute sngle of discharge from an inlet
guide vane, B' 1s the flow angle relative to the rotor, and the flow
coefficient ¢ = V cos ﬂ/U = W cos B‘/U (wherein Wi dis the relstlve

velocity, Vi 1is the absolube velocity, and U dis the linear speed of
the rotor). Similarly,

1
tan B5 = tan Bz,s + —— = tan Bz,c +

. (12)

1
D2 ¢
is regarded as constant. '

If the flow coefficients P e and P 5 and the choke angle Bi,c
J 2
are assumed, then in turn the following may be calculated:

(1) Inlet-guide-vane discharge angle from tan By = tan Bf . - al—
l,c
(2) Relative inflov engle at stall from tan By = ten Bl _ - -C-P;ll—
’ ]
2

(3) Relative inflow Mach number (W,/a;), at choke from eguation
(7) (modified to rotor-flow nobtation)

(4) Over-all relative veloeity ratio (W,/W;)s from stall-condition
W. =\ sin p{
i =k w) —_ "L,c
equatlon(wz)s (wz-)s =1n ﬁi S and rotor speed Ul/a.a from ?1,c
, _

Wy
and \ 7~ cos ﬁi
a c

The rotor-discharge flow area is then

— cog B! =\x—cos Bl] =\ cos B!
hl 2 Gy 1 o Go /e

where h is the annulus areas per blade channel. Then the dlscharge Mach
number at choke flow (W,/as) . can be determined from G, .. At this
2

point it 1s necessary to assume either hz/hl or cos Bz' in order to

conbinue the problem. When hZ/hl 1s assumed, Bz,c: E’z,s: and the flow
densities of the gbsolute flow may be calculated:

o,V o,V

22 2°2

€2,c =| == and gp g =| =%
P28z Jc Ps8s /s

QA



12 JeNEn NACA RM ES8B24

The velocity Vs,s may be determined ag well ag the discharge area

(hz cos Bz)/h; and the exit-choke velocity Vz o+ Also, the flow den-
sity in the stator throat 82,T,c is required at the choke flow. From
these dats the work output or other derived date may be found.

Accordingly, four independent variables, such as P o P10 Bi o?
2 2 b
and ﬁé, must be assumed in order to completely solve for the stall and

choke values of flow, pressure ratio, and discharge Mach number as well

as the compressor tip speed. This speed is the highest for which the

full range (stall and choke at relative angles Bi s and Bi o) respec-
S s

tively) can be utilized. At higher tip speeds, the stall and choke angles
approach esch other (fig. 3), and maximum flow range cannot be achieved.

Limits of Compressor-Stage Design

Not 211 assumed velues of the four input varisbles lead toc physi-
cally possible desighs. Auxiliary conditions that must be satisfied are
subcritical flow density out of the rotor (G, .= 1), in the stator

2

throat (gz,T,c'é 1), end out of the stator (gs’c<z 1). A large number

of designs were computed with surface-velocity-diffusion ratios of
(V/V,)g = 1.75 and 1.55 for each of the three chammel angles B , = 30°%,
J

45°, and 60°; in no case did rotor-exit choke (Gz,c = 1) provide a limit,
since the stator alwsys choked first. The three parsmeters of Bi,c’
Ql,c’ and ¢1,s campletely determine the conditions of flow into the
rotor and the relstive dischasrge velocitiles MWZ,S, Wé,c: but leave free

the choice of the blade annulius area at discharge. If the rotor-ocutlet
annulus area is reduced, thus reducing hz/hl’ the continulty conditiom

requires that the discharge angile Bé approach zerc and thus increase

the work output of the rotor and the Mach number into the stator. The
minimum value of hz/hl is reached when the stator throat is choked

(gZ,T,C = l.O) .
In all the calculations made, the design point was taken as the
choke~-flow point that is considered to be the normal or design cperating

condition for an inlet stage. An inlet radius ratioc of 0.5 and a con-
stant tip radius were also assumed.

