
NASA TECHNICAL NOTE NASA IN 

L O A N  COPY: RETURN TO 
AF!& TECHNICAL LIBRARY 

KIRTLAND AF8, Mprfl. 
PERFORMANCE OF A 1.57-PRESSURE-RATIO 
TRANSONIC FAN STAGE WITH A SCREEN-INDUCED 
90" CIRCUMFERENTIAL INLET FLOW DISTORTION 

Nelson L. S'anger 

Lewis Research Center 
Clevelmd, Ohio 44135 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. FEBRUARY 1976 

I 

https://ntrs.nasa.gov/search.jsp?R=19760011034 2020-03-22T16:25:32+00:00Z



TECH LIBRARY KAFB, Nkl 

9. Performing Organization Name and Address 

I llllll RII lllll lllll lllll11111 lllllllll111 

10. Work Unit No. 
505-04 

1. Report No. 

~~ 

Cleveland, Ohio 44135 
2. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

1 2. Government Accession No. 

13. Type of Report and Period Covered 

Technical Note 
14. Sponsoring Agency Code 

0333944 
- I 3. Recipient's Catalog No. 

Circumferential distortion; Distortion; Tran- 
sonic fan stage; Compressor 

NASA TN D-8163 I 1 ~~ 

4. Tit le and Subtitle PERFORWNCE O F  A 1. 57-PRESSURE-RATIO I 5. Report Date 

Unclassified - unlimited 
STAR Category 07 (rev.)  

TRANSONIC FAN STAGE WITH A SCREEN-INDUCED 90' 
CIRCUMFERENTIAL INLET FLOW DISTORTION 

19. Security Classif. (of this report) 

Unclassified 

I February 1976 
6. Performing Organization Code I 

20. Security Classif. (of this page) 21. No. of Pages 

Unclassified I 74__ 

7. Authorb)  

Nelson L. Sanger 
8. Performing Organization Report No. I E-8218 

Lewis Research Center 
National Aeronautics and Space Administration 

11. Contract or Grant No. I 

5. Supplementary Notes 

_ .  . 

6. Abstract 

A transonic fan stage having a design pressure rat io  of 1 .57 w a s  tested with a 90' circumferen- 
t ia l  distortion imposed on the inlet flow. 
the design pressure rat io  was 1.60 at a tip speed of 425 m/sec. Overall  performance a t  7 0  and 
100 percent of design speed showed (compared to  undistorted inlet flow) a loss  of s ta l l  p re s su re  
rat io  and flow range a t  design speed and no significant loss in s ta l l  pressure r a t io  a t  70 percent 
of design speed. Detailed flow measurements are presented to show the rotor-upstream flow 
interactions and the attenuation and amplification properties through the stage.  

The rotor  diameter was  approximately 50.8 cm, and 

17. Key Words (Suggested by Authorb)  ) 1 18. Distribution Statement 

22. Price. 

$4.25 



I 



CONTENTS 

Page 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

APPARATUS AND PROCEDURE . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
SINGLE-STAGE FAN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
TEST FACILITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
INSTRUMENTATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
DISTORTION SCREENS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
TEST PROCEDURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
CALCULATION PROCEDURE . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
REFERENCE CONDITION: BACKUP SCREEN TESTS . . . . . . . . . . . . . . .  7 

Overall Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Radial Distributions of Performance Parameters . . . . . . . . . . . . . . . . .  8 

8 
Overall Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
Rotor- Upstream Flow Interactions . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Circumferential Flow Distributions . . . . . . . . . . . . . . . . . . . . . . . .  11 

GENERAL DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

PERFORMANCE WITH CIRCUMFERENTIAL DISTORTION . . . . . . . . . . . . .  

SUMMARY OF RESULTS . . . . . .  1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 

APPENDIXES 
A-SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
B . EQUATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 
C . DEFINITIONS AND UNITS USED IN TABLES . . . . . . . . . . . . . . . . . .  26 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

iii 



PERFORMANCE OF A 1.57-PRESSURE-RATIO TRANSONIC FAN STAGE WITH A 

SCREEN-INDUCED 900 CIRCUMFERENTIAL INLET FLOW DISTORTION 

by Nelson L. Sanger 

Lewis Research Center 

SUMMARY 

A transonic fan stage was tested with a 90' circumferential distortion imposed on 
the inlet flow. The fan rotor was approximately 50.8 centimeters in diameter and had 
a 0.5 hub-tip radius ratio, a design operating tip speed of 425 meters per second, and 
a design pressure ratio of 1.60. Stage design pressure ratio was 1.57. Data were ob- 
tained at 70 and 100 percent of design speed. Overall performance and detailed flow 
parameters at three radial positions were obtained. 

At design speed and near-stall flow conditions a total pressure distortion magnitude 
of 12 percent caused a loss in stall pressure ratio of 5 percent and also a loss in flow 
range. At 70 percent of design speed a lesser magnitude of distortion (4 percent) did 
not affect stall pressure ratio. 

Significant rotor-induced interactions were observed in the upstream flow from dis- 
tortion screen to rotor inlet. Total pressure distortion was relatively unaffected, but 
axial velocity distortion was strongly attenuated. Large tangential velocity distortions 
were induced in the hub region with lesser effects radially toward the tip. 

Circumferential flow redistribution due to distortion tended to unload rotor blades 
in the undistorted sector. The resulting reduced energy addition was the primary 
reason for a decrease in overall pressure ratio over the operating range. 

velocity components caused all blade elements to add energy in a circumferentially vary- 
ing but significant amount. This process was accompanied by increasing losses in the 
distorted sector as stall was approached. Stall conditions were reached at a greater 
weight flow with distortion than without. 

However, the distorted sector was subjected to higher incidence angles and the undis- 
torted sector to  higher Mach numbers than were reached with no distortion. Higher 
losses were evident in the distorted sector. 

As the rotor traversed the distorted sector, varying incidence angle and tangential 

The stator blade row essentially transmitted the flow pattern generated by the rotor. 



INTRODUCTION 

One of the principal assumptions made in designing compressors and fans is that the 
inlet flow is uniform and axisymmetric. In actual aircraft applications the inlet flow is 
quite often nonuniform (i. e., distorted) and can result in severe performance degrada- 
tion. In-flight distortion of inlet flow is generally produced by aircraft attitude changes 
and inlet-airframe effects. Land-based turbomachinery applications can also experi- 
ence distorted inlet flow conditions that are produced by upstream duct geometry. 

Distortion is characterized by nonuniformity in the inlet flow parameters of velocity, 
pressure, temperature, flow angle, or gas constituency. Velocity, pressure, and angle 
nonuniformities generally result from separated boundary layer regions in the engine 
inlet; temperature and gas constituency nonuniformities normally occur because of en- 
gine exhaust recirculation or  armament firing. Temperature distortions can also occur 
in latter stages of a multistage compressor that is subject only to an inlet pressure dis- 
tortion. Circumferential variations in inlet flow parameters produce circumferential 
variations in work input, which are measured as total temperature variations. 

variations in the radial direction are usually considered separately from variations in 
the circumferential direction. Experimental tests usually are designed to produce pure 
radial or  pure circumferential patterns. Ultimately, however, analysis of the effects of 
distortion must combine the effects of radial and circumferential patterns. 

the aerodynamics of high-performance fans and compressors conducted at the Lewis 
Research Center. Attention is concentrated on "steady-state *' distortion patterns (mag- 
nitude and extent nonfluctuating with time) that are produced experimentally by wire 
mesh screens. The objective of the research is to better understand the aerodynamics 
of compressor flow under distorted conditions, thereby enabling more distortion-tolerant 
designs to be evolved. 

induced circumferential distortion of 90' extent is presented and discussed. Detailed 
surveys of flow conditions at several upstream measuring stations, between the rotor 
and the stator, and downstream of the stator are used in the evaluation. 

The subject fan stage had a design pressure ratio of 1.57 at 425-meter-per-second 
tip speed and was one of the reference stages for an experimental program whose objec- 
tive was to determine the effect on performance of changes in selected aerodynamic and 
geometric design variables. Its aerodynamic performance with undistorted inlet flow is 
presented in reference 1. Detailed flow measurements around the circumference at 
three radial positions were made between the distortion screen and the rotor inlet at 
three axial locations. These measurements are evaluated to determine the degree of 
interaction between the rotor and the upstream distorted flow field. Similar detailed 

In order to simplify analysis of the very complex patterns that are encountered, 

Distortion measurements are taken as part of a general program of research into 

In this report, the response of a single fan stage with a transonic rotor to a screen- 
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flow measurements were made at the rotor and stator outlet planes to determine the 
stage response to  the imposed distortion. Data are examined in detail at near-stall and 
maximum-flow conditions for design speed and at near-stall conditions for 70 percent 
of design speed. 

APPARATUS AND PROCEDURE I 

The apparatus that was used in the test consisted of the single-stage fan, the test 
facility, the instrumentation, and the wire mesh distortion screens. A description of 
these items is followed by a discussion of test and calculation procedures. 

SINGLE-STAGE FAN 

A description of the design procedures and design details of the fan stage used in 
this investigation (designated as stage 11-4), as well a s  aerodynamic performance with 
clean-inlet flow, is contained in reference 1. For convenient reference the design-point 
overall parameters, rotor and stator blade-element aerodynamic parameters, and rotor 
and stator blade geometry are presented in tables I to V, respectively. All symbols are 
defined in appendix A. Equations and terms used in the tables are presented in appen- 
dixes B and C, respectively. 

The design-point overall pressure ratio for the stage was 1.57 at a weight flow of 
29.5 kilograms per second. Rotor design tip speed was 425 meters per second (about 
16 000 rpm). 

ratio was 0.5. The nonrotating tip clearance was 0.050 centimeter, and the axial spac- 
ing between the rotor hub trailing edge and the stator hub leading edge was 3.2 centime- 
ters. Vibration dampers having a maximum thickness of 0.21 centimeter were placed 
on the rotor blades at 50 percent span. Tha rotor was designed for a radially constant 
total pressure ratio of 1.60. 

and stator are shown in figures 1 and 2. 

The rotor tip diameter was approximately 50.8 centimeters. The hub-tip radius 

The blade shape for both rotor and stator was a multiple circular arc .  The rotor 

TEST FACILITY 

The tests were conducted in the Lewis single-stage compressor facility. A sche- 
matic diagram of the facility is presented in figure 3 and a complete description in ref- 
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erence 2. Air enters the system through an inlet on the roof and passes through an ori- 
fice and into the plenum. It then passes through the distortion screens and the test stage 
into a collector, from which it is exhausted to the atmosphere. All tests were conducted 
with atmospheric inlet conditions. Back pressure on the stage was controlled by a slide 
valve located in the collector (fig. 3). 

