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ABSTRACT

Tests were conducted with a 0.5 hub/tip ratio compressor stage com-

prising a variable camber inlet guide vane, rotor, and an adjustable

trailing edge stator to determine the extent that these variable geometry

features can be applied to extend the stable operating range of axial

flow compressors. The stage was designed for zero prewhirl at design

equivalent rotor speed (SLTO conditions) and 35- to 20-degree (hub/tip)

prewhirl at 70% of design rotor speed (high Mach number cruise conditions).

The design performance goals for the SLTO and cruise configurations were

met. Comparing the two configurations, the cruise configuration permitted

stable operation and good efficiency at lower flow for a given rotor speed

than the SLTO configuration.
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SINGLE STAGE EXPERIMENTAL EVALUATION
OF VARIABLE GEOVE TRY GUIDE VANES

AND STATOR BLADING

PART III - DATA AND PERFORMANCE FOR VARIABLE
CAMBER GUIDE VANE AND STATOR A

B. A. JONES AND R. P. OSCARSON

PRATT & WHITNEY AIRCRAFT
FLORIDA RESEARCH AND DEVELOPMENT CENTER

SUMMARY

An experimental investigation was conducted to determine the extent that

a variable camber inlet guide vane and an adjustable trailing edge geom-

etry stator can increase the stable operating range of a low hub/tip ratio

compressor stage.	 For this investigation a 0.5 hub/tip ratio single-stage

compressor, resembling the front stage of a typical high cruise flight Mach

number compressor, was used. 	 The stage was designed for zero prewhirl at

design equivalent rotor speed (SLTO conditions) and 35- to 20-degree

(hub/tip) prewhirl at 70% of design rotor speed (high Mach number cruise

conditions).	 The design rotor tip relative Mach number was 1.15 for the

SLTO configuration and the design stage pressure ratio and efficiency

were 1.32 and 85.1% respectively.

The SLTO configuration was tested over a range of rotor speeds from

50 to 110 percent of design equivalent rotor speed and the cruise config-

uration was tested from 50 to 100 percent of design equivalent rotor

speed.	 At SLTO design operating conditions, the SLTO configuration achieved

1.39	 90%,	 Ata pressure ratio and efficiency of	 and	 respectively.	 cruise

rotor speed, the cruise configuration permitted stall free operation at

lower flows than those possible with the SLTO configuration. 	 The efficiency

of the cruise configuration at cruise rotor speed and flow conditions was

89.8% compared with an efficiency of 80.5% for the SLTO configuration.	 Thus,

the variable geometry features of the inlet guide vane and stator provided

the blade row matching required for efficient operation at SLTO and

cruise conditions.

1

{
t

r	
w }'

...	 .._.	 -	 ..	 e..,•... „eta.? ,n}'.,^yu^e	 ^i1.S:}n^. .as .k ._;$^^srlk..i^l^' '	 `e0Xd. 3-r s4.^14^?aaft	 ;y...}!1



1
1

INTRODUCTION

As cruise	 number	 theMach	 increases, supersonic cruise operating

point of fixed-geometry front stages in turbojet engine compressors

tends to approach the stall V ne. 	 This results from the flow limitation
1

in the compressor rear stages at cruise rotor speed and pressure ratio

conditions. This imposes a reduction in compressor inlet flow and -t

axial velocity below that for which the front stages are designed to
^.

operate efficiently. When the reduction in axial velocity becomes pro-

portionally greater than the reduction in blade tip velocity, rotor

incidence angle increases above the sea level take-off (SLTO) design

value. If the increase in incidence angle is sufficiently large, the

front stages may be subject to stall. Front-stage stall can lead to

reduced compressor performance and possibly to compressor surge. One

approach to this problem is to provide mechanical. adjustment of the

guide vane and stator leading and/or trailing edge metal angles. Mechan-

ical adjustment of these angles would permit selection of the proper stage

velocity triangles over the required operating range.

An experimental investigation was conducted, using a single stage

compressor, to evaluate the extent that variable geometry concepts can

be applied to increase the stable operating range of a compressor front

stage. A variable-camber inlet guide vane, a rotor, and two variable

geometry stator configurations were designed, fabricated, and tested 	 .

over a range of equivalent rotor speeds from 50 to 110% of the design

rotor speed. The stage was designed with zero-degree rotor prewhirl at

design equivalent rotor speed (SLTO conditions) and 35- to 20-degree

(hub/tip) prewhirl at 70% speed (high Mach number cruise conditions). The
t

SLTO design point equivalent rotor speed and flow were 6050 rpm and 265

lb/sec respectively. Cruise design point equivalent rotor speed and flow

were 4235 rpm and 143 lb/sec, respectively.

The variable-camber guide vanes had modified 63 series airfoil

sections and were configured with a fixed leading edge segment and two

articulated flap segments. The rotor, designed with circular arc air-

foils, had a tip inlet relative Mach number of 1.15. The stator config-

urations had 65 series airfoil sections and were designed to turn the

flow back to the near -axial direction at the SLTO operating point. For

2
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the cruise configuration, the stator camber was reduced to provide a

hypothetica	 Acond stage rotor prewhirl distribution of approximately

30- to 25-degree (hub/tip) at the cruise operating point. One stator

design had a fixed-geometry leading edge and an adjustable trailing

edge (Stator A), and the other stator design had adjustable leading and

trailing edge geometry (Stator B).

Details of the experimental stage aerodynamic and mechanical design

are presented in Reference 1. The results of an annular cascade test

i
program for the preliminary evaluation of candidate variable geometry

designs are presented in Reference 2. This report presents the data

and performance obtained with the variable-camber guide vane, rotor,

and the Stator-A design having a fixed-geometry leading edge and variable

geometry trailing edge.

TEST EQUIPMENT

Facility

The compressor test facility is shown in figure 1. The compressor

rotor is driven by a single-stage free turbine that is powered by exhaust

gases from a J75 slave engine. Drive turbine speed is controlled by

means of the engine throttle. Air enters the compressor test section

through a 103-ft combined inlet duct, plenum, and bellmouth inlet. Air

is exhausted through an exit diffuser to the atmosphere. A 7-degree

diffuser at the plenum inlet and 10:1 bellmouth contraction ratio ensured

uniform flow conditions at the compressor inlet.

Compressor Test Rig

The compressor rig, shown in figure 2, comprises a bellmouth inlet

section, a test section, and an exhaust section. The rotor assembly and

shaft are supported on two bearings that transmit loads to the outer

ease through the stationary leading edge segments of the variable-

geometry inlet guide vanes and the struts in the exhaust case. A set

of motor-driven throttle vanes is located in the exhaust case to vary

flow rate. A sectional view of the flow path is shown in figure 3.

The inlet guide vane station is preceded by a flow straightening section

approximately 10-inches long. The inner flow path wall converges from

a diameter of 18.70 inches at the guide vane inlet to a diameter of

3
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25.60 inches at the stator exit. The outer wall diameter converges

slightly from 43.20 to 42.10 inches. The hub/tip ratio at the rotor

leading edge is 0.492. In general, the flow path is designed to resemble

the front stage environment of a state-of-the-art high cruise Mach number

compressor. The blade rows were spaced to permit the installation of

instrumentation.

The nominal rotor tip clearance measured during rig assembly was 0.028

inch, which resulted in essentially zero running tip clearance. A sprayed

aluminum shroud was utilized to prevent damage to the rotor blade tips if

the blades rubbed the shroud during operation near or in stall. Inspection

of thr,; rig after the test program revealed that the tip clearance had

increased to approximately 0.080 inch near the leading edge and 0.036

inch near the trailing edge of the rotor due to shroud abrasion by the

blade tips.

Blad ing Design	 _*

Inlet Guide Vane	 s4

The variable-camber inlet guide vane was designed to provide axial 	 }

inlet flow (zero swirl) in the SLTO configuration and 35- to 20-degree

(hub/tip) swirl distribution in the cruise configuration. Slightly

modified 63 series airfoil sections were used. The basic camber was

selected to provide approximately two-thirds of the anticipated air

turning requirement at the cruise operating point. The SLTO and cruise 	 4

positions were achieved by actuating two articulated flap segments in

the appropriate direction to reduce or increase camber angle from the 	
r

basic design camber angle. A photograph of the variable-camber guide

vane is shown in figure 4. Guide vane geometry details are summarized

in table 1. Symbols are defined in Appendix A. Additional design

information is presented in Reference 1.

Rotor

The rotor had 34 blades designed with circular-arc airfoil sections.

The design point inlet relative Mach number at the tip was 1.15 and the

design diffusion factor nominally 0.40.	 Blade chord length and

solidity were representative state-of-the-art values for a high cruise

Mach number front stage.	 A part span shroud was provided at 40 percent

4
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span from the tip to reduce blade resonance stress to safe limits.

[rotor geometry details are summarized in table 2 and additional rotor

design information is contained in Reference 1.

Stator

The variable geometry Stator A configuration, designed with 65 series

airfoil sections, comprised a fixed forward segment with a flap hinged

at approximately 40% chord. At the SLTO design point, midspan values

of stator inlet Mach number and diffusion factor were 0.56 and 0.33,

respectively. The stator equivalent camber at midspan was 42.2 degrees

and the trailing edge metal angle was increased approximately 26 degrees

(in a direction to unload the airfoil) for operation at cruise conditions.

The design details for Stator A are summarized in table 3. In the cruise

configuration, Stator A operated at relatively high incidence angles

(im) because of the Stator A fixed-geometry leading edge. The pre-

scribed minimum loss incidence angles for a conventional ait•foil,

designed for the same air-turning distribution, are indicated in paren-

theses.

Additional stator design information is presented in Reference 1.

A photograph of Stator A is presented in figure 4.