Figure 5(a) shows typical results of the calculations for the design
point at @ o = 0.65, Bl o = 45° for various values of @ . and
2 2

hz/hl' The surface-velocity ratio (?/Vz 3)S was teken as 1,75. The
2

- 8027
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range of possible designs for hz/hl = 1,0 is from q)l s/cpl c = 1. 0
(gZTc—lO) to cpls/qu = 0.752 (g5 = 1.0). As 1:12/1::L is de-

creased, this range of possi‘ble designs wou_'Ld be reduced umtil the stator
throat snd discharge both choked (gZ,T,c = &3 o = 1.0) at the same range

point, cpl s/q)l ot This is the minimm value of hz/hl that can be used
and is also the point of maximum flow raenge (lowest qu S/cp:l_ e possible)

for the assumed values of cpl e’ Bl c and (_"/V2 3) A_'Lso, for a glven
contraction of h‘z/hl and (v/Vz 5) s & maximm pressure ratio at choke

flow can be reached. This point is the point of stator-choke flow. The
dashed line called meximm P /Pl in figure 5(a) connects these points

and shows how the choke-flow pressure ratio decreases as the range ig in-
creased (cpl s/cpl o decreased). Figure 5(b) shows the results for the

same des:.gn point with (v/Vz z)g = 1.55. Figure 6 shows the choke-flow
maximm-pressure-ratio curves for both (v/Vz 3)5 values for the design
point at P e = 0.65, ’31, = 45°, 1If a range of P E5/:;;1 o = 0.82 is

picked, the pressure ratic is 1.264 for a surfa.ce-veloclty retio of 1.75
and 1.178 for a velocity ratio of 1.55, the pressure rise being 50 per-
cent higher for the case with (v/Vz z)g = 1.75.

Charts similar to those in figure 5 were drawn for each of the three
channel angles of Bl e = 300, 45°, and 60° for various values of cpl e
2

but will not be shown since figure 5 shows typical results.

If consideration is limited to the class of compressor stages where
g,1,c = 1.0 (maximm-pressure-ratio stages), only three independent

varia.bles remain. The relation among these three varisbles and othexr
inflow parameters is shown graphically in figure 7 for (v/Vz z)g = 1.75.

The results from figure 5(a) fall on one line with P,e = O 65 in the
Bl c = 45° region, where the same limits that spplied to figure 5(3.)

again occur; however, this time they are applied to numerous designs.
The design limitation of 83,c = 1.0 (choke at stator discharge) is en-

countbered ag the range 1is :anreased. (cpl s /cpl c decreased), which glves
the lower boundary of the Bl c = a5° region. This design limitation

2
83,c = 1.0 is reached as the flow range designed for the stage 1s in-

creased, because the flow-range requirement of the stator 1s also in-
creased; consequently, the stall-velocity ratio

V3,8 =(fr__3) 20 Pae
V2,8 vz /g 518 B2,c

coonllngD
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mist be raised by adjustment of hz/h,. The exit flow density (e3,c) ab
choke flow then approaches 1.0 in accordance with the eguation

gz cos Bz e
€3,c = B2,c\ .| Tos B
? 2=\ B2/s 2,8

and the sdditional condition of stator-throat choke (gp p o = 1.0). The
limit line (g5 e = 1.0) in figure 7 is at a low inflow axial Mech number

l Z/al) because of the thick blades required for large flow range.

Ancther type of limit also occurs as & consequence of assuming that
the stages are inlet stages with blades of maximum span and maximm h..

If it is assumed that the design 1s stress-limited at the blade roots to
attein a maximum flow by using & maximum inlet annulus area, the annulus-
areg ratio hz/hl 1s limited to values of 1.0 or less. This annulus-

areg-~ratio limit is encountered on the right of the Bl = 45° region
at high speeds when 52 is large. If high wheel speeds are used, the
Mach number (V,/a,) into the stator can be controlled by discharging at
large relative angles BZ‘ The veloclty W ig determined by the inflow
counditions, end consequently ha/hl must be increased as B' is in-
creased.” The upper limit of the Bl c = 45° reglon is ¢l s/¢l = 1.0
{no flow range). The limit bounding the Bl e = 45° region on the left

gide would be some lower wheel speed limit. These limits apply to each
of ‘the Bi c regions of figure 7.

