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HIGH-LOADING, 1800 FT/SEC TIP SPEED
TRANSONIC COMPRESSOR FAN STAGE

II. FINAL REPORT

A. L. Morris and D. H. Sulam
Pratt & Whitney Aircraft Division

United Aircraft Corporation

SUMMARY

A fan stage with a rotor tip speed of 1800 ft/sec (548.6 m/sec) was tested to evaluate the
usefulness of shock-in-rotor blading for jet engine applications that require high performance
and high aerodynamic stability. The tests were conducted with uniform inlet flow and with
the inlet flow distorted hub-radially, tip-radially, and circumferentially. The rotor was
designed using modified multiple-circular-arc blade sections from the hub to 32 percent
span and precompression blade sections from 37 percent span to the blade tip, with a transi-
tion region in between. The stator was designed with multiple-circular-arc airfoils. The
stage was designed to provide a pressure ratio of 2.285, an efficiency of 84 percent, and a
How rate of 173.8 Ibm/sec (78.8 kg/sec).

Under conditions of uniform inlet flow, the stage produced a pressure ratio of 2.2 at a peak
efficiency of 82 percent with 6.5 percent stall margin at an airflow of 174.8 Ibm/sec (79.3
kg/sec). Rotor tip efficiency and rotor tip turning were slightly lower than predicted which
resulted in less of a pressure rise than had been anticipated. The stage stall-line was insensitive
to hub-radially and circumferentially distorted inlet-flows. There was a moderate lowering
of the stall line when the stage was subjected to tip-radial flow distortion. Various settings
of stator stagger angle were evaluated~at~design speed7and-a~setting of-2-5-degrees open-(in-
creased positive incidence) provided the highest stator recovery with the same stall margin
as for the design stagger setting. Contour maps of static pressure measured over the rotor tips
showed: 1) that the flow entering the blade channel was precompressed, 2) an oblique leading
edge passage shock which was not always cancelled, and 3) trailing edge shocks whose locations
and apparent strengths varied with back pressure.

No flow-starting problems were encountered at design speed.

INTRODUCTION

A high-loading, 1800 ft/sec (548.6 m/sec) tip speed, transonic fan-stage for jet engine
applications requiring high performance and high aerodynamic stability was designed, fabri-
cated, and tested. The purpose of the program was to extend the scope of design information
available in the areas of precompression and shocks-in-rotor blading.

The 1800 ft/sec (548.6 m/sec) transonic fan-stage was designed to provide a high pressure
ratio and a high level of efficiency. Precompression rotor airfoils were chosen during design
[ref. 1] to reduce shock losses at high relative inlet Mach numbers. Multiple-circular-arc
airfoils were selected for the rotor hub regions and for the stator; this airfoil selection was
based on the technology generated under Contract NAS3-10482 [ref. 2].



In this report, experimental data obtained during the program are provided and compared
with design values; design principles are discussed. Shock positions and shapes, inferred
from static pressure contours, are noted and discussed with respect to the design model. A
comparison is made of distorted and uniform inlet-flow performance.

Holograms of the rotor inlet flow field were made under Contract NAS3-15340. The results
of the holographic study will be reported under that contract at a later date.

APPARATUS AND PROCEDURE

FAN STAGE

The test fan-stage (Figure 1) was a single-stage, axial-flow fan-compressor without inlet guide-
vanes. A detailed description of the stage was provided in the Design Report [ref. 1 ]. The
stage was designed to provide a pressure ratio of 2.285, an efficiency of 84 percent, and a
specific flow rate of 38.7 lbm/sec/ft2 (188.9 kg/sec/m2). The stage flowpath was based
upon the aerodynamic objectives presented in the Design Report [ref. 1 ]. The designs of
the rotor and stator are summarized below.

Rotor

The rotor was designed to operate at a tip speed of 1800 ft/sec (548.6m/sec) with a constant
spanwise pressure ratio of 2.34 and an overall adiabatic efficiency of 86.8 percent. There
were 38 rotor blades with an aspect ratio of 2.87 (based on average blade-length and axial
root chord), a tip solidity of 1.635, and a hub-to-tip ratio at the rotor inlet of 0.5. Running
tip clearance was about 0.035 inch (.0009m) at 100 percent of design speed. Relative Mach
numbers at the rotor inlet were supersonic to about ten percent span from the hub; the
relative Mach number at the blade tip was 1.77. The rotor blades consisted of multiple-
circular-arc sections from the hub to 32 percent span and precompressiori sections from 37
percent span to the tip, with a transition region in between. Two views of a rotor blade are
shown in Figure 2, and the blade disk assembly is shown in Figure 3. A summary of the metal
angles for the rotor blades is given in Table 1 for 11 streamlines passing through 5, 10, 15,
30, 50, 60, 65, 70, 85, 90, and 95 percent span of the rotor blade trailing-edge passage
height from the hub.

Stator

The stators had multiple-circular-arc airfoil sections; the sections near the tip were nearly
double-circular arcs. There were 60 stator vanes, resulting in a hub solidity of 2.2. Chord
length tapered linearly from 2.48 inches (0.063m) at the hub to 2.6 inches (0.066m) at the
tip, and the aspect ratio was 2.22, based on the average length and axially projected chord
at the hub. The stator-blade leading edge was 0.5 inch (0.13m) behind the rotor trailing
edge at the hub. A photograph_of_a.stator_blade-is-shown-in-Eigure-4-and-a-photograph-of
the stator assembly is shown in Figure 5. Mach numbers at the stator inlet were subsonic
with a maximum value of 0.89 occurring at the hub where .the diffusion factor was about
0.54. Incidence to the stator suction surface was set at zero degrees in the near-sonic region
at the hub, blending into minimum loss incidence angles for double-circular-arc sections



near the tip. Stator exit flow was axial for the design stagger angle. A summary of the stator-
blade metal-angles is provided in Table 2 for 11 streamlines passing through 5, 10, 15, 30,
50, 60, 65, 70, 85, 90, and 95 percent span of the rotor-blade trailing-edge passage height
from the hub.

TABLE 1

ROTOR DESIGN PARAMETERS

STATIONS 13 AND 14

Span
%

5 (hub)
10
15
30
50
60
65
70
85
90
95 (tip)

Dia. 13
inches (meters)

17.73 (.450)
18.81 (.478)
19.84 (.504)
22.65 (.575)
26.03 (.661)
27.66 (.703)
28.425 (.722)
29.17 (.741)
3 1.3 (.795)
32.01 (.813)
32.63 (.829)

Dia. 14
inches (meters)

20.76 (.527)
2 1.34 (.542)
21. 93 (.557)
23.705 (.602)
26.09 (.663)
27.275 (.693)
27.91 (.709)
28.52 (.724)
30.26 (.769)
30.86 (.784)
3 1.45 (.799)

0*13
deg

58.3
58.2
58.2
58.55
60.07
61.45
62.21
63.2
66.15
67.1
67.6

0*14
deg

14.0
19.5
25.0
34.5
46.0
50.5
52.0
53.5
56.7
60.0
64.0

0*13 SS
deg

62.51
61.85
61.32
61.02
62.1
63.25
64.0
64.75
67.6
68.6
69.11

Solidity

2.392
2.257
2.137
2.105
1.698
1.629
1.605
1.572
1.575
1.587
1.613

NOTE: Symbol definitions appear in Appendix 1.

TABLE 2

STATOR DESIGN PARAMETERS (STATOR AT NOMINAL STAGGER)

STATIONS 15 AND 16

Span
%

5 (hub)
10
15
30
50
60
65
70
85
90
95 (tip)

Dia. 15
inches (meters)

21.37 (.543)
21.88 (.556)
22.4 (.569)
24.0 (.610)
26.16 (.665)
27.23 (.692)
27.29 (.693)
28.33 (.720)
29.86 (.758)
30.38 (.772) .
30.87 (.784)

Dia. 16
inches (meters)

22.53 (.572)
22.92 (.582)
23.31 (.592)
24.58 (.624)
26.33 (.669)
27.2 (.691)
27.65 (.702)
28 .09 (.7 14)
29.32 (.745)
29.73 (.755)
30.09 (.764)

0*!5
deg

50.2
48.9
48.3
48.7
48.6
48.1
47.9
47.8
49.2
51.5
57.5

0*16
deg

-13.7
-11.8
-10.8
-10.0
-10.0
-10.1
-10.1
-10.2
-12.7
-14.7
-17.0

0*1 5 SS
deg S

53.3 :
52.1 ;
51.7 ;
53.2
54.0
53.9
53.9
53.8
55.0
57.0
63.5

Solidity

2.16
U14
2.083
.98
.852
.789
.76.1
.739
.667
.645

1.631



TEST FACILITY

The test program was carried out in a sea-level compressor test stand (Figure 6). The stand
was equipped with a gas-turbine drive-engine with a 2.1:1 gearbox to provide speed-range
capability. Airflow entered the rig through a calibrated nozzle. A 72-foot (21.9m) straight
section of 42-inch (1.07m) diameter pipe ran from the nozzle to a 90-inch (2.29m) diameter
inlet plenum. A wire-mesh screen and an "egg-crate" structure, located in the plenum,
provided a uniform pressure profile to the compressor. The airflow was exhausted from the
compressor into a toroidal collector and then into a 6-foot (1.83m) diameter discharge stack.
The stack contained a 6-foot (1.83m) diameter valve to provide backpressure, or throttling,
for the test compressor. Two smaller valves, a 24-inch (.61m) and a 12-inch (.305m),
located in the by-pass lines provided fine adjustment of backpressure.

The desired inlet-distortion patterns were generated by means of screens of various porosities
that attached to a 1 in. x 1 in. (.0254m x .0254m) mesh base screen. A rotatable case
with 12 struts located 33 inches (.84m) upstream of the rotor leading edge was used to
support the base screen. The hub-radial, tip-radial, and circumferential distortion screens
are shown attached to the base screen in Figures 7, 8, and 9. The distortion-screen support
was removed during uniform-inlet testing.

Strain-gage and static-pressure instrumentation leads were routed through the nonrotating
nose fairing. Ten struts, 14 inches (.356m) upstream of the rotor leading edge, supported
the forward bearing and the assembly for the strain-gage slip-ring. Eight struts located
11 inches (.28m) downstream of the stator trailing edge supported the rear bearing.

INSTRUMENTATION AND CALIBRATION

Airflow to the test compressor was measured by means of a calibrated nozzle (Figure 6)
designed to ISO^ standards. Airflow measurements were within one percent accuracy.

The compressor speed was measured by means of an impulse type pick-up. The pick-up was
an electromagnetic device which counted the number of gearteeth that passed within an in-
terval of time and converted the count to rpm. Between 4,000 and 15,000 rpm, accuracy
was within 0.2 percent.

All temperatures were measured using chromel-alumel, type-K thermocouples and were re-
corded in millivolts by means of an automatic data-acquisition system. Temperature
elements were calibrated for Mach number over their full operating range. Effects of total
pressure level on temperature recovery were accounted for by using the corrections found
in reference,3..JIlieJhermocouple-leads-were-ealibrated-for-each-ternperature"ereTTTent7~Over-
all rms temperature accuracy was estimated to be ±1.0°F (±0.2°K).

Wedge probes were calibrated for Mach number as a function of indicated static-to-total
pressure ratio, with pitch angle as a parameter. Total-pressure recovery and yaw-angle

1 International Organization for Standardization



deviation were calibrated as functions of Mach number and pitch angle. The measurement
accuracy of the air-angle probe was within 1.0 degree.

All pressures from probes, fixed rakes, and static taps were measured with transducers and
recorded in millivolts by an automatic data-acquisition system. The accuracy of the
pressure was ±0.1 percent of the full-scale value.

Ten high-frequency-response pressure-transducers were installed in the case over the rotor
tips to measure instantaneous static-pressure fluctuations. Ten taps for measuring wall
static-pressure were installed over the rotor blade tips in axial locations corresponding to
the pressure transducers to measure the average static-pressure level. Figure 10 shows the
rotor-blade tip-shock pressure instrumentation in relation to the blades.

Two proximity detectors, located over the rotor blade tips but apart from the pressure
transducers, generated an electrical pulse for each blade passing. The signals from both the
pressure transducers and the proximity detectors were recorded on the same time reference
by a multichannel tape recorder.

Photographs of typical instrumentation are shown in Figure 11, and the axial and circumfer-
ential positions of the instrumentation are shown in Figures 12 and 13. The fixed radial
rakes for measuring total pressure near the rotor leading edge (Station 11 in Figure 12)
were in place only during the testing with inlet flow distortion.

Instrumentation for measuring overall and blade-element performance data is listed in
Tables.

_____

PERFORMANCE AND BLADE ELEMENT INSTRUMENTATION

All measurements were recorded by automatic data acquisition system unless noted
otherwise.

Instrument
Plane Location Parameter Type and Quantity

Station 0 Plenum Chamber P 6 pressure taps on plenum wall

T 5 bare-wire thermocouples

Station 0.1 Instrumentation p 4 O.D. wall static taps
Ring

Station 2.0 Inlet Duct P 2 O.D. and 2 I.D. wall static
3.0 taps, 180 degrees apart

4.0
7.0
9.0



TABLE 3 (Cont'd)

Instrument
vPlane Location

Station 11 Rotor Inlet
(within 1/2 chord)

Parameter

P, P, 0
Radius

Stations 13 to 14 Rotor
Shroud

Blade
Passing

Station 15 Stator Leading
Edge

P

Station 17 Stator Exit

Type and Quantity

2 wedge traverse probes
11 radial positions

4 O.D. and 4 I.D. wall
static taps

2 fixed rakes, 180 degrees
apart, each with sensors at
5 radial positions

10 high frequency response
pressure transducers mounted
in axial line over rotor blade
tips. Recorded on magnetic
tape.

