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SECTION I 

INTRODUCTION 

The optimum performance of a turbo-propulsion system is usually 

achieved when the compressor is operating near its maximum pressure ratio. 

However, this optimum is generally not attainable because it occurs close to 

compressor stall and unstable flow conditions.  In actual operation, a stall 

margin must be provided to prevent the compressor from penetrating the stall 

boundary and developing destructive unsteady flow phenomena such as rotating 

stall and surge.  This is usually done by prescheduling the engine controls. 

When an aircraft has a varied flight envelope, the prescheduling approach can 

lead to the requirement for a large stall margin to keep the engine out of 

stall under all possible transient and steady flight conditions.  This stall 

margin represents a significant performance penalty. Also, in many instances 

of engine failure, rotating stall has been identified as a precursor to destruc- 

tive unsteady flows in an engine.  Furthermore, blade fatigue considerations 

will not allow a compressor to operate for prolonged periods in a large amplitude 

rotating.stall mode.  Clearly then, it is desirable to develop methods of 

estimating the stall boundaries of a compressor and if possible to develop an 

engine control system that can sense incipient destructive unsteady flows in a 

compressor and take corrective action to prevent compressor stall.  Recognition 

of these goals has been the motivation for a continuing program of research that 

the AFAPL has sponsored at Calspan since 1962.  The last program at Calspan was 

carried out under Contract No. F33615-76-C-2092 and the results are reported in 

References 1 through '3. 

The work at Calspan has been both theoretical and experimental in 

nature and has been aimed at obtaining a sufficient understanding of the rotating 

stall phenomenon such that its onset and its properties can be predicted and 

controlled.  Demonstrated progress has been made toward these goals in that a 

theory has been developed which is capable of predicting inception of rotating 

stall on a high hub-to-tip ratio compressor stage (rotor plus stator) in low 

speed flows, provided that the appropriate steady state blade row performance 



data are available.  In addition, a prototype rotating stall control system 

has been designed and demonstrated successfully by tests conducted by Calspan 

on a J85-5 turbojet engine and by the Air Force Aero Propulsion Laboratory on 

a J85-13 turbojet engine. 

The latest three-year program has the objectives of (1).develop an 

analysis for a three-dimensional time-variant rotating stall and separation 

theory,, (2) develop analyses for post-stall operation/recovery and aerodynami- 

cally induced exotic metal combustion and (3) consider the effects of distortion, 

water ingestion, and nuclear blasts on axial flow compressors. The work done 

towards accomplishing objective (1) is reported in Volume I of this report. 

The work done towards the accomplishment of the remaining objectives are 

reported herein. 

The approach adopted towards accomplishing objectives (2] and (3) 

listed above was primarily experimental in nature.  Experiments in a low-speed 

rotating annular cascade were performed to investigate the influence of rotor- 

stator interference on the work performed by ä rotor in a compressor stage with 

and without inlet distortion and during stall.  The experiments were performed 

on a configuration of the annular cascade with low hub-to-tip ratio.  They 

included detailed total pressure surveys, three-component hot-film surveys 

to determine velocities, and measurement of the torque input to the rotor. 

Experiments on a J-85 engine with stall control system were performed to study 

the unsteady temperature fluctuations in the J-85 compressor during rotating 

stall, the performance of the stall control in anticipating and preventing 

rotating stall, and the performance requirements for the stall control to 

clear rotating stall once it has started.  Separate tests were performed to 

study the response of the rotating stall control system when a simulated blast 

wave impinges on the engine inlet. Analyses of the post-stall behavior were 

performed for both the low speed annular cascade and the J-85 engine.  Finally, 

a review of the literature applicable to water ingestion effects on a turbojet 

engine was performed. 



The experimental studies in the low speed annular cascade are covered in 

Section II of this report.  Section III presents the results of the tests on 

the J-85 turbojet engine.  A summary of the results and conclusions reached 

is presented in Section IV.  A detailed description of calibration and data 

analysis techniques used with the three-sensor hot-film probe is presented in 

Appendix A and tabulated three-component velocity data obtained with this 

probe are presented in Appendix B.  The literature review for water ingestion 

effects is presented in Appendix C. 



SECTION II 

STUDIES IN ROTATING ANNULAR CASCADE 

1.      -INTRODUCTION 

As a part of the work under a previous program Contract AF33(615) -3357;, 

an annular cascade facility was designed and fabricated.  Its principal purpose 

is to provide detailed fundamental experimental data during and prior to the 

occurrence of rotating stall in order to improve our understanding of the 

phenomena and for use as a guide in improving theoretical analyses.  The 

facility has also been used to evaluate the operation of a prototype rotating 

stall control system (Ref. 4) and to provide acoustic data for comparison with 

theory (Refs. 2 and 5).  This section presents the results of fundamental experi- 

ments in the annular cascade to study interference effects on a rotor-stator 

stage. 

Experimental studies on rotor-stator interference have been performed 

previously in the Calspan/Air Force annular cascade in a configuration with a 

hub-to-tip ratio of 0.8 (Ref. 3).  This investigation included measurements on 

an isolated rotor,  a closely coupled rotor-stator stage, and the same stage 

with circumferential inlet distortion.  The experiments on the stage were 

performed for two different stagger angle settings of the stators. With undis- 

torted flow, it was found that the presence of the stators delayed rotating 

stall inception over that which occurs on the isolated rotor.  Moreover, prior 

to rotating stall inception, there was significantly more total pressure rise 

across the rotor with the stator behind it than there was across the isolated 

rotor.  This could be due to either:  (a) the rotor-stator interference produces 

more rotor work than the isolated case, or (b) the rotor-stator interference 

produces a reduction in the rotor losses (presumably by influencing boundary 

layer separation).  An attempt was made to resolve these possibilities by 

measuring the total temperature rise across the rotor.  However, the results 

were not accurate enough to provide reliable estimates of the work done by the 

rotor. 



The experimental steady-state performance data measured on the isolated 

rotor and on the stage were used to provide inputs to a two-dimensional rotating 

stall stability theory.  The inputs required by the theory are the relative 

losses and the turning of the flow through the rotor and the losses and turning 

of the flow through the stators.  Calculation of the relative losses through the 

rotor in the stage required determination of the total pressure rise across the 

rotor and of the work done by the rotor.  As noted above, attempts to measure 

the rotor work through total temperature measurements were not successful. 

However, the work done by the isolated rotor had been determined previously 

through an extensive series of velocity measurements.  Thus for application of 

the stability theory, it was assumed that the work done by the rotor in the 

stage was the same as that done by the isolated rotor. This corresponds to 

assuming that the observed increase in total pressure rise across the rotor 

in the stage is a result of reduced losses through the rotor.  With this input, 

the resulting stability boundary predictions from the theory agreed extremely 

well with the experimental stall inception boundary for the stage for both 

stator stagger angles that were tested.  However, this result is not conclusive 

proof as to which effect, more rotor work or reduced rotor losses, is the cause 

of the significant increase in total pressure rise across the rotor when the 

stator is placed behind it.  Resolving this point is an important factor for 

rotating stall research as well as for general compressor design practice. 

Furthermore, inspection of the isolated rotor work measured after rotating 

stall had started suggested that the presence of rotating stall does not affect 

the time-averaged rotor work if the mean and velocity in the annular cascade is 

held constant.  If this result is true in general, it may have application towards 

explaining stall-induced titanium combustion in compressors. 

The current work was designed to extend the experimental studies of 

rotor-stator coupling to determine the effect on rotor work prior to rotating 

stall inception and during rotating stall. The studies were performed on a 

low hub-to-tip ratio (0.44) configuration of the annular cascade so that the 

results could also be used to test the predictions of the rotating stall 

stability theory for such a case.  Previous tests of the stability theory had 

all been for configurations with high hub-to-tip ratio.  Rotor work was 

determined by measuring the torque input to the rotor during the tests. 



The order of presentation of the experimental studies in the annular 

cascade is as follows, A description of the low hub-to-tip ratio configuration 

of the annular cascade with a torque measuring device is presented in Section 

II-B.  Section II-C presents the results of measurements on the isolated rotor. 

Results of measurements on the rotor-stator stage are presented and compared 

with the isolated rotor measurements in Section II-D.  Finally, in Section II-E, 

the experimental results are compared to the predictions of the stability theory 

and to those of a post-stall theory developed by Day, Greitzer and Cumpsty 

(Ref. 6]. 

2.      DESCRIPTION OF ANNULAR CASCADE FACILITY 

a.  General Description 

The annular cascade facility consists of a test section built around 

the outer front casing of a J-79 jet-engine compressor with a Calspan fabri- 

cated hub.  The facility includes a bell-mouth inlet on the outer casing and 

a bullet nose on the hub to provide a smooth flow of air to the test section. 

Outlet ducting is connected to an independently variable source of suction to 

provide the required flow through the annulus.  An electrically powered two- 

speed axial flow fan is used as the source of suction.  Continuous control of 

the mass flow is achived through the use of variable inlet guide vanes to the 

fan and a variable damper in the fan exit flow. A sketch of the annular cascade 

facility with a torquemeter on the rotor drive shaft is shown in Fig. 1. 

The test section of the annular cascade forms a circular annulus with 

an outer diameter of 29.4 inches and an inner diameter of 12.8 inches which 

provides a hub-to-tip ratio of 0.44.  The outer casing will accept up to six 

variable stagger angle stator rows. The hub was designed to accept the first 

stage rotor from a J-79 compressor at its normal axial location relative to the 

J-79 outer casing.  This allows tests with the rotor alone, or with a stage 

consisting of the J-79 first stage rotor and first stage stator.  The hub has 

an elliptical nose fairing at the front of the annulus, and the outer casing 

has the same bell mouth inlet as was used for the high hub-to-tip ratio configu- 

ration of Ref. 3. 



The rotor uses the orignal rotor hub section from the J-79 compressor 

to retain the blades.  The original tapered hub was changed to a constant area 

design by filling the inter-blade spaces on the hub of the rotor blades.  The 

tapered-end stator blades were converted to constant area by trimming the hub 

ends to the desired shape.  The configuration of the stator blade hub-end 

fittings was retained to allow use of the original stator hub support ring 

from the J-79 compressor. The final hub-to-tip ratio (0.44) of the new configu- 

ration was governed by the radial length of the original stator blade trailing 

edges.  With this design, the rotor blade stagger angle is fixed., but the 

stator stagger is variable through the variable geometry mechanisms on the 

J-79 compressor casing.  Geometric characteristics of the rotor blades and 

stator vanes are listed in Table 1. 

The rotor is driven by a hydraulic motor mounted inside the hub.  An 

external hydraulic system, powered by a 50-horsepower electric motor is used to 

provide power to the hydraulic motor.  With this system, rotor speed is 

continually variable from 0 rpm up to its maximum speed.  Maximum speed in 

these tests was limited to 1300 rpm by overload constraints on the torquemeter 

inserted between the hydraulic motor and the rotor drive shaft.  The torquemeter 

is a Himmelstein Model MCRT 9-02T(5-2) with a full-scale range of 424-inch 

pounds.  The radial extent of the drive system and torquemeter was kept small 

enough that the hub diameter could be kept constant at 12.8 inches throughout 

the test section and downstream ducting. 

For some of the tests, a circumferential distortion screen was mounted 

upstream of the rotor.  The screen is designed to provide a square wave distor- 

tion pattern with a circumferential extent of 180 degrees.  It is fabricated 

from a perforated steel plate with an open area ratio of 60 percent.  Previous 

calibrations (Ref. 7) of screens made from this material have shown that it 

provides a square-wave total pressure drop with a magnitude of approximately 

1.1 times the dynamic pressure in the approaching flow.  The mounting system 

for the distortion screen allows it to be indexed to different circumferential 

locations. 



TABLE 1 

GEOMETRIC CHARACTERISTICS OF ROTOR BLADES AND STATOR VANES 

Rotor Blades 

Blade Length 8.23 inches 

Blade Chord 2.23 inches 

Number of Blades 21 

Stagger Angle; 
/ Chord AngleN 
V from Axial / 

Hub 
Mean Radius 

Tip 

(r = 
(r = 
(r = 

6. 
11. 
14. 

.4") 

.32") 
,63") 

6.7 deg. 
36.2 deg. 
50.1 deg. 

Camber Angle; Hub 
Mean Radius 

Tip 

28.7 deg. 
21.5 deg. 
14.5 deg. 

