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FOREWORD

This report was prepared by the Pratt & Whitney Aircraft
Division of United Aircraft Corporation, East Hartford, Con-
necticut, to present data and performance of a fan with a re-
designed stator and with and without a rotor tip casing treat-
ment, under Contract NAS3-10483, High-Loading, Low-Speed
Fan Study.
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I. SUMMARY

Tests were conducted to determine the detailed aerodynamic performance and noise character-
istics of a highly-loaded, single-stage fan composed of a low-speed (1000 ft/sec), slotted rotor
and a stator redesigned with lower loadings (diffusion factor less than 0.5). Earlier tests of
this fan had indicated that stall margin could be improved by redesigning the stator for lower
loadings. Loadings were reduced by increasing flowpath convergence across the stator and by
allowing an increase in stator exit Mach number to just under 0.6. The stator redesign also
included a reduction in aspect ratio from 3.67 to 2.46, an increase in blade solidity of seven
percent, and a reduction in the number of blades from 64 to 50. Tests were conducted with
uniform inlet, hub-radial, tip-radial, and circumferentially distorted inlet flow with a solid
case and with skewed slots casing treatment over the rotor tip. Stator blades were adjustable,
permitting optimization of performance. Acoustic measurements were made in the inlet ple-
num and downstream of the stator blades for uniform inlet flow at two stator-setting angles,
with and without casing treatment.

Stage optimization tests were conducted with uniform inlet flow with the stator angles set at
nominal (design), 5 degrees open, 5 degress closed, and 10 degrees closed. (An open setting
angle results in increased air incidence angle compared to the nominal setting.) The nominal
setting angle provided the best combination of high stage-efficiency and good stall-margin.
Additional performance tests were conducted with the stator 10 degrees closed to obtain a
wider range of rotor data.

With the stator at its optimum (nominal) setting angle, a design-speed stage pressure ratio of
1.478 and an efficiency of 88.3 percent were achieved at the design flow of 180 Ib/sec. A
fifteen percent stall margin was demonstrated at design speed based on a design flow operating
point at 180 Ib/sec. The addition of rotor tip treatment had no effect on stall margin when
the stage was operated at design speed and uniform inlet flow but caused a two percentage
point drop in the peak efficiency of the stage.

Tip-radial distortion (AP/Pmax = 14 percent covering 40 percent annulus area) caused a loss of
11 percentage points in stall margin at 95 percent of design speed when the rotor had a solid
casing. Rotor tip casing treatment recovered seven of the eleven percentage points in stall
margin. With distorted inlet flows, the highest speed tested was 95 percent of design.

Hub-radial distortion (AP/Pmax = 10 percent covering 40 percent annulus area) at 95 percent
of design speed with solid rotor tip casing increased stall-margin about eight percentage points
but decreased pressure ratio three percent compared with uniform inlet and solid rotor tip
casing. The addition of rotor tip casing treatment further increased stall-margin for a total in-
crease of 18 percentage points over uniform inlet with solid rotor tip casing.

Circumferential distortion (AP/Pmax = 14 percent covering 90 degrees of inlet annulus area)
had little effect on performance at 95 percent of design speed with or without casing treatment.
However, rotor tip casing treatment provided an eight percentage point improvement in stall-
margin at 80 and 90 percent of design speed.



Although casing treatment over the rotor tip increased stage tolerance to all three types of
inlet flow distortion, there were small decreases in adiabatic efficiency.

Closing the stator setting angle 10 degrees from its nominal position did not appear to change
the level of noise. Comparisons were somewhat complicated by the differences in operating
condition at wide open throttle with the two stator-settings. The addition of skewed slots
casing treatment over the rotor tips had no measureable effect upon fan inlet noise.



II. INTRODUCTION

The object of this program was to determine the aerodynamic performance characteristics of
a highly loaded, low-speed fan stage that would be applicable to a low-noise engine. Previous
tests of this fan with solid airfoils [ref. 1 ] showed an encouragingly high overall efficiency but
the flow range (i.e., stall margin) was poor. Tests with slotted blading [ref. 2] showed slight
improvements in stage efficiency but no improvement in stall margin. Tests with vortex gen-
erators on the outer case forward of the rotor and with a honeycomb structured rotor tip
casing treatment were not completely successful in improving the stall margin or tolerance to
tip-radial distortions without severe penalties in efficiency with uniform inlet flow [ref. 2].
These tests [ref. 1 & 2] proved that the stator hub was critically loaded and causing stall.
Although stator hub slit suction had improved this situation somewhat, indications were that
a redesigned stator would be more effective in improving stall-margin. Therefore, the program
was extended to include redesigning the stator and adjoining flowpath and retesting the fan
stage. The redesigned stator blades were made adjustable to permit a more nearly complete
evaluation of rotor and rotor-stator range potential.

Various rotor tip casing treatments have been successful in improving the tolerance of stages
to inlet flow distortions [ref. 3]. Skewed slots casing treatment has proven to be very good
from the standpoint of increasing stall-margin with only small penalties in efficiency for opera-
tion with uniform inlet flow. Therefore, a skewed slot casing treatment insert was fabricated
and tested as part of this program.

Noise design criteria were compromised only slightly by the redesigned stator. The axial
spacing between the rotor and stator was decreased from 2.0 to 1.88 rotor-hub-chord lengths.
The number of stator vanes was reduced from sixteen plus twice the number of rotor blades
to two plus twice the number of rotor blades, a vane-to-blade-number ratio which still satisfied
noise cutoff theory [ref. 4]. Further criteria used for the basic fan design are reported in
reference 5.

This report presents the results obtained during testing of a highly-loaded, low-tip speed fan
stage with redesigned stator. The testing included running both with and without rotor tip
casing treatment (skewed slots) and with uniform inlet, tip-radial, hub-radial, and circumfer-
ential inlet distortion. Stator setting angle was also evaluated. Details of the stator and casing
treatment design are given. Noise data are presented for the solid rotor tip case and for the
skewed slots rotor tip case; both these cases were tested with uniform inlet flow.



III. APPARATUS AND PROCEDURES

A. TEST COMPRESSOR

1. Overall Design Description

Tests with unslotted and slotted blades [ref. 1 & 2] had shown that stator stall severely limited
the fan stall-margin (defined in Appendix A). The stator (Figure 1) used in the test reported
herein was redesigned with more flowpath convergence and a higher solidity to reduce load-
ing and with a lower aspect ratio to improve loading capability. Aerodynamic conditions for
the redesigned stator were calculated using rotor performance data from the slotted blading
test [ref. 2]. The rotor blades (Figure 2) used were those of reference 2. Provisions were
made for varying the stator angle setting, 7°, (defined in Appendix A) to optimize fan per-
formance and to provide additional stator stall range capability for rotor tip casing treatment
tests.

A schematic of the fan stage mounted in the test rig is shown in Figure 3. This single-stage
fan was originally designed with a tip speed of 1000 ft/sec, a hub-to-tip ratio of 0.39, a correct-
ed flow per unit annulus area at the rotor leading edge of 42 Ib/sec/ft , and a total corrected
flow of 185 Ib/sec [ref. 5]. The original-design rotor pressure ratio was 1.54 and the overall
stage pressure ratio was 1.50. A constant outer diameter was chosen to permit maximum flow
convergence at the rotor hub, thereby providing a maximum rotor-exit wheel speed. De-
signed air turning at the rotor hub was 72.6 degrees, which resulted in a rotor exit relative
air angle of -39.6 degrees.

Based on the experimental data of reference 2, the stage design point for the new stator was
selected at a total corrected flow of 179.7 Ib/sec (41.1.7 Ib/sec/ft^), a rotor pressure ratio of
1.523, and an overall stage pressure ratio of 1.478. The running rotor tip clearance was 0.041
inch at design speed with the solid outer case and 07036 inch with tip casing treatment. The
stator hub and tip endwall clearances were both 0.038 inch at the leading edge during the
monimal stator-angle configurations. These clearances were necessary to provide for the var-
ious stator-setting angles.

2. Redesign Stator

Design parameters of the original and redesign stators are compared in Table 1.



TABLE I

DESIGN PARAMETER COMPARISON FOR ORIGINAL AND REDESIGN STATORS

ORIGINAL STATOR REDESIGN STATOR

exit-annulus-area/inlet-annulus-area .953 .914
hub solidity 2.17 2.33
aspect ratio (average vane length to

hub aerodynamic chord) 3.67 2.46
aerodynamic hub chord 1.83 2.60
number of vanes 64 50

A reduction in stator aerodynamic loadings was achieved primarily by designing an additional
four percent annulus convergence into the stator hub flowpath and allowing the stator exit Mach
numbers to reach 0.6 near the hub. The revised and original flowpaths are shown in Figure 4.
The number of stator vanes was reduced from 64 to 50 to obtain a lower aspect ratio without
exceeding noise guidelines. The reduced vane-to-blade-number ratio was still sufficient to
prevent propogation of the fundamental blade-passing-frequency noise, according to the cutoff
theory [ref. 4]. Low aspect ratio (increased chord length) blading has demonstrated increased
endwall loading capability in cascades [ref. 6] and increased stall-margin in compressor tests
[ref. 7]. Solidity was increased from 2.17 to 2.33 at the hub to provide additional reduction
in loading. The increased solidity had much less effect on loading than the increased flow-
path convergence. The constant annulus area section between the rotor and stator (Figure 4)
was shortened 0.74 inch to accommodate the longer chord stator. The resulting rotor-stator
spacing was 1.88 rotor-hub-chord lengths. Streamline calculations for the original and redesign
flowpaths showed only very minor changes in flow distributions (e.g., maximum velocity
change at the stator inlet was 10 ft/sec). This small shift in flow should not have an effect on
rotor performance. The stator trailing edge axial location was kept the same as the original
design to permit use of existing outer flowpath casing while preserving the original spacing be-
tween the stator blades and the rear bearing support struts.

Velocity vector diagrams used to redesign the stator airfoils were obtained from a flowfield
calculation containing the modified flowpath and the aerodynamic performance from a par-
ticular data point with the slotted rotor [ref. 2]. Calculations were based upon radial distribu-
tions of rotor pressure and temperature ratios from the selected data point at 100 percent de-
sign speed having a corrected flow of 179.7 Ib/sec, a rotor pressure ratio of 1.523, and a rotor
efficiency of 93.2 percent (see Appendix D). This point was 0.5 percentage point lower in
stage efficiency and three Ib/sec higher in flow than the maximum efficiency point at near-stall,
but it was chosen because its higher flow rate would be expected to provide additional stall-
margin. Stator losses from this data point were modified to account for the reduction in pre-
dictated aerodynamic loading (diffusion factor), the increase in vane solidity, and for effects of
stator hub slit suction which was used with the original stator but not with the redesign stator.

A correlation of loss parameter versus diffusion factor (Figure 5-A) was used to make the adjust-
ment for aerodynamic loading. This correlation represents data from transonic stator tests
[ref. 1 & 8]. The measured midspan (20 to 80 percent) total loss parameters from the selected



data point were reduced by the ratio of loss parameters determined from the Figure 5-A,
using the diffusion factor levels from both the selected data,point and the predicted lower
loadings of the redesigned stator. The endwalls were treated similarly except that the adjust-
ment was made to the measured total loss parameter minus the endwall loss parameter incre-
ments (Figure 5-B) since these increments did not appear to be a function of loading. Follow-
ing these adjustment, endwall loss parameter increments were readded, where applicable, and
the total loss coefficients, co, were calculated using the solidity values of the redesigned stator.
An additional adjustment, increasing the losses in the hub region (5, 10, 15, and 30 percent
span), was made to account for the absence of hub slit suction. These adjustments were based
upon the difference in loss coefficients from tests with slit suction and tests with the slots
covered [ref. 1 ]; referenced data at design speed near the design pressure ratio were used.
The estimated tip-losses were also reduced slightly to reflect lower losses anticipated using
DCA airfoil sections in lieu of the MCA sections used previously. Spanwise distributions of
stator loss coefficient, showing the various adjustments made to the measured test results,
are shown in Figure 5-C.

/

Blockage factors, K, were used to account for boundary layers on casing walls and the block-
age of the stator wake. The continuity equation using K and the equation used to calculate
K for the unmixed stator wake are given in Appendix A. The spanwise distributions of K for
calculating stations at rotor and stator leading and trailing edges are shown in Figure 6. The
same K values were used in the analysis of the slotted rotor and stator tests [ref. 2].

The entire process of design involved an iteration in which blade losses, loadings, and velocity
vectors were involved. The selection of blade losses affected the calculated velocity vectors
which determined blade loadings; blade loadings in turn affected loss estimates. The cycle was
repeated until satisfactory agreement was reached. The resulting radial distributions of meri-
dional velocities, aerodynamic stator loadings, stator inlet and exit Mach numbers, and inlet
air angle are shown in Figures 7, 8, 9, and 10 respectively; comparisons with the original design
are also shown. The most significant results of the redesign was the reduction in stator D-
factor from 0.61 to 0.47 at five percent span from the hub.

The airfoil sections of the redesign stator were basically miltiple-circular-arc (MCA). Span-
wise distributions of front chord, front camber, and location of maximum thickness were
selected to give low curvature entrance regions for high Mach number hub sections, fairing
smoothly to nearly a double-circular-arc (DCA) airfoil for the lower Mach number region at
the tip. This transition from MCA to DCA is represented in Figure 11 by a curve of the cam-
ber distribution parameter as a function of percent span. The camber distribution parameter,
r, is defined as the ratio of the mean-line radius of curvature of the DCA airfoil to the radius
of curvature of the MCA front section. This ratio describes an MCA airfoil relative to a DCA
airfoil with the same total camber and chord and equals unity when the MCA and DCA air-
foils have identical mean camber lines. DCA (nearly) tip sections were chosen based on data
which showed that this type of section has lower loss than MCA sections with low cambered
entrance regions when inlet Mach numbers drop below 0.7 [ref. 9].

Transition between front and rear chord sections was set at the covered channel entrance
point on the suction surface for the hub sections and at approximately 50 percent chord for
the tip sections. The axially projected transition location of the stator is shown in Figure 12.



Maximum-thickness to chord ratio varies linearly from 0.041 at the hub to 0.072 at the tip
(Figure 13-A); this is similar to the original design which had demonstrated mechanical integrity
and reasonable losses. Near the hub, airfoil section maximum thickness was located at 56 per-
cent of chord (Figure 13-B) to provide the minimum leading edge wedge angle without creat-
ing a cusp shape in the forward portion of the airfoil.

Incidence angle at the hub was set at near zero degrees to the suction surface, based on min-
imum loss data from reference 9. Tip incidence angle was set at minus 6.1 degrees based on
Pratt & Whitney Aircraft's correlation of DCA airfoil cascade data. Figure 14 shows the span-
wise distributions of incidence angles for the redesign stator. The "hump" in the distribution
of the incidence angle near the tip existed because the stator-redesign inlet air angle, taken
from the selected data point with 179.7 Ib/sec flow [ref. 2], had a corresponding variation
(Figure 10), but the selected distribution of suction surface and mean camber-line metal angle
was smooth (Figure 15). Stator deviation angles were established using Pratt & Whitney Air-
craft's cascade turning correlation with a small adjustment to reflect data from previous slot-
ted-tests [ref. 2]. Figure 16-A shows the predicted deviation angles for the redesign and the
original stators. Figure 16-B shows the difference between the predicted deviation and a form
of Carter'.s rule which considers the location of maximum camber [ref. 5 ]. Stator discharge
flow was designed to be axial with the nominal stator-setting.

The spanwise distribution of minimum (throat) channel area to critical area, (A/A*) min., is
presented in Figure 17. Channel distributions of A/A*, Figure 18, showed that the minimum
area occured at the channel entrance for all spanwise locations. Spanwise distribution of
(A/A*) min. (Figure 17) was controlled by leading edge incidence and front camber selection.

At the hub, (A/A*) min. was selected to provide additional stall range compared to the original
design. Potential-flow studies of the redesigned stator hub (method described in reference
10) showed that the critical channel-areas, (A/A*) min., would cause high local velocities near
the channel entrance on both the pressure and suction surfaces. These velocities were reduced
in the stator redesign by providing additional front camber. The calculated velocity distribution
over the airfoil surface at 10 percent span from the hub are compared for the original and re-
designed stator blade in Figure 19. The reduced suction surface velocity gradient of the re-
designed stator, compared with the origina' stator, should slow the boundary layer growth
and delay stall to lower values of airflow.

At the tip, (A/A*) min. was the result of selecting near-DCA sections and incidence angles from
cascade data as previously described. The distribution of (A/A*) min. from hub to tip (Fig-
ure 17) was guided by a previous correlation with stator inlet Mach number [ref. 9] which
was based on minimum loss and not optimum stall-range.

Stator geometry on design conical surfaces is summarized in Appendix B. Stator-vane metal
angles and solidities for the nine streamlines on which measurements were made are listed in
Table II. For manufacturing purposes, the airfoil sections were redefined on planes normal
to a radial stacking line. The resulting airfoil coordinates are given in Appendix C.



TABLE

STATOR VANE REDESIGN VALUES
(Stations 11 and 12 of Figure 28)

% Span
From
Hubf

5
10
15
30
50
70
85
90
95

17.95
18.66
19.36
21.44
24.19
26.93
28.97
29.69
30.32

Mean
Diameter Diameter Leading
at Lead- at Trail Edge Metal
ing Edge (in.) ing Edge (in.) Angle |3*11

(Station 11) (Station 12) (Deg.)

19.37
19.91
20.48
22.27
24,67
27.19
29.12
29.76
30.40

Suction

Mean Surface

Trailing Leading
Edge Metal Edge Metal Shock
Angle/3*12 Angle |3*s11 Angle/3*sh Solidity
(Deg.) Deg.) (Deg.) a

45.34 2.24
43.00 2.17
40.51 2.09
34.44 1.90
28.05 1.69
24.65 . 1.52
23.13 1.41
23.07 1.37
23.02 1.34

52.73
49.62
46.76
40.20
35.84
33.03
32.98
33.78
34.66

-16.40
-16.26
-15.68
-11.59
- 8.01
- 9.07
-11.18
-11.41
-11.61

55.25
52.29
49.66
43.85
40.46
38.66
39.36
40.35
41.41

t Data are for points along design streamlines which pass the rotor blade trailing edge at the specified
span locations.

3. Rotor

The slotted rotor (Figure 2) whose test results were reported in reference 2 was used for these
tests. The blade aspect ratio was 1.92 and was based on the average blade length of 8.6 inches
and the aerodynamic root chord. The rotor inlet hub-to-tip ratio was 0.392. Rotor blade
metal angles and solidities are shown in Table III for the nine streamlines at which blade ~
element data are reported. Details of the unslotted multiple-circular-arc design were report-
ed in reference 5. The two airfoil slots located in the outer section of the blade were designed
to reduce endwall losses and to improve rotor stall range. The slot design was reported in
reference 2.

4. Rotor Tip Casing Treatment

A rotor tip casing treatment, similar to the skewed slots No. 2 configuration used successfully
in reference 3, was used for these tests. Figure 20 shows a photograph of the casing treat-
ment, and in Figure 21 there is a sketch which shows dimensions. The depth of the skewed
slots (approximately 0.31 inch radially) was approximately equal to the No. 2 configuration
of reference 3. The slots covered the middle 60 percent of the blade tip chord and were par-
titioned at the center. Each slot was 1 /8 inch wide and separated by a 1 /16 inch land. Slots
were skewed (slanted) 60 degrees off radial into the direction of rotor rotation.



TABLE III

ROTOR BLADE DESIGN VALUES
(Stations 5 and 6 of Figure 28)

% Span
From
Hub1

5
10
15
30
50
70
85
90
95

Diameter
at Lead-
ing Edge (in.)
(Station 5)

13.12
14.10
15.17
18.28
22.19
25.88
28.45
29.32
30.15

Diameter
at Trail-
ing Edge (in.
(Station 6)

16.03
16.79
17.58
19.91
23.09
26.26
28.61
29.41
30.18

Mean Mean
Leading Trailing
Edge Metal Edge Metal
Angle,^' Angle, /%' .
(Deg.) (Deg.)

Suction
Surface
Leading
Edge Metal
Angle /3*'s5

(Deg.)

34.17
35.01
36.17
39.54
43.57
46.96
49.58
50.56
51.58

-36.78
-31.13
-26.88
-13.70

4.53 .
20.02
30.03
32.29
34.15

41.08
41.66
42.46
45.23
48.58
51.19
53.28
54.09
54.97

Shock
Angle /
(Deg.)

27.18
28.44
29.31
32.64
38.14
43.54
46.56
47.69
48.69

Solidity
a

2.43
2.29
2.16
1.90
1.69
1.53
1.44
1.41
1.39

tData are for points along design streamlines which pass the rotor blade trailing edge at the specified span
locations.

B. TEST FACILITY

The test program was carried out in the sea level test stand shown schematically in Figure 22.
The stand was equipped with a gas-turbine drive engine using a 2.1:1 gearbox to provide the
optimum speed-range capability. The entering airflow was measured through a calibrated noz-
zle. From this nozzle, the air flowed through a 72-foot straight section of a 42-inch diameter
pipe to a 90-inch diameter inlet plenum. A wire-mesh screen was located midway through the
plenum to provide uniform pressure distribution to the test compressor. Compressor discharge
was exhausted into a toroidal collector and into a six-foot diameter stack. A six-foot diameter
valve in the exhaust stack and two smaller valves in the bypass line provided accurate control
of the back pressure to the compressor.

Inlet distortion patterns were created by overlaying screens of various mesh sizes to produce
the desired pressure drop. The screens were mounted on a supporting one-inch mesh base-
screen (Figure 23). The screens used for tip-radial, hub-radial, and circumferential distortion
are shown on Figure 24. The screen used for tip-radial distortion was the same as used in pre-
vious tests [ref. 1 & 2] and covered the outer 40 percent of the annulus area at the screen
location (Figure 3); the level of distortion (1 - P „„•., /Pmax ) was equal to 14 percent at 95 per-
cent of design speed with wide open throttle. The screen for hub-radial distortion tests covered
the inner 40 percent of the annulus area at the screen location; the distortion level was 10
percent with wide open throttle at 95 percent of design speed. The screen for circumferential



distortion covered 90 degrees of the inlet annulus with a distortion level of 14 percent at 95
percent of design speed. The circumferential screen was rotated to six positions so'that twelve
circumferential readings could be obtained with dual instrumentation.

Several different inlet configurations were required for the various types of testing performed
during this program. As shown in Figure 3, performance testing with inlet flow distortion was
done with distortion inducing screens positioned 32 inches upstream of the rotor blade lead-
ing edge. For performance testing with uniform inlet flow, the distortion screen and its sup-
port struts were removed and the tip of the stationary nose cone was 30 inches upstream of
the rotor leading edge. A photograph of the uniform inlet flow configuration is shown in Fig-
ure 25. For noise measurements, all the inlet support struts were removed and the stationary
nose fairing was replaced with a short rotating nose cone, Figure 26.

The same discharge section was used for all tests and included eight discharge support struts
located seven inches downstream of the stator.