Instrumentation

Instrumentation was provided to obtain overall and blade element

performance data for each blade row. Axial locations of instrumentation

stations are indicated in figure 2 and the circumferential locations of

instrumentation at axial stations 1, 2, and 2a are shown in figures 5

through 7, respectively.

Airflow was measured with an ASME standard thin-plate orifice located

in the inlet duct shown in figure 1. Inlet total pressure and temperature

was measured in the plenum by means of three Kiel-type total pressure

probes and six half-shielded total temperature probes. Four equally

spaced static pressure taps were located on both the inner and outer

wall at Station 0. The static pressure measurements at this station

were used to check orifice weight flow.
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Air angle was measured by 20-degree wedge traverse probes. These

probes were located circumferentially behind the inlet guide vane and

stator to isolate the probes from vane wakes. The 20-degree wedge

traverse probe shown in figure 8 includes a total pressure tube for

total pressure measurement.

Total pressure measurement behind the guide vane and stator was accom-

dished b two stationary wake robes at each station. One wakeP	 Y	 Y	 robeP	 P

had three sets of 14-tube rakes at 10, 50, and 90% span locations and

the other wake probe had two sets of 14-tube rakes at 30 and 70% span

locations. The rake heads were aligned with the air stream within

approximately ±5 degrees for both SLTO aad cruise configuration oper-

ation. The acceptance yaw angle of the rake tubes was ±10 degrees

for a pressure accuracy within ±1% of P-p. The wake probe was trans-

lated circumferentially to keep the wake centered on the rakes when the

guide vane and stator flaps were in the cruise position. A typical

wakeP robe rake is shown in figure 9. The 20-degree wedge traverse

probes used for air angle measurement behind the guide vane and stator

also measured total pressure to provide a check on the mid-channel total

pressures obtained with the wake probes. Total pressures behind the

rotor were measured with the two 20-degree wedge traverse probes and

two radial rakes with Kiel-type probes mounted at 10, 30, 50, 70, and

90% span. The traverse probes and radial rakes were spaced to approx-

imately average the circumferential total pressure profile generated by

the inlet guide vanes. Total temperatures were measured behind the

stator using Kiel-type probes mounted on four radial rakes. The

..	 temperature rakes were spaced approximately 90-degrees apart and were

located with respect to each other at 0, 1/4, 1/2, and 3/4 of a guide

vane gap. Total pressure and temperature rakes are shown in figure 10.

Radial distributions of static pressures behind the guide vane,

rotor, and stator were measured by 8-degree wedge traverse probes,

such as that shown in figure 11. Four approximately equally spaced

static pressure taps were provided on the inner and outer walls behind

the guide vane and stator. Four taps were located on the inner wall

and 12 taps were located on the outer wall behind the rotor. The eight

9



additional outer wall taps behind the rotor were spaced across one

equivalent guide vane gap (18-degree arc) to determine the circumferential

static pressure variation associated with guide vane wakes.

Three Kistler high-response pressure transducers were installed

approximately 30 and 60 degrees apart at 10 percent span behind the

rotor to measure the number, size, and rotational speed of rotating

stall zones.

Rotor blades and stator vanes were instrumented with strain gages

to measure torsional and bending stresses.

Rotor speed was measured with an electromagnetic sensor mounted

adjacent to a 60-tooth gear on the rotor shaft. Gear-tooth passing

frequency was displayed as rpm on an Anadex digital counter.

Steady-state pressure measurements were recorded on a Scanni-valve

multichannel pressure transducer system. Traverse probe data (total

and static pressures, air angle, and radial position) were recorded on

magnetic tape at the rate of 60 samples (20-inch probe travel) per

minute. Temperatures were indicated on precision potentiometers and

manually recorded.

Orifice static pressure, bellmouth static 7ressure, plenum pressure,

and representative stage exit pressure instrumentation were close-coupled

to transducers for high-response transient recording of flow and pressure

ratio during operation into and out of stall. Similar instrumentation

was conriected to manometers in the control room to permit setting the

desired steady-state pressure ratio and flow conditions.

PROCEDURES

Test Procedure

Overall and blade element performance data were obtained at the sea

level take-off and cruise positions of the variable camber inlet guide

vane and variable geometry Stator A. In the sea level take-off position

(zero prewhirl), data were obtained at 50, 70, 80, 100 and 110 percent

of design equivalent rotor speed. In the cruise position (35- to 20-

degree hub/tip prewhirl), data were obtained at 50, 70, 80, and 100

percent of design rotor speed. For each geometry setting, data were
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recorded at approximately six pressure-ratio and flow conditions on each

speed line. Data points were distributed from maximum flow to near stall.

For the sea level take-off configuration, data points near stall at 100

and 110% of design rotor speed were obtained with a reduced inlet pressure

(approximately 11 psia) because of the test stand horsepower limit.

For each data point, the fixed pressure and temperature instrumentation

data were recorded with the traverse probes withdrawn. The traverse

probes were subsequently immersed in the air stream and data was recorded

as the probes were traversed from the inner to the outer wall.

Orifice and bellmouth static pressures, exit total pressure, and

rotor speed were recorded on magnetic tape at the rate of 600 samples

per minute as the compressor was operated into and out of stall at each

of the test rotor speeds. Kistler transducer data were also recorded

during the excursions into stall to define the rotating stall patterns.

Time correlation between the Kistler and stall transient pressure

recordings permitted correlation of the Kistler and stall transient data.

Data Reduction Procedure

Data reduction was accomplished in four steps. Initially, the raw

data compiled on magnetic tape and IBM cards was converted to engineer-

ing units which were subsequently recompiled on a storage tape and

tabulated for preliminary inspection. The second data reduction step

accomplished the following:

1. Mach number corrections, as required, for traverse probe data.

2. Correction of ►pressure and temperature data to NASA Standard

Day conditions.

3. Mass averages of guide vane and stator wake pressures (these

were subsequently performed in a separate computer program).

4. Calculation of corrected flow.

5. Calculation of radial distribution of flow parameter (for radial

mass flow averaging of total pressures in subsequent procedure).

6. Circumferential arithmetic averages of fixed and traverse

instrumentation data.
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The results of the second data reduction step were printed to permit

a more detailed inspection of the data so that apparent inconsistencies

could be eliminated prior to the calculation of performance and vector

diagram variables.

Pressure ratios were calculated for the rotor, guide vane-rotor, and

the entire stage. Stage inlet total pressure was corrected to the NASA

Standard Day conditions, 14.69 psis. The exit total pressures for the

guide vane, rotor, and stator were weighted according to local mass flow

to obtain the average values. The guide vane and stator wake total pres-

sures at each radial measuring station were mass averaged using the local

total pressures in the wake and the 8-degree wedge probe static pressure

to define the local Mach numbers. Mass flux was then obtained from the

relationship

1/2

	

msW TaM(1+ � M2 l	 P/P
	PA	 l	 2	 1

where T is the measured total temperature and A is the flow area associated

with each total pressure tube. With the radial distribution of total pres-

sure and mass flux calculated, the total pressures were mass averaged in

the radial direction. Behind the rotor, the total pressures obtained with

the two 20 -degree wedge probes were arithmetically averaged. The resulting

radial distribution was mass flow averaged using the 8-degree wedge probe

static pressure and stator exit radial temperature distribution to define

weight flow.

Performance and vector diagram calculations were performed two ways.

The first method used the measured static pressure distributions to define

the velocity distributions at each axial station. The second method, a

streamline analysis, calculated a static pressure distribution that sat-

sified radial equilibrium and continuity. For the streamline analysis 	 {

calculation, adjustments could be made to an input boundary layer dis-

placement factor to achieve agreement between the calculated and 'measured

static pressure.

The streamline analysis computer program was used to permit translation

of the velocity diagram data from instrumentation axial stations to the

respective adjacent blade row leading and trailing edge stations for

12
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comparison with the design velocity diagram results (Reference 1). The

translation was performed with the assumption of isentropic flow and

constant angular momentum along design stream annuli. The centers of

the design stream annuli intersected each blade row leading edge at the

10, 30, 50, 70, and 90% span positions from the tip.

The velocity diagram data presented herein were calculated using the

streamline analysis computer program and correspond to the leading and

trailing edges of the rotor and stator blade rows identified by the

dashed lines in figure 3. Loss coefficient calculations for the guide

vane and stator were performed in a separate computer program to permit

use of the wake freestream total pressure as the upstream pressure and

to permit the elimination of certain rake tube pressures that were

apparently faulty and affected the credibility of the calculated loss

coefficient.

Rotor overall performance and loss coefficients were based on the

inlet total pressures that resulted from integration of the as-measured

guide vane wake pressures. The discrepancies in guide vane wake pres-

sures that influenced guide vane loss coefficients had a negligible

effect on the calculated rotor loss. The rotor loss coefficients were

based on the measured static pressure rather than the calculated static

pressure. Measured static pressure was used because of the sensitivity

of the calculated rotor blade relative total pressure to static pressure

and because the calculated static pressure differed slightly from the

measured values for test points near stall and maximum flow. Consequently,

the loss coefficient data for the three blade rows correspond to the

measuring stations ahead and behind each blade row (along the aforemen-

tioned design streamlines) rather than the blade row leading and trailing

edges.

PRESENTATION OF DATA

Overall Performance

Overall performance data are presented in terms of pressure ratio

and adiabatic efficiency as functions of corrected weight flow (W V716),

specific weight flow W 	 and equivalent rotor speed (N1V9_).
AA
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Overall performance is also summarized in terms of pressure coefficient

(J) as a function of flow coefficient (m). Definitions of calculated

performance variables and symbols are presented in Appendix A.