Max. Thickness/Cho rd; Hub 
Mean Radius 

Tip 

0.130 
0.070 
0.039 

b.  Stator Vanes 

Vane Length 

Vane Chord; 

Number of Vanes 

Stagger Angle 

Relative Twist 
/Positive Twist 
V Increases Stagger 

Max. Thickness/Chord; 

Hub 
Tip 

8.31 inches 

1.62 inches 
1.74 inches 

28 

Variable 

Hub    (r = 6. .4") 0  deg 
Mean Radius (r = 11. ,32") 6.9 deg 

Tip    (r = 14. ,71") 8.7 deg 

Hub 0.064 
Tip 0.158 



b.   Instrumentation 

The outer casing of the annular cascade test section has been modified 

to allow radial traverses with hot-film and total pressure probes far upstream 

of the rotor and immediately downstream of the rotor.  The downstream station 

is located circumferentially half-way between two stator vanes and the probe 

sensing tips (pressure and hot-film) fall approximately at the axial location 

of the stator vane 1/4 chord.  The far upstream station is approximately 32 

inches upstream of the rotor.  In all of the experiments, the mass flow through 

the test section was determined by measuring the dynamic pressure in the constant 

area annulus at the far upstream station. 

The total pressure measurements were made with a multi-tube rake which 

covers only a fraction (1.5 inches) of the total radial span (8.31 inches) of 

the annular cascade test section.  The full span was covered by traversing the 

rake to different radial locations.  Traversing the radius with a short rake 

allowed the rake to be aligned approximately with the local flow direction 

which was determined at each radial location from a Conrad arrowhead style 

yawmeter incorporated on the rake.  Proceeding in this manner was time consuming 

but necessary since the radial variation in flow direction was very large in 

some tests, exceeding 30 degrees.   Pressures detected by the rake were photo- 

graphically recorded from a multitube manometer and analyzed later. 

The three-dimensioaal velocity field upstream and downstream of the 

rotor was measured with a three-sensor hot-film anemometer system (triple probe 

system).  A substantial portion of time was required to calibrate the triple 

probe system and develop data analysis techniques for obtaining three-component 

velocity data from the three anemometer voltage outputs.  Although the triple- 

probe system had been calibrated previously for another program, preliminary 

calibration tests in this program indicated that the calibration was valid only 

over a small range of flow angles with respect to the probe axis of symmetry. 

Extending the calibration to be valid over a larger range of angles required 

that the equations relating the flow velocity components to the anemometer 

voltage outputs contain terms which account for flow interference between the 

hot-film sensors and the needles which support them.  Inclusion of these inter- 

ference terms results in a set of algebraic equations which are nonlinear and 



coupled.  An iteration process was used to solve these equations on-line using 

a Hewlett-Packard desk-top computer (HP-9825A).  An on-line program was developed 

for the computer which used a large number of instantaneous anemometer voltage 

samples to determine the time averaged values of the three velocity components, 

the time-average of the velocity component cross products, and various statistical 

time averages of the fluctuating components.  A. detailed discussion of the 

triple-probe calibration and data analysis techniques is presented in Appendix A. 

The output from the torquemeter was integrated for 10 seconds on an 

integrating voltmeter and the average of five such integrated readings was used 

to determine a single torque data point.  This procedure was used to average 

out small random fluctuations which occur because the operating conditions 

are not absolutely steady.  In addition to torque, the torquemeter provided an 

output of 60 pulses for each rotor revolution.  This output was read on an 

electronic counter set to a one-second gate time to provide a direct rpm readout. 

In preliminary tests, the presence of rotating stall was detected by 

a pressure transducer connected to a static pressure tap on .the outer casing at 

the axial location of the rotor 1/4 chord.  However, it was found that a 

clearer indication of rotating stall was obtained from a total pressure probe 

mounted just upstream of the'rotor.  This method was used for the main body 

of the test program.  In addition, rotating stall was evident in oscilloscope 

traces from the triple probe anemometer outputs.  This indication of rotating 

stall was in agreement with the total pressure probe indicator. 

c  Determination of Bearing Tare Torque 

The rotor blades in the current configuration of the annular cascade 

are mounted on the first stage rotor disk from the J-79 and are not removable 

after assembly.  The fixed nature of the rotor blade assembly created a problem 

in determining the tare torque generated by the bearings in the rotor drive 

system.  Bearing torque values are required so that the aerodynami cally generated 

torque on the rotor can be determined from overall torque measurements which 

include the bearing torque. 
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The value of the bearing tare torque as a function of rotor speed was 

determined by sealing the rotor in a small cavity between two annular disks, 

The configuration is sketched in the upper portion of Fig. 2.  With the rotor 

sealed in this fashion,, the torque required to drive the rotor consists of the 

bearing torque and the torque generated by aerodynamic forces due to the 

recirculating flow in the sealed cavity.  The bearing torque will vary linearly 

with rotor speed (Ref. 8), while the aerodynamic torque will vary with the 

rotor speed raised to a power between 9/5 and 2.  The 9/5 power will dominate 

if turbulent boundary layer friction is the primary aerodynamic mechanism 

(Ref. 9), while the power 2 will dominate if pressure drag is the primary 

mechanism. 

Figure 2 show three sets of torque data taken on separate days.  Each 

data set was fitted with two curves using the method of least squares.  One 

curve assumed a 9/5 power law for the aerodynamic losses and the other assumed 

a square power law.  The square power law provided a slightly better fit to the 

data based on the sum of the squared errors.  It is these curves which are 

shown in Fig. 2 fitted to the total torque data.  The linear portions of the 

least square fits to the three sets of data are also shown in Fig. 2, labelled 

bearing torque.  As can be seen, the three bearing torque estimates are reason- 

ably consistent.  The maximum difference between the three curves is less than 

1.5 inch pounds and this maximum difference occurs at high rpm where the rotor 

torque during the experiments is high, minimizing the percentage error in the 

bearing torque estimate relative to the overall torque.  The average of the 

three bearing torque curves was used as an estimate of the bearing torque for 

analysis of the data taken during the experimental program. 

3.      ISOLATED ROTOR 

a.   Inlet Flow Calibration 

In preliminary tests, the annular cascade contained a hub section upstream 

of the rotor which was 30 inches shorter than that sketched in Fig. 1.  During 

the preliminary tests, it was noted that the boundary layer on the hub upstream 

of the rotor separated intermittently on a fairly regular basis.  The inter- 

mittent separation was independent of rotor speed; it occurred even with the 
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rotor stationary.     Further investigation suggested that the separation was 

caused by a local  unfavorable pressure gradient near the joint between the 

bullet nose and the constant diameter hub.     Thus  it was  decided to modify the 

hub region near the  inlet bell.     A 30-inch hub  extension was  fabricated to 

move the bullet nose  forward inside the  large outer casing inlet bell   (Fig.   1), 

where there is  a favorable axial pressure  gradient  imposed by the inlet bell. 

Subsequent measurements with a pressure transducer connected to the total 

pressure survey rake showed that the  separation was  eliminated by the hub 

extension.     Following this,   radial  surveys  were performed to  establish the 

uniformity of the total  pressure  in the constant  area annulus  far upstream of 

the  rotor.     The  results  are. shown  in  Fig.   3. 

In Fig.   3,   the inlet total pressure  coefficient, Cp      ,   is  shown as 

a function of radius.     The  inlet  total pressure  coefficient  is 

r       -       fr-Pra <~-pr    - —- 

■ ° kptf 

where fj-  -        Total pressure measured by the  rake 

Pj-   =        Total pressure measured by a fixed reference probe near 

mid-annulus   far upstream of the rotor 

(J0   -     '   Mean axial  velocity far upstream 

p   =        Air density 

Fig.   3 shows  that the inlet  flow to  the  annular cascade test section is  quite 

uniform in total pressure  except  for the boundary layers  on the hub  and tip 

casings.     Both boundary layers   are  thin;   the hub boundary  layer has  a depth of 

approximately 0.1  inch and the  tip boundary layer a depth of approximately 0.25 

inch.     These depths  are negligible  fractions  of the radial  span of the annular 

cascade test section. 

Radial surveys  of inlet  flow velocity field taken with the hot-film 

triple probe  at the same location  as   the  total pressure data are shown in 

Fig.   4.     These surveys were made  at  three different rotor  speeds   (500,   900  and 

1200 rpm),   with the mean  axial velocity,   (J0    >   held  constant at  approximately 

52.5  feet per second.     At this value of    U0   ,   rotating stall  inception occurs 

12 



on the rotor, at approximately 1000 rpra.  Thus the velocity surveys provide data 

for conditions well below stall inception (500 rpm), near stall inception 

(900 rpm), and after a steady state rotating stall has developed (1200 rpm) . 

Each part of Fig. 4 (a, b and c) presents results at a different rotor 

speed.  The mean axial, U    , circumferential, V    ,   and radial, W   ,   velocity 

components are shown in each part along with the r.m.s. values ( u,' ,   V, <M~'      ) 

of the fluctuations in each velocity component.  All the velocity data have been 

nondimensionalized by the mean inlet velocity, U0    .  The latter is calculated 

from the pressure difference between a total pressure probe in the cascade 

annulus and a static pressure tap on the outer casing, both at the upstream 

axial location of the radial velocity surveys. 

Comparing parts a, b and c of Fig. 4 shows that the flow far upstream 

of the rotor is independent of rotor speed and of the presence or absence of 

rotating stall; all three parts provide results which are indentical to within 

the accuracy of the measurements.  As expected from previous total pressure 

surveys at this location (Fig. 3), the dimensionless mean axial component has 

a nearly constant value ( U/U0  ~ /  ) with radius, and the circumferential and 

radial components are small.  The circumferential component, V/U0   ,   does appear 

to contain a consistent trend with radius being positive near the hub and very 

slightly negative near the tip.  The rms values of the circumferential, v'/UQ, 

and radial, ur/(J0    ,   components lie in the range between 3 and 6 percent while 

the rms'of the axial component, u'/U0 ,   is smaller {(i/U^l  percent).  While- 

rms values of 3 to 6 percent for the circumferential and radial fluctuations 

are relatively large by wind tunnel standards, they are not surprising for the 

inlet region of a low hub-to-tip ratio annular cascade. 

In summary, the inlet total pressure and velocity surveys provide 

results which appear to be satisfactory as- undistorted inlet conditions for 

the rotor.  Moreoever, since the data behave as expected, it indicates that the 

triple probe anemometer system and on-line computer program for data analysis 

operated properly. 
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b.  Velocity Field Downstream of Isolated Rotor 

Radial surveys were performed with the triple probe downstream of the 

rotor with the probe shaft at the axial location of the mid-chord of the stator 

row when installed.  This places the sensing elements on the triple probe 

approximately 1 inch downstream of the rotor blade trailing edges.  The radial 

surveys were performed at 13 different rotor speeds, covering flow conditions 

from well below rotating stall inception to well above inception.  The major 

results of the surveys are presented in Figs. 5 and 6.  Mean velocity components 

are shown in Fig. 5, and the rms of the fluctuations are shown in Fig. 6. 

Numerical values of the above data and of some other parameters are tabulated 

in the computer printouts of Appendix B. 

Each part, a through i of Fig. 5, presents mean velocity data for a 

different rotor speed.  In addition, parts c and g present data from repeat 

runs made on different days and at different ambient temperatures.  The date, 

air temperature and mean inlet velocity, (J0    ,   are given in a box for "each run 

and the absence or presence of rotating stall is noted below the box.  The 

repeat run made at 800 rpm (Fig- 9°)>  which is below stall inceptions agrees 

quite well with the original survey.  The repeat run after stall inception 

[Fig. 9g), 1050 rpm), shows somewhat more scatter but the agreement between 

surveys is still satisfactory. 

At low rotor speeds, the mean axial velocity, U     is approximately 

constant in the central portion of the annulus and decreases near the hub and 

tip regions.  As rotor speed increases towards rotating stall inception, the 

U     distribution changes shape, displaying maxima at radial locations near the 

hub and near the tip and a minimum near mid-annulus.  As rotating stall develops 

(rpm >, 1000), the maximum near the tip disappears and U  begins to decrease 

with increasing radius.  Once steady rotating stall has developed (rpm ~Z,  1100), 

the decrease in U    with increasing radius becomes large.  Earlier tests with a 

traversing total pressure probe had shown that rotating stall on this rotor 

covered approximately the outermost 70 percent of the blade span, with the 

remaining region being apparently free of rotating stall.  Visual observation 

of the signals from the hot-film sensors suggested the same behavior.  Thus the 
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large decrease in U    with increasing radius once steady rotating stall has 

formed is not surprising since the axial velocity in the stall cells is small. 