INSTRUMENTATION 

Compressor flow rate was measured by using a calibrated thin-plate orifice located 
in the inlet piping (fig. 3). Radial surveys of the flow were made at five axial locations, 
three of which were upstream of the rotor. A schematic figure of the flow path and sur- 
vey locations is shown in figure 4. The type of probe used to obtain the survey data is 
shown in figure 5 and reported in reference 3. This double-barrel probe has demon- 
strated ability to record accurate values of total temperature, total pressure, and flow 
angle. 

ments at the same location, static pressures were obtained by averaging the pressures 
measured from the taps on the two sides of the 60' wedge. Calibration curves were 
used to relate these readings with true static pressures. Large corrections a re  neces- 
sary to determine true static pressure in the Mach number range 0.6 < M < 1.0, which 
is the range of flow Mach numbers entering and leaving this rotor at design speed. A 
typical calibration curve taken from reference 3 is shown in figure 6. However, em- 
phasis herein is placed on the change of flow conditions from undistorted flow conditions 
and from different flow conditions under distortion rather than on the absolute value of 
any single flow parameter. 

and stator outlet stations (1, 2, and 3, respectively, fig. 4). The circumferential loca- 
tions of the survey probes and the wall static pressure taps a re  shown in figure 7. The 
survey probe downstream of the stator (station 3 )  was circumferentially transversed one 
stator blade passage (7.5') in nine steps counterclockwise from the position shown in the 
figure. 

All pressures were transmitted through a Scanivalve system and measured by cali- 
brated transducers. Rotor rotational speed was measured by an electric speed counter, 
which sensed pulses from a magnetic pickup. 

cording system are 

For these distortion tests, where it was thought desirable to obtain all measure- 

Inner and outer wall static pressures were measured at rotor inlet, rotor outlet, 

The estimated e r ro r s  based on inherent accuracies of the instrumentation and re- 
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Weight flow, kg/sec . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rotative speed, rpm.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *30 
Flowangle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  k 1  

Temperature, K . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ztO.6 
2 Rotor inlet total pressure, N/cm 

Rotor outlet total pressure, N/cm 
Stator outlet total pressure, N/cm 
Rotor inlet static pressure, N/cm 
Rotor outlet static pressure, N/cm 
Stator outlet static pressure, N/cm 

*O. 3 

. . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 01 

. . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 10 
. . . . . . . . . . . . . . . . . . . . . . . . .  zt0.10 

. . . . . . . . . . . . . . . . . . . . . . . . . .  k0.04 
2 . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 07 
2 . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 07 

2 
2 
2 

Figure 8 permits data accuracy to be approximated for circumferential distortion 
data. Integrated weight flow at each station is compared to orifice weight flow. Up- 
stream flow measurements indicate the most accuracy, and the rotor outlet station the 
least. The figure is more an approximation of overall performance data accuracy than 
a presentation of detailed data since integrated values are used in the comparison and 
the integration is performed over only three radial positions. 

DISTORTION SCREENS 

The distortion screen assembly used in the investigation was located 36.25 centi- 
meters upstream of the rotor hub leading edge. It was rotated to 12 circumferential 
positions to obtain the distortion patterns measured by the single survey probe. Trial 
and er ror  tests were conducted to determine the screen extent that would produce a con- 
sistent 90' circumferential distortion pattern over the blade span at the rotor inlet. The 
resulting screen covered 85' at the tip and 135' at the hub diameter. A 20 x 20 wire 
mesh (8 wires/cm, or 20 wires/in. ) was used. Wi re  diameter was 0.051 centimeter, 
resulting in a 36 percent open area. It was secured to a backup screen having a 1.9-  
centimeter by 1.9-centimeter clear opening and a 0.27-centimeter wire diameter. 
port struts (8 in number) for the backup screen were streamlined such that the cross 
section resembled an ellipse having a maximum thickness of 0.76 centimeter. The 
screen assembly is shown in figure 9. 

Sup- 

TEST PROCEDURE 

With only the backup screen (BUS) in place, radial surveys were taken over a range 
of weight flows (obtained by adjusting back pressure on the stage) from maximum flow 
to near-stall conditions at 70 and 100 percent of design speed. At 60, 80, and 90 percent 
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of design speed, surveys were taken only at the near-stall weight flow. Data were re- 
corded at 11 radial positions for each speed and weight flow. At each radial position the 
combination probe behind the stator was traversed circumferentially in nine steps across 
the stator gap (7.5'). 

At each speed the back pressure was increased by closing the outlet valve until a 
stall condition was obtained. Stall conditions were indicated by a sudden drop in stage 
outlet pressure (measured by a midpassage monitoring probe and recorded on an X-Y 
plotter), by large increases in measured blade stresses on both rotor and stator, and by 
a sudden increase in audible noise level. Radial survey data were taken at a weight flow 
as close to  actual stall as practical. In general, this was within 0.5 kilogram per sec- 
ond of the actual stall weight flow. 

For the circumferential distortion tests, radial survey data were taken only at 100 
and 70 percent of design speed. At 100 percent speed, data were taken at three weight 
flows: near stall, midflow, and maximum flow. At 70 percent speed, data were taken 
at near-stall and midflow conditions. Stall conditions were obtained as in the BUS tests. 

10, 45, and 90 percent of span from the tip. A radial survey was taken at each of the 
12 screen positions. At each radial position the probe behind the stator was circumfer- 
entially traversed to nine different locations across the stator gap. 

inlet midspan radial position was (PmU - Pmin)/Pmax = 0.12. 

With circumferential distortion, survey data were recorded at three radial positions: 

At near-design flow conditions the magnitude of distortion measured at the rotor 

CALCULATION PROCEDURE 

All  data presented in this report have been adjusted to standard conditions (total 
pressure of 10.13 N/cm2 and total temperature of 288 K) at the rotor inlet (station 1). 
The term equivalent when applied to weight flow or  speed refers to  corrected values of 
these parameters. The calculation procedure used for BUS data is the same as that used 
for clean-inlet tests and is given in reference 1. The following discussion applies to  the 
calculation procedure used for circumferential distortion data only. 

number and streamline slope according to  the procedure given in reference 1. Calibra- 
tion curves are presented in reference 3. Before adjustment to standard conditions, 
circumferential distortion data were mass-averaged circumferentially and radially. 

At all stations (-1 to 3, fig. 4) the following quantities were determined at each 
radial and circumferential position: p, P, T, 0, M, V, M,, and V, (see appendix A). 
At station 3, wall static pressure was provided in addition to  these quantities. And at 
the rotor inlet and outlet (stations 1 and 2), M', V', p', and wall static pressure were 

Measured total temperature and static and total pressure were corrected for Mach 
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also calculated. No blade-element performance parameters were calculated because of 
the asymmetric nature of the flow, which, in the rotor relative flow plane, is unsteady. 
For the same reasons the data were not translated from the measuring station to the 
blade edge planes. 

Downstream of the stator (station 3) a circumferential traverse of a single blade 
passage was made in nine steps to obtain measurements of pressure, temperature, and 
flow angle. The nine values of total temperature were mass averaged to obtain a single 
value for total temperature at the stator outlet. This mass averaging was done for each 
of the points corresponding to the 12 screen positions. The nine values of total pressure 
were converted to their enthalpy equivalent (PR (7"1)/y - 1) and then mass averaged. 
From the nine measured values each of total pressure, total temperature, and flow 
angle, corresponding values of axial velocity and tangential velocity were computed. 
These velocities were mass averaged and a single value for flow angle obtained. Thus, 
single values for pressure, temperature, and flow angle at the stator outlet were calcu- 
lated at each of the 12 screen positions. 

In order to obtain overall total temperature and pressure ratios, the 12 circumfer- 
ential values were mass averaged. Integrated weight flow was computed at each station 
based on radial survey data. 

For &symmetric flow, as reported in reference 1, 11 radial positions a re  used in 
the averaging process. Backup screen data were reduced and a re  presented in this 
manner herein. However , when BUS and circumferential distortion overall performance 
data a re  compared directly in this report, only the three radial positions corresponding 
to those taken for distorted flow a re  used in the averaging process for BUS data. There- 
fore, some small difference between overall performance figures presented herein may 
be noted. 

_ _ _  RESULTS AND DISCUSSION 

The results from this investigation a re  presented in two main sections. Perform- 
ance without circumferential distortion screens but with the backup support screen in 
place a re  presented first. This constitutes the reference condition from which circum- 
ferential distortion effects a r e  determined. The second main section discusses per- 
formance under circumferentially distorted flow conditions. 

REFERENCE CONDITION: BACKUP SCREEN TESTS 

Overall Performance 

The overall performance for rotor 11 and for stage 11-4 with the backup screen in 
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place is presented in  figure 10. Data at 11 radial positions were mass averaged to ob- 
tain the values shown in the figure. Data at several weight flows from maximum flow to 
near stall are presented for 70 and 100 percent of design speed. For 60, 80, and 90 per- 
cent of design speed, performance is presented at the near-stall condition only. Design- 
point values are shown as solid symbols. Stall lines were determined by using the 
method described in the section TEST PROCEDURE. 

sure ratio and the total temperature ratio were 1.54 and 1.16, respectively. The ex- 
perimental peak efficiency of 0.83 was 3 points less than design value. Stall margin at 
design speed was 18 percent based on weight flows and stage total pressure ratios at 
peak efficiency and at stall. 

At the design weight flow of 29.5 kilograms per second the experimental stage pres- 

Radial Distributions of Performance Parameters 

The radial distributions of selected flow and performance parameters at design 
speed are shown in figure 11 for the rotor and in figure 12 for the stator. The data 
shown represent the flow conditions at near stall, peak efficiency, and maximum flow. 
Design values are shown by solid symbols. For this case only, the data shown have been 
translated to the blade leading and trailing edges. 

fect on the profiles of the rotor damper in both rotor and stator performance. 

figures shows that no single region of the rotor or stator can be identified to be critical 
but that the blade damper and end-wall areas show the highest losses and blade loading 
(diffusion factor, D). Table VI summarizes the state of key blade-element parameters 
near stall at design speed. 