10 O.D. wall static taps in
axial line over rotor blade tips.

Two proximity detectors
positioned apart from the
pressure transducers and in a
line at about the rotor-blade tip-
chord angle. Recorded on
magnetic tape.

4 O.D. and 4 I.D. wall static taps
equally spaced and located on
extension of mid-channel lines.

4 O.D. and 4 I.D. wall static
taps spaced across one vane gap.

2 sets of 11 kiel headed sensors
located at 1 LradiaLp.ositions

P, radius 2 circumferential wake rakes
(14 kiel headed elements)
traversable to each of eleven
radial locations. Each wake
rake spans at least one vane
gap at O.D.



TABLE 3 (Cont'd)

Instrument
Plane Location Parameter Type and Quantity

-Station-17 StatorExit (Cont'd)

P, P, ft
Radius

P

Station 22 Rig Exit

-6-fixed radial rakesreach with——
temperature sensors at 11 radial
positions spaced circumferentially
to obtain readings evenly distri-
buted across a vane gap. A 7th
rake is a duplicate mid-gap rake
spaced 168 degrees from the
other mid-gap rake, and used for
distortion tests.

2 wedge traverse probes, 11 radial
positions. Probes spaced 162
degrees apart.

4 O.D. and 4 I. D. wall static
taps equally spaced and located
on the extension of a stator mid-
channel streamline.

4 O.D. and 4 I.D. wall static
taps spaced across vane gap.

1 fixed five-element circumferen-
tial rake located at about 30%
span.

The eleven radial positions of each axial station are defined by the intersection of the axial
station and the design streamlines which pass through 5, 10, 15, 30, 50, 60, 65, 70, 85, 90,
and 95 percent of the passage height at the rotor trailing edge. The five radial positions are
on the streamlines which pass through 10, 30, 50, 70, and 90 percent of the passage height
at the rotor trailing edge.

Table 4 shows the parameters that were recorded continually during excursions into stall
to detect and evaluate rotating stall. A hot-film probe at the rotor inlet with sensors at
25, 50, and 85 percent of blade height from the hub was used to continuously record
velocity fluctuations on a multichannel tape recorder when operating near or within the
stall region.

Stationary and rotating critical parts were instrumented with strain gages to determine the
levels of vibratory stress over the operating range of the compressor.



TABLE 4

STALL TRANSIENT INSTRUMENTATION

Instrument
Plane

Location

Inlet Nozzle

Station 0 Plenum

Station 11 Rotor Inlet

Rotor Blades

Stator Blades

Stator Exit

Gearbox

TEST PROCEDURE

Parameter

P

Ap

T

P

T

Velocity

Stress

Stress

P

Speed

Type and Quantity

1 static tap downstream and
1 static tap upstream of inlet
nozzle.

A Ap transducer sensing the
differential pressure between
the upstream and downstream
nozzle static pressures.

One nozzle temperature.

One plenum static tap

One plenum temperature

One probe with three hot film
sensors at 25, 50, and 85
percent of the blade height
from the hub.

Various strain gages

Various strain gages

One O.D. static tap

Impulse pick-up

Shakedown and Stator Stagger Angle Optimization Tests

Shakedown tests were conducted to establish the mechanical integrity of the compressor
-and4o-locate-stress-boundaries-that-might-limit-the-operating-range-over-whieh-tests
be conducted. These shakedown tests were conducted before the uniform and tip-radially,
hub-radially, and circumferentially distorted inlet flow programs were conducted.



The compressor stage was accelerated to 50, 70, 90, 100, and 1051 percent of design speed
along wide-open, midthrottle, and near-stall operating lines with the stator stagger angle set
at five degrees open, at design, and at five degrees closed. Rotor and stator vibratory
stresses were recorded during these accelerations. Vibration levels on several critical
compressor-components were also recorded along the wide-open operating line, and the
clearance between the rotor blade tips and the rotor case was recorded at each speed. Blade
and vane vibratory stresses and vibration levels were well within acceptance limits.

Four data-points for overall and blade-element performance were taken at design speed over
a range of flows between wide-open throttle and stall with the stator set at five degrees open,
design, and five degrees closed. These data points were taken to select a stagger angle that
would produce the best stage-efficiency without sacrificing flow range. Based on these data,
a stagger angle of 2.5 degrees open was used in all subsequent performance tests.

Initial test data indicated that there was a difference in the pressure ratios measured by the
two wake rakes. To determine if the difference was caused by the wakes generated from the
front bearing support struts, the inlet case was rotated after the vane stagger angle optimiza-
tion tests in order to relocate the struts relative to the wake rake positions. The differences
between these pressure measurements were the same as before the struts were relocated, in-
dicating that the distortion was not a local effect due to the struts. All instrumentation was
checked and all measurements were verified; therefore, the average of both pressure wake
rake measurements was used in the calculation of the stage efficiency and pressure ratio.'

Tip-radial, hub-radial, and circumferential distortion patterns were created at the rotor
inlet and examined. This examination showed that the desired magnitude and extent of
inlet flow distortion had been achieved. Brief surveys were made to define any stress
boundaries that might limit steady-state operation; no limiting stresses were encountered.

2
Rotating stall surveys were conducted with uniform flow at 50, 70, 80, 95, 100, and 105
percent of design speed with the stator angle setting at 2.5 degrees open and at 100 percent
design speed with the stator set at five degrees open, design, and five degrees closed. •
Surveys were also conducted with the inlet flow distorted tip-radially, hub-radially, and
circumferentially at the 2.5 degree open setting at 70, 95, and 100 percent of design speed.
A three-sensor, hot-film probe was used to detect rotating stall by measuring rotor inlet
velocity fluctuations at 25, 50, and 85 percent of the rotor inlet passage height.

Readings from the hot-film probe and selected rotor and stator strain-gages (Table 4) were
recorded along with a speed signal and stator exit O.D. static pressure. These readings
were recorded simultaneously by a multichannel tape recorder. Continual readings of the
other transient parameters, shown in Table 4, were recorded every three seconds as the fan
stage was throttled into stall; approximately 100 scans were made by the automatic
recording system from wide-open throttle to stall. Surge pulses were detected at all the
conditions except at 70 percent of design speed with tip-radial distortion. At 70 percent
speed with tip-radial distortion, surge was not detected even with the throttle nearly
closed.

1 105% speed corresponds to 13,500 rpm for a 90°F (283°K) inlet temperature.
The rotor blade attachment design was stress limited to approximately 105 percent of design speed.



After the completion of the vane stagger angle optimization test, the roller bearing that
supported the front shaft of the rotor assembly failed. Examination of the compressor
stage hardware showed that the rotor blade tips had rubbed against the rotor case;
however, the rubs were minor, and the blades did not require smoothing. The maximum
material removed due to rubbing was estimated to be 0.015 inch (.0004m); no casing
material was added to compensate for the increased rotor tip clearance. The examination
also showed fatigue cracks in the bearing support housing resulting from the bearing
failure, making it necessary to replace the housing.

The bearing was replaced, the inlet case was rotated as previously discussed, and design
speed performance was repeated. At the design vane stagger angle setting, there was an
unexplained 0.4 percent decrease in weight flow and 1.2 percent decrease in stage
efficiency; rotor and stator stresses remained low. From 10,000 to 11,300 rpm, a bearing
support housing resonance with one excitation per revolution (IE) was noted by strain
gages that were added to the replaced housing. This resonance prohibited testing at 90
percent of design speed.

Uniform-Inlet-Flow Performance Test With Stator Stagger Angle Set 2.5 Degrees Open

Thirty overall and blade-element performance points were obtained at 50, 70, 80, 95, 100,
and 105 percent of design speed. Five points were obtained at each speed except at 50 and
100 percent speed where four and six points, respectively, were obtained. Stall flow was
measured at all speeds tested. Static pressure fluctuations over the rotor blade tip were
recorded at three points at 70 percent speed, at four points at 90 percent speed, at five
points at 100 percent speed, and at three points at 105 percent speed. These data were used
to obtain a static-pressure-field relative to the rotor blade tips to indicate shock position
and strength.

Distorted-Inlet-Flow Performance Tests With Stator Stagger Angle Set 2.5 Degrees Open

The rotatable distortion-screen support was added to the flowpath 33 inches (.838m)
upstream of the rotor leading edge. Several layers of screens of different porosities were
attached to the 1 x 1 inch (.0254m x .0254m) mesh base-screen to create the hub-radial,
tip-radial, and circumferential distortion patterns at the rotor inlet. With the throttle set
wide-open at design speed, the tip-radial pattern with a distortion parameter, (Pmax - P m^)/
pmax> of °- *8 covered about 40 percent of the inlet area. The hub-radial pattern provided
a distortion parameter of 0.21 and also covered about 40 percent of the inlet area, A 90-degree
circumferential pattern, created by the 120-degree screen shown in Figure 9, provided a
distortion parameter of 0.20 at 50 percent span at the rotor inlet.

Open-throttle, part-throttle, and near-stall performance data were taken at 70, 95, and 100
percenfofHesign speed~wifh~the inlet flow distorted tip-radially, hub-radially, and circum-
ferentially. Each circumferential distortion data point was taken with the screen in six
different positions with respect to compressor instrumentation. Surge pulses were detected
at all speeds except at the 70 percent speed with tip-radially distorted inlet flow.
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At 95 and 100 percent speed with hub-radial distortion, vibration levels on the front bearing
support housing increased as the compressor was throttled which prevented steady-state
operation at near stall; however, transient stall-data were recorded. At part-throttle design
speed with only the base screen, a performance point was taken to show the effect of the-
base screen on uniform inlet-flow performance.

DATA REDUCTION TECHNIQUES

All performance data were-automatically recorded in millivolts on computer cards. These
data were then converted to engineering units, corrected and averaged as described in the
following sections.

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 determined by
linearly interpolating the wall static pressure data. Peak values from the circumferential
pressure distribution indicated by each wake-rake were chosen to represent the rotor exit
pressures. Free-stream pressures and circumferentially mass-flow-averaged pressures from
both rakes were each arithmetically averaged for each radial location.

Data From Wedge Probes

The wedge probes were used to measure total pressure, air angle, and static pressure at the
selected radial locations. 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.
The measured total pressure and flow angle from these probes were corrected using Mach
number recovery calibration curves for individual probes.

Stationary Temperature Probe Data

Thermocouple signals were converted to temperature measurements using wire calibrations
for individual sensors. These temperature measurements were converted into total tempera-
ture using Mach number calibrations for individual sensors and the pressure-level correction
given in reference 3. A circumferential mass-flow-average total temperature was calculated
at each radial position using the circumferential total pressure given by the wake rakes and
static pressures linearly interpolated between inner and outer wall static tap measurements.

Flowfield Analysis Computer Program

Overall and blade element performance was calculated for uniform-inlet and radial-inlet-
distortion test points by means of a flowfield analysis computer program. All parameters
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were corrected to standard-day conditions. The following input was used:

Compressor Inlet 1) Corrected weight flow
(Station 0, Figure 12) 2) Corrected rotor speed

Rotor Inlet Instrument Plane 1) Total pressure ratio versus radius
(Station 11) 2) Constant radial blockage factor

(to account for estimated wall
boundary layers)

Stator Inlet 1) Total pressure ratio versus radius
(Station 15) 2) Constant radial blockage factor

Stator Exit Instrument Plane 1) Total temperature ratio versus radius
(Station 17) 2) Total pressure ratio versus radius

3) Constant radial blockage factor
4) Absolute air-angle versus radius

Total pressures and temperatures were ratioed to compressor inlet values. Compressor inlet
total pressure was assumed equal to the inlet plenum pressure for uniform inlet flow test
data. An arithmetic average of radially mass-flow averaged pressures from the two fixed
rakes at the rotor inlet was used for tests with radially distorted flow. Temperatures were
always ratioed to the inlet plenum temperature. .

A flow blockage factor was used at each radial location to improve the accuracy of the static
pressure and velocity calculations at blade-row stations. Axial distributions of flow blockage
factors were selected so that the hub and tip static pressure obtained from the flowfield
calculation matched the wall average static pressure for a representative midthrottle
operating condition at design speed. Blockage factors selected in this manner matched, for
example, the stage discharge wall static pressures within 20 psfa (957 n/m2) (~±0.6% error).
The flow blockage factors used in the data reduction flow field calculation are compared
in Table 5 with those blockages used in design.

TABLES

FLOW FIELD BLOCKAGES
(constant radial distribution)

Data
Reduction Design

Station Blockage (%) Blockage (%)

Upstream to 2.6 2.6
Rotor Leading
Edge

Rotor Trailing 3.3 4.2
Edge
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TABLE 5 (Conf d)

Data

Reduction Design

Station Blockage (%) Blockage (%)

Stator Leading 3.3 4.2
Edge

Stator TraUing 4.0 4.6
Edge and
Downstream

All static-pressure distributions and air angles behind the rotor were calculated by assuming
axisymmetric flow and considerations of mass-flow continuity, radial equilibrium, and
energy equations. Curvature, enthalpy, and entropy gradient terms were used in the equilib-
rium calculations. Blade-element performance parameters at the blade edges were calculated
by translating the measured data from the instrument plane along streamlines passing through
the rotor trailing edge at 5, 10, 15, 30, 50, 60, 65, 70, 85, 90, and 95 percent of the passage
height. Blade-element parameters were calculated at airfoil sections lying on conical
surfaces defined by the intersections of these streamlines and the blade edges. The blade-
edge stations that were used as input to the flowfield calculation were curved lines closely
approximating the meridional profiles of the manufactured blade edges. During design, a
straight leading-edge blade section had been used. As a result, the design blade-element
performance presented in Appendix 2 differs slightly from the design parameters reported
in reference 1. For example, the maximum discrepancy in inlet air angles is one degree for
the rotor and two degrees for the stator endwall regions. A sketch of the design and manu-
factured stator blade edge locations is presented in Figure 14.