Apparently the deficit in mean axial velocity in the stalled regions forces 

more of the flow to pass through the unstalled hub region on this low hub-to-tip 

ratio rotor.  The increased axial velocity near the hub tends to stabilize this 

region and prevent rotating stall from becoming full span as the rotor speed is 

increased. 

Consider now the mean circumferential velocity component ]/    in Fig. 5. 

There are two trends in V    with increasing rotor speed.  First the overall 

magnitude of V    increases with rotor speed as expected.  Second the shape of 

the radial distribution changes with rotor speed.  At low rotor speeds, y  is 

a maximum near the hub and decreases towards the tip.  This is a result of the 

twist in the rotor blades; at low rotor speeds the blades have more twist than 

that required to account for the increase in circumferential blade velocity with 

radius.  As rotor speed is increased in the unstalled region, the decrease in 

V    with radius becomes progressively less pronounced, as expected.  However, 

the V    distribution near the blade tip region is unusual.  At rotor speeds of 

800 rpm and above, there is a region near the tip in which V increases very 

rapidly with radius.  At rotor speeds of 800 and 900 rpm, the region of 

rapidly increasing y occurs at A^^ 7.3 inches and corresponds to the 

region in which U    is decreasing rapidly.  Rotating stall was not detected at 

these rotor speeds, so the unusual behavior of V    near the tip may be a result 

of secondary flow phenomena near the tip.  On the other hand,, the y     behavior 

may be evidence of a small undetected rotating stall confined to the blade tip 

region. 

For rotor speeds at which rotating stall was detected ( ^ 950 rpm), 

the region of rapidly increasing V    begins to extend further into the annulus 

as rotor speed increases.  At the maximum rotor speed tested (1300 rpm), V 

begins to increase at Ar ^ 5 inches while U    begins its most rapid decrease 

with radius at this same radius.  The increase in V  in the presence of rotating 

stall is consistent with the description of flow in a rotating stall cell 

presented in Ref. 10.  There it was found that very high circumferential velocities 
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and low axial velocities exist in a stall cell immediately upstream of the first 

rotor in a two-stage compressor in part span rotating stall.  Immediately down- 

stream of the same rotor, although the absolute magnitude of the velocity 

decreased, the flow in the cell was still predominantly circumferential. More- 

over, this circumferential velocity increased with increasing radius.  Thus, one 

would expect the mean circumferential velocity, which is an integral of the 

velocity in the cell and external to the cell, to show the behavior displayed 

by the current data in the presence of rotating stall. 

The final component of velocity presented in Fig. 5 is the mean radial 

velocity, W     .     At low rotor speeds, this component is small and consistently 

negative over most of the radius. As rotor speed is increased, W    approaches 

zero and becomes more irregular with radius.  The scatter of about zero is 

probably within the accuracy of the triple probe measurements. Once steady 

rotating stall is established (rpm ^,1100), W    appears to take a small con- 

sistently positive value in the outer portion of the annulus.  However, it is 

not certain that the W   data are reliable in this region of large velocity 

fluctuations.  The U    and V    components are probably more reliable because 

the effect of velocity fluctuations in these components is made less severe by 

adjusting the pointer angle on the probe as discussed in Appendix A. 

The rms of the fluctuations in the velocity components are presented 

in Fig. 6.  At the three lowest rotor speeds (400, 500 and 600 rpm), the 

rms components are all approximately constant at 3 to 5 percent of UQ    except 

for small increases near the hub and tip.  At rotor speeds above 600 rpm, the 

rms values begin to increase with increasing rotor speed except for the region 

close to the hub. The increase is gradual and appears to affect all three 

components equally until rotating stall occurs. Once rotating .stall is present, 

all components continue to increase with rotor speed, but the rms axial component, 

LL , increases more rapidly. At rotor speeds above 1000 rpm, the uS compo- 

nent is distinctly larger than V and ur } except perhaps in the region close 

to the hub. The larger values of LL are most likely caused by the combination 

of low axial flow velocity within the stall cell and larger axial flow 

velocity in the free stream region between cells. This difference apparently 

is larger than the difference in circumferential velocities within the cell and 

external to the cell. 
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c.  Integrated Velocity Components and Comparisons With Other 
Measurements 

The velocity data presented above illustrate that the time averaged 

velocity components downstream of the rotor in the annular cascade are very 

nonuniform with radius and that the fluctuations in the instantaneous values 

become large even before rotating stall inception occurs.  The complexity of 

both the flow field and the on-line computer program for analysis of the 

triple-probe data raise questions regarding the accuracy of the results.  Thus 

it is of interest to assess the accuracy of the data through comparisons with 

results from measurements performed with other instrumentation or through 

comparisons in which the correct results are known. Three such comparisons are 

presented in the following paragraphs. 

The first comparison is concerned with the swirl angle, /32 >  down- 

stream of the rotor.  Total pressure data which will be presented shortly were 

measured with a multi-tube rake which covers only a fraction (1.5 inches) of 

the total radial span (8.31 inches) of the annular cascade test section.  The 

full span was covered by traversing the rake to. different radial locations. 

The total pressure rake contained a Conrad arrowhead style yawmeter at its 

radial center which was used to align the rake with the local flow direction 

at this center.  The flow angle determined by this alignment procedure was 

recorded for each rake position and rotor speed.  Since four radial positions 

of the rake were used in each total pressure survey, the swirl angles downstream 

of the rotor at these four locations are available for comparison with swirl 

angles calculated from the triple-probe mean velocity components. 

The swirl angle calculated from the velocity data is given by 

A = ^MT 
at the radial location of the yawmeter measurements. The velocity data were 

not measured at exactly the radial locations corresponding to tue yawmeter 

measurements, so each component U    and 1/ of the velocity data were assumed 

to vary linearly between the two points closest to the yawmeter radial location. 

Swirl angles calculated in this way from the velocity measurements are compared 

with the yawmeter results in Fig. 7. 
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Fig. 7 presents swirl angle comparisons as a function of rotor speed 

for each of the four radial locations at which yawmeter data are available.  As 

can be seen the agreement between yawmeter and triple probe results is excellent 

except for one point at a rotor speed of 1300 rpm and A?" = 5.41 inches (Fig. 

7(b)).  In view of the excellent agreement everywhere else, it is probable that 

the. yawmeter angle was misread by an increment of 5 degrees for this point. 

Such an error is easy to make when concentration is focussed on interpolating 

between the smallest angular divisions (1 deg) on the protractor used to read 

yawmeter angle. 

The excellent agreement between swirl angles determined from the yaw- 

meter and from the triple probe indicates that the ratio between the mean 

circumferential and axial velocity components, V/ U    ,   is determined with 

satisfactory accuracy by the triple probe data system.  Moreover, the accuracy 

is maintained everywhere in the flow field and also in the presence of rotating 

stall (rpm Z  1000). 

A second assessment of the accuracy of the triple probe data is 

afforded by application of the flow continuity equation.  This requires that 

the area weighted integral of the mean axial velocity component, U     ,   be 

constant at all locations in the flow field, or on a dimensionless basis 

/    r u   j 

where S   is the annulus area.  The radial distribution of, (J/UQ     >  upstream 

and downstream of the rotor have been integrated as indicated above and the 

results are presented in Fig. 8.  As expected, integration of the radial profiles 

at the inlet .(Fig. 4) provide the desired results to within better than 1 percent. 

Integration of the downstream profiles (Fig. 5] provide results which are 

excellent at the lowest rotor speeds but which become progressively lower as 

rotor speed is increased until they are 5 percent low just prior to the occurrence 

of relatively steady rotating stall (rpm > 1000} .  After this speed there is a 

small but sudden increase in the integral to nearly its correct value and then 

a slow increase with rotor speed.  The final value of the integral at 1300 rpm 

is about 4 percent high.  In general, the trends with rotor speed displayed 



by the downstream integrals are small but consistent.  The reasons for this 

behavior are unknown.  However, the overall accuracy of the integrals is within 

5 percent of the correct value over the complete rotor speed range of the tests. 

While higher accuracy would be desirable, the apparent accuracy is considered 

acceptable .in view of the nonuniformity and unsteadiness of the flow field being 

measured. 

The final comparison to be made is based on a relation between the 

torque required to drive the rotor and the flow field downstream of the rotor. 

In Ref. 11, it is shown that the overall torque on an isolated rotor depends 

only on the overall change on angular momentum through the blade row.  This 

same result was reached independently during the current study (Ref. 12).  For 

a constant area annulus in incompressible flow with undistorted axial inflow 

upstream of the rotor, the relation between the rotor torque and the downstream 

flow field is 

T - /    nUVrcis CD 

where      T -     radius 

S =    annulus cross-sectional area 

T = rotor torque 

U -    axial velocity downstream of the rotor 

V = circumferential velocity downstream of the rotor in duct-fixed 

coordinates 

The above relation applies to the annular cascade configuration used in the 

current experiments. 

Now define a torque coefficient, C-r  , as 

_ zcor 
r = P tie 

where a)    is the rotor angular velocity.  Then using Eq. (1), the relation 

between Cr   and the downstream flow field is 
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^H pufs  = sjs '   u0      ///    
as m 

where (      )    indicates a time average of the instantaneous velocity product. 

The time average is required because the instantaneous flow field is unsteady 

due to rotor wake passage in the duct fixed coordinate system.  (The time 

average is assumed to be equivalent to a circumferential average in a frame of 

reference which rotates with the blades.) 

The value of Cj-   can be calculated from the measured values of the 

torque, 7~   , required to drive the rotor and, independently, it can be calculated 

by integration of (j'V    as indicated by Eq. (2).  The local values of UV  deter- 

mined by the triple-probe surveys are tabulated in Appendix B along with the 

area integral of Eq. (2).  The results for the isolated rotor are shown in 

Fig. 9. 

Fig. 9 presents comparisons of the torque coefficients over the complete 

speed range (400 to 1300 rpm) of the tests .  The state of the observed rotating 

stalls is noted as a function of rotor speed in the lower portion of Fig. 9. 

It is evident that the two independent means of obtaining Cp   provide results 

which are essentially identical at rotor speeds of 1000 rpm or less.  In this 

speed range, rotating stall is either nonexistent or else occurs only occasion- 

ally.  Once rotating stall is present on a frequent or steady basis, the values 

of Cp    calculated from the velocity data become 10 to 12 percent larger than 

those calculated from the torque data. 

The excellent agreement between the torque coefficients derived from 

torque measurements and from velocity measurements in the absence of steady- 

state rotating stall provides confidence in the accuracy of both sets of measure- 

ments in this flow region.  Once rotating stall has developed, the torque 

measurements provide the most reliable data because the triple probe velocity 

data may be influenced by instantaneous excursions in flow angle which are beyond 

the range of validity of the calibration and data analysis procedure.  The 

apparent deterioration in accuracy in calculating C-p   from triple probe data in 
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the presence of steady rotating stall does not compromise the experimental 

program on rotor-stator interaction effects; the principal data required for 

this study are obtained from the torquemeter data and total pressure measurements 

The triple probe is used only to provide the radial distributions of mean axial 

flow for mass flow averaging of the total pressure data.  The continuity inte- 

grals in Fig. 8 indicate that these data are accurate to within 5 percent 

at all flow conditions. 

d.   Rotor Torque, Total Pressure Rise, and Loss Coefficients 

As noted in Section II-A, application of the existing rotating stall 

stability theory requires an an input the relative losses across the rotor in 

a blade-fixed coordinate system.  In previous studies of a high hub-to-tip ratio 

rotor (Refs. 3 and 7), the area averaged relative loss coefficient, A Cpr       , 
Jl'R 

was taken as the difference between an area averaged work coefficient, C\*/    , 

and the area averaged total pressure rise across the rotor,  AC p    .  That is, 

A Cp     = Cw ~L\Cpr 

I     r    2ruJ     V 

(3] 

"here; C"   ~   S Js        U0       U0 (4) 

pr    5 Js      >/z/0U* 

Note that the torque coefficient in Eq. (2) and the work coefficient in Eq. (4) 

differ in that the torque coefficient contains UV/ U0   in the integral while the 

work coefficient contains only V/UQ   .     If the flow is completely steady in duct- 

fixed coordinates, UV/u^ =f U/(J0)fv/U0)     and the difference between the torque and 

This approximation is quite accurate for the data obtained in the absence of 

rotating stall.  In reality, ÜV/tj^- fÜ/U0)(V/Uö) - Li'v'/U..     The values of 

u'v'/'(J^      are listed in Appendix B (labeled u V/    )   for each data point. 