Pressure ratio and efficiency for the rotor, guide vane-rotor, and

guide vane-rotor-Stakor A are presented in figures 12, 13, and 14, respec-

tively for the SLTO configuration and in figures 15, 16, and 17, respec-

tively for the cruise configuration. The dashed-line portion of the

speed lines in figures 14 and 17 refer to transient data and the data

point on the stall line is the incipient stall point determined from

the transient data. The corrected flows and pressure ratios for steady-

state data points are tabulated in table B-1. The near stall data point

at 110% design rotor speed for the rotor and guide vane-rotor (figures

12 and 13, respectively) was omitted because the transducer for guide

vane exit pressure measurement was overscaled during the test. The

near-stall point pressure ratio and efficiency for the stage are included

in figure 14. Efficiency contours are presented for both configurations

in figure 18. Pressure rise coefficient (J+) is presented as a function

of flow coefficient (0) for both configurations in figure 19.

Two qualifying statements must be made concerning the efficiency data

presented in figures 12, 13, 15, and 16. First, the mass average temper-

ature used in the efficiency calculations was based on the temperature

and flow distributions measured at Station 2A downstream of the stator.

Redistribution of the flow through the stator may produce a slight dif-

ference between the mass averagQ temperature behind the rotor and

the value based on stator exit conditions. This temperature difference

would be reflected in the rotor and guide vane-rotor efficiencies.

The second qualification concerns the use of measured guide vane wake

total pressure (as discussed under Data Reduction Procedure) in the

calculation of rotor pressure ratio and efficiency. Discrepancies in

rotor efficiency, resulting from observed discrepancies in the guide

vane wake profiles, are within ±1.0 percent.

Although the data in figures 12, 13, 15, and 16 are generally correct

performance levels for the rotor and guide vane-rotor combination, the

most valid assessment of stage and blade-row performance is presented in

the overall performance data in figures 14 and 17 and the detailed blade

eler,ient data in the following section.
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F	 nFigure 14 i ndicates that the SLTO configuration exceeded its predicted

performance. Tile predicted stage pressure ratio and efficiency were

1.32 and 85 . 1%, respectively as compared with the measured values of

1.39 and 90%. The higher measured performance is partially attributed

to the initially low running-blade-tip clearance (see section on Compressor

Test Itig, page 4) and high rotor tip loading due to slightly negative guide

*	 vane tip swirl in the SLTO position. After a few excursions through stall

at design rotor speed, the tip clearance was noticeably increased due to

abrasion of the aluminum - sprayed shroud by the blade tips. With the

c	 din rease tip clearance, the cruise configuration performance (figure 17)

was approximately as predicted. At cruise conditions, the predicted

pressure ratio and efficiency for this configuration were 1 . 13 and 90.2%,

respectively, compared with measured values of 1.146 and 89.5%. At

the cruise rotor speed and flow conditions, the SLTO configuration

efficiency (figure 14) was approximately 80.5%. As shown in figure 14,

the stall limit for the cruise configuration shows a slight improvement

over the stall limit of the SLTO configuration for equivalent rotor speeds

between 50 and 80% of design rotor speed.

The relatively high efficiencies for the SLTO configuration at SLTO

conditions and for the cruise configuration at cruise conditions are

shown in the efficiency contours in figure 18.

Inspection of the pressure-coefficient/flow-coefficient data presented

in figure 19 indicates that, at a given rotor speed, the cruise configu-

ration permitted stable compressor operation at lower flow coefficients

than obtained with the SLTO configuration. For 70% of design rotor

speed, the flow coefficient for the cruise configuration is approximately

0.4 as compared with a value of 0.45 for the SLTO configuration.

Blade Element Performance
For Sea Level Take-Off Configuration

Inlet Guide Vane

Guide vane exit air angle distributions for the SLTO configuration

operating at design equivalent rotor speed are presented in figure 20.

Comparison of the data with the design distribution indicates only a

slight variation from the zero-swirl design distribution. Relative to
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the design rotor incidence conditions, the swirl gradient shown in

figure 20 would impose slightly lower incidence on the rotor hub and

slightly higher incidence on the rotor tip.

Inspection of the guide vane loss coefficient results calculated by

the initial data reduction computer program indicated that ( 1) values

were unexpectedly low in the hub region for the SLTO configuration and

(2) values were high, with considerable data scatter, in the tip region

for the cruise configuration. Evaluation of the guide vane wake total

pressures indicated that one or two tubes in each rake, that should have

been reading freestream pressures, were actually reading slightly high

or low when compared to a corrected pressure of 14 . 696 psia. The in-

fluence of these erroneous readings on the integrated wake pressure was

significant. Consequently, a separate computer program was prepared to

integrate the guide vane wakes with the freestream pressures corrected.

Loss coefficient calculations for the hub, mean, and tip sections (90,

50, and 10% of spar., respectively) were performed at the 70 and 100%

design equivalent rotor speeds to obtain a representative distribution

of guide vane loss with respect to Mach number and radial position. The

results are presented in figure 21. The midspan loss coefficient value

of approximately 0.02 for Mach numbers between 0.25 and 0.55 agrees with

the annular cascade result (Reference 2) of 0.021 at an inlet Mach number

of 0.214.

Guide vane velocity diagram data for all five spanwise measuring

stations are presented in table B-2.

R=

The rotor inlet relative air angle and Mach number distributions

achieved with the variable camber guide vane in the SLTO position at

design equivalent rotor speed are shown in figure 22. The distributions

that correspond to near -design flow conditions agree closely with the

respective design distributions. The rotor diffusion factor, deviation

angle, and loss coefficient obtained at each of the five radial stations

are shown as functions of incidence angle in figures 23 through 27. The

predicted values for design incidence conditions are shown in each figure
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,or comparison with the data.* The predicted and measured performance

compare favorably. The relatively low loss coefficients in the hub

region (figure 27), may be attributed to (1) local influence of guide

vane wakes and/or the stator leading edge flow field on the static pressure

measurement behind the rotor, and (2) the possibility of having omitted the

influence of guide vane wakes in the total pressure average obtained

with the two 20-degree wedge probes.

Static pressure measurements, obtained behind the rotor at the outer

wall locations (figure 6), are presented as a function of equivalent

guide vane and stator blade gap in figure 28. The pressure distribution

presented in figure 28 indicates two regions of h'.gh and ,low pressure

relative to a guide vane gap and one region of high and low pressure

relative to a stator gap. The circumferential variation in static pres-

sure was considered to be primarily associated with the stator flow field

because ( 1) the measured guide vane wake at 10% span from the tip was

relatively small (figure 29) and (2) the static pressure taps at Station

2 were in close proximity to the stator leading edge (figure 3).

The static pressure value at the outer wall, obtained from extrapo-

lation of the 8 -degree wedge traverse probe static pressure data, is

shown in figure 28. The extrapolated value comparesfavorably with the

^ y

average of the wall static pressures.

Table B-2 presents additional rotor velocity diagram and blade-

element performance for other rotor speeds.

Sta tor

 
Stator A inlet conditions for the SLTO configuration are shown in

figure 30. The inlet Mach number and air angle distributions for near-

design weight flow agree reasonably well with the design distributions.

* The rotor diffusion factor design points presented in figures 23
through 27 are defined by the corresponding equation in Appendix A.
This definition accounts for the effect of the streamline diameter
change across the rotor. The effect of this change was significant
in the rotor hub region. The predicted rotor diffusion factors
presented in Reference 1 3o not account for the streamline diameter
change and should not be used for comparison with the data in these
figures.
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Stator A diffusion factor, deviation angle, and loss coefficient are

presented as functions of incidence angle at the five spanwise locations

in figures 31 through 35. In general, the measured diffusion factors

are slightly lower than the design value and the measured deviation

angles and loss coefficients are slightly higher than the design

values.

Stator exit air angle distributions are shown in figure 36. As

indicated by the design air angle distribution, the Stator A SLTO con-

figuration was intended to turn the flow to the near-axial direction.

The experimental values for near design flow conditions were between

4 and 6 degrees above the design values across the span. At near design

flow conditions, this difference between design and experimental values

was caused by a higher deviation angle than predicted and resulted in a

high stator exit tangential velocity component. The high value of this

component lowered the diffusion factors slightly below the respective

design values presented in figures 31 through 35. Stator exit tangential

velocities for a corrected weight flow of 268.8 lb/sec are compared in

table 4 with the design values for the design flow of 265 lb/sec.

Table 4. Comparisons of Stator Exit Tangential Velocities

Percent Span Ve Measured Ve Design
(from Tip)

90 79.7 43.2

70 77.8 26.8

50 76.6 19.2

30 65.9 18.3

10 67.5 20.7

Table B-2 presents additional Stator A velocity-diagram and blade-

element performance data.

Blade Element Performance
For Cruise Configuration

Inlet Guide Vane

The swirl distribution achieved with the variable camber inlet

guide vane in the cruise configuration at cruise rotor speed (707. of

18



design equivalent rotor speed) is compared with the cruise design dis-

tribution in figure 37.	 The guide vane exit air angle is about 2 degrees

low between 20 and 70% span and approximately 5 degrees below the design

swirl angle in the hub and tip regions.

Guide vane loss coefficient for the hub, mean, and tip sections are

presented in figure 38.	 The method used to integrate the cruise config-

uration guide vane wakes was the same as that described previously for
G

the SLTO configuration guide vane wakes.	 For a swirl angle of 26 degrees

(figure 37), the average midspan value of loss coefficient presented in

figure 38 is 0.025 as compared with a value of 0.0167 for the 30 -degree

swirl guide vane (Reference 2).	 The higher loss of the variable camber

guide vane is attributed to the slight departure of the section geometryg	 g	 P	 S	 Y

tom a conventionally -designed fixed -camber guide vane.	 It was expected

that the variable camber vane profile loss would be slightly greeter

than that of a conventional vane. 	 Additional guide vane blade element

data for the cruise configuration is presented in table B-3.
y

Rotor

The rotor inlet relative Mach number and air angle distribution

achieved with the cruise configuration guide vane setting at cruise rotor

speed are shown in figure 39. 	 The measured Mach number. levels for maximum

flow, near-design, and stall flow conditions are slightly higher than the

jr; design Mach number level.	 The experimental values of inlet relative air an-

gle for design flow conditions compare favorably with the design distribution.