Performance Data Presentation

The output of the flowfield analysis program included overall performance of the stage and
of the rotor alone and blade element performance of the rotor and stator at 5, 10, 15,30,
50, 60, 65, 70, 85, 90, and 95 percent rotor trailing edge span. Blade element performance
is tabulated for the rotor and for the stator in Appendixes 2, 3, and 4. Overall performance
for the rotor is given at the bottom of the rotor blade-element data, and overall stage-perfor-
mance is given at the bottom of the stator blade-element data.

Different averaging techniques were applied to temperatures and pressures for evaluating
overall performance (Appendix 5) for the circumferential distortion tests where the flow-
field program could not be used. Each of the six individual temperature rakes was radially
mass-averaged for each of the six screen position, and the 36 resulting values (six probes
from each of six screen positions) were arithmetically averaged. Total pressures were
radially mass-averaged for each wake rake (14 elements mass-averaged gapwise at each
radial location) for all six screen positions, and the twelve resulting values were circumferen-
tially area-averaged since the rakes were not 180 degrees apart.
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Rotor Blade Tip-Shock Data

Static pressure contours over the rotor blade tips were obtained by using continously-
recorded pressure fluctuation data measured by high-frequency-response transducers. Ten
transducers were distributed axially over the blade tip (Figure 10), and ten wall static
pressure taps were located at the same axial positions to measure average static pressure. Two
proximity detectors, one located over the blade tip just downstream of the leading edge and
one at about midchord, were used to orient the blade in relation to the static pressure
contours. A third proximity detector, sensing a target on the front shaft assembly, provided
a pulse once per rotor revolution which was superimposed on the pressure transducer and
proximity sensor signals to provide a time reference point. A typical blade-gap was selected
and, for a given speed, pressure signals for the representative gap were analyzed in much the
same manner as reported in reference 2.

RESULTS AND DISCUSSION

SHAKEDOWN AND ROTATING STALL

Shakedown test results include stress and rotating stall data for uniform and distorted inlet-
flows. During this series of tests, the levels of vibratory stresses on the blades and vanes were
well within acceptable limits over the entire fan operating range.

Figure 15 presents oscillograph traces for uniform inlet-flow at design speed; velocity patterns
from the hot-film probes, located upstream of the rotor inlet, are shown for both five degrees
open (Figure 15a) and five degrees closed (Figure 15b) stator stagger settings. The stall
regions shown in Figure 15 appear to consist of periodic velocity fluctuations; there were
no indications of rotating stall prior to the surge pulse. The duration of the stall region was
0.15 second for both stator settings. Surge cycle time varied with rotor speed, from 1.27
seconds at 100 percent of design speed (Figure 15) to 0.30 second at 70 percent of design
speed (not shown). These traces do not clearly define whether the rotor or stator initiated
the stall.

An oscillograph trace for hub-radial distortion is presented in Figure 16. As shown, an
abrupt stall occurred at the tip section but not at the hub or midspan sections. A periodic
velocity fluctuation, which may be identified as rotating stall, existed at the hub, midspan,
and tip sections during that surge pulse. In general, the surge for hub-radial distortion
appears to have been less severe than for uniform inlet flow:

The oscillograph trace for circumferential distortion is presented in Figure 17. The magni-
tudes of velocity fluctuations with circumferentially distorted inlet-flow were less than
those of uniform and hub-radially distorted flows

STATOR STAGGER ANGLE OPTIMIZATION TESTS

Stage overall performance from which the optimum stator stagger angle was chosen is pre-
sented in Figure 18. The compressor achieved a stage pressure ratio of 2.28 for both the
design and the five degree open stator settings. The stator pressure recovery from the data
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points shown in Figure 18 was plotted as a function of stagger angle (Figure 19) and the
optimum position, 2.5 degree open setting, was chosen for subsequent testing with the
objective of increasing stage efficiency. The data in Figure 19 includes an operating point
taken after the stator was opened 2.5 degrees; the stator recovery at this point is indeed
highest. -

A front bearing failure occurred following the optimization tests. While there was no noticeable
damage to airfoils, the tips were worn, increasing tip clearance at design speed from 0.035
inch (0.89 x 10'3m) to 0.050 inch (1.27 x 10'3m). After this change, the peak stage-
efficiency at design speed with the nominal stator angle was dowMrom 82.6 percent
measured before the bearing failure to 81.3 percent. The corresponding peak rotor-
efficiency dropped from 85.7 to 84.4 percent. Tests with the stator in the nominal-position
showed that flow rate also decreased 0.4 percent. These significant changes in performance
appear to be out of line with the small increase in tip clearance, but they could not be
traced to any other cause. All performance data presented in remaining sections were taken
after the bearing failure.

f
UNIFORM INLET FLOW

Overall Performance

Overall performance of the rotor and stage with the stator at-2.5 degrees open is shown in
Figures 20 and 21. The stall-limit line was established by extrapolating the characteristic
speedlines to the measured stall airflows. Tabulated results of overall performance are pre-
sented in Appendix 2.

The peak rotor efficiency at design speed was 84.8 percent, occurring at a pressure ratio of
2.257; the design goal for this rotor was an efficiency of 86.8 percent at a pressure ratio
of 2.34. There was only one percentage point drop in rotor peak efficiency from design
speed to 105 percent design speed where the tip relative Mach number was 1.875. Rotor
peak efficiency remained essentially unchanged at part-speed operation although a slight
increase in efficiency was noted at 50 percent design speed.

The maximum stage efficiency at design speed was 82.0 percent at a pressure ratio of 2.202
and corrected weight flow of 174.8 Ibm/sec (79.3 kg/sec). The design point for this stage was
at a total pressure ratio of 2.285 with an efficiency of 84 percent at a corrected weight flow
of 173.8 Ibm/sec (78.8 kg/sec). Although peak efficiency was obtained near stall, efficiency
remained nearly constant for most of the design speedline. An efficiency of 81.8 percent
(0.2 percent below peak) was measured at a stall margin of 13 percent (stage pressure ratio
of 2.08). The stage peak efficiency was always greater than 80.5 percent for all speeds tested.

The stator in its 2.5 degree open stagger angle position achieved its design total pressure
recovery of 0.976; thus, the rotor was two percentage points lower in efficiency than design.

There were two major considerations affecting flow capacity in the design of this rotor
[ref. 1 ]: one concerned the relative flow starting requirements and the other concerned the
possibility of midspan flow choking.
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At design speed, the blade flow area was insufficient to pass the flow if a normal shock occurred
at the upstream relative Mach number. Precompression of the inlet flowfield was considered
sufficient to lower the relative inlet Mach number allowing the flow to start. Figure 22 shows
the wide open throttle and near stall flows versus percent design speed. As seen in the figure,
there was no significant drop in the slope of the flow-speed curve which is indicative of the
stage passing its flow. In fact, the stage overflowed by 2.3 percent of its design weight flow
at wide open throttle setting - 100 percent design speed. Therefore, the rotor passage, in
starting, must have encountered a precompressed shock at a Mach number lower than the up-
stream relative Mach number. Furthermore, as pointed out in the "Rotor Blade Tip Static
Pressure Contours" section, there is no evidence of the flow unstarting at the rotor tip.

The other flow consideration in this design was potential choking due to high inlet meridional
Mach numbers in the rotor midspan region resulting from the large amount of flowpath con-
vergence. The design level of this Mach number was limited to 0.675 in order to prevent mid-
span choking arising from bow wave losses and blade leading edge blockages. This restricted
the design specific flow to 38.7 Ibm/ft -sec (188.9 kg/m -sec). Figure 23 shows the spanwise
inlet'Mach number profile at 100 and 105 percent speed compared to the design prediction.
The design speed, wide open-throttle point Mach number profile was close to the design pre-
diction, with a maximum Mach number of 0.68 at 68 percent span; however, the wide-open
throttle inlet Mach number reached a maximum of 0.71 at 105 percent design speed operating
condition. The data in Figure 23 and the fact that rotor efficiency did not deteriorate at 105
percent speed (Figure 20) suggest that a higher specific weight flow could have been incor-
porated into the design without choking penalties.

Blade Element Data

Rotor and stage spanwise efficiencies at near-stall and at ten percent stall-margin are com-
pared in Figure 24 with design predictions. The rotor hub efficiencies were higher than
design estimates; however, outboard of the midspan region, rotor efficiency was lower than
design. Spanwise distributions of rotor pressure ratio are presented in Figure 25 for operat-
ing points near stall and with ten percent stall-margin. In comparison to design, the rotor
pressure ratio was lower across most of the span even when operating near stall. Figure 26
presents the rotor's spanwise suction surface leading edge incidence angle, deviation angle,
diffusion factor, and loss coefficient for the operating points appearing in Figure 24. Rotor
leading edge suction surface incidence angle from 50-95% span was matched at ten percent
stall margin to within a 1/2 degree from design. The rotor tip deviation angle was approxi-
mately two degrees higher than design, resulting in the lower rotor tip pressure ratio shown
in Figure 25. Rotor hub losses were less than predicted, and this resulted in hub diffusion
factors that are lower than design. Rotor losses were slightly higher than predicted near the
tip and considerably higher near the midspan region. These midspan losses, although some-
what diffused as indicated in Figure 26, are related to the partspan shroud. Shroud loss was
not included in the design of the rotor; the design [ref. 1 ] only incorporated the effect of
the shroud's flow-blockage. The partspan shroud's influence on the rotor midspan losses
may be seen more clearly for lower pressure ratio data, plotted in Figure 27. Figure 27
shows the local loss increase due to the presence of the shroud. Since the data away from
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the shroud location closely match the design prediction, the loss coefficients at the shroud
location are estimated to be approximately 65 percent higher than the blade element's
design level of loss!

The rotor supersonic blade section design was predicated on the attainment of a single, strong
-shoek-whose strength-would-be-reduced by precompressing-the-inlet-channelflow._There.is
reason to suspect from the static pressure contours, described in the next section, that the
shock system for these blades did not consist of a single oblique-shock but rather a system
of passage and trailing edge shocks. If the assumed design shock model is not obtained,
the rotor design deviation and efficiency also will not be obtained. Therefore, a blade
design technique incorporating the influence of a trailing edge shock should be employed in
subsequent designs to establish the important design goals of deviation and efficiency.

Figure 28 shows the stator incidence angle, deviation angle, diffusion factor, and loss coef-
ficient versus span for the same operating points as for the rotor (Figure 26). The stator
incidence angle at the ten percent stall margin condition was close to design prediction.

Except at the hub, the stator vane under-deviated from its design expectation. The general
level of stator diffusion factors was about 0.4, indicating moderate loading; stator tip diffusion
factors exceeded 0.5 at the near-stall end of the speedline. Figure 28 also shows that the
stator vane tip produced a higher loss coefficient than design predictions, which was some-
what expected since, in the outer 15 percent span of the stator, the minimum aerodynamic
throat area occurred at the channel exit due to the design's low ratio of specific flow,
(p Vz)] 5/(pVz)jg. The minimum flow area chosen in this design was not considered opti-
mum, but its effect on loss could not be estimated since this aerodynamic condition was
outside the range of design experience. The high tip loss data of Figure 28 strongly indicate
that minimum flow area location should not occur at the vane channel exit in future designs.

Blade element performance for the rotor and stator at eleven radial positions is tabulated in
Appendix 2. Blade element performance in terms of incidence angle versus loss, diffusion
factor, and deviation angle is presented in Figures 29 and 30 for both rotor and stator.
These data in general agree with the design principles of reference 1.

Rotor Blade Tip Static Pressure Contours

Static pressures over rotor blade tips were measured by ten high-frequency-response pressure
transducers. Data were obtained over a range of compressor operating conditions at 70, 95,
100, and 105 percent of design speed with uniform inlet flow. Figure 31 shows a sample
oscilloscope trace of static pressure versus time. For reference, a sketch of the design shock
patterns is shown in Figure 32. Contours of static pressure regions over the rotor blade tip
are shown in Figures 33 through 47. Shock wave locations were deduced from these figures
by noting the presence of significant gradients in the static pressure contours. Where
possible, deduced shock waves are indicated on the static pressure contours by heavy, dashed
lines. The figures also include the axial distribution of wall static pressure over the blade tip
and a rotor performance characteristic with the specific operating point indicated.
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At 100 percent design speed and the wide-open throttle setting, there,was a strong leading-
edge shock which can be observed in Figure 33. Following this shock there was an expansion
region which accelerated the flow, giving rise to a downstream shock. This downstream shock
appears to have positioned itself approximately at 60 percent chord along the pressure surface.
A downstream shock of this form (i.e., as far as static pressure contours can be interpreted)
is also noticeable in the wide-open "readings" of reference 4. Figures 34, 35, and 36 also
show the leading edge passage shock and its partial reflection from the suction surface.