Finally, the design 1s limited at low values of Bl c because the

assumed diffusion cannot, in these cases, be accomplished by turning
without an annulus-area increase. Anslytically stated, this conditlon
is h, cos Bé'2 hy. This limit occurs in figure 7 as the upper limit

of the B, , = 30° region.
2

Fof any given rotor speed Ui l end. inflow Mach numbexr Vl z/af,
g maximum-flow-range stage is obtained with a specific value of Bl o’
which is determined by the condition gs c = 1.0; a higher channel angle
Bl would give a stage with less flow range for the same rotor speed
J

and inflow Mech number. A lower chennel angle could not be achieved be-
cause of too small g blade span to handle the choke flow at the stator

discharge.

- 802%
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Because of the overldpping ares of the charis in f 7 for the
different values of Bl o7 One pair of values of Vi, /21 and U / *

may be used with a variety of compressors, each one of which will d:L‘E‘fer
from another by the angle B' e Each design, however, does have a max-

imm possible work input at cﬁ.ok.e flow.

Stage Flow Range

The maximum-flow-range stages, indicated by the curves for g3 o =
J

1.0 in figure 7, exhibit a simple relation between the flow-renge factor

q’l,s/(pl,c and the varisbles of ¢ ., tan B{ . and ('F/V2 z)g @8 shown
2

in figure 8. The importance of large surface diffusion is indicated by

the increase in attaineble flow range of compressor stages when
(V'/V'2 z), 18 increased from 1.55 to 1.75.

rfo:mza.nce of the meximm-flow-range stages is shown in figure
9(a) for v/V = 1.75. The equivalent weight flow is estimated on
2, 3 qd v

the basis of an inlet readius ratio of 0.5, and the pitch radius is assumed
to divide the annulus srea into two equal parts. Meximum flow range var-
les little with channel angle Bi o? but varistion with design speed is

J

conslderable and amounts to gbout 60 percent in the speeds from approxi-

mately 550 to 1050 feet per second. Pressure ratio and maximum flow de-

pend primarily on channel angle B]'_ e and only slightly on rotor speed.
2

The effect of reducing the blade-surface-diffusion ratios from 1.75
to 1.55 can be seen by comparing figures 9(a) and (b). A reduction in
blsede surface diffusion bhag the followlng effects: Maximum flow range
is reduced sbout 27 percent, and higher flows and pressure rabios are
obtained. If the higher veloclty ratioc of 1.75 were used with the same
flow range as the maximum obtainable with a ratio of 1.55, the pressure
ratio obtained would be higher than could be obtained with & surface-
veloclty ratio of 1.55.

Devices for increasing the over-zll diffusion are therefore of
great importance. For example, slotted blades or a rotor with two se-
gquential sets of blades would permit some of these potentisl gains to
be reaslized. Another such device is the increase of span between the
rotor discharge and stator inlet, which cen serve to reduce the axial
velocity. As an example, one meximum-flow-range case was calculated for
Bi,e = 45°, Py, = O- 65 with (v/v2 z)g = 1.75. A value of @ S/qll’c

0.723 was obtained instead of the 0.752 obtained without increase in
spen; this is a 12-percent gain in maximum flow range for an area in-
crease of 12 percent over a stage with the same inlet conditions designed
for maximm flow range with a constant annulus area. The gain in



16 A NACA RM ESEB24

pressure ratlo obtainable from high velocity-diffusion ratios is not
worthwhile if the device requires additional space, because an additional
stage could accomplish the same purpose; a gailn in useful flow range 1s
worthwhile since a reduction in flow range cannot be made up in subse-
quent stages.

Stage Stacking

When two compressor stages are stacked in series, the second stage
must operate over a wider range of volume flow than the first beécause
the discharge pressure of the first stage normally decreases wlth in-
creasging mass flow. Consequently, the maximum-flow-range stages of fig-
ure 8 impose greater flow-range requirements on the second stage than
can be attained.

If the compressor has only a few stages, say two or three, the flow
range of the whole unit at normal speed may still provide a useful flex-
1bility in operstion. For such cases, it 1s of inberest to consider a
pair of stages in which the flow range of the first stage is reduced
Just sufficiently for the second stage to operate efficiently over the
entire reduced flow range. The sacrifice in flow range of the first
stage then permits e first-stage design with a pressure ratioc increased
over that for the maximum-flow-range stage.

