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Figure 14(b). The abscissa scale should read from -4° to 28°.
Figure 20. The symbol for 115° design speed VY should be added to the key.
Figure 20(b). The mean radius and hub region labels should be transposed.

Figure 27(a) "After guide vanes." The following curve should be substituted
Fopabhe ‘eurve for a pegk efficlency of 21.51:
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Figure 27(d) "After rotor." The following curve should be substituted for
the eurve for a peak efficiency of 25.17:
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RESEARCH MEMORANDUM

ANATLYSIS OF PERFORMANCE OF FOUR SYMMETRICAL-DIAGRAM-TYPE
SUBSONIC INLET-STAGE AXTATL-FLOW COMPRESSORS

By Robert J. Jackson

SUMMARY

An investigation of four axial-flow single-stage compressors having
a hub-tip radius ratio of 0.5 was made with the following objectives:
(1) evaluation of the analytical conclusion that the most suitable use
for the symmetrical-velocity-diagram design with constant stagnation
enthalpy is for high-specific-weight-flow designs, (2) the comparison
of blade-element turning angle and loss data with corresponding cascade
data, and (3) checking the validity of the simplified-radial-equilibrium
equation.

For a given Mach number limit, high pressure ratio required a de-
sign assumption of low specific weight flow (low design axial-velocity
ratio (Vz/Ut)y). Because of the action of radial equilibrium, this de-

sign assumption resulted in high rotor-tip-region rates of diffusion

(as measured by the D factor) with consequent high losses and low

peak efficiencies. Therefore the most suitable use for the symmetrical-
velocity-diagram was for lower-pressure-ratio and higher-specific-weight~
flow designs.

For the available rotor blade-element data, a correlation for a
given solidity was obtained among compressor and cascade-predicted devi-
ation angles as functions of D factor.

For the low-D-factor design (design 4) fairly good correlation was
obtained between cascade -predicted and rotor turning angles as functions
of angle of attack.

A correlation of tip-region rotor relative-total-pressure losses
for designs 1 and 4 as functions of D factor was obtained for D
factors exceeding approximately 0.55. The cascade-predicted losses did
not correlate with tip-region rotor losses because the latter are in-
fluenced by other factors in addition to blade-suction-surface flow
separation.

The over-all range of flow coefficient (or weight flow) for the
lowest-axial-velocity design at a given value of efficiency was limited
by the high tip-region total-pressure losses caused by high D ~factors
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and the high rate of change of angle of attack with flow coefficient =
imposed by high guide-vane turning.

The available stator data represented the low-D-factor type of de- x
sign. The stator blade-element minimum losses varied only slightly with
radius and between the two designs for which data were available.

The available data indicated that the assumption of simplified
radial equilibrium was a valid one. For most of the cases investigated,
the axial-velocity profiles obtained from the calculation neglecting
entropy gradient agreed fairly well with the data at the rotor inlet and
outlet. In order to obtain good agreement between the calculated axial
velocities and the data downstream of the stators, it was necessary to
include the effect of the entropy gradient. A small discrepancy remained ‘

between the predicted and measured velocities near the hub, which was
probably caused by the omission of the radial acceleration terms from
the radial-equilibrium equation.

INTRODUCTION

Blade-element efficiency analysis has indicated that the optimum
velocity diagram for an axial-flow compressor stage is symmetrical (ref.
1). This analysis was based on assumptions of constant axial velocity
and no radial flow. Consideration of the radial variation of velocities, ol
as prescribed by simplified radial equilibrium requirements, indicated
that, for given limitations of a loading parameter oCj, and relative in-
let Mach number, the average stage pressure ratio and specific weight
flow would be higher for the symmetrical velocity diagram than for the
free-vortex design.

The analysis of reference 1 also indicated a disadvantage of the
symmetrical-velocity-diagram and constant-stagnation-enthalpy design,
namely, that the axial velocity may become very low or actually reverse
near the tip, especially after the rotor, for low-weight-flow designs.
This effect could lead to a flow separation along the outer wall. The
analysis therefore indicated that the most suitable use for the |
symmetrical velocity diagram with constant stagnation enthalpy is for
high-specific-weight-flow designs.

An investigation of four symmetrical-diagram-type axial-flow com-
pressor stages has been made at the NACA Lewis laboratory to determine
the effects on efficiency as design weight flow is increased in order to
evaluate experimentally the general discussion of reference 1. Four
axial-flow subsonic single-stage compressors having a hub-tip radius
ratio of 0.5 were designed, built, and investigated. The form of the
design equations made it convenient to use the ratio of axial velocity
at the hub to tip speed (Vz/Uf)h as the independent variable among the A

four designs; the design values of (Vz/Ut)h for designs 1 through 4
were, respectively, 0.6, 0.7, 0.8, and 0.9. For the given limits of -
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oC;, (0.77) and relative inlet Mach number (approximately 0.7), these

increasing values of design (V,/Ui)p resulted in successively in-

creasing design weight flow and decreasing design pressure ratio and tip
speed.

A parallel objective of the investigation was the comparison of
blade-element turning angle and loss data with corresponding cascade
data. Such comparisons would be expected to indicate where cascade data
satisfactorily predict compressor performance and where other design
methods must be used.

Finally, the validity of the simplified-radial-equilibrium equation
was investigated. The analysis of tip-region axial-velocity characteris-
tics for low-weight-flow designs (ref. 1) was based on this equation; it
was also used in the design of the compressors of the present investiga-
tion.

The four compressors were investigated, where possible, over a range
of speeds and weight flows in two configurations: guide vanes and rotor
(referred to as rotor investigations); and guide vanes, rotor, and stator
(referred to as full-stage investigations).

Preliminary results of the investigations of designs 1 and 2 have
been presented in references 2 and 3.
COMPRESSOR DESIGN AND CONFIGURATION
Design calculations. - At the time the compressors were designed,

the best available information indicated that some constant value of the
parameter oC; represented the loading limit for a cascade of blades.

For a symmetrical velocity diagram at all radii and constant enthalpy
addition, this limitation in oC;, was reached at the rotor hub where

the required turning was greatest. For the 65-(12)10 airfoil section
used for the compressor blading, the limiting value assigned for oCy,

was O 77 .

For the symmetrical velocity diagram, the change in tangential
velocity across the rotor was computed as follows:

AVg oCy, L e
= oo Z — (l)
Uy /n 2 Ut /h Tt /h

(This equation was derived in ref. 4; symbols are defined in appendix A.)
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The assigned values of (Vz,l/Ut)h for designs 1 to 4, respec-
tively, were 0.6, 0.7, 0.8, and 0.9. A radial vortex distribution of

AVQ/Ut, defined as follows,
,d_“_A"_f?ﬂ
dr Utz

established the inlet tangential relative and absolute velocity ratios
gt el rad T s

The radial distribution of inlet axial-velocity ratio VZ/Ut was

calculated from the simplified-radial-equilibrium equation in the follow-
ing integrated form (ref. 5):

Vz,l V,\° il /r . a5 % 1 AVg T
TN (ﬁ%)h e [\—I;)h i (ﬁ) . <;c_>h (‘Tt—)h h. (2)

For the preliminary calculations the flow passage was assumed to
be an untapered annulus and the axial variation of axial velocity was
assumed zero at any given radius. From the relative inlet Mach number
limit (0.725 for design 1; 0.7 for the other designs) and the assumed
adiabatic efficiency (0.89), the weight flow and the total demsity ratio
across the stage were calculated as follows:

i V1\2 UAvg
<l i 2)<6‘) b =
Hy il

= (3)

U2 A y @
t (r-1) M n
1.0 L
. P _l
By _1_<E>2”
R O A r
2 2 g1 T % + I3
Wl = Zﬁpl’TI‘t Ut —ﬁ"t— F't- Hl d rt (4)
2
I‘l h L U‘b ]

¥4
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2l
2\r-1
UAV /U
1k =5 ] ___21_%_
<p_5> ; o ()
P1/m UAVQ/Utz
1+ ———

Hy/0s?
A trial-and-error solution for r3’h/rt was required so that the
continuity condition would be satisfied:

W
1e0 | 217‘_1

e (E)

2 2.0
' rz | U t
Dz i 5
Wl = W3 = Zﬁps,TI'tzUt U-)t E H3 dG:;) (6)
2
I'S h L U-t J
rt

This design process was repeated for a following stage; this re-
sulted in three points on the hub contour: T1,h’ r3,h’ and the hub

radius after the second stage. A smooth curve faired through the three
points established the hub shape. (Only the inlet-stage designs were
actually built and investigated.) At the time these stages were de-
signed, very few cascade data were available. Therefore, the blade
angles were calculated by means of the Kantrowitz and Daum equation
(ref. 6):

€ = K(a-ag)

where X (assumed to be 0.9) was a function of solidity and relative
inlet air angle, and the angle of attack for an airfoil at zero 1ift ag
equaled -8.28° for the 65-(12)10 blade profile. For 65-series airfoils,

518
o (&g 7Y,

where C;, 1is the 1ift coefficient of an isolated airfoil at zero angle
of attack. Experimental data indicated that the theoretical value of
C;, should be multiplied by a factor 0.8 and that the slope of the 1lift
curve for a cascade of airfoils was 0.116. On this basis, ag for the

65-(12)10 airfoil equaled -8.28°. The extent to which K decreased for
the low solidities and high inlet angles near the tip was not known; an

the theoretical angle of attack at zero 1lift is 0y = =
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approximate correction for this reduced K was made by reducing the
calculated blade angles near the tip by small amounts. The magnitude of
this modification at the tip was greatest for design 1, which had the
highest relative inlet angle.