The contours for near-stall operation are shown in Figure 37. This rotor operating point, on
an overall performance basis, was closest to the design goals. In the figure a suction surface
flow expansion can be seen just before the precompression region. This flow expansion is
evident in some degree in all the tip static contour figures. Holographic pictures1 taken under
Contract NAS3-15340 [ref. 5] confirm that there was a wave disturbance in this region.
Following this expansion, there was a compression of flow in the vicinity of the precompres-
sion ramp. This compression was greater than the 1.3 — 1.4 static pressure rise expected in
the design, but the gap-wise influence of the static pressure contours (i.e., the focusing of
waves toward the leading edge of the adjacent blade) is not apparent in these figures. The
leading edge shock seems to have been directed toward the maximum suction surface camber
point, as expected in the design (see Figure 32), but this leading edge shock wave does riot
appear to have been cancelled as had been expected. Figure 37 also shows an expansion near
the pressure surface at about a 40 percent chord location, and a trailing edge shock appears
to have formed in order to match the downstream back pressure condition.

The static pressure contours of Figures 38, 39, and 40, which represent the 105 percent
design speed operation, show essentially the same qualitative shock formations as discussed
for the 100 percent design speed figures. The static pressure contours at 95 and 70 percent
design speed are presented in Figures 41 to 47. Similar passage and trailing edge shocks are
noticeable at these part-speeds as described for the design speed contours. Two trailing
edge shocks at 95 percent design speed may be seen in Figure 43. A trailing edge shock is
also apparent from the 70 percent design speed contours (Figures 45 and 46).

A superposition of wall static pressures, taken from the data of Figures 33-37, is shown in
Figure 48 for wide-open to near-stall operating points at 100 percent design speed. The
axial static pressure distributions in the vicinity of the .blade leading edge remain essentially
unchanged with back pressure; hence, it is not evident that the passage shock unstarted when
the stage was throttled toward stall. Similar pressure plots (not shown in this report) at other
speeds tested also show no indication of shock-unstarting. Furthermore, it is concluded in
reference 5 (from the holographic study) that for 70 and 100 percent design speeds the rotor
leading edge shock remained attached, therefore started at the tip over the entire compressor
flow range.

The data of Figures 33 through 47 are considered to be qualitative rather than quantitative
due to the difficulties in obtaining highly accurate quantitative measurements of pressure
fluctuations in the presence of casing boundary layer and tip clearance effects. In view of

Not presented in this report.
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the inherent inaccuracies, no attempt was made to construct fields of relative Mach numbers
or to calculate shock strengths. The data are useful, however, in indicating how the relative
shock position changes with back pressure.

In summary, a number of conclusions concerning these static pressure contour data can be
made: • - .

a. In most instances, bow-wave shape cannot be inferred from these data. This lack of
information is probably due to the inability of the data reduction procedure to sense
the relatively small pressure fluctuations, usually associated with upstream waves,
compared to the time-averaged pressure level.

b. Precompression effects are evident in these tests; however, the blade-to-blade extent
of these waves are not readily perceivable in these data. There was a noticeable region
of flow expansion just before the start of the precompression ramp.

c. The leading edge passage shock was oblique — this inclined shock is confirmed by
flow visualization.

d. An interpretation of the wave patterns at 100 percent design speed is shown in
Figure 49. At the wide-open throttle condition, (Figure 49a) a leading edge shock
was formed which was followed by an expansion of flow and then a weak trailing edge
shock which terminated, something akin to a Mach reflection, well downstream of
the suction surface trailing edge. At increased back pressure (Figures 49b and 49c),
the downstream trailing edge shock increased in strength. For high back pressure
conditions (Figure 49d), a strong leading edge shock appears to be detaching from the
leading edge. The wave pattern described in Figures 49a to 49d is different than
the design wave pattern sketched in Figure 32 due mainly to the presence of the
trailing edge shocks. The trailing edge shock wave was not modeled in the design
of this rotor's supersonic airfoils; therefore, its absence from that design approach
may have been the reason why the rotor tip sections had higher measured losses
and air-angle deviations. For certain Mach number ranges, a two-shock blade design
may be employed to reduce shock losses below that of a single shock design. Also the
two shock scheme would spread the shock diffusion within the blade channel which
should be beneficial to blade surface boundary layers.

Distortion Support Screen Effects

A part-throttle performance point was taken at 100 percent of design speed with the base
screen and support but without distortion screens. The inlet total pressure, Pj j, was
measured downstream of the screen; therefore, overall performance changes due to the
presence of the screen do not include the screen's total pressure loss. The base screen
caused a 1.2 percent drop in weight flow and a one percentage point decrease in stage
efficiency relative to the uniform inlet performance pressure ratio. This flow and efficiency
change, due to the basescreen, is comparable to the midthrottle base-screen data point of
reference 2. The base-screen performance is plotted, for reference, on distortion overall-
performance maps.
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TIP-RADIALLY DISTORTED INLET FLOW

A tip-radial distortion pattern that covered the outer 40 percent of the rotor.inlet area pro-
vided a distortion parameter, (Pmax-prmn)/pmax> of °-181 with the discharge throttle
wide-open at 100 percent of design speed. Figure 50 shows the spanwise total pressure and
meridional Mach number at the rotor leading edge for the wide-open and near-stall throttle
conditions at 100 percent design speed. Also shown on the Mach number plot is the profile for
maximum flow (wide-open throttle) with uniform inlet flow. The distorted Mach number
and pressure profiles were approximately the same in shape and magnitude for both throttle
settings (Figure 50).

Overall Performance

Overall performance with tip-radially distorted inlet flow was calculated relative to the rotor
inlet. Rotor and stage overall performance with tip-radially distorted inlet flow is presented
in Figures 51 and 52. In these figures the uniform inlet performance is represented by dashed
lines; a 100 percent design speed performance point with the base screen is also included for
reference. The flow capacity of this stage decreased with distortion. There was also a
moderate lowering of the stall line.

A sensitivity parameter is often used to evaluate the stall-line susceptibility of a compressor
to various magnitudes of inlet flow distortion. This parameter is basically a measure of stall-
line pressure ratio change between the uniform and distorted inlet flows. The sensitivity of
the stall-line, taken at the.stalled distorted weight flow, is defined by:

(P16/P1l) UNIFORM -(P16/P11)DISTORTED/P11MAX--P-1M||,
sensitivity = \ / INLET V / INLET I 11MAX 11 MIN

P16'P11 JUNIFORM IP.. .......
/ INLET - » 11 MAX

The sensitivity of this stage against tip^radial distortion was +0.194 at 100 percent design
speed. By comparison, the stage of reference 2 was much more sensitive to tip distortion
with a sensitivity parameter of+0.625.

Tip-radial distortion caused an approximate 15 Ibm/sec (6.8 kg/sec) weight flow decrease
near design speeds but no change in flow at 70 percent speed. At design speed, the measured
stage peak-efficiency was 10 percentage points lower than the peak efficiency for uniform -
inlet flow if the effects of the base screen are discounted. At 95 and 70 percent design
speed, the efficiency was 9 and 2 percentage points lower respectively than the uniform
inlet flow efficiencies.

Blade Element Data

Rotor and stator blade element performance for tip -radially distorted inlet flow is shown in
Figures 53 and 54. Rotor tip regions (70-90 percent spans) operated at high positive
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incidence angles due to the low axial velocity created by the distortion. The rotor hub
airfoil sections had slightly more negative incidence angles than with uniform inlet flow.
The stator vane also exhibited choking (negative) incidence angles at its hub regions and stalling
(positive) incidence angles near its tip region due to the radial tip flow deficit. Rotor tip
deviation angles were approximately 6 degrees above design. Rotor and stator diffusion factors
were less than design values at all spans. The relation between diffusion factor and stall line
changes for tip distortion is discussed in a latter section, "Loading Parameters". Except at
70 percent design speed, rotor hub losses were higher than uniform inlet flow design values.
Stator vane losses, at all measured spans, were higher than those measured with uniform inlet
flow. Additional blade element performance parameters are presented in Appendix 3.

t
discharge distortion parameter

An attenuation parameter, defined as 1 - iniet distortion parameter where the distortion
parameter is (Pmax-pmin'/pmax, was calculated from the radial distributions of inlet and exit
total pressures. At 100 percent speed, wide-open throttle the attenuation parameter was
+21.6 percent which indicates that the inlet tip distortion was attenuated.

HUB-RADIALLY DISTORTED INLET FLOW

A hub-radial distortion pattern which covered the inner 40 percent of the rotor inlet area
provided a distortion parameter of 0.214 with the discharge throttle wide-open at 100 per-
cent of design speed. Figure 55 shows the spanwise total pressure and meridional Mach num-
ber at the rotor leading edge for hub-radially distorted inlet flow for wide-open and near-stall
throttle conditions at 100 percent design speed; the spanwise Mach number distribution for
the wide-open, uniform inlet flow is also shown in Figure 55.

Overall Performance

In the hub-radial distortion tests, overall performance was calculated relative to the rotor
inlet. Overall rotor and stage performance with hub-radially distorted inlet flow is presented
in Figures 56 and 57. Hub-radial distortion caused an approximate 11 Ibm/sec (5.0 kg/sec)
weight flow-decrease at high speeds and a 6 Ibm/sec (2.7 kg/sec) flow decrease at 70 percent
design speed. The stall-limit line for this distorted flow test increased relative to the uniform
flow stall line. The stall-line sensitivity parameter was calculated to be -0.51 at 100 percent
design speed; thus, this stage was very insensitive, on a stall-line basis, to hub-radial distorted
flow. The measured peak stage-efficiency at design speed dropped approximately five per-
cent with the addition of the hub-distortion screen.

Blade Element Data

Rotor and stator blade element performance for hub-radially distorted inlet flow is shown in
Figures 58 and 59. Rotorhub airfoil incidence angles increased approximately six degrees
compared to those with uniform inlet. Rotor hub diffusion factors were the highest seen in
the testing of this stage (0.655 at 100 percent design speed at near-stall). Rotor tip diffusion
factors were low compared to uniform inlet tip diffusion factors for 100 and 95 percent de-
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sign speeds. The low rotor tip diffusion factors are indicative of the flow shift towards the
tip due to the hub distortion blockage. Additional blade element performance parameters
are presented in Appendix 4.

The attenuation parameter, calculated at 100 percent design speed and wide-open throttle,
was+1.8 percent.

CIRCUMFERENTIAL!.Y-DISTORTED INLET FLOW

A 120-degree full-span screen was used to generate the circumferential distribution of rotor
inlet total pressure shown in Figure 60. A circumferential distortion parameter of 0.2, cover-
ing approximately a 90 degree segment, was achieved at the rotor inlet with the throttle wide
open at design speed using a 120-degree full-span screen.

Overall Performance

In the circumferential distortion tests, overall performance was calculated relative to the
rotor inlet. Overall stage performance with circumferentially distorted inlet flow is shown
in Figure 61 and is tabulated in Appendix 5.

At 70 percent design speed, performance was hardly affected by circumferential distortion;
in fact, a slight increase in stage efficiency was noted. There was only a 3 Ibm/sec (1.35 kg/
sec) drop in flow when this stage was subjected to circumferential distortion at 100 percent
design speed. The stall-line sensitivity parameter was calculated to be -0.036 at 100 percent
design speed. This stage was slightly less sensitive to circumferential distortion than the
stage of reference 2, which had a sensitivity parameter of approximately +0.08 at 100 per-
cent of its design speed. Using the measured peak stage-efficiency values, the efficiency
changes between the circumferential distorted inlet flow tests and the uniform inlet flow
tests were -4.5, -4.3, and +1.0 percentage points for 100, 95, and 70 percent design speeds,
respectively.

Circumferential Distributions of Flow Field Parameters

Measurements from static pressure taps at five axial planes between the distortion screen
and the rotor inlet on both the outer case and inner hub showed circumferential distribu-
tions typical of those shown in Figures 62 and 63 for 100 percent design speed. Figure 62
shows a static pressure drop behind the screen at all axial planes. Figure 63 shows an in-
crease in static pressure at the hub in the vicinity of the screen; this pressure increase at the
hub changes to a deficit at about eight inches (0.2 meters) before the rotor leading edge.
This local pressure increase has not been observed in other programs that have conducted
similar distortion tests [ref. 6].

Rotor inlet circumferential distributions of total pressure, static pressure, absolute Mach num-
ber, relative air-angle, absolute air-angle, and meridional velocity are shown in Figures 64, 65,
and 66 at 10, 50, and 90 percent span for wide-open and near-stall 100 percent design speed
operations. Stator discharge circumferential distributions of total pressure, static pressure,
absolute Mach number, total temperature, absolute air-angle, and absolute velocity are shown
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in Figures 67, 68, and 69 for the same percent spans, throttle settings, and speed as those of
Figures 64, 65, and 66. These plots were constructed using measurements from radially
traversed wedge probes at the rotor inlet at twelve locations relative to the distortion screen.
Stator discharge circumferential patterns were measured by wedge probes and temperature
rakes located at stator-midgap positions.

It is interesting to compare the attenuation of distortion through the compressor at different
operating conditions along a speedline. The attenuation parameters for the hub, midspan,
and tips are plotted in Figure 70 as a function of flow at 100 percent design speed. Figure 70
shows that only the total pressure distortion at the hub remained amplified as the stage was
throttled towards stall.

The circumferential static pressures (Figures 67, 68, and 69) at the wide-open throttle condi-
tion were different in distribution than the near-stall static pressures. These differences may
be explained by noting that the mid-gap discharge Mach numbers were very close to unity, on
the average, for the wide-open throttle setting; therefore, the ratio of static to total pressure
was fixed by this choked condition. Since the ratio pj y/Pi 7 was essentially constant at wide-
open throttle, the total pressure deficit caused by the screen must have been accompanied
by a corresponding decrease in static pressure to be compatible with the choked exit. For a
nonchoked stator discharge, the static pressure adjusts locally to the total pressure and the
Mach number (or velocity) deficit caused by the distortion screen. These circumferential
exit static pressures were not uniform, and any attempt to use these pressures as boundary
conditions of a parallel compressor model would, at best, be approximate.