A split-ring outer case over the rotor was fashioned from the original case"and was"used to sim-
plify changing the casing configuration.

C. INSTRUMENTATION AND CALIBRATION

1. Aerodynamic Instrumentation

Airflow was measured with a flow nozzle designed to ISA specifications [ref. 11]. Flow mea-
surements made with this system are accurate to within one percent.

Compressor speed was measured with an impulse-type pickup which is an electromagnetic de-
vice that counts the number of gear teeth passing within an interval of time and converts the
count to revolutions per minute. The accuracy of the speed measurements was within 0.2 per-
cent of indicated speed between 3600 and 8900 rpm.

The instrumentation used for measuring the overall and the blade^element performance data
is listed in Table IV, and typical probes are shown in Figure 27. The axial and circumferen-
tial positions of the instrumentation are shown in Figures 28 and 29, respectively. Changing
to a split casing necessitated shifts in the circumferential location of some instrumentation
from that used in previous tests [ref. 1 & 2].

TABLE IV

PERFORMANCE AND BLADE-ELEMENT INSTRUMENTATION

INSTRUMENT
PLANE LOCATION PARAMETER TYPE AND QUANTITY

Station 0 plenum chamber P 6 pressure taps on plenum wall,
5 on automatic data-acquisition
system transducers, 1 on mano-
meters
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TABLE IV (CONT'D)

INSTRUMENT
PLANE LOCATION PARAMETER TYPE AND QUANTITY

Station 0 plenum location

Station 0.1
Station 0.2
Station 1.1
Station 2.1

Station 4

inlet noise

P

rotor inlet

Station 6.1

Station 10

rotor exit

stator inlet

P

P

P

P,P,|3,T

Station 13 stator exit

6 bare wire thermocouples, 5 on
automatic data-acquisition sys-
tem 1, on self-balancing precision
potentiometers

8 condenser-type microphones

2 OD and 1 ID wall static taps

2 disk traverse probes 180 de-
grees apart, 9 radial positions!

4 OD and 6 ID wall static taps

2 fixed radial rakes spaced 180
degrees apart, 9 radiif

4 OD and 4 ID wall static taps

2 combination traverse probes, 9
radial positions!

4 OD and 4 ID wall static taps
located on extension of mid-
channel line

4 OD and 4 ID wall static taps
spaced across vane gap

2 equally spaced, 15-element
circumferential wake rakes tra-
versable to each of nine radial
locations!

6 fixed radial temperature rakes at
each of 9 radiif, spaced circumfer-
entially to obtain readings across a
vane gap. A 7th probe located 180
degrees from a probe spaced in the
center of a channel was installed
for checking purposes and subse-
quent distortion testing.
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TABLE IV (CONT'D)

INSTRUMENT
PLANE LOCATION PARAMETER TYPE AND QUANTITY

stator exit p; p, j3, T 2 combination traverse probes,
9 radial positions!

p 4 OD and 4 ID wall static taps
located on extension of mid-
channel line

p 4 OD and 4 ID wall static taps
spaced across vane gap

downstream 1 crystal microphone
__noise._ . _

Station 15.1 rig exit P 1 fixed 13-element wake rake

t Radial position of each axial station defined as the intersection of the axial station and the design stream-
line which passes through 5, 10, 15, 30, 50, 70, 85, 90 and 95 percent of passage-height locations at rotor
blade trailing edge.

All traversing probe measurements were made at nine radial locations defined by design stream-
lines which passed the rotor trailing edge at the 5, 10, 15, 30, 50, 70, 85, 90, and 95 percent
span locations. The fixed radial rakes for measuring total pressure near the rotor leading edge
(Station 4, Figure 28) were in place only during the testing with inlet flow distortion.

Transducers were used to measure pressures on all probes, fixed rakes, and static pressure taps,
and the results were recorded in millivolts by an automatic data-acquisition system. The pres-
sures measured with this system were accurate to within 8.5 psf. All traversing probes were
calibrated for Mach number as a function of the indicated static-to-total pressure ratio and
pitch angle. In addition, for the disk probes the total pressure recovery and yaw angle devia-
tion were calibrated as functions of Mach number and pitch angle. For the combination probes,
total pressure recovery and total temperature recovery were calibrated as a function of Mach
number and pitch angle; there was no yaw angle deviation. The angular position was accurate
to within one degree for all the air-angle measurement instrumentation.

All temperatures were measured with chromel-alumel type K thermocouples, and the data were
recorded in millivolts by the automatic data-acquisition system. All temperature sensing ele-
ments and the leadwires were calibrated over their full operating range. All of the temperature
instrumentation was calibrated for temperature recovery as a function of Mach number. The
overall rms temperature accuracy was estimated to be within 0.7°F.

Strain gages were installed .on-stationary and rotating critical parts to determine the levels of
steady and vibratory stress over the operating range of the compressor. The locations of the
rotor and stator strain-gages are shown in Figure 30.
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The parameters listed in Table V were recorded continuously during excursions into stall. One
hot-film probe with three radially separated sensors was located at the rotor inlet and used to
determine the point of initiation and radial extent of rotating stall cells. Readings from this
probe along with selected rotor and stator strain-gages, a rotor discharge wall static pressure
tap, and a rotor speed signal from an impulse pickup were recorded simultaneously on an
oscillograph trace as the fan discharge throttle was closed. The other parameters listed in
Table V were recorded at approximately four second intervals as the fan stage was throttled
into stall.

TABLE V

CONTINUOUSLY RECORDED STALL PERFORMANCE INSTRUMENTATION

Station 0.0

Station 4

INSTRUMENT
PLANE LOCATION

flow nozzle

inlet plenum

rotor inlet

gearbox

PARAMETER

P

P

Ap

T

P

Station

Station

Station

Station

6.1

10

.1.3

15.1

rotor blade

rotor exit

stator inlet

stator vane

stator exit

rig exit

emf

P

P

emf

p

P

N

TYPE AND QUANTITY

upstream static

downstream static

A p transducers (3)

temperature

pressure

temperature

3 hot-film sensors
located on one probe at
25, 50, and 85 percent
span from hub

3 strain-gages

1 OD wall static tap

1 OD wall static tap

3 strain-gages

1 OD wall static tap

RECORDED?

AR

AR

AR

AR

AR

AR

OT

OT

AT,OT

AR

OT

AR

8 elements of fixed 13-element AR
circumferential wake rake at
midspan

impulse pickup in gearbox AR,OT

t AR refers to automatic recording system (readings every four seconds)
OT refers to oscillograph tape (continuous)
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2. Acoustic Instrumentation

Compressor inlet noise was measured using eight microphones at the locations shown in Fig-
ure 31. These locations were the same as those used during previous tests [ref. 1 & 2]. They
were selected on the basis of the sound-pressure-level distribution within the inlet. Details
are discussed in reference 1.

In addition to the microphones installed in the inlet, a one-quarter inch diameter dynamic
pressure transducer (crystal microphone) was installed in a probe located one inch downstream
of the stator trailing edge to obtain blade-passing-frequency data downstream of the fan stage.
Three radial locations of the probe were investigated cf which one was selected for subsequent
noise measurements (Figure 31).

A flowchart of the acoustic recording system used during the tests is shown in Figure 32. The
outputs from each condenser microphone and from the one-quarter inch diameter crystal mi-
crophone passed through a monitor and signal attenuator which amplified or attenuated the
signals to the~leverproviding the optimum input" voltage" range for" the "tape recorder. All data
were recorded in the FM mode on magnetic tape at a speed of 30 inches per second.

i

D. TEST PROCEDURE

Tests were conducted to determine both mechanical and aerodynamic performance of the fan
stage. Vibratory stresses were measured prior to testing each configuration. A comprehensive
vibratory stress program was conducted during uniform inlet flow shakedown tests. Speed
accelerations and decelerations were conducted up to 115 percent of design speed at wide open,
peak efficiency, and near-stall throttle settings for each of four stator angle settings: 5-degree
open, nominal, 5-degree closed, and 10-degree closed. An abbreviated stress program, consist-
ing of accelerations and decelerations at one or two throttle settings, was conducted for tests
with inlet flow distortion and tests with tip casing treatments.

Stall flow at a given speed was determined by slowly closing the rig throttle until flow insta-
bility was indicated by an abrupt increase in static pressure downstream of the flow nozzle.
Stall flows given in this report are the minimum values at which the fan could operate with-
out flow instabilities. The fan was stalled more than once at each speed to substantiate the
stall flows.

Tests were conducted to identify rotating stall using hot-film probes at the rotor inlet. These
tests were conducted at all speeds where performance data were taken and for all configura-
tions except for uniform-inlet flow with tip treatment where no change was expected between
the solid wall and tip treated configurations since the stator controlled stall. Whenever rotat-
ing stall was identified during these tests, it occurred simultaneously with flow instability (i.e.,
at the stall flow).

A stator optimization program was conducted during the initial testing to determine the opti-
mum stator setting for maximum efficiency and flow range. These tests were conducted with
four stator-settings: 1) 5-degree open (i.e., increased air incidence compared to the nominal
setting), 2) nominal, 3) 5-degree closed, and 4) 10-degree closed. Complete aerodynamic data
were recorded for several operating points at 100 percent of design speed for each stator set-
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ting. Based on the results of these optimization tests at design speed, the nominal stator set-
ting angle was selected as the optimum.

Additional performance tests for uniform inlet flow were conducted over a speed range from
65 to 110 percent of design with the nominal stator setting to document performance of the
fan with the redesigned stator over a wide range of operation. A limited amount of data was
also taken with the stator closed 10 degrees where the stage could operate with reasonable ef-
ficiency at lower flows before stalling, providing a wider range of rotor data.

Distortion tests with the nominal stator-setting were conducted to determine the effects on
fan stage performance of tip-radial, hub-radial, and circumferential inlet distortion. Data
points were taken with each type of distortion at 80, 90, and 95 percent of design speed. Dis-
tortion testing was not attempted above 95 percent of design speed because during previous
tests [ref. 1 ] excessive rotor blade vibration due to first bending rotor blade flutter prevented
testing above this speed with tip-radial distortion.

Fan performance with the stator 10 degrees closed was measured with hub-radial and circum-
ferential distortion to provide additional velocity vector data. These data were obtained at'
95 percent of design speed only. No performance testing was done with tip-radial distortion
and the stator closed 10 degrees because of excessive first bending rotor blade flutter.

Distortion tests with the nominal stator-setting and with rotor tip casing treatment were per-
formed at 80, 90, and 95 percent of design speed with hub-radial, tip-radial, and circumferential
inlet distortion to determine whether the treatment would increase the distortion tolerance of
the stage. Uniform inlet performance data were also obtained with rotor tip casing treatment
to determine the effect of tip treatment on performance with uniform inlet flow.

Noise tests were conducted with uniform inlet flow at the nominal stator-setting both with
and without rotor tip casing treatment. Data were recorded at part throttle (peak efficiency)
and'wide open throttle operating points between 80 and 110 percent of design speed. Addi-
tional data with uniform inlet flow were taken between 80 and 110 percent of design speed
with the stator 10 degrees closed and with solid outer casing.

The final test consisted of running a check point at design speed with uniform inlet flow, nom-
inal stator-setting, and solid casing. This test verified that no degradation of performance oc-
curred during the test program.

E. DATA REDUCTION TECHNIQUES

1, Aerodynamic Data

All performance data were automatically recorded in millivolts on computer cards. These data
were then converted to engineering units and corrected and averaged as described in the fol-
lowing sections.
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Pressure Data From Fixed-Element Probes

Data obtained from total pressure probes located in supersonic flow were corrected for shock
losses.

The circumferential total pressure distributions indicated by the two wake-rakes were mass-
flow-averaged at each radial position, using a constant circumferential static pressure deter-
mined by linearly interpolating the wall static pressure data. Peak values from the circumfer-
ential pressure distribution indicated by each wake-rake were chosen to represent the stator
exit free-stream and rotor exit pressures.

A stator wake blockage factor (defined in Appendix A) was calculated at each radial position
for use in the flowfield calculation program to improve the accuracy of the static pressure and
velocity calculations.

Free-stream pressures, circumferentially mass-flow-averaged pressures, and wake blockage fac-
tors from botrrrakes wefe"each"afith"rnetically ave~raged fofeach radial location. The resulting
radial distributions were then radially mass-flow-averaged by the flowfield analysis program to
calculate the overall performance. The radial distributions of static pressure required for ra-
dial mass-flow-averaging were calculated by the flowfield analysis program.

Data From Traversing Combination and Disk Probes

The combination and disk probes provided measured total pressure, measured air angle, cali-
brated Mach number, and calculated static pressure at the selected radial locations. In addi-
tion, the combination probes provided measured total temperatures. These data served as a
check on the data from fixed-element pressure and temperature probes. The measured total
pressure, total temperature, and flow angle from these probes were corrected using Mach num-
ber recovery calibration curves for individual probes. Mach number was determined from a
calibration of measured total and static pressures. The resulting calibrated Mach number and
corrected total pressure were then used in conjunction with standard air property tables to
calculate static pressure. Of this measured traverse data, only air angle was used in the flowfield
calculation; the other data were used for checking and for substantiating flowfield calculations.

Stationary Temperature Probe Data

Temperature probes were calibrated for Mach number and pressure level. These probes con-
sisted of six fixed radial-rakes spaced approximately equally about the annulus behind the
stator with each rake located at a different circumferential position relative to a stator gap.
The variations in recovery correction factor with pressure were applied as noted in reference
12. A circumferential mass-flow average was calculated at each radial position and used in the
flowfield calculation. The circumferential total pressure distribution required for this calcula-
tion was obtained from the wake rakes.
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Overall Performance Calculations

Corrected speed (NA/0), corrected weight flow (W^/0/5), total temperature ratio across rotor
or stage (T6/T5 or Tl 2/T5), total pressure ratio across rotor or stage (P6/P5 or PI2-/P5), and
adiabatic and polytropic efficiencies across either rotor or stage (17 <a& r\ ) are tabulated in Ap-
pendixes E through H. Overall performance for the rotor is tabulated along the bottom of the
rotor data and for the stage along the bottom of the stator data. This performance was calcu-
lated from the flowfield analysis program which translates pressure measurements along stream-
lines to the blade edges. Overall performance parameters were based on conditions of the
rotor leading edge (Station 5). With radially distorted inlet flow, performance was based on
the measured, mass-flow-averaged pressure at the rotor inlet instrument plane (Station 4).
Discharge total pressures and temperatures for overall performance calculations were measured
with fixed element probes and mass-averaged as previously described.

Averaging techniques described previously were used for uniform inlet flow and for radial dis-
tortion where the axisymmetric flowfield analysis program was used. Different averaging tech-
niques were applied to temperatures and pressures for evaluating overall performance for the
circumferential distortion tests where the flowfield program could not be used. Each of the six
individual temperature rakes was radially mass-averaged for each screen position, and the 36 re-
sulting values (six probes from each of six screen positions) were arithmetically averaged. Total
pressures were radially mass-averaged for each wake rake (15 elements mass-averaged gapwise at
each radial location) for all six screen positions, and the twelve resulting values were arithmeti-
cally averaged. The stage efficiency based on an arithmetic average of the radially mass-averaged
pressures differed by less than 0.1 percent from the efficiency computed using a circumferential
mass average of the radial mass averages (i.e., the scheme used in the analysis of data in reference 1).

The overall stall-performance data consisted of airflow and rotor speed. Stall flow was calcu-
lated from the flow nozzle pressure recorded at approximately four-second intervals. Pressure
ratio at stall was estimated from extrapolation of overall performance data at constant speed.
Stall data appears in the overall performance figures.

Flowfield Analysis Computer Program

The blade-element performance data tabulated in Appendixes E through H were calculated
using a flowfield analysis computer program. Calculations were made at 19 streamlines using
flowpath geometry and measurements at nine fixed radial locations defined by design point
streamlines passing through the rotor trailing edge at 5, 10, 15, 30, 50, 70, 85, 90 and 95 per-
cent of the passage height. All parameters were corrected to standard-day conditions. The
measurements and blockage estimates used for the solution of the flowfield program were:

1) Compressor Inlet (Station O, Figure 28); Corrected weight flow and corrected rotor
speed

2) Rotor Inlet Instrument Plane (Station 4); Constant radial distribution of standard-
day temperature, axial inlet absolute air angle, constant radial distribution of
standard-day pressure for tests with uniform inlet flow, and radial distributions of
total pressure from the two rotor-inlet rakes for tests with radial inlet distortion.
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(The radially mass-averaged pressure was adjusted to standard-day conditions.)
Estimated blockage factor to account for wall boundary layer (Figure 6)

3) Stator Inlet (Station 11); Radial distribution of total-pressure free-stream values
from the wake rakes behind the stator divided by the rotor inlet total pressure.
Estimated blockage factor to account for wall boundary layer (Figure 56)

4) Stator Exit Instrument Plane (Station 13); Radial distributions of total temperature
from the circumferentially mass-average temperature rake data divided by the rotor
inlet total temperature. Radial distributions of the total pressure data from both wake
rakes divided by the rotor inlet total pressure. Also radial distribution of the wake rake
blockage factors (see Appendix A) from both wake rakes and the radial distribution
of the absolute air angle from the two disk probes

All static pressure distributions and air angles behind the rotor were calculated by the computer
program on the basis of mass-flow continuity, radial equilibrium, and energy equations assuming

.axisymmetric flow.-Curvature,-enthalpy,-and entropy gradient terms-were used in the "equilibrium
calculations. Blade-element performance at the blade edges were calculated by translating the
measured data from the instrument planes along streamlines. The blade element performance
parameters are presented in Appendixes E through H for the nine radial locations defined by
streamlines passing through the rotor trailing edge at 5, 10, 15, 30, 50, 70, 85, 90 and 95 per-
cent of the passage height.

2. Acoustic Data

The acoustic data were reduced using the system shown in Figure 33. The tape recorded data
were processed through a wave analyzer having a 50 Hz bandwidth filter. The output of the
analyzer was then recorded on a graphic-level recorder so that a trace of sound pressure level
as a function of frequency could be obtained. From these traces, broadband noise and super-
sonic-tip-speed (combination tone, multiple pure tones, or "buzz saw") noise were evaluated.
Blade-passing-frequency data were time averaged for 30 seconds at each compressor operating
point. This was accomplished by tuning the wave analyzer to the blade-passing-frequency and
obtaining a trace on the recorder of the sound pressure level at this frequency as a function of
time.

The supersonic fan noise (combination tone noise) was computed by summing the sound pres-
sure levels of the discrete frequency tones below the blade-passage-frequency but at integral
multiples of the rotor speed. The discrete frequency levels were obtained directly from the
50 Hz bandwidth spectrum traces from each of the microphones and were logarithmitically
averaged.

The average acoustic power level for each one-third octave band was calculated for the broad-
band noise from the following equation (derived in reference!):

PWL = SPL + 10 log v - 10 log H - 19.4 dfi
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In order to determine the average value of the broadband sound pressure level to use in this
equation, each spectrum trace was marked in preferred one-third octave bands. The average
pressure reading within each band was then determined after deleting all discrete frequency
tones. A correction was then applied to the averaged sound pressure level to account for the
fact that a 50 Hz bandwidth filter was used rather than a one-third octave filter. The correc-
tion involved the addition of the factor 10 log (fz/50) where fz is the bandwidth of each one-
third octave expressed in hertz. The values of the corrected broadband sound pressure levels
from each microphone were then averaged logarithmically within each one-third octave band
for each operating point. These average broadband sound pressure levels and the reverberation
time determined experimentally [ref. 1 ] were used to calculate the radiated sound power
level from the acoustic power level equation.

The equivalent volume of the plenum chanber, v, in the acoustic power-level equation is par-
ticularly difficult to determine for an open-ended plenum such as used for these tests. The
calculated power level, however, is relatively insensitive to chamber volume since doubling the
volume raises the calculated power level by only 3 dB. In any event, the data trends were not
affected by the volume used in the calculations because the volume was a constant. A good
approximation of the volume is 442 ft .
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IV. RESULTS AND DISCUSSION

A. STATOR OPTIMIZATION TESTS

1. Overall Performance and Stall Investigation

Optimum stage-performance was determined at design speed with uniform inlet flow by con-
ducting tests with the stator in its nominal angle position, 5 degrees open, 5 degrees closed,
and 10 degrees closed. Stage and rotor overall performance are presented in Figures 34 and
35 and Tables X to Xlll of Appendix E.

With the stator in its nominal position, a measured maximum stage-efficiency of 88.3 percent
was obtained at a pressure ratio of 1.478 and a corrected flow of 180.07 Ib/sec (Figure 34).
No change in maximum stage-efficiency occurred when the stator was closed 5 or 10 degrees;
however, maximum flow capacity decreased 3 and 13 Ib/sec, respectively. Maximum stage
efficiency dropped about three percentage points _when the stator wasjjpened 5,.degrees... The__
overall rotor performance data (Figure 35) did not appear to have been affected by the var-
ious stator-settings.

The nominal stator-setting was chosen as the optimum setting because at design speed it pro-
vided the best combination of overall efficiency and absolute value of stall margin. Overall
performance (Figure 34) also appeared to be good with the stator five degrees closed but
with slightly reduced flow range compared with the nominal stator-setting.

2. Blade Element Aerodynamic Data

Plots of total-pressure-loss coefficient, c3, diffusion factor, D, and deviation angle, 5°, versus
incidence angle to the suction surface, i§, are presented in Figures 36 and 37 for both the rotor
and stator at 10, 50, and 90 percents of span for each stator setting angle, 7°, at design speed.
The various stator-settings provided total data over a wide incidence range. Blade element
parameters calculated at the leading and trailing edges of nine spanwise locations are presented
in Tables X to XIII of Appendix E. All percents of span presented herein are relative distances
from the hub (i.e., from the inner diameter).

Stator blade element losses for the nominal stator-setting were among the lowest loss levels
measured, supporting its selection as the optimum configuration. Also, stator data at the
nominal setting were in good agreement with design values except near the hub.

Spanwise distributions of rotor blade-element data for stator-optimization test points with
nominal and 10 degrees closed stator positions are compared in Figure 38. Stator setting
caused major differences in rotor performance at 5, 10, and 15 percent of span and caused
small changes at 30 percent span and essentially no change over the outer 50 percent of span.
Figure 36 shows the effects of 5 degrees open, nominal, 5 degrees closed, and 10 degrees
closed stator positions on rotor blade element data at 10, 50, and 90 percent of span. The
greatest changes occurred with the stator closed 10 degrees and with open throttle.
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The differences in hub blade-element performance were due primarily to differences in rotor
exit total pressure used to calculate velocity vectors and losses. The test points at which these
rotor-exit pressure differences occurred were those where stator choke and high losses limited
maximum flow (Figure 34). Stator-exit wake-rake total pressure profiles across the stator gap
at 10 and 50 percent of span are compared in Figure ?n ~— the nominal and 10 degrees closed
stator settings. At 10 percent span (Figure 39-A), the from the 10 degrees closed stator
appeared to fill the entire gap so that the peak pressure was not a freestream val"' ";les
for unchoked stator blade elements, typified by the data for the nominal stator-pos^.—, at
10 percent span and both settings at 50 percent span (Figure 39-B), provided good free-stream
total pressures at all other percents of span.