For comparative purposes, figure 39 also includes the inlet relative

air angle distribution obtained with the SLTO configuration guide vane

setting at cruise rotor speed and flow conditions. 	 This comparison

illustrates the high incidence angles that a fixed SLTO configuration

would encounter at cruise conditions.

Rotor diffusion factor, deviation angle, and loss coefficient for

cruise rotor speed conditions are presented in figures 40 through 44.

The data in figures	 indicatede	 a a	 gu es 40 through 44 compare favorably with the i	 i ated

design values.	 For the 70 and 90% span locations (figures 43 and 44,

respectively), the loss data show considerable scatter with several values

below zero.	 These a-pparent errors are attributed to (1) guide vane wake
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influence on the static pressure measurements and/or (2) improper averaging

of the guide vane-induced circumferential total pressure profile. Additional

rotor velocity diagram data are presented in table B-3.

Stator A

Stator A inlet conditions for cruise configuration and rotor speed	 !

are shown in figures 45 and 46.	 Figure 45 indicates that the data compare

excellently with the design stator inlet Mach number distribution and with

the expected range of rotor exit absolute air angle with respect to the design

air angle distribution. The droop in the air angle distributions at 10%

span from the tip, particularly for the stall point, is caused by a

fairly steep negative radial velocity gradient at the outer wall (table

B-3). The incidence distribution for the fixed-geometry leading edge

Stator A configuration at cruise operating conditions is shown in figure

46. The incidence angles at midspan are approximately 9 degrees higher

than the indicated minimum loss incidence for a conventional 65 series

airfoil section designed for the same air turning angL-_ The measured

incidence angles are similar in magnitude to those expected with the

Stator A fixed leading edge at cruise rotor speed.

Stator A diffusion factor, deviation angle, and loss coefficient for

cruise configuration and rotor speed are shown in figures 47 through 51. 	 f

Additional Stator A velocity diagram and performance data for cruise

geometry are presented in table B-3.

The predicted values of diffusion factor, deviation angle, and loss

coefficient at the cruise design point were derived for a conventional

65-series stator having the same air turning requirement as the Stator A

cruise configuration (Reference 1). These predicted values, shown for

comparative purposes in figures 47 through 51, are plotted according to

the incidence angles that correspond to cruise design point rotor exit

conditions and the Stator A fixed leading edge metal angles. As noted

previously in figure 46, the cruise design point stator incidence angles

are approximately 9 degrees larger than the minimum loss incidence for

conventional 65 series blading having the same loading. At this relE-

tively high incidence angle, it might be expected that the stator losses 	 ?'

would be high. However, inspection of the data in figures 47 through 51

indicates that the loss distributions at the relatively high level of
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incidence angle define minimum losses that are not significantly greater

than the minimum loss values predicted for the conventional stator.

Furthermore, the diffusion factors and deviation angles at all five sp,;n

locations agree favorably with the corresponding values predicted for

the conventional airfoil. These results are illustrated in slightly

more detail using the midspan data in figure 49. The minimum-loss

incidence angle for Stator A is about 8 degrees higher than the minimum-

loss incidence of the conventional airfoil. The minimum loss coefficient

value of 0.06 is not considered prohibitively high, even though it is

twice as large as the minimum loss predicted for the conventional airfoil.

The design diffusion factor is achieved at an incidence angle of about

13.5 degrees. The minimum loss incidence angle for a conventional 65

series airfoil designed for this diffusion factor is 3.2 degrees. The

apparent influence of the Stator A cruise configuration on low-loss

incidence angle range (c."S m in + 0 . 02) is also noted in figure 49. The

cascade low - loss range for the conventional stator is approximately 15

degrees, compared with a low- loss range of 9 degrees for the Stator A

cruise configuration.

These results are attributed to the effect of the Stator A flap

position on the distribution of static pressure on the suction and

pressure surfaces. As the flap is rotated to increase the trailing edge

metal angle (decrease camber), the stator leading edge loading is pro-

ressivel decreased thus permitting low-loss operation at relativelyg	 Y	 ^	 p	 g	 p	 Y

high incidence angles. Simultaneously, the loading on the pressure

surface is increased due to the local reversal of camber angle and the

associated adverse pressure gradient in the region of the flap hinge.

As incidence angle is decreased, associated pressure surface boundary

layer growth and/or separation would lead to the development of high

loss at a higher level of incidence angle than that for the conventional

airfoil section.

The stator exit air angle distribution for the cruise configuration

is compared with- the predicted (design) distribution in figure 52. The

air angles for near-cruise design flow compare favorably (within approx-

imately 1 . 0 degree) with the design distribution.

I
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In general, the blade element performance results oL g ined with the

Stator A cruise configuration suggest that a variable camber stator,

with a fixed leading edge section and variable flap, can be configured

to operate with reasonably low losses over a wide range of inlet and

exit air angle combinations.

Rotating Stall

Rotating stall data were obtained as part of the stall transient

recordings at each rotor speed for the SLTO and cruise configurations.

Time correlation between the Kistler probe data (used for rotating stall

measurement) and the stall transient instrumentation permitted correlation

or the rotating stall characteristics with overall performance. The

method descrided in Appendix C was used to determine the number, size,

and rotational speed of the stall zones. The results obtained at initial

stall conditions for the SLTO configuration at 100 and 70% of design rotor

speed are presented in table 5. In general, rotating stall for all rotor

speeds was characterized by one stall zone, rotating at approximately

one-half of rotor speed and covering about one -half of the annulus.

Table 5. Rotating Stall Results

No. of Percent Circumferential
Zones of Extent of

Rotor Speed Zones M

SLTO Configuration

Design Rotor Speed	 1 56.5 43

70% Design Rotor Speed	 1 60.5 52

Cruise Configuration

70% Design Rotor Speed	 1 45 60

A relatively severe transient into deep stall was obtained for the

SLTO configuration at 70% rotor speed. The results are presented in

figure 53.	 For the configuration and rotor speed conditions represent-

ed, the onset of rotating stall and the initial stall point, determined

from the stall transient instrumentation, were coincident.	 As indicated

by the table in figure 53, a single zone was measured at initial stall.

The measured stall zone extended over more than 180 degrees of the annulus
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and rotated at approximately one-half of the rotor speed. The stall

zone persisted until Point 3 in the figure was reached and then disap-

peared. The stall zone reappeared at Point 4, and remained until Point 6

was reached. Comparison of the transient data, progressing into and out

j	 of stall, indicates an unstalling hysteresi. The pressure ratio at

Point 6 is significantly lower than the pressure ratio at Point 1. The

point numbers in figure 53 are shown on the transient data record in

figure 54. Figure 54 is a reproduction of stall transient pressure

and rotor speed data and Kistler rotating stall data. It is noted

that the probes for rotating stall measurement were located at 10%

span from the tip and therefore reflect only what was happening in

the tip region. Future rotating stall measurements would be more inform-

ative if they were obtained in both the hub and tip regions. Moreover,

valve positions would be useful as part of the transient data to ascertain

the exact time the valve is opening or closing.

CONCLUDING DISCUSSION

Tests were conducted with a 0.5 hub-tip ratio compressor stage com-

prising a variable camber inlet guide vane, rotor, and an adjustable
z	

trailing edge stator to determine the extent that these variable geometry

features can be applied to extend the stable operating range of axial

flow compressors. Two design configurations were evaluated (1) a design

configuration corresponding to SLTO operating conditions (100% design

equivalent rotor speed and corrected airflow of 265 lb/sec) and (2) a

configuration corresponding to supersonic cruise conditions (70% of design

equivalent rotor speed and corrected airflow of 143.3 lb/sec). Each

u'	 configuration was tested over a range of rotor speed and flow that encom-

passed both the SLTO and cruise design point conditions.

y

	

	 At SLTO operating conditions, the SLTO configuration achieved a

pressure ratio and efficiency of 1.39 and 90%, respectively compared

with predicted values of 1.32 and 85.1%. At cruise rotor speed, the

cruise configuration permitted stall free operation at lower flows than

4	

those possible with the SLTO configuration. The efficiency of the .cruise

configuration at cruise rotor speed and flow conditions was 89.8% compared

with an efficiency of 80.5% for the SLTO configuration. Thus, the variable
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geometry features of the inlet guide vane anu stator provided the blade

row matching required for efficient operation at SLTO and cruise condi-

tions.

Although the fixed leading edge variable Stator A design was initially

of some concern because it required operation at relatively high incidence

angles at cruise conditions, the test results indicated that low-loss

operation at a high level of incidence angle is possible. This result

was attributed to the influence of the stator flap position on the rela-

tive loading of the suction and pressure surfaces.

The overall and blade element performance results obtained with this

compressor stage indicate that a variable camber inlet guide vane and a

fixed leading edge-variable trailing edge stator (one moving part) can

effectively accommodate a wide range of compressor inlet operating con-

ditions.
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APPENDIX A
DEFINITION OF SYMBOLS

AA	 Flowpath annular area, in?

a#
O1	

Inlet relative stagnation velocity of sound, ft/sec

c	 Chord length, in.