A general condition that can be observed at all operating points is the noticeable ef- 

An operating point of particular interest is the near-stall point. Inspection of the 

PERFORMANCE WITH CIRCUMFERENTIAL DISTORTION 

Overall Performance 

The overall performance for rotor 11 and stage 11-4 with a 90' circumferentially 
For comparison the data without distor- distorted inlet flow is presented in figure 13. 

tion (BUS) are also plotted. The distortion data are presented at three weight flows for 
design speed (near stall, midflow, and maximum flow) and at two weight flows for 
70 percent of design speed (near stall and maximum flow). Rotor and stage performance 
show similar trends, so this discussion is confined to stage performance (fig. 13(b)). 
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It should be recalled that overall performance is calculated by mass averaging ap- 
For undistorted flow, this propriate parameters over the radial height of the passage. 

mass averaging was done over 11 radial positions, which provided a highly accurate 
measure of performance. However, only three radial positions were measured for cir- 
cumferentially distorted flow. In order to provide a basis for comparison, the BUS per- 
formance was therefore recalculated for three radial positions. These values are used 
in figure 13. 

Some efficiency values for the circumferential distortion case appear abnormally 
high and should be disregarded. Efficiency (eq. (B9)) is extremely sensitive to small 
differences in pressure or temperature. For example, with the stage design-point 
values as a reference, a change in pressure ratio of 2 percent, with no change in tem- 
perature ratio, produces a 4-point (4 .7  percent) change in efficiency. With pressure 
ratio held constant, a change of 2 percent in temperature ratio produces a 10.7-point 
(12.5 percent) change in efficiency. In view of the circumferential and radial averaging 
process and the small number of radial measuring positions, small differences can oc- 
cur whose influence on efficiency are quite large. 

flow rate is greater, the pressure drop across the screen is greater, and the corre- 
sponding distortion magnitude is greater. Defining the magnitude of distortion as 

taken circumferentially at a constant ring diameter r/rt of 0.45 ,  ('mu - 'min)/Pmax 
the magnitude is 12 percent at design speed and 4 percent at 70 percent of design speed 
(both near-stall points). At design speed the pressure ratio, operating flow range, and 
stall margin were reduced. 
undistorted flow. ) At 70 percent of design speed, stall margin was not affected. 

(fig. 13(b)), the stage pressure ratio was reduced by distortion from 1 . 6 4  to 1.56 .  One 
means of quantifying the effect of distortion on stall performance is to evaluate the loss 
in the stage stall-pressure-ratio parameter (eq. (B18)), APRS = 1 - (PRd, s/PRu, ,), 
evaluated at constant equivalent speed. At design speed this loss is equivalent to 5 per- 
cent, based on the pressure ratio at the measured near-stall points. 

The primary effects of distortion occur a t  design speed. At this higher speed the 

(The stall line was moved to higher flows as compared to 

From the near-stall points at design speed for undistorted and distorted flow 

Rotor- Upstream Flow Interactions 

Previous investigators have observed that there is interaction between a rotor and a 
nonuniform upstream flow field. Analytical and supporting experimental studies (refs. 4 
to 7) have shown that - as flow moves from screen to compressor - total pressure de- 
fects are unchanged, axial velocity defects are reduced, and tangential and radial com- 
ponents are induced into the flow in the region upstream of the rotor. Of the analytical 
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studies, all have included one or more limiting assumptions such as incompressible 
flow, two-dimensional flow field, small perturbations, or rotor-alone cases. All ex- 
perimental work has been restricted to incompressible flow or low subsonic studies. 
The data presented herein are from a modern, transonic, highly loaded fan with a low 
hub-tip radius ratio. 

order to document the rotor - upstream flow interactions. The upstream stations are 
designated -1, 0, and 1 (fig. 4) and are at 0.71, 0.45, and 0.05 diameter upstream of 
the rotor hub leading-edge plane, respectively. The data are presented at each station 
for three radial positions, which allows a first estimate of both the radial variations and 
equilibrium adjustments to be made. Two flow conditions are considered, the near- 
stall and maximum-flow points, both at design speed. 

Presented in figure 14 are total and static pressures and axial and tangential veloc- 
ity distributions for the near-stall flow point. For each radial location the distribution 
of.each parameter is shown at stations -1, 0, and 1. Little change occurs in total pres- 
sure with axial distance (except for mixing at the edges of the shear layer between dis- 
torted and undistorted flow). But changes do occur in each of the other parameters. 
Axial velocity tends to become more uniform as the flow approaches the rotor, while 
static pressure, initially almost uniform, becomes distorted. There is initially very 
little swirl (tangential velocity) in the flow at station -1. But a large amount of swirl, 
both corotating and counterrotating, has been induced by the time the fluid reaches sta- 
tion 1. 

tial velocity. The induced swirl is much stronger near the hub than near the tip. The 
distribution of incidence angle at the rotor inlet is shown in figure 14(d) for the three 
radial positions. Because of the combination of large induced tangential velocity, low 
axial velocity, and low blade speed, the range and maximum value of incidence angle at 
the hub exceed those at the other radial positions. In the screen "shadow" region, the 
incidence angle at all radial positions exceeds the angles measured at stall with undis- 
torted flow (solid symbols, fig. 14(d)). 

in the series of contour maps (fig. 15). The contour maps are generated by linear in- 
terpolation between known input points (ref. 8). 

The same series of parameters a re  plotted in figures 16 and 17 for the maximum- 
flow point. Similar trends are evident, which indicates that there are no significant 
changes in flow mechanism over the operating flow range of the fan. 

The foregoing effects are summarized in figure 18, which describes the amount of 
attenuation or amplification of the distortion at each radial position. The magnitude of 
the distortion at each station is referenced to the magnitude at station -1, just behind the 

In this section, detailed data are presented at three upstream axial locations in 

The only parameter to show strong three-dimensional effects is the absolute tangen- 

The interaction effects are shown much more graphically for each of the parameters 

10 



I 

screen. The magnitude is measured as the defect in each parameter in the distortion 
region (maximum minus minimum) divided by the maximum value. The induced tangen- 
tial velocity is referenced to the defect in axial velocity at station -1. The magnitude of 
tangential velocity is the magnitude greater or less than zero (Ve distributions approx- 
imately symmetrical). The trends with flow rate are similar for each parameter, the 
only difference being a slightly stronger effect on each parameter at the higher flow rate. 
At the near-stall condition, total pressure distortion is attenuated to  about 95 percent of 
initial distortion; at maximum flow it is attenuated to about 90 percent. In either case, 
the effect on total pressure distortion is relatively weak, but axial velocity distortion is 
strongly attenuated to about 60 percent of initial distortion (near-stall flow). Tangential 
velocity change due to distortion, as a percentage of initial axial velocity defect, is 
strongly amplified in the hub region to 75 percent of the initial axial velocity defect for 
near-stall flow and 85 percent for maximum flow. For either flow condition the tip re- 
gion shows amplification to only about 30 percent. Static pressure distortion is also 
amplified, as shown in figure 18. 

it in terms of the total pressure distortion at the fan or compressor face. However, 
because of the interaction effects between the rotor and the upstream flow, total pres- 
sure parameters may not be sufficient to describe the distortion meaningfully. Cer- 
tainly, the attenuation of axial velocity distortion and the amplification of tangential 
velocity components will have important effects on velocity triangle relations and inci- 
dence angles. 

In representing the magnitude of a distorted flow field it is quite common to describe 

Circumferential Flow Distributions 

Conventional compressor data analysis is established on the premise of steady, 
axisymmetric inlet and outlet flow conditions. When the inlet flow is circumferentially 
distorted, some important compressor parameters cannot be accurately calculated or  
evaluated 

(1) Because the rotor relative flow field is unsteady 
(2) Because matching an outlet condition to its corresponding inlet condition is un- 

certain 
Blade-element parameters such as diffusion factor, loss coefficient, meridional velocity 
ratio, and efficiency are therefore not available. Because of the unsteady relative flow 
field, they are probably also not applicable. Data analysis is consequently directed to- 
ward behavior of selected parameters measured or  calculated at each axial station, 
rather than between two stations. 

Where applicable, the values of parameters measured in undistorted flow (backup 
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screen tests, BUS) are noted on the figures. One measure of the severity of the distor- 
tion is the amount by which the corresponding undistorted value is exceeded in the dis- 
torted sector, and another is the circumferential extent over which the excursion occurs. 
Significant divergences from the undistorted values are noted in the following discussion. 

Three operating conditions are considered: the near-stall condition at 100 percent 
of design speed, the maximum-flow condition at design speed, and the near-stall condi- 
tion at 70 percent of design speed. 

Near stall at design speed. - Presented in figure 19 are circumferential distribu- 
tions through the stage of the following parameters for the near-stall point at design 
speed: total and static pressure, axial velocity, total temperature, incidence angles, 
flow angles, and inlet Mach numbers. Included on each figure as solid symbols a re  the 
near-stall conditions for undistorted inlet flow (BUS). Figure 19 is of interest princi- 
pally for two reasons: (1) because it illustrates how different sections of the rotor blade 
span respond to unsteady (relative) inlet flow, and (2) because it represents flow condi- 
tions very close to flow breakdown due to stall. 

Several observations can be made from these data. As noted earlier, all blade ele- 
ments are subject to circumferential variations in incidence angle, with the largest oc- 
curring in the hub region and the smallest in the tip region. These variations are 
caused by the combination of axial velocity, induced tangential velocity, and blade speed 
in the respective regions. Variation in incidence angle implies a change in loading and 
in energy addition, although it can be tempered by axial velocity changes across the 
blade row. An increase in rotor incidence angle gives a larger expansion in the forward 
portion of the blade suction surface, which leads to higher suction-surface Mach num- 
bers and stronger shocks. 

The distributions of total pressure and temperature (figs. 19(a) and (c)) show that 
the tip region demonstrates a more direct response to distortion than do the other re- 
gions. 
the tip region is commonly observed in axisymmetric flow (fig. 11). The difference in 
response is due to the higher stagger angles and relative velocities in the tip region. 
The general tendency of direct tip-element response to off-design excursions normally 
makes the tip region the most likely critical site for stall initiation. However, the data 
presented herein do not show clear evidence of stage stall occurring at any blade ele- 
ment. The difference in the response of blade elements along the blade span, in addition 
to  requirements that radial equilibrium be satisfied, illustrates the difficulty of analyz- 
ing or predicting the condition of the flow by using measurements at only a single radial 
position or even by using a radial average. 

The unsteady response of the rotor blade to a circumferentially distorted inlet flow 
can probably best be illustrated by comparing figures 19(a) and (c). Total temperature 
is a measure of energy addition, and in figure 19(c) it is seen to increase as the rotor 

The more direct response to a change in flow conditions that is characteristic of 
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enters the distorted sector (circumferential location, 135'). It exceeds the total tem- 
perature level associated with stall for BUS flow at a circumferential location of about 
180' for all blade sections. Outlet total pressure (fig. 19(a)) follows the temperature 
trend to 180'. Beyond this circumferential location the temperature continues to in- 
crease (energy continues to be added), but total pressure decreases. This implies that 
losses are increasing rapidly, presumably as a result of boundary layer separation (a 
local blade stall but not a general compressor stall). The correspondence in circumfer- 
ential location of total pressure breakdown and temperatures exceeding BUS levels 
should be noted. Any general significance must await analysis of data from other stages. 
After the rotor passes through the distorted sector, the pressure recovers, indicating 
that the boundary layer has reattached. This effect can clearly be identified at the tip 
and mean sections but not necessarily at the hub. Some other mechanism such as radial 
equilibrium or  some mechanism associated with blade solidity may be controlling be- 
havior in the hub region. 