Spanwise profiles of stator inlet total pressure from radial traverses at the stator inlet (not
presented) showed no effect of stator setting on rotor performance. For the optimization
tests with nominal and 10 degrees closed stator settings, total pressures were substituted from
these traverses for the wake rake free-stream values in the streamline program and blade ele-
ment parameters were recalculated. The results (Figure 40) did not show a difference in rotor
blade element performance. These stator inlet probes, however, could have caused local back
pressuring of the rotor and were therefore not considered a source of accurate blade element
data at Mach numbers above 0.80 [ref. 13]. Their consistent measurements with different
stator positions, however, were considered a valid indication that closing the stator did not
affect rotor performance.

All blade element performance parameters in this report were calculated by a streamline pro-
gram using free-stream total pressures at the rotor exit and stator inlet. Since these free-stream
pressures were not representative of rotor exit pressures at 5, 10, or 15 percent span for the
10 degrees closed stator-setting open-throttle test points, the corresponding blade element
data were incorrect. Free-stream pressures were not a problem for any of the nominal stator
test points or for points near maximum efficiency.

3. Stress

Continuous vibratory stresses on the rotor and stator blades were below 4000 psi for speeds
up to and including 115 percent of design speed. The original stator had vibratory stresses
exceeding 10,000 psi at speeds above 110 percent of design speed [ref. 2].

B. UNIFORM INLET FLOW PERFORMANCE

1. Overall Performance and Stall Investigation

Solid Casing

Stage and rotor-only overall performance for the nominal stator setting at 65, 80, 90, 95, 100,
and 110 percent of design speed is presented in Figures 41 and 42 and in Table XIV of Appendix
F; the figures also include the data recorded during the optimization test (Table X, Appendix E).
The stall line was established by extrapolating the characteristic speed-lines to the measured
stall airflows, shown as slashed symbols. Corrected speed as a function of corrected stall-flow
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is shown in Figure 43; all stall flow data used to determine the values on the overall maps are
presented. The differences in stall flow for the various stator settings at speeds above 90 per-
cent indicate that above 90 percent speed the stator controlled stage stall as was the case with
the original stator [ref. 1 & 2]. At 90 percent of design speed and below, the rotor apparently
controlled stage stall. Stall-flow repeatability was considered to have been within 2.5 Ib/sec —
stall weight flows are presented in Appendix J. The maximum stage-efficiency (Figure 41)
measured at design speed was 88.6 percent at 168.6 Ib/sec airflow and 1.501 pressure ratio.
However, an efficiency of 88.3 percent was recorded at 180 Ib/sec which corresponded to
15 percent stall margin. Stage efficiency remained greater than 87.5 percent from 181 Ib/sec
to the stall flow of 161 Ib/sec. The data point at 180 Ib/sec with a pressure ratio of 1.478 and
88.3 percent efficiency agreed well with the design-point values of 179.66, 1.491, and 88.2.

Peak rotor-efficiency for the nominal stator setting was 95 percent at design speed and remained
about that value down to 65 percent of design speed (Figure 42). At 110 percent of design
speed, peak rotor-efficiency was 92.7 percent, occurring at stall.

ln-Figure-44 the overall performance of the; fan at the nominal"stator-"setting is compared with
performance at the 10 degrees closed setting. In Figure 45 a similar comparison is made for the
rotor. Data from optimization tests (Table XIII, Appendix E) are included. Closing the stator
10 degrees permitted the stage to operate at flow rates that were 2 to 9 Ib/sec lower at 95, 100,
and 110 percent design speed (Figure 44). Stall margin, however, was reduced from 15 to 7 per-
cent at design speed, based upon an operating point with the same operating-line efficiency
(88.3 percent) as the nominal stator-setting — 165 Ib/sec flow and an overall pressure ratio of
1.51. Although design-speed peak stage-efficiency was about the same with the 10 degrees
closed stator setting as that for the nominal setting, part-speed peak efficiencies were as much
as 2 percentage points lower. However, maximum pressure ratios were generally about 1.0
percent higher than for tests with the nominal stator-settings for all speeds except 65 percent
of design speed. Data for the 10 degrees closed stator setting is given in Appendix F, Table XV.

During transients near stall, strain gage and hot-film probe data were obtained with the solid
rotor-casing for both nominal and 10 degrees closed stator settings. Figures 46 and 47 show
osillograph traces of these data where indications of stall first began for 80 and 100 percents
of design speed with the nominal stator setting. Figure 48 shows the osillograph traces of these
data at design speed with the stator 10 degrees closed. Strain-gage data at the nominal stator-
setting arid 80 percent of design speed (Figure 46) show vibrations occurring in the rotor before
occurring/in the stator, indicating a rotor stall. Similar results (not shown) were found at 65 and
90 percent of design speed. At 100 percent of design speed, vibrations occurred simultaneously
in the rotor and stator blades for tests at both the nominal and 10 degrees closed stators (Figures
47 and 48). Experience with this fan has shown that the simultaneous rise in rotor and stator
stress indicates a stator stall in contrast to rotor stall where the rotor strain gages respond clearly
before stator strain gages. Surge cycles of approximately 0.30 second duration occurred at all
speeds and, although not identified in the excerpt of the trace at 80 percent of design speed
(Figure 46), the second cycle did start 0.05 second later. The hot-film trace of Figure 46 shows
a disturbance (identified as rotating stall) with a period of 0.03 second occurring continuously
throughout the first surge cycle only.
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Treated Casing

A rotor tip casing treatment, consisting of skewed slots (Figures 20 and 21), was tested to deter-
mine its effect on performance and stall characteristics during uniform inlet flow tests. Rotor
tip treatments have been found effective primarily when rotor tip controls the stage stall. For
this stage, the rotor controlled the stall at 90 percent of design speed and below with uniform
inlet flow as previously indicated by the stall flow and strain-gage data.

Stage and rotor-only overall performance with rotor tip casing treatment and with the nominal
stator setting is presented in Figures 49 and 50 and compared to performance without tip
treatment. Maximum stage-efficiency decreased two percentage points at design speed because
of increased rotor loss. Stall flow at 95 percent design speed with tip treatment occurred 5 Ib/sec
higher than without treatment although it remained unchanged at both 90 and 100.percent of
design speed. Since no change in stall flow was expected at 95 percent of design speed with the
addition of rotor tip treatment, the stall flows were reexamined (Figure 43). With tip treatment,
the stage was stalled twice at about 150 Ib/sec. The single stall-flow of 145 Ib/sec for the solid
casing was substantiated by a near-stall operating point at 147.1 Ib/sec (Figure 41). It would
therefore appear that the data are in order and stall margin decreased at 95 percent of design
speed with rotor tip casing treatment. Stall margin improved with tip treatment at 80 percent
of design speed (Figures 49 and 50) where the rotor set the stall. Table VI summarizes the
effects of tip casing treatment on uniform inlet flow performance.

TABLE VI

EFFECTS OF ROTOR TIP CASING TREATMENT ON BOTH STALL
MARGIN AND MEASURED PEAK STAGE EFFICIENCY WITH

UNIFORM INLET FLOW AND THE NOMINAL STATOR SETTING

Effect on Stall Effect on Measured Peak
Margin* Relative Efficiency Relative to

% Design to Solid Casing Solid Casing
Speed (Percentage Points) (Percentage Points)

80 +3.4 0.0
90 0.0 . -
95 -3.4 -1.3

100 -0.5 -2.2
fThe reference point is the stall point at the respective speed, for uniform inlet flow with nominal stator-setting,

solid casing.

2. Blade Element Aerodynamic Data

Solid Casing

Blade element performance data of the rotor and stator at nine radial locations are tabulated
in Appendix F, Tables XIV and XV, for nominal and for 10-degree closed stator settings, re-
spectively. Figure 51 presents plots of deviation angle, diffusion factor, and total pressure loss
coefficients versus incidence angle to the suction surface for the rotor from tests with both
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nominal and 10-degree closed stator settings. Figure 52 presents similar plots of the stator
with nominal and 10-degree closed settings. Wide-open throttle data for the rotor and stator
hub for the 10-degree closed stator tests are inaccurate as previously described (see A. Stator
Optimization). The present series of tests provided rotor blade element data (Figure 51) over
twice the incidence or flow range of the previous tests [ref. 2] at design speed. The shape of
the rotor loss curves is defined well enough by the data to indicate minimum loss levels.

Closing the stator 10 degrees provided lower levels of stator operating incidences with a cor-
responding rise in loss, signifying negative stall (Figure 52). Data at the hub, on the negative
incidence side of minimum loss, is in error as previously discussed under Stator Optimization.
Measured stator deviations were lower than for the slotted vanes [ref. 2], part of which was
predicted as a consequence of designing a more uniformly cambered blade in the tip sections.
Stator incidence range at the critical hub section (e.g., Figure 52b) was not significantly differ-
ent from that previously obtained with the original stator design [ref. 1 & 2]. The way in
which the redesigned stator obtained the sizeable increase in stall margin with good overall
efficiency is illustrated on Figure 53; stator loading, D-factor, at the hub (10 percent span) is
presented as a function of corrected weight flow....QveraJl stage pressure.ratio_(mcluded in the. _
stall margin calculation) and adiabatic efficiency are also included for convenient reference.
At stage stall, there was a critical D-factor of about 0.6 which is common to all the stator de-
signs tested during this program [ref. 1 & 2]. These stator designs were tested with essen-
tially the same rotor and upstream flowpath (same wall boundary layers at stator inlet). With
a limiting D-factor of 0.6, increased flow range and, thus, increased stall margin were obtained
by a redesign which lowered the D-factor at design flow without sacrificing high overall pressure
ratio or efficiency. For about the same pressure ratio, efficiency, and weight flow (180 Ib/sec),
the D-factor was 0.5 for the redesigned stator as compared with the nearly 0.59 of the original
stator. Obviously, there was little flow range or stall margin capability left for the original design.

Spanwise comparisons of data between design losses, deviation angles, diffusion factors, and in-
cidence angles are shown on Figures 54.and 55 for the rotor and stator respectively. Rotor
deviation angles at the hub (Figure 54) were approximately 10 degrees as compared with the
5 degrees from previous tests (as indicated by the curve representing the redesign prediction).
The 10 degrees is more in line with the original rotor design prediction shown on Figure 54
but signifies a difference in the level of measured temperature rise compared to previous tests.

Blade element data for this report were calculated using three percent more blockage at the
rotor trailing edge and stator leading edge stations than was used previously [ref. 1 & 2]. The
distribution of blockage is shown in Figure 56. The purpose of the additional blockage in the
streamline calculation of this data was to decrease the calculated static pressure to agree with
the static pressure measured at the casing walls. The rotor deviation and stator incidence rep-
resented by the shaded symbols in Figures 54 and 55 were calculated using the additional block-
age. The open symbols represent the same operating point with three percent less blockage
(comparable to the blockage used for the redesign prediction). Blockages used at the rotor in-
let were the same as previously used [ref. 1 & 2]. Stator exit blockages were calculated from
stator wake profiles as defined in Appendix A.
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Measured air-angles at the stator inlet, 010, are compared in Figure 57 with angles calculated
by the flowfield program for an operating point of 180.4 Ib/sec. Calculated angles were de-
rived with the three percent additional blockage which otherwise would have resulted in levels
one degree higher. The comparison of calculated and measured angles represents reasonably
good agreement; both data provide incidences well within the loss range of stator blade element
data (Figure 52).

Treated Casing

Rotor and stator blade element performance data (nominal stator-setting) from the tests with
casing treatment are presented in Table XVI of Appendix F. Plots of deviation angle, diffusion
factor, and total pressure-loss coefficient versus incidence for the rotor are presented in Figure
58 for 10, 50, and 90 percents of span from the hub; rotor performance both with and with-
out casing treatment is presented. Rotor losses at both ends of the blade were higher with
casing treatment while loading level appeared to be the same.

Stator parameters were the same with and without rotor tip treatments (Tables XIV and XVI)
except near the hub where slightly lower stator losses and deviations were indicated. Stator
data with rotor tip treatment were not plotted because of their similarity with Figure 52 data.
All data presented in Table XVI for the rotor tip treatment were calculated using measured
temperature as an indication of the energy rise. The technique of using measured stator inlet
air angles with Euler's work equation gave inconsistent results.

3. Stress

Continuous vibratory stresses on the rotor and stator blades were unaffected by rotor tip treat-
ments and remained below 4000 psi for all speeds tested.

4. Noise

Solid Casing

To evaluate the fan noise with the redesigned stator, noise measurements were recorded from
eight microphones located in the inlet plenum chamber and from one microphone located
downstream of the fan (Figure 31). Noise was evaluated for both a nominal and a 10-degree
closed stator setting. The location of the microphones and configuration of the fan were dis-
cussed under Apparatus and Procedures.

Noise data were recorded at wide open and part throttle operating conditions between 80 and
110 percent of design speed. The wide open operating condition for the nominal stator-setting
is indicated by the right end of each speed line in Figure 45, and the wide open condition for
the 10 degrees closed stator setting is indicated by the symbols representing maximum flow at
each speed. Closing the stator decreased the wide open throttle flow capacity, resulting in a
significantly higher pressure ratio at wide open throttle. The part throttle operating conditions
during which noise data were measured for the nominal and 10 degrees closed stator settings
were about equal in pressure ratio and occurred close to peak pressure ratio.
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The broadband noise data were extracted from a narrow band analysis of each inlet microphone.
Sound pressure levels in each preferred one-third octave band were calculated from the narrow-
band data and then averaged for all inlet microphones. The averaged sound pressure levels and
the measured room reverberation characterisitics were used to calculate the one-third octave
band sound power levels. Average sound pressure and sound power levels are tabulated in
Appendix K, Tables XXX and XXXI.

Figures 59 and 60 show the averaged one-third octave band sound pressure level plotted as a
function of blade tip relative Mach number for three one-third octave bandwidths with the fan
operation at wide open and part throttle respectively. The frequency bands shown are the same
as those presented in references 1 and 2, representing typical low, middle, and high frequency
bands. At wide open throttle (Figure 59), the recorded broadband noise levels in the higher
frequency bands increased when the stator was closed; however, no significant changes in broad-
band noise levels occurred at part throttle when the stator was closed (Figure 60). It would
appear that the increase in inlet noise level at wide open throttle was due to the increased
rotor pressure ratio (shown in Figure 45)_that_prevailed when the stator-was closed-10 degrees; -

The total inlet broadband sound power level was calculated as the logarithmic sum of all the
one-third octave band power levels and plotted against blade tip relative Mach number for the
nominal and 10 degrees closed stator settings (Figures 61 and 62). The sound power level in-
creased with Mach number and also appears to have increased with pressure ratio as indicated
by the difference in sound power levels for the two throttle-positions shown in Figures 61
and 62. The weak dependence of the total inlet broadband sound power level with the Mach
number has not been explained but is similar to previous tests [ref. 1 & 2].

Fan inlet time-averaged blade-passing-frequency noise was plotted against blade tip relative
Mach number for both stator positions and for wide open and part throttle operating points
and the plots are presented in Figures 63, 64, 65, and 66. The time-averaged sound pressure
level from each microphone and the calculated logarithmic average of all microphones (except
number 5) are shown. As pointed out in reference 1, significant variations in blade-passing-
frequency noise levels can occur between microphones when measuring discrete tones in a
reverberant chamber due to standing wave patterns. But as before, the logarithmic average
showed the same increasing blade-passing-frequency noise with increasing blade speed (Mach
number). A significant increase (5 to 10 dB) in inlet blade-passing-frequency noise resulted
at wide open throttle when the stator was closed 10 degrees (Figures 63 and 64). This differ-
ence, again, appears to be associated with the much higher pressure ratio of the wide open
operating points for the 10 degrees closed stator setting (Figure 45). No significant difference
in blade-passing-frequency noise resulted at part throttle when the stator was closed (Figures
65 and 66). This also follows from Figure 45 where only small changes in rotor pressure ratio
occur due to stator setting at the part throttle condition. The effect of pressure ratio on blade-
passing-frequency noise can also be illustrated by the larger difference in blade-passing-frequency
noise generated at wide open and part throttle operating lines with the nominal stator-setting
(Figures 63 and 65). Little changes were noted between the wide open and part throttle points
for the 10 degrees closed stator setting (Figures 64 and 66) where the difference in pressure
ratio was small.
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Supersonic fan noise levels (combination tone noise) within the inlet plenum chamber were
calculated by summing the sound pressure levels of the discrete frequency tones below blade-
passing-frequency at integral multiples of the shaft rotational speed. Supersonic fan tip
speeds were attained above 100 percent design speed. In Figures 67 and 68, for the wide open
and part throttle operating conditions, supersonic fan noise data points are the higher data
points at relative tip Mach numbers between 1.14 and 1.23. Values of integrated inlet broad-
band noise are shown in these figures as the lower data-points for reference. This limited
amount of supersonic fan noise data shows no significant effects from changing the stator
setting angle or fan pressure ratio.

Fan discharge blade-passing-frequency noise for the 10 degrees closed stator setting is plotted
as a function of rotor tip Mach number in Figure 69. These data show increases in level with
increases in Mach number and no consistent changes in level between the wide open and part
throttle operating points. The trends are consistent with the inlet data. No data are available
for the nominal stator position because the probe was inoperative.

Treated Casing

Noise measurements were recorded in the inlet plenum chamber for the rotor tip treatment
and nominal stator setting. The same microphone locations were utilized as for the solid casing.
Details of the rotor tip casing treatment are shown in Figure 21.

The inlet broadband noise data were reduced and sound power level calculations were per-
formed in the same manner as for the solid casing. Averaged inlet one-third octave band
sound pressure and sound power levels are tabulated in Appendix K, Table XXXII. The
averaged one-third octave band sound pressure levels are shown in Figures 70 and 71 plotted
against tip relative Mach number for the same low, middle, and high one-third octave bands
as for the solid casing for wide open and part throttle. Data from both the treated and solid
wall configurations are presented in each figure and show that the noise levels were the same
throughout the frequency range. These data indicate that the addition of this type of treat-
ment over the blade tips did not have a significant effect on inlet radiated broadband noise
over the fan operating range tested.

Figure 72 shows the fan inlet total broadband sound power level plotted as a function of blade
tip relative Mach number for both throttle operating positions. Comparison of these data with
data from the solid wall configuration (Figure 61) showed no essential difference in either
power levels or trends.

Fan inlet time-averaged blade-passing-frequency noise data with casing treatment are presented
in Figures 73 and 74 for the wide open and part throttle operating points. A comparison of
these figures show that the blade-passing-frequency noise levels increased significantly as the
fan was throttled, indicating that pressure ratio affects the level of blade-passing-frequency
noise radiating from the inlet. A comparison of Figures 63 with 73 and 65 with 74 shows no
significant change in blade-passing-frequency inlet noise due to skewed slots casing treatment.
In reference 2, a 5 to 10 dB increase in blade-passing-frequency noise was reported for honey-
comb casing treatment.
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Supersonic fan noise (combination tone noise) within the inlet plenum is shown in Figures
75 and 76 for the wide open and part throttle operating positions. For comparison, data with-
out treatment have been included. Integrated broadband noise levels are plotted for refer-
ence. These data do not show any appreciable difference in supersonic fan noise levels with
the addition of the skewed slots rotor tip treatment.

A sampling of the fan discharge blade-passing-frequency noise for the rotor tip casing treat-
ment configuration is shown plotted Figure 77 as a function of tip relative Mach number.
Typical spectra obtained with the probe downstream of the stator are shown in Figure 78.
Although the blade-passing-frequency tone is clearly evident, its level is difficult to determine
at 90 percent of design speed because of the presence of a large discrete tone at the same fre-
quency. Looking at the other spectra, the frequency of this tone was 2700 Hz and did not vary
with rotor speed. It is believed that this tone was due to vortex shedding from the Kistler probe
(discussed in reference 2) and was responsible for the relatively high blade-passing-frequency
noise at 90 percent of design speed (0.97 and 1.01 Mach number) shown on Figure 77. Other-
wise, this discharge data shows no_ significant effect from throttling-or fan-speed (Mach-number):

C. TIP - RADIAL DISTORTION PERFORMANCE

1. Overall Performance and Stall Investigation

Typical fan inlet pressure and velocity distributions measured by the rotor inlet probes at 95
percent of design speed are shown in Figure 79. Maximum inlet distortion (1 - Pm jn/Pm ax)
was 14 percent at 95 percent of design speed. The effect of this distortion relative to uniform
inlet flow is shown in the overall stage and rotor performance curves presented in Figures 80
and 81; the results in terms of stall-margin and efficiency are summarized in Table VII. At
95 percent of design speed, stall margin decreased 10.9 percentage points and peak efficiency
decreased 0.7 percentage points.

The tip treatment partially restored the stall margin lost as a result of inlet tip-radial distortion
as shown by the overall stage and rotor performance (Figures 80 and 81). Stall margin was
improved seven percentage points at 95 percent of design speed. Stall weight flows are tabulated
in Appendix J. The effects of tip casing treatment on stall margin and measured peak stage-
efficiency relative to uniform inlet flow performance (no treatment) are summarized in Table VII.
Stall margins with casing treatment were improved with only small penalties in peak stage-effi-
ciency.

Figures 82 and 83 show ocillograph traces of hot-film and strain-gage measurements made dur-
ing stall with tip-radial distortion and with and without rotor tip treatment at 95 percent of
design speed. Surge cycles of 0.25 second duration occurred at 95 percent speed with the tip
treated casing configuration (Figure 82) and at 80 percent speeH with the solid casing config-
uration (not shown). Stable rotating stall (without surge cycles) occurred at 95 percent speed
with the solid casing (Figure 83) and at 80 percent speed with the tip treated configuration
(not shown).
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TABLE VII

EFFECTS OF TIP RADIAL DISTORTION ON BOTH STALL-MARGIN AND MEASURED
PEAK STAGE-EFFICIENCY WITH SOLID CASING AND WITH SKEWED SLOTS OVER
THE ROTOR TIP

Effect on Effect on Measured
Stall Margin * Peak Efficiency
Relative to Uniform Relative to Uniform
Inlet Flow and Inlet Flow and No Tip

% Design No Tip Treatment Treatment (Percentage
Configuration Speed (Percentage Points) Points)

Solid Casings 80 -13.4 -1-3
90 -11.3 -1.5
95 -10.9 -0.7

Treated Casing 80 -6.9 -1.8
90 4.8 (insufficient data)
95 -4.2 -2.0

f The reference point is the stall point at the respective speed for uniform inlet flow with nominal stator
setting and solid casing.

2. Blade Element Aerodynamic Data

Tabulations of blade element data with solid casing are presented in Table XVII of Appendix
G. Plots of diffusion factor, deviation angle, and total pressure loss coefficient versus inci-
dence angle are shown in Figures 84 and 85 for 10, 50, and 90 percents of span for the rotor
and stator.