Inspection of the tables shows that u v       is negligible in magnitude except 

for rotor speeds above 1000 rpm where frequent to steady rotating stall was 

present on the isolated rotor. 
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work coefficients is that the torque coefficient is a mass flow averaged value 

of the local work coefficient.  It follows that the determination of an average 

relative loss coefficient from the torque data and total pressure data requires 

mass flow averaging of the total pressure data. 

The actual expression relating the mass flow averaged relative loss 

coefficient to the torque and total pressure data can be obtained by noting 

that in a rotating frame of reference, the quantity conserved in loss-free flow, 

(Ref. 12), is 

%  = P+Z/°(V +w +Vfi)-/°^ ' 
2 .. 2 

(6) 

where p =    static pressure 

(U}h/y^) =    axial, radial and circumferential velocity components in 

relative (blade fixed) coordinate system. 

Note that PpR   "differs from the usual definition of relative total pressure by 

the last term on the right in Eq. (6).  The loss in total pressure due to 

viscosity along the streamline as it passes through the rotor will be//^-/^ 'R, 
where subscripts 0 and 2 indicate stations upstream and downstream of the rotor. 

The mass flow average of these relative losses in a constant area annulus is 

^%~- ltsf,VUP^V(u%)^h 
(7) 

Using Eqs.   (4),   (5)   and   (6)   and-specifying uniform inflow, (U)   - UQ   and 

P/-b      = constant,   one can show that  the mass  flow averaged relative  loss 

coefficient,AC, (=A/R-   /'2 P Ü'    )   is  given by 

t\Cp 

t 

s 
2u)r   UV \    / u A  „ 

ds-CT-^cP     (8) 

where ACP 

; 

5 — t\Cp   ds 
'S    Uo r 

(9) 
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In view of Eq. (8), the difference between the torque coefficient Cj- 

and the area averaged pressure rise coefficient, A Cp (Eq. (5)), represents 

the relative loss across the rotor only if the axial velocity downstream of the 

rotor is a constant with radius.  The axial velocity profiles presented in 

Fig. 5 show that this is not the case.  Thus it is of interest to compare the 

results from mass flow and area averaging of the total pressures to determine 

the magnitude of the difference between the two procedures.  This comparison 

will be presented shortly. 

Radial distributions of the local value of the torque coefficient 

(2 cör/(J0) (üv/u0 ) and mass flow weighted total pressure rise coefficient, 

( U/U0j L\CD        , are presented in Fig. 10 for the isolated rotor.  The data 

used in Fig. 10 were all obtained with the mean axial velocity, (J        , far 

upstream of the rotor held constant at approximately 5 3 feet per second.  Each 

part, a through i, of Fig. 10 presents data at different rotor speeds.  In the 

rotor speed range between 700 and 1000, the total pressures were not completely 

steady so multiple total pressure surveys were made to define the extremes. 

In addition to the multiple total pressure surveys, two of the triple probe 

velocity surveys were repeated on different days with different ambient tempera- 

tures.  Both sets of local torque coefficient, are shown for these repeated 

surveys (Figs. 10c and lOf). 

As indicated by Eq. (8), the difference between the radial distribution 
2 u)y   uv Ü 

of —j-j— 772 and ~r &.Cpr        gives the radial distribution of the rotor's 

mass-flow weighted relative loss coefficient (as measured at an axial location 

approximately 1 inch downstream of the rotor blade trailing edges).  At the 

lowest rotor speeds (400 to 600 RPM), the majority of the losses across the rotor 

occur near the hub and tip regions.  At 700 RPM, the rotor begins to incur 

significant losses over the complete span. As rotor speed is increased further, 

the losses increase in magnitude with increasing rotor speed except in a small 

region near the hub where they appear to remain relatively constant up to a 

rotor speed of approximately 1050 to 1100 RPM.  As noted on the separate parts 

of Fig. 10, first indication of the presence of rotating stall occurred at a 

rotor speed of 950 RPM, and it becomes steady rotating stall at 1100 RPM.  The 
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data presented in Fig. 10 show that the rotor losses on the outer three-quarters 

of its span begin to increase rapidly at rotor speeds well below those at which 

rotating stall was detected and that the hub region incurs low losses even after 

rotating stall has started.  In fact, it is not possible to deduce the presence 

of rotating stall from inspection of these data. 

The radial distributions of the mass flow weighted total pressure rise, 

( U /l/a )/\Cn     ,  have been integrated over the annulus area to obtain the 

mass flow averaged total pressure rise A Cp        .     These data are presented 

in Fig. 11.  At rotor speeds where multiple radial surveys were measured, each 

distribution was integrated and the average of these integrals is shown in 

Fig. 11.  The values of /\Cp      have been corrected to eliminate small inaccura- 

cies in the axial velocity component derived from the triple probe data.  The 

correction was made as follows: 

ACT 

/ r _LL 
£\CP  äs 

Pr   ~      X r & ds 
(10) S   Js   Vo 

s Jc urt ds where y J    (j   eis  ~ /  •  The latter integral was evaluated and presented in 

Fig. 8 for all of the velocity surveys on the isolated rotor.  Its value was 

within 5 percent of unity for all cases tested.  Also shown in Fig. 11 is the 

torque coefficient, Cp     ,  derived from the torquemeter data. 

The difference between Cp   and C\Cp     is the mass flow averaged rela- 

tive loss coefficient A C'pT for the rotor (Eq. (8)).  This relative loss 

coefficient is the third variable in Fig. 11. 

It was pointed out earlier that in past studies on a high hub-to-tip 

ratio rotor, the relative loss coefficient across the rotor was taken as the 

difference between an area-averaged work coefficient, C ^     ,   and the area- 

averaged total pressure rise, A Cp        ,   across the rotor (Eq. (3)).  Both of 

these quantities lack the axial velocity ratio, U/U0    , which occurs in the 

mass flow average of Eq. (8)).  In particular, it was noted that the difference 

between the torque coefficient, Cp      , (which is a mass-flow averaged parameter) 
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and the area averaged total pressure rise coefficient, C\Cn (which is not 

mass-flow averaged) represents the relative losses across the rotor only if the 

axial flow velocity downstream of the rotor is constant with radius. The 

velocity data presented in Fig. 5 show that the axial velocity, (J     , downstream 

of the rotor is far from being constant with radius.  Thus, it was expected 

that there would be significant differences between A Cpr      and A Cp 

Since the determination of mass-flow averages requires the measurement 

of the axial velocity distribution, which is a difficult measurement, it is of 

interest to compare the results of mass-flow averaging with the results of 

area-averaging.  This has been done in Fig. 11 where the total pressure and 

relative loss results are presented for both mass-flow and area averaging.  It 

can be seen that the mass-flow and area averages agree extremely well except 

at rotor speeds of 1200 and 1300 RPM, where steady large-amplitude rotating 

stall was present during the measurements.  In fact, the agreement is maintained 

at rotor speeds well above those at which rotating stall was first detected. 

The first indication of rotating stall is marked by an arrow in Fig. 11.  The 

reason for the agreement between the mass-flow averaged and area averaged total 

pressure rise across the rotor is unknown at present.  However, if such agreement 

can be assumed to hold in general, then the determination of rotor losses becomes 

a much simpler experimental task, requiring only torque and total pressure 

measurements.  Further evidence of this phenomenon will be presented in the 

rotor-stator stage data. 

The data presented in Fig. 11 are sufficient to use as inputs to the 

existing rotating stall stability theory to investigate the ability of the 

theory to predict rotating stall inception on a low hub-to-tip ratio rotor. 

This has been done and the results are presented in a later subsection. 
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4.       ROTOR-STATOR STAGE 

a.  Rotor Torque 

As noted in Section II-A, previous studies on a high hub-to-tip rotor 

configuration of the annular cascade showed that the addition of a closely coupled 

stator row downstream of a rotor caused the rotor to generate a significantly 

higher total pressure rise than that generated by the isolated rotor with the 

same inlet conditions.  The reason for this higher total pressure rise was not 

determined, but it was speculated that it could be caused by a larger work in- 

put from the rotor in the stage or a reduction in the losses across the rotor. 

In the present program resolution of these possibilities was approached through 

measurement of the torque input to a rotor in isolation and to the same rotor 

in a rotor-stator stage.  In this case, the annular cascade has a much lower 

hub-to-tip ratio (0.44) than that used previously, so it is of interest to see 

if the rotor-stator interference effects are still in evidence as well as to 

determine if the rotor torque depends on the presence of a downstream stator 

row. 

The results of the torque measurements on the rotor in the stage are 

compared to those measured on the isolated rotor in Fig. 12.  These data 

were obtained with constant mean axial velocity ( U-^  53 ft/sec) in the annulus 

far upstream of the rotor.  Data for the rotor in the stage are shown for three 

different stator stagger angles, o^ , at the mean radius of the annular cascade. 

The middle stagger angle, 22.9 deg., corresponds approximately to the original 

design operating condition for the first stage of the J-79 compressor from 

which this low speed stage was adopted. 

As can be seen in Fig. 12, there is a small but distinct increase 

in rotor torque when the stator row is added downstream of the rotor.  Sur- 

prisingly, at rotor speeds up to approximately 800 RPM, the increase in rotor 

torque is largest for the stators with the lowest loading ( o5 = 32.9 deg.) 
n 

and smallest for the highest loading ( 0S = 12.9 deg.).  Above 800 RPM, there 

is no consistent trend between torque and stator stagger angle; but the staged- 

rotor torque remains above that measured on the isolated rotor.  Thus it would 
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appear that the addition of a stator row downstream of this low hub-to-tip ratio 

rotor increases the torque required to drive the rotor even though upstream 

flow conditions are held constant.  It remains to be seen whether the total 

pressure rise across this rotor is affected by the presence- of the stator row 

in a fashion similar to that observed on the high hub-to-tip ratio rotor and 

rotor-stator stage.  The results of the total pressure surveys are presented 

below. 

b.  Total Pressure Distribution on Rotor 

Following the rotor torque measurements, radial distributions of 

total pressure between the rotor and stator were measured for a variety of 

rotor speeds, again with the mean axial velocity, (J6   ,   held constant at ap- 

proximately 53 ft/sec.  In all, surveys were made for the same 13 rotor speeds 

as were tested with the isolated rotor, and for three different stagger angle 

settings of the stator row.  As with the isolated rotor, it was found that the 

total pressures were not entirely steady in time, particularly in the mid-range 

of rotor speeds.  Thus, two.sets of total pressure data were taken for each 

test to define the extremes.  The results of these measurements are compared 

to the equivalent measurements on the isolated rotor in Figs. 13 and 14.  Fig. 

13 presents the results for a stator stagger, Os ,   angle of 12.9 deg. and Fig. 

14 presents those obtained with 05 = 32.9 deg.  Similar data are available for 

Og = 22.9 deg. but are not presented herein since the two sets of data shown 

are sufficient to illustrate trends. 

The different parts, a through i, of Figs. 13 and 14 present data 

for different rotor speeds.  The data obtainted on the isolated rotor are 

shown as dashed lines while that obtained on the rotor in the stage are shown 

as symbols.  The presence or absence of rotating stall is noted on each figure. 

On the isolated rotor, rotating stall was first detected at a rotor speed of 

approximately 950 RPM.  With the stators installed, rotating stall inception 

was delayed to higher rotor speeds, approximately 1050 RPM for 0S =12.9 deg. 

and 1100 RPM for os = 32.9 deg.  These delays are similar to those observed on 

the high hub-to-tip ratio state tested previously, 
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For the smallest stator stagger angle (Fig. 13, &,    = 12.9 deg.), 

the total pressure rise across the isolated rotor and across the rotor in the 

stage are similar at low rotor speeds.  As rotor speed is increased,, the rotor 

in the stage displays progressively more total pressure rise than the isolated 

rotor in the lower portion of the annulus.  In fact, the staged rotor begins 

to develop a peak in total pressure rise at a distance of approximately 2-1/2 

inches from the hub for rotor speeds as low as 800 RPM.  this peak grows as 

rotor speed is increased further.  Very close to the tip, the isolated rotor and 

staged rotor display similar total pressure behavior even after the isolated 

rotor has entered rotating stall (950 RPM).  This similarity is maintained until 

the staged rotor enters rotating stall (1050 RPM).  Once the staged rotor enters 

rotating stall, the tip total pressures drop suddenly while the remainder of 

the annulus still displays a substantial increase in total pressure for the 

staged rotor.  As rotor speed is increased further, the deficit in total pres- 

sure near the tip of the staged rotor moves progressively farther down into the 

annulus. 