The unsteady behavior exhibited by the rotor blade is analogous to the dynamic stall 
behavior observed in oscillating airfoils (ref. 10). The mechanism is considerably 
more complex in a compressor rotor because of blade twist and end-wall boundary layer 
interaction effects. 

factors that cannot easily be separated. Total pressure distributions reflect the com- 
bined effect of rotor energy addition in an unsteady relative flow field and losses sus- 
tained in both rotor and stator blade rows. In addition, total pressure and axial velocity 
together must reflect adjustments necessary to satisfy the downstream boundary condi- 
tion of constant static pressure. The low axial velocity in the stator hub region (140' 
to 180') constitutes a potential critical flow region to some downstream component, 
whether it be a second-stage rotor or the core compressor. 

The static pressure distributions (fig. 19(a)) at the stator outlet a re  consistent with 
the residual flow angularity (fig. 19(d)) and indicate that some adjustment is still neces- 
sa ry  between the stator outlet measuring plane and the downstream boundary condition 
of constant static pressure. 

The passage of the rotor through the distorted sector is an unsteady flow phenom- 
enon. The stator, however, operates in  the absolute flow plane and sees a steady flow. 
Some stator blades always operate in the distorted sector; others always operate in the 
undistorted flow. The plot of stator incidence angle (fig. 19(f)) shows that most stator 
blades were operating at incidence angles less than the value measured at near stall in 
undistorted flow. It is also interesting to  note from figure 19(g) that circumferential 
distortion tends to increase the stator inlet Mach number in the undistorted sector be- 
cause of the circumferential redistribution of flow. The effect is strongest in the hub 
region, which also tends to be the highest loaded stator blade section. 

The distribution of parameters at the stator outlet reflects the influence of several 
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A representation of stator losses can be obtained from figure 20, which shows total 
pressure distributions at stator inlet and outlet stations for each blade element. The 
distance between the curves represents losses; at all blade elements, differences are 
greatest in the distorted sector (where incidence angle was greatest). In general, the 
tip element appears to have slightly higher overall losses than the hub. The generally 
low incidence angles and apparently well-behaved losses do not indicate the stator to be 
a problem area. 

An indication of the attenuation or amplification properties of each blade element is 
provided by figure 21. A measure of distortion magnitude is the ((Maximum - Mini- 
mum)/Maximum) parameter for pressure and velocity, which is evaluated around the 
circumference and at a constant radius. The station 1 value is a reference value. Mag- 
nitudes greater than those at station 1 are considered to be amplified, and magnitudes 
less than those at station 1 are considered to be attenuated. 

pressure and axial velocity) mainly through the rotor. Other blade elements either pro- 
duce no change in magnitude or slightly attenuate the distortion. The static pressure 
distribution, although tending toward uniformity, does not yet achieve it at the stator 
outlet measuring station. And a temperature distortion is introduced that varies radially 
as well as circumferentially. 

ing that a natural occurrence of operation at off-design conditions (with or without dis- 
tortion) is the introduction by the rotor of what might appear to be a radial distortion. 
That is, with uniform inlet flow, but at off-design conditions, the response of rotor 
blade elements and the requirements of radial equilibrium produce radial distributions 
of flow that differ from design-poi& distributions. (Stage 11-4 was designed'for radially 
constant total pressure. ) If evaluated with a radial distortion parameter ((Maximum - 
Minimum)/Maximum), such conditions would produce finite values of the parameter even 
though the flow was not initially distorted. Such values are shown as solid symbols in 
figure 22 for the near-stall condition (BUS). (A very small amount of true radial dis- 
tortion was present at the inlet as indicated by the value of 0.02 at station 1. ) If radial 
distortion tests were then to be conducted at this flow condition, the resulting radial dis- 
tortion parameter would be compared to the BUS parameter, since BUS tests represent 
clean-inlet, off-design reference values. 

in figure 22 for each circumferential position of the screen. The figure illustrates the 
complexity of the response of the stage. The value of the radial distortion parameter 
varies circumferentially, being higher than BUS values behind the screen and lower in 
the undistorted sector. It is clear that in responding to the circumferential distortion 
the stage introduced a radial distortion that was not present in the BUS tests. 

It is clear, as previously noted, that the hub element amplifies the distortion (total 

Although this stage was tested with circumferential distortion only, it is worth not- 

Test results for near-stall operation with circumferential distortion are also plotted 
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The resulting flow pattern is shown graphically in figure 23. It should still be rec- 
ognized that part of the radial variation indicated is due to true off-design operation and 
part to rotor response to  circumferential distortion. The flow condition portrayed cor- 
responds to data presented in figure 15(a). 

flow angle, rotor incidence angle, rotor and stator absolute Mach number, and rotor 
inlet relative Mach number are plotted in  figure 24 for the maximum-flow condition at 
design speed. 

rate is greater, which results in a larger pressure drop across the screen. At rotor 
inlet the hub region shows the greatest range of incidence angle in the distorted sector 
(-8.5' to 5.5'). At the rotor outlet, the total temperature distributions follow incidence 
angle closely. The rotor response does not demonstrate quite the same dynamic effect 
as at near-stall flow. Because there is less energy added in the distorted sector and no 
strong boundary layer separation is indicated, the distortions (both total pressure P 
and axial velocity V,) are not attenuated (fig. 24). This results in the distortions in P 
and V, being effectively transmitted as deficits. The rotor hub section amplified total 
pressure and axial velocity distortions and introduced the greatest amount of tempera- 
ture distortion. At the stator outlet, some nonuniformities in angle remain and a re  re- 
flected in the outlet static pressure distributions. 

stator losses a re  relatively low in the hub region. The higher losses in total pressure 
at tip and mean elements a re  probably partly due to elevated (over BUS values) stator 
inlet absolute Mach numbers. The attenuation and amplification plots (fig. 26) show the 
rotor hub region to be the location for the greatest amplification of distortion. A small 
amount of amplification through the stator mean and tip elements is indicated. 

In summary, at maximum-flow conditions, the distortion produced the greatest 
range of rotor incidence angle excursion in the hub region. The rotor hub element am- 
plified both total pressure and axial velocity distortion. The stator hub essentially 
transmitted the distortion without either ampliflying or attenuating it. Other sections of 
rotor and stator blade span had lesser effects on the distortion. 

static pressure, axial velocity, total temperature, flow angle, incidence angle, and 
rotor inlet relative Mach number a re  plotted in figure 27 for the near-stall condition at 
70 percent of design speed. 

The inlet total pressure distortion is quite small, only 4 percent at midspan ((Max- 
imum - Minimum)/Maximum), because of the low flow rate at 70 percent of design speed. 
However, absolute flow angle showed a sizable excursion, and inlet axial velocity distor- 
tion was as large as 23 percent at midspan despite the low velocity level of 90 to 110 me- 
t e r s  per second. 

Maximum ~ ~~~ flow at design speed. - Circumferential distributions of total temperature, 

The magnitude of distortion is greater than at near-stall conditions because the flow 

The plot of total pressure at stator inlet and outlet stations (fig. 25) shows that 

Near stall at 70 percent of design speed. - Circumferential distributions of total and 
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Relatively strong effects were observed in both hub and tip regions. At the hub, 
rotor incidence angle showed a greater excursion than at other blade elements in the 
distorted sector. Hub total pressure and axial velocity demonstrated the same large 
increase at the trailing edge of the distorted region as was observed previously at the 
near-stall conditions for design speed. 

In the tip region a large increase in total temperature in the rotor distorted sector 
was observed. Almost no increase in total pressure occurred. This is essentially the 
same phenomenon that was observed in the tip region at near stall for design speed. It 
suggests a blade boundary layer separation (airfoil stall) with subsequent recovery (after 
passing the screen) and/or a local region of high losses. Coupled with this is the ap- 
pearance of a deficit in axial velocity at the tip centered around 240' (station 2). This 
low axial velocity, combined with the large wheel speed component, produces a large 
absolute velocity component and a correspondingly large absolute flow angle. The large 
absolute flow angle accounts for the very large stator incidence angles indicated in the 
tip in figure 27(f) and the larger total pressure losses inferred from figure 28. 

The attenuation and amplification plot (fig. 29) shows no large attenuation or ampli- 
fication of total pressure distortion. Axial velocity distortion is amplified only through 
the rotor and at both hub and tip elements. 

It is difficult to positively identify a critical stall site for this flow condition, al- 
though the rotor tip is the most Likely location. However, the question of stall initiation 
with distorted flow was not of as great an interest at this speed since no loss in stall 
margin from undistorted flow conditions was indicated. 

GENERAL DISCUSSION 

In reviewing the detailed results, certain general observations can be made regard- 
ing the response of this stage to a circumferentially distorted flow and the problems in- 
herent in modeling the flow. 

In attempting to  model a circumferentially distorted flow, it is attractive to treat 
the flow through undistorted and distorted sectors separately in a manner similar to the 
parallel compressor model (ref. 11). Such an approach neglects unsteady flow effects 
by using radially averaged values of parameters in each sector. This type of model can 
be helpful in a general way and only on an overall performance basis. For example, for 
the single-stage fan investigated in this report the two sectors a re  270' (undistorted) 
and 90' (distorted) in extent. 
inlet conditions, the undistorted flow sector has a higher average axial velocity and 
therefore carries more flow per unit area. It also has a lower rotor incidence angle 
than the clean-inlet condition and consequently is more lightly loaded. Energy addition 

For a given operating condition and compared with clean- 
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is lower, and therefore outlet pressure and pressure ratio are lower than the corre- 
sponding clean-inlet condition. 

loaded, and adds more energy than corresponding clean-inlet conditions. Outlet total 
pressure is greater over a portion of the sector, but losses increase as boundary layer 
separation occurs. 

If the two sectors are combined to obtain an estimate of overall performance, the 
effect of mass averaging over the respective extents produces lower (than clean inlet) 
levels of energy addition, outlet pressure, and pressure ratio. This type of simple two- 
sector analysis explains the lower overall performance obtained with circumferential 
distortion (i. e. , the shifting downward of the constant-speed line in fig. 13). 