Compressor configurations. - The flow angles required at the rotor
inlet were provided by 40 sheet metal guide vanes 1/16 inch thick. These
vanes had a constant-radius-of-curvature circular-arc camber line. The
required turning was obtained by appropriate adjustment of the chord
length.

In figure 1 are presented the details of the rotor-and-stator-blade
configurations for the four designs: blade-angle setting E, solidity
0, and radius ratio r/rt are tabulated. Also presented are the design
distributions of absolute inlet air angle (guide-vane turning) B, guide=
vane camber @, relative inlet air angle B', and rotor-inlet axial-
velocity ratio Vz/Ut‘ The NACA 65-(12)10 blade section with a constant

chord of 1.31 inches was used for all rotor and stator blades. The hub-
tip radius ratio at the rotor inlet was 0.5 and the rotor-tip diameter
was 14 inches for all designs.

It will be noted that the rotor and stator blade angles for design 1
differed more than did the corresponding angles for the other designs
(fig. 1). This was a consequence of an error in blade angle made during
fabrication of the rotor blades. The error was discovered subsequent to
the publication of reference 2 and amounted to a discrepancy of as much
as 7° between the design rotor-blade~angle settings and the actual rotor-
blade angles. The stator-blade angles were correct. At the time refer-
ence 2 was written, no inlet stage data were available for comparison.
Later, when such data became available, it was found that the energy
addition and turning-angle characteristics did not correlate with the
new data. The blade angles of all the blade rows concerned were checked
and the error for the rotor of design 1 was discovered. All other blade
angles were correct.

APPARATUS AND PROCEDURE

Experimental setup. - A schematic diagram of the experimental setup
is shown in figure 2. The compressor was driven by a 1500-horsepower
dynamometer. Room air was drawn through a flat-plate orifice into a
large depression tank. From the depression tank the air passed through
a bellmouth inlet into the compressor, then through a large collector to
the laboratory altitude exhaust system. The desired inlet pressure and
weight flow were set by means of valves located between the orifice tank
and the depression tank, and between the collector and the exhaust
system.
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Instrumentation. - The location of the measuring stations is indi-
cated in figure 3. For the rotor investigations, flow measurements were
taken approximately 0.2 chord length upstream of the rotor blades and
0.6 chord length downstream of the rotor blades. TFor the full-stage
investigations, measurements were taken 0.2 chord length upstream of the
rotor blades, 0.55 chord length downstream of the rotor blades, and 0.6
chord length downstream of the stator blades. Data were taken at five
radial stations a, b, c, d, and e, which were located nominally at the
centers of five equal radial increments across the annular passage at
the various axial stations. (This method of locating the radial stations
was not held exactly for all investigations; otherwise, a new set of
stagnation-temperature probes would have been required for each design
in order to fit the different passage depths downstream of the stage.)

The instrumentation used for the rotor investigations was described
in detail in reference 8. For the full-stage investigation, a summary of
the number of probes and type of instrumentation used is presented in the
following table. It should be noted that, because of the negligible
velocities in the depression tank, the depression-tank static pressure

Py as measured by wall taps was assumed to equal the depression-tank

stagnation pressure PO'

Axial station |Temperature | Stagnation pressure | Static pressure Angle
Inlet orifice |Four iron- Barometer reading Two wall static-
constantan pressure taps
thermo-
couples
Depression Four iron- Two wall static- Two wall static-
tank, O constantan pressure taps pressure taps
thermo-
couples
Upstream of Py = Py minus guide | One wedge-type One claw
rotor, 1 vane loss (obtained static-pressure | total-head-
from circumferen- probe type yaw-
tial surveys, (fig. 4(a)) measuring
ref. 8) probe
Downstream of (a) One wedge-type One claw
rotor, 2 static-pressure | total-head-
probe type yaw-
measuring
probe
Downstream of |Four 5-tip | Five 19-tube One wedge-type One claw
stator, 3 double- stagnation- static-pressure total-head-
stagnation- | pressure rakes probe type yaw-
type (fig. 4(d)) measuring
stagnation- probe
temperature
rakes
(fig. 4(c))

8Maximum pressure indicated by 19-tube stagnation-pressure rake was taken
to be Pp; arithmetical average of 19 readings was taken to be

P3.
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Radial surveys were made with the static-pressure and yaw-measuring
probes (figs. 4(a) and (b)). There were some exceptions to this scheme
of full-stage instrumentation; in particular, no measurements at axial
station 2 were made for the investigations of designs 1 and 2.

Experimental procedure. - The following table summarizes the speeds
investigated (in terms of percent design speed) for the rotor and the
full-stage configurations.

Design | Design tip Percent design speed
number | speed, Rotor Full-stage
ft/sec investigations | investigations
x 1104 100, 110 "50, 100, 110
a 938 100 50, 75, 100
120, 130
3 823 5050 50,578
1005 120, 1:55
4 743 50, 75, 100 50, 75, 110, 115

Certain of the data proved to be invalid. It is believed that the
guide-vane losses for design 4 were not sufficiently accurate for the
isolation of the rotor blade-element relative total-pressure losses at
50 percent design speed. At the low power input for this speed, the
relative total-pressure ratio (PZ/Pl)' is very sensitive to slight
errors in stagnation pressure. Calculations, based on typical values of
pressure, temperature, and relative Mach number encountered at 50 per-
cent speed, indicate that an error in P; of 0.04 inch of mercury would
cause an error of approximately 50 percent in the calculated value of
the total-pressure~loss parameter ®. In contrast, the same percentage
error in ® at design speed would require an error of 0.2 inch of
mercury in P;.

For the design 2 full-stage investigations at 50 and 75 percent
design speed, the data were measured with a different scheme of instru-
mentation from that described in the section Instrumentation and utilized
for all the other full-stage investigations presented herein. In par-
ticular, the stagnation-temperature probes were of a design which proved
to be very sensitive in calibration to the total-pressure level. It is
believed that the design-speed data for design 2 provide a more reliable
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indication of the peak efficiency than do the low-speed data. The
design 2 rotor investigation also utilized the stagnation-temperature
probes which varied in calibration with the total pressure; there-
fore, the data are inadequate for a satisfactory rating of the rotor
efficiency. These data are probably accurate enough for the calcu-
lation of velocity diagrams and are used only for this purpose.

The flow angles after stators for the design 3 full-stage investi-
gations at 120 and 135 percent design speed and the temperature-rise data
for several high-flow points for the design 4 full-stage investigation
at 50 percent speed were apparently invalid because of troubles en-
countered in the testing procedure.

Data from rotor investigations were relatively meager because of
several blade failures. These are tabulated as follows:

Design | Configuration Percent design speed Type of failure
number | investigated and damage
i Rotor 110 Rig failure; all blades

wiped out.

7 Full stage 130 Stator blade broke off
and damaged rotor blade
trailing edges. Sev-
eral rotor blades

cracked.

5 Full stage about 75 All blades wiped out.
(Failure occurred while Suspected cause,
shutting down from 135 fatigue failure.
percent speed)

4 Full stage Very low flows at about | One stator blade broke

50 percent speed off. All blades

cracked. Probable
cause, vibratory stress
excited by rotating
stall (ref. 9).

Although the blade failures experienced with designs 2 and 3
occurred at high speed, it is suspected that their primary cause was the
same as for design 4. Designs 2 and 3 were both investigated under stall

conditions prior to the high-speed tests.
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The investigation reported in reference 9 was conducted on design 4
subsequent to the accumulation of the data reported herein.