Figures 67 and 68 show a very large region of low axial velocity occurring at the hub and mid-
span of the stator exit for near-stall throttle setting. The low flow area indicates that there
was a severe hub stall locked-in behind the stator vane which accounts for the reduced flows
at stall seen on Figure 61. This low flow region, formed near the hub of this stage by the
imposed circumferential distortion, could cause matching problems (ref. 7, chapter XIII) in
a multistage compressor (or a booster stage) since this hub stall zone would be transferred
from this stage to the middle stages which are more susceptible to abrupt stall.

Additional circumferential distributions of total pressure, static pressure, absolute Mach num-
ber, meridional velocity, absolute air-angle, relative air-angle, and total temperatures are pre-
sented in Appendix 5. .

STALL WEIGHT FLOWS

Table 6 summarizes the stall weight flows for uniform inlet, hub-radial distortion, tip-radial
distortion, and circumferential distortion flows. Also included in Table 6 are the stall weight
flows for the stator stagger angle optimization tests.
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TAB LEG

STALL WEIGHT F LO WS, W ~ LBM/SEC

DISTORTION

Design
Speed

105

100

95

80

70

50

Uniform
Inlet

181.0

170.5

160.5

128.0

107.7

69.0

Hub
Radial

151.2

143.1

Tip
Radial

160.8

154.1

94.0 Not Detected

Circumferential

158.7

148.7

104.3

100

5 Closed

171.0

STATOR SETTING

Nominal

173.0

5° Open

173.1

The stall weight flow at 70 percent design speed for tip-radial distortion tests was not recor-
ded because it was not possible to detect stall even with the throttling valves nearly closed.
Weight flows were continually recorded with back pressure down to a weight flow of 80.6
Ibm/sec (36.6 kg/sec) without stall detection. The inability to detect stall at low speeds may
possibly be attributed to the baffle effect of the tip radial screen [ref. 8] which eliminated
the rotating stall, thereby causing an improved stall-limit line.

LOADING PARAMETERS

Figure 71 presents hub and tip diffusion factors for the rotor and stator as a function of suc-
tion surface incidence angle. Operating points at 100 percent design speed are included for
uniform and radially distorted inlet flows. These data have been extrapolated to stall by ex-
tending a plot (not shown) of incidence angle versus flow to the stall weight flows given in
Table 6. For uniform inlet flow, the maximum rotor diffusion factors (occurring at stall)
did not reach design levels. Except at the rotor hub for the hub-radially distorted inflow,
the blade-row loadings did not increase when subjected to radial flow distortion. These end-
wall diffusion factors do not appear, for the most part, to be indicative of the stall limit-line
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changes, discussed in the "Tip Radially Distorted Inlet Flow" and the "Hub Radially Distor-
ted Inlet Flow" sections. For example, in the hub-radial distortion tests, the rotor hub dif-
fusion factor at 100 percent design speed increased even though the sensitivity parameter
was negative (-0.51); also, the rotor and stator tip diffusion factors decreased in the tip-radial
distortion tests which had a sensitivity of +0.19. Figure 71 also shows that the stator tip,
more than the other end-wall sections, encounters significant incidence angle changes accom-
panied by large loading variations. For uniform inlet and hub radially distorted inlet flow,
the stator tip diffusion factor has well exceeded its design value at stall. Figure 72 presents
the spanwise stator diffusion factors from wide-open throttle (maximum flow) to stall at
100 percent design speed and uniform inlet flow. This figure shows that the stator tip load-
ings increase at a very fast rate. Thus, the high loadings of the stator tip appear to be the
likely source of stall for this stage.
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CONCLUSIONS

Conclusions based on tests of a highly-loaded, single-stage fan with a design tip-speed of 1800
feet per second (548.6 meters per second) and a pressure ratio of 2.285 are presented below.

Under conditions of uniform inlet flow, the stage produced a pressure ratio of 2.2 at a peak
efficiency of 82 percent with 6.5 percent stall margin. The pressure ratio and efficiency of
this stage were good, but this performance was slightly below design goals. The rotor hub,
consisting of multiple-circular-arc blades, achieved its design pressure ratio and efficiency,
but the precompression tip sections did not. The blade tip sections operated with two shocks
that caused an increase in loss and deviation angle which resulted in a lower efficiency and
pressure ratio. A blade design technique incorporating the influence of a trailing edge shock
should be employed to reduce shock losses and favorably distribute the shocks' pressure rise
within the blade channel so that the design efficiency and pressure ratio goals may be
attained.

The rotor design did not satisfy the starting criteria for operation with a normal shock at
the relative inlet Mach number, but the stage passed higher than design flow. Therefore the
rotor passage, in starting, must have achieved some precompression of the inlet flow. Static
pressure measurements and holographic pictures show that the rotor leading edge shock
remains attached, therefore started, at the tip for 70, 95, 100, and 105 percent design speeds.

The stator achieved its design pressure recovery of 0.976 with its stagger angle set at 2.5
degrees open from nominal. High stator tip loadings appear to be the likely source of stall
for this stage.

Inlet flow distortions reduced pressure ratio at stall but also reduced flow rate so that the
stall line was relatively insensitive to distortion. With tip radial distortion, the rotor tip
diffusion factor at stall was lower than that with uniform inlet flow. The incidence angle
at the tip was 6 degrees higher than with uniform inlet flow. With hub radial distortion,
the diffusion factor was high at the rotor hub and low at the rotor tip. The incidence
angle at the hub was 10-14 degrees higher than for uniform inlet flow or tip radial distortion.
The reasons for the moderately low rotor tip diffusion factors were not immediately obvious,
but it is believed that the usual approach of using diffusion factor to indicate stalling may not
be adequate when a blade passage consists of multiple shock waves. With circumferential
distortion, there was a significant low-flow region at the stator exit from the hub to the
mean radius. This stall zone could be very detrimental to the performance of succeeding
compressor stages.
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Figure 2 Rotor Blade
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Figure 3 Rotor Blade-Disk Assembly

Figure 4 Stator Vane
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Figure 5 Stator Vane Assembly

VALVE
12 INCH (.305m) DIA .

VALVE
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DRIVE ENGINE^
EXHAUST STACK

VALVE
6FT(1.83m)

DISCHARGE STACK -

42-INCH (1.07m) DIA PIPE, PLENUM CHAMBER
72 FT (2.19m) LONG » 90 INCH (2.29m) DIA

CALIBRATED NOZZLE

FLOW STRAIGHTENER SCREE V
TEST COMPRESSOR

TOROIDAL COLLECTOR

TURBINE DRIVE ENGINE

Figure 6 Schematic of Compressor Test Facility
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Figure 7 Hub-Radial Distortion Screen

Figure 8 Tip-Radial Distortion Screen
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Figure 9 Circumferential Distortion Screen
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Figure 10 Casing Instrumentation Over Rotor Blade Tips
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\
B Stator Exit Total

Pressure Wake Probe
D Stator Exit Total

Temperature Probe

A Rotor Inlet
Total Pressure
Rake Probe

C Rotor Inlet
Hot Film
Probe

E Rotor Inlet & Static Exit Traverse Wedge Probes

Figure 11 Typical Instrumentation
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Figure 20 Rotor Overall Performance With Uniform Inlet Flow
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IûLFzo>—_IX"*

C
U
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...;....j....;....;..̂ ^̂ 4̂..̂ ^̂ ...|....|....j....j....j....j....j...̂ .|....jŷ ^ . j....j....j
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APPENDIX 1

SYMBOLS AND PERFORMANCE PARAMETER DEFINITIONS
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APPENDIX 1-a

SYMBOLS

9 9A — area, ft^ or m

D — diffusion factor

gc — conversion factor, 32.17 lbm ft/lb sec^

ID — inside diameter, inches or meters

im — incidence angle, angle between inlet air direction and line tangent to blade
mean camber line at leading edge, degrees (labelled INCM, Table 7)

ig — incidence angle, angle between inlet air direction and line tangent to
blade suction surface at leading edge, degrees (labelled INCS, Table 7)

M — Mach number

MCA — multiple-circular-arc

MR — mass average in radial directions (Tables 13, 14, and 15)

N - rotor speed, rpm (N/y/Tlabelled NCORR, Table 7)

OD — outside diameter, inches or meters

P — total pressure, psfa or n/m^

p — static pressure, psfa or n/m^

r — radius, ft or meters

R — gas constant for air

SL — streamline number

SM — stall margin, %

T - total temperature, °R or °K

t - static temperature, °R or °K

U — rotor speed, ft/sec or m/sec
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V

Vm

W

ft

ft'

7

A/3

8

5°

e

p

a

00

to

Superscripts:

Subscripts:

ad

— air velocity, ft/sec or m/sec

- meridional velocity (Vr2 + Vz2)1/2, ft/sec or m/sec (labelled VM, Table 7)

— weight flow, lbm/sec or kg/sec

— absolute air angle, cot" (Vm/V0), degrees (labelled B, Table 7)

- relative air angle, cot'1 (Vm/V0 '), degrees (labelled B', Table 7)

— ratio of specific heats for air, 1.4

— air turning angle, degrees (labelled TURN, Table 7)

— ratio of inlet total pressure to standard pressure of 2116.22 lbs/ft2

— deviation angle, angle between exit air direction and tangent to blade
mean camber line at trailing edge, degrees (labelled DEV, Table 7)

— angle between tangent to streamline projected on meridional plane and
axial direction, degrees (labelled EPSI, Table 7)

— efficiency, %

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

— mass density, lbm/ft^ or kg/mg

— solidity, ratio of chord to spacing

— total pressure loss coefficient (labelled OMEGA - B, Table 7)

— angular velocity of rotor, radians/sec

— relative,to moving blades or minutes of arc

— designates blade metal angle

— degrees of arc

\

— adiabatic

133



p - polytropic or profile

r — radial direction

m — meridional direction (in z-r plane)

s — suction surface

z — axial direction

6 - tangential direction

0 — plenum chamber

11 — instrument plane upstream of rotor

13 — station at rotor leading edge

14 — station at rotor trailing edge

15 — station at stator leading edge

16 — station at stator trailing edge

17 . — instrument plane downstream stator
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APPENDIX 1-b

PERFORMANCE PARAMETERS

a) Relative total temperature

(ojr14) -

7-1

b) Incidence angle based on mean camber line

^ = 015-0*15

c) Deviation

d) Diffusion factor

r!4V014-r13V013

13

D = 1 -
r\6 r15V015-r!6V016

'15

(rotor in)

(rotor out)

(rotor)

(stator)

(rotor)

(stator)

(rotor)

(stator)
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e) Loss coefficient

_ Pi3
co =

T'T13

7-1

-p 4 (rotor)

P15-P16
co = — (stator)

f) Loss parameter

co cos /3J4

2o
(rotor)

cocos|316

2a

g) Polytropic efficiency

7-1
In

13

In
14

o

(stator)

(rotor)
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7-1
In

P16

P15
2) (stator)

In

h) Adiabatic efficiency

14

7-1

'13

-1

16

L0

-1

(rotor)

16

11 -1

16

L0

-1

(stage)

i) Stall Margin

SM =

Stall

-1

'At
Reference
Point

IOC (Stage)
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APPENDIX 2

BLADE ELEMENT AND OVERALL PERFORMANCE
WITH UNIFORM INLET FLOW (TABULATIONS)
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NOTES (TABLE 7 CONTINUED)

CODE

50
70
80
95
10
15

% DESIGN
SPEED

50
70
80
95

100
105

SL

1

2

3

4

5

6

7

8

9

10

11

% SPAN OF
DESIGN STREAM-
LINES AT ROTOR
TRAILING EDGE

5 (HUB)

10

15

30

50 -

60

65

70

85

90

95 (TIP)

ROTOR DIAMETERS
(INCHES)

INLET EXIT

17.73

18.81

19.84

22.65

26.03

27.66

28.425

29.17

31.3

32.01

32.63

20.76

21.34

21.93

23.705

26.09

27.275

27.91

• 28.52

30.26

30.86

31.45

STATOR DIAMETERS
. (INCHES)

INLET EXIT

21.37

21.88

'22.4

24.0

26.16

27.23

27.29

28.33

29.86

30.38

30.87

22.53

22.92

23.31

24.58

26.33

27.20

27.65

28.09

29.32

29.73

30.09
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ĝ

k
 1

1
I

:«
]*

•
 
l»

|
»
ll«

•
 
r
^
l •

 .
4

. 
•
 .

«
S

|

ft jj
« •

^ rji

^Oo*

j
a
 
4

4
?
B

O
f
j

:.

{

O
 
•

K
 •

»

M
K

1
 

1

rfl 
4

*:f -e
K

 
•*

•t «

I
*
K

K
 K

*»
••

' 
*

• 4
1
 f

4
1
 •*

T
-

^
 
V

4
) f*

•
M

«
-4

1
1

«
•

' 
*
 '

• 
o
r

»
 'W

. - • 
p
 •*
",

f
 

-4
1
 «

f
•tfk

 K
l •*

•
 f|

~T-
£
tj?