CP	Specific heat of air, 0.24 Btu/lb 0F

d	 Diameter

D	 Diffusion factor

g	 Gravitational constant, 32.2 ft/sec2

im	Incidence angle, deg (based on equivalent circular arc
for stators)

J	 Mechanical equivalent of heat, 778 ft-lb/Btu

m	 Mass floe parameter, 'YgIR M (1 + T— 2	 M2  1/2 p/P

M Absolute Mach number

P Total pressure, psis

P Static pressure, psia

q Pressure equivalent of the velocity head, psia

R Gas constant for air, 53.3 ft-lbs
^lb-OR

S Blade spacing, in.

s Blade span, in.

T Total temperature, °R

Ts Static temperature, °R

t Blade maximum thickness, in.

U Rotor speed, ft/sec

V Absolute velocity, ft/sec

W Actual flow rate, lbm/sec

0 Absolute air angle, deg (from axial 'direction)

1' Ratio of specific heats

'Y° Blade -Chord angle, deg

b Ratio of total pressure to NASA standard sea level
pressure of 2116 psf

6 0 Deviation angle, deg

'lad Adiabatic efficiency

1)P
Polytropic efficiency

R k4	
t.'i



9	 Ratio of total temperature to NASA standard
sea level temperature of 518.7°R

K	 Blade metal angle, deg (based on equivalent circular arc
meanline for Stator A and on the 0.5% chord and 957. chord
for the IGV

p	 Density, lbm/ft3^

Q	 Solidity, c/S

Blade camber angle, deg (based on equivalent circular arc
for stator A) or flow coefficient

Pressure rise coefficient

W	 Total pressure loss coefficient

Subscripts

0	 Compressor inlet instrumentation station

1	 Guide vane exit/rotor inlet instrumentation station

2	 Rotor exit/stator inlet instrumentation station

2A	 Stator exit instrumentation station

fs	 Freestream value of guide vane or stator rake
total pressure

id	 Isentropic condition

le	 Leading Edge

to	 Trailiug edge

m	 Midspan

s	 Static condition

z	 Axial component Y

8	 Tangential component

Superscripts

'	 Relative rotor blade

Mass average value correctod. to standard inlet conditions
(used for overall and blade: element performance)

Nomenclature used for blade element data tabulation (tables B-2 and B-3)

PCT SPAN Percent span

DIA	 Diameter, inches

BETA	 Absolute air angle, degrees

BETA (PR) Relative air angle, degrees

V	 Absolute velocity, ft/sec

VZ	 Axial component of velocity, ft/sec

V-THETA Tangential component of absolute velocity, ft/sec

80
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V(PR) Rela tLve velocLty, ft /sec

V-THETA PR Tangential component of relative velocity, ft/sec

U Wheel speed, ft/sec

M Absolute Mach number

M(PR) Relative Mach number

TURN AU turning, degrees

TURN (PR) Relative air turning, degrees

a Lose coefficient

DFAC Diffusion factor

EFFP PolytropLc effLcLency

EFF Adiabatic efficiency

INCIDM Incidence, degrees

DEVM Deviation, degrees

NOTE

The numbers following the nomenclature in
Tables B-2 and B-3 refer to the leading and
trailing edges of the respective blade rows,
as indicated below:

3 IGVle

4 IGVte
6 Rotorle

7 Rotorte
9 Statorle

^s

10 Statorte
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DEFINITION OF CALCULATED PERFORMANCE VARIABLES

Overall Performance Data

Inlet Mach Number:
1/2

aP A 

1	 = g 'Y/8	
1 + 'Y2 Mo

o A
0

Pressure Ratio:

-	 P	 P
Rotor: 

p- 
Rotor-Guide Vane:	 Stage: 14=P	 4.6 6	 696

1
Corrected Flow:

Wrb
Corrected Specific Flow:

wA
6A 

Corrected Rotor Speed:

N 

Adiabatic Efficiency (overall):

'Y-1
ly

(e.g., for rotor)
T2A/Tl - 1

Pressure Rise Coefficient:

ti-1	 s,

4, = 
CPJgTo (P^ /Po) 'Y - 1

U2
1em rotor

Flow Coefficient:

On 
Vzl m Ulemlrotor

Arrrc,
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Blade Element Data

Incidence Angle:

im = Ole - Kle

Diffusion Factor:

	

Vte	 dteV9te - dleV®le
T	 Rotor: D	 1 - IV, +	 (d•F d ) QV

	

le	 le	 to	 le

Stator: D = 1 - Vte + d leVOle dteVBte

	

Vle	
(d 
le+ 

dte) dr le

Deviation Angle:

6  Ote Kte

Loss Coefficient:

Pfs P1IGV: W = ---_ —
Pfs Po

(po was found from linear interpolation of inner and outer

wall static pressures at Station 0.)

X

Rotor: W = P 21 
P2

—rPl pl

where:
2 2

x

P' P'	 1 + ^

U

to
y

1 - ^.	 y-1
lid 1	 2 as

1
yte

P'	 is found from p/P' _ ^1 + y2 M'2, y-1

and M' is calculated using trigonometric functions and the

measurements of U, 0, P. and p.

UStator: 4d = Pfs P 2

Pfs p2

If

r
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Adiabatic Efficiency:

_ Y-1

Rotor:
1(pte/Ple)^ I
Tte To - 1

Polytropic Efficiency:

In T	 T

	

IGV: TI =	 Sle	 at
P 

Y- - In Ple/pte

Y= In (Pte/Ple)

	

Rotor: ^p '	 In Tte To

Yy In (pte/ple)
Stator: ^? s In T.	 ^P

to 
T8 

le
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APPENDIX B
TABULATED PERFORMANCE

Overall performance and corrected weight flow for each test point

are presented in table B-1.

SLTO and cruise configuration blade element data for each test point

are presented in tables B-2 and B-3, respectively. The tables are arranged

in the order of increasing rotor speed and increasing corrected flow at

each rotor speed. At 11071. of design rotor speed, blade element performance

for the SLTO configuration near stall data point was not calculated be-

cause of sin overscaled guide vane exit pressure transducer. Definition

of the blade element velocity triangle and performance variables as tab-

ulated in, the computer printout is given in Appendix A.
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1; J

"V	 ^	 •rn	 • • • .n .101.4 .1" J ti N	 .4	 • O
.n 0 -d er	w Ok w	 1	 • •	 0 O • R ''^

fn	 •	 •	 • JI	 an T O ••• "^ 	 •
A N y1 U1 #,-	 Q tj N • • 7•	 '

t n• • m •^
^^ ^ M	 1 N M N ^^l 	 O p	 ^ 1 ^f	 1 'n ,1• 	t ^ •^ M *n	 7 :^ •+1 J •'1

• V '? 0 tf N t X .r 7 •r 1`' N 	 p.n J ,> >0 -• 7'. ^ •1 V N N •0 	 .0 d' ^NOO. 7 O • • • • • • in ti •	 O M	 • 111
.A .t • 3	 4 ^1 "^ ^t O 11 ^1 y t ^•^d 'V (^ ••• •t ,^► ^ ;T f► aD •0 V O^ ^D ^^1N •s^ QQ

N1 n	 . . nvnNO^+I vw 7	 .mv a
03 A t .r	 •	 .	 •	 •	 •	 • to ^D 'f1 $
•n . . •v oa a r+ nN .

^A O ^
•nI-n ^v

O'VanQaCO	 I • •	 r • N N tnfn •+I 4 NC INS• • .4 	 •	 •'V •	 •
7	 I N f" A l	 O G	 r.f	 1 0	 1 rn v?	 1 (non M M	 J C. .t L1 J

CI

,s
•b a

f••1
•o n ^ ^..+ M ,p ^ M .odml► o M S O•.o	 ^ v M :nAmr1•Q.O ^-+ fs •a f► Men
E I

^0 4)%0 1^ N 400%w •• N 	 tn m O /rl
N

4DNW.. d M N.t •+f• ^ rn,.1 .O r^ N
O^f-S Ci J 7 :V .. • . , ..t o .	 o O o	 •^• • • n OM erl ti.rNNC	 Ef	 •.r	 •	 •

Q J O f• fT	 m	 • • 1	 C • Rj N
o .0 0 cf . . • . . • o• r- a1► • v •O fs nfn> tiM IV •

O. In "I 1n -0 .r .4 .r .4	 •	 • ..• ^;
••. •

• • ti
•

N	 NNNN	 C>O	 I •+	 1 N-t	 'rtr fn rn*^	 OOS oc
1 JW

W
JI

v
fi0AnP- N a0ooOMN	 Om g InNU10.r^aA 0 u w .t Z) W	 4%

.r t,0.O(p .4 :0.T0• .nN1"
NN•^totNa0 O rr,	 :fir

.01-4
NUD

N*a 0.6 C,	 •	 •	 •	 • •	 • •n ,^	 •	 C up	 u►••	 •	 •O•	 p 17• 	0 1:;	 •^D	 • Op NIN • • • • • •Nat.r O and OI
•2 ^MpO04tn	 `r 0, • • •fnlT.t.t ECG •t N • N n C ^

0	 • • (	 O • ^j •117. f.f► ..C .r v1 • • •V^ •	 • r,
V N	 NN NN	 0 	 ( V 1	 ' N d	 .t^lfnw^tn	 rJ0 S• C% C,
u
CL
e^
go M O !r

as
~uy	 p

zr	 e^	 as
w 'nf ram	 of u n

<a	 f+► .txt	 zva
I- f" 	 ^ f. rh44 Y 1 	 a W v >

4444	 f.'ia .. == 	 :1a
E+	 .. o•..	 .-.•a-•oc

us•••
<^

7C
srWW	 N N 1 1	 7	

U.
	 '_ W rWW	 N 0340

 1 1	 O^3 {iW Wcoo

103



W%Cgsm$SOW, "P*amOP M OPW ONM ^ &&I.* 1+^
.OhM •e	 MMa.• • •pp• • IMN •+Pp o ^M++ 	sSooNP • Nh11`•+•P •Od.OM.MIaON • PP	 •GC^,,pp^^ ..ppi P PA pp P ^OOMnSM • • • •.. O 	 • •N Ni M.OInMiM1h N	 wez00•+	 00+