RESULTS AND DISCUSSION
Over-All Performance

Pressure ratio and efficiency. - The over-all performance of each
design, for the full-stage investigations tabulated in the section
Experimental Procedure, is presented in figure 5 as plots of average
total-pressure ratio P3/PO and average adiabatic temperature-rise

efficiency n against corrected weight flow W/VG/S. The calculation

of these rating parameters is outlined in appendix B. The following
table summarizes some of the main features of this performence for the
full-stage configurations at their respective design speeds:

Design | Design Vs Peak pressure ratio Peak efficiency
number | tip (ﬁ—) point point
apeed .\ B Bsdes Ps/Po| 1 |WA8/5 [P/By | 0 |WAE/5
ft/sec 0 0
1 1104 0.6 152501 | 086 2l 2 L2255 N0 86 Be 2
2 958 ol 1.220 Bl 24.0 0 2T1S - 37 24.5
S 825 .8 1.195 <89 24.5 1ER01CT0) .89 255e5
4 743 59 45155 .87 24.5 1.150 +89 2658

The trends of decreasing pressure ratio and increasing weight flow
at the peak efficiency point for the successive designs were expected
from the design calculations; however, the corresponding decrease in
peak pressure ratio, although not unexpected, could not be predicted with
certainty in the absence of off-design-point calculations. An appreci-
able increase in peak efficiency is indicated for the high-axial-velocity
designs (designs 3 and 4). This efficiency trend experimentally verifies
the result of the analysis of reference 1 that the symmetrical velocity
diagram is more suitable for high-specific-weight-flow designs than for
designs of the low-specific-weight-flow and high-pressure-ratio type.
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Dimensionless over-all performance. - It would be of interest to
study the performance of the four compressors in a dimensionless form so
that the potentialities of tle velocity diagrams may be evaluated with-
out regard for limitations on the performance of these particular com-
pressors that may be imposed by the actual blading that is used (Mach
nunber effects, for instance). The over-all performance of the four
compressors is presented in figure 6 as plots of average ideal dimen-
sionless enthalpy addition AHid/Utz and average adiabatic temperature-

rise efficiency n against the flow coefficient (Vz/Ut)av’ (The cal-

culation of these rating parameters is given in appendix B.) The dis-
cussions and comparisons that follow refer mainly to the correlated
curves for the data which fall approximately within design Mach number
limits (50 to 115 percent design speed) .

The curves reveal that the peak dimensionless ideal enthalpy addi-
tion AHid/Utz increases as design axial-velocity ratio (Vz/Ut)h in-

creases. The values for designs 1 to 4 are about 0.17, 0.20, 0.24, and
0.23, respectively; apparently, the peak value of AHid/Utz would@ occur

for (Vz,h/Ut)des between 0.8 and 0.9. The reason for increasing design
values of AHid/Ufz can be seen from a slight manipulation of equa-

tion (1)
2 2
<AHid> E o TR el <Vz,1> e <r_1>
Z g . 2 \\T z\7
L R t /y t/hn

The only variable in this equation for the different designs is the
axial-velocity ratio (Vz/Ut)h° Obviously, (AHid/Utz)des increases as

(V;,1/Ut)n increases and it is reasonable to expect the peak values of
AH;3/Ui2 to follow the same trend.

The decreasing peak pressure ratio at a given percent of design
speed for the high-axial-velocity designs (fig. 5) is caused by the low-
er design speed assigned to these designs. The fact that for a given
relative Mach number 1limit the design speed must decrease as axial veloc-
ity increases is easy to visualize: an increase in axial Mach number
must be balanced by a decrease in the relative tangential Mach number,
which requires a decrease in compressor Mach number (ratio of wheel speed
to velocity of sound).
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The efficiency curves of figure 6 indicate an increasing range of
flow coefficient as design axial-velocity ratio (Vz,l/Ut)h 18 in-

creased. The following table summarizes the characteristics of the
flow-coefficient range at the subcritical Mach number speeds for an
efficiency of at least 0.80.

Design (Vz,l/Ut)h,des Range of
number (Vz,l/Ut)av
i 0.6 Q5 1=
2 sill V605
5) <8 AT
4 S 2550

For subsonic Mach numbers, weight flow increases as axial velocity in-
creases; therefore, increased range of flow coefficient corresponds, for
a given tip speed, to increased range of weight flow.

The study of the over-all performance in dimensionless form has in-
dicated some potentialities of the high-axial-velocity type of velocity
diagram. For such a diagram, high pressure ratio can be combined with
high weight flow and with a wide efficient range of weight flow, pro-
viding the blading is tolerant of the consequent high relative Mach num-
bers. The investigations of reference 10 indicate that such blade sec-
tions are available.

Velocity diagrams. - The consequences of the design assumptions of
the axial-velocity ratio (Vz,l/Ut)h for the four designs in terms of

the velocity diagram geometry may be seen in figure 7 wherein are
shown velocity diagrams from the data of the peak efficiency points at
design speed. Numerical values of velocities and flow angles are tabu-
lated in figure 7(e).

On the basis of two-dimensional cascade data, the rélative inlet
angle is the only variable among the four designs that would affect the
performance of a given blade element. (At a given radius, solidity and
canmber are the same for all designs.) The diagrams show the decrease in
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inlet angles (both relative and absolute) for the successive designs,

and also show that this decrease is ‘greatest for design 2. The magnitude
of this decrease is more clearly shown in figure 8, where relative inlet
air angle Bi is plotted against rotor angle of attack a; for sta-

tions a, c, and e. (Fig. 8 is not a plot of data; the relation between
B] and a, is simply B{ = ay + 1, where £; 1is the rotor blade
angle.) The figure shows that for a given angle of attack, the relative
inlet angle for ‘design 1 is much higher than the relative inlet angles
for the other designs. Another important feature of the flow is the
axial-velocity ratio Vz,z/vz,l' For design 1, figure 7(a) shows a large
decrease in axial velocity for station a; for design 4 (fig. 7(d)) there
is very little reduction in axial velocity at the tip-region measuring
station. For a quantitative comparison, the values of axial-velocity
ratio V, p/V, ; are plotted against correcved weight flow wA/6/8 in

figure 9 for designs 1 and 4 at design speed. For design 1, a consider-
able shift in flow towards the hub is indicated by the large decrease in
axial velocity near the tip and increase near the hub. The possible
consequences of such a radial shift in flow were discussed in reference
8. Briefly, the indication is that the blade surface local pressure
gradients may become excessive and lead to premature flow separation
with resulting high losses. For design 4, the axial-velocity ratios at
the three radial stations are within the range from 0.96 to 1.08 except
at flows in the tip-stall region, which indicates that only a slight
radial shift in flows exists at unstalled conditions.

Blade-Element Performance

A study of the blade-element performance is required for analysis
of the following trends: (1) increasing peak efficiency as design axial-
velocity ratio (Vz,1/Ut)n 1is increased, and (2) increasing efficient

weight-flow (or flow-coefficient) range.

The rotor investigations of designs 1 and 4 supplied the available
rotor blade-element performance; the stator blade-element performance
was obtained from the full-stage investigations of designs 3 and 4. In
order to isolate the rotor-blade-row performance, inlet guide-vane losses

were measured.

Inlet guide-vane loss. - The guide vanes were set at zero incidence
for all investigations; therefore, at a given radius, the dimensionless
total-pressure loss ® (ref. 11) did not vary significantly with speed ox
weight flow. The total-pressure loss ® for designs 1 and 4 is pre-
sented in figure 10 as a function of radius ratio r/rt.
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The dimensionless total-pressure loss « for designs 1 and 4 is
practically the same for each design (approximately 0.060) except near
the tip. At the tip measuring station, the higher-turning guide vane
has the higher loss, the respective values being 0.17 and 0.13. The
performance calculations showed that consideration of these guide-vane
losses affected calculated rotor angles of attack by 0.5° to 1.5°
and peak element efficiencies by as much as 5 percentage points, thus
emphasizing the necessity of isolating the performance of each blade row.

Rotor blade-element performance. - The blade-element data are pre-
sented for the rotors in terms of turning angles and losses against angle
of attack. These data are then correlated among themselves and with cas-
cade data by application of a blade-loading parameter.

The available rotor blade-element turning-angle and loss character-
istics measured at radial stations a, c, and e are presented for designs
1 and 4. As discussed in the section Experimental procedure, blade
failures prevented the rotor investigation of designs 2 and 3.

Relative inlet Mach number is plotted against rotor angle of attack
in figure 11 so that the possibility of Mach number effects on losses
and turning angle can be analyzed. Figure 11 shows that the highest
value of relative inlet Mach number for the investigation of design 1
was 0.79 (110 percent design speed, station a) and for design 4 was 0.71
(100 percent design speed, station e).