Tabulations of blade element data with rotor tip casing treatment are presented in Table XVIII
of Appendix G. The effect of casing treatment compared with the solid case is illustrated in
Figures 84 and 85. Rotor tip loading was allowed to increase. The stator maximum incidence
angle near the tip (Figure 85c) and at 95 percent of design speed was about 11 degrees greater
with casing treatment than without.

3. Stress

Continuous vibratory stresses were acceptable through 95 percent of design speed with the tip
radial distortion and with the stator set in the nominal position. Tests were not attempted
above 95 percent of design speed because of excessive first bending rotor flutter encountered
during tests reported in references 1 and 2. With the stator set 10 degrees closed, rotor flutter
in the first bending mode caused stress which rose above 10,000 psi at 80 percent of design
speed. These stresses prevented testing with the stator closed 10 degrees.

D. H U B - R A D I A L DISTORTION PERFORMANCE

1. Overall Performance and Stall Investigation
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Data were obtained at the nominal and 10 degrees closed stator settings. Typical inlet pressure
and velocity distributions measured by the inlet disk probes at 95 percent of design speed are
shown in Figure 86. Maximum inlet distortion (1 - Pm i n / P m a x ) was 10 percent at 95 percent
of design speed. The effect of this distortion relative to uniform inlet flow is shown in the
overall stage and rotor performance curves provided in Figures 87 and 88; the results in terms
of stall margin and efficiency are summarized in Table VIII. Stall margin improved eight per-
centage points with hub distortion at 95 percent of design speed. This hub distortion also
caused a flow shift and rotor work redistribution which lowered the overall stage pressure
ratio. Stator inlet traverse probes in the hub region reacted unstably in the yaw or air angle
measuring mode indicating unusual flow instability or turbulence. This instability may have
obscured the significance of the stator hub critical loading which prevailed with uniform in--
let flow. Such instability near the hub could also have an adverse effect on stub stages and/or
core compressor in a turbofan engine application.

Rotor tip casing treatment provided further increases in stall margin as shown by the overall
performance curves^in Figures 87_and_88. JThejncrease. in. s.tall. margin .provided -by-the-tip - -
casing" treatment is evidence that the rotor was setting the stall without treatment. The results
in terms of stall margin and efficiency are summarized in Table VIII. Stall weight flows are
tabulated in Appendix 1.

TABLE VIM

EFFECTS OF HUB RADIAL DISTORTION ON BOTH STALL MARGIN AND MEASURED
PEAK STAGE-EFFICIENCY WITH SOLID CASINGS AND WITH SKEWED SLOTS OVER
THE ROTOR TIP

Effect on Stall Effect on Measured
Margin* Relative Peak Efficiency
to Uniform Inlet Relative to Uniform
Flow and No Tip Inlet Flow and No Tip

% Design Treatment Treatment
Configuration Speed (Percentage Points) (Percentage Points)

Solid casing 80 +8.6 . +0.6
nominal stator 90 +8.6 -0.4

95 +8.0 -1.5

Treated casing 80 • +18.3 ' -1.7
nominal stator 80 +18.7 (Insufficient data)

95 +18.1 -4.1

f The reference point is the stall point at the respective speed for uniform inlet flow with nominal stator
setting and solid casing.

Figures 89 and 90 provide oscillograph traces of hot-film and strain-gage probes made during
hub-radial distortion tests with and without rotor tip casing treatment at 80 percent of design
speed. Hot-film probes indicated responses of about equal magnitude at the hub and tip
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for the solid casing. The addition of tip treatment caused a reduction in the magnitude of
the tip response. Rotating stall and surge cycles occurred during stall for both tip treated
and solid casing tests at 80 percent of design speed. Similar patterns existed at 90 percent of
design speed for tests with and without tip casing treatments (not shown). The period of
excitation, measured by the hot-film probe and identified as rotating stall on Figures 89 and
90, doubled during subsequent surge cycles.

2. Blade Element Aerodynamic Data

Tabulations of blade element data with hub-radial distortion and solid casing for the nominal
stator setting are presented in Table XIX and for the 10 degrees closed stator setting in Table
XX of Appendix H. Plots of diffusion factor, deviation angle, and total pressure loss coef-
ficient versus incidence angle are shown in Figures 91 and 92 for 10, 50, and 90 percents of
span for the rotor and stator. Tabulations of blade element data with tip casing treatment
and nominal stator setting are presented in Table XXI of Appendix H. Figures 91 and 92
illustrate the effect of tip casing treatment compared with the solid case. Tip treatment
extended the range of blade element performance.

3. Stress

No undesirable vibratory stresses were encountered during hub-radial distortion tests.

E. CIRCUMFERENTIAL DISTORTION PERFORMANCE

1. Overall Performance and Stall Investigation

Overall stage performance is presented in Figure 93. Stall weight flows are tabulated in
Appendix J. The stall line was essentially unaffected by inlet circumferential distortion. The
tip treatment improved tolerance to circumferential distortion, providing a better stall line
then uniform inlet flow at all speeds tested (Figure 93). The effects of circumferential dis-
tortion on stall margin and on measured peak-efficiency with solid casings and with skewed
slots over the rotor tip are presented in Table IX.

Typical distributions of static pressure are presented in Figures 94 and 95 for tests at 95
percent of design speed with circumferential distortion. The static pressures were obtained
by means of taps located at five axial-planes between the distortion screen and the rotor
inlet on both the outer case and the inner hub.

Figures 96 and 97 show oscillograph traces of hot-film and strain-gage probes made during
stall with circumferential distortion and with and without rotor tip treatment at 95 percent
of design speed. Hot-film probes show surge cycles and rotating stall during tests with and
without rotor tip treatment.

2. Velocity Vectors

Circumferential patterns of velocity, flow angle, and total pressure are presented in Figure
98 for tests with solid casing and nominal stator setting; data at 10, 50, and 90 percents of
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span are presented. Similar data for tests with solid casing and 10-degree closed setting are
presented in Figure 99 and for the treated casing and nominal stator setting on Figure 100.
Similar information for the stator discharge station is presented in Figures 101, 102, and
103. Distributions of stator discharge temperature are shown in Figures 104, 105, and 106
for each of the configurations.

Total pressure, total temperature, velocity, and air angle for the nine radial probe positions,
three speeds, and the various stator and casing configurations are presented in Tables XXII
to XXVII of Appendix I. Temperatures and pressure values presented in these tables are
ratioed to the inlet plenum. Ratios to the average rotor-inlet total pressure may be deter-
mined by applying the pressure ratio across the circumferential screen (Figure 107). A
summary of overall stage performance for inlet circumferential distortion is given in Table
XXVIII, Appendix I.

TABLE IX

EFFECTS OF CIRCUMFERENTIAL DISTORTION ON STAJ.L MARGIN.AND MEASURED
PEAK-STAGE EFFICIENCY WITH SOLID CASINGS AND WITH SKEWED SLOTS OVER
THE ROTOR TIP

Effect on Stall Effect on Measured
Margin Relative Peak Efficiency
to Uniform Inlet Relative to Uniform
Flow and No Tip Inlet Flow and No Tip

% Design Treatment Treatment
Configuration Speed (Percentage Points) (Percentage Points)

80 -.8 +.5
Solid casing <JQ _2 Q - 9
nominal stator 95 +J"Q _j 4

80 +8.7 -.5
Treated casing 9Q +5 9 (insufficient data)
nominal stator g$ +3 Q . 0

t The reference point is the stall point at the respective speed for uniform inlet flow with nominal stator
setting and solid casing.

3. Stress

No undesirable vibratory stresses were encountered during the circumferential distortion
tests.

32



V. SUMMARY OF RESULTS

A single-stage fan with a rotor tip speed of 1000 ft/sec was retested with a redesigned
stator. The tests were conducted both with and without rotor tip casing treatment. The
principal results obtained from this investigation are presented below.

A. OPTIMIZATION

The design stator setting angle was selected as the optimum setting for most of the performance
testing because it-provided the best combination of stage-efficiency and stall-margin.

B. PERFORMANCE WITH UNIFORM INLET FLOW

A fifteen percent stall-margin was demonstrated at design speed relative to an operating point
with a stage efficiency of 88.3 percent. Stage pressure ratio at this point was 1.478 with a
corrected flow of 180 Ib/sec. Design values were 88.2 percent efficiency, 1.491 pressure ratio,
and 179.66 Ib/sec flow. The addition of skewed slots casing treatment over the rotor tip had
no effect on design speed stall-margin because the stator hub rather than rotor tip controlled
the stall; however, maximum stage efficiency decreased two percentage points.

C. PERFORMANCE WITH DISTORTED INLET FLOW

Tip-radial distortion reduced stall margin by 11 percentage points. Skewed slots in the casing
recovered seven percentage points of stall margin.

Hub-radial distortion increased the stall margin about eight percentage points over that of
uniform inlet flow but reduced the total pressure rise. Rotor tip casing treatment provided
an even greater stall-margin indicating a tip controlled stall.

Circumferential distortion had little effect on stall margin. Tip casing treatment with circum-
ferential distortion increased stall margin significantly at 80 and 90 percent of design speed.

Skewed slots casing treatment over the rotor tip increased the stall margin of the stage with
all three types of inlet distortion but with a decrease in adiabatic efficiency at all speeds.

D. NOISE TESTS

Fan inlet and discharge noise was generally at the same level as the previous tests. Variations
may be attributed to differences in operating lines on which the data were recorded. Closing
the stator setting angle 10 degrees did not appear to affect noise levels. Skewed slots in the
casing over the rotor tip did not affect inlet radiated noise.
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Figure 1 Redesigned Stator

Figure 2 Slotted Rotor Blade
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Figure 20 Skewed Slots Rotor Tip Casing Treatment
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Figure 23 Test Compressor Inlet With Distortion Support Screen Installed
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Figure 24 Distortion Screens

51



.

Figure 25 Test Compressor Inlet Configuration for Performance Testing With Uniform
Inlet Flow

Figure 26 Test Compressor Inlet Configuration for Noise Measurements
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APPENDIX A
DEFINITION OF SYMBOLS AND PERFORMANCE PARAMETERS

SYMBOLS

^an - annulus area, ft^ (station 5, Figure 28)

A/A* - ratio of actual area to critical area (where local Mach number is one)

(A/A*)min - minimum value of A/A* in channel between blades

a - distance along chord from leading edge of airfoil to point of maximum
camber, inches (meters)

c - chord (aerodynamic on flow surface), inches (meters)

D - diffusion factor

E - the angle between rays drawn to a conical design surface, one ray
to the leading edge of an airfoil section, the second to some other point
on the airfoil (Figure 108), degrees (radians)

dB - decibel

f - frequency

fz - bandwidth of each 1 /3-octave, hertz

s\
gc - conversion factor, 32.17 lbmft/lb secz

H - reverberation time, sec

im - incidence angle, angle between inlet air direction and line tangent to blade
mean camber line at leading edge, degrees

is - incidence angle, angle between inlet air direction and line tangent to blade
suction surface at leading edge, degrees

M - Mach number

MR - mass average in radial direction (Tables XXII to XXVII)

N - rotor speed, rpm

P - total pressure, psfa
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PWL - sound power level based on a reference power of 10"^ watt

p - static pressure, psfa

R - gas constant for air, ft lb/lbm ° R

RLE - leading edge airfoil radius, inches

RTE - trailing edge airfoil radius, inches

r - radius measured from rig centerline, inches

SPL - sound pressure level (dB, 0.0002 dyne/cm2)

T - total temperature, °R

t - static temperature, °R

t - blade maximum thickness, inches

U - rotor speed, ft/sec

V air velocity, ft /sec

V~ - axial air velocity, ft/secLi

O O \L.
Vm - meridional air velocity, (Vf

z+ Vz
z) , ft/sec

V0 - tangential component of air velocity (V2 - Vm2) , ft/sec

v - volume of a chamber, ft

W - weight flow, Ib/sec

z - dimension in the axial direction

|3 - absolute air angle [ cot"^ ( *m'^0)] , degrees (radians)

|3 ** - metal angle on conical surface between tangent to mean camber line and
axial direction at leading and trailing edge, degrees (radians)

Aj3 - air turning angle j3 '5 - 0 '6 for rotors and j3 j j - 13 j 2 for stators, degrees
(radians)
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ratio of specific heat for air, 1.4

5

6°

8

P

a

0

OJ

Superscripts

Subscripts

ad

setting angle or blade chord angle, angle between a chord line and the
axial direction (measured in a plane parallel to the z-axis (Figure 109),
degrees (radians)

^ratio of inlet total pressure to standard pressure of 21 1 6.22 lb/ftz

deviation angle, angle between exit air direction and tangent to blade
mean camber line at trailing edge, degrees

angle between tangent to streamline projected on meridional plane and
axial direction, degrees

efficiency, percent

ratio of inlet total temperature to standard temperature of 518.6°R

mass density, Ib-sec^/ft^

solidity, ratio of chord to spacing

camber distribution, c sin «pf/2
csin 0 /2

blade camber angle, difference between blade metal angles at leading and
trailing edges on conical surfaces, £'5* - 0 g* for rotors and /3j j * - 0j2* for
stators, degree (radians)

blade camber angle on plane of "unwrapped" conical surface $ 5* - 13 g*
-Ejg for rotors and /3j j * - |3j2* - Ej£ for stators (Figure 108), degrees
(radians)

total pressure loss coefficient

angular velocity of rotor, radians/sec

relative to moving blades

designates blade metal angle

adiabatic
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f - front

m - meridional (velocity)

p - polytropic or profile

r - radial direction

sh - shock

s - suction surface

z - axial direction

6 - tangential component

0 - plenum chamber

4 - instrument plane upstream of rotor

5 - station at rotor inlet

6 - station at rotor exit

10 - instrument plane upstream of stator

11 - station at stator leading edge

12 - station at stator trailing edge

13 - instrument plane downstream of stator

COR - corrected to standard day conditions

162



PERFORMANCE PARAMETER DEFINITIONS

a) Relative total temperature

n = (M'5)
2

T'6 = T'

7 -1
Rgc

b) Incidence angle based on mean camber line

im - 0*5 - ,*'*5

im = <3ll -/3*n

c) Deviation (DEV, 5°)

d) Diffusion factor (D-F AC)

V r V - r V
D = i 6 6 06 5g

"

V
11 11

e) Loss coefficient (OMEGA-B)
7

- P'

- P

12

(rotor in)

(rotor out)

(rotor)

(stator)

(rotor)

(stator)

(rotor)

(stator)

(rotor)

(stator)
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f) Loss parameter (LOSS-P)

w cos (rotor)

cos 012 (stator)

g) Poly tropic efficiency (EFF-P, TOTAL)

7-1
In

In -r=

7-1
In

Pl2

Pll

2)

In

(rotor)

(stator)

h) Adiabatic efficiency (EFF-AD, TOTAL)

r P,

ad =
5 J

7-1
-i

r T -ir i 6n
-1 (rotor)

''ad =
5 -Ir

7-1

7 -1

-1

(stage)
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i) Wake blockage factor

K is the blockage factor used in the continuity equation:

W = / K p Vn dA

where V is the velocity component normal to the incremental area.

Z PAV /
K = —i / PAV

n / avg

where n is number of tangential traverse points equally spaced across a stator gap and pAVavg

is calculated from mass flow averaged values of P, p, and T at that radius

j) Stall margin

SM =

12

at
stall

-1

at reference
point

x 100%

For absolute values of stall margin, the reference is generally an operating point near peak
efficiency.

k) Velocity diagram
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LOCUS OF TRAILING EDGES

LOCUS OF POINTS WITH
RADIUS r , POLAR RADIUS R
AND AXIAL LOCATION Z

LOCUS OF LEADING EDGES

APEX OF CONICAL
DESIGN SURFACE

CAMBER EQUATIONS

BLADE MEAN
CAMBER LINE
ON UNWRAPPED
CONICAL SURFACE

MERIDIONAL VIEW
OF BLADE SECTION

Figure 108 Graphical Definition of E and Airfoil Camber on an Unwrapped Conical
Surface

e

©

AIRFOIL SECTION ON PLANE
NORMAL TO RADIAL STACKING LINE

AREA OF SECTION
~ X-AREA

Figure 109 Airfoil Coordinate Definition for Manufacturing Sections
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APPENDIX C

STATOR AIRFOIL COORDINATES
ON

MANUFACTURING SURFACES
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APPENDIX E

BLADE ELEMENT AND OVERALL PERFORMANCE
OPTIMIZATION TESTS

(FOR TABLE HEADINGS SEE APPENDIX D)

Table X Nominal Stator
Table XI Five-Degree Open Stator
Table XII Five-Degree Closed Stator
Table XIII Ten-Degree Closed Stator
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ci C î o c ! 1 1 o: 10 a f*> ro (M: rsi ro
• •

in j
31 fvj
CM KI

~m *~»

tv r-
»-< ;T
ai jvj

• •

<n ^
CM f\j

-J
01 in

n o

-T O
Ol ui

"» in

f- ro

*l ^

i * • i i ii

r-co' ^ rg^ i cM^mo

-r ^i •-'•1.1 •' • • » . ' • .
oSl iia:io
". .: aj u 3-

UJ
O

in &'. "o <M: **> HO
j j| ro roifM c^

„ M| ~ m =•: » ^ CM m

Ifl rt <J ' 1 . 1 J 10
rtro -. UJ t— Oil/I =>
.~ 2|w »-'«•) =•£ •

i| >: o — "-

. • > • . ; » .
10 tn to <o 10 in

i i ; i i i i

i
cn raj u; •" m <t _ ^ '^r-j -; ~ • j; -. ™
_y , — ' i i j ui in J on rl- ^ in i ̂ J cn

• li ti j1 >^ . f^ r«»r«. ' ina i .T fo

t u.i -1 ** • *~
1 ^ * *" ""CO

»H»^ uj!1-1 to c-i 0 .

i
f*. to a- ^ on a

fM 1

O r*-
Ul <n

• *cn o
CM ro

tn CM
* •

XT O

*>* i-t

1 1

Ol oi
ro ro

in m

o^! iujj ic iJ r 'J i^*io''^io l f ' f~1

SS S>- m 5^^--^ ;™=-^-
. •' | : UJ • •* "Sl

I U.! • 4f GO j1"

S~ "i" °° -o"
• • * • 1.1 **1

I ^* y en"rti c?1^' S =>;>!ID
m, f!S * ""•-a CL r-.

jD 11̂ ! »— f«. i.u U3

! i
,-1 10, r* injuj to
. * * .1 » •

_,. OT rt 0 . 01 ̂
fO a- ' to r*. - ro ^«
r- r^< »^ r- •'̂  r-

! i
p- •-•i00 ^-ti05 cn

pjcnt-.lt, , iMujmia- inr-r^roio
• • ( * • J UJ , yj.tl /xi m :m .

CO °" r*" f** ^ IO

CM j-lmi-, ^|M ^T • ™'>™ ".^fNJJ^UJ

•̂  »^

CD »-.
IO C--

ro ro

ra ro
-•» «-•
* .

N«" : rb'siss's^^""
"""*"* 'r~ •"•'»-« *~*'

'•• ;u } • !

_ ~J ( fsj in o flo 10 r~- 'O fM
, ^ 1 : ro 0^ a- fM ,o »-* --»

MM i M i o i i o n O f M a - ' r - c n
o:Z'-<!i-i rMfMfs j fM(M

•*••* ! !

r+tv. ^ ;Ci' i nmIoU* 'J33 '

y o
'O t0

. .

0 o

lt> UJ

O to

to o
^ o

Ul (M

fs
1

X

1

r,

]
'

j
injfM ai
c\rf ro m

olm'^

j;:
o>f-> cn
u> °° cn
id"J in

• 1cn« r^
! C M i n m

r« rj CM
10,1-. r-

rd
rJro a
^1 m __
•^ -- «-•

y' in 3-
i ; c\ m a\

1 1"
1 Jo,-

o_i cj (*.' to to
i : M to f- ro

U.I *- tO* UJ »*-
uj «* • • »
UJ

c
«T

U.
u.
Ul

't
u.
u.
UJ

o
^-

-
1/1

°
a
i

Ul
txi
o
~*
fn

• •I
X
O

u

u.

o

cn

«̂
UJ
I

or

T:
•a

x
Of.

»-

ro oi >
tn f-- uj

r— r—

in a
**• 3"

an o
(M ro

ro uj

^ ^* i - CTI :u> ro CT ^, • cn 01 !u> ro

SU-;3S:SS!CS fM tO

O m O « O < m O v i o O O v ) O v i

^" 03 C/3

t/5 ^

X
o

' 5

o
pr
hi

t/i

O
-J o

«-» o
o o

CM^
in cr

« •

cor-
rO *-<

*
Cl "!

rj "j fo m.

1
4

8
 

.7
S

C
E
 
l.
J
i

3
3

4 
.B

G
1

5
 

1
.
2

3

10 ui

•rj
CMMh Ki en
^ ,^; . _ _•«
cn'M

• «

r~ *^
in **•
to r-

« •

o o
• ^

0 ««
0 >0|

^t̂  <o|
to t>
UJ f-*
tn"i
• •

M Cl
_. m

mfXOi^'
r̂ - i-J r»- uj

* 1 * 1

in uj n » |̂
ro ml n c\|
,-, u> ci ^
Ol f>[ CO 1̂ -1

• • • *

C H 0 rJ 0 r j
O riO f">jO ni
O Q O Oi O O

-t o a o O C> C; CV Q o;
! - . , • • * « • « . «

2 1 ! 1 1o; r> o! o n a r>' o nj
C-: r-> o^ CJ r« o rx O o:

-J CJ; a o. o o, o a' o O;
«" C-l 0 0 0 0 C/ C, c. 0.
1- .j . .
2 1

t*~ ro t-4
ro ai 01

o 01 o1 at
Q. •

!j ̂
tn o

ro (sg
u. O *^ o

S
°"o
-j ̂
•* 0

d
•- ^

r-
ai

a-

•

*~*

fM KJ

•*" ro
o a
. •

tn QQ

?=
•-" co

• *

Q en
ui •*•
01 01

CM »H
O d

r— n

ro f
o a

u> m
O f*
CM ui
fH O

• *

cn — *
r-~ in

ai ^
cn •*>
01 01

i * *

0 m

r-»^J

in ^
10 in,
r^. to
cn or

cn r*
CM Cl
CM •*,

H«

o o

in <n

a- w

o o

Ifl "•

CO (0

CM ST.
o o.

j
in <n
u> r»

0 ft

j ui r*- «-t

* • • . ! • . { • - t u j

ID «̂

^c !n ^ ro
*jo o a
o •
T
VI

ro
t>j ai

0 LO
UJ

•"«
"-« tn

UJ f̂

10 uj

tn "> ro
UJ u> i01 U»
Ul »1 * .
or -r "'̂  -

£•"
ao

CC O

;
iij
0

Ul UJ
u •
or 3-

UJ
rj

LJ •
oc r-
43 |
UJ
a

-*• ^

01 ^

^ UJ

no
1O U1
• t

ro rM
i i

fM ;f

10 in
1

z
r\. __ _•
CO

^

M 0

^ n
O Cl

°.".
m »

Ol ^
a- 4n
• *

» "

a- co

co in

(M m

ro -«
• •

1 1

"co
.

to r^
i i1

0 0

o n[ a- l° tl1 n
•r oi!(*^ ^4
O nl̂ « CM o
3 o o oi <t ^.