5

•« W
 O

Q
»

 
»
f
 
O

K
 
4
)
 
*
i~

«
 ff «

«

—
 ,

•••

r t
. • i
•of -

•o*••
04
1
1*
 '

s:o*
 '

• * >

f •
f

' ~ 
• i

•* •• «2«*
*
•
 
W

 M
M

 
*
t

. •
 •

 •
 i *

,*„«
 »

*]•".
••••4

-«
»

; 
o

i1

!
«

 K
 o

»
n
 <

*
.
.
 
-
 
.
4

 
*
.

4
»
«
>
K

 «
•
•
 
'

«
 *

 
N

M
.
 
-

N
 
M

 N
M

. 
M

o
 *

o
o

j o

i 
I

/iv2v
** i *"1 "*'

*
•
 
IjIM

fJ
.N

*.̂
."73,°,,

f 
•} »

«
, to

9
 
•

r
 :•

M
i 1

«
 •

ft-

S
M

|̂
>

^
•
rt'o

it- 
•

«
 
0
 O

 M
 O

* f : -oo »• •
i »o «•K a

*
•
}
•
.
'

7
7
| 7

'
-sir.

1

MI" i',-«
 c

• 
o*

'1 • 1
f •*
• O

 
If

IM
"

Ik
 1

 
I

. 
~T 

w«
?

«
'f

*

W
'C

O
 I

M
 
C

. «
*
i

>
*
 
|l

IA
 1

• w
 •+?••£

i 
a

 
T

•«jtb

. 
11IiiI Jt
r
"

«
0

•
Ho»

;s> 
O

f
!*
•

' 
f

jj^5
•> *. '

ft. 
O

.«
.c

:,:N
 •«

r PH
» • •
M
 I

f
 •
•

•«
 *

(A
 

<
> 

»
«

 4
f
 
1

•
*
 i

—
 4

ID
 
•

N
 •

*A
 -»

1
* 1

•
 :
•

f
 t

*
f»

«
«

1

•
 «

I •
 t

*
<

•
.—

 .(

*
.
f
-

K
 

•

*«• 
<

V
 '1

5
«
!

*r.-r>

\o
'f

>A
> 

C
••*.*
1

l« *>•
»
 )•

 '
r
*
f

t*
 »

.
K

 K

1 «A 
f

f 1
 •

 I
•*• >

t

riVI
t.j

jj,::
'•;»

 •»
i">

«
IA

 
tf

»
 <

4
)tfl-f< .'•«'!

i»v.
IA
 
K

 •
 
f
T

f
. .

-r"-
l-4

^<
-»

.
O

_
i.»

 
^
 

f*
; .

V
 
K

 M
 
O

K
f
 
-
«

0
«

I
.
K
 
,

•• 
§
4

 *• 
<
f»

K
»

 3
»

«
f K

,

> —
 ft

K
 

J .•> a
 M

M
S

t
-
I
V

l
1 

••
f* 

• « • •

• o
 - *

 
•
 •

*
 
*
J
K

 *
 
•• O

K
 —

 N
 f»

 i
«
«

 
-
^
i —

 i-
t —

 '—
 N

 
M

.f*
 |

S
p-b o o o oo 

o o i
o

-
*

»
>
 
*
;
•
"
 "
 
•

• 
• 

'
• -jiA

O
 •

r •*
»
*
-
•
 
*
 4

1
ia

 o
 b

 o
 (

\j 
*-»

.(«
.*

4
J 

•
' 
f 

•
 '

. 
1Jia_ic3j*

E
C4
1

» 
<

=iM
»>

w
?

•c •
» 

*w

""":

i 
W

«
-

ijjHiiVt1

S
°W

H
'W

O
j

»
t4

W

1 °
_ 

1

•
 a

K
 -•

*
 
'

4
1
- •

ft 
•

•
 •

V
.4

"
•
0

V
 <

d

W
.

N
 i

O
ff

•*•»
 

•

i 
O

*

•
 '*•

**'*
K

 
K

ft 
*

* S
•4^81

*
*
 
1

f
 
I

l;T;'
'ti j!** 1
i f»^ « i

.
.
.

"
»

•
*
*
•
»

.

n
m

t
t 

''

.1
,.
 

0
.

»
 •

 »
 f«

 •
•

• 
»

 1
* •

 1
*
 .

i
IA

 K
K

 
K

 
*
 C

*.»
••>

.• 
»
 . • .

M
 
•|

•> 
Hii

4
li •

i •
 .

•0 a
-—

3 - •
If 

4

—
 *

*
*
S

•
*
V

*
*
4

S
-^

J
•*

• 
b

 t •
K

 
K

i 
4
1

 .J

O
 *

r
 'f

.*-(•••
•• d^ in *

11-
*

.0
 
.

"
*
1

*
*
•

.
.

j4
»
ll

•
 i*

 *

•• <

1
 
•

• it •'
*
*
 
t*

«
:

i 
O

»"*»*•
, 4

i-*
l

I
 "
*
', J

ft}:
•
 
•
 :
•

*»
 
*

2
* 

H
" i 

i
»

v*ir 
:<

^'
* *! o

l

•• «
» i L 

i
» 

i

3•- 
j

»• 
! 

-••
3
 

i 
i

.«
•'

'S
8

, n
 *n

i ^
f«

4* 
i

I'M
"

§!

•i

39

•

• 
»
 I" ' 

*
41 g

^ <
v
!

!

i 
;

V
 

» •i
i <

r ri
r •«

•«N-r

X»
- •

ft •

c
£

-

-t0«

• 
!;•3

i 
i.

! 
3

: 
—

 ,"

•O
tf

»*•( 
«

 H
» »• -»

K
4

 
-
«

4
) 

-
«

4
O

c
>

 
o

o
o
 

c
. *

l 
»

 *
i>

1
»

t

-
•
?

"
•

«
•
 ,

K
 -
I
t
*

'M
»
 M

5
^
-"

T
 

i

iII 
1

I

5
4

-
j
U

«

•
•
a
 ̂

 ̂
 M

 i
x
 

«
fi »

^
- »

 i
. 

i 
* 

* i* .*

1

• 
10

t f»
 «

4
ih

.tr
1
9
 »

 
i

.
 »

f
 

M

i  
r 

i>
j 

»
»

- •
 
K

 
, 

|
I 

** 
;

1 - 
* 

. 
: 

t
r »

* 
. —

 t
• 

*
 

,
 i

; 
; 

^

i t 
!

•
 »

 
M

l
' 

1
* 

*

;:i 
^

J. 
t 

7
!

!•*•
'4

i 
«

•* ta
O
 

I
 
<

•P 
"s

; 
' 

*M
 h

- 1

! 
w„
 f
c

.•iiwM

4
*
4

)
 

*
•
«

«
*
'(

7
7
 * V

»
*

«
f 

o
 e

i —
 '

iM
 r

 
0
 

0
0

O
 

1
 I O

 
G

IO
 

•

•"•• 
' "

•
 
•
»
•
•

«
<

• m
>

m
 o

f 
*
 l«

0
 
»
*
K

«
-.«

- 
0
<

D
 
»

-•
 
f4

t 
•>

 IA
«

 
M

>
 
K

|K
W

-«
f 
«
 
*
*
 ̂

r—
 *> »

»
f »

p< S 5

- -
S

.fi ;.

8-«

' 
!£•

S
.8iik
.M

<

Ik
 ̂

 a
• 

M
 

«
«

-"£
*

»
•

•
•

*
• 

x
 

•
t»
 
^
i

IM
^
K
 
0

0
 

I
I
*

'n
*.n

*«
 «

 »
 

!
i
i
i
t
i

• -f 
tr f :<

• .U
' «

 >
 •
 
*
;'«

 '
.
 .
 .
 .
 »

 
»
 
.
 .

 
«

.»
.»

«
 0

 f
 
g
|
 
»

 ̂
 
9
 »

 «
 »

 IA
 i

—
 •
 

4
1
 K

 K
 
M

. 
»
 •

 
»
 k

 
•

«
'S

%
»

?
• >

 i i i

O
»
 
*
 
l»

 0
 <

»
•<

•-•»
»

•»
 •<

n
 H

 ̂
 M

 M
 •

n
 Q

 —
<%

 o
 •

°
4

S
?
«
"

v
t^

-iv
«

 V
 H

 -
•
•
 I

•* •
 

»
• »

 rt
 f

'"i 1!*.-.?
.' 1

o
O

o
 
n
 o

>
«

 4
1

 
K

>
«
 «

 i

>
M

O
»
 o

i •• 1
•
 
•
 
•
 b

 *
»

 
O

 »
 »

 «
 «

»
 »

j 5
5
^
.3

r
J

»
4

«
»

• —
 K

I.-O
.T

 •» «
> 
*
;
*
)
•
:
»

 1
 * .

_
 

fL
 ^

^
^
 
0
 •.

•
•
K

-
^
K

W
i 

O
 f

K
 
*
4

 
O

 •
*
 
"

«
i*

 M
^
.

^' 
'•

o 
«

»
.••?

 —
 •

»
»

»
»

!
»

•
K

4
»
 
N

 O
K

1 N
 

M
rft 

4
1

 4
1

1
(

1
1

1

»
 
*
 
p

 
*
 

p
 
*

IK
 
ft 

O
lA

 *
*

IM
 III M

 «
ft*

l

«
 
^
—

 0
^

> : •
 - *

 
•
 

p
 
•

l«
 

O
f lA

 «
j 

O

r 
-w

 <
r -r 4

r -

» 
• 

i»
 • 

i»
 •

t 
• 

p
 • ' »

 ••.

tS
f'iT

?
'K
 
•
 
K

 
f
|
 •
 
'

> 
• 

b
 

«>M
B
 

•

»
 
3
 
0
 
M

 W
>

;
•
,
»

.
•
.
»
 i •

 i
» —

 «« f» *t 
**

• 
*
 •

 
^
 •

I*J
 4

1
 "
"
r
f 

O
•
 
:
 f|

 '«
 *
1
*
*
 "

f| 
M

 •
•
 
O

 
O

•
•
»

•
•
•
• 

p
 i •

 i

• 
t 

—
 «

»
 
—

i 
1

 
1

 
t

! 
T

-

.0
 
(

f- ••

•
 Ifl

K
 
*
fj

i'i •
•

o
 .

>
M

 
•

K
 

S
r- » <

o <
f
 f
l

» 
•

f j*
 
»

 •
M

 t- O
 O

 1
O

 O
 >

 
•

^
^

i
 
<

 q M
 1

i 
—

 .

u
 
o

"X
?

>
°

r^
;

• 
—

 o
 c

M1
C•

f
tfa

%
 

4

5
. 

a
X
 

*

» 
*

1 "" 
-4

-C
 
'•

1 
V

 
1

..::-;.
_

j w ̂
 :? "

3
 t* W

 r »
-*f w

r 
»
 *

!
W

 
f
>

* ff

j-g
t*. 1

*
!
•
•
 
0
.

°

i
 w

 o
«

5
«

*
«

'»
:
•
•

i
 
*
"J

«
 4

i 
BU

 t
m

 'W
 <

|s
.

. i °
•t

M0^3c55

1 4
»
 •

K
 «

'.*»

««»«
> t • i
•a

t

,r
.

.0
1

m
 •

1 
V

• 
•

•K
 f"

• 
• * t

>
f 

*
"

K
 f*

> 
0

<

if r

liA
 

<

*
^
'

*
 
0

 
0
9

1 f»£ 
•>

«

1 
*l 

<

t 
••

4
 «

if <
f
 i

• ••

A
 . i

* '• m
 i

> K
 

i

*
*
"

K
; 4

•
 
•

.S
I

• —
 :«

:«?;
•
 
•

*
»

K
 
«

 
—

 O
«

. 
«
•
 

!•»
•
 
1
*
*
«
*
h
*
M

0
0

 
0

0
0
 
(

.
.
 
•
.
 
«

 
•
;
*
 
•

O
f

• O
 
I

, o
 
O

 O
O

 O
 1

-*
*
 
*
 
O

r «
f
 

*
(
A

 ?
 W

 
1

f
 

-
 
O

O
O

 
•

1 
O

 
4
»

 —
 —

 —
 .

* 
*

• 
*

•V
 

O
K

-»
 W

 ft
t 

• • "W
 •

f *
r5
*
*
"

:

0
«

 K
f>

•• n
 n

 '

4
t M
»
*
f

>.' 
*

«
 •

rt a

i O
 •

»M
 •

• 9
- 4

1

i n
 •

.V»
. «

o
- •%

;
••^ «
v:— •
•f. .•

?7V
 «

i -»
a

'«
V

'"'

o
 *

4
1
 •

"7
 '

, —
 X

) .
r I*

 • ' i

i4
l «

0
^

o
^

|•i

sl.,M
J 

:

f 
f-

 
1
 

'
r 

»
 

»
 

• 
;

.OK 
'.

.—
 
M

 
;
 

;

,?• \ 
i

A
 4i. 

.:
4
) 

**
A

K

i«
 —

 ' 
in

^—
 - 

j
r 

• 
p
 

•

)

»*•»»•» 
•

»
 

P
V

 
b

» 
• 

t 
;

* 
S

' 
•
 

S

K
 
3
 

*
> .*

 
*
 

l|
IN

 «r 
• 

.

' —
 m

 
1

 
i

. • 
*• 

i

" r
 
>

•

-.?*-. 
:

• * * 
•

"*
 *

9
 

'
•
 
.4

li 
'

S
M

2
2

.

144



v•J

t X

»
h
.u

- 
b

«
 %

»
 fc

-

Mi*"'r

i

IS
b
.