At the higher stator stagger angle (Fig. 14, <SS=  32.9 deg.), the 

general trends observed with Oj = 12.9 deg. remain unchanged but the magnitudes 

of the effects differ.  The peak in total pressure on the staged rotor still 

develops but its magnitude is not as large and it occurs at a slightly smaller 

radius ( A/*^ 2 in.).  Moreover, the sudden drop in total pressure near the tip 

is delayed from 1050 to 1100 RPM in correspondence with the delay in rotating 

stall inception on this stage. 

In general the radial distributions of total pressure rise across 

the isolated rotor and staged rotor in this low hub-to-tip ratio configuration 

display trends similar to those observed on the high hub-to-tip ratio configura- 

tion (Ref. 3), that is the staged rotor generates a greater total pressure rise 

than the isolated rotor even before rotating stall inception.  However, the in- 

creased total pressure on the current low hub-to-tip ratio configuration is much 

more nonuniform with radius than it was on the high hub-to-tip ratio unit.  In 

any event, it would appear that both high and low hub-to-tip ratio rotors 

display interference effects when closely coupled to a downstream stator row. 
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c.  Axial Velocity and Mass Flow Weighted Total Pressure 

Rise Distributions 

As discussed in Section II C.4, the determination of relative losses 

across the rotor requires knowledge of the rotor torque coefficient and the 

mass-flow averaged total pressure rise (Eq. 8)).  The latter is determined 

through integration of the mass-flow weighted total pressure rise coefficient 

over the annulus area.. Radial distributions of dimensionless mass-flow weighted 

total pressure rise coefficient (lj/Ur)/\Cp  are presented in Fig. 15 along with 

radial distributions of the dimensionless axial velocity, O/Uj;   •  In each case, 

the data are made dimensionless through division by Uj;   where 

Division by (Jj-  compensates for inaccuracies  in measuring the axial 

flow component of velocity (see discussion surrounding Eq. (10)) and provides 

a consistent basis, for comparing data from the isolated rotor with data measured 

mid-way between the stators at an axial location near the stator 1/4 chord. 

The presence of the stators accelerates the flow at the measuring location. 

Division of the data by C/j-  assumes that the mid-vane space radial surveys of 

axial velocity are typical of the distributions throughout the passage space 

between the stators.  The flow acceleration induced by the stators does not 

affect the total pressure rise coefficient, /\ Cp     , since the total pressure 

downstream of the rotor is conserved, unless the measuring location lies in a 

region of flow separation generated at the stator leading edges. 

Fig. 15 compares data taken on the isolated rotor with data obtained 

on the rotor-stator stage.  The stage data are presented for two different 

stator stagger angles.  In all cases, the mean axial velocity, U0   ,   was held 

constant at approximately 53 ft/sec and the rotor speed was varied.  Each part 

(a through i) of Fig. 15 present data for a different rotor speed. When more 

than one radial survey was taken for a given condition, the plotted data are 

averages of the multiple survey results. 
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The dimensionless axial flow velocity profiles on the isolated rotor 

and the rotor in the stage are identical to within the experimental accuracy 

at the lower rotor speeds (up to 800 RPM).  However, the mass flow weighted 

total pressure rise coefficients display increasingly larger differences as 

rotor speed is increased in this range.  In general, the rotor in the stage 

displays an increase in mass-flow weighted total pressure rise over that ob- 

served with the isolated rotor.  At a rotor speed of 900 RPM, the axial ve- 

locity profile for the state with a stagger angle Q5 = 32.9 deg. remains 

essentially similar to that measured on the isolated rotor while the stage with 

0c  = 12.9 deg. displays a redistribution of the axial flow in the lower half 

of the annulus.  At higher rotor speeds, the axial flow velocity is redistribu-' 

ted on the stage for both stator stagger angles.  In the outer portion of the 

annulus, the results on the stage at both stagger angles are similar and both 

display higher axial velocities than the isolated rotor.  In the lower portion 

of the annulus, the effect of the stators depends on stator stagger angle, but 

the results for both stagger angles show reduced axial velocities over those 

observed on the isolated rotor.  At the highest rotor speeds (1200 and 1300 RPM) 

where steady rotating stall was present on all three configurations, the rotor 

in the stage displays significantly higher axial velocities near the tip than 

does the isolated rotor.  In all cases above 300 RPM, the mass flow weighted 

total pressure rise distributions on the rotor in the stage are substantially 

different from those observed on the isolated rotor. 

In general, the mass flow weighted total pressure rise data in Fig. 15 

follows the trends displayed by the total pressure rise data presented previously. 

The specific shapes of the distributions are different because the axial flow velocity 

is not uniform with radius. However, the comparative differences between the 

isolated rotor and the rotor in the stage remain.  The presence of the stator 

row causes a redistribution in the axial flow with radius at rotor speeds above 

800 RPM but this effect is not nearly as large as the effect on total pressure, 

except perhaps near the rotor tip under conditions when steady rotating stall 

was present on all three configurations.  The latter data are suspect because 

the large instantaneous velocity excursions during stall may be beyond the range 

of validity of the triple probe calibration. 



d.  Rotor Torque, Total Pressure Rise and Loss Coefficients 

As with the isolated rotor, there are several integrated flow param- 

eters of interest.  These are the area-averaged values of axial flow velocity, 

total pressure rise coefficient, and mass-flow weighted total pressure rise 

coefficient.  The integral of the velocity derived torque coefficient was also 

evaluated for the isolated rotor.  However, for the rotor in the stage, this 

particular integral does not apply because the stator row provides an additional 

body force on the flow downstream of the rotor which makes the integral of the 

velocity field in Eq. (2) inapplicable.  The area averaged axial flow velocity, 

total pressure rise coefficient and mass-flow weighted total pressure rise 

coefficient are presented in Figs. 16 and 17.  Torque coefficients derived 

from the torquemeter data and integrated total pressure rise and relative loss 

coefficients are presented in Figs. 18, 19 and 20. 

The area weighted integral of the dimensionless mean axial flow ve- 

locity, U/U0   is presented in Fig. 16 as a function of rotor speed for both 

the isolated rotor and the rotor in the stage.  The isolated rotor data have 

been presented previously in Fig. 8. in the discussion cf that figure it 

was noted that by flow continuity the value of the integral should be unity 

for this case.  Deviations from unity are a measure of the accuracy of the 

triple probe data.  The deviations ranged from -5 to +4 percent for this case, 

acceptable results considering the nonuniformity and unsteadiness of the flow 

field. 

In the case of the stage, it was noted in Section II-D.3 that the 

axial flow at the measuring station is accelerated by the displacement effect 

of the stators.  This effect is evident in the data for the stage where the in- 

tegrated values are all greater than unity.  However, a simple solid body dis- 

placement effect is not sufficient to explain the increases in the integral at 

low and high rotor speeds.  This result is probably caused by additional dis- 

placement effects from boundary-layer separation on the stator vanes.  At low 

rotor speeds, particularly for the larger stator stagger angle, O5 = 32.9 deg. , 

the stators may have separated flow on the underside (pressure side) of the 

vanes.  As rotor speed is increased the pressure side separation apparently 
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vanishes and is eventually replaced by flow separation on the suction surface. 

For the lower stator stagger angle, Q^    =12.9 deg., the suction side separation 

appears to occur well before rotating stall is detected.  (The first indication 

of detectable rotating stall is denoted by arrows in Fig. 16.)  For the larger 

stagger angle, the axial flow integral does not begin to increase until rotating 

stall occurs.  In this case, the apparent increase in axial flow velocity is 

uncertain because the presence of rotating stall may cause errors in the triple 

probe data.  The same comment applies to the data after rotating stall inception 

on the stage with 8S =  12.9 deg.  However, in this case the increase in the 

integral begins well before stall inception and these data should be reliable. 

The fact that the largest deviations in the axial flow integral for the rotor 

in the stage are positive indicates that the probe location was not in a region 

of separated flow from the stators.  Location in such a region should cause a 

decrease in the integral of Fig. 16. 

In Section II-C.4 it was shown that mass flow averaging and area 

averaging of the rotor total pressure rise coefficient provide almost identical 

results for the isolated rotor in the absence of steady rotating stall (Fig. 11). 

A similar comparison of the data obtained with the rotor in the state has been 

made.  The stage results are shown in Fig. 17 along with the isolated rotor 

results.  Here the dimensionless mass-flow averaged total pressure rise integrals 

are plotted versus the area averaged total pressure rise integrals.  Data taken 

during rotating stall are indicated by tails on the symbols.  As with previous 

comparisons, the velocity data have been normalized through division by (Jj   to 

eliminate small inaccuracies in the triple probe data and flow acceleration 

effects caused by the presence of the stators. 

The solid line in Fig. 17 represents the results which would be ob- 

tained if mass flow averaging and area averaging provide identical results, 

It is evident from the data that the two types of averaging provide essentially 

the same result in the absence or rotating stall.  The unstalled mass flow 

averaged data are consistently very slightly larger than the area averaged data, 

but the difference is considered negligible.  It may result from the fact that 

fewer spanwise data points were available for mass flow averaging.  The span- 

wise velocity data were taken at 20 radial locations while the total pressure 
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data were taken at 28 radial locations, including locations closer to the hub 

and tip which could not be reached with the triple probe.  Thus, the earlier 

discussion on the equivalence of mass flow averaging and area averaging of the 

total pressure appears to apply to the staged rotor as well as the isolated 

rotor in the absence of rotating stall.  After stall inception, the results of 

mass-flow averaging of the total pressure rise coefficient differ from those of 

area averaging, but these apparent differences may be a result of inaccuracies 

in the triple probe velocity data for this situation. 

As discussed previously, the rotor in a stage generates a larger 

total pressure rise and requires a larger driving torque than that found for an 

isolated rotor with the same upstream flow conditions.  One of the aims of the 

current program is to determine if the rotor torque changes when a downstream 

stator row is added (it does), and another is to investigate the effect of 

rotor-stator interference on the losses across the rotor.  In Section II-C4, 

the relation between relative losses, torque coefficient and mass-flow averaged 

total pressure rise was presented (Eq. (8)); the relative loss coefficient for 

rotor is simply the difference between the torque coefficient and the mass-flow 

averaged total pressure rise coefficient.  Furthermore it was demonstrated above, 

that the mass flow and area averaged total pressure rise coefficients are almost 

identical at rotor speeds below rotating stall inception.  After inception, the 

results of mass-flow averaging and area averaging differ but the apparent dif- 

ferences may be a result of errors in the axial velocity data derived from triple 

probe measurements in the presence of rotating stall.  The area-averaged total 

pressure rise data may be more reliable after rotating stall inception.  Thus, 

it is of interest to examine the rotor losses calculated from the torque coef- 

ficient and the area-averaged total pressure- rise across the staged rotor.  The 

results are presented in Figs. 18, 19 and 20 for the three stator stagger angles 

tested.  For the staged rotor, the integrated data in these figures are averages 

of the two sets of total pressure distributions measured for each rotor speed. 

Each of Figs. 18, 19 and 20 presents the torque coefficient, the 

area-averaged total pressure rise across the rotor and the relative losses 

calculated from the first two quantities.  Similar quantities measured on 

the isolated rotor are shown as dashed lines for comparison.  The lowest rotor 

speed at which rotating stall was present during the measurements is denoted by 

arrows on each figure. 
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At the lowest stator stagger angle (Fig. 18), the area-averaged 

total pressure rise across the isolated rotor and staged rotor are almost iden- 

tical up to a rotor speed of 700 RPM.  As rotor speed is increased further, the 

staged rotor displays a progressively larger overall total pressure rise until 

it enters rotating stall. After stall inception, the staged rotor total pres- 

sure rise becomes less than that for the isolated rotor. As can be seen in the 

radial distributions of Fig. 13, the drop in overall total pressure rise after 

rotating stall inception on the staged rotor is due to the suddenly large 

deficits near the tip region.  The region near the hub retains a large surplus 

in total pressure rise. 