£ *
CM **

o in
. *

• *j « -IU
U.I , **
U. j.

"^ CM: W "

Ul «0 O<^.
JT- -̂  O, UJ

S cn W

. *

n «!« " .̂ 'iTi

5*ro r* INI a- »-!»-«
Irt -«ltM 10i . .[. . .1
ui «i[ai •"» re »— ui

1 — » ' OZ UJ I/I

! oi
-i ̂

»L 01' ° ̂  Z

O »|-H 10 M _,
! • •

i i

r* 05

icn r\
i •-•

i

a- ro CC. »-.
i i a uix

0;_, a.

.n '̂
:Z U

m »n Z>H j

m ~» .'
o c*
f* -^
1 1

O >n O «

184



o

c
o

•I

o

4->

U
O

X
us

J-.-.i=.*.|
3x»n Ji

til
jo -o

u.

J X

u.

3- 3-

— IX

-Ok

fl -04

O -0

JI 0

•O JI

X JI

O1 N

» .X

-O • J)

l UJ Ifs. -~'-jt y

O X
:> t—

tk.

o* -v^

X X
I |

O >04

f JI
I 1

»- j
•M i

itA OCO JI

• in
»"x

U.

1 UJ

CO O

O* JI

O V304 04ui i i
a

i-o co
— UJ!X O

3 CO
CO -O
Ok CO

— o-

1
o o
X oj

Ul! |

04 Ul
1 JC.

CO C

•s
-Si tr
CD U

Ul
0

04 ^
1 UJ

>• X

U.

1 Ul
o tn

u.
*^ u

>• X,

u.

— uI UJ

*.
Of UJ
> Ul

u.

— Uli in

ik

i

a z

i

o z

04 O

O 0
0 0• •
,.,
o- —
CO CO

o o

Ok O

-0 -0

0* 04
• •

o*. —

0* 0

a> x

o a
o o

CO 0*

Ok O

Ok -0

O 0

* '

•O -O

«n o

3- o* ~0 —
I** X' O —

o o| o o*

o* 04 rt —

Ok —
n 1-1

ui n in CD
O CD

in -0
«•» o

«•> x

•* o

•* 04
C*l X

-1

f*. CO

•O Ok

0 —
r co

l i

•O 0*

o -o
*k, CO

1 1

O JI

0* O

Ok. Of

i-.|v

0* O

Ok «-*

-^

t 1
O* 0-

— CD

0 O
1 I

04

L/l •

JI
I

CO

=r

1
to.

%Sfc

J> CO j-O

;:
-1"
X — Ok CO
JI X O<0

o. -! x x

<a — •

CO

:
X

•o

11
— • 00 CO O( —

0 0
a a

Ul 0

oo
o o

Of CD

o
0

X

04 Oj Of rw Jo*

Ji r-

O O
• 1

o a
• «

-o Ji! ui Ji.J-. J . .
Ok Ok (CO Ofc

04 O*

:
*J
Ul

o*
*

in

•o oj x

O* x! -o Oo
— Oil 04 — ̂ CO

U) Ok.
— 04

Ok rx j co r»

Ok CO

0

JI

- 0*j ,0 X 04

O4 O4J 04 O4- r^

O* flj Ok O —

Of JI JCO O* i O
04 04: 04 04 n

04

X

Ju

JL_

x:

Ul O
— >O| 04 O
X Of ''I Ok

- • ] • •
—so Ji Ok|«n a

• '

» x
0 0
04 JI

04 Jljjt co
04 Jl Ok -O
f"l X'JI CO

1
CO CO — • CO

u> •- i.l
(n

jo* or* oi

u, ^*
u. o
Ul o-

0.

• • • 1

x al-o co
04 ~O to O

u,0j

-00
X, 040^
04 — 1 fl T-

S o
.̂  -O

r'

O <>N
CO CO

;j
JI CO

Ok J)! CO CO
o a oo»

in —

-0 «-|

04 X

* i

•O X

04 CO' O JI
X Jl JI X

• * • * *

O -J O oi OO
| r>4 of -O ^o OOk.
JI «-l — O- 0 0*

a. ui' o »->: x c

tn — •
in ik

in •<
o »-
-1 0

CO
1

Ul

o

u.
1
o
CO
1

C*4 — ̂
o a

« «
a a

X JI
0* 0

• i

— **i

x a
04 «*>

04 •«
o a

Ul O1 * '

o trt
Ok tn

or uj -o ok
Ul UJl • •

tf r i
I Ul i-

Z Ul *

*~ ^

> Ul' • <

UJ
d

- j j
I/I U

z ac
— oUl

a

- d
0 C

CO -0

— n
— c
• I

•o •*
•N n
J) -

• 1

•O IS

0* 0*

— Ul

CO -C
CO O

_ 0

**t ca
> *
JI 0.

• 4

CO CO

•O Ok O -

* * * '

o

-o
> t

•o
CO

-X .

CD

JI

O •
Ok

o

CO
•

IN ^( 9- r> fv

)
7
 

.0
2

4
4
 

.G
0

?
5
 

.0
0

i o
 —

 ̂o
 i o

 i —
 .0

 1
 c

s —
 ̂o

 a.
0
 

,
0

7
'2

 
.
0

2
1

2
 .0

1
J
 

a
i2

 1
 .

 0
 3

 2
 0

 
^
0
 2

IB
 

.
1

*
0

' 
.0

1
0

*
 .

O
J

o co! <o p 04

a> o Ji rJ O

; fj;
-0 O* -O i-l JI
• 1 » 4 *

0* CM CO 3J O
— IN *•! OJ -fl
» U » L •

o co! x o^ o

JJ.»
» i' • . .

„ .

'.-

»co to

• •

:v

04

JI
» *

— • UJ
< I/
X, X

\J 0

Q- t-

U| *-

t Ul

u. z
ui ^

X, _

O 2
a. —

o •-

0 Z
H- H

u * *

0-Vj-O *

I in r^ o

°CI

* V) O* J>

ox:«n>

: — ji
t UJ — —

O4 U » «

Vxo?0

tv

1 uJ CO .*SJ

UJ

04 U) «1 X
1 kd • «

Ul
a

UJ 1 1

1 JI —

i ac x —

%„
— UJ •
i a: — a>

CD 19U1 X

a
O -<

t o irt x —

i- ^
; — o *

I tn o

st tn x x

ul

• Ul' — O

a: in o 3-

*4• ui »s

Oj Ul UI O1

W CO
04 1*0 0

0 Z — —

! — JI

— ! Ul -O
1 iO -O
< i • •

0 Z — —

^ • X J O — JI — O »
• • ) • • > • * •

-O -O |Ok CO .O -O O

04 coj x *•>; — xTk

•O f* .•»* 3> -O* .0* -O •

X Xlx O4 04 X J»

JI 3- — Oco 04 O
•O O- -O . — CO O 04

f So 221-

04 ji n o o J» *n
• • • • * • •

Ok 31 i>4 JI J» O* 04
D* 7-1 _• rsj CD o* •••
• • • • • • »

jji ji — «n x co r*.

i

o- co i 04 o- . r-f 04 co

_: ̂  r - r •" -
OO* CO »• -O M —

• 4 • * • * *
•4 Oi -o ^> o x Jl

r-4 r> T 04 -o 04 co

— oj i 04 i r —

-•]o.v.0^
-« a* ui 3- x »• x

o!ot J ?£ -oT

co O ^ x - o o - o

— 04 O CO — O -O

o* 0* [ -« m. co — •«

-O O- 1 •« S> »• CO X

•J-J,-!-
-O — i 0* UI X — X

JI CD 04-0 O 0* 04
CD -OiOk CD 04 JI O
»• 04- < — -. Ok X

O 0* ar O* O- O* O
04 04. 04 oj 04 04 «-»

040* -o co x <n •«
•O rij co 04 Ok X —
*n x' — « o* o*1 -o **i
* * • • • * •

0 — x -0 CO » Q
— 04 04 04 04 04 *n

0|

r

x

i

7

a. i

u, «<

u

< -
U. H
u, a
Ul 1-

o.
i _

ui a
1

M
a. u

Ul Ui

-j as
q

cu

o •-
_i a

*-
tn
i

0

o

1
o
CO

1
« V,

o u
t£ U
Ul Ul
O 3

< U

Z LJ

t- Ui
C

uJ
> u

o u
u
c

r uJ
U UJ
z ae

UJ
C

Ul U
<M> Ul
z a:

UJ
C

04 *•>
JI C

» «

Ok Ok

CO JI

0* **

Ok -O
CO CO

CO Ok

•

00
o a
o o
•

oa
o a
o c
o a

, *

CO Ok.

o a

Qk 0*

j n 3-
o a
»

•

O N

«-

X CO
in c

Ok U>
-o <s

o a

o —
o» -o

1
CO O*

»

••
ji a
•» i

— • —
>

".i

CD Ok

•

1 1

l-IO
O 01

CO -O

.,
• * 4

J
JI IN
CO CO j

9* • a
— CO

• 1
oj
o c
o o

•J
0 =
o a
o c
o a

-0 C

00

J
o id

— c

0* -
0 C

•
o o*
- a
-c,

»• <

— <G
a> -a

0 C

J
0) -1

04 o

0» CC

» •

-O CO
• 1

—

* I

CO -

•

1 1

X r-i-ifO'^Oi
x -4 r*. -o to

• » • f •

cooL-co

-iw.'..
.J-j,.
co x — cico

<"i co r*4 <™i O

• » » * > •

o b o o o
o o u o o
o o o o o

o o o P o
o o o o o
o o o o o
o o o o a

i
O 0- 9> v> O
— OOk PJI

0 <j 0 pOk

o o o o o

»• 0^ Ok -o' 04

o o — «•* x
o o o o a
• • * » »

CD -fl X JI O
-o o — r-.1 o

o o o o —

J y OJ» 0

•rrco rw 040^ co
o* ji o 04 Ok

o o o p o

aj co x ul n
•CO O -* -™ ̂

ri 04 x J* -O

1
O CO CO 3f O

* '• • !» *

"» 7

CO 04 CO Tf*-
• • • * •

04 o x O 04
«o «n M CQ o

i
(M Ul -O *̂ 3*

• * * • »
X J) -O Ul JI
1 1 1 1 1

1
tt-HJ X
1 <J 0-
U. Jl M •
U, Z 03
Ul -4 CO

< 1-1 »*1

U. Ji atco
U. Z CO

Ul «-̂

n

H -
J "°

t~ ui n

M f
LJ

cc u* in •
a jj -^Q
O Z £CO
«— ' 03 -i

• _1
Kl-' *
K Ul i X 3^
o -j 0.0*
VJ Z CE*1!

2
"o o. — — ^ W O » ^ O O O » . 1 O '

— — — n in r- «. c< (

185



r\

a

K1

UJ '••
I/I *"•

=:
0 «
uj K

• 1 in f
Cl ̂  f

. i«W cj '
1

i
UJ **1 •* t(
• 4 . 4

.-. Ul (M c
^ 10 .-r j
tn in to r*-

CO 1*4 IM en
.

en **"
tn ""
£T «

en -

-.-:
-*r3- rvj

1
00 o

tn fi
t • 4 « <

•M »n "̂  co
oi^J ro^,
t«fJ eo o,

rial rf in

.J
• « K
f n| i

<n cni j;

01 cJ
• 4

* r»
en en

CO CD

•"• N CO -3-h U* Ull «1 Ol
J- ui aJ i*> -4 ̂  a

. I
uj in m *r

=>j£ V ?

i-J
Csl 0 «
iiuj n
• : i/» to
=.̂ 10

".o
Ho •
>iu »

'\<"'~l
:>: N. Iff

^
(M uj n>

t-H m

-+-*

UJ ™
cr o1

d CM
UJ '
0

on
uj r»

•7
~m
• •

fM m

^a-
1 i

trtKl
• 1

V7J.T?
O ft -•• f».

• • • •
a- to to co
a- r-« r* r*.
ID tp tn \f

i
ID en a- CM

in *" <MM
O M »M fM
l*~ f*l CO O^

KI r-! en ̂
u; .-, f-.m

CM r*

IID m
to ^

• «
r- in
fl UJ
UJ U)

rj KI

SK
2S
m CM
<y» Ul

1 1

en O
• m

en ui
i i

H

J
X

CN
i
a

*-1

~*1 0.
It sr* >
in j' u.
u> u> u_

u.

• •' Q

«? 7
-i-. u.

""* uV
•» in'
r> IM, 0.

^|M MJ* a-

*~» JT ' rj co! to r*i
C/} f iu» ^ • • * •

• i cc 01, ij IM »o Q
*~2 ***" *3 *''*' &• &~- •& \r\

c -~ i£ i™ ^3 i ̂  I
S^ - u ">' in to a- to
^ ^> rsj
O (^ i
j£ CO m

trt &Q
H cu 7
c Q ro

o **""̂
H**^ CXi

N S: °
'c*

'-+3 '""̂
Q< •"•
O A

ô
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APPENDIX F

BLADE ELEMENT AND OVERALL PERFORMANCE
UNIFORM INLET FLOW

(FOR TABLE HEADINGS SEE APPENDIX D)

Table XIV Nominal Stator, Solid Casing
Table XV 10° Closed Stator, Solid Casing
Table XVI Nominal Stator, Treated Casing
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x *•» r< — î  «•» *• w j»
»- i i i i i
u.

ui to -o T rv A co — — o

x 3- ji in -o ^ o* ooo

U. Ill

u.

u.
— ;H •« O 3- 5T O "> O

UI 1 1 1
o

inr-rv <•* — o- <M •« i/i

UI

o

UlfNcO (*J ("s* i-> rsl O- O* *•

omul in »• T- »• a* »• T1

o o o o o o o o o
woo o o o o o o o

of : • •

o -

fr-
it.

* o o o o o o o o o

UJ !
in . !

>- .
U. :

l<— •

*•".>;

U.
— • tn \ft r^ f O to ̂  ^

u.
u» -*'.•« o a- to o M «M

ui co <-i <o O f x . r ^ - « x r 4

»-
u.
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; » - - v » . O O * » - O * < O ® C D c O Q

^»
u.

c o c o U i e O f M s O O O ^ N
fvj o c 3 a > - o p * a D f s * j > o • x
I »no»x* *J -« — — rv*- w
^ . * . » • » • • • • - • • • • • z
— 6 * - O - o r » * ; r r s , o - e > . o «
OZ — — (M <M «M CM. <N fM rl

* - iAP4 f r -4 )«D =T*^4)
— . t A - O - * r ^ t O C M P * « - a - — frt

^ • • * • • • • • • z
— P S > C O O » — a - ' O c o o - o —
o z — — -*

2
• ^ u i O ^ O O O ^ O * ^
(Xi * ^»»* f * t v * r *ooo*s7*
W

TO

iAO»

CO CM
-OPs.

• •

r ao
«•»«
lACO
r ;r
• •

CO **>
tAO*
O* "̂
rt a-
* *

O^s
O* iA
*M f^
CO <O
• •

\na-
*JCO lA
— -4 lA
*- PS. PS

•< » »

Ul
ao
0 0

-100

•COO
J— » *
o
t—

00
00

_l O O
< o o
1— * •
0
.̂

fM IM

— r* *M
O 0* O*
Q- • *

Ul — (M

•— X T
U. 0 O
o * *
QC
0.

-• (M
Ps, CO

< O O

>—
x er
— «

»Jt^

-OiA

P* <0
PS. <M
•0*0

• •

0 O
o o

^ o o
ooo
o » •
X
IA

*np*.
u x to
Ul • *
OC 9- iA
V5 ,O sO
UJ
a

o a
ui in r*j
Ul * *

tt ^ •**
O iA tA
Ul
O

CO O
ui O O
ut • •
a: *• to
<j
ut
0

a at
Ul CP- -O
ui » *
ac «n a-
V3 | I
UJ
O

— tM
ui a- n

or -o PS
0 1 1
Ul
O

Z
< in O

£ ""
L«

ID M i->
i*« *M 0
Ji <o .A
•*- Ps. SO

* • •

4 fM rsi
!»4 <n O^
— -on
LA tO -O
• • •

a- o- n
> rt -o
r*» o* rt
»• w u»
• * •>

O* -J\ O*
— CO -^
"1 O 0
CD CD CO

* • *

» — 0
— CM 0
CO O Q
PS CO O*
• • •>

000
000
000
Q Q Q
* » •

O O O
ooo
o o o
ooo
• • •

a- o- ui

rl X PS
o* o* o-

CD — O»

X rl —
O O O
• • »

£O — O*
o to >

O O O

LA fM —
-~ -O CO

— .— o

— CD iA
*M W O
r* fM pv
lA iA X

• • *

O O O

o o o
ooo
• • •

lA O 0
iA O CM

* * •
CM fM X
*o in y

»• Oin
-0 OiA
• * *

T «n *•>

CO O U»
O P* >

<?> <O sO

tA > 00
O) CM -4

»• a- a-
I • I

— *o —PS. CO CM

Ps ps O*
1 1 1

«/•> o o
— n on

jl -47 n* o
rO O i/I -*
rt iA l/l lA
»• 0 Ov 0-
» • * *

•s, pv — CO
— <0 fM tA
O 0 0* -0
rs.rs.-o-o
* • • •

o- 00 tn P»
4 CM — a-
LA Lfl O CO

LA tA tA V*

* * • <

O — vAO
^ -* p* in
<D •« 7 «M
rv IN. ps. ps,

* • • •

<•» O OS *M
O PS -O —
tA a* O> o
O* O* <O CO

# • • •

o o a o
o o o o
o o o o
o a o o
• • * *

a o a a
o a o o
o o o o
O 0 O 0
• • • •

•« » O sft

> CD CO -«
o» o- o- o>
* * * •

rM -• a- «M

O — <M T
o o o o
» • • *J

N fM « iA
» <M IMJ -o

o o o o

IM o* *o a-
« a- «*» •«

0 O Q- —

O -4 «> -0
N — PS. IM
x a* -4 c^
a- a- a- u»
• • •• •

O rt — -o

o o o o
O O 0 0
* • * »

CM O MS «n

O — — M
* •> 4 »

(M X xA -4
a- a- a- a-

to > -4 a-
rt o -« o

*• »• • •

rt »n n n

co »• CM -4
— o- o r*
* • * «

-c > — o

O -4 **» —
1/1 o o a-

# • • *
S* *•» CM 1
1 1 1

•4 ft (O iA
O »• u» -*
O P* 0> PS.
— Ill
1

O in O v*
r* oc c> ^

«L *-
1 Ul

U, Z
Ul -•

o
^ t-
1 Ul
u. J
u, z
Ul **

o *-
o_ u
-x _l
o z

»- UJ

o z
1— ""

or i-
rr ui
o -J
u z

0= *-
QC U
0 -1
u z
Z •""

-4
•4

r*
CO

•4
Pv

•
CO -•

CO

<o
GO
M
-c
• •

ft
fVJ

r*

•

on
u»
in •
>^ o
c <a
CO •»
-1

• •

x«
ft. -*
tc —

CO

230



ni
I
•
I

in »o * »o tn

O K) C* C> CM St O* v4 r*
'

c3
T3

CD
-i-»
cS
CD

l-l

O
•*->
ca

-4-*

O)

"c3
.Ss
o
Z

£
o
E+j
JU

c

I
rfS

o

«

.0

X
«3

u.
in in ifl o 10 ro om -i

• ui or- CM i in r- a-in vo
O X CM •-• ** »•! CV »OtO IO
> K I I I I I

U.
r- «i * oo> OVO-ICM

~ < o . . . « . « • • •
I LJcO*- l fOcO<OU> «-»O NO

-
>»- I I I I I I I I Iu.

ni .
I
I

I , K>»oioroiOK>tOiOfO

>r> o « o to in rg » ^

& tt>

o * r*- CM OCM o.* co
cviuir— *vP**>^*of-co 01
IUI.. .......
- QC-^O>^ tO CJ tO O
OOO CM -< »4 -*C1 K13- ;»•

UJ I I I
Q '

.
0. O
UJ H

•I
SOa

O O O O O O O O O
U J O O C ' O O O O O O

U
u o rj M LI s <M a- 'O 03 o

UJ -<K) Oto *» "*CO <M

• u.
o

'•4 Ul _ . _
I inr-too*

:i ir o h- rr
Ul
o

* J *^ cr- - I "io '»- ••>
i- ;u in
X -I Oo z »

fOCNJ ^4
cj cj eg

m 10 i/» co r- oa »<r^ co

UJ
o

O*w
O

- in cy 10 » to 10 co
oxa-^ ^^into
> K I I I I I ,1 I I

cooioioioa-a-jininm. ui
o

• 10 010 » » j»
i i

-4 O M3 —I IO '.H

CDO -1 | |
UJ I
Q

CM 10 n ior>

^ .4 -t ̂ <M
III I I

CM UJ •
i <r -i •< -
COO I I I

uia .
tocDinr-incoinoocouminin-4>o-4~ *

^IUJ • • • • • •

mis :Tcr;*-IOIOCMCMnilO
UJ
o

CM U •
I uj r- co -o CM in o xi -«<\i
Ol/1*-*»4<-4»4f-«^^^<M
> X I II I I |> I II

U, !
co * o ft r- in co -o eo

>X**»IOIOCMC\I( \ ICM

i mm-o oo> to*o> r-
Q. uoco «o.4oco(Mco in

»- ! !
, < / ! " •
: O O O O O O O O O
: o o o o o o o o o
L J O O O O O O O O O
< O O O O O O O O O

: ooooooooo
; ooooooooo
Ll O O O O O O O O O
<ooooooooo

UJ O

evi ^vor -coo^a* tT»o^oof -
o

in u. ooo o • »

i -a r- o* aj -n \n n «M ^
1/1 _IK>r j^40OO-" lO <O
ui < o o o o o o o o o
0 i - « « . • > • • « «

o o o o o o o

B3 I O ^ O > v O I
i • .•* o <M -< o> oo r- o ^0
«t. O ^ 0 3 » O ^ - 4 K ) o % l o

i! i! ^ in^coa-oor - fO
|) | ^«vOcO*OcOC7* 'O in fM
< ! r- » CM oo> to o> CM o>, ,..-. 1 ^

' !

>xininmininin*»^
u. !