Such a simple model is insufficient for purposes of obtaining insight into the flow 
mechanisms. Instead, detailed flow measurements that define the full three- 
dimensional, compressible flow field must be obtained and analyzed. In this report, 
such detailed data provided some insight into the performance of one stage. Although 
the extent to which it can be generalized is not known, it does form a basis for further 
investigations. 
dimensional effects, with large tangential velocity components near the hub (figs. 14 to 
18). Because of higher stagger angles and blade speed the rotor tip element responded 
more quickly to circumferential inlet flow variations and showed an ability to add energy 
without amplifying the distortion (figs. 21, 26, and 29). The slower responding hub ele- 
ment produced the most amplification of the distortion. The response of the rotor at 
near-stall conditions was similar at design speed and 70 percent of design speed. A 
comparison of circumferential distributions of total pressure and total temperature 
showed a circumferential region of high losses (T increases while P does not). The 
response is somewhat altered at maximum-flow conditions since the blade loading is not 
so severe in the distorted sector. 

These data and observations demonstrate the complexity of the compressor flow 
problem for distorted inlet conditions and form the beginning of a base upon which fur- 
ther detailed experimental knowledge may be built. Near-term progress will depend 
heavily upon systematic experimental investigations because the combination of analyti- 
cal problems (e. g. , unsteady, compressible, three dimensional, and nonlinear) makes 
the problem one of the most difficult in the field of fluid mechanics. 

Conversely, the distorted sector passes proportionately less flow, is more highly 

Upstream inlet flow redistributions showed some strong three- 

SUMMARY OF RESULTS 

A transonic fan stage was tested with a 90' circumferential distortion imposed on 
the inlet flow. Distortion was produced by a wire mesh screen secured to a rotatable 
support screen. The fan rotor was approximately 50.8 centimeters in diameter and had 
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a design operating tip speed of 425 meters per second and a design pressure ratio of 
1.60. Data were obtained at 70 and 100 percent of design speed. Overall performance 
and detailed flow parameters at three radial positions were measured. The circumfer- 
ential distortion conditions were compared with each other and with measurements taken 
with only the support screen in place (undistorted flow). The following results were ob- 
tained: 

1. A circumferential distortion of 12 percent magnitude at the midspan position was 
imposed on the subject fan stage at design speed. Losses in flow range and stall margin 
resulted. The loss in stall pressure ratio from undistorted conditions was 5 percent. 
At 70 percent of design speed, a lesser magnitude of distortion (4 percent) caused a re- 
duction of flow range but did not affect stall pressure ratio. 

2. Significant interaction between the rotor and the distorted flow field between the 
screen and the rotor was recorded at design speed. At near-stall flow and design speed, 
moving from screen to inlet, the total pressure distortion was essentially unaffected 
(only a 5 percent attenuation). Axial velocity distortion at near-stall flow was attenuated 
to about 60 percent of its initial value. Initially, absolute tangential velocity was prac- 
tically zero. But strong components were induced in the hub region, and distortions less 
than half the hub values were induced in the tip region. 
also amplified. 
for static pressure, the effects were stronger in magnitude there, 

that reduced overall pressure ratio from levels obtained without distortion. The flow 
redistributions resulted in more flow through the undistorted sector, lowering incidence 
and increasing axial velocity. Thiq tendency to unload the blades and to lower energy 
addition in the undistorted sector is the principal reason for the decrease in average 
outlet total pressure over the operating range. 

4. In the distorted sector of flow the rotor experienced a large increase in energy 
addition (total temperature), which, a t  near-stall conditions, exceeded the levels meas- 
ured with no distortion. Comparison of total temperature and total pressure distribu- 
tions showed a region in the distorted sector where total pressure decreased while total 
temperature continued to increase. This was interpreted as a region of loss caused by 
a blade-surface boundary layer separation, a dynamic effect that occurs periodically 
once per revolution as the blade transverses the distorted sector. Similar behavior was 
noted for near-stall operation a t  70 percent of design speed. At the maximum-flow con- 
dition (design speed) this dynamic effect was much less prominent. 

5. The stator responded to the distorted flow distribution from the rotor by essen- 
tially transmitting it without significant change. Circumferential flow redistribution 
caused by the screen resulted in higher flow through the undistorted sector. This pro- 
duced higher stator inlet Mach numbers in that sector than were measured with no dis- 

Static pressure distortion was 
Similar trends were shown at the maximum-flow condition and, except 

3. At any given flow rate, circumferential distortion resulted in flow redistributions 
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tortion. Locally large incidence angles occurred in the distorted sector, and higher 
losses were recorded there. 

6. The ability of the rotor and stage to attenuate the distortion was dependent on 
radial position. The rotor hub amplified pressure and velocity distortions at all flow 
and speed conditions tested. Tip and mean elements did not substantially change distor- 
tion magnitude. At each radial position the rotor introduced a significant temperature 
distortion. The stator did not display strong amplification or  attenuation properties. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 14, 1975, 
505-04. 
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SYMBOLS 

d 
i 

APPENDIX A 

Aan 

Af 

cP 
C 

D 

mc i 

J 

M 

N 

P 

PR 

A P  

P 

AP 

r 

SM 

T 

TR 

U 

V 

W 

2 annulus area at rotor leading edge, 0.147 m 
2 frontal area at rotor leading edge, 0.198 m 

specific heat at constant pressure, 1004 J/(kg)(K) 

aerodynamic chord, cm 

diffusion factor 

acceleration of gravity, 9 . 8 1  m/sec 

mean incidence angle, angle between inlet air direction and line tangent to blade 

2 

mean camber line at leading edge, deg 

suction-surface incidence angle, angle between inlet air direction and line tan- 
gent to blade suction surface at leading edge, deg 

mechanical equivalent of heat 

Mach number 

rotative speed, rpm 

total pressure, N/cm 

total pressure ratio 

2 

' m a -  'min' N/cm2 
2 static pressure, N/cm 

radius, cm 

stall margin 

total temperature, K 

total temperature ratio 

wheel speed, m/sec 

air velocity, m/sec 

'z, max - Vz, min7 

'0, max(or min) 
weight flow, kg/sec 

m/sec 

- 0 (measure of upstream induced distortion), m/sec 
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Z 

%i 

P 

PI: 

Y 
6 

6 O  

77 

e 

Kmc 

KSS 

(J 

- 
w 

w 
- 

P - 
wS 

axial distance referenced from rotor blade hub leading edge, cm 

cone angle, deg 

slope of streamline, deg 

air angle, angle between air velocity and axial direction, deg 

relative meridional air angle based on cone angle, arctan (tan P& cos ac/cos as), 

ratio of specific heats 

ratio of rotor inlet total pressure to standard pressure of 10.13 N/cm 

deviation angle, angle between outlet air direction and tangent to blade mean 

deg 

2 

camber line at trailing edge, deg 

efficiency 

ratio of rotor inlet total temperature to standard temperature of 288.2 K 

angle between blade mean camber line and meridional plane, deg 

angle between blade suction-surface camber line at leading edge and meridional 
plane, deg 

solidity, ratio of chord to spacing 

total loss coefficient 

profile loss coefficient 

shock loss coefficient 

Subscripts : 

abs 

ad 

d 

id 

ind 

int 

LE 

loc 

m 

max 

absolute 

adiabatic (temperature r ise  ) 

distortion 

ideal 

indicated 

integrated 

blade leading edge 

local 

meridional dire c tion 

maximum 
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min 

mom 

orif 

P 

r 

ref 

S 

U 

TE 

Z 

e 
-1 

0 

1 

2 

3 

minimum 

momentum rise 

orifice 

polytropic 

radial direction 

reference 

stall 

undist or te d 

blade trailing edge 

axial direction 

tangential direction 

instrumentation plane between distortion screen and rotor (fig. 4)  

instrumentation plane between distortion screen and rotor (fig. 4)  

instrumentation plane upstream of rotor (rotor inlet) (fig. 4) 

instrumentation plane between rotor and stator (fig. 4)  

instrumentation plane downstream of stator (fig. 4) 

Superscript: 
1 relative to blade 
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APPENDIX B 

EQUATIONS 

Suction- surface incidence angle : 

is, = - KSs 

Mean incidence angle : 

Deviation angle : 

Diffusion factor: 

Total loss coefficient: 

Profile loss coefficient: 

Total loss parameter: 

2a 



Profile loss parameter: 

20 

Adiabatic (temperature rise) efficiency: 

Momentum-rise efficiency: 

Equivalent weight flow: 

6 

Equivalent rotative speed: 

Equivalent weight flow per unit annulus area: (e) 
*an 
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Equivalent weight flow per unit frontal area: 

- 

- 1  

*f 

Head-rise coefficient: 

2 
'tip 

Flow coefficient: 

Stall margin: 

SM = x ef 

L 

Loss in stall pressure ratio: 

pRd, s APR, = 1 - ~ 

PRU, s 

I 
x 100 

J 

N -=Constant 
6 
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APPENDIX C 

DEFINITIONS AND UNITS USED IN TABLES 

ABS absolute 

AERO CHORD aerodynamic chord, cm 

AREA RATIO ratio of actual flow area to critical area (where local Mach number 
is 1) 

BETAM meridional air angle, deg 

CONE ANGLE angle between axial direction and conical surface representing blade 
element, deg 

DELTA INC difference between mean camber blade angle and suction-surface 
blade angle at leading edge, deg 

DEV 

D- FACT 

EFF 

IN 

INCIDENCE 

deviation angle (defined by eq. (B3)), deg 

diffusion factor (defined by eq. (B4)) 

adiabatic efficiency (defined by eq. (B9)) 

inlet (leading edge of blade) 

incidence angle (suction surface defined by eq. ( B l )  and mean defined 
by eq. (B2)) 

plane, deg 
KIC angle between blade mean camber line at leading edge and meridional 

KOC angle between blade mean camber line at trailing edge and meridional 
plane, deg 

KTC angle between blade mean camber line at transition point and merid- 
ional plane, deg 

LOSS COEFF loss coefficient (total defined by eq. (B5) and profile defined by 
eq. ( B W  

LOSS PARAM loss parameter (total defined by eq. (B7) and profile defined by 
eq. 