As the stator stagger angle is increased (Figs. 19 and 20), the 

increased total pressure rise across the isolated rotor extends to lower 

rotor speeds until at the lowest stator stagger angle (Fig. 20), there is 

a moderate increase even at the lowest rotor speeds.  After rotating stall 

inception on the staged rotor, the total pressure rise on the staged rotor 

for these stator stagger angles also drops to values less than that found 

on the isolated rotor; although the deficit decreases as the stator stagger 

angle increases. 

In general, the area averaged total pressure results on this low 

hub-to-tip ratio configuration do not display as large an effect of rotor- 

stator interference as that found on the high hub-to-tip rotor configuration. 

On the latter, the addition of a stator row increased the rotor total pressure 

rise coefficient by a value of approximately 0.2 at low rotor speeds and 0.4 

to 0.5 just prior to stall inception on the isolated rotor (Ref. 3, 

Fig, 7).  The corresponding numbers in  Figs. 18, 19 and 20 are 0 to 0.05 

at low rotor speeds and approximately 0,1 to 0.2 just prior to inception on 

the isolated rotor.  After inception the two configurations are not comparable; 

the high hub-to-tip ratio stage entered a full-span large amplitutde rotating 

stall with hysteresis while the current configuration entered rotating stall 

progressively with a part-span small-amplitude stall which did not display 

hysteresis effects. 

Comparison of the relative loss curves in Figures 18, 19 and 20 for 

the isolated rotor and staged rotor indicates that the increase in rotor torque 
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when a stator row is added downstream only partially offsets the changes in 

area-averaged total pressure rise across the rotor.  At rotor speeds up to 

700 RPM, where the rotor total pressure rise is changed very little by the 

addition of a stator row, the small increase in rotor torque on the staged 

rotor leads to calculated relative losses which are very slightly higher for 

the staged rotor than for the isolated rotor.  This result is independent of 

stator stagger angle, the relative losses obtained with each stator stagger 

angle are identical to within the experimental accuracy in this speed range. 

At higher rotor speeds, but below that for rotating stall inception on the 

staged rotor, the relative losses at the two smaller stator stagger angles 

(Figs-. 18 and 19) are less than those which occur on the isolated rotor. 

However, for the largest stator stagger angle in the same speed range, 

(Fig. 20),, the isolated rotor and staged rotor display almost identical 

relative loss curves until the staged rotor stalls.  Thus it would appear 

that prior to rotating stall inception on the staged rotor, the increase in 

area averaged total pressure rise across the rotor is a result of changes 

in both rotor torque and in relative losses.  The general increase in rotor 

torque when the stator is added does not account completely for the observed 

total pressure increase prior to stall inception, except perhaps for the 

lowest stator stagger angle tested. 

One other point is worth noting in the data of Figs. 18, 19 and 20. 

This is that the presence of rotating stall has very little effect on the 

rotor torque when the mean axial velocity at the inlet is held constant.  The 

torque coefficient curves are continuous through rotating stall inception " 

both on the isolated rotor and on the staged rotor.  This is in agreement 

with the assumptions used previously in application of the rotating stall 

stability theory to prediction of rotating stall inception on the high 

hub-to-tip ratio stage.  However it was also assumed that the torque on 

the staged rotor is the same as that measured on the isolated rotor.  The 

latter assumption is not verified by these data, although the differences 

are small and nearly constant with rotor speed for a given stator stagger 

angle.  Thus the slopes of the relative loss curve on the staged rotor are 

not changed much by this assumption.  Since these slopes are the major con- 

tributor to the theoretical stability, the effect of the assumption on the 

past predictions of inception should be small. Stability calculations for 

the current low hub-to-tip'ratio rotor are presented in Section II-E. 
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e.  Tests with Inlet Distortion 

In previous investigations on a high hub-to-tip ratio configuration 

of the annular cascade, the effect of inlet distortion on rotating stall incep- 

tion was studied for both an isolated rotor and a closely coupled rotor-stator 

stage (Refs. 3 and 7).  The isolated rotor studies included tests with stationary 

two- and four-lobed circumferential distortion patterns and also with the two- 

lobed pattern rotating about the compressor axis.  On the stage, only the two 

lobed'distortion patterns were used.  The results of these tests were surprising. 

On the isolated rotor (Re-f. 7), stationary distortion displayed a negligible 

effect on rotating stall inception or its properties after inception.  Rotating 

distortion also had little effect except when the pattern was rotated at speeds 

near the natural stall propagation velocity for undistorted flow.  In this case, 

the isolated rotor incurred rotating stall at much higher flow coefficients than 

for the undistorted flow case.  On the stage, the presence of circumferential 

inlet distortion caused a delay in rotating stall inception.  Application of 

the stability theory predicted the experimental results obtained on the isolated 

rotor and predicted a delay in inception for the stage but the delay was not as 

large as that observed experimentally.  Input data for the theory were estimated 

from steady-state data measured on the isolated rotor with distortion and from 

stage data without distortion. 

In the current low hub-to-tip ratio configuration of the annular cascade, 

the effect of inlet distortion on the work performed by the staged rotor was 

studied briefly through rotor torque measurements.  In addition, the effect of 

distortion on rotating stall incpetion was noted.  The results are summarized 

in Fig. 21.  The' 180 degree circumferential distortion screen used in these tests 

is described in Section II B.l. 

Rotor torque coefficients measured on the stage with inlet distortion 

are compared to those obtained on the isolated rotor and staged rotor with un- 

distored inlet flow in Fig. 21.  Each part, (a,b,c) of Fig. 21 presents data 

for a different stator stagger angle.  The rotor speed at which rotating stall 

was first detected is indicated by arrows for each case. As noted on each part 

of Fig. 21, inlet distortion did not have any detectable effect on rotating stall 
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inception on the stage.  This result is similar to that observed previously in 

the high hub-to-tip ratio isolated, rotor but not on the high hub-to-tip ratio 

stage, where stall inception was delayed by distortion.  It is worth noting 

that none of the tests in the annular cascade have resulted in the promotion of 

rotating stall by stationary inlet distortion. These results are in contrast 

with the generally accepted view that inlet distortion promotes the occurrence 

of rotating stall and surge. 

The torque coefficients in Fig. 21 display mixed results when inlet 

distortion is present.  At the two smaller stator stagger angles, Q^ = 12.9 and 

22.9 degrees, the torque coefficients measured with inlet distortion appeared 

to follow the isolated rotor data for undistorted inflow until rotating stall 

is well established.  However the differences in all these sets of torque data 

are small in this range and the results are inconclusive.  Once rotating stall 

becomes well established on the stage frpm >1200), the torque coefficients measured 

with inlet distortion become nearly identical to those measured with undistorted 

inlet flow to the stage.  At the largest stator stagger angle, ds = 32.9 degrees, 

the torque coefficients for undistorted inflow to the isolated rotor and stage show- 

larger differences over the complete rotor speed range.  In this case the rotor 

torque coefficients measured on the stage with inlet distortion are the same as 

those measured on the stage without distortion. 

In summary of the above discussion, circumferential inlet distortion 

had no detectable effect on rotating stall inception on the low hub-to-tip 

ratio stage.  On the stage with the largest stator stagger angle, ( fis  = 32.9 

degrees], the torque on the isolated rotor and rotor in the stage displayed 

distinct differences with undistorted inflow; in this case the rotor torque 

on the stage with inlet distortion was the same as that measured on the stage 

without distortion (Fig. 21(c)).  In the stage with the smallest stator stagger 

angle, &$  = 12.9 degrees, the rotor torque on the stage with inlet distortion 

appears to follow the torque on the isolated rotor with undistorted inflow 

(Fig. 21(a)) until rotating stall becomes well established.  However the torque 

differences in this case are small and the results are inconclusive.  In all cases, 

after rotating stall becomes well established, the presence of inlet distortion 

had no effect on the torque coefficient for the rotor in the stage. 

37 



5.       STABILITY AND POST-STALL ANALYSES 

a.  Application of Stability Theory 

The existing rotating stall stability theory is essentially a 

two-dimensional theory.  In previous work it has been applied to predict 

rotating stall inception on a high hub-to-tip ratio rotor and rotor-stator 

stage with excellent results (e.g., Reference 3).  The use of three-dimen- 

sional data in the two-dimensional theory was effected by using data inte- 

grated across the annulus as inputs to the stability theory.  On a low hub-to- 

tip ratio configuration, the flow parameters are much more nonuniform with 

radius than they are on a high hub-to-tip ratio configuration.  Thus it 

is of interest to see how well the stability theory predicts rotating stall 

inception on the current configuration of the annular cascade. 

The stability theory provides an expression for the damping of small 

disturbance in a compressor.  For an isolated rotor in incompressible flow, 

the damping factor is given by 

n UA 1 + fL 
+ ACp   tJz TJZ (i - Jt Jt) - i Jj ACp 

TR rR 
(12] 

where 

f 
d 

n 

J, 

cln sec & 

rotor chord length 

number of stall cells 

radius 

rotor stagger angle 

ir- 
relative inlet swirl to rotor  (-- — for uniform 

inflow to rotor) 

= relative outlet swirl from rotor ,t 
Vz-üJr 

Up    = axial velocity downstream of rotor 
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u) 

^PrR 

tangential velocity downstream of rotor 

rotor angular velocity (rad/sec) 

relative loss across rotor 

and  (. I      denotes  ——*— 
OSO I 

7CX For positive values of —77 tne flow is stable: rotating stall inception 

occurs when 
nU0 

nu„ 

The right side of Eq. 12 has been evaluated by integration of the 

experimental data over the annulus to obtain the required inputs.  For un- 

distorted inlet flow, the integral relations are 

W ds (13] 

ACPjk  = cr-i 
'5 

JJ_ 
ACv 

7"o 
di (14) 

and 

J9   - J,   ~ Cr 

2 4, 
(15) 

Eq. (15) relates the outlet swirl to the inlet swirl and the torque 

coefficient.  It is equivalent to Eq. (73) of Ref. 3 which related the 

outlet swirl to the inlet swirl and the work coefficient (Eq. 4).  The 

parameter, a  , in Eq. (12) is a constant for a given rotor.  For the current 

test configuration, is value is 0.207 for 71 = 1. 

The results of the stability calculations for the isolated rotor 

are shown in Fig. 22 where the computed damping factor is shown as a function 

of rotor speed.  Two sets of damping factors are presented; one using relative 

losses calculated from the mass-flow averaged total pressure rise, (Eq. (8)), 
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an-5, one in which the area averaged total pressure rise (Eq. 5), was used in 

Eq. (8) to compute A Cp_  .  As expected from the discussion in Section II.C.4 

there is very little difference in the damping factors computed by mass- 

flow averaging and area averaging of the total pressure rise coefficients. 

Theoretical rotating stall inception occurs when the damping factor first 

goes to zero.  The state of the experimentally observed rotating stall is noted 

as a function of rotor speed in the lower portion of the figure.  Theoretical 

inception is predicted at a rotor speed in a range where it is possible that 

a very small amplitude rotating stall began to form on the rotor.  Thus the 

agreement between theoretical and experimental inception appears to be quite 

good. 

In addition to the stability calculations for the isolated rotor, similar 

calculations have been performed for the rotor in the stage.  The results are 

presented in Figs. 23, 24 and 25 for the three stator stagger angles used in 

the tests.  Figure 24 shows results only for the case of area-averaging the 

rotor total pressure rise coefficient.  The velocity data required for mass-flow 

averaging are not available for this case.  Figures 23 and 25 present results 

for both types of averaging.  As with the isolated rotor, here again there is 

very little difference in the damping factors computed by mass-flow averaging 

and area averaging of the total pressure rise coefficients.  For all three 

stator stagger angles, predicted inception of rotating stall is in good agreement 

with the experimentally observed inception.  Both the theory and experiment 

show a delay in rotating stall inception to higher rotor speeds when the downstream 

stator row is added with the largest delay occurring for the largest stator stagger 

angle (Fig. 25) . ■■• 

The above stability calculations were performed using data measured 

across the rotor in the stage.  Past experience with predicting inception on a 

stage has indicated that the predictions are modified only slightly when the 

losses across the stator row are taken into account (Ref. 3).  The additional 

stator losses delay predicted inception to rotor speeds slightly in excess 
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(10-25 rpm) of those predicted when only the rotor data are used.  Such a pre- 

dicted delay in inception would still fall within the experimental band of 

uncertainty in detecting rotating state on this low hub-to-tip ratio stage. 