I?
Ik,

M1C•M
h

?
K

•
 U

M
M

~
*
f

•".*
•

5s*t»n

*
 9

>

«T
»

*
';J

?
I

-n
.-

-• < «
O

 *
l

>T."

rvf*

> •

lA
 >*>

 »
 
P

*.
M

»
- 

P
*
 
-

r €
i

<tt 
it

> 
•

'4
 
V

• 
•

»
 
-

>o v

M
 -*»

-IA
. »*>".• H

M
 N

•
 4

V
 
V

P
*. 

H
0
 J

*
 
£

*
£

«
 

€
>
•* -M

.*- *
•K

 
•*

K
 
»

•tt 
*

»
 
K

<T 
W

M
 V

O
 *S

•
 M

 
•

O
 *•

«
• 

V

*
 *"

*••<•
n
 •

M
 *1

O
 •>

o
 -

r*-*
l r ft .

.-:."M
-I

•
 • i

>• 
•

•*»•*

i
,•••,{-•
• O

 
C

^
 M

 •
•o

 -£
*f.

i
»

 -«
«

r i

!$tr >M
 M

'
IM

 *»
 r .

'" '
* • iiVi

s"?V
«"

M
 
M

 0
 O

f*

10
 
4

-•• -i

•M
 *

f
t
*
 *

n
 *i

M
 «

•
-
•
^
•
-

T
*
«
T

*
-*

*
•• »

 »
 v

^
-
 

' 
J

' 
M

J
O

 
O

 O
 O

 0
 
6
 
0
 <

IK
 

' 
'
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î** t  K * ** *!** ° *°

ffisftM<J

-
> tn

 Q
 «

• e
n

 u
 (M

 a
- m

 
«

to 
i ^

M
•
 

-
iu

>
'*

i»
*
-

to
e

n
O

o
*
*
^
.c

M
r
s

| 
«

T
"
a

*
0
o

in
a

)tn
*
'
>
u

i'
1
-
io

CD 
^
 

-
_

-
„
«

-
 

i 
w

i«
n

«
»

 o
»

~
 t 

-
•
"
to

O
m

0
1
 a

-
 *

""
 »

;*
°
 

»
 
*
"
 
C

O
 O

T
 M

IM
 IM

 f* ••* V
»

 v 
m

 a* «• ***
• rt 

N
 01

 »
,̂

- r^ u>
 

.̂ w
 01

 !

Obff!
5? H

oq 
^
S

^
 ^

Z
W

 <
 
6

J
 ̂

 5
9
 "

S
S

^
£

QZHUWWUQpa

fc-*-ai° 1ff' o'<
T

>
ff 1cT

>
W

o>
m

<
n

O
.
Q

.
,
"

.
*

,
"

,
"

.
,
"

-
w
 

.
.
.

O
J 

0

1
 ••"- O

 Q
Q

 
Q

O
 
O

 Q
 O

 o
 
O

 Q

;
m

^
«

i
»

-
o

a
 

o
 

I

«
 
u
 

li. CM
•* v

i a
 

•
*
*
 
^
 
V

t t*
1

0
 

JC
 

p
g

a
>

^
v

«
in

V
r

M
*

«
»

.i
(

>
M

f
f

m
u

i 
o

i 
u
j 

a
u. w

 
•

u
. 

Z
 
M

 
C

M

'« 
s

iv
^

o
^

—
d

m
^

f
M

c
ii^

^
o

*
^
 

0
 

f
M

r
o

'^
o

iV
a

i^
^

W
t
A

r
 
^

 (
B

~
 
o

-
r
-
0

1
 "

J
m

 
2

>
-
 r
-
>

»
 

I
 

~
C

M
~

€
M
 
~

 ~
1

M
 
'-

f
M

'V
c

x
»

*
~

fM
p

n
m

fn
»

n
*
'tn

'
n
l»

>
w

ln 
a

c

_
 

«
"
»

 
«
!
 

•
'"

'"
'"

i
1
 

1
 

I 
1
 
1

~
 >

o
 «

D
 

o
 :

2

150



» i«r ***.« *° « 
«*i*0 w

 £ 
»- *» c

£
U

*
»

™
«

*
»

.!flw
Io

2
!«

'

PCU

*• o 
w

»fl^.tfi-*-*fsjtf,;«»
tfl 

rv
«>p

IBa>»t«D
!u>a>_«**r'>0t i 

-i 
u

j' • 
••• 

• 
• 

•-• 
•!• 

• 
•

• »
»
•* .Z

 "•""•• .Z
' 

.
i
i
T

.
i
T

i

--:"".• 
«•.«•«.•-.

i.w
i*

*
ft»

-*
H

*
»

2
*

»
H

f*
-'

d
B

L
«

*
 

•
•

*
•

•
•

•
•

•

D OVERALL PERFO
FORM INLET

-m
 IF. ̂

-a
iM

in
<r a- n 

m
 m

 m
 m

o
 o

 o
 o

 o
 a

 o
 o

o
 o

 o
u, ., ~

 „
 „

 a
 „

 «
,o «

 m
 ~

 
S

 =
 S

 3
 S

 S
S

 5
 3

 5
S

 S
 S

-
•

-

«
 

iM
<

n
atm

r«
tfi

n'u
i*

ntA
(n

MMQ<CQ

' 
—

 
ffl 

O
f

T
t
/
!
*

n
»

*
«

*
o

*
-
f
^
in

f
n

'-
1
'
1
-
t
o
 

o
 

«
«

^
«

«
i^

»
r
»

*
.
2

a
>

u
^

in
 

o
*
 

"
1
 

*
*

*
*

'
*

«
*

•
«

*
«

•
«

'
*

^
--o

^
jo

-^
^

j--^
..! 

i 
^

^
^

^
^

N
^

^
^

^
N

 
..-M

 «
 

i^
»

«
-5

S
*

S
^

S
5

^

11X1" w *" » ° 
'"'*• " *• "* * °*

0
 

.
O

t
A

i
n

^
^

t
f
W

u
i
^

^
t
M

 
O

 Z
 

•
1

 
»

»
»

*
r
*
^

f
n

*
^

w
*
^

f
n
w

 
<

L
M

 •
•

uio«* !M*• 
i.i -«•*-«;

i 
i i i i i

l
l
/
»

w
*

l°
»

*
^

"
»

M
»

.
.
J

J
f
-
.
O

 
3

"t n' M"-""\ a'°^ 
i

I 
: 

I 
I

• tf
i *

 
»
 
"

 
f
^
 '

O
 
j
 

V
I
 
•

<-» 2
 
^
 
«

*
 M

 *
: o

»
a

M
«

I
M

t«
«

r
-
«

'-
*
*

^
f
s

i
O

a
-
w

S
^

u
j
W

I
O

^

• 
,:̂

.
 .

•
.
»

.
^

j
»

«

i 7*. • ? i *I* • T • • *•

&

o&

151



H1ffl

I V
3
 >»••

^
•a

 «
-«

»
.

. 
.1

*1
 •• it..,

«
~

.N
 4

>
r»

•••*
•• •••<

!
•
 »

>
•«

•*•••

L
I.

r

- + t •><•
•*[»>

.»

--r
.
 
»
 
.
 .
 
. ^.u,

»l Irf) *
l*

l

*t V
jl 

JJ*
 

5
 :4

 |»* *nj «j~^
k. I

 i
 

I'M
 
»
 
i
 i
 i

n
 

O
r>

 A
v
 
d
t ift •

I»
•
'•

»
•

7
?

I 
O

fl>
»
 
•
*
;*

•
-

t 
*
-
 

' 
'

-
•
j'O

 
0

»
-
<

! 
'i 

T 
!' 

i

: 
•' * 

* 
•

•
^

•
•

•
•

•
j 

x
 

O
* 

-f»f»» 
O

 —
 •»

 ill 1
 »

• P
*

i
b

o
o

q
o

o
o

o
o

 
1
 

M
 »

- o
 o

 ty
 o

 
o
 o

 o
 o

 q
 o

 <
>

.•.*
,.»

>
.*

•» 
»

:»
 

••: 
O

'O
 

*
'• 

>
»

-
*

•
*

•
* 

»
 >

' *
r 

. 
! 

• •_ 
•  

r 
; 

' 
-

O
 O

 I
. •••«>.<

I
 
C

O
-
.•

!•
• i
 

.
i*
.
l

Ss d'S * S'ii
o

'J
-
i

~
J

-
J

*
,

'J.V
.-.'.T

.-.'
- 

- 
1

—
 •*

•••-

f»
>
 

M
0

 
M

O
 

M
C

0

-gi -4
«
r »

. 
.

at 
4»

»
 

»
e

 
»
.. o

 o
 o

K
--r •*-, :

_
. ia

 • *
 
• 

• »
*

•
•

»
»

*
[ 

>
 

i
»

%
.
»

»
»
 •

f 
• 

• 
; 

^
^

i 
M

ftO
tfi o

n
-M

r-- 
•*•'#

*»
•' 

-j 
o

- 
• 

»
• -»

«
 *

 ift «
•
*
 *5

 *
*
 2

• 
•
 i
 
r
 .
 iT

T
rT

r i 
u 

v<«i«infj«-^i^«. !M
«iii 

*.»*- i»

•
.

i O
 0

 ••»
 i.»

 -
•
 •
•
 O

 o
•

».•» 
0

i a
 -

k,3. 
•

k
, *

 «
•»

-
•> 0

iA
 

M
0

 
i 

X
 

«
-4

v
>

»
>

«
-«

.«
.o

0 »
«

•-»
. ! 

« 
: 

i 
•

.
•

•
•

!

.
<*«' «

 •{»
'

I
*i 

: 
! 

' 
i 

: 
i 

-
U

 •#»-: •• *-• 
*i»

 . —
»
 ̂

 
—

 i 
u

»
i*i>

a
»

.«
t**0

O
M

,'«
f*

>
 
«
l»

 •••••• —
^

lo
 O

*
. I?

 «
 

: 
O

 O
m

f 
•••*

0
 «

«
(»

•»
]•»

 •»
'

B
«
«
r«

-»
0
i0

t0
'.0

v
a
r0

;i»
- 

; 
: m

—
 

( 
• 

' 
',

, 
'• 

! 
I 

O
 

, 
! 

: 
i

i 
i •

V» « - ».V* 4^ '•»• ••*»•" i 
"'•—

••* 4 •» •>» • •« •'•» 0 •*
.V

 »
:~

0
V
 •[••

 +
r- M

O
 j 

«
-«

•!•• -«
iw

-^
.- •

j»
.^

»
»

1*. 1 
>u5 — •*o3£0K

 S*"*^
"™

 
"*

' 
^
o

%
i?

»
~

*
. +

 
1

lifv
m

-*
'»

m

•
 
>

•
.
*
!
•
!
•
 -

^
 :

•
'
«

:
•
,
^

:
»

l
| 

Z
1
 
1

9
—

«
 

M
 O

M
«
j —

 1
»
»
>

 
t»

 
; 

*
1

 M

*
 *

*
 ^

 
w

T-=
i 

-
i 

—
.

:
• 

-
.
.
.
.
"
.
,
 ,
.
.
r
.
.
.
 .. 

(
 
x

 «
•>

«
•••(»

*
•«

<
•»

.>
1

*
»

-
••»

 n
 

«
 _

 
—

^
 n

n
 

—
w

 «
•

•
•

•
!

•
•

—
—

 —
;

•
"

«
,

«
.

»
»

» 
* 

} 
. 

• 
*

»
»

*
'»

 n
'«

 4
 ••••«

»
' »

 
I 

»
•••»

 
M

»
o

w
o

k
«

«
v

••'•
 
"i«

.«
l<

r .n
o

«
:<

-• I 
«
*
!•
>

 •
•
[•

•
-o

K
*
. £

 f 
*

«
K

0
'
0

t
s
J
i
m

i
n

'
l»

 
U

K
»

*
f

'
*

*
*

^
»

*
f

»
*

»
..."

,~
 
.
,
*
.
.
"
.
.
 
i 

£
 0

*
4
1

 rJ
 n

«
lr .rm

M
 
o
«
-

*
1

-
lta

-
IIM

»
f»

.»
 

: 
—

 k
l I 

I 
<

—
 —

 -.^
_

4
«

«
«

l
N

 IM
 _

; 
] 

!»
 •* —

 
• o

 
; i >

 i . i 
<

 «
 i

N
«
^
,«
 ̂

^
.
»
 g

i
'
r
 

J
 

4
 «

 ̂
 »

• d
| <

rJ.o
>
 »

| O
 -

! 
I 

i 
I 

i "" 
I 

' 
• 

I  
: 

i 
I

152



7
?•>
 hUh

T
?

* . +>
^
 h

«
••M

S
1-'

•i*
3'v-
n * •

§ 
a

*
i i
 

i

S 
- 

fe|
sr 1 

Q
-

£ 
a ^

S 
p!

Z
 

0
 

"
r—

t 
O

S
 

3
"

o
 

t
fe 

i-.'
P

i 
i i

W
 
M

_
^

 
f

t
, 

L
*

~Ss  
:«

* 3
z 

2
3^1

 
;

»
 W

 2
 

-'
<J > o 

*;
r
-
o

g
Q

 
«
i

5
 

; iJ
< 

•»:
H

 
v

£
 

T
!

W
 

It

g 
i :

M
H

 
|h
|

l-l 
<

 <
W

 
*

x

W
 

'

9 
III

J
 

C
pa 

; 
v

! >

-.4
--

»
.M• i '

S
*

9
- 
*

i* 4
*

•

*
•

h
>

«

«
 C

0
 M

»
• •*• n

-
•d

î"
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îr.d
"o

> 
.
-
[
•
.
•
 

'•
 
. »

 r

11

•<• ' J
 •• S

 a

"T
"T

"
! 