A chart is shown in figure 10(a) for stages with flow ranges suffi-
ciently reduced to permit a succeeding stage to operate over the entire
flow range of the first stage. The effect of reducing the blade-surface-
difﬁesf)mn ratios from 1.75 to 1.55 can be seen by comparing figures 10(a)
and (b).

Spenwise Variations

In the anslysis, the blade row was treated as a two-dimensional
cascade, Thus, limitetions on the flow range and blade-row performance
thet resulted from end effects and spanwise variations were neglected.
Consequently, the extreme range calculatlions and the meximm performsnce
calculations based on the pltch section alone will be optimistic.

An estimate was made of spanwise varistions of the blade shape, ve-
locity, and velocity diffusion based on the assumption of an inlet ra-
dius ratio of 0.5 and constant tip radius by means of the eguilibrium
condition

dp _ V¢ cos?e
dr ~ r

' 802¥
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The blades were designed for simulteneous stall st hub, mean, and tip.
The calculations were made only for casges of msximm pressure ratio
(gz,T,c = 1.0) and meximm flow renge. In all cases designs were ob-

tained with uniform stall conditions at the hub, mean, and tip sections.
For operation at ¢ = P s end @ = ? . at lower-than-design speed,
> 2

all relstive £low angles into the rotor are unchanged and the blade-
surface-velocity diffusion decreases, so that the entire design-speed
range is always available at the lower speeds. However, at design speed
end choke flow, some blade section would be unable to accommodste the
entire flow in the throat section without spanwise-flow adjustment. Con-
seguently, the speeds estimated for choke of the mean section must be
considered as somewhat optimlstic when gpplied to a blade of large
spanwise-flow variations and as more strictly epplicable when epplied to
short-span blades.

CONCLUDING REMARKS

A method was developed for estimabting the effect of blade f£flow
range and compressor-stage flow range on other operating characteristics,
such as choke-flow limit, pressure rabtio, and operating speeds. Design
1limits to compressor-stage operation end design rotor speed were deter-
mined for the stage flow range. These results gpply to a specific type
of blade; however, they are believed applicable to most blade sections
guitable for high-performsnce compressoxr designs.

The analysis of blade rows indicated that:
1. High Mach nunber designs necessarlly have small flow ranges.

2. High blade-row flows per unit ares are attalned with low stagger
and eilther low veleocity diffusion or low flow range.

3. Maximm-flow-range blaede rows are designed for critical dis-
charge flow. The greatest flow range is attained at low values of Mach
number, flow per unit area, and over-all velocity diffusion and at high
surface-velocity diffusion.

4, For a compressor stage of meximum pressure ratio, assumption
of wvalues of choke flow, rotor speed, and channel stagger angle will
determine the flow range, snd also the stall and choke valueg for the
flow directions, velocities, pressure ratioc, and discharge Mach number.
Meximum pressure ratio is attained when the stator throat is choked.

5. Blades designed to attain lerge surface-velocity diffusion may

be used for elther large pressure ratios or large flow range. The max-
imum flow renge is neerly independent of channel angle B o
sC.

v )
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6. A stage of maximum wheel speed for a given flow range is one of
maximum relative discharge angle, and equal inteke and discharge amnulus
areas. . :

7. A maximum-flow-renge stage is attained when the discharge Mach
number of the stage 1s critical. A particular chamnel angle BJ'.,c is
required to attain the maximm flow range for a glven rotor speed and
airflow.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Clevelsnd, Ohio, February 28, 1858.