MERID mer idi ona 1 

MERID VEL R 

OUT 

PERCENT SPAN 

meridional velocity ratio 

outlet (trailing edge of blade) 

percent of blade span from tip at rotor outlet 
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PHISS 

PRESS 

PROF 

RADII 

RE L 

RI 

RO 

RP 

RPM 

SETTING ANGLE 

SOLIDITY 

SPEED 

ss 
STREAMLINE 
SLOPE 

TANG 

TEMP 

TI 

TM 

TO 

TOT 

TOTAL CAMBER 

VEL 

WT FLOW 

X FACTOR 

ZIC 

ZMC 

zoc 
ZTC 

suction-surface camber ahead of assumed shock location, deg 

pressure, N/cm 

profile 

radius, cm 

relative to blade 

inlet radius (leading edge of blade), cm 

outlet radius (trailing edge of blade), cm 

radial position 

equivalent rotative speed, rpm 

angle between aerodynamic chord and meridional plane, deg 

ratio of aerodynamic chord to blade spacing 

speed, m/sec 

suction surface 

slope of streamline, deg 

2 

tangential 

temperature, K 

thickness of blade at leading edge, cm 

thickness of blade at maximum thickness, cm 

thickness of blade a t  trailing edge, cm 

total 

difference between inlet and outlet blade mean camber lines, deg 

velocity, m/sec 

equivalent weight flow, kg/sec 

ratio of suction-surface camber ahead of assumed shock location of 
a multiple-circular-arc blade section to that of a double-circular- 
a r c  blade section 

axial distance to blade leading edge from inlet, cm 

axial distance to blade maximum thickness point from inlet, cm 

axial distance to blade trailing edge from inlet, cm 

axial distance to transition point from inlet, cm 
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TABLE I . . DESIGN OVERALL PARAMETERS 

FOR STAGE 11-4 

ROTCX TOTAL FZCSSCX RATIO ................ 1.c01 
STI;E TOTAL F2ZSSL:X RATIO ................ 1.574 
ROT62 TOTAL TG-;X.I.'\TUT,Z RAT IO ............. 1 . 152 
STAGf TOTAL T G - X X T U K E  RATIO ............. 1.162 
R O T C  ADlRZlTIC EFflCIEXCY ................ 0.E29 
S T G E  RDIL2ATIC ETICIEXCY ................ 0.E35 
ROTCR POLYTROPIC EFFICIEKCY. .............. 0.e56 
STLGE POLYTRO?IC EF.ICIENCY ............... 0.e3 
ROTC? E A D  RISE CCETFICIENT ............... 0.231 
STAGE SZAD RISE COEFrICIENT ... no>! COEFFICIENT .............. 
WT F L O 9  PER UNIT FRONTAL AREA . 
I4T FLOW PER UNIT ANNULUS AREA . 
WT FLOLI ....................... 

............ ............ ........... 1 ........... 1 ............ 

0. 222 
0.457 

47.022 
9a.156 
29.484 ~~ . 

RPH .................................... 16100.000 
TIP SPEED ................................ 424.815 
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TABLE n. - DESIGN BLADE-ELEMENT PARAMETERS FOR ROTOR 11 

RAD1 I ABS BETAM REL BETAM TOTAL TEMP TOTAL PRESS 
RP I N  OUT IN OUT IN OUT IN RATIO I N  RATIO 
TIP 25.197 24.816 0. 43.1 67.1 62.6 268.2 1.198 10.13 1.601 

2 24.060 23.744 0. 40.0 65.1 60.7 288.2 1.177 10.13 1.601 
3 21.741 21.600 0. 39.3 61.5 56.0 288.2 1.163 10.13 1.601 
4 19.S60 19.992 0. 40.0 59.1 51.5 288.2 1.157 10.13 1.601 
5 19.658 19.724 0. 40.2 58.7 50.6 288.2 1.157 10.13 1.601 
6 19.355 19.455 0. 40.4 58.2 49.7 288.2 1.156 10.13 1.601 

8 18.747 18.920 0. 40.9 57.4 47.6 288.2 1.1.55 10.13 1.601 
9 16.871 17.313 0. 42.5 54.9 40.4 286.2 1.153 10.13 1.601 

10  14.202 15.169 0. 45.8 51.1 26.0 288.2 1.153 10.13 1.601 
11 13.492 14.635 0. 47.1 50.0 21.0 288.2 1.155 10.13 1.601 
HUB 12.700 14.097 0. 48.4 48.7 15.4 288.2 1.157 10.15 1.601 

1 24.628 24.280 -0. 41.3 66.1 61.7 288.2 1.186 10.13 1.601 

7 19.052 19.18s o. 40.7 57.8 48.7 288.2 1.156 10.13 1.601 

w 
TIP 

1 
2 
5 
4 
5 
6 
7 
8 
5 
:I 

WB 
.. I ,  

k? 
TIP 

1 
2 
1 
4 
5 
6 
7 
8 
9 
10 
11 
HUB 

FP 
TIP 

1 
2 
3 
2 
5 
6 
7 
8 
9 

1 0  
11 
HUB 

ABS VEL 
IN OUT 

179.2 199.9 
1W.l 199.1 
1008.4 199.2 
198.8 204.3 
201.7 210.0 
201.9 211.2 
202.0 212.4 
292.0 213.6 
201.9 215.0 
200.3 224.2 
152.5 2L1.9 
190.6 23.1 
1E2.O 255.2 

L2S 1 
I M 

0.52.2 
0.%3 
5.571 
0.605 
0.615 
0.615 
0.616 
0.616 
0.613 
0.609 
0.525 
0.579 
0.570 

~-.- 

‘iACH NO 
OUT 

0.555 
0.555 
0.555 
0.573 
0.593 
0.597 
0.601 
O.GG5 
0.609 
0.653 
0.693 
0.712 
0.754 

REL 
IN 

L61.1 
454.2 
447.3 
417.0 
392.3 
383.1 
381.8 
379. e 
375.0 
347.7 
307.5 
256.8 
20L. 9 

VEL 
OUT 
317.2 
315.8 
312.2 
263.2 
258.2 
253.9 
249.7 
245.4 
241.2 
216.9 
187.6 
181.1 
175.6 

REL MACH NO 
I N  OUT 
1.394 0.1278 
1.376 0.879 
1.337 0.872 
1.270 0.797 
1.126 0.750 
1.183 0.718 
1.170 0.707 
1.157 0.695 
1.163 0.693 
1.059 0.617 
0.934 0.537 
0.901 0.520 
0.864 0.505 

PERCENT INIDEKCE DEV 
SPAN MEAN SS 
0. 2.5 -0.0 4.8 
5.00 2.8 -0.0 4.4 
10.00 3.0 0.0 4.0 
33.00 4.1 -0.0 2.9 
3 . 0 0  4.9 0.0 2.7 
27.50 5.1 0.0 2.7 
50.00 5.2 0.0 2.7 
52.50 5.4 0.0 2.8 
53.00 5.5 -0.0 2.8 
70.00 6.3 0.0 3.5 
90.00 7.3 0.0 5.6 
95.00 7.5 0.0 6.3 
100.00 7.6 -0.1 7.1 

MERID VEL 
IN OUT 

179.2 145.9 
184.1 149.7 
189.4 152.7 
198.8 158.2 
201.7 160.8 
201.9 161.2 
202.0 161.6 
202.0 162.0 
201.9 162.5 
200.0 165.3 
192.9 168.6 
190.6 169.0 
188.0 169.3 

TANG VEL 
IN OUT 
0. 136.7 

-0. 131.3 
0. 127.9 
0. 129.3 
0. 135.1 
0. 136.4 
0. 137.8 
0. 139.2 
0. 140.8 
0. 151.5 
0. 173.5 
0. 181.7 
0. 191.0 

WHEEL SPEED 
I N  OUT 

424.8 618.4 
415.2 409.4 
405.7 400.3 
356.5 S5d.2 
536.5 337.1 
331.4 532.6 
326.3 328.0 
321.2 523.5 
516.1 319.0 
284.4 291.9 
239.4 255.7 
227.5 246.7 
214.1 237.7 

MERID MACH NO STREAKLINE SLOPE K 3 I D  PECK SS 
IN OUT IN OUT VEL R MACH KO 
0.542 
0.559 
0.571 
0.605 
0.615 
0.615 
0.616 
0.616 
0.615 
0.609 
0.5% 
0.579 
0.570 

D-FACT 

0.425 
0.413 
O.CO7 
0.424 
0.469 
0.453 
0.458 
0.462 
0.467 
0.492 
0.519 
0.524 
0.523 

0.404 
0.L16 
0,426 
0.4L5 
0. e55 
0.456 
0.657 
0.659 
0. LGO 
0.470 
0. CS3 
0. i s 5  
0.487 

EFF 

0.728 
0.774 
0.813 
0. E84 
0.914 
0.918 
0.921 
0.924 
0.927 
0.942 
0.958 
0.929 
0.917 

-5,69 
-5.12 
- A .  46 
-0.98 
2.14 
2.70 
3.28 
3.&5 
4.46 
8.45 
15.38 
17.58 
20.23 

-8.M 
-7.72 
-6.60 

0.814 
0.0lJ 
0.810 

-2.24 0.7% 
0.87 0.797 
1.39 0.799 
1.92 
2.44 
2.97 
6.33 
11.44 
12.87 
14.35 

LOSS COEFF 
TOT PROF 
0.212 0.119 
0.171 O.OE5 
0.140 0.058 
0.083 0.024 
0.069 0.016 
0.067 0.016 
0.065 0.016 
0.063 0.016 
0.062 0.016 
0.054 0.020 
0.069 0.052 
0.084 0.073 
0.107 0.102 

0.600 
0.802 
0.605 
0.826 
0.874 
0.657 
0.901 

1.552 
1.549 
1.539 
-1.519 
1.509 

1.507 
1.506 
1.506 
1.501 
1 .C67 
1.431 
1.379 

1.508 

LOSS PARAM 
TOT PROF 
0.038 0.021 
0.031 0.015 
0.025 0.010 
0.017 0.004 
0.013 0.003 
0.013 0.003 
0.013 0.003 
0.012 0.003 
0.012 0.003 
0.011 0.004 
0.014 0.010 
0.017 0.014 
0.020 0.019 
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TABLE m. - DESIGN BLADE-ELEMENT PARAMETERS FOR STATOR 4 

RAD I I  ABS BETAM REL BETAM TOTAL T E I P  TOTAL P R E S S  
R P  I N  OUT I N  OUT I N  OUT I N  R A T I O  I N  R A T I O  
T I P  24.394 24.384 38.3 0. 38.3 0. 305.2 1.000 16.22 0.963 

1 23.919 25.908 3S.1 -0. 35.7 -0. 341.7 1.000 16.22 0.981 
2 23.455 23.L59 35.7 0. 35.7 0. 339.1 1.000 16.22 0.982 
3 21.557 21.635 95.5 0. 35.5 0. 355.0 1.000 16.22 0.939 
4 20.113 20.265 35.3 0. 36.3 0. 355.5 1 .000  16.22 0.9E8 
5 19.872 20.053 3S.5 0. 36.5 0. 333.3 1.000 16.22 0.987 
6 19.630 19.310 36.7 0. 36.7 0. 333.2 1.000 16.22 0.987 
7 19.53 19.582 56.9 0. 36.9 0. 353.0 1.000 16.22 0.987 