•4 »in or- o r» o> <»

00000*0000
| ! O O O O O O O O O
< 3 C O O O O O O O O O
o *-> o o'o o o.o'oo o
I j i O * * * * * ^ * * * •

o >/i1 ***4

0. H-
I Ul

U. -I
U. Z

I Ul
u. _Ju. z

•o -o <o o> r- r- o r» to
u * > * « * « > > >

CM UJ *4 in *4<O

>:x in in in in in in a- * :»

ce !—
UJ UJ
m ci:o i>incg^io<M»in>o
< Ul
o o

- '

-2
! IO O> O I- IO if <MO CM
ujincg OCM^T csi^oso

•> UJ

in
m
r-o t-

tt. ui
x _i •<
o z •
DL -• •<

! in-
O I- O
i- .j in
X _l O
o z •

Q Z »H^

4 in eg o> >o oo tr 1

U UJ
z.te» o I

UJ
o

.1 1 1 .1
»ina-
.1 .1 .1 .

i<; U UJ

_

o z z <M
."e >-« :o *4

-I
a: t- •
a ui zui
o _ ia_w
<_) z a oo
z -• »

Z

Cu .-• —
C/D

.
M O tui

a

ft. — - —1/3

. 1 1 1

to

231



oo

'm

d
"O •>->
CD ^1^ Cij
rt <U
d> CX
.'-' 63

Ki-T &o
O E?
ta ^
-4—> (O

3 t.3 g
c OQo

£
,0
p-
•4—*

M"c

â
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APPENDIX G

BLADE ELEMENT AND OVERALL PERFORMANCE
TIP-RADIAL DISTORTION

(FOR TABLE HEADINGS SEE APPENDIX D)

Table XVII Nominal Stator, Solid Casing
Table XVI11 Nominal Stator, Treated Casing
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t/1 nî 5 rt!lO -*
w u.
p °
Pi?

*|̂  n:̂ 7 -^
.k3 OiOO

> . .{ . .

"NO a in CM
Ic; ON V) CM

in _iiio 10 10 -4
i/i <io cu'ca o

:m co
O O

iO-
ii

. - j> n
kMir. -i
KMIO in
p o'o

OiniCM-^-4-4-^.^(p-» I Irt!"!"!11!1
rMinla-CMkM-4inoi>-

-4 Ul * *; * * '• * ..- * *• •
n uj i -P-oa- ' cMCMujNOir-._ . ~ -j^ ^..j.

TT

i i•t
ID

tMa^lnr- <o
'in 03 )o <o iO
OOIM 10 in
o o .o o o

ko o j-co
kf CM XNO

i- tf a-

iMn Vo a- 10
r- in to NO CM
'-4c\ivo o:;n
'O C3 O -4-4

I

fe a•'-4co^Mt-»OlO-4
a--c»f-;CO-4fcooa-!< 'CM -4 c? -o •!- »nm a* Jo

'u. aa-'a'io.ioa-'a-a'in

1°
in O O'C? O'-H CO L'. i

I/I

!:T lO'CMf*--* OP* IO O
(M \O '<O ^> ^^ ^J l-O

sO:>

to in<coco <MO
L>»

M UJ p tn CO (M --*(/»
i in ku 10 <u o* 10 tn

& o o o o o r*
» U 'OOO^'OOOO O

^o,..j..|..|..j.

,_r NO'CP I-!NO r-jio in 10
•CC UJ'CO a-'CM f- '-4 -4-4 -4 CM
Ul uj| . . ! « . ' « .1 . • «
'03 or'co in^cvJ -i a- CM-'a Ji'-o
|S <J> -ONO:^in,a-afa a-:a-
kuj
'oo
i K'UJR3 -4.<
•Z UJ. . •' « •: . »L • • •
or or .CN NO 'a co pin «o r- o> --4
^3 o-a- a- j fo iio 101010 .a-

v o o v
i ui}-o CM <sj o* ]co

0 U> H -< •<
1 UJ| i
i O i

in ojo>o cobr io\o
in \o!\oioko (Mr- a-'^i

o!K> a-|-H o> p^ ifljio
r-cojo»-<!a- >npi a»'o
^ -HJ-IOJOJ OJJOJ CMilO

'- «/-. r- co

i31UJCMOO(O.CMCOC>OO

or!inin:a' CM.-ir^k
Ojl I ,1 I II |

B! I ! I

b uj>r- -a a- a ' co eo ia- in ,
uj; . .! » . - • .,..-

12 ar /~r-i>o -O"/)"! -M -<
-•01 I.I III II I

ujl
. °i
Z

00

247



o
•o
\=)
o

C/D

O

.Se

c
o

• I— (

•co

2•3
cd

H

+->
's£
8

•« I%>n> j ui .«-• w »~ «,cr o 13 -* i—
rC lo ju i i* • !• *•• • -i- -l.

r~
 ; l cc. K m :3 -4 '<n -< In co o

"J C3 O pT 3 3 3 ;<O 3- [3 3 I"

.bp I ,oo:oooo!oo!,OOOO O O f O o o
UJ-O O.O O'O O!O O,O

OS

il cr
ea o
l Ul
i PI <
j 13- O O tO O CO
<M O- • •• • *' * •
il UJOI— O-* -* OW-«

• p m f— CM o» co o* in in

;—• op
I I U l l

i s
KM o I

to o o o o o p o o

i!
_

CMUJCO
I

in -4 )3» in <i>
«< o -• o> In CM in

3 3 3 r- >o m
»0 >O ;/> ft- 3" 3

(n ro m co i— co L» i>. i-o
M D l T > K > C O K > C O a - - t o
p> co .£) cr •< <M to 3 !CM
] • • • • » • ) • • ! •
J O j j f — O » i O - O W O > o

< .4 .* -I CM CM CM CM IO

_ ••« IV io 3-W IO 1O
,. > o <j> CM f— iojr— o.-*
ICMIOIO3 CM O"> in 3- 'CM

J£3

-
O
~^
O

2
<
o.

I 7 .ui oj CM xi TO CJ» o
4 -4..1 ~4 CM <M*M CM»O

' I i

l O v > O O O v > O V »
— — m v i i — c o o o

J3 ->U vO
H 10 K 3p co in o
K <O UD iC

h^or-

3 K>

1 I ' L ir- r- iO3!in»-<to» mjo>
> ! • • « • • • ! • • > •
il3CM-4o-<^i 'ncM:in

ocoLo
pcOsff

n inhnm• • i • •

»3
,0 10
i 10

CT IO

p m
& If.

kO in
D\ o
k>^

p> o
En in

fci-1- a- *o \-> 3
a- <oo> CMC» m

^cc
O CO

;R

loinf*

<io O-CT.

uitoc7-ronj!-ia>tocj>>
_i,'<^ 10 in O'-H»OI- -cih
MO 0:o ->,IM 0(0-H rM

i/i u.p oo o

K

3 OiOolO

" T V
0 IO13 O'*^
1 CJ> >O tO '«
MOJ-4CM.K
000 OiC

% •} • • I '

iiolo -o:c

IO I/I O —ICJ>>O tO'CM
_i;o o o -H CM oi-* CM .10
«r o o o o o o!o oicD

«t
u>
lu

'o
e
ca

... vOJ— CM ... .,
lofOino^^iooo^io
in -icMior-nincoiVj
X3 OOO;OOOC3>»-I

_ -<inCMI-l-.03.«O
us 10 i— o>'ui co ICM 0:3
- -Ti- co -a oiin coio

CM;CM n.a-in inin No

o o(o tn<r- co|o co *Q
:. .OO.OO ;^4CC*4IOin
•* 3£ O O O O'O O'-CM CM.CM
0 <->O O'O O^O OfO O|O
ill O. • • ! • • ;
K X !io in |
1 CM -4lO-O llO3]O 3lCM
or ui co cojco o>iO> cc i— 3iin
ui ui! • • • •' • «: • •, •

GP I !
I lpiO.CM3|03!
I UJfO I—i3O>!>OcO
5z uii • »i • •! • •,
n: or: ii— 10'O ovco CM
0 oin in'in IO.CMCM
I— Ull i :
1 P !i to* in 10 >o 1.1 co

oinim
i-o>r-

Ul Or(M -4 CM IO :1 O O-4 {CM
o of-i-n-i-<:^-4i. r-
' ul| j I

g ui
Ul

jz cc
PS;
H/> UJW- F-jlO 3! 3 ;
'o Ul i - -i . -I .
J2 •ZI-O -0,.O J> K> ,
Uo, t|, .1,

O ~*fD
t<ot~
* *\ *
3 O O
1^4 •«

o- »-<: i uj

01-
!XU1
jOZ
OL«!

,01-
i- ui

I i1^-1
iOZ

tf O SO J- n5-10 in i

L-, n i^llO CO 3. -
b-3- a- 3 3 inf> m j.

_ In 3 In ojo rt
( H U J 3 0 I — 3c- iopmio
I I U I 1 » • '• •:• •!• •!•
r a r i n o l n o c o c T ' t n r - c j »
foo U-4,l P-1 " "a t 'L ib- io b< o p ^

JVI/)

!i n: CM -4 M-4 U
CD O .1 I ;l I
• U l l

Poin|*U
uitr <H

Uui!» •
ui

r->Ul|» « i • • j • • I •
Ii ar.tamior-:»into O,<M
-Op3-.*«p«p3p-

UcM'oomioLr iv
O'. »!• •'« •& •

I U l v O O O C O I x - 3 l O C « "
m c M r f » H - < r - ' - < i l

['[r- co kr>
i i uib>i- B»ioo>r-i>i io*ne (/)com<M3!voiOtf into

>->o \o >o in i* 3> t* 3

t» m >o co In <o
o » • i • • ' • •

.1 !ollo-HC\lvOCO-4
s mio co o»o>

iy)<o<o%oio iop>oicM: _ 3 13 100 m So
CM Ol— COCMt- 0!»1033- in in

[
O CM
ro -<.<o

x>o«OfOvO^oin |n in i3

t

_ to oo o
i I oooo
•C 2£!O 00 O
o o o o o o
UJ Olt£ -r|o in

-<|OI>
lo^F-
00
oop

oco
in in
rt.CM
o o

>CMCMCMCO <MinMC*icO
-jr-»- >o i-

ji^ppp
PO co m co CM_ m into CM >ot
io oco -o t~ <ow ink
(00> I* CM (JJ -*|H l-|3
. •]• •)• •!• ••
O> p CM 3-1—O O> p
-. pMCMtM CM1' --1—

I [/> CMC* U) 00

[. . I. • j <
I— oo D» -• i3r^r^r

M CMJK)

0 OMo

>OI

21
02

iln.3!
CE sO

•o|

248



C3
u

^5
.

co c5
c
S*

rt fex

^^

c
.24-»
u,
O

a>o

>
X

V
M

-i
 

V
M

-
2

 
V

O
-
1

 
V

O
-
2

 
B

-l
 

0
-2

 
B

'-
l 

B
'-

Z
 

v
-i

 
v
-z

 
V

o
»

-l
 

v
u

'-
i;
 

u
-i

 
u

-e
C 

F
T

/S
E

C
 

F
T

/S
E

C
 

F
T

/S
E

C
 

F
T

/S
E

C
 

D
E

G
R

E
E

 
D

E
G

R
E

E
 

D
E

G
R

E
E

 
D

E
G

R
E

E
 

F
T

/S
E

C
 

F
T

/S
E

C
 

F
T

/S
E

C
 

F
T

/S
E

C
 

F
T

/S
E

C
_

F
T

/S
E

C
y «-i {o cj 4o * i
- O rj -* CJ & '
C O1 f-i CC f- sC 1
t sf in in *> »- (

r o r- co •>. «-i <
tt •*> lo IT. •> n-
c •-« cr *o tf in
•> a- p in ic r- i

o c* tu -4 r- ir. '
•j in in c> o*
D 10 r- f- o
O OJ <H W IO

^ o|- co K «-4
tf >c io in t- »
tc -̂  =*• 10 rf- in
o ^ =f in *o r-
l 1 ;i l l l
- CO IM CO it «C

n h- 10 in io in
j- oj o in cj o
- r- f- \o \o IT.

1 OP> 0 rH«O

n so cc r- * r-
- -4L» CJ 0 CJ
o r- 1— co o> a-

i i
-. o o * »n so
T> o> fO oco 10

o co cr *o »*
M -4 *~l f-4 IO
, ,;, ,
*• cj «-ir- *o «v
•- LO vO IO f- 3-

c a
M in i
n ir
0 CO

^ o
DIT.
o in
C CO

i f-
no*
"• CO
o 10
i i
r* o
3 in
n in
D CO

O .-I

n cj |
- vO 1
n in

r -i!
M f- i
Cl *O c
r CM

T m
0 0> |

DIOI
f J 1

~lp~r
B-inkooina-ocji
o iojo.3- =r into -o

--Cj'-4O<Lf>fltMlO
3- in «o i/? to co p o

* .» a- *io * i» a-i

i ; f
O O O O O O 0 O
o ooooooo

[i irf1 O* O if -H O*

"» c- *o in i>- ;*•
j

i

» CM :io •o n •-<
-4 co o a- in a)
30 co co in o* o

O"1 CO '"-4 CO JO IO

-"-
"• >f>

00

Ol«-

r> a-
10 0
if a-

o a-

"•"i**;"""!**!
CO IO .'vO *O O —4 |O IO !

!§i \o tr

O \£ 1C IT ; r. IT i •)

r cc i - c
>! IT
f CC.

in<o
3 t- K

cor-

C CC CJ>
co<

^ . . 3CC O>
D I- IO OCO O>
f •-* tO CT1 (O O>

0 CJ J» «O f- Cj
H O^ ^O IO IC\J O
-410 in co co o
nin (n in in *

r . j k- a- Lr 10
, -4^4incou)3-
il » -»D-40^c jo in

MC
•t

It
f •
N

o r- o o '**
- cj *o cj to -M
lo co ~ -

in cu
IOPJmp

*to.
in in
o> in
COCO

sj -a rjco co lot
j< 10 r- 10 r« sor
o <r> h- ic cj o cr

u.

it
,-J -4 CJ CO p O^ l-l
to so oo in cojo
in cj o> o r- -410
tn cj cj 10.» in in
. * j • * * • j *

I I
,J3 O Of* CM «-l|O .
jo o o o oi OK) >

0 O O O O O O O O '
,UJ Oj • • ; • • ( • •, •

$M i ! I
1 1*0 OjJ ̂  vC |K) J O^
;or ujco OJ.CQO* o^ 03*-
LJ UJ; • * • »• • •! *
•03 ^.0 m:oi oi a> .—

rupj
OC4
CO-4
m-D

,"0 -^'O* '-4

I *~ H »* i » I »- u> ,-• I u-f ; ' * ! I a;
•; o^eow-KOioiojoc^o , i>

UJcrjcxj *^

i
"OOeOOF^-4i* r*C5

UJ 'O ^ -H K) ;o >-^ fO vO CO
_ _ . _ _ _ j ^ a - ^>ui'> » • ' • . * • ! * • • •
i / i incoocMioiouj ind '

i ^ r ' i i i u p•! u-i ' ; I Q! .•I to *o to co r** co *•< ^ co j s^ co •
joi fcm»oco»ocO£.f^o zii jfa-i
!K { ^ • • • • • j . * ! * |ZQ:*
1-4 iO ' jOr - -O x K)vOtOO v |O )•-« O

- • - • - - ' — I I^J TT
in j ^0 or-* ^-4.0 oo
r* lin ul1* CM co o 'co ory o1* ,•-*

jouj- » .: . »j » «i . «: «
o;m *'fM *)t~ f-.-n
1,1 i i

I I I

z

co

i ol ,
«-4 Ull .
-f in V- .
^ -v!U.
^-4S .-O *
o coin

to!
» '{

«?j

4

fcS

si,-. -1-4 |o.uj
! ' S -1

! • !oz3^ o>;o ;o_«-«

o>-
»-Ul

ioz
h"

s!

o
C3

to

L

- S
E

C
-2 SE

C

-4 C3 p O fO O kj <

r1 °
l| UJ
- in
0 ̂
?»-
1 "-
CJ O
:l UJ
«• in

! -
•H U

N o
-i o

jc *(-.
. • [•3 m tc

* »-i %o »o o IT r- o
o v l n i n i o v a f - c o c o c o
>i- i l II I l l il l

a a to?-

k\i iO(O a kt-
1 l 1

o c c c - C T - t r c p p o i G

• l.
( l u j | f \ icr ;ocoioop<orj

I *~ i I I
"- i ' l ii loinkoio.-43-ecjln

C M L J E M c o ' - ^ c j o v o t r oin
II UJ I • >i • '. or r\i <-< <M .
mo tt a-tr ;

Di r
CC CM -

-4 uj in o >•£
I UJ i • «. •

•• cr in o in 10 ! J» t
3 o • — • ' • • ' •

4 r>i o a-

^yr;
>l CCiCM*4'*-4—4'*-4*-4k-l

0,1 til l ; l l 11

jo cc<c

•1i*

L i ii

<M<7j <j* in r- o \
{ UJ IW' I * |O ^ tO f**) ̂ O U I j^U

l-« UJ ; • • , • » , • •:* »<*
|i a romiocc 'm^oc - -<;«o

"•sr**";0^*!*
^'-4iO3-o*ink*- >Ot*

fcM Oi • .' • « • •!• •.•

bin .rM-irt-4-4^,1 i|i

n cri
f*

f^t ro a* o to in "O so ,o
<y L>i • • • • • »|• •- •
11 u i j o i n ^ o r O v O o i n o f O
zi / j in^or^o or*-'CM 0*0
p> x. ko *<D .*£ sc *<o in in tn .̂

i -C-L^^cjCcoL
!-««-»: ' • *' •

I UJ C* O^ \O fO fO CT1 [^^ Is- ^
£ Ul ^O^ fO J^ CO -O 3* ^ -^ O*
;> x iJ> */o *o iO ^0 into in.^

!

.k
M

K>

h!.<->!
<\iuj:oin;-iOiOoin 1010

i/>
^^i

"icMcO1!

• I i/ii»-i-^or- "-43- P (
> > v O > a i o > c o i o r ^ i - v

i ti i ii j> co ji co c\i %r> o i

>a>»i .
I CM<M

i
o :

b'

D
lA

r«
S

P
A

N
.I

N

-^0*0* OK)

-1 <-!;-< C\J ftj OJOJ <\I1O

\i
i
.
L

-1

1

M
1
E

r-4

I9L

,0
l 1-1

n Ki H h- h- ro
r- in PJ o* *-» ec
D s> o 10 tn in
- r- tc a

•) o i\: rr
n eo r- ^
D (C (T* CVf

o m {n «o

o \o tr cc
^ K> cr •-•
o to c* o
o in in o

r-^U

C CC

O •"!
1C vC

- CO
CO vD
in o>
n ̂

- CO
n co ca in l*- co
M cj cj co irj in
. .p .p. .

vj co K5 r> U co
r> co =r in co ^
D otn -4 in -<

j. i-r- r- r- cr> p> o>j _ « . .. .r. .

"Si ib o o o o o
D o o o c p o
*C _IC3 ODC3OO
1 <
1. t-
u. o
xl K

i^
UL >-
j o

ĝs
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3C in ?o î a- co !-o t- - - - - - - j i ^

I
x> oio -«!>4C

CM »* .̂ - CM tr ^1 \-

J> <OCMO<OCM(-4O:-4
^to inr^cMOfCMOco
o>o^0«o\om>na>!a'

I !
o —i b \o o in

fo IOCMCO ior^
oo- co ro r-

a co m co CM -o
i o co *o t^&

_J tn 110 VM o in "•
i in >=t m (n o«
i n ioo> to t~

o. t-
I Ul

U. _lu, z
Ul M

LL Z
Ul >i

01-
n. ui
oz
O- 11

Ol-i- ui
oz
»- «

O OO> Cft-

M IO:0
oo»^c\ii^>-<|-ir^ia-
I* O IO CM a* ̂  P* O ̂ 3
-4>4|CMCMAICMkMCM^IO
•< in'cM o> !-o co la- -o!^
in -o-o 10 ,co CM»^ a- ri
O* <on a -4O> itj> -0.10

I O 'O O ̂  f
• -*Ko co *-i Sin I*

Si

n <o
S f^£ vo
n ^
J I

CO O (M t>

i Ui in Ui CM ro iori— •
| H-«r« tr ui!z 10

I ^Jfe"
p«rr.

O
"c?

^Z ^ *-l,-̂  CMiCM CM ICM CM JO-•r i i r i
— — '-. «/-, r* eo

257



X
V

II
I(
d
) 

P
er

fo
rm

an
ce

 w
ith

 T
ip

 R
ad

ia
l 
D

is
to

rt
io

n
, 
N

o
m

in
a
l 

S
ta

to
r,

 T
re

at
ed

 C
as

in
g

95
%

 o
f D

es
ig

n 
S

pe
ed

o
lo

r
CJ

VI Ul
i in
3 V.
t-
u.
o

;x
r^̂
M «J
1 Ul

r- in
D V.

^
-I «J
1 UJ
r i/»
o •v
> t-

°-
Vti
• in

'*
P4 U
1 UJ
» I/I

*£

"-
M Ul
1 Ul

t- or
SO CD

Ul
0

-4 Ul
1 Ul
• ar
"S0

Ul
M Ul
1 CC.
a o

Ul
0

Ul
-4 Ul1 ora o

Ul
o

M <J
1 Ul
o \n
•> ^

i-
u.

-4 O
1 Ul
O l/>
> N.

1-
u.

CM U
1 Ul
£ U)

**-t CJ
1 Ul
Z l/>

*£.
-;
CJ1

CM Ull
1 I/) i

*•>

1o!
-1 Ull
I mi
» >vl

fcl

i i
3z

»-•

••*
L
<
•— f
O z

»-*

Z

a.
CO

vi a
•> p-
r in

1 CM

c o
3 IO
r a-

D CO

b-vo
•410

or-
•4 in

OO
3 CM N O
-4 IO tO *4
•> CMF4 1

i CM[OP-
o o ^4 in
» a ,ain
, , f f - ,
V! in JCM CM

0 «

3 P-
1 O
- m

0 CM

O tO

o r~

» K)
o in
H CM

o CM
O t<j
30 CTt
& r--
i i
100

3 a ko to ia r»
3 CO SO CM 13 —1

P n |a to vn a
• • - • • • *
3 cMkoin o> to
*• — i a- CM p ;»
o r-r-to o o

O <O,\OO ff K|

10 oia
M -4 V-4i i ;i
- p- Icoa-
VI 0-4 CM

"— CO iO IO
o ioiioa

o co coo
O IO COO

CM O P-n
in a;aa

O oioO
0 OOO

X> CM OtD

O O OlO
C3 in :OO

3 O JOO

0 CM P-CM

•*- io oin
M a acM
kO tO .tO «£

•O OCO-4
O *D ̂ " O
.n tn in *o

i
O lOleo*-*

n co mo
** co mto
a 0,0 <o

it i*. ia «H

Loo
-4 CM

JS
» Pv
a in

-4 a-
Kl ^

0 C3
0 C3

or-
M3 Kj
a- m
mm

0 O

o CM
O -4
mm
in 9

CMO

0 0
o -*
in u)

10 =«•
• •

CM r̂
CO — 1
P-P.