Thus is  appears that the stability theory is capable of predicting inception on 

both high and low hub-to-tip ratio stages and that extensive velocity measurements 

are not necessary for application of the theory.  The stability calculations 

require only torque and area-averaged total pressure data as inputs. 

b. Post-Stall Analysis of Annular Cascade Data 

Day, Greitzer and Cumpsty (Ref. 6) have proposed a post-stall model 

based on the idea that the next axial flow in the stall cells is near zero and 

that the inlet total to exit static pressure rise across a stalled compressor 

depends only on the number of stages in the compressor.  Using empirically 

determined values for the pressure rise coefficient and a limiting number for 

the extent of a stall cell, they showed good correlation for the degree of 

hysteris between stalled and unstalled compressor operation.  The hysteris 

loop depends on throttle characteristics as well as compressor parameters. 

This type of result is what is required to investigate the steps needed to 

make a compressor recover from rotating stall once it has occurred. The work 

is based on empricial data obtained on numerous low-speed (incompressible 

flow) research compressors.  In this subsection, the analysis is applied to 

existing data from the annular cascade to test the analytical predictions for a 

stage with exit conditions which differ from those of the test rigs used to 

develop the empirical constants in the analysis. 

The basic test compressor used in Ref. 6 to develop the required 

empirical constants was a low speed compressor with a variable number of 

stages, from one to four.  The exit flow was constrained by exit guide vanes 

so that the discharge was axial.  The inlet total to exit static pressure 

characteristic was determined as a function of flow coefficient by throttling 

the discharge at constant rotor speed.  The analytical development was based 

on experimental evidence generated primarily on this rig, and verified by applica- 

tion of the analysis to results from other similar test rigs.  It was concluded 
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that if the unstalled inlet total to exit static pressure rise is known 

and the stall inception point is given, then the analysis can be used to predict 

the type of rotating stall (part-span or full-span) which will be encountered 

after inception and also, in the case of full span stall, to predict the point 

at which stall will be eliminated (stall cessation). 

As part of past tests in the annular cascade facility, the hysteresis 

loop between stall inception and cessation on a rotor-stator stage was routinely 

measured under conditions of constant mean axial velocity and variable rotor 

speed.  The static pressure rise across the stage was also measured on the hub 

and on the outer casing.  The use of constant axial velocity and variable rotor 

speed corresponds to a throttle characteristic which differs from the parabolic 

throttle characteristic (corresponding to constant rotor speed and variable 

axial velocity) which was assumed in Ref. 6.  Moreover, the exit flow from the 

stage was not constrained to the axial direction.  Instead the exit flow contained 

considerable swirl whose magnitude depended on the stagger angle setting of the 

Stators in the stage.  The presence of the downstream swirl decreases the static 

pressure downstream of the stage, and thus changes the inlet total to exit static 

pressure characteristic under both stalled and unstalled operating conditions. 

Thus it is of interest to determine if the analysis can be used to predict the 

stalled characteristics in the annular cascade. 

Figure 26 shows the inlet total to exit average static pressure coeffi- 

cients, ySyc , for a rotor-stator stage of high hub-to-tip ratio in the annular 

cascade. Three curves are shown, each one corresponding to a different stagger 

angle of the stators in the stage.  The mean rotor stagger angle was held 

constant in these tests.  The parameters used in this figure are defined as 

follows: 

Vrs     =        ~        -77T 
Pent(avq) -fy^/rf (16) 

7^ 

0  = ^A (17) 
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where      T-r- i -t     = inlet total pressure 

-flfX/tfo-Vq)     ~  ave^age of exit static pressures measured on hub and 
on outer casing of annular cascade downstream of stage 

U       = mean axial velocity 

\/L     = rotor blade velocity at mean radius 

As can be seen in Fig. 26, if/    in the unstalled (high <p  )  region decreases sub- 

stantially at constant flow coefficient, d>   , as the stator stagger angle, QS   , 

is increased.  This is because the exit swirl increases and the average exit 

static pressure decreases as Oc is increased. 

The points of rotating stall inception and cessation are indicated 

for each curve in Fig. 26.  At the two lower stator stagger angles ( O5 = 28.2 

and 37.2 deg], the stage entered large-amplitude full-span rotating stall and 

there was a degree of hysteresis between rotating stall inception and cessation. 

On the other hand, with Q^ =  47.2 deg., rotating stall inception was of small 

amplitude and intermittent, with no hysteresis between inception and cessation. 

This behavior is typical of a part-span stall at inception. 

The analysis of Ref. 6 is applied to the data in Fig. 26 as follows. 

A parabola is passed through the origin ( 'Wrs -Ö-0 )     and through the points 

of stall inception for each stator stagger angle.  The parabolas through these 

points are given by 

?% = (%) f »8> 
v r     JSTALl 

where the subscript "STALL" denotes the measured point of stall inception.  The 

Taking the origin as a point on the parabola corresponds to assuming a throttle 
characteristic similar to that used in Ref. 6.  Actually the configuration 
used in the annular cascade is more closely approximated by using a small 
negative value of yJrs at d>  = 0.  The required negative value of y/rs  cannot be 
determined form the data available.  However, its magnitude should be quite 
small and should not affect the results discussed here. 
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intersection of these parabolas with the line yJ
T-ß=  0.17 is determined as 

£ 17 O.I7 <pZ  \ 
\ ¥rs. srAuA 

% 
(19] 

and the theoretical extent, J\      , of the stall cell at this point is found fr 
.17 

om 

on stalled -0-17 
uns tailed 

(20] 

where. d> ,, , is the value of d>  on the unstalled compressor characteristic 
/unstalled > r 

at y/j-s -  0.17.  If Ä /7  is less than 30 percent, the compressor is predicted 

to enter part span stall while for greater values full-span stall is predicted. 

Using the above procedure, the data in Fig. 26 provides the results 

listed in Table 2. 

TABLE 2 

UNMODIFIED POST-STALL ANALYSIS OF DAY, GREITZER, AND CUMPSTY 
APPLIED TO ANNULAR CASCADE DATA 

Stator Stagger Angle, Ss  deg. 

Flow Coeff. at Stall, <fi STALL 

Pressure Coeff. at Stall, y/rs  CTAT T 

Flow Coeff., ^  at frs=  0.17 

Flow Coeff., d>       , ,, ,, at ^U = 0.17 /unstalled    ' ~S 

Extent of Stall, /\ 
■ 17 

Measured ( d> cessation ]/ # unstalled at ysrs=  0.11] .78 

28.2 37.2 47.2 

.500 .468 .410 

.211 .207 .191 

.449 .424 .387 

.580 .543 .439 

.226 .219 .119 

.78 .79 .79 

Note that J\     is less than 0.3 for all three' stator stagger angles in Table 2. 

Thus this procedure predicts part-span stall for all three cases.  In contrast, 

the experimental results indicated part-span stall only for 0 = 47.2 deg. 

Full-span stall was obtained at the two lower stator stagger angles. 
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The analysis of Ref. 6 provides another prediction which can be applied 

to the annular cascade data.  The analysis predicts that if full-span stall 

occurs, the point at which this stall will cease as the throttle is opened is 

determined by the value of d>  on the unstalled performance curve at which 

Wrs =  0.11.  That is, 

Tcessation.  - o 7 ^ 

The measured values of this ratio are shown in Table 2 for all three stator 

stagger angles.  In all cases, <ftc/(fi    ;/ is considerably greater than 0.7 which 

again is in disagreement with the theory as it is applied to the data in Fig. 

26.  Strictly speaking, this comparison should not be used for the stage with 

0<3 = 47.2 because the theory and experiment indicate only part span stall 

for this case and stall inception and cessation are predicted at the same flow 

coefficient under these conditions.  However, the fact remains that the analysis 

when applied to the data in Fig. 26, does not adequately predict the post-stal-1 

behavior of the stage in the annular cascade. 

As noted earlier, the analysis of Ref. 6 is based on data generated 

in test rigs in which the exit flow is axial, while the exit flow in the annular 

cascade is far from axial.  Thus it was felt that the analysis should be 

re-applied to the annular cascade data after it had been theoretically corrected 

to axial exit conditions.  This correction can be applied to the stage data 

obtained with 05 = 28.2 and 37.2 degrees because the area-averaged total pressure 

rise, ACp , across the stage is available for these cases [Ref. 3).  Correction 

of the data to axial exit conditions is performed by assuming loss-free turning 

of the swirled downstream flow to the axial direction in the following fashion. 

The measured area-averaged total pressure rise coefficient is given by 

^7=     rexit        ren let 
ACpr-- %JVt  C22] 
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where the bars indicate area averaging across the test section annulus.  With 

loss-free turning of the exit .flow to the axial direction, the exit static 

pressure will be 

Pexit ^?rexct ~]/zfUo (23) 

and 

y? 
ftxct - fynlet , / %^t -prM - V^ 

rS   " /°% A 1/zPUo I  \CVb   J (24) 

= 4 jt2(Ac~-0 

The results of analyzing the data in this fashion are presented in Fig. 27, 

for the rotor-stator stage with stator stagger angles of 28,2 and 37.2 deg. and 

also for the same rotor in isolation. 

Note that at a given flow coefficient, the Tj/j-ß curves in Fig. 27 for 

the stage.are substantially higher than the corresponding curves in Fig. 26 

and that the maximum values of ~i^rs at stall reach greater values with this data 

presentation.  Both of these factors will affect the predictions of the anal/sis. 

Proceeding with the analysis in the same way as used for Fig. 26 provides the 

results listed in Table 3 under the heading "High Hub-to Tip Ratio".  As can be 

seen, the value of /\ .j  is greater than 0.3 for the high hub-to-tip ratio stage 

with both stator stagger angles.  Thus the modified analysis predicts full-span 

rotating stall will occur at inception.  This agrees with the experiments. 

Moreover, the flow coefficient at cessation is now predicted with an accuracy 

equivalent to that found in the presentation of Ref. 6.  Finally, the ratio of 

the measured flow coefficients given at the bottom of Table 3 is considerably 

closer to the value of 0.7 given in Ref. 6 and presented herein as Eq. (21). 

The high hub-to-tip ratio isolated rotor in Fig. 27 and Table 3 dis- 

played a post-stall behavior different from the same rotor in the stage.  In 

this case,  experimental rotating stall inception and cessation occurred at 

essentially the same flow coefficient.  It was very difficult to hold this 
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Table 3 

COMPARISON OF MODIFIED POST-STALL ANALYSIS 
OF DAY, GREITZER, AND CUMPSTY WITH ANNULAR 

CASCADE RESULTS 

PARAMETER 

HIGH HUB-TO-TIP 
RATIO (=0.80) 

LOW HUB-TO-TIP 
RATIO (=0.44) 

ISOLATED 
ROTOR 

ROTOR-STATOR 
STAGE 

ISOLATED 
ROTOR 

ROTOR IN 
ROTOR-STATOR STAGE 

STATOR STAGGER ANGLE, 5S, deg - 28.2 37.2 - 12.9 32.9 

FLOW COEFF. AT STALL, <t>STALL 0.517 0.500 0.468 0.54 TO 0.57 0.52 TO 0.54 0.49 TO 0.51 

PRESSURE COEFF. AT STALL,     ^T<; T:5STALL 
0.216 0.248 0.256 0.162 0.211 0.199 

UNSTALLED FLOW COEFF. AT    ^TS = 0.17 0.605 0.626 0.610 —- 0.613 0.580 

UNSTALLED FLOW COEFF. AT     ^ TS = 0.11 0.684 0.702 0.675 0.652 0.688 0.697 

PREDICTED EXTENT OF STALL,    XQ17 0.241 0.339 0.375 — 0.25 TO 0.22 0.23 TO 0.20 

PREDICTED <P AT STALL CESSATION 0.517* 0.491 0.473 0.54 TO 0.57* 0.52 TO 0.54* 0.49 TO 0.51* 

MEASURED 0 AT STALL CESSATION 0.52 0.517 0.486 0.54 TO 0.57* 0.52 TO 0.54* 0.49 TO 0.51* 

MEASURED                  * CESSATION NOT 
APPLICABLE 

0.74 0.72 NOT 
APPLICABLE 

NOT 
APPLICABLE 

NOT 
APPLICABLE 

^UNSTALLED^TS30-11 

*STALL INCEPTION AND CESSATION OCCUR AT SAME FLOW COEFFICIENT 

47 



isolated rotor in either a consistently stalled or unstalled condition for a 

long enough time to obtain data at this flow coefficient.  As indicated in 

Table 3 for this case, the modified post-stall analysis of this case predicts 

an extent of stall ( /\ /7 ] which is less than 0.3 and thus a part-span stall 

for which stall inception and cessation occur at the same flow coefficient. 