9 17.692 16.004 38.6 0. 38.6 0. 332.2 1 . 0 0 0  16.22 0.924 
1 0  15.755 16.239 41.6 0. 41.6 0. 332.3 1 .000  16.22 0.974 
11 15.273 15.805 42.8 0. 42.8 0. 352.8 1 .000  16.22 0.666 

8 19.ldrJ 19.355 37.2 0. 37;2 0. 332.9 1.000 16.22 0.926 

H U B  14.603 15.240 44.4 -0. 44.4 -0. 333.5 1.000 16.22, 0.953 

ABS VEL REL VEL K f R  I D VEL TANG VEL b!!-!fEL S P E E D  
RP I N  OUT I N  OUT I N  OUT I N  OUT I N  O U T  
T I P  

1 
2 
3 
A 
5 
6 
7 
2 
9 

1 0  

224.5 177.1 
222.9 176.2 
222.1 176.0 
225.4 179.2 
22G.7 179.9 
227.5 180.0 
223.3 13.2 
229.3 185.L 
250.2 160.6 
257.L 182.5 
231.5 162.5 

222.5 177.1 
222.9 176.2 
222.1 176.0 
225.4 179.2 
226.7 179.9 
227.5 1EO.O 
22.5 1E0.2 
229.5 160.6 
250.2 120.6 
257.4 182.3 
251.3 182.5 

176.1 177.1 
178.7 176.2 
160.5 176.0 
181.9 179.2 
182.6 179.9 
182.8 190.0 
165.0 180.2 
135.2 1S0.4 
185.5 180.6 
185.4 1E2.3 
187.8 182.5 

159.3 
153.5 
129.5 
129.6 
13.3 
135.4 
155.5 
157.8 
159.1 
148.2 
167.0 

0. 0. 0. 
-0. 0. 0. 

0. 0. 0. 
0. 0. 0. 
0 .  0. 0. 
0. 0. 0. 
0. 0. 0. 
0 .  0. 0. 
0. 0. 0. 
0 .  0. 0. 
0 .  0. 0. 

I 1  2-55.2 181.4 255.2 181.4 188.1 161.4 174.0 0. 0. 0. 
l-!QB 263.6 179.3 265.6 179.3 183.5 179.3 184.4 -0. 0. 0. 

ATS MACH NO REL NACH NO WCRlD MACH N O  STREAKLINE SLOPE [.;:RID PEAX SS 
G? I N  OUT l id  OUT I N  OUT I N  OUT VEL A MACH NO 

1 0.635 0.L37 0.623 0.487 0.501 0.L37 -0.70 0 .11  0.9:s O.EC4 
2 0.625 O.LC3 0.623 0.263 0.503 0.L33 -0.29 0.26 0.973 0.870 
3 0.653 0.501 0.653 0.501 0.515 0.501 1-25  0.91 O.SZ3 0.&;5 
2 0 . S S  0.50; 0.6.9, 0.504 0.519 0.504 2.59 1.52 O.E35 0.678 

TLP 0.676 0.C7 0.625 0.i47 0.491 0.487 -1.16 -0 .OG 1.006 0.905 

5 O.X7 0.502 0.617 0.504 0.520 0.50d 2.24 1.65 O.X? 0.G22 
6 0.650 0.5C5 0.650 0.505 0.521 0.505 5.09 1.77 O.SC5 0.68s _._ ~~~ 

7 0.635 0.5CS 0.653 0.506 0.522 0.506 5.35  1.89 O.K!S 0.690 
8 0.655 0.5CS 0.656 0.536 0.523 0.506 5.63 2.01 0.534 0.696 
9 0.679 0.512 0.679 0.512 0.530 0.512 5.48 2.81 0.533 0.925 
10 0.723 0.512 0.725 0.512 0.5LO 0.512 8.68 4.02 0.972 0.992 
1 1  0.733 0.539 0.758 0.509 0.5L2 0.509 9.65 4.50 0.954 1.017 
HUB 0.761 0.502 0.761 0.502 0.543 0.502 10.99 4.64 0.952 1.055 

E? 
T I P  

1 
2 
3 
d 
5 
6 
7 
8 
9 

I O  
11 
Hua 

P E X E N T  INC IDEKCE DEV 
S?CN KLAN ss 
0. 
5.00 

10.00  
30.00 
5 . 0 0  
L7.50 
53.00 
52.50 
55.00 
70.00 
90. 0 0  
95.00 
100.00 

6.4 -0.0 10.7 
6 . 4  0.0 9.7 
6.1 -0.0 9.0 
6.2 0.0 8.2 
6.C 0.0 8.0 
6.4 0.0  8.0 
6.4 0 .0  8.0 
6.4 0.0 8.0 
6 .L  0.0 8.0 
6.4 0.0 7.9 
6.3 0.0  8.1 
6.3 0.0 8.3 
6.2 -0.0 8.5 

D-FACT 

0.655 
0.42.1 

0.599 
0. a2a 

0.399 
0.599 
0.400 
0.401 
0. LO2 
0.41 0 
0. 442 
0.458 
0.483 

EFF 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

LOSS COEFF 
T O T  PROF 
0.080 0.030 
0.082 0.032 
0.079 0.079 
0.047 0.0t7 
0.051 0.051 
0.052 0.052 
0.053 0.053 
0.054 0.054 
0.055 0.055 
0.060 0.060 
0.088 0.088 
0.111 0.111 
0.146 0.146 

LOSS PARAN 
T O T  PROF 
0.052 0.032 
0.091 0.031 
0 . o x  0.030 
0.016 0.016 
0.017 0.017 
0.017 0.017 
0.017 0.017 
0.017 0.017 
0.017 0.017 
0.017 0.017 
0.023 0.023 
0.027 0.027 
0.035 0.035 
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0 TABLE IV. - BLADE GEOMETRY FOR ROTOR 11 N 

PERCENT RAD I I ELADE ANGLES DELTA CONE 
I?? SPAN R I  RO K I C  KTC KOC INC ANGLE 
TIP 0. 25.197 24.816 64.37 62.97 57.71 .2.53 -10.431 

1 5. 24.623 2J.280 63.11 61.83 57.26 2.78 -9.182 
2 10.  24.060 23.744 61.90 60.58 56.65 3.04 -8.035 
3 30. 21.7C1 21.600 57.3s 54.88 53.15 4.13 -3.095 
4 45. 19.250 19.992 54.13 50.29 48.79 4.95 0.651 
5 d8. 19.658 19.724 53.59 49.49 47.87 5.09 1.291 
6 50. 19.5% 19.J56 53.05 48.68 46.91 5.22 1.935 
7 53. 19.052 19.188 52.51 47.86 45.89 5.36 2.581 

9 70. 16.871 17.313 48.65 42.07 36.74 6.30 7.403 
10 90. 14.202 15.169 43.05 34.00 20.19 7.28 13.919 
1 1  95. 13.492 14.633 42.82 31.93 14.48 7.49 15.774 
HUB 1 0 0 .  12.700 14.097 41.44 29.85 8.02 7.69 18.485 

8 55. 18.707 te.920 51.97 47.02 84.82 5.49 3.232 

R? 
TIP 

1 
2 
3 
4 
5 
6 
7 
8 
9 

11 
11 
W'B 

R? 
TIP 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
HUE 

BLADE THICKNESSES 
T I  TI< TO 

0.051 0.152 0.051 
0.051 0.162 0.051 
0.051 0.172 0.051 
0.051 0.215 0.051 
0.051 0.228 0.051 
0.031 0.23.1 0.051 
0.051 0.260 0.051 
0.051 0.265 0.051 
O.pJ51 0.271 0.051 
0.051 O.5G5 0.051 
0.65: 0.555 0.051 
0.051 0.370 0.051 
0.051 0.365 0.051 

AX I AL D IMENS I ONS 
ZIC ZRC ZTC ZOC 
1.046 2.059 2.444 3.116 
1.002 2.040 2.415 3.156 
0.955 2.040 2.381 3.193 
0.761 2.027 2.191 3.563 
0.621 2.021 2.003 3.502 
0.598 2.019 1.567 3.527 
0.574 2.018 1.930 3.553 
0.550 2.017 1.892 3.579 

0.377 2.003 1.588 3.774 
0.147 1.989 1.143 4.050 
0.079 1.983 1.013 4.116 
0 .000  1.972 0.861 4.179 

0.526 2.016 1.852 3.606 

AERO SETT!NG TOTAL 
CHORD 
4.632 62.67 6.66 1.298 
4.623 61.53 5.85 1.525 
4.621 60.55 5.25 1.555 
4.616 55.20 4.21 1.492 
4.614 50.E5 5.34 1.618 
4.615 50.06 5.72 1.641 
4.615 49.2A 6.15 1.665 

4.618 47.52 7.16 1.717 
4.655 41.66 11.91 1.899 
4.716 30.45 23.86 2.249 
4.753 26.85 28.34 2.367 
4.830 22.79 33.41 2.525 

AMGLE CAI.:3CR SOL I D  I T Y  

4.616 48.59 6.62 1.691 

x 
FACTOR PHISS 
0.704 4,94 
0.747 5.04 
0.799 5.30 
1.011 7.12 
1 . 1 1 0  8.71 
1.122 8.99 
1.132 9.27 
1.142 9.55 
1.151 9.85 
1.165 11.30 
1.242 13.97 
1.256 14.51 
1.251 14.85 

AREA 
RAT IO 
1,040 
1,040 
1 .O$O 
1 .059 
1.059 
1,039 
1.039 
1.039 
1.059 
1.039 
1.040 
1.040 
1.041 

TABLE V. - BLADE GEOMETRY FOR STATOR 4 

PERCEillT RAD I I ELADE ANGLES DELTA CO!!I 
I;? SP:,N R I  WO K I C  KTC KOC INC ARGLE 
TIP 0. 22.3s; 2 4 . 5 2  51.97 26.33 -10.67 6.33 -0.151 

1 5. 25.W9 25.963 30.32 55.41 -9.67 6.40 -0.160 
1 0 .  23 . + d ~  .a:-:. 23.:*59 29.26 24.80 -9.00 6-01 0.092 2 