CMO

O C3 CO — 1 O C5

n inin<o m in

/> 10 ,nco r-co
o in ioco 10 <fc
3 co ;-o o 1-4 CM

-1 —.'-4.H ICMCM

O o tO CM iP- !•>
•M io.ioa irvio-

o a'

10 O

1«

^ 10
- 0
3 0

Mr-
- CM
- o
0 O

t CM

n CM
-4 a
o 10
I i
M r-
•- CM
•- o
0 O
1 1
r in
n ^4_
t a

0 P-

* o
» o
^ o

n r-
n o

T a

o r-
"4 tO

a in
O tO

no
KO

t

M
It

0

M

O

M
O
1

n
f

3
C3

M
O

n

f

x>
•0

*-
o

- 0|CM

°To o'o
0 0-0

Jt O m
>o otn
10 vokn
n inin

OOO

0 O

•O K>
in CM
ion

P- O

a P-
<M 0
aa

o in
p- p-
j> a
sO iO

P-oi
ap-
CM 0::
a -4
•o a
ro o
CM CM

10 n
P- 0
in a

f> *o 'CM 'ji KO o
-t^jCMCMJCM CM

" O O C5 vj.O

in

$
CM

|

•

M
~D

LO

n
3>
0

CO
0
CM

O
iO

in
v4
CM

O
IO

VI
Ot

VI
1
L

4
1

t

VI
1
E

C

L (J
1 •-•
L 1-
1. <
a I-

i/t
3

ts
U 1-

X. f
L. 1-
il O

1-

rvl -<
3 0
LO.

L Ul
1 _J
rt ^4
/> u.

K _l
<

P I-
-1 O

m
i
13
LJ
X
0

U

I.
1
0

CD

35
iJ O
I X|
O I/I

Ol Ul
Ul Ul
ai a:
X. 0
<I Ul
(JO

Ul
Z Ul
cc orl
=> ID
I-UI

°!
j or

Ul
0

x ui
o ui

Ul
o

I/I Ul
u ui
z or

Ul
o

Z

a.

* IO
) CM
3 vO

l» IO
; o
-i <£>
I tO

> O

3 in
VI CO
1* -4
t m

p o
a a
-I co

t CM
VI rt
n t-
j* o

r> fM
i p-

T a
VI -4
|t o
a a

3 m
H •-•

D in

p CO
ViCC
I tO
OP-

b o
3 0
4 in
1 a

1 CM
i r-

tt tO
CO CO

VI CM Jo O
00 R-4
OP-0 CMor- tb \o

DO
t in
o in
nin

f 0
t -4

M O
h o
f m
n a

-4 CM
o in
- a
0 CO

MIO a- o
•HOD to a
•-P- OP-
J* O O CO• • r* »

o in ni o
vo u-<
r-r- w co
OOO CO

oin
mo
rO <O
a a

|̂  —o oKio
in OKI in
r-. OiO O
o opo

C3 CM
t CM
n rf
f in

t 10
in 10
(M >O
3 O

*• ojoiolo -o
^ O <O »O P- O

hH O C3 O Al n
O OlOOpO
• •] • • » •

Lo io!ao U a
10 noior- o
o awcMO 10
o opop -<

.0
CM -11
O O.
CM <M,

•H CM
9 O
O O
O O

v£ O
O O

cs :n
r- <o

^K>
0 0

o p-
o m

0 0
0 CO

L3 O
-4 "H

O *4
C3 O

0 CM

o •a
a vD

/IK)
CO CM
aa

"
coco
OIO
00
OO

P--
OO

* •
01̂ 1

*."
OCO
^tM
f> CVI

::
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APPENDIX H

BLADE ELEMENT AND OVERALL PERFORMANCE
HUB-RADIAL DISTORTION

(FOR TABLE HEADINGS SEE APPENDIX D)

Table XIX Nominal Stator, Solid Casing
Table XX 10° Closed Stator, Solid Casing
Table XXI Nominal Stator, Treated Casing
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APPENDIX I

FLOW DISTRIBUTION AND OVERALL PERFORMANCE
CIRCUMFERENTIAL DISTORTION

Table XXII Rotor Inlet, Nominal Stator, Solid Casing
Table XXIII Rotor Inlet, 10° Closed Stator, Solid Casing
Table XXIV Rotor Inlet, Nominal Stator, Treated Casing
Table XXV Stator Discharge, Nominal Stator, Solid Casing
Table XXVI Stator Discharge, 10° Closed Stator, Solid Casing
Table XXVII Stator Discharge, Nominal Stator, Treated Casing
Table XXVIII Stage Overall Performance
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îl̂.. «. g ^
^ ^ r H S g

§§55'^'
5 -H -p -p
P -P C ^HrH
C a) O (0 1
•H rH £ Q C
> d 0) Q. flj
C 0 M 4»

""Slg ,
. p o o p
01 fc C -tf0) e -H O o
^. > o co^o

X.

i-( CM m-3XA

297



ITXUN.* -*-* UN

UN UN vo i-=»• m cvi
t — f - f — v

%li

tr\o\ ONONON

AJ
65

"iCO o
" fO

i cvi cvi -* to en cvj H ocvicvir- iuNONOJCocoO
< O Q J C v j Q j < H c y Q J O O c M cnoooo^HHcAg>«H
O N O N O S O N O N O x O N O N O N O N ON OX ON ON ON ON ONCO CO ON

UN UN SO CO ON ON UN o I I—O3 H CO UN f— O H O -*
ON ON ON ON ON ON ON _* I C O C O O N O N O N O N O O O O N

tr\ f- O t^-vn ON
~

CO t-O VO J- O VD O\-d-CO
HCO lT\CO_d- O UMT\r--H

PO O VO O ONONrS H ONCO
UNVO UN_* O ONCO CO UN rH
C M C V J C V J C V J < N r H r H r - ( H O J

HHi -H iHHHHH^H

ONvn UNCO CVJ H O VO CVI UN

o c5 c5 c5 o o o o o o

J C p O C V J i r \ t * - V
o cvi H tr\ irv -

virororncvicviI CVI CVI CM CM

HHHr- l r - t rHHHHH

03

U

C3

§

•&

2 ^
<£ §
S a
3 *•

I I
h fta §
<u J300 §
rt *J5

O o
GO O

Q

o

•c
-*-»
CA

Q

- W
J O\V

4'
£

COCO

[ r-i \o <*N ONCO cO O

ON ON ON ON ON ON ONCO COON O x O N O N O N O N O N O N O x O N O N

m ONCO ir\ <n o i>- on m t-
O N O N O N O N O N O N O N O N O x O N

t— CO QJ CVJ O
vo^oa3 t-- 1/\
rHHr-lr-lrH

co^ CO t— -d- CO r-i
C O O O C Q - = r CVIO
C V I C ^ f O C V J C V I C V l C V l i W C V J O J C V I C V J C J C V J r H H C V J

HHHHHrHHHrH iH

J- OXCO^ ONfOCO t—

•S I

o\

&

l^-CO CVI
o\ t^^t-
t/\if\\O

NCVI H
UN ON

ffT

o

UN-* rn cvi i-( O

ON ON ON ON ON ON

ONH C^lTvO

OxONONONOxOxONOOCO ON

-* m\o CU UN t™- ONCO VO OO O iH CM t~- C»-_* AJ -*
-* vp t- ON ONCO n j f O Q J O N o 1 rouNQSvovpC^O^
O N O N O N O N O N O N O O O O N -* | O N O N O N O N O \ O N O O

" O H
»>~
ON

ON t— Ifx-d- O O r-( CO vo vO
f-icy m_d-j- tfNr-coco-j
O N O N O N O N O N O N O N O N O N O N

ON f-1 CO ON UN \O-*VDONQ
"vr t -d-HCn CVJ-*-*CVIO

C V J C V I C V I C M C V J C V J C V J C M C V J• H O J C V I O I O J W O S C U O J O J

CO o

H-HHHHHr^ rHHiH

C—-* O CO UN OX Q CVI CVI t—

CO rHVOvo-* O-* O ONC—

O N O N O N O N O N O X O N O N O N O N

CVJ f-{ H H <H CVJ

i - tMtHMt-t i- tHrHtHTH

O N H C M U N O N O H O C O U N

H H H r H H r H H H H H

H oj cn irvtrivo j1 o rno
b- tr\ n o*.-* O i> in o \o
t— t— C— ^O VD VO t/\u-\lAvO

vo H H O ON ro_* ro H -*

ON ON ON ON Ox ON ON ON ON ON

voco
cyO'l <d & i

M •

UN vo rH O t— UN ONCO ro ro ON£ y 5^£&&&as8&;y
( - H O J C J C V l O J C V I r H H H OJ

U N O r H - * U N O N U N O N - * C ^ U N P n C V l O
ONOxt^H VOt^COvocnOHOr- -*

" ' ""• C V ) C V I C V I C V I C V I C V J O J C V I H C V I

HrHrHrHHHHrHHH

1 • t̂' UN t~" ON i-H CO ^*^ ONC
^0 9 "^ " osfiJ iC'itN O> O O ON ["— CO CO CO
O H f - H O O O O O

coj-j-.dt roo-*
-* iH OCOCOvoOJ

lCV ICV IOJHH i - ( (M

'd-G2.wcSLfc:tl~t~' 9^rH CO J- CO CO vO V£> O

HHHHHiHHH

- ir\ O ONCO O^1- \Q t*- i
ITN(*SH t— cu t— H ONI/NO^
CO CO CO r^t— VOVOUMTNt—

ONt^ t- UN ONVO

ON ON ON Ox O\ ON Ov

ONONONrHO-CO H OVOJ"
f- ON O rn-* vp ON o ON-*
COCO O N O N O N O N O X O ONON

CO UN ON OJ t
QH o ONL
fo Cn ro cvi C
r4 H H H H r

s^ill^

i-t o <u I/N <no J- o
n •? 9 ^>?

.-o a

298

X)
03

•a

o.
5

NOO O lT\OUN
m ir\ O-CQ ON ON

o S -H o ont» r -• --



.s
"cfl
cd o

CJ ^

S 5

m ®

s ^
+1 n
cd

.S *

0

*- «C Q)
O to
•^ ^
tn Q*
O ^5

•t->

S

fe
re

n
tia

l

ta
ti
o
n

 1
3

6 m

^ a| -8
U7, g

a |
S s
o
in

S
O
nj

55
-*-»

O

3
£>
•c
H-»
f/1

S
0

tu

S
H

f

%| tf
•HI

S

$
•
1
£
cC

*lt- 1

3 *"*

^
o

•
• i
TH M

P.

i

4

C
ir
c
u
m

fe
re

n
ti
a
l

p
o
s
it
io

n
%

 
S

p
a
n

 
T

I vo UNCO on cvi UN UN ON o co
C V J H O N t - - C V j O - * r H r H m
VO VO UN UN UN UN *̂ -* -* UN

U N C V J C M H H O N O O N C V J C O

ONONONONONONONONONON

\o rH oo UN rH ON oo t— on on
-* vo vo -* rH ONO ONCO OJ
C V J O J O J C V J C V J r H O J r H H O J

r - j O C O r H O O J V O t 1 — UNrH

-* ON O VO ON-* £•— oncO CO
O4 oj tH co c— ONVO on ONCO
UN UN UN-* -* -* -3" -*• OO^f

ONO-VOVO t—VO VO CVJVO OO

ONONONONONONCOCO ONON

rH ON-* vO^* OO O \g) ON.*-

° . S ° . ̂  S 9 . -. "ON

CO OO O O -* VQ ON OJ rHVO

H 1-— ONCO ON ON OO O CVI UN
-d1-* UNvO ONCVI t^-d- CVICO

CO onOO -* OO rH O rH rH UN

ON ON ONCO CO ON ON ON ON ON

on UN VQ co ON c-"-* co co oo
oj cy QJ on oo on t— co t^-* o
O O O O O O O O O O -d-

ON UN OO OJ UNVOCVI UNOON
ONO I-H on UN f- f- vo -* -*•
r H O J C U O J C V l O J C V I O J C V J C V I

IHIIH5II

COCVl t— -d1 Q U\ O
UN r- CO rH O -d- i -d- i i
UNUNUNvOVQUN -d"

UNH f~-H t— H O 00

ON ON ONCO co ON ONCO

^ Q CM ON t— H Ovo
O O O rH OO-* vo t*- el
O O O O O O O O i I -*

OJ OA H CVI CVI CO vo
COCO O -* UN H CO
•H rH CVJ CVJ OJ CVI l H l I

H H H H H Hi H

ONCO CVJ OJ UN ONCO H VO OO

CD CO ON O O ON O OOH O

P Pi
3 -H
.C P

rH rH OO UN t— CO ON ON ^

S OJ UN ON UN O vo oo ir»-d-
VQ UN. OJ ONCO OO rH VQ O

VO VO VO VO UN UN UN UN-* VO

ONONCO t— UN ON O -* c— vo
OOrHrHHOrHrHO-d 1 rH
ONONONONONONONONONON

-d1 ON UN.*/ Q5 rH <H O CO ON
f~-co ON o o (H -* UN-* o o
ON ON ON O O O O O O O -d/

CO OCVI rHONOOOHvOVO
-d- UN UN-* rH rH rH UN t— OJ
C V I O J O J O J O J O J O J C V I r H O J

O -d- rHh-vOOJC— ONOJJ-
QJ VQ UN rH UN UNCO H rH Q
OS CO CO CO t

1
"- C~ I" — CO CO CO

O O O O O O O O O O

ON CVI UN VO VO t— f-
l CU CVI O C^ 00 M l O I

S- t— t— VO VO VO UN

ONCO O- C— ON-* rH CO

ON ON ONONCO ONONON

O OJVOOOUNONOJ-*CO-*
CO VO t— ON O O H OO_* Q 0

C V I O N O N O N O O O O O O -*

UN cy -* O t^ vo cn oj
rH CO ON O CO UN-* O
r H c u c v j o n o J O J O J icv i i
OJrHrHrHrHrHrH rH

CO -* ON rH f— CO ON H VD vo
cy^t ON ONVO o ON UNCO UN
o o o o o o o o o o
C V J r H r H r H H r H H H H r H

CO CO OJ O CO O t"~- CO ON-*
-* cocvi OVOUNOCO onc--
VO VO VO VO UN UN UN-* -* U\

UNH OvOUNUNt*-UNUNU>

J " r H C V l r H O r H O O - * r H

ONONONONONONONONONON

CO rHONvOOJCOOJ HOH

C V J C V I C V J C V I C V J C V I C V J C V J r H O J

roco co UN t— ON oo onco f—

§ t̂ rH CO CO rH VO ONCO I>-
cocp c— c^- tr f— t— C-- t*-
o o o o o o o o o

.* OvocnvoOrHUNONiH
CO t*- UN-* O ON CO O VO rH
vovovovovo UNUNUN^VO

H O O O O O O O C V I O
ONONONONONONONONONON

O UNUNONVO-* CVI-* COU\

O ONQ oo H UN-* ON-* cvi
vo C*-cO t— UN on oo *H ON UN.
O J C v l O J O J O J O J C V l C U H C v l

UNCv lVOUNOUNOQCVJVO
^ rH CO VO OJ rH UNCO ON UN
CO CO C*~ t1^ t~ C^* t*— t̂ - t*— t1—
o o o o o o o o o o

p Pi
3 -H
A p
*~* x_-«

IfNOUNO OOUNOUNQi
rH H onuNt— co ONONS

UNCO UNCO VO UN-* rH CVI VO
cvi vo vo oo vo co c*~-* cvi r--
C~ t~ t*- t*- VO VO ̂ N UN UN VO

t— UNVOVOUNCOCOCOCO UN

ON ONCO CO CO ON ON ON ON ON

CO HOJ OON-d- OO t— VO UN

ON ON ON o o o o O o o
rH rH H H H rH H

t̂  onvo VQ ON ON on.* c -̂ cy
UN O CVI 00 t̂ - UN UN -d- H CO
cvicorornoj cvicv icv icv icv i

ON O O ONOO OO ON ON ON ON
O r H r H O O O O O O O

CO CVI ON CO CO QJ OJ vo onvo
t— (H ON t̂ ONCO t̂ rH CO rH
VO t— VO VO UNUNUNUN-d-VO

v O r H O N O O O J HONOrH
ONONCO ONONONONCO ONON

I UN t— ON Q H Q oo^* .d- O
O N O N O N O O O O O O O

•H t^CO UN OJ O O O CO OO
O J O J O J C V I O J O J C V I C V 1 H O J

rH UN »H CO t~— O VO rH on ON

O O O ONCO t^-'CO ON ONCO
H r H r H O O O O O O O

UNrH^* H rH^ ONCnh-CO
ONCO VO 00 ONCO CO H h- O
VD VO VO VO UN UN UN UN-* VO

UNOONO ONb-OJ t— VOt^

C O O J r H O J O r H r H O O n r H
ONONONONONONONONONON

CO .* rH OJ CO CO VQ UN t̂" VO

H rH rH H rH rH rH

rH co on ON UN o ON rH co UN
UNUNUNOnrH rH OOC^-CJ
O J O J C V J W O J W O J C V I r H C V I

ONO HVOCVjCO ON|>-ONON

HrHHrHrHHHrHHrH

-* t— CO CO CU O rH ON O C—

OOJ cnooooonvoo UNON
C V J r H r H r H O r H O N O O n O
ON ON ON- ON ON ONCO ON ON ON

rH rH rH rH H rH

OOvO H N--* t^- ON-* CVJ CO
OO OCOvOUNUN-* H t —
oocorocv icv jcv iOJOJCvicv i
HHHHrHrHrHHrHr- l

P Pi

1. 5.
UNOUNO O OUXOUNCC

H rH OOUNf-CO ON ON 2

(0

§
iH

1 "
i 5?

,«M
vO P O

UN -H Q

eB
O'O 01

a S §

P* 3 -H
P CO

OJ co O )

W o.!? on TJ a H o
(U CU 1 "-̂

O 01 h o OO

<l> X.

l)
 

T
e
s
t 

e
n
v
ir
o
n
m

e
n
t

2
) 

V
m

 
c
a
lc

u
la

ti
o
n
 
i

3
) 

C
ir
c
u
m

fe
re

n
ti
a
l

h
) 

S
c
re

e
n
 
p
o
s
it
io

n
:

5
)/̂

1
3
 
«
 
ta

n
'1
 

(
ta

n

299



I tfNlfMfN ON C— CO h-CO
I I t""CO t~ -* ON ON IfN ON
I lf\lf\lf\ lfN_* -* -* CO

_* -tf ON-rt CO W ^
<\J rHONrH-^ en
SO VO ITMTN U\ UN-

00

1 g
U <
•a 5
'JS m
O "^
{/) to

w a
-2 °
55 (̂

.S *
0
Z, «
c &
O ra

'•J3 «
S *
H-»
^C/D

3 S
c 8
CD iH<s sB :
1 1
^ sI-H ^o s

n

W) i
rt o

•Son

Q
u.
O
ca

4-»

-t^
CO

0

1
a
0

bu

E
ji

^

^ 73

^
o

n
i
en

^
^ >

0

t<

•̂

i

i
-B
S

^ S
£

i

:u
m

fe
re

n
tia

l
ti
o
n

>a
n 

T

C O v O t - V O W ^ V O H

ON ONCO co ON ONCO ON

O O ONrH l/NVOONVO
IfN IfN IfN f- C— t— OrH o

l O O O O O O r H r H 1 -*

.* en ifN ONCO ONCO o*>
ITNSO NO l>fN OJ OJ en r-i

l O J O J O J O J O J O J C J O J i

f _*co o) t^o
s?;'g

e— r^ t— vp r— t— cpQ O O O O O O i

ifN oj vo e\i »H ON ON o m vovp co f— en,* u-\ CM ON -* -*_*_*_* ^* _*-*-* en en_*

ONONONONONONCOCO ONON

rH VD en O C— t— -* t*--* t—
UMfNVp t— C--t— OHOJt* - e
O O O O O O H r H i - H O -*

CO ON O CO ON O HOONON
H r H O J H H O J O J O J H r H

O OJ -* CO IfN ON t̂ en H ON
ONvD en vO VO CO CO rH rH <—if~ ^~ c*- \J2 t^-cp ON o o co
O O O O O O O r H r H O

3" en.* IfNlfNlfNlfNLfNlfNlfN

CO ONONOJ H-*coco ONVO

rH rH

vO co vo vD iH oj en ON en ON

B ifNCO vo vo en enco vo O
f— t*- <*» vo ON ONCO t*- VD

O J r H r H O J O J O J O l O J O J O J

I o ON OJ vp t— t— en t— ON en
H ON rH ON en en en j- vo -=f

rH ON ^"^cO vrs vo en oj vp OJ
_* en en ir\ ifN U~N 3r -* en LTN

ITVOCO OCO IfN CO OJVO rH

O o ONCO co co ONCO co ON

I envo vo o t^- t*— vo vp U"N O

""J *~2 . "en

H H r H O J O J O J O J O J O J O J

HrHrHi-HrHrHrHrHrHrH

|

UN\O o\ t— ifN ON ON en_* o
•rat fij enoNt— vpt/NO ON cy
c p c p c p g N O O Q r H O O
O O O O r H r H r H r H r H i - H

r° P.
2 -H

rH ITNCO \O VO H IfN -* ON^*

CJN ON ON ON ON ON ONCO ON ON

H r H r H r H H H r H H H H rn

ON o co ON-* -* ITN ON H t—
cnir\-* eneM rHH O ONOI
O J O J O J O J O J O J O J O J r H O J

O O O O O O O O O O

rHHrHrHHHrHrHHH

ONC^rHvQrH O ONenoivO
vo uMTNcnO ONenrHeSp O
vo vO NO vO NO ifN i/N i/S j~ vD

vo IfN CO t~— ̂ o VO vo v0 t̂ - ON

O J r H O O O O O O H O
ON ON ON ON ON ON ON ON ON ON

co m iH J~ ifN ON en ifN ON en
o cy cy en_* enco cp f^^ o
O O O O O O O O O O - *

OO (X) CJNCOvD IfNvO-* OJVO
O J O J O J O J O J O J O 1 O J O J O J

O ° CySP.*-0-* ^-oSenvD^3 OJ O cO UN en o oj vp co

o o o o o o o o o o

en ir\ t^co o oj oj oj -* oxco r—vo-* enrH f--* CJNOJ
IfN U"X IfN I/N IfN IfN-* _* en ITN

VD ONM ONE*--* HCO-*-*

ONONONONCTNONONCO ONON

OCQOJ tj\OJ-*OJ enco en
8g'^-3c9c5Sc?S'& ^

OJC— V O f H O J O J t ^ r H r H O JOj en en en OJ rH (H rH ON oj
O J O J O J O J O J O J O J O J r H O J

Q \O OJ CO -* VQ l/NCO CO CO
CO f*l rH CO VD VO rH tfN^ ONcp cp cp c*~ t — f'—cp cp cp £•—
O O O O O O O O O O

IT\-* VO t*- rH O t— rH _* rHenerirH ocO h-H ONVOCO
VD VO VD VO lAtfN IfN-* ,* IfN

ONO>ONONONONONONONON

vo H enco ̂ t O O vp oj en
rHcn-*^u\ir\CIvC>.<>kir\ o
0 0 0 0 0 0 0 0 0 0 -*

O J O J O J O J O J O J O J O J O J O J

rHrHHrHrHrHHHrHrH

co co co en _* o vp O en o
oj o^ t"~ vo •* en ON cy ifN t—
o o O o o o o o c5 o
• -HrHrHrHrHrHrHrHrHrH

1 I

O\ r*- UN.* ONCO CO O O en

t— m o cp cp 3^3>3^o\ o
ON ON ONCO co co co co co ON

co QJ fr)^Q ••* ^ fiJ u^ QJ -*

t-^oj ONOJVO encocO-*vp
^ocoo^u^r^^-l^NlfNJ• ON
O J C v i o j e n r n o J O J O J O J o j

o oj rnrnOfOOOO-*vpoSO I-HVO-* t*-ojcooN
ONONOOgNQNOrHrHON
O O r H H O O H r H H O

cy HvoONONOJ-* ifNOJ ON
O en_a- OJ C*--* OCOvot—

O\Ot*~HvOCMCO ifNHCO

O ON C?N ON ON ON ONCO ON ON

§ ON O en _* _* VD co CO en
CTNO 00 00 SO 0

O -* CO ON-* cu o^ o O coOJ OJ -* f--* OJ rH OJ H en
O J O J O J O J O J O J O J O J O J O J

OJ h--* t^vDCNONOJ "^flJ

H r H r H H O O H H H O

H OJ f") O vD ONIA-*OJ-*enoNCO i OJ ON-* i
VO VO V0 IfNlfN IfN -* ^t

OVO-*OON vo envo
f -OJrHHO i Q J H C p i
ON ON ON ON ON ON ONCO

co h— o ON en ifNt— «-H
ON o cy en_* .* IACO
O N O O O O l O O O I

iH rH rH H H rH H

t— O J O O O OJOJON
OJlfNVOlfNf*^ rHOON
O J O J O J O J O J I O J O J H i

O vp en CTX u"\ rH en f—
ONCOvpcpr- encnHON ON c^cp ON cp ON ONO O O O r H l O O O I

-*t~-OOr-»rHrHlfNOJ H
H CO C— -* H O -* OJ ON OJ
^— vo vO vo vO vO ifN ir\ JT vD

-* CO t— t̂ - t— CO H ON IfN OJ

ON ON ON ON ON ON ONCO CO ON

ONONVO-* enovooj O o
ON o o o "o "o o o o "o

OJ OJ IfNCO IfNOJ t-rHVOCO
rHfHOCO t~~ VO IfN IfN OJ t^-enencno jOJOJOJOJOJOJ

OJ t^lfN^VO f-JLfNO^F OJ
gScp cp cp f— r~ cp ON ONCp
O O O O O O O O O O

"§ <*

I
•H

u

1«
5 M

o i 3
<D rH H
H a

" rt^
O<o CO

a 01 oVi -3 T<

-* o
8 g ^

O J-o T? a H
(U <U 1

Oai f-,0
P4 aj <l> UN.