P AIViM.oNA Itad • • • •NInN PM0^ ^^Nn i A hN • • • • • •••• APO • • M.• o N 0, ^j op. . . • •a^ OO.+.oY► ANAP •r1 MMiA111 • . NA P	 •	 •
Iow Oj M.OMn1^ ♦ MM 1 ?CO-P-# 	 a•a• O •C M
M 	 M

M4in"P. P. V'POM.+..1NiANO^•OA^OO ^" 1414 l-
q.N•.000MO•Mo :.SOMA 0Ii.rOM11o^MMOe ♦ 	 °SIP►
M • • • • • Mn A In .r i 0^ o lA O .•1 0 M M ^ fib • . ,,,^^ P	 gof*Fl,M^Mto^MiMM 1 NhNiiOP00000•N+ O O

.d
^	 ^	 InMAO•fOONOiNNNIf ► •OOOiNP^DO 1/^ NA	 ^	 yIni^^.AO.AiOM•+ • • • •OAPNiO ••+ ^ ^^ ^C	 AAN NA • • • • • •Oln•o.0 • •N.+NNi•.-1	 A • • • • •MY► M .+NPAO•+ooMi•o•► • • ^P ^ ^
C	

AO o o.r•O,,pp.o^ O•OtinMO^+ • • • •.O O • •
C^	

N •/MniMiMM M	 11•+00000 ► 	 00^

v
C	

NPOPNN.O	 o^nPA ♦ A•+N.•i ^ Mn ^ cu. •	 ^o.+N.oPO^+PM•0^0 	 •iPO^.r•OrA	 ^
Q	 OM.QANi • • • • • •o.•.r• 	 1nln • •O itf► A O CK0*v4p• • • • • •.r.+ p iMNPOPOQIAM• Mm • • • It	 MD

v.1	 MOiMnhiCiMA Nln••ii* w$ OM • • • .h p	 •
N

N #Anf% omm M	 i1n0000N	 O

0 fob
N

a•1	 •
W	

<	 •OA	 ,pA	 aCoP	 •^ •`	 d d	 •••	 r
C t ••+	 ac oC	 < < ^O A	 .O A If	 IQ	 ^ .oAdd	 AN	 4949`.	 d	 !

	

,^.	 «« iA S I	 Z Vd .r !
^	 t 1- 1_ * 0 A	 1- M_ d d= Z 4 h 0 A d d lK I^ +[ w 1L {J >a	 ► WWWW	 NN 1 1 ^'^1"F- 	 %IP *11 Y.wU.S WC0MD0v20 30»»»»»!!!coup OWW- C

Cd

4'^	 .o	 OoMM.••.POiNP^e	 iP	 Pi oo MnN OOIno.pMn	 M.•Q	 N	 1A0•0700P01AOIAMA	 i•+	 e^^1	 .o'•oom o•D. OOONM^ o0ia^o	 OAOM • • • • • •.rN• •• • •MCMPO	 •	 O•o • O	 00iO4 • • • • • .M.•rN6" •rq1 .1 < •t	 .+	 MMMO	 •A	 •.1	 •MO•CAAq.^i •p M.o • 	 •
C	 0040i+MnM^+► 	 00 

1	 •	 oMn•o•rh•.1.oPMA • .P	 • • ^Q ^•^	 i
0	 1 O	 +tM Yl,rut•fN OON	 OO	 a

W	 00.04 inN0aN It* hN	 inQ^p	 hM0MF.0O.+i•MtM.fr^ ON M7	 Mnavii +M•+OMp oPP A^ V4	 p a9PP.1NAMOOMOm M ► ^1 O	 c00 • • • • • •ON •	 O	 N	 AAOOg9% • • • • • •NON.# 	 ^4l	 M • • • ••1 .•1 .f 0 $A	 0	 •P pp• 	M • • •N11N1NiN••1 iM •O M.o •	 ••tj	 J	 MnOOi i•o ( • •	 O • N"•	1"•i••1oONfP. • •N	 • • Ok	 ql !^ H	 M 1 MMMM	 00	 1 O 1	 MM ii•IiN OOM	 001••1

V001%p MI 04 NAOMnt. 04	 9%0M	 MnP.	 00PN••19%hM^ V%#•	 NaooNO••+Oo•-0 I...^ •01+ 9 •.1 	 iMNOPOOAA1V.r04P A	 •1	 11101
C4	 O O	 • • • • • •O • •	 cow •	 OMM o • . • • • • ••+Ut U1 ifs oM

M • • •MMMMOiMMO ^! •o • •	 111 • • •APiA.OPiM • O M'aOOOMY1M111 1 • •	 8 O • Rj	 M.ON•oPAPA•i1 • •M ' • •M 1 MMMM 00 ,.1 1 0 i	 d MM iMMMN O 0  	 00
ne

1	
-4	

<NM a1y	 a	 OOMAP •^•NiO400% 	00	 MI1	 t^^	 M1nin0O .rin•o9%P..00	 aM{^ %At	 E,I	 J	 M pook -*on OOPMDM	 .ON ^ aD	 l/^	 IOpA.ONNhPJ •01nMn P,p p l^	 I 1}	 M•	 OO^M • • • • • •oO • O OM	 f^1	 O•o1p0 • • • • • •.o MA (" NP t^d	 H	 !► • • •O.10o0.•NMO 1, •O •	 A . • •O.+M.o*o*m •^ ihi • ••Ot70NItNM	 • • i	 V • R M	 Oam 0 oAPN • •In0 • • ^^ OO H	 N MMMM	 NM iMMMN OOM 00
W	 t{
W

yN	 000 a M.0aa.1h.•M••+	 oM pO	 P4	 mNr-m9nN0a0	 •oN{	 In0vowot- f"F- 00N0A	 f" ^ O^	 NO^N•y•OiioNOP	 •+o^O.r0A • •.• • • •AO •	 Oh	 `I;	 00..1 • • • • • •i^f.1t► in r	 Z	 P• • •NMnNinaMNNO	 •P •	 P • . •oA.ONOPiM • ti •foI • •W	 .100a.-#0P+	 • • 1	 O • R	 .OM111PO1nO.^M • •h 0 • • N r^N MMMM o0	 1 O 1	 Ni ♦ MMMM OOM . OOr
d	 ^	 t
o	 tMi	 P•a•1

b1 M « 	 f" zz	 Z I.id ° !	 P49•[ OP•O.1ZZ az	 ud«o+ _<1^^••Mi	 at 3 491E	 >	 49HhP•••	 hIM	 of	 491E ^j >••• W W	 N N( 1	 O	 IL w	 W	 ^i r1 W W	 N N 1 1	 0 `) IL IL Z WmoMD»» »l;1. OW . p	 aado>!»>!!! ►- OWr p'	 r
F	 i

104



C

i.l
C
O
U

C

1.1
to

4
	 0
C 's 

N

U
9
la

cd
J.1	 •
Id	

P

A	 o^p^ Z ^
C

6
O

W H

0
It

N
I

^	

Al

E-4	 ^-a

GS
W
ui
Q.
VP

H

y
uacW
Oa

,S

^t No e r mrisMMrNr 1► ^y	 rON•► ^ $^r^01w • • • •101fl^O^f^1OCeP1or • • • • • N• ►P► PM OO • •IANe1^1Or • • • • •NrttrtMr Gt010Y+PPP r M.IPP^0 01A • • • •O p • • ^ Nr 1 Mt01f1M^f p+ r 1 N	 e^+0000.+	 00
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dikMr^0 e
N to00dArIn	 f0 • •N a O • R ^►N	 N•r'	 .1	 OO 1	 Poo	 1 NrNN•N04 " if N.•9ON •	 •co i1

OW
4"i

W v
N OpONA AlArO 0p 4mA	 N1rQ e01naAN •ONYIOPAN0 .1M inAA4AO 0• 1r1 10^NpA1nAa0A.+0^Y1	 N ^NMr O !!Sc-pP ^ N+^ O fO •	 N	 O N O O	 O • • • • • • ,0	 O CY•1 A r N ti= Q	 • • • • •	 1n •.•	 ri• • • NPNa00.+• 1 ^e0	 •a0	 •	 •vP^ P • • •^orOO^f1nNN •^ N► P	 • •
W ^+OeRt^Od'r	 fo • •N	 O • N ^ ^0P••1PNPPN •1 • •fp ^ • + a0 ^^N	 N.r•r.ePd	 00 1	 O	 1 NrN1NN••^rN••00•+ • 00

^WIL

44A WIf	 /-	 C
46^+P	 1. 1• _1+1	 a _ °^« OzOP° ii 0a•°. z49 	 1+► .f S49	 Z	 d< 1. A M r	 on ►• M ir e1L	 i IL	 v a► s 1. 1• P .r	 $. r- P •+ at 4Z U. >rWW	 N N 1 1	 21L Z W rWIY	 NN	 1	 0 WW W

a amen » »»:s1- 13'^W — o oofe»»asszw * Wr o

119



N

G

C
OVv

O
1

C
O
.,4
1.1
1,1

^r

O 
^e

V

O

V

i

(I
Il'

Il!

u 
br'a^ N

Q ,^, 10.9

W

^	 LL^

th

W ^ ^
H a

U

M
i

d)
a

H n
CWWnN

Wuz
Wn
cr

6

r^

E

f

1

t,

1

t0^^e'NNPrCr^I• .. . 0^I► a^110D ww 	 ^'^ n
i. ai •

	