This result is in agreement with the experiments. 

The modified analysis has also been applied to the data obtained on 

the low hub-to-tip ratio configuration of the annular cascade.  Input data for 

the analysis are presented in Fig. 28.  In the low hub-to-tip ratio configuration, 

both the isolated rotor and the rotor-stator stage entered rotating stall 

progressively with a part-span small-amplitude stall which grew progressively 

larger with decreasing flow coefficient.  Since the initial occurrence of rotating 

stall was of very small amplitude, it was difficult to determine a distinct 

value of the flow coefficient for stall inception and cessation. ■ Accordingly, 

Fig. 28 shows a small region of uncertainty for the flow coefficient at this 

point and both inception and cessation are taken to occur at the same flow coef- 

ficient. 

The results of the modified post-stall analysis of the low hub-to-tip 

ratio data are presented on the right half of Table 3.  The predicted extent of 

stall is less than 0.3 for the stage at both stator stagger angles.  Thus the 
* 

analysis predicts the experimental results: a part span stall on the stage with 

stall inception and cessation occurring at the same flow coefficient.  The 

yrs  curve for the isolated rotor never attains a value of 0.17 before stall 

inception.  This result also is interpreted as an indication of part-span stall 

(Ref. 6) and is in agreement with the experiments. 

The y/rs curves for the stage in Fig. 28 are based on the total pressure rise 
across the rotor in the stage rather than the rise across the complete stage. 
Since the modified analysis used in Table 3 assumes loss free turning of the 
exit flow to the axial direction, it is equivalent to assuming that the down- 
stream stator row will generate no losses.  Inclusion of stator losses will 
lower the curves for the stage, but the predicted part-span stall would be 
unchanged by this effect. 



In summary, the predicted results of the modified post-stall analysis 

agree with the experimental observations for all of the annular cascade tests. 

These include both low and high hub-to-tip ratio isolated rotors and rotor- 

stator stages.  The modification to the original analysis of Ref. 6 appears to 

be required for exit flows which contain significant swirl.  In these cases, 

the Ref.-6 analysis is modified by using total pressure data to calculate the 

downstream static pressure which would be obtained by loss-free turning of the 

swirled flow to the axial direction. 
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SECTION III 

J-85 ENGINE TESTS 

1.       INTRODUCTION 

In previous programs, a rotating stall control system for axial flow 

compressors was built and tested on the rotating annular cascade facility and 

on a J-85-5 turbojet engine (Refs. 1, 4, 13 and 14}.  The principle of operation 

of the control has been described in Ref. 1.  Very briefly, the control is an 

electronic feedback control system which uses unsteady pressure signals produced 

by pressure sensors within the compressor to detect the presence of stall and 

provide a correction signal when stall occurs.  On the J-85 engine, the correc- 

tion signal is used to drive a fast-response hydraulic actuator which operates 

intermediate stage compressor bleed doors and inlet guide vane flaps.  The 

performance of the stall control system was tested by closing the interstage 

bleed doors until rotating stall occurred or until the control anticipated 

stall and held the bleed doors open.  The latest tests of the stall control on 

the J-85 (Ref. 1) showed that the stall control is capable of anticipating 

stall before it occurs and keeping the engine completely clear of stall at 

speeds up to 80 percent of design speed.  No tests were performed at speeds above 

80 percent of design because it was believed that opening the bleed doors at such 

speeds might aggravate the stall rather  than clear it. 

During the current program, the J-85 engine with stall control system 

was installed in the Ludwieg tube at Calspan for blast response tests in which 

a shock wave is used to simulate a nuclear blast wave impinging on the engine 

inlet (Ref. 15).  The stall control feature was not a subject of investigation 

in these blast response tests.  One purpose of the current program was to 

study the stall control feature in operation under blast conditions.  A second 

purpose was to investigate the unsteady temperature fluctuations in the J-85 

compressor during the presence of rotating stall,  In the process of performing 

the temperature measurements, additional information on the performance of the 

stall control system was obtained.  This section presents the results of all of 

the J-85 tests.  The results of the stall control performance tests are presented 
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in Section III. C, the in-stall temperature measurements in Section III. D., 

and the stall control blast tests in Section III. E.  In addition, the post- 

stall analysis of Day, Greitzer and Cumpsty was applied to the J-85 data.  The 

results of this application are presented in Section III. F.  The instrumentation 

used on the J-85 during the tests is described first (Section II. B.). 

2.      INSTRUMENTATION 

The instrumentation used in the J-85 compressor was similar for all of 

the tests.  The location of the instrumentation in the compressor is shown in 

Fig. 29.  The original J-85/stall control installation contained eight pressure 

transducers for stall detection purposes.  These were situated at four axial 

locations, with two circumferentially separated transducers at each of the 

following locations: 

Axial 
Location 
(Figure 29) Description 

(ij near the first stage rotor mid-chord] 

(2) near the quarter-chord of the first stage stator, as 

close to the stator suction surface as possible; 

(.3) near the trailing edge of the second stage rotor; 

(4) between the second stage stator trailing edge and the 
third stage rotor leading edge. 

In the current program, the two pressure transducers situated at axial location 

No. 2 were replaced with thin film temperature probes capable of high frequency 

response.  The configuration of these temperature probes is sketched as probe 

type 1 in Fig. 30.  These probes each contain two thin film gauges at different 

radial locations.  The maximum insertion distance of these probes was chosen 

so that they did not interfere with the first stage rotor. The probes were 

installed with the thin film gauges facing upstream in the compressor. 

In addition to the temperature and pressure sensors at axial locations 

1 through 4, the original compressor casing had provision for a monitor pressure 

transducer near the rear of the compressor between the seventh stage stator 

blades at approximately midchord (axial location 5 in Fig. 29).  This pressure 

51 



transducer was alo replaced with a thin film temperature probe (probe type 2 

in Fig. 30).  Here again, the probe was mounted with the thin film gauge, facing 

upstream in the compressor. 

It was originally planned to use a steady-state thermistor or thermo- 

couple probe at one of the circumferential positions at axial location 2 in the 

compressor.  This probe was to be mounted within a stagnation shield with small 

air bleeds so as to measure mean total temperature for comparison with the fast 

response thin film probes.  However, it was not possible to fit such a probe 

within the existing constraints of the J-85 compressor geometry and instrumenta- 

tion holes in the casing.  As an alternative temperature probe, a thin wire 

temperature probe similar to a hot-wire anemometer probe was built, calibrated 

and tested in the compressor. This probe was unsuccessful; the thin wire broke 

before any data were obtained.  Thus the thin film temperature probes shown in 

Fig. 30 were used during all tests. 

In addition to the pressure transducers and temperature probes noted 

above, two other transducers are also installed on the engine.  One of these 

is used to measure the static pressure rise across the compressor, and the other 

is used to measure the dynamic pressure at the throat of the bellmouth upstream 

of the compressor.  This last transducer is used to provide a measure of mass 

flow through the compressor. 

3.      ROTATING STALL CONTROL TESTS 

In the J-85 unsteady temperature tests which will be discussed shortly, 

the engine was forced into rotating stall by closing the bleed doors on the 

compressor.  The stall control system was in operation during these tests to 

ensure the safety of the engine.  However, the stall control was detuned so that 

bursts of rotating stall could be achieved.  In the initial tests, the J-85 . 

was stalled at engine speeds of 60, 65 and 70 percent of design speed with the 

stall control set to minimize the time that the engine remained in rotating stall. 

In later tests, the engine was stalled at nominal engine speeds of 70, 75 and 

78 percent, and some attempts were made to stall the engine at higher speeds. 

The latter attempts were unsuccessful; the engine would not stall even with the 

bleed doors closed completely. 



At each of the three largest engine speeds noted above, a number of 

stalls were initiated with the stall control set at progressively lower integrator 

gains to slow down the stall control response speed and allow progressively 

longer bursts of rotating stall. The slowing down process was continued until 

stall recovery was delayed to such an extent that a substantial uncontrolled 

engine deceleration occurred prior to stall recovery.  The progressive lengthening 

of the stall duration was done primarily to ensure that the maximum effect on 

the unsteady temperature fluctuations during stall was obtained.  However, the 

effect on the J-85 of slowing down the control response is of interest in its 

own right and is discussed in the following paragraphs. 

a.   Time Available to Effect Stall Recovery 

The response of the J-85 engine to rotating stall at the various 

engine speeds and stall control response speeds is illustrated in Figs. 31 

through 36.  Figs. 31 through 33 are strip recorder records taken with a slow 

chart speed and include approximately 8 seconds of test results.  Each of these 

figures is for a different nominal engine speed and the sub-parts (a, b, c, d] 

of the figures present results at progressively lower values of stall control 

integrator gain (and hence, slower stall control response).  Figs. 34 through 

36 present essentially the same results as Figs. 31 through 33 but on a much 

expanded time scale which covers approximately 320 milliseconds.  In each figure, 

six recorded traces of engine and stall control data are shown as a function of 

time.  The time increases from left to right and the time scale is indicated 

just below the fifth record from the top.  The recorded parameters shown in 

these figures have been described in Ref, 1,  The descriptions are repeated 

below for the sake of clarity. 

(1) Engine RPM (Uncorrected)  - This is a record of the engine speed 

in percent of design speed.  It is obtained from a magnetic pick- 

up which counts blade passage of the first stage rotor. The 

record has not been corrected for compressor inlet temperature. 

(2) Bleed Door Position - This is a record of the position of a 

linear potentiometer on the J-8S variable geometry bellcrank.  It 

is representative of the bleed door position as well as the 

configuration of the inlet guide vanes since both are connected 

mechanically. 
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(3) Integrator Output - This is a record of the electrical output 

from the stall control system.  A non-zero output (downward 

deflection on the chart) from the integrator will open the bleed 

doors in proportion to the magnitude of the output. A very rapid 

increase in the integrator output, such as when large amplitude 

rotating stall occurs, opens the bleed doors at a rate determined 

by the capability of the hydraulic actuation system.  The inte- 

grator gain controls the rate at which this signal increases: the 

larger the gain, the faster this signal increases when stall 

occurs. 

(4) Compressor Static Pressure Rise, AP    - This is a record of the 
Rbr 

pressure difference between static pressure taps located on the 

outer casing upstream and downstream of the compressor.  The con- 

trol system pressure, P_., is derived from AP„_„ as explained in 
K REF 

Reference 1.  The bias, B, and gain, K, which determine the 

shape of the system reference pressure, P  curve (Ref. 1, Fig. 5) 

are noted just below the first record. 

(5) Compressor Inlet Dynamic Pressure, q  - This is a record of the 

dynamic pressure at the throat of the bellmouth upstream of the 

J-85 compressor.  It is proportional to the square of the mass 

flow at the compressor inlet. 

(6) Detector Static Pressure Signal - No. 2 Stator Left - This is a 

record of the signal from one of the control pressure transducers 

mounted in the compressor outer casing.  This signal along with 

signals from the other transducers are used by the control system 

to detect the presence of rotating stall.  If the amplitude of 

the fluctuations in any one of these signals becomes larger than 

the system reference pressure, P , the control opens the bleed 

doors until the fluctuation amplitude decreases below the refer- 

ence level.  After stall disappears for a specified time (0.2 

seconds in these tests), the bleed doors return to their original 

position.  The rate at which the bleed doors return is specified 
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by the decay rate of the integrator in the control system.  In 

these tests, the time constant for the decay rate was 2 seconds. 

The recorded signal in this record has been filtered as indicated 

in Fig. 3 of Ref. 1. 

The vertical scales for all of the records discussed above are presented 

on the right side of each record.  Rotating stall inception is indicated by a 

vertical dashed line in each figure.  The position of this line corresponds to 

the first indication of rotating stall in either the detector pressure signals 

or the unsteady temperature signals.  The unsteady temperature signals are not 

shown in these figures.  They are presented later in this report. 

The slow chart speed records (Figs. 31, 32, 33) illustrate the long time 

effect of the stall on the engine.  On the left side of these figures, the bleed 

doors are being closed slowly.  At constant throttle position this causes an 

increase in static pressure rise AP  , a small increase in engine speed, and 

a decrease in inlet dynamic pressure.  These gradual changes are not very apparent 

in the figures because the lengths of the records have been shortened for 

presentation purposes.  However, they can be seen by close inspection of Figure 

31(c). At all but the lowest value of integrator gain in each of Figs. 31, 32 

and 33, when rotating stall occurs the bleed doors open fast enough to allow 