802%
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APPENDIX A

SYMBOIS
channel frontal ares
local velocity of sound
critical velocity of sound
distence BA along suction surface (fig. 1)
over-gll diffusion

W

= —%(_ for rotor

pa

—- pV
= ;—;La-; for stator

annulusg area per blade channel

Mach number, ratio of local velocity to local velocity of sound

critical Mach number, ratic of local velocity to critical velocity

of sound

* *

M-
MX + M"Bf

total pressure

static pressure

average radius of curvature on the suctlon surface along b

(fig. 1)
radius
blade spacing (fig. 1)
throat distance (fig. 1)

mean wheel speed



20 S NACA RM E58B24

v mean gbsolute fléow veloclty

v surface velocity

v average surface velocity

W mean relstive flow velocity

W average surface veloclty on the rotor suction surface b
X distance along airfoil surface

B absolute blade angle

g! relative blede angle

T ratio of specific heats

e inflow air angle

o denslity

p* critical density

® flow coefficient =~X—E%§—Q

Subscripts:

A condition at point A on suction surface (fig. 1)
a stagnation condition

B condition at point B on pressure surface (fig. 1)
c choke condition

m maximom

P condition when air is tangent to pressure surface
s stall condition

T throat

Z axial component

1 rotor entrance

802%
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2 rotor exit

3 stator exit

21
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APPENDIX B

MAXTMUM INFLOW TO A CASCADE

At meximum inflow conditions, the velocity in the throat of a cas-
cade of blades is nearly_sonic s the flow density mey then be spproxi-

mated by
o, 1:_1( 1_)2
* % - 2 T
p a a

If & linear variation of V/a.* acrogs the chsmnel is assumed, the
mean flow deunsity is

— T

pv 1 pv

x % =g (**)dt:
P b \e'e

vhere M= (V, + VB)/Za* and MM = (Vy - Vg)/(V, + Vg).

B 3(1-E)Z+EZAM2]

o
[

If AM 1s assumed independent of M, then the maximum flow density
is obtained when M = 1/(1 + AMZ/3) and its velue is

1+ =

3

The effect of cross-channel veloclty variations is very slight;
when VA/VB = 1,5, the average choking flow density is reduced only 1.6
percent. On a one-dimensional basis, the flow upstream of the cascade
is then

eV s

P11 g cos el=(%) "

e a T

where t 18 the throat size. This equation determines the relation be-
tween the upstream critlcal Mach numbexr MJ*_', and the angle 61 for a

given throst ares when the throat flow is choked. The result is some-
times given in the form:

F*o ¥
o SO S oy Vy/e*e* oy ¥y
A 808 B (g¥/o*a¥), oF&F

802¥
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Since p,V;/p*a* 1is a function of M;, the inflow Mach number may be
plotted as & function of AT/Al for any sctusl cascade. In reference 8
agreement with theory is shown as good for Am/A; 2 0.97. Above this
value, A; 1is decreased by increasing the engle of attack; consequently,
the boundary-layer thickness is incressed with increasing AT/Al until
separation is reached. Thus, the experimental flow capacity is lower
than the estimated value by an amount that ineresses with Agq/A4, Mj, or

Bys with very thick blades this effect is accentuated by the wvery high
angles of attack required. The data of reference 9 show the same agree-
ment. The cascade data of reference 10 have only one datum in the range
AT/Al < 1.0, where the flow is 3 percent low; this amount is explained

by the estimabte of throst variatlion of the Mach number. TFor the specisl
family of airfoils selected, the throat ares may be estimated by using
the circulsr-arc approximation for the exposed portion of the suction
surface. The result ls:

+
. cos (P2 2)
s cos 0, Bs - B
1 cos Gl cos (—S—E—E)

If, in application, the formule is to be used with t/(s cos 8;) <1,
then 6, < (Bg + Bp)/Z mist be used (the inflow angle must be less then
the inlet camber-line angle). An integral across the throat yields:

which, with

PiVi _ (1 - 0.4 am?) °F (Es':zr_%')
Bg - &

* ¥ lo]<}
p & cos &1 cos(

determines the meximum flow in the cascade.

This result applies strictly to two-dimensional full-flowing
channels.
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Figure 1. - Type of cascade investigated.
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Tip speed, ft/sec
(a) Surface velocity ratio, 1.75.

rotor throat choke.
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Figure 9. - Concluded. Performance characteristice for meximum-flow-range
stages with rotor throat choke.
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Figure 10. = Performance characterigtics for repeatable stages with rotor

throat choke.
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Figure 10. - Concluded. Performence characteristics for repeatable steges with rotor throat
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