06-Its" Pl1► M► • Mt.
C
iSlO► .PiP1!•OrN^Iiit li	 e~ a,

4ri+0w p" p d"N^N M ^ i ^MlrzcG•c- O MCC

Ift OtON{IO t NN^NM11f ► ^IOCOQIfIwdNw el 00N xPINrw ON^OQwO • • • •w 01NOrr !► nlr0n
CJi ♦010 • • • • • • hhlfth • •a w a PP ^^ ^'^10OL^. '^1h • • • ..cPY1t.Ot0 r p ♦ rrrNdN • ^ ^ODOp ut Nt	 ^ONQIH!`QCORO'w1h^/H+N^r0000^ O X 001 I11 a	 1.1 r r N

InPlna+w	 or OD ,IwNtONwN^N1.1r	 tt01a n
N,IOft 0.• ^Itntt•1^.0 • • • •ONP••w,I• R ppPC;p°, 

IIn ^Y100^00,0.O.W w0
1-dPPN.w•^NIPi1N	 IV 1A fnA 44;P ODPOMtANM1rNR ► • • • •t0 ,7 1. • •

mftMlOirl^rr N	 ♦ *4;C;	 00

MCN^ir^^^tM^Y+ t0^1+O^f^f•r r^Ow^O	 Prw
I VFbp-M wQl MMcr • • • •Mires ^p .o` 	 PP^,C!1► ,OCa+N • • • • • •PN1n	 • •awPrM+	 aDr ,';

1` • • • • •rPPiCrNiw^^011 t r/►^NI►: • • ^P^a a/`^0^+.0aC pp AP Pit>nNN r tp a • • • •C p • • •ANM► MmNMtrr h	 MPCCOGN 1 CC

!' w •r N It .O N N ..+ lt'1 ♦	 r C Ifs Nt s N 1'n
0 1' 0 0" 0 40 • • • • • •N p► 111 ^p • •^► OIf^Gi	 msOG'^. `oP • • • • •PPOrtnaaMfy 14;1trNNN • • ^';Pa'. 	 u^w1,0aNia•r1+ w+ wmmNh cm • • • •S Q 

rCNNOWNr p -PON N	 #,,mctOCN

^dw ns	 ••
tol► t^` ^^'°w.r^	 ^ws s

a aelftM`1^M>t0/►r W W W N.
^G1"Z S w a W W	 COCZ►•r^O SS+O1► ^0 1► nn 11cN 10" 1	 1 ^. ••, /^ 1•	 •. +•

u0	 •C..	 !
to a^i`^	 WS u

oGO^o^clnPaoriN

r • • •i•ri.+p.•rrP
C1► O1► • • • • • •44 •

000k %0a4Ow O • •r

IPONPO' O Nt)r iatlhl► 	 Ga OOP O

O 0 Ni r.»..sn+	 Dal

a C« I*- W # a "s 0 0 0 m W	 PNIISOiNaN11^d^0a/ ••• "I 	.ON
w1 • • •P•NM.00r..tw+ ! •O O I^
t* I ,̂ rr•+r	 On 1	 r 1

OOwill► Mv	
NftPO• 	

^Or
If+ G^ ^O i ^O J N C' O ^O 	 a In ^^ tt+►	CPCO • • • • • • •iw as	 CA M • thN • • •1+► .yeM+NOM•.rM

 O
8 •PC+Cip .00N dN 4r • •N	 • N O

1+. Nrr.rr	 GG 1 r/ O 1

O
Y! pp rrINONOONNw aN

	

C Cw • • • • • •iw •	 GN	 to• • •Pra'wON q rOC	 •O1600MOW4 v • •N	 p •	 toN lVrrrr	 C4G l	 r 1

v
cc #a qD 4 000N^CrN	 GOb f3 AIHONC •,+Of► GNin	 tliN

	

G •+O •+ • • • • • •w1^ •	 rN N Op

	

p • • •rl► riC d'rr Q 	•w.+ O O+ tYn w a N OD •• N	 O • R ON N.tr.• r 	GO 1	 O 11

w` It

R 0" i
04.4 M

w,	 W W
s < 	 w+izz	 z	 un Q >rtl•/.w► i	 1-0. w+iof (3 tWrWW	 N IV I I	 0WW	 WQODOA»!>!>Sz0- CW C

120

.DO ir •.r lrN * Mvc0"O ti w` w^ p^
C-AeM • • • • • •wi i r^ OOrO^
r • • •G i itlr-rANN • O. Na+ • •

O N i r w iv	 iv • • .O	 • • `O O►
iiNw1NNNNrOOr CC

r.00^^I O' ira Ap ia	 40 C.	 Qf

i a' or.O • • •wiwtNNIPNN •
NiN0++NNNNr00.• •
,OiPwMroe 1".+ • •I+A cc 

• ^•1

c
O, r

E^
^l °• vt to c• =s nz	 un^ z

•.r WW	 NN 1 1	 ? ^3 W w 	 W

I`MNN.Ow--0a4 W. 44 m O w 1l^C. 6 ,

N^.C	 VM o`i.• a^c: G ^ ^fr.C O 1V A •••••♦ a f" *$ e N N Nw' • • •iaC'iiClbf^ • w• .r

w^iNw► NNNNrQCN CC'

ii ,o G ^a•.ntrNiPl► N iI► ^NC rlC 1^ C i • • • • • •NC A' tIft •	 •/► i^,► •rMrNN•	 •n adr • •
,;	 M^Aw1N^+NNr+CON OC''t"'1

O
a~

H	 I+t O 0 ,O 1^ i •+ N O •+ P 4 topp Oa%ONO++i1► • 1'.•adiap w+OI^O N-yQ ,Oa O' • • • • • •NO0%Q'A • • •ONvM p-w%hN•-: N%r1%

.ra	 ••

c47%
•O

Ni nlhNwoNNonCoC.0f%



N A P1► PPIVNM.•P^ 4P. ft4 .PY . •+h	 A ^; ^►
COr1 ►̂ i•+. •r•.11^ 1N1^ •O Ar* 01•

^M fN
	443Ni^ 7 î
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G^O100P-Ir O•+NMf-Q OWE Or" 00NO00 It10 F- ^ ^ Ô M+1	 MWdf-	 MMS1f' .tM1 O 	 P	 .ta:NC1^4 0 p"	 f"Otc.00048 • • *%t •a P.• ^̂p M+yO' fhtt^c^OO	 GA	 • • • • • •iN •
P • .	 4A..• NV^ O PMi 0

OIB N M^ C am+
w aJ

• . P • • •N0ON. IV	 U1 i • . M ^ •A •00web. .HO	 v • •N • 10 P W wloM wr— W W • NP O •	 •N Nm4mo	 Nt10 1 O 1 N4N0044wNl.G•+ (dQ

Coll, 0.4"a'..•OO iP NmO'• if► C000s ue+40 s O i.O7^ IRi ^y r	 0 W M WwWiP p O^ NPN^OPPWM1+1WNOd4c ^ m40GP.
it

1-
00 N ^00 ^ O PW^W.+rO.OMim

^1 0 N an r Y1 Y+	 • • N.r •
O O

•̂ QC•miN.rlfl ln .^YnN^i^
i	 IP	 IMF P	 i W • • i

G rr O	 •N, +
N	 N MI iMIM► 	 NOV •r i

M1	 P	 rpNiN.O 11^i^^NOO•+ p •	 •VV

IM1 .t
C

p .r

M1 ItW W Q 04 .Q•	 6- o-
MSf	 Mi22	 Zw Mli	 w w Mli a

vas IL S Z>
dl Os 49
	 OOs^Zt	 02sF- 1. 0. •+ 	 ►. rr 0,•+ ac

ua«- !

? •+ .IY"W	 N N i 1	 Q 1^ W W w• W.W	 H N i f	 O W W Z W
Am40 310	 ZIP 30	 30

140



C
G

J.^

t•1

•^ y w
4" 1	 wC
0 .= N

OH

toV
1^1	 '
Q ^ O
Aj

O N^-1
w H

f^l N

•
1
O O

H a

D

OWW

HZW
ObiWIL
00

1/`wWP+dM p^N pp N.IOwNNWwMPNN p^^N•+rlO•+Nw•iWOwP^00 • • • 9A1Nw00*0" Y} O. 0 cP M1.I.ONN PPNONwa•••OQwOPNN+ % ss• •PP^'M .0♦ MMw.O w.+ ^p WW	 ••.w • • • •O o	 • +NN#4N#4##N•f	 4404OON	 00

,O w
Pw	

^w
.b dft

^ewa^i
N fsi4
<``	 <wrj •r i,il W rH rHsue••• p 0 0 00lflffff!!^

d	 ..

y^i
	 ts	 .ow`

Oft Oft

.owl	 lr	 uru	 DI;
r.^si.l► ii•ow^nw	 darN N 1 1 .... 1.	 ..'»=s^i^.