!

ij 
I

• 
':

M
 
»

«
 
O

*
 
*
 

.
 

'
i

'
!

'
:

M
M

 
«
K

) 
H

) 1

—
 * 

r K
. —

 «
r- o 

O
K

. -« 0-4
*
 
•
 
,*

 *

•
 
•
•
•
"
•
 

s
 

»
•
•
 -
»

 •

A
 N

 —
 o

*»
 

«
|* 

•«
 •»

 -»
 —

K
 
M

y
 
^

0
 C
• 

'

f-
a

. 
»
 

4

j'o

V
 
M

'*
 

-
 

~
 

—

i-ft

:*•
ft.

*-«2
o

o
o

d
b

o
o

o
o
 5

*
.
e

.
.
.
^
.
•
•
.
.
 
o

o
<

1
0
 
V

j

S
tj5

s;1
0

0
 
0

0
 
O

 
c

.
 
•
 •
 i
 •

O
K

•
 
4

n
o

M
 
-

•
 '
<

M
M

K
 
0

M
 V

o
 W

4
 
V

«
 •
'

a*--*
' t*" 

o
M

 
'

7S•i•
I U

••»
 1C

»
 a

-

.
 J

M
 V

*
. V

•"•T

* *"!
M

 
0

• • - *

o
V

*^^i
M

*
'

*
^

•" C

t
 

*«fc
^ft*

M
r
fl

•
 
,

lA
 
«

4

%
 

.0u

*"

M

K
 r* «

 •«
» » 1» »

o
 

O
*-»K

.

o
 

g
—

 •*«
* * . i» • . .

s iz -
o
 o

 o
 -

.
*
!
 
•
>
 
*
 
;
 
•

1
*
 

«

M
 
«

f^
. 

•"_

M
 

' 
M

 «
 
O

«
 

M
fj 

O
 M

*
^
*
*
, *

*
•

*
 

«
*
•
<

•
»

*
 
*
*
1

i
M

M
«

M
M

*
 «

 
K

»
r«

.fii.-4
«

-4
«

«
rii.«

tfi
r» 

:
.
.
.
.
.
*
 
.
^
.
 
.
 .
 *

•
 
»

*
•

»
»

•
 

, 
*
 

; 
| 

•

*
*
! 

• 
• 

—
 

r
M

*
f
k

.
K

^
M

v
*
r
t
«

; 
')

 
t 

' 
O

f*
.
 
M

n
. 

V
M

M
 
«
••«

 |
0

 
M

n, g 
s°"

1
1

 **'''
. iii

|

' 
1
 

i
1 

1

i 
i

i 
i

i

•* 
'

• ̂ i<

•• •
!«

>
«

0
«

.*
..!-

1

'-U
.

t* fr« ?
-e

 
(fî
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BLADE ELEMENT AND OVERALL PERFORMANCE
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î
 v

'.'."
*

 —

O
 —

0
 t
k

4
1
 4

1
•

rn —
N

 4
1

tf 
—

4
1
 
•*

>• 
*

tfl 
4
t

*• 9
-

I
 1

«
 f
t

*
 
•

ft 
ft

P
k 

•«
•
 
•

I
 1

<*.*
V

* 
—

O
B

>
tf 

H

O
 ft

0* C
O

P
k 

*k

tfl 
4<

•
 • 

•
:C

D
 

G
'ft 

-
;4

I
 
4
*

>; •*
 

J
l

• N
 

A
O

B
>

.0
 
fk

. f
t 

f
t

I
 
•

't
f
 
t
f
l

tfl 
M

fk
 
P

k

:P
k
 

tfl

ft 4
1

ft 
f

» 
•

»
f\ 

n
! 

1
 
1

CD 
r

«
 4

4
o

a
» 

*
;** r
I
 1

0
 
C

4
1

4
1•̂

?Otf•u,

S•-«. 
•

tf»•*
«r*I
'ni *f>nn• o

-
'C

Dpk41

•
 

*
;O4

t

V
k 

•
oO•C
DO

M
 

•

MM.p
ktf^

t 
•

'
«
f

'Mtfl

+
 
•

^P
k

> 
—

p
 
r*

;—
 
n

PH E
«;«> 41

r
J
 
"
Y

 
•
' 

*
 

•

w
 O

 9
|v

 •

r>
, p

k
'n
 
«

<
t 

E
H

 
•
*
!*

 
M

' 
W

 *
}
 •
 
•

t
' 
I*.,*

 in
g
 .
 «

 <
o

| 
i

•

a
. *n

 —
 o

 o
>

l' 
l o

*
 m

 tfl
k
 
U

 
•
<

 •
h
. »

• 
tf 

tfl 
tf

k
l «

 
4
1
 m

 N
•
 

P
»
 P

«
 
N

 N
V

)
4
* V

 
tfl

X
 

O
- 4

1
 —

IM
 —

 O
 
O

 
f*

P
- 

>
• 

10
 9* 

0*
a
. a

- * 
* 

•

a. 
—

 in
 in

1
 
J

 
—

 O
* 

N
m

 <
 «

 m
 in

vt »
- a

 o
 
o

o
 o

 
*
 
*
 
•

-*•-

* i 
-i —

 pk ft
<
 
<

 t
f
l «

 O
W

 P
- 4

ltfl <
M

k
l O

 N
 N

 
M

oW
 

tf 
t>

 O
>

<
 

M
I
M

 
-

k
. 

ft' ft 
ft

' I 1 
«
• —

 
—

0
 

-
 
•
 
•

N1
 

O
 ft 4

1
r 

—
C

D
 tf

•> 
* 

•
^ 

rk pk (k,
a,

 
!

i! 
p
k' «

 a
i: 

«
<

•)»
>

 
• 

*
o 

m
; 41 in

x: 
in tfi in

«
: 

'
• lt.«

 tfl C
Z

' 
k
l tf tf 

C
D

K
 

B
C

 •
 

*
3
 tf

 4
1
 t
f
)
 *

i- w
 tfi m

 en
: o

 
:

; w —
 —

 pk
>

 
k
l P

k
 4

>
 »

k
l' B

E
 
*
 

•
O

' 
tf 

—
 O

>
 P

k

1
. kl *•

:»
w

.*
r' w

 0
 —

 in
v>' ee

 • 
•

Z
: tf «

 tf «
—

 , k
l

; 
! ° 

;
; 

w tf t*. <
i 

tn
.k

ic
D

i>
 

-
1 

W
 D

Z
 
* 

*
Z

' 
tf 

•

":" ;
• 

.
 

-
.
 ft

 
*
1

1 
«

 
i

>
 
0

N
 V

-

P- 
41

•
 P

k
r 4

1
•
 
•

•k
 

W
•k •%

.
0

tf 
4
t

t 
••

-* n
« «
•n

 »
41 *n
•O

 
0

-.-.
•^

 
M

41 in
ft —
o

 o

..r -oo
m

—
 
0

• 
«

-
 0

S
?

—
 _

-*m
 
-
.

M
l 

O

."4
1
 V

i'."
S

S
l^l«»
'in

 T

»
 ^

!-u
i

»tfV
 T

L. fr Vr.-i™
 •*

» 
i

!ft 
f*

,:-;'•-

i
J,ft tf]<in

 «
|f!

tfi V
f

*.-J'
*• 

'i 1
•a -o! •i•

J

'.

„
.
,

n
«

i
- 

•• 
•

f 
O

 *
*s

:
«

 «
- .

O
 

4
1
 «

f*
 
*
0

 f
9
- 

9
- •

•
 
f

N
 0

 •
a

 *
c
i

ft 
ft f

o
a

t
• *

—
 

op
•>

« fk
 

t

O
 

—
 C

—
 
—

 I

—
 P

k
 
f

v- 
*
- .

tf tf •
• • 

•>
 *.

ft 
tfl 

•
• 

tf 
tf 

4
ft *

 
*

V> 
V

-' 1
41

 41

C
D
 

9
.
9

f
t
-

•
 
•
 
•

• m
 

pk 1 c
tfi 

in
 u

ft f^
CD

 CD
f 

*
 

«
' t
f
l 1

 •
' 

tf 
tf 

<

4
1
 P

k
 •

ft 
ft 

•
r 

»
 
•

' »
 •

"

• •• 
*( 

1
O

t>
 

1
> 

*
 

•
0

 
«
>
 -

: 
* 

•

i ft m
pk pk. i

• 
•
 
•

» «
 t
f
t
 i

»
 
M

 
-
*
 .

: ' 'I
' ** ̂

,
•. « —
• ••» 

i
.
 .
 .

:sbT
.-U
3

 m
W

»
 

w
 • 

|
p- 

«
|in

 
>

n
 in

 in
 

i
! 

. 
1

i1 
i

j
!

i

:

!;;

•«
 

tf 
4
»

V
- 

P
« 

tfl
•
 •

•
•
•
•

K
 

c
T

v

K
pk 

tfl
o

r*
«n 

tf) 
tf

w
 
v o

»
•
 
•
 •

—
 p

k o
«n in

 o
in

 4
) K

R
o
 a

» 
•

p* tfi ^
p> »

 n
*. —

 .«
-
 

W
 
f
t

—
 
0
in

 
i 

B
V

tf 
tf'tf 

. 
1

N
 
ft.—

 
' 

k
.

H
 

_
•
 
v
«

 
|f
c

• • • 4
- • 

k

r- 
K

, —
 

' 
o

r
 
»

 o
 

«
•* 

* 
• 

*
W

 
tfl 

tf) 
, 

k

: 
:  

u
^

 
P

k
! P

4
 

: 
C

n
 
9

 ft 
o
.

>
• 

* 
• 

>
n
 o

 o
 

c
m

 in
 in

 
. 

••
'

-«
 co

 in
o

 
a

-tfi 
o

>* 
»

 
• 

t-
ft 

f*
t*

 
^

9
 

9
,9

 
, 

C
: 

P
-

K
 
0
 
O

 
*

tk
.fk

.n
i 

a
< * 

» 
» 

c
m

 P
k o

 
*.

k> 
^ 

ft 
',

r 
o

»
*
 

a
• 

•>
 
• 

a
r 

4
1
 —

 
O

—
 

—
 »

S
I 

i 
K

I
I
I
 

2

>
 «

:4
l

O
 
«

 
O

•
 

»
 *

D
 

N
«
 

•
N

 
*
4
-N

 
;

I
I
I
 

'

r. o
 —

p- 
in

5
 

r.
Z

 
M

 <
J

-
 

h

ki 
r-

_
i 

•
Z

 
V

 O
J

- :?
1 

h-
1

 f- 
0
>

l u
 

(y
j 

r
-

15 
^ ^

1
*•

It- 
* n

u
 

n
4 -* 

*^
'z
 

.

>- 
JIT

• w
 

k
^
 
-*

-*
 •

*
 
•

|=
|?

|P
-
 

tf

\ltt 
X

 
—

 •
1 j 

e
v
 *

^
f^

r,
i 

i

187



g§ffiWs w
§

z
fc

 K

W

O
 >

WWWQn

•S
I

•C
M1

J
K

IM3IM1

3
 *

o
r

X

u«i/S
u,

2
3

U
.

0
0

W
» 

tfeatftr

FT /SEC
1071.6 .B6D2

it m
*
h
 
M

*• en
u.*•IM

EPST-1 EPSI-2 11-1 11 -2 VN-1 VM-2 tfB-1 V & - 2 B-l B-2
DEGREE DEGREE F I / S E C F I / S E C F T / S E C F T / S E C F T / S E C F I / S E C DEBREE DEORE
29.55 3 29.505 272.3 912.8 2 7 2 . 3 162.9 .0 821.* .0 59.

<S
I

M
 «>

tn
 u»

o
,m

0
 
°

01 5
•> m

M
 
O

M
 *
"
•

*•> 
«r

"
I
 
•

a
 •"

«
«

M
 
*
*

IM
 

«
T
,

U
l
 
W

= S

*• 
•

en •**
u> JJ

in
 •"

i-. O

U
) 

•*!

CO 
*

in
 -

en c

w
 
*

to
 c

tn
 u

i

1:

SSM
 a

t

S
S

=
 1

en a*
*° in
s
-

m
S

°£
l~

3

£
tn

a
 o

ai *n
•
 
•

sso
 o

*
 •

co
 

m

IsK> 
in

'1

0
 ̂

(M
 
W

.

«
•
 
*»

.

v
 a

(M
 

*••*_

°
»

<n *"*!
•• 

•,
«

Q

0
1
 *

*

i

•
 
•

in
 u

i

°
,
 
•

C
D
 

»
.

S
-

•>
- 

U
J

O
o

•:)•;

0
 °
^

û
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APPENDIX 5

OVERALL PERFORMANCE AND FLOW DISTRIBUTIONS
WITH CIRCUMFERENTIALLY DISTORTED INLET FLOW (TABULATIONS)
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TABLE 12
STAGE OVERALL PERFORMANCE FOR INLET

CIRCUMFERENTIAL DISTORTION

% Design
Speed V^ll/8!!' P17/pll ^ad T17/T1

70 122.7 1.349 75.5 1.118
114.9 1.444 82.3 1.135
107.3 1.478 80.5 1.147

95 163.6 1.826 72.0 1.246
159.2 1.905 77.6 1.261
151.5 1.936 76.6 1.272

100 174.1 1.958 77.3 1.274
167.4 2.036 77.5 1.291
161.2 2.054 76.1 1.300

NOTE: Symbol definitions appear in Appendix 1
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