Turning angles: Turning angles €1 for the speeds investigated are
plotted against angle of attack a; in figure 12 for designs 1 and 4.

For design 1 at the tip-region measuring station, turning angle
decreases as angle of attack increases above a value of approximately
2°. For the other measuring stations, turning angle increases with
angle of attack for the angle-of-attack range investigated, and no
break-off is noted for either of the two curves.

For design 4, the tip-region turning-angle curve differs markedly
from the curve for design 1. Turning angle increases almost linearly
up to an angle of attack of about 8°. No complete break-off (where the
slope becomes negative) is noted for the range of angle of attack
investigated.

The highest relative Mach number obtained for the rotor investi-
gation of design 4 was about 0.70 (fig. 11); this level of Mach number
has no apparent effect on turning angle.
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Comparisons of rotor turning angles with cascade data: A compari-
son of the rotor turning angle data for designs 1 and 4 is presented in
figure 13. The curves drawn through the data points of figure 12 are
reproduced in figure 13. Also presented are cascade predictions of the
turning angles as interpolated from the data of reference 12.

Figure 13 brings out clearly the dissimilarities between the turning
angle characteristics of designs 1 and 4 for the tip-region measuring
station (station a). A comparison with cascade data is indicated in
order to determine whether this difference in turning-angle characteris-
tics can be accounted for by cascade predictions.

The cascade-predicted turning angles for designs 1 and 4 that are
plotted in figure 13 differ appreciably at station a. This difference
is a consequence of the fact that at a given angle of attack, the rela-
tive inlet angle for design 1 is 28.2° higher than for design 4 (fig. 8).
However, the predicted reduction in turning angle for design 1 compared
to design 4 does not approach the magnitude of the actual decrease. Also,
the cascade results indicate a peak in the turning-angle curve at an
angle of attack of about 12° to 14°, whereas the compressor data indi-
cated a break-off point at a 2° angle of attack.

For design 4, the cascade data predict very well the slope of the
curve at station a, although there is an indicated discrepancy of AS o
30 between the compressor data and the cascade data. For the two designs
at stations c and e, the cascade data indicate progressively less differ-
ence in predicted turning angle, and the compressor turning-angle curves
check the cascade data fairly well in slope and ordinates (within 3°,
except for design 1, station e at low angles of attack).

Total-pressure losses: The relative total-pressure-loss parameter
® for designs 1 and 4 is plotted against angle of attack a; in fig-

ure 1l4. The 50-percent-design-speed total-pressure-loss parameters for
design 4 are not presented here for reasons discussed in the section
Experimental procedure.

For design 1 the minimum total-pressure loss ® decreases from
about 0.150 near the tip to about 0.015 near the hub. Partly because of
this decrease in minimum loss, and partly because the curves are flatter
near the hub, the range of angle of attack for a given loss increases
from the tip to the hub.

For design 4, the minimum total-pressure loss ® decreases from
about 0.060 near the tip to about 0.010 near the hub. At each measuring
station the minimum loss is appreciably lower than the corresponding loss
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for design 1. Also, at each station, the angle-of-attack range for a
given loss exceeds the corresponding range for design 1; in fact, it is
apparent that the complete range of angle of attack was not investigated
at station e.

Comparison of rotor loss with cascade-predicted loss: A comparison
of rotor relative-total-pressure losses for designs 1 and 4 is presented
in figure 15. The curves drawn through the data points of figure 14 are
reproduced in figure 15 along with the cascade-predicted values of ®
computed from the data of reference 12.

The curves of figure 15 clearly reveal the differences between the
two designs in minimum loss and in angle-of-attack range for a given
loss.

An approximate agreement between the rotor losses and the cascade-
predicted losses is obtained only at station e. At station a, the mini-
mum measured rotor losses for designs 1 and 4 are approximately 10 times
the corresponding cascade values.

The reasons for the lack of correlation between the compressor and
cascade turning-angle and loss curves for design 1 must be involved with
the markedly three-dimensional nature of the flow at the tip region for
design 1.

Diffusion factor: A possible approach to the study of compressor
blade-row performance would be to treat the axial-velocity ratio
Vz,z/Vz,l as a blade loading parameter peculiar to the three-dimensional

flow problem and attempt to correlate its effects with those of parameters
common to three-dimensional and two-dimensional flow: solidity, relative
inlet flow angle, and turning angle. A diffusion factor D has been
developed which is a function of the foregoing variables and which was
derived to give an indication of the local blade suction-surface pressure
gradient. This parameter has served to correlate loss data for several
cases of both two-dimensional and three-dimensional flow (ref. 11).

The diffusion factor D is calculated as follows:

VL AV

D=l—-—'—+
Vl EUVl

(7)

In terms of the axial-velocity ratio, relative flow angles, and
solidity,

tan Bé) sin By
+

P =i YELE cos B} |sec B} + (8)
S A% ik z 20 20
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Values of rotor D factor for designs 1 and 4 are plotted against
angle of attack in figure 16.

For each design at a given radius, the D factors calculated for
the various speeds, for which the data are available, correlate into
essentially a single curve. It would be reasonable to expect an in-
crease in D factor with Mach number because of the compressibility
effect on the axial-velocity ratio. A slight trend of this sort is
indicated, but the magnitude of the effect does not appear to be
significant.

Discussion of rotor D factors: A comparison of rotor D factors
for designs 1 and 4 is presented in figure 17. The curves as drawn
through the data points in figure 16 are reproduced in figure 17 along
with D factors calculated from the cascade-predicted turning angles.
Three trends are revealed in figure 17 at a given angle of attack: (1)
D factor is generally higher near the tip than near the hub for both
designs; (2) D factor is appreciably higher for design 1 than for
design 4 (except near the hub where there is little difference between
the two designs); and (3) near the tip, D factor for design 1 is
appreciably larger than cascade-predicted D, whereas, for design 4, the
compressor and cascade-predicted D agree quite well at all radii.

The values of D factor calculated from compressor performance can
differ from cascade-predicted D factor (for a given relative-inlet-
flow angle) only if the compressor turning angles differ from cascade-
predicted turning angles, or if the axial-velocity ratio VZ,Z/Vz,l is

different from unity. In the case of design 1, the compressor turning
angles near the tip are less than the cascade-predicted values (fig. 13).
In itself, this trend would operate to lower the rate of diffusion.

(From formula (8), increased B, for a given B! would decrease the

value of D factor.) However, the axial-velocity ratio VZ,Z/Vz,l

near the tip is considerably less than unity (fig. 9), and the tendency
of low axial-velocity ratio to increase the diffusion rate has the
decisive effect on the final value of D factor. In the case of design
4, turning angles and axial-velocity ratios both agree fairly well with
the cascade-predicted values; therefore, the D factors naturally agree.

Comparison of rotor turning angles with D factor: A comparison
of the design 1 tip-region turning angle and D factor characteristics
(figs. 13 and 17) reveals that at station a where the turning-angle
curves for design 1 peak at relatively low angles of attack, the D
factors are considerably higher than those predicted by cascade data.

A tentative interpretation can be drawn from this comparison that the
blade loading is high enough even at relatively low angles of attack for
flow separation to occur with a consequent decrease in the turning angle.
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The preceding discussion supplies a qualitative explanation for the g
tip-region turning-angle characteristics of design 1. A quantitative
correlation of turning with D factor is obviously desirable, but turn-
ing angle is not a convenient parameter with which to attempt such a -
correlation. Comparisons are therefore made between D factor and the
deviation angle. The fact that deviation angle varies only slightly
with angle of attack (in the good flow range) should facilitate a quan-
titative correlation. In order to employ deviation angles, the camber
angle of a circular-arc blade section equivalent to the 65-(12)10 blade
section must first be computed. It is assumed, for this purpose, that

if the
height

circular-arc and 65-series camber lines have the same maximum
as a percentage of chord length, the two blade sections are

equivalent. On this basis, the circular-arc blade section equivalent
to a 65-(12)10 blade section has a camber angle ® of 30.1°.

Comparison of rotor deviation angles with D factor: A comparison

of the
angles
fFaetor.
can be
AsaD

increase rapidly. ¢

The compressor data extend appreciably into the high-D-factor
range (D> 0.5) only at station a. The correlation of the rotor devia- <
tion angles with the cascade-predicted deviation angles actually appears
to be best within this high-D-factor range except for very high D
factors (D> 1). In the range of D factor up to 0.5, the rotor devia-
tion angles for design 4 are lower than the cascade-predicted values at
stations a and c, whereas for design 1 the rotor deviation angles are
higher than the cascade-predicted values at station e. These dis-
crepancies in the low-D-factor range cannot be entirely accounted for;
they are probably due to a combination of experimental error and three-
dimensional flow effects which cannot be evaluated from the data.