V•	 !.
s11.11.1E 1L	 Wf

ME W", 	 p

b

C

i.l
C

V
v

MN0•► rANlaRAPrr /w !N!^/ •.1 1w!► aR ^ N^rM!!1► PNr► IPIO • • • •wY11wNNNN /hrP^ ! ►̂.I^PIP!•r1►. • • • • • •.nw•v0 • •M1N!!A	 g^0 •w• • • • • •!N •r w M1w A► lA.w Oap w lW P w • • 1^
a 90•1x10.1.! Y► •1•fl^l.l.A1.O•`OOOGAO0a O •^i•i0 1'4

•r r

	

W ♦ O w .D M« w Pw A1 w 0a , N111.• M	 •+ A+
P l .rf•^'► 100P0^ • • • •.r P, 10MP^P ^ ,-IPw,,^O•fOaN • • • • • • a11P•r • •M ♦ N M .Iw•t 1;M • • • • •P^rMN.^N^t11wPIM+IR.INNO^ • 	 P	 N10.•d POP.• M M 1owM 10 • •	 q • •MN: oft M1.1 ̂ 0..4P OO ad 	 cd
WC01*pod ^Q of 1+Pww10	 111 w4r,N P111^OWwwi•NV'MM1 P • • • •^W♦ .+^•fd0G.+W.+.rat • • • • • •N p

	

VolNN N• .1•W•W 9 ioN N	 ww •W • • • • •^R ► NPw•.•^O	 • • PPNMW WM NIf+MP	 1d ♦ r^ • • • •r q • • •QM N •f W ♦♦ ^0.0 ♦•r^	 aCOOOOO.•	 GO

OW^ON•fNwO^PO^00^N^0aDNw•f ♦ MN	 P111 ,) ty11^^	 WCCwPNW M 	 N 0+OwwrON.• • • • • • •O •tWM • •WwN00	 PO' ^t (+P. • • • • •.OwM+IwwO ••w+ NO •t W ^OP • • 1 PP •	 •
NN•I•PfASMICSSN0#O^WMAlw► 0000.+•• O •^^ 	 N

OoaMW.•t <ooaM ♦ R Woo St •+U% am ft mmm a o 0PO N wN ^'i rOAON • • • • • •100 • e OM • n
rr • • •.1w.INOwA	 q'. •1A O '00OOO+A 4# M# • ♦ •.r p O • N 0© n+ •1 ♦ •1 ♦ ^+ O O i	 O 1

00060:4vF-0#aaa
0W0 110 asO••+WWa000' • • • • • •QOM •M • • •N•ONOO^Md'NWONOwOM	 ••NM N ♦•f.► •f .x001

00•.w8WN0 40M0M N^Q, U1d1A fib Q 01yW 080	 0 .00.••w•r0OPOO • • • • • •W111 • ON xj
W r • •MMM000M•IW • 01a

•	 •qoolno+wv► N 	 o ..N e NM N M d M ♦ N O O 1 O 1

OONPO• ONOO^^faO,^pp
w

0.0sn w ^ Mft9	 W O ,,pp O• .r	 0 0 .r	 O O0000 .	 • .	 ..	 . •^N OA NA • • •POO^NO.rM •f0N ••OOOwww.•	 •N •PO
•

^, 10N NMWM ♦ NCO 1 •O 1

00'S';!-C goCw 414 NO
in 0 0' 0' 0	 w O 0 w M 0^ ^

OP
In W O •1 0 0' s • • • • • N .• •01 • • •OMO.00PM•10 . O .0•p1 •	 •in++001/1N01	••• • •N C O • wN NMWMM NCO 1 O 1

M t
X40M M •f

j^
w

116 aoeeffss >sssl^• ?

.o•rP•000OP•tOcoo	 V,	 O•
O.f/NM • • • • • •w.0 0 C 00* 

N•.• • • • r.• O1l1W•► OWW •	 ^.
• •
	 •

0 1t! +d IN M N 1! ► 0 0 • • O p •  O ^•► MN •O.OWWMNOO	 Op

ww ♦ WNW.+N•OWMM O^ ao O,1^•O M ♦ WWwY1NWMN ^ mw1^00	 OPW
M I^N.ONIP► YN1.P•sNYW1i.p p ili`O coMdN404V% fN00•+ 00

.+ P N s .r An PM 0 .4 w w ap 1► O 0^ ^yNo'a a--0mm0-doN	 MOPS ^OQ O ^+ w•••••• W P •f	 H1 0 01 7v. • • •O^•O•+Y1•^w1A•1 • •; N11 •
N^N^YW1^^^N00•^•• O OO N a

0a -+

ilk ^s<POO1.•isa^	 X11°•	 s
000ffffffss#a Ow— a

w W ^ •0.1W
O Oi c^i w
O

in0M0JN;9 W0, 1► Mw O dM0# p-NO-40 ♦ ONN ♦OMP.r • • • • • •'DPaD 1 111 r1+ %
W • • ♦ OW.reyVwMW.t> • . #	 cmN•f • •

^AM1^NIMOMW1r.0► rN00•P.. O 00`^

o<
[+,e	 M+P•t!OWMMNPwNO
^.•	 oMN^fd'Owawwa.. Lf^In O+•.s c^
./i	 O.ON	 • • • • • •wMN s •w •	 •M.•wOOMWW N•M%,• •NO^ ♦ O•^ .OWPt^O • •^0 O"

141



yF

l

r!'^^11n^OM./w^1^11^Ir1^ftPAI+C+Ne^ ♦ ,̂
E PE E•oMlwreo ocwa ....rM^ew ♦ ^°	 .^

	

o. • • • • •OYl ^or r.• M1rNPOP.IrPw • • 	 CC • •r oe• rw+'0O r of 0sm
WN  ww+.°+ ez e a ocooe 

o . WA •.o r-1
"

U1JWd .rN M% 	 O w r,.o*#000 ONns p	M•+O►P^OON^ONJw NIM • • • •PMNM^I1A	 t-
fto

 • O•rlOilA^ • NdU aMO 0, 0 • j ^a i^e•.cy eo...•ww^rv+wwin	 e O	 • ••-1M N^► Nin in4 " M	 000000	 pO 1

NInaC ♦.• o•Ot'wPa • • • •:^POM+wMM	 M► w^M1 ^ rlO•+O 1hwP • • • • • •OOP • •w ^o NeO b̀ =^C+O ^t O

	

1P • • • • •daG4;e jj r 00	 P,1APr • • NOQ • •
secoccew

WVNC *a -cNdPwPam avow owor IA „y
N ♦ acM10 N^Owt0ew • . . •t1.•+C01 ePN	 r4 lawn ti a,

cwcoa wlt • • • . • 0010 ac Mt ..wwNo•^w • • • • ..tM̂t Vd CW% aDa6wOMMN*b % OIN • • N PR • N
1wbN41OMIA	 dN.Mte~MM/M► w000CN O 00C"^

O M O NIA 0' • • • • • • •r o. ` .O . •	 Y5	 M1 p, O0 • • • • •C^+ P e.P.t O1nPOe .+♦ ^oN^ • • • OOM4No• •rOO .f C o• O ^01A1.^No^w • • • •P O	 • •/''NN.t.fN1f'N^t	 to toa0Oao+	 C17 1

	

ow	 4P.
dft

^O w	
n d

	

.rwaa	 1. 1. ^Ow ,.	 OwA
.O	 ww r	 W W ^ •• 1^ 1^ 	 •^• •+ r	 L

	

« «	 OP. S Z aL a[ W W	 ac ai z	 WIL ++ _^M- 1- $- 6-0w	 1- M-6I M x O w .Of%. & &	 -WW U.	 >r W W W W	 qI N( 1 ^• ^• 1^	 r w '.^ ^? 116 W6	 WCO Mcan!!>»>»>^»!'W	 + ^WWr+ O

coo OW44AO4 o• 4OJ WI 1#IA O M aG 0' OC IA O IA .^ w •+ d OOaDO^ • • • • • •wr •Opp •
M ^AO^I•^r7PD.^i10 0 0Ni AiiN Q •

^
M	 N .t .t .t t	 •+ 0 0 1 O

O O O to .t N	 O O ^n aD in.nQ.► m..ao^ o wwod ^,,,1 1Ae^ A$ N000 .0 • • • . • •,0P •• • .t ^T J O O .+ Al # u1 O• ON• 0^ : q•OOu%coo.t	 ” • •N O C • 10
M	 N#444	 NCO i

>
0

OOaDONO'aDO0 tOM►Y1 O N .t N .• 0O O IA YI .d MO1A 6n N
GOOD•• •	 • • • •U► ♦ •.
w • • • 0+ 1► .r .O O O^ M d eD • o^ ^ON O NIPq *IM*	 NCOfI 00
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APPENDIX C
METHOD OF DEDUCING ROTATING

STALL CHARACTERISTICS

Three Kistler high-response pressure probes (transducers) located

at Station 2 (figure 6) were used to obtain data for the determination of

rotating stall characteristics. The three transducers were positioned at

the 28.5, 58.5, and 118.5 degree points on the circumference 10% of span

from the outer wall. The 28.5 and 58.5 degree probes and the 58.5 and 118.5

degree probes were spaced 30 and 60 degrees apart, respectively. The trans-

ducer signal traces presented in figure C-1 illustrate the method used to

k

determine the number, rotational speed, and size of rotating stall zones.

The method is predicated on a maximum of twelve stall zones and equal

rotational speed for all zones.

j

In figure C-1:

x = time between any two adjacent stall zones (or the cycle

time of a single stall zone)

i
	

y	 time for one of twelve or less stall zones to move from

the 0-degree probe to the 30-degree probe

z = time between a simultaneous stall zone intercept at the 0-degree

probe and a stall zone intercept at the 90-degree probe
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w a the circumferential extent of a stall zone

R  • time for one rotor revolution

1
360° ' time equivalent of 360 degrees on the transducer signal

trace

The minimum angular spacing of stall zones is obtained from:

30
y/x

Thus, if y = x, the minimum angular spacing would be 30 degrees. With

the angular spacing known for any two adjacent zones, it is possible to

identify the time-equivalent of 360 degrees on the transducer signal

trace. The number of stall zones within this time period is the number

of stall zones present. The rotational speed of the stall zone in terms

of rotor speed is obtained from the ratio

R 

t360°

The extent of the stall zone is:

w

1360°

The third probe can be used to check the number of stall zones when the

minimum spacing is equal to or greater than 60 or 90 degrees. The third

probe also defines the direction of rotation of the stall zones, although

this direction is usually that of the rotor.
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