3 53. 21.557 21.61;: 29.04 24.55 -8.21 6.41 1.158 
L :!3. 20.113 23.23 29.54 25.E3 -8.02 6.40 2.228 4 

5 -:2. 19.G72 20.033 30.14 26.01 -8.01 6.59 2.450 
6 5 ) .  19.65S 19.210 50.55 26.20 -7.'29 6.59 2.659 

LJ. 1 9 . 3  19.532 50.57 26.40 -7.98 6.39 2.874 7 
8 52. 19.1-;S 19 .55  5O.@l 26.61 -7.97 6.38 3.095 
9 7 3 .  17.655 18.0'3.1 32.31 27.97 -7.93 6.35 4.621 

53. 15.755 16.259 53.44 3O.a  -8.11 6.50 7.232 
1 1  52. 15.273 15.805 35.61 31.66 -8.25 6.23 7.950 
H U 3  130. 14.643 15.240 38.35 33.10 -8.48 6.25 8.954 

.. - 

L._ 

E? 
TIP 

1 
2 
3 
e 
5 
6 
7 
0 
9 

1Ll 
1 1  
trt3 

R? 
TIP 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
HUE 

5LL.DE THICKXESSES 
I I Ti4 TO 

G.ii51 0.279 0.051 
9.L.31 0.279 0.051 
9.051 0.279 0.C51 
6.531 0.279 0.051 
C.bSl 0.279 0.051 
0.031 0.279 0.051 
9.551 0.279 0.651 
11.551 0.279 0.051 
3.GSl 0.27.3 0.051 
0.-.51 0.279 0.051 
0. 2.31 0.279 0.351 
0,5.31 0.279 0.051 
0.051 0.279 0.051 

-. AXIAL DIMENSIONS 
ZIC ZiX ZTC ZOC 
7.025 E.C97 8.C15 10.935 
7.058 8.901 8.353 10.9% 
7.055 8.902 8.273 10.953 
7.067 C.693 6.167 10.928 
7.032 8.2% 8.121 10.926 
7.033 8.255 8.115 10.925 
7.055 S.C9d 8.108 10.925 
7.05s 8.694 8.102 10.924 
7.057 8.895 8.05s 10.924 
7.066 8.2ES 8.057 10,919 
7.095 8.E80 8.025 10.916 
7.106 8.876 8.022 10.914 
7.123 8.871 8.020 10,911 

LL.3 SETT IPS TOTLL 
C!iC:-.D 
G , G 3  15.S1 42.65 1.270 
6.035 14.90 L 0 . 0 0  1.2S5 
6.055 14.55 33.27 1.520 
4.054 14.13 57.26 1.P34 
4.G3 14.51 57.96 1.535 
&.OS6 16.64 33.14 1.553 
4.057 14.70 13.54 1.572 
4.058 14.8.t 53.55 1.591 
4.058 14.62 53.78 1.611 
4.065 15.67 40.2d 1.740 
4.083 17.19 43.55 1.950 
4.088 17.76 44.85 2.010 
4.098 18.62 46.83 2.095 

ANGLE C K ; X ?  SOL I D  I T Y  
x 

FACTOR PHISS 
0.600 
0.600 9.41 
0.600 8.77 
0.600 8.05 
0.600 7.92 
0.600 7.92 
0.600 7.91 
0.600 7.91 
0.600 7.91 
0.600 7.92 
0.600 8.18 
0.600 8.35 
0.600 8.62 

AREA 
RAP IO 
1.104 
1.124 
1.176 
1,157 
1.111 
1.158 
1.135 
1.132 
1 e 129 
1.106 
1.077 
1.070 
1.061 



TABLE VI. - BLADE-ELEMENT PARAMETERS AT NEAR-STALL CONDITION 

FOR DESIGN SPEED - BACKUP SCREEN TEST 

Suction- surfac 

Parameter 

inciden 
Deviation angle, 6 O ,  deg 
Total loss coefficient, -ij 

Diffusion factor, D 

ride, iss, deg 

Meridional velocity ratio, Vm, out/Vm, in 

10 
(tip) 

3.7 
0.2 

). 220 
). 515 
0.95 

Stator I Rotor 

Percentage of span from tip 

50 
: ~ m p e r l  

3.2 
2.3 

0.165 
0.534 
0.84 

90 
(hub) 

2.9 
7.9 

0.142 
0.539 
0.89 

8.8 
14.4 
0.153 
0.459 
1.09 

-~ 

C-71-4254 

TI damper) (hub) 

0.99 

Figure 1. - Rotor 11. 
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Figure 2. - Stator 4. 
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Figure 3. -Test facility. 
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-35.560 
-30.480 
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a-22  860 
-20.320 
-15. 240 
-12.700 

a-10.480 
-10.160 
-7.620 
-5.080 

a-2 540 
3 

7.302 
7.302 
7.493 
7.874 
8.255 
9.144 
9.589 

10.050 
10.096 
10.515 
11.049 
11.747 

Instrumentat ion measuring station planes: 

-1 t i  F T  I 

Flow Dath coordinates 

-40 -32 -24 -16 -8 0 8 16 24 
Axial distance (referenced from rotor hub leading edge). Z, cm 

Figure 4. - Flow path schematic for stage 11-4, showing axial location of instrumentation. 

r. cm 
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P Two nul l -ba lanc ing ,/;' pressure taps for 
Thermocouole-, ,/ / flow angle measurement 

Tota I 
tube 

Figure 5. - Combination total pressure, total temperature, 
and flow angle probe (double barrel). 

5 1 -  

W- 

0) 
L al 

.a 
r .- 

3 VI 
VI 
W L 

u .1 .- c ..-. m 
I/) I -. -1 0 1 0 

number, 
Mach M I 

I I I I I l a  
.04 .08 .12  .16 .20 .24 .28 . 3 2  

Indicated pressure ratio, (Pind - Pind)/Pind 

Figure 6. -Var ia t ion in static pressure difference wi th  probe measure- 
ments for alined flow. 
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(a) Maximum-flow point (orifice weight flow, 

-0 Rotor Stator 

-5 
-1 0 1 2 3 

Station 

(b) Near-stall point (orifice weight flow. 
27.6 kg l  sec. 

Figure 8. - Difference between ori f ice and 
integrated weight flows at each axial station. 
90' Circumferential distortion; 100 percent 
of design speed. 

Figure 7. - Circumferential locations of measurements (looking downstream; 
clockwise rotation). 
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Figure 9. - Distortion screen and backup screen assembly. 
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Figure 10. - Overall performance with backup screen in place (undistorted inlet flow). 
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Figure 13. - Overall performance with distorted and undistorted in le t  flow. 
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0 -1 
0 0  
A 1  

Tailed symbols denote static pressure 
Plain symbols denote total pressure 

llr 

la-11 10 Percent of span from tip. 

k- 

I I I I I I I I I 
la-21 45 Percent of span from tip. 

la-31 90 Percent of span from tip. 

la1 Total and static Dressures. 

1W .I 
'2 (b-11 10 Percent of span from tip. - : 2 2 0 r  

(b-2145 Percent of span from tip. 

I I 
0 40 80 120 160 2w 240 280 3 M  360 

Circumferential location. deg 

(b-31 90 Percent of span from tip 

Ibl Axial velocity. 

Figure 14. - Circumferential distribution of flow parameters between screen and rotor at near-stall 
conditions. 100 Percent of design speed. 
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IC-31 90 Percent of span from tip 
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. 20 0 IO 
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c .- 0 Rotor rotation - -10 I +I 1 - 1  

40 80 120 160 2W 240 280 3 1 0 4 0  
Circumferential location. deg 

(dl Rotor inlet incidence angle. 

Figure 14. - Concluded. 
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la-1) Station -1. 

la-21 Station 0 

Ib-11 Station -1. 

v 
lb-21 Station 0. 

(a-31 Station 1 (rotor inlet). 

(ai Total pressure. 

lb-31 Station 1 (rotor inletl. 

mi  Axial velocity. 

Figure 15. - Contour maps of upstream distribution of flow parameters at near-stall conditions. 100 Percent of design speed: looking downstream. 
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lc-2) Station 0. 

lc-31 Station 1 lmtor inlet). 

IC) Absolute tangential velocity. 

Figure 15. - Concluded. 

Id) Rotor inlet incidence angle. 
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Tailed symbols denote static pressure 
Plain symbols denote total pressure 
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1 - L 1- _I--. - I-. ~1 . 1 
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Figure 16. - Circumferential distribution of flow parameters between screen and rotor at maximum-flow 
conditions. 1CQ Percent of design speed. 
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Figure 16. - Concluded. 
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la1 Total pressure. 
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Figure 17. - Contour maps of upstream distribution of flow parameters at maximum-flow conditions. 100 Percent of design speed; lmking downstream. 
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Figure 18. - Upstream attenuation and amplif ication characteristics of flow 
parameters. 100 Percent of design speed. 
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Figure 18. - Concluded. 
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Figure 19. - Circumferential distribution of flow parameters at rotor inlet.  rotor outlet. and stator 

E L1. I 

outlet planes at near-stall conditions. 100 Percent of design speed. 
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Figure 19. - Continued. 
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Figure 19. - Continued. 
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Figure 19. - Concluded. 
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Figure 20. - Circumferential d istr ibut ion of total pressure at rotor and stator outlet planes. 

13 

100 Percent of design speed; near-stall condition. 
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Figure 21. - Attenuation and amplification characteristics of flow parameters for near-stall conditions 
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Figure 22. - Radial variations in total pressure due to  off-design 
operation. 1M) Percent of design speed; near-stall conditions. 
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\Screen/ 

la) Station 2 (rotor outlet). 

lb) Station 3 (stator outlet). 

Figure 23. - Contour maps of distribution of total pressure. 100 Percent 
of design speed; near-stall condition; looking downstream. 
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(a) Total and static pressures. 

Figure 24. - Circumferential distribution of flow parameters at rotor inlet, rotor outlet, and stator 
outlet planes at maximum-flow conditions. 100 Percent of design speed. 
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Figure 24. - Continued. 
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(e) Rotor inlet incidence angle. 

Figure 24. - Continued. 
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Figure 24. - Concluded. 
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Figure 25. -Total pressures at rotor and stator outlet planes fo r  100 percent of design speed. 
Maximum-flow conditions. 
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Figure 26. - Attenuation and amplification characteristics of flow parameters for maximum-flow 
conditions at 100 percent of design speed. 
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Figure 27. - Circumferential distribution of flow parameters at rotor inlet, rotor outlet, and stator 
outlet planes at near-stall conditions. 70 Percent of design speed. 
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Figure 27. - Continued. 
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Figure 27. - Concluded. 
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Figure 28. -Total pressures at rotor and stator outlet planes for 70 percent of design speed. 
Near-stall conditions. 
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Figure 29. - Attenuation and amplification characteristics of flow parameters for  near-stall conditions 
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