It is suggested that the main value of the deviation angle - D

factor

method for the high-D-factor range.

Comparison of rotor loss with D factor: A comparison of the rotor

losses

diffusion rates (indicated by high D factors) are accompanied by high

losses.

much larger than for design 4; they are also much larger than the cascade-
predicted values for design 1. In contrast, the measured and cascade-
predicted D factors for design 4 agree very well. It should not be

rotor deviation angles A and the cascade-predicted deviation
for designs 1 and 4 is presented in figure 18 plotted against D
At each radial station, the cascade data for designs 1 and 4
represented by a single curve with a maximum discrepancy of +1°.
factor exceeds about 0.5, the cascade-predicted deviation angles

correlation lies in its possible use in a cascade-data correction

(fig. 15) with the rotor D factors {fig. 17) shows that high

At the tip region, the D factors for design 1 are not only
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expected from this comparison that the measured rotor losses and cascade-
predicted losses for design 4 should agree at this tip region. The
cascade-predicted loss is essentially a profile loss, whereas the meas-
ured rotor loss also includes other increments of loss peculiar to
three-dimensional flow. These include losses caused by secondary flows
associated with the casing boundary layer and tip clearance. Also, in
the case of a rotor, it is possible to measure at the tip region some

of the losses incurred at blade elements near the hub. The investiga-
tions of reference 13 indicated that some of the low-energy air at the
blade-surface boundary layer would travel radially when it reached the
blade wake. In the case of a rotor, this radial motion would be towards
the tip. For these reasons the minimum possible tip-regien losses prob-
ably exceed appreciably the corresponding cascade-predicted losses.

A quantitative comparison of rotor losses and diffusion characteris-
tics is presented in figure 19, where the measured rotor losses ® for
designs 1 and 4 are plotted against rotor D factor for the three radial
stations. Also plotted are the corresponding cascade-predicted loss
parameters. The feature of primary interest in figure 19 is the fact
that a limited region of correlation between designs 1 and 4 of loss
against D factor (shown by the dashed line) is indicated by the avail-
able data at station a. As D factor exceeds 0.55, the losses at this
tip region increase rapidly, and the data for both designs plot approxi-
mately on the same curve. In contrast, the data at low D factors dif-
fer greatly in the values of loss for the two designs, which indicates
that, at angles of attack less than the angle of attack for minimum loss,
the D factor cannot be used to estimate losses. This trend can be ex-
plained as follows: As discussed in reference 11, the D factor was de-
rived in order to provide an indication of the blade suction-surface pres-
sure gradient for operation in the low-loss region. The assumptions on
which the derivation of the D factor was based are not fulfilled by the
flow conditions at angles of attack other than the angle of attack for
minimum loss. As angle of attack decreases from the minimum-loss value,
the calculated D factors decrease, but losses increase. At high angles
of attack, however, the D factors and losses are both high, and an
approximate correlation is obtained for tip-region rotor losses.

The minimum-loss tip-region values of ® and D factor for design
1 were approximately 0.150 and 0.60, respectively; and for design 4, the
corresponding values were 0.065 and 0.40. These results correlate well
with the data presented in figure 8 of reference 11 and illustrate the
importance of designing for low D factor at the tip region in order to
minimize losses. At stations c and e, the data did not extend into the
range of high D factors.

Stator blade-element performance. - The available stator blade-
element performance data were obtained from the full-stage investigations
of designs 3 and 4. As discussed in the section Instrumentation, no
measurements were made between the rotor and stator blade rows for the
full-stage investigations of designs 1 and 2; hence, their stator per-
formance is not available. The stator inlet Mach numbers are plotted
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against stator angle of attack ap in figure 20, so that the possibility

of Mach number effects on loss can be analyzed. For design 3, the
highest stator inlet Mach number slightly exceeded 0.90, and for design
4, the highest Mach number was about 0.78.

The stator performance for designs 3 and 4 is presented in terms
of turning angle €o and stator losses ® plotted against stator angle

of attack ws.

Turning angles: Stator turning angles €, are plotted against
angle of attack a5, 1in figure 21 for designs 3 and 4. TFor design 3,

the variation of turning angle with angle of attack is very nearly
linear, even at the tip-region measuring station. The slopes of all
the curves lie within the range from 0.75 to 0.83.

Because of the invalid measurements of flow angles at 120 and 135
percent design speed (discussed in the section Experimental procedure),
the turning angles for these speeds are not presented.

Comparisons of stator turning angles with cascade data: The curves
drawn through the data points of figure 21 are reproduced in figure 22
for comparison with the corresponding cascade data. Because of the
similarity of the velocity diagrams of designs 3 and 4 (fig. 7), the
cascade-predicted turning angles for the two designs are practically
the same. The slopes of the measured turning-angle curves and the pre-
dicted curves agree very well. At the hub and mean radius, the design 3
turning angles check the cascade data within 2° except for low angles of
attack at the mean radius; however, the design 4 data appreciably exceed
the cascade-predicted values. At the tip, the measured turning angles
for both designs are from 4° to 5° higher than the cascade data.

The general trend of the compressor turning angles to exceed the
cascade-predicted values might be caused partly by a lower level of
blade loading for the compressor stators than for the two-dimensional
cascade. D factors were calculated for the cascade design points at
station a (ap = 9.3° for design 3, ap = 9.4° for design 4). For both

sets of stators, the D factors were about 0.32; for the design 3 and
design 4 cascade data, the D factors were 0.40 and 0.35, respectively.
Thus, part of the high turning for the stators is probably due to this
lower level of loading, and part is due to experimental error. (Plots
of stator D factors are not presented because of the small range of

D factor covered by the stator operation.)

Total-pressure losses: The stator total-pressure-loss parameter
&é for designs 3 and 4 is plotted against stator angle of attack ap
in figure 23. (The design 3 loss parameters for 120 and 135 percent
design speeds are included because the invalid angle measurements do not
affect the values of .)
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No essential difference in the loss characteristics of the two de-
signs is indicated for the speeds up to design speed. Both sets of
curves show a wide range of angle of attack at low loss, and little
variation in loss is indicated from tip to hub. An interesting com-
parison can be made with the guide-vane losses. For the guide vanes,
the minimum values of ® are about 0.060 (from the mean radius to the
hub); whereas, for the stators, a typical value of @ is about 0.040.
This result indicates that the stators, with their 65-(12)10 blade sec-
tion, perform with less loss in a flow with an adverse pressure gradient
than do the sheet metal guide vanes in a flow with a favorable pressure
gradient. This trend is probably caused partly by the higher frictional
drag of a flat plate compared to the profile drag of an airfoil section
of the same chord (p. 124, ref. 13) and partly by the higher frictional
drag resulting from the higher solidities and larger chords of the guide
vanes near the tip (fig. 1).

No well-defined Mach number effect on loss is exhibited for de-
sign 4. None would be expected in view of the fact that the Mach number
range for the highest speed investigated (115 percent design speed) was
0.60 to 0.75 (fig. 20). For design 3, however, a marked increase in
loss is observed for the investigations at 120 and 135 percent design
speed. The Mach number ranges were, respectively, 0.63~0.83 and 0.70-
Qficha

Discussion of stator losses: The curves drawn through the data
points of figure 23 are reproduced in figure 24 for comparison with the
cascade-predicted values of .

The cascade-predicted losses are almost identical for both sets of
stators because their inlet air angles differ by only a few degrees at
any given angle of attack (by 5.6° at station a and 1.3° at station e).

The minimum stator-blade losses appreciably exceed the cascade-
predicted values. This trend is similar to that which was observed for
rotor-blade losses, namely, that the blade-profile losses are only part
of the loss incurred across a compressor blade row.

Comparisons of stator turning and loss with D factor are not made,
because the available stator data did not extend into the high-D-factor
range except during rotor-stall conditions which resulted in very high
stator angles of attack.

The available data indicate that for designs similar to designs 3
and 4, the prediction of stator loss is not a difficult problem, and
that the level of stator loss is quite low for a wide range of angle of
attack. Figure 24 shows that the minimum value of @ 1lies within the
range from approximately 0.025 to approximately 0.050 for both designs
and at all measuring stations.
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The high losses for designs 3 that were obtained at 120 and 135 per-
cent design speeds (fig. 23) are probably caused mostly by local blade-
surface shock phenomena. The inlet Mach numbers at these speeds ranged
from approximately 0.70 to 0.90 (fig. 20). The investigation of refer-
ence 15 showed, in the case of an annular cascade utilizing the 65-(12)10
blade, that inlet Mach numbers of 0.80 were accompanied by local blade-
surface peak Mach numbers of 1.30. The shock-diffusion of these veloci-
ties to subsonic values was accompanied by high losses, partly due to
shock loss and also to aggravated flow separation from the blade surface.

Part of this loss for design 3 could be a consequence of increased
diffusion caused by the compressibility effect of high Mach nunmber on
the axial-velocity ratio. However, this cannot be proved because the
flow-angle data for the 120 and 135 percent design speeds, upon which
the calculation of D factor depend, are believed to be invalid.

Discussion of efficiency and range characteristics. - The rotor
blade-element loss data for designs 1 and 4 discussed in the preceding
paragraphs provide a basis for an analysis of the trends of increasing
over-all efficiency and flow-coefficient range as design axial-velocity
ratic (V,/Ug)y is increased.

The analysis of blade-element turning-angle and loss data showed
that the main differences in performance occurred in the rotor-tip
region. The study of the efficiency and range characteristics presented
in the section Over-All Performance can therefore be reduced to 2 study
of the tip-region blade-element efficiency and range characteristics.
The full-stage investigations provided the only data which can be
directly compared among all four designs; therefore, tip-region stage-
element efficiencies are presented in figure 25.

Tip-region stage-element efficiencies: Stage-element efficiency is
defined as the ratio of the ideal stagnation enthalpy rise between the
measuring stations upstream of the rotor and downstream of the stator to
the actual enthalpy rise. The efficiencies obtained from the design-
speed investigations of the four designs were plotted against radius
after stator rz for each operating point; the values of efficiency for

each design at the same radius, rz = 0.522 foot (station a for design 4)

were then plotted against angle of attack. These tip-region efficiency
characteristics are presented in figure 25.

Figure 25 shows that the peak stage-element efficiencies for designs
2, 3, and 4 are markedly higher than the peak efficiency for design 1.
Also, .a definite increase in range of angle of attack at a given effi-
ciency is indicated for the successive designs. For instance, an effi-
ciency TNge Of at least 0.80 is indicated for the ranges of angle of
attack summarized in the following table. (Also included are the peak
efficiencies.)
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Design | Peak |[Range of o at
number | Tgo Nge = 0.80,
deg
1 0.85 76
2 .90 12.4
%] -885 15.2
4 .90 1548

The increase in peak efficiency between design 1 and the other three
designs is caused by the more favorable rotor diffusion characteristics
of these high-axial-velocity designs with their consequently decreased
rotor blade-element losses. Also, these lower diffusion rates for the
high-axial-velocity designs permit operation at increased angles of
attack before critical values of D factor are reached; therefore, the
low-loss range of angle of attack is greater for the high-axial-velocity
designs. A wide angle-of-attack range at low loss is reflected, of
course, in a wide angle-of-attack range at high efficiency.

Discussion of increased range: In the section Dimensionless over-
all performance the ranges of flow coefficient for an over-all efficiency
of at least 0.80 were compared. It was shown that the flow-coefficient
range increased as design axial-velocity ratio (V,/Uy)y increased.

The over-all range of flow coefficient is a combination of the
average blade-element angle-of-attack range and the average change of
angle of attack for a given change in flow coefficient. It is necessary
to analyze these two characteristics only at the tip region, because the
over-all range is limited by the tip-region performance. It has been
shown in the previous section that the tip-region angle-of-attack range
for design 1 is limited by high rates of diffusion of relative velocity.
The change of angle of attack for a given change in flow coefficient is
presented next.

Rotor angle of attack at station a is plotted against the flow
coefficient (V,/Ug)yy for the four designs in figure 26. The following
table summarizes values of the change in flow coefficient that would be
required for a 10° change in angle of attack.
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Design | Change of flow
number coefficient
1 0.095
2 <1130
3 .145
4 <170
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narrow range of angle of attack for a given efficiency and by the fact
that for a given change in angle of attack, the change in flow coeffi-

The flow-coefficient range for design 1 is thus limited both by a ’
\

cient is least for design 1.

The rapid rate of change of angle of attack with flow coefficient

for design 1 is a direct consequence of the velocity-diagram geometry. ’
In reference 8, it was shown that the rate of change of angle of attack
with the axial-velocity ratio Vz,l/Ut 1s given by the following ’

formula:

do
a Vz!l
Uy,

It must be emphasized that the axial-velocity ratio Vz,l/Ut is
the local value at a given radius; it is not the same as the flow

coefficient (Vz,l/Ut)av’ and in general,

dou

The following table summarizes values of s
dC’
U

the design velocity diagrams for the four compressors at a radius ratio

of 0.95, and values of aa

d—E>
(Zt av

measured from figure 26. E

B4 (sin B! + cos B! tan B )2
Xl r ik il 1

Z

t

> calculated from
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(The angle o is expressed in radians.)

Design do da

number affz,1 d’VZ i
Ut Ut Jav

1 RSl 187

2 1.68 sl

3 1529 i

4 1Le03 S

Thus, for design 1, both the high-D-factor effects on tip-region
losses and the effects of the velocity-diagram geometry on the rate of
change of angle of attack with flow coefficient tend to limit the tip-
region range and therefore the over-all range of flow coefficient.

Radial Equilibrium Considerations

The assumption of symmetrical velocity diagram and constant stagna-
tion enthalpy in the design causes, through the action of radial equi-
librium, a large variation of axial velocity along the radius. Further-
more, this axial-velocity gradient is larger downstream of the rotor
than upstream of the rotor. Since radial displacements of flow obviously
exist, the validity of the simplified-radial-equilibrium equation cannot
be taken for granted. The following paragraphs present results of two
types of radial-velocity-distribution calculations which incorporate the
assumption of simplified radial equilibrium.

The radial pressure gradient is given by the following equation
(ref. 16):

2
ldp _ YQ_ e BVr L BVr (%)
Phdn ¢ r dr z 3z

Also, from the combined and first and second laws of thermodynamics
and the steady-flow energy equation,

2
id_P=9§_i<V_>_t%SE (10)
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Isentropic simplified radial equilibrium. - The equation used in
the analysis of reference 1 and in the design calculations of the radial-
velocity distribution upstream of the rotor and downstream of the stator
was obtained by making the assumption that oV,/dr, oV./dz, and d4sS/dr

were all negligible. Then equation (9) becomes

Vad
Sap o —Q—°(simplified radial equilibrium) (9a)
P dr r
and equation (10) becomes

1dp _aH _ a4 [ve)
o a;(?/ (10s)

Calculations were made at the three axial measuring stations for
the available data of the four designs to check the validity of these
design assumptions. The velocity distributions were calculated which,
for the measured temperature rise and absolute flow-angle distribution,
would satisfy equations (9a) and (10a), and the continuity condition.
The results in terms of the axial-velocity ratio Vz/Ut plotted

against radius ratio r/rt are presented in figure 27.

The calculated axial-velocity ratios for the axial station upstream
of the rotor (fig. 27) check the measured values quite well except near
the tip for some of the low-flow runs. Also, this correlation is fairly
good downstream of the rotor (figs. 27(a) and (d)). However, an appreci-
able discrepancy exists between the calculated axial-velocity ratios and
the measured values downstream of the stators, especially near the tip
(fig. 27). The question arises whether this discrepancy was caused
primarily by the assumption that the radial acceleration terms of equa-
tion (9) are negligible, or by the assumption that the entropy gradient
term of equation (10) is negligible. A logical approach would be to
include the effect of the entropy gradient because (l) the main differ-
ence between conditions upstream of the rotor and downstream of the
stator (aside from the level of enthalpy) is the radial variation of
blade losses, and (2) the entropy gradient can be evaluated from measured
stagnation values of pressure and temperature.

Nonisentropic simplified radial equilibrium. - For the axial sta-
tions downstream of the rotor and stator, velocity distributions were
calculated which satisfy equations (9a) and (10), and the condition of
continuity. The results, in terms of the axial-velocity ratio V,/Ut

plotted against radius ratio r/rt, are shown in figure 27 for compari-

son with the isentropic-simplified-radial-equilibrium calculation.
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The calculated axial-velocity ratios after rotor (figs. 27(a) and
(d)) are slightly lower near the tip and higher near the hub than the
isentropic values. The results of the two calculations are not greatly
different, but near the tip, the nonisentropic calculation checks the
data better than does the isentropic calculation.

The main effect of the entropy gradient occurs after the stator
(fig. 27). The nonisentropic calculation checks the data very well ex-
cept near the hub, where the calculated values of axial-velocity ratio
are lower than the measured values.

Probably this small discrepancy is a consequence of neglecting the
radial acceleration terms of equation (4); these terms would probably
be most significant near the hub because of the influence of the hub

curvature.

SUMMARY OF RESULTS

The analysis of the over-all performance and blade-element per-
formance of four axial-flow single-stage compressors designed for con-
stant stagnation enthalpy radially and symmetrical velocity diagrams at
all radii and having a hub-tip radius ratio of 0.5 gave the following
results:

1. For a given Mach number limit, high pressure ratio required a
design assumption of low specific weight flow (low design axial-velocity
ratio (Vz/Ut)y). Because of the action of radial equilibrium, this de-

sign assumption resulted in high rotor-tip-region rates of diffusion

(as measured by the D factor) with consequent high losses and low
peak efficiencies. Therefore the most suitable use for the symmetrical-
velocity-diagram was for lower pressure ratio and higher specific weight
flow designs.

2. For the available rotor blade-element data, a correlation for a
given solidity was obtained among compressor and cascade-predicted devi-
ation angles as functions of D factor.

3. For the low-D-factor design (design 4) fairly good correlation
was obtained between cascade-predicted and rotor turning angles as func-
tions of angles of attack.

4. A correlation of tip-region rotor relative-total-pressure losses
for designs 1 and 4 as functions of D factor was obtained for D
factors exceeding approximately 0.55. The cascade-predicted losses did
not correlate with tip-region rotor losses because the latter are in-
fluenced by other factors in addition to blade-suction-surface flow
separation.
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5. The over-all range of flow coefficient (or weight flow) for the
lowest-axial-velocity design at a given value of efficiency was limited
by the high tip-region total-pressure losses caused by high D factors
and the high rate of change of angle of attack with flow coefficient
imposed by high guide-vane turning.

6. The available stator data represented the low-D-factor type of
design. The stator blade-element minimum losses varied only slightly
with radius and between the two designs for which data were available.

7. The available data indicated that the assumption of simplified
radial equilibrium was a valid one. For most of the cases investigated,
the axial-velocity profiles obtained from the calculation neglecting
entropy gradient agreed fairly well with the data at the rotor inlet and
outlet. In order to obtain good agreement between the calculated axial
velocities and the data downstream of the s%ators, it was necessary to
include the effect of the entropy gradient. A small discrepancy remained
between the predicted and measured velocities near the hub, which was
probably caused by the omission of the radial acceleration terms from
the radial-equilibrium equation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 9, 1953
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W‘JEVS weight flow corrected to NACA standard sea-level pressure and

APPENDIX A

SYMBOLS
The following symbols are used in this report:

annular area

camber (1lift coefficient of isolated airfoil)

velocity of sound
diffusion parameter
stagnation enthalpy

constant in Kantrowitz-Daum equation

Mach number
stagnation pressure

static pressure

gas constant

radius ‘
entropy

stagnation temperature

rotor wheel speed

absolute air velocity

weight flow

temperature

angle of attack
angle of attack at zero 1lift

absolute air angle, angle between compressor axis and absolute
gir-velocity




30 NACA RM ES52K03

' ratio of specific heats

A deviation angle, angle between relative air velocity and tangent
to camber line at trailing edge

e} ratio of inlet stagnation pressure to NACA standard sea-level
pressure

€ turning angle

n adiabatic temperature-rise efficiency

6 ratio of inlet stagnation temperature to NACA standard sea-level
temperature

t blade-angle setting, angle between compressor axis and blade chord

o) static density
o solidity, ratio of chord length to distance between adjacent blades

@ camber angle, angle between tangents to camber line at leading and
trailing edges

® relative total-pressure-loss parameter
Subscripts:

0 depression tank

1 upstream of rotor

2 downstream of rotor

5 downstream of stator

av  average

des design value
& blade element
gv  guide vane

h hub

ddis sideal

mr mean radius
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. r radial direction
se stage element

std standard

g stagnation condition
i tip
Z axial direction

6 tangential direction
Superscript:

Y relative to blade row
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APPENDIX B v

DERIVATION OF EQUATIONS AND METHODS OF CALCULATION =

Design tip speed. - The formula for design tip speed (eq. (3)) is
obtained as follows:

Vane 4 2v
(_1) +_E(l__9:i>
S, B Uy /n
P Hy T {V\ &
(y-1) ——-—(—
Utz 2 \Ug/n

By assumptions of symmetrical velocity diagram and constant enthalpy
addition,

1
1i(_u_ 3 2V921> i ?_@(Vezl J Vezl> _n{Ve,2 _ V921>
Ut Ut Ug 5 Ut \ Ut Ut % Ut \ Ug _Ut h
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<Vl>2 - UAVG
S MO Z = Begn U

e e 0 1 /Va\2
: (et = Ve
Ug t/h
Rearrangement yields equation (3):
/ . vi\2 UAVg
l_*_L:EMI 2 /._l +—_2"
2 1,h \Ut n o Ug
A

Hy
Ug 2

(3)

. 1
(r-1) i

Design tip speed is then computed from the value of enthalpy for standard
alrs

Rating methods. - The average pressure ratio is based on the mass-
averaged isentropic power input (ref. 17)

f ry, r-1 W

[Pz\ Y -1
[\% -1 DSVZ,SrsdI'
/Ps) Tz h
av

P -, + 1p Bl)
\Po Ty (
pzV,  3r3dr

L Exh J

The pressure ratio is computed in the form of equation (Bl) be-
=+

Pz\ ¥
cause the quantity {<§§> - l} is a tabulated function of pressure

ratio. In its simplest form, equation (Bl) reduces to

(rre r-1 L
Pz T -1
5= PaVz geks0r
P Po :
3 3.h
L T > (Bla)
0/av L
3V, ,zr3dr
r
\ 3,h J
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The average adiabatic temperature-rise efficiency is based on the
ratio of the mass-averaged isentropic power input to the mass-averaged
actual power input (ref. (g e

-1
Ty =

P3
To (55 -1 pSVZ,SrSdr
3 h
=

5
ﬁ [TS (o TO] QSVZ’Srsdr
3,h

Calculations were made of 1, in the form of equation (B2) be-

(B2)

r-1
[Pz\ T
cause the quantity \f- -1 is a tabulated function of pressure
0

ratio, and the temperature rise Tz - Ty 1is a directly measured datum.

Equation (B2) reduces to the following:

(B22.)

where (Pz/Pp),, is given by equation (la) and

o
To PzV,,3T3dr

o o
To/av L
Oy 3

f58h

The average ideal enthalpy addition is defined as the enthalpy rise
corresponding to an isentropic process for the measured pressure ratio.

-1
2 I e 3
U U 0]
t ey t av
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The flow coefficient is computed as follows:

W
<V_z£> Bl g W
"t far v Al %J,;ﬂ
’ W
Psta A1U¢ z—i);d p:rid
T2 /Tsta
% W 4 BV
Psta 41Ut Si:;v p:éﬁw\; 2t gpa A1t %j%‘
) -lag)
Yt Jav  pgea Ay UgAE \ PL /i

The assumption is made that the average static density upstream of
the rotor equals the static density at the mean radius.
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Figure 1. - Design details of four axial-flow compressors having a hub-tip

ratlio of 0.5,
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Figure 2. - Experimental setup.
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Figure 3. - Sketch showing instrumentation stations.




-

“ffi;:

O INCHES |

ettt |

C-29496 C-29494

O INCHES |
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Figure 4. - Instrument probes.
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(a) Design 1; design corrected tip speed, Ut/vﬁ, 1104 feet per second.

Figure 5. - Over-all performance of four axial-flow compressors having a hub-tip radius ratio of OS5
Full-stage investigation.
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(b) Design 2; design corrected tip speed, Ut//8, 938 feet per second.
Figure 5. - Continued. Over-all performance of four axial-flow compressors having a hub-tip radius ratio of 0.5.
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(c) Design 3; design corrected tip speed, U/s/B, 823 feet per second.
Figure 5. - Continued. Over-all®performance of four axial-flow compressors having a hub-tip radius ratio ofv 0.5,

Full-stage investigation.
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Figure 5. - Concluded. Over-all performance of four axial-flow compressors having a hub-tip radius ratio of 0.5.

Full-stage investigation.
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Figure 6. - Dimensionless over-all performance of four axial-flow compressors having a hub-tip radius ratio of 0.5
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Figure 7. - Measured velocity diagrams for four axial-flow compressors having a hub-tip radius ratio of 0.5. Peak efficiency point, design speed.
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Design number

1 2 3 4
v,/U,  |0.410 |0.551 |0.640 |0.730
v, /U 0.611 [0.722 |0.766 |0.869
2rs ®
0.667 |0.769
VS/Ut
By, deg |45.75 | 34.75 |31.0 |26.10
Tip By, deg |72.90 |56.16 [49.32 (42.12
region
Bz, deg 30.85 |24.48
u,/u, |0.950 |0.936 |0.962 |0.939
Upfu, |0.958 |0.942 |0.965 [0.942
vi/u, [0.461 |0.584 |0.668 |0.758
V,/Uy |0.602 |0.736 |0.808 |0.893
Vs/U, 0.690 |0.787
By, deg |29.52 |22.80 [18.04 [18.54
Mean | B,, deg |50.04 |43.88 |38.88 |35.46
radius
Bz, deg 20.05 [14.76
U1 /Uy |0.746 |0.746 |0.749 |0.749
U,/u, |0.786 |0.767 |0.766 |0.762
Vi /U, |0.475 [0.589 [0.680 [0.781
Vo/u, |0.657 {0.763 [0.852 [0.852
V3 /U, 0.670 [0.767
Hub By, deg |15.12 [10.85 [7.24 [7.92
region
B On g, deg | 37.80 | 33.66 |31.32 |29.52
Bz, deg 7.99 |5.04
U, /Uy |0.542 |0.557 |0.536 |0.560
Up/u, |0.615 | 0.590 |0.567 |0.584
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(e) Tabulated values of velocities and flow angles.

Figure 7.

radius ratio of 0.5.

- Concluded.

design speed.

Measured velocity diagrams
for four axial-flow compressors having a hub-tip
Peak efficiency point,
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Figure 8. - Variation of relative inlet air angle with rotor
angle of attack for four axial-flow compressors having a

hub-tip radius ratio of 0.5.
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(s) Design 1; rotor investigation; (b) Design 4; rotor investigation; design corrected tip
design corrected tip speed, speed, Ut/fe—, 743 feet per second.

U, //6, 1104 feet per second.

Figure 9. - Axial-velocity ratios for two axial-flow compressors having a hub-tip radius ratio of 0.5.
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(a) Design 1.
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(b) Design 4.

Figure 10. - Guide-vane losses for two axial-flow compressors

having a hub-tip radius ratio of 0.5.
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Figure 12, - Variation of rotor turning angle with angle of attack for two axial-flow
compressors having a hub-tip radius ratio of 0.5.
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Rotor turning angle, €, deg
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Relative total-pressure-loss parameter,
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Figure 14. - Rotor total-pressure losses for two axial-flow compressors having a hub-tip radius ratio of 0.5.
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Figure 18. - Variation of rotor deviation angles with diffusion factor for two axial-flow
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Figure 25. - Comparison of tip-region stage-element efficiencies for two axial-flow

compressors having a hub-tip radius ratio of 0.5. Tip region; design corrected

tip speed; radius rz, 0.552 feet.

cO¥eSH WH VOVN

L9



T T T

30
Design speed,
percent .21

110
100
75 iz

D
Q\\\i4:jiEZ:\Y> | 50
OO

o

ono<ob

b
h,
£ \{% \ o) g
N
il

X
B

Rotor angle of attack, a,, deg

R 2
"% 3
Design
1
=110, .
7 7O 4 5 6 4 .8

Flow coefficient, (Vz,l/Ut)av

Figure 26. - Comparison of tip-region characteristics of angle of attack against
flow coefficient for four axial-flow compressors having a hub-tip radius ratio

ef 028

89

COMeGH WY VOVN




@

Axial-velocity ratio, V,/Ug

CONSSH W VOVN

[22]

Rotor investigation, Rotor investigation, [¢] Full-stage investigation,
after gulde vanes after rotor ~ after stator
~
N > o
5
o
(o1 25.36 ~
~ — L = = \O\
(0 Lot I - =4 ‘N\\
- o ~
e . 27 12 ~
~| =9 ~ \o
\‘D
1 | T ey [ | [ I
(@] Data
- — — — —Isentropic simplified ]
radial equilibrium
e Nonisentropic simplified
radial equilibrium
G- Slls cries >\\ Q-
e T “\ ~Oot—L -l
21.51 (peak S o= 22.18 (peak B
efficiency) =0 21.51 (peak| Y& efficiency
[0) efficiency)
\
(o]
(&=
-
~O-
o-— —— — — e u O i
< i ]
19.04 | 9~~| _ 19.04 \\w A - " SR R
~Corrected weight flow, =7 \\2\ 19[54 o=
~ ~
ol V5> 0} .\\ | Corrected weight flow, P
1b/sec Corrected ygight flow, \ W,
r W=, \ r 1b/sec
0 RN |
.5 .6 =7 .8 9 1.0 .6 % =8 e 150 .6 i .8 .9 TES
Radius ratio, r/ryg
(a) Design 1.
Figure 27. - Radial equllibrium comparison among four axial-flow compressors having a hub-tip radius ratio‘of 0.5.

69



Axial-velocity ratio, Vz/Ut

Fuil—sfage invesfigation, Fuil-sﬁage {;&esﬁigaéion,
after guide vanes < after stator
8 Corrected weight flow,j Corrected weilght flow,_
- 'Ll WY
W =
3’ /5
1b/sec 3] ° 1b/sec 5
°‘~-_0~J -+ =% — oL _ 2172
6 S AR ~ &
. ~ — .q~ o —
it o
~
4
.6 - ——
s Y P 24.51 (peak 24.51 (peak
= L= efficiency) efficiency)
e E C;_____u——--— o — o~ =
4 “L A
.6
L 2187
i -, o 21.87 — = T Re= 1+ —F
~— ~¢ = e ] : \\
L4 o Data = ~NQ
-~ — — —1Isentropic simplified o
il radial equilibrium
—_— - Nonisentropic simplified
2 radial equilibrium
55 .6 ol gie! ) ORES +6 o7 .8 o) 105(@)

Radius ratio, r/ry

(b) Design number 2.

Figure 27. - Continued. Radial equilibrium comparison among four axial-flow compressors having

a hub-tip radius ratio of 0.5.

CONSSH WY VOVN




-velocity ratio, V,/Ug

oY

Axia

=
T T T T T T b=
Full-stage investigation, Fulll-séage Iinveatigatlion, g
after guide vanes after stators . §
Corrected weight flow, | ﬁ
2] ™
Corrected 1x}re_j.gh’c flow, W "/'E_'_’ |
6 e 4 (&)
Wi, - 4 1b/sec
Qi lb/sec ~l~o ate e e
"“0‘~~+ L 30.28 B - I |
Bl . T
i R e 2. 43
e (o] Data
=== gentroplics gdrmi i Pled
radial equilibrium
L e Nonisentropic simplified
radial equilibrium
24.68 (peak
) B R 24,68 (peak L efficiency)
SO epriedendy) T F =~ - O ——F o+ -
e o o~
A=)
o ey 22.14
o P Y o (SR g [ D e " . e
+ .| SPEad =—— | —OF - T =~y |-
\D -~ ol \
p— \o.
o
oD .6 il .8 %) TSOsETS =6 S 8 ) 1.0
Radius ratio, r/r.t
(c) Design 3.
Figure 27. - Continued. Radial equilibrium comparison among four axial-flow compressors having

a hub-tip radius ratio of 0.5.

A



Ad18ueT-yOyN

Axial-velocity ratio, V, /Ut

1.0 Rotor investigation, after \"‘Ck Rotor investigation, Full-stage investi-
O ’guide vanes ~.after rotor @) @ e&ation, after stators
i R TS
O~ 30479 ~a ~O2A
30.78 S0l “m q il 30.20 b Gl
B ©
<6
120
O Data
— — — —Isentropic simplified
radial equilibrium
—_—- Nonisentropic simplified
+8 radial equilibrium o~
‘ S~ - == e e e
Qe—=h - —u
“‘¢~~ 25.17 (peak P~ ] 27.77 (peak
& 25.17 (peak = <O i efficiency) =Q efficiency)
efficiency) b
.4
.8
G -
EL i O
6 Q ~\“\\~ LP--CL—'"—O—_-‘
e SR g =y =1
o i S [0) 20.88 S Pt
e e = 22.07
20.88 -0 = - Xk e h
[ o N Corrected weight flow, a
4l.Corrected weight flow |Corrected weight flow,N L 6
el w Ve o ol -+
LG 55 =t \% 1b/sec
i 1b/sec i 1b/sec Al
e e P L L s, O M 5
5) 5B i 8 -9 SOl 7 &8 9 .6 v .8 9 1

Figure 27. - Concluded.
radius ratio of O.5.

Radius ratio, r/r¢

(d) Design 4.

Radial equilibrium comparison among four axial-flow compressors having a hub-tip

Ak

COJSSH WY VOVN