^> V( IfN

.. m fi

T
e

s
t 

e
n
vi

ro
n
m

e
n
t

V
m
 
c
a
lc

u
la

ti
o
n
 i

C
ir
c
u
m

fe
re

n
ti
a
l

S
cr

e
e
n
 
p
o
s
it
io

n
:

r-1
o

>,

1

n
en
rH

ifNt— co o\o\S
NOUNO O OlAO lf\K

M H 0^ IT* t^CO ON ON S
_x

300



I 04 VO vo H -* -* vo QJ
I C?iAojr-or-rHco OJrHvO t-HHvOOJfQt^o"*

OJJ- HCO HO rHCO lAjrn
ON ON ONCO CO cO t— vovoco

GO

'«
CO ,,

<-J s

1 I
* lA

O *"*
H-J D
-4_>

cfl IQ.

-S *
0

C o
.2 &

1 "
Q

'̂  H

§ §

£ "
a »
1 *o £

VH §

<2 3

r-i O
0

S
o
-a

"S
o

'•£3
3

£

Q

0

Pu

>

1

<?
Ov

£

£

£

£

^1 %" 0.

b

*

5 ^J-* pT

<
s-

r?

i
£.

i.
PU

C
ir
c
u
m

fe
re

n
ti
a
l

P
o
s
it
io

n

$
 
S

p
a
n
 

T
}

CO ONCOCOl— VOl--t— rH I—

_* lACorocoojcoco H ro
rH C— O rH rH rH CO ,* -* O o
O N O N O O O O O O O O ,*

SOJ CO ONOJiArojh t— CO
<\l O4, GO rO O ONCO VQ -*

OJ CO CO OJ OJ OJ rH rH rH OJ

CO CO ON ON VQ rH t1— rH -* *O

O ON ONCO t — co ON ON ONCO
r H O O O O O O O O O

IA-* IA O lA O CO CO t"— O
vo vo -* OJ O O vO ro O rH

.t"-CO-* C*- OJ lAVO vO lA_d-

j - O H r H O r H O O O J r H

-* IA-* f̂ ro f1— rH OJ i— 1 OJ
-* VO D~-CO ON ON CO.* -* ON o
ONONONONONONOOOCTN ,*

rH rH rH H

I O ONCO CO O H OJ OJ OJ O

t— OJ t— vO VO ONCO C*- ro OJ

-*OJ. O O O O O O O J r H

t— CO i-HOJCO rH-*OJ OJQ
oj ro UNCO t^vn ro.̂  roco o
ONONONONONONOOOON j-

rH rH H H

ro ro \o -* ro ro ro ON cy ̂ ~
OJ IA\S CO ON OJ -* rO O ON
OJOJOJOJOJ fO fO fo rooJ

ro H \O OJ ro co t---* CO- ON
ON O O H OJ ro-* .* _* OJ
O r H H r H r H H r H H r H r H

_* CO t^fOOJ rorot^oJCO

ON ON ON ON ON ON ON ON ON ON

OQrHrOf-C— t— O QJ OJ VO o
OOONONONONONOOOON -*

rH H rH H

HvpOJVOQJ O HvOHrO
O -* C1" rH CO t"- t*- vO -* r~
O J O J O J r o O J O J O J O J O J O J

-* OJ Qj IA t*~-2f O ^r ro c^-

*-s ^x
rO Pi
3 -H

t A O l A O O O lAOlA^
rH rH rO IA t— CO ON ON rf.

ONONIAIAIAO rH-* IA-*

ONONONONONONONONONON

lA lAVO UN.* IA f^CO CO IA e I
ONONONONONONONONONON _*[

roj- f-vOiAOOJ «-H_* IA
rorororooj OJOJOJ HOJ

O N O O N O O H O J f-niAt^
O lA OJ IA r— \T) IA ONCO OJ
OJ H H OONONONONONO
r H H H r H O O O O O r H

CO ONONCO f-VO lAlALAf-

ONONONONONONONONONON

I IA ON rH OJ -* lA ON rH O tO o 1
co co ON ON ON ON ON o O ON _* 1

rH rH fo|

VOONONt--rHOUNlArHO.I
rorororororooj OJ OJ fo

.ro ON t"— O rH ro cy IA ONCO
H O O OONONONONONON
H H H r H O O O O O O

CO-* t^-O CO_* rHOJ ON-4

ONONONONONONONONONON

ro j- vooJ rOpJvpOJ t— O
roiA\jr)C^\.r>f~ONrHOh- o I
ONONONONONONONOOON .*!

rH rH OJ|

VO rH O OJ lA ON O lA J- rO
co H rHoSiArorooJ ONVO
O J r o r O o J O J O J O J O J r H O J
rHrHrHHrHHrHr- i rHH

ro vQCO -* O ro IA t~— C~~ ON

t1^ ro O ON_* t*- C*--* ONCO
i t^- rovo C-- ONCO oj rn I-H t— 0 1

COONONONONONOOOON -*|
H rH rH OJ|

IA ON-* O -* O IA rH t— O

co ro ro'ro OJ OJ OJ OJ OJ ro

§ rHCOCO ONONOvnO t—
rO o -* ~t QJ C^ O rH rH
O O ONCO co CD ON ON ON

r H r H r H O O O O O O O

rH rH rH rH H rH rH - H rH H

1 ?

lAOlAOO OlAO IAK
H rH roiAt— CO ONONE

rOOJOJ OJ rHCOf-tAlAt—

ONONONONONONONONONON

rH H H

ON <OCO ON rH CO CO -* ^~ ON
OJ ON O ON-* COO O 1A-*
ro co.* ro ro ro ro ro oj <o

•zf VJD O CO rH ^D OJ ON f*~CO
\O o CO roco ON fo^o O co
H H r H H O O H r H H r H

vo r-co vo H vo H ON oj t—
rH^t H f-lArOONVOOJ IA
CO CO CO t— t— C— vo VO VO r-

OJ VO rOQO lAVO O OJ ON rH

ONONONONONONONONONON

roo-*-*oj ONrHOj'tr^t^
O OJ -* IA-* _* t^OO CO -*
ON ON ON ON ON ON ON ON ON ON

roo rH rorot— rHroONfO
CO -* -* rH t̂ - VO IA-* O CO
OJ ro ro rooJOJOJOJOJOJ
rHiHrHHrHrHHrHHrH

oj cO OJ OJ rovo -* °riljQ.-;:1"
OJ rOOJ rHONONCNOOO
r H H H r H O O O r H r H r H

O ONCO ro OJ ro.* ON h- rH
H O ONt*-lArOCOUNOJ lA

h- H-* OJvOvo-*vOvoro

r O r O O J O J r H O J O j O O O J
ONONONONONONONONONON

CO H ON lA O IA J- ON ON O
CO.* -* IAJ- -* VD t*- t̂ ~ IA
ONONONCNONONONONONON

^J-ONOOJOJCOC*- rHrOrH

rororofooj o7c?OJ OJ OJ

H QOJ IAOJ ONONO\ ro_*
C^-OvOvDvO^PVO H H-*
OJOJ HOONQNa>O OO
. H H r H H O O O H r H r H

O CO f— VO-* ONH fOrOON
J-OJOvpO f^CO-* H rH

ON ON ON ONCO t— \O vO vO CO

ON ON ON ON ON ON ON ON ON o\

ON QN-* H ON-* ON H C^-*
VD CD O OJ CO _* CO H O ro
COCO ONONONONONO O ON

H rH

CO CO t*- H O ONVO CO C— ON
ONO OCOroOvOlAOJ CO
ro_* _*^ororooj OJ OJ ro
. - {HrHrHrHrHHrHHH

ONCO rO ON £—CQ OJ ONvO -*
t— rO H CO LA-* IA f- H rH

r H r 4 r H r H O O O O r H r H

Hi- l rHHrHrHHrHHrH

*^v *"^

1 1
IAOIAO O OtAOlAp:

rH rH CO IA C-CO ON ON S

CO§
•H
•P
-H

0

1 °
CJ M
H a

K P)^
J- -P 0
CO rH rH

OJ H

11 CB ^
0*0 CQ

Pi CO **H

ON W O
IA P( 1~|

0-* 0n Tf a H o
(U CU 1 ""-̂

O tn P o ro
P4 OJ 01 IA rH

^'S^V

1
) 

T
e
s
t 

e
n
v
ir
o
n
m

e
n
t

2
) 

V
m

 
c
a
lc

u
la

ti
o
n
 
i

3
) 

C
ir
c
u
m

fe
re

n
ti
a
l

M
 

S
c
re

e
n
 
p
o
s
it
io

n
:

5
 ̂

1
3
 =

 
ta

n
"
1

 
fa

a

301



^H H C-ONf-OJ
\£) irxO-.VD l/NCO

- - t*-t— t—vo^^O t
cOfOHOJCOHOJ H O C O
SJD^fJfiJ'OOJVO COHvO
CO CO CO CO t^f - -vDVOvOt—

Fa
bl

e 
X

X
V

 
F

lo
w

 D
is

tr
ib

u
tio

n
 a

t 
S

ta
to

r 
D

is
ch

ar
ge

 f
or

 C
irc

um
fe

re
nt

ia
l D

is
to

rt
io

n
, 
N

om
in

al
 S

ta
to

r,
 S

ol
id

 C
as

in
g

C
o
n
b
ln

a
ti
o
n

 
P

ro
b
e
 
S

ta
ti
o
n

 
1
3
 9

<
$

 
S

p
e
e
d
 

W
 
H

o
/?

 
•»

 
1
5

.̂6
7
 I
b
/s

e
c

£

£

0?

o

t

r*\

O

&.

£

£ 1

?

-€

eT1

$
-A
•H

3

S g
laa
O "H Pi
h to w
•H O
O &*>fr

ON CO UN UN-* -̂  -*• LA-* CO

ONONONONONONONONONON

CO UN O Q CO O [J-* CO\O

O O O O O O r H H r H O J-

t̂  r-j UN ON -* vrj -* rH O £•—
O COCOr-IC— LfNVOVO-*CO
cocorocooJojOJOJ OJ OJ

ONONHCOCOCO UNCyvpCO

rH O O O O Cj O O O O

. fOUNUNOJOt— COt^COO
UN \O-4- H rH OJ O t— COCO

OJ VO-* rH UNOJ COHCO rH

V O O O rH O H ON ON CO ,-t

ON ON ON ON ON ONCO CO ON ON

O O r H O J rH CO OJCO (OH

COir\VpVpt*-t*-OHOJt— 0
O O O O O O r H r H r H O - *

rH rH rH O VO CO CO,* -* CO
rH -* -* OJ OJ COUNUNCOCO
O J O J O J O J O J O J O J O J O J O J

r H H H H r H H r H r H H r H

§ VO O fO ON-* VO H rH -d*
ON ONCO ON rH OJ co co O

r H O O O O H r H r H i H r H

COONOvOVpCOvOrHCA) ON
VO CO ITN H -3- CO OJ O ON OJ
UNUNUNVOVOVOVOVO UN VO

ONONUNOONOOOO rH
ON ON ON ONCO ON ON ON ON ON

H UN t̂ - rH VO ON CO_* ON OJ
lAUNUNvpvpuNHOJOr-- «
O O O O O O H H r H O J-

-& fOJ" ON OJ -? UN-̂ " OJ *"dOJ OJ OJ OJ cocororocOco

o -* UN oJ OJ LA roco -5 o-
OJOJ COUNrH H^tVOO O
St̂  ff* QN O OJ COj* -5 UN OJ

vO H -* rH t** CO O ONCO O
J?-* UN C— t^ OJ vO OJ OOJ

S ON-* CO ON H CO H ON rH
ON ONCO CO ON ON ONCO ON

H

HUNCOOrHOJOJ HONOJ
j- nj OJ CO vp CO $> H H vO o
O O O O O O O H r H O J:

3 -H
ft -P

UNOUNO OOtAOUNf t i
r~t rH CO UN t*— CO ON ON it*»

f -vOOJCVlvOONH^^C^

ONONONONONONONONONON

CO UN_* ON** UNCO ON-* J"

OJ COUNH ON-*-*VO-*^t
H H H O f^-VOVOU~\OJCO
cncOfocoojoj OJOJ oJoj

lAP^-t^t— OJ OJCO t— t^CO
t̂ - ON t- CO C--*- CO OJ rH H
H O O O O N O N Q N O O O
f - H r H H H ^ O O O r H H H

OJ SS \O CO f — VO rH CO VO O
CO C*- t̂ ~ Is— VO VO VO UN IA C -̂

-*QOO QJ-3'-*COCpVpCO
O N O N O O O O O O O O

CO -*" H O ^D H OJ H ON OJ
UN C4— CO t̂ - CO OJ OJ O UN-*

COOJf~CO O UNvOrHC^UN

-* O<-H HIAVO-*-* COf-

ON ON ON ON ON ON ON ON ON ON

VO UNVOVO HCO CO t— -* CO
co H OJ co^j- ro t^co co ro
O N O O O O O O O O O

C*- O CO CO LfN OJ ^f O O _*

O J C O C O O J O J O J O J O J O J O J

co o t— co rH cn ro co f- co
OJ CO CO ON LfN OJ CO rH O ON
H O O O N O N O S O N O O ON
H H H O O O O H H O

O ONCO LA H CO OJ OJ CO OJ
^— co O co LTNcncovo rovo
t^ t— t^VO VO VO LAUNUNVO

CO H O O ONCO CO CO OJ H

ONONONONONONONONONON

H UNH HVOlACnoj LACO
C^-H^ UNIT*-* ONCJNCO-*
O N O O O O O O O O O )

HHHrHrHrHrHrHrH

OJCO ONONCO-*vp O ONOJ
co ir\ UN.* oj ON O ON UN OJ
CO.CO COCOCOOJ COQ4 OJCO

COCO COJ- ONvOVO f*~ ̂ ) -*
UNt-HCO UN ON t— UN fr— ON-*
O O ON ONCO CO ON ON O\ ON
H H O O O O O O O O

HHHrHHHHrHHrH

2 *H
^3 +^

UNOUNOOOlAOUNK
H H COUNC^CO ON ON S

1

^
rn

cy

'*
04

H H OJ O ONCO C— VO C— H

ON ON ON ONCO ON ON ON ON ON

-* VO CO LT\ C -̂ CO UN J- CO O

ON CO Vrt CO LTN VO O CO O OJ
OJ t- O CO t— .* UN-* H t1^
ro coj- -* cn cn ro co ro to

OJCO ON t— UN COCO -* ONlTv
coco o (OH t— vo Hvo c-~
O J O J C O O J H O r H O J O J i H

C— C*-t— t— vovOvD UNUNvO

J- CO_* CO CO O H rH rH O

ONONONONONONONONONON

ON o \^ vo co oJ LA OJ -* o
UNC^ONOJ f\j oj UN ^ r-- oj
O N O N O N O O O O O O O

LA O CO COCO VO t — E*— IACO
OJCOtOfOCOOJCM OiOlOJ

H r H r H H H r H H r H r H r H

COHOJ OvprHpNvOUNro
O J C O C O O J O O O H r H H

VQ O ON QNCO OJ Q OJ CO t*-

C^- t— C*- vo vo vo vO UNI/NVO

OJ VO rH OJ COCO H VO H O

ONONONONONONONONONON

CO_* U5 COCO VO O UN OJ C -̂

m coco M ON j- CO oj cn UN
O O J r H O t— >o vO vo cnco
cocncocooJo jOJOJOJOJ

CO OJ COCO COUNVQ COCO-*
UN rH VO VQ O UN CO ONCQ Vp
C V J O J r H O O O N O O O O
r H H H r H H O r H H H r H

H r H H r H H H H r H H H

CO CO CO C*" VD VO VO VO UN t*—

O ON ON ONCO CO t — t— VO CO

ONONONONONONONONONON

VO ON ON OJ t*- CO rH H .*• VO

lALArHOJ-*VOOJCp t— rH
ON ON ON r--* oj OJ O vo UN
coonrncofocncocooi cn

28«Sgp§SI

I 1
i^oirxoooi^oir^p;

«~(^rOif\t^<jDO\o\5% 1
 

T
e
s
t 

e
n
v
lr
o
m

n
e
n
t 
: 

P
o
 
o

 
1
9
7
7
 
p
s
fa

, 
T

0
 =

 
5
2
6
. 
U

'R
2
 

V
n
 
c
a
lc

u
la

ti
o
n

 
is

 
b
a
s
e
d
 
o
n

 
s
ta

n
d
a
rd

-d
a
y
 
in

le
t-
p
le

n
u
m

 c
o
n
d
it
io

n
s

3
 

C
ir
c
u
n
fe

re
n
ti
a
l 

re
fe

re
n
c
e
 
p
o
s
it
io

n
 
is

 
T

E
C

 
lo

o
k
in

g
 

a
ft

>*
) 

S
c
re

e
n
 
p
o
s
it
io

n
: 

5
5
° 

-1
4
5
" _

,

302



_G

O o
V

"0 o
00 cy

~ m

O H

S
™ In.
13 1-̂

1

tJ

'•£2

O o",£j ON
CO

Q

1 §

"c ^

o £
lH 0

u £

« i
2? |
j2 5
o

Q

o

+-»
C/3

_o

,0
•d
M

S
£

X
X

1

E

i

o ""*«

.£

i
n

£

rH

. <

O

o

p~.

£

Oo\

3 "^

i
oC"1

<
a

3

I

eT1

f\

C
 i
 r

 c
u
n
f 
e
r
e
n
ti
a
l

P
o
s
it
io

n

%
 

S
p
a
n

 
T
l

-*-*»OON,-IO\pJ HlTiO

_____

aaaaaaaass
O t*— CO .* -rt" H t~~ ON C\J O\
ON*^ oo O in H ON H -* ou
Q> S^ £t̂  ̂  *•!? ON ON o o ON
O O O O O O O H H O

ON t̂ H O O H ONCO -* H
ON ON ON ON ON ONCO CO ON ON

oo cy OJ o t— vo vo oo ONCO
CO co ON O O o on m m O
O O O H H H H H H H

H H OO O in t— -* VO O CO
OJ on j- oo j- in f— t— U~N-*

glllifgsgi
H H H H H H H H H H

t"— O ON O O vp vp ON ON £—

inininonooooooo
O O O ON ON ON ON ON ON ON
H H H

oo^f oovn oo O vo -* H ON
-4- O ONCO -* t— 1 — t— in oj

-* -* vo on o in OJ Of— ON
CD in in co ON O inco O ON

O O .O O H H H H H H

in H -^t O oo H on H -3" t~-
o) on O oo oo o on o [• — in
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TABLE XXVI11

STAGE OVERALL PERFORMANCE FOR INLET CIRCUMFERTIAL DISTORTION

WV0/5

Configuration % Speed (Ib/sec) P13/P4 T? T13/T4

Solid Casing
- Nominal Stator

80
80
80
90
90
90
95
95
95

11*7.88
137.95
128.53
165.67
151*. 67
ll*3.2
173.11
161.23
11*8.59

1.2870
1.291*0
1.291*5
1. 3690
1.3820
1.3820
1.1*113
1.1*300
1.1*280

90.5
89.9
86.7
89.3
88.6
85.7
88.1*
88.1
8l*.7

1.0827
1.0852
1.0881*
1.1052
1.1095
1.1131
1.1172
1.1222
1.1265

Solid Casing 95 l6l.!5 1.3976 82.1 1.1221*
- Stator 10° Closed 95 15 .̂ ll* 1.1*310 86.2 1.1252

95 ii*3.n 1.1*1*00 85.9 1.1279

Casing Treatment
- Nominal Stator

80
80
90
95
95
95

ll*7.67
116.09
132.61
172.53
155.66
ll*3.2l*

1.281*0
1.2886
1.3761*
1.1*058
1.1*272
1.1*232

89.5
80.7
80.8
85.7
85.6
82.5

1.0828
1.0933
1.1181*
1.1193
1.1251
1.1287
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APPENDIX J

STALL WEIGHT FLOWS

Table XXIX Summary of Stall Weight Flows
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APPENDIX K

BROADBAND SOUND PRESSURE LEVELS AND SOUND POWER LEVELS
FOR ONE-THIRD OCTAVE BAND

Table XXX Nominal Stator, Solid Casing
Table XXXI 10° Closed Stator, Solid Casing
Table XXXII Nominal Stator, Treated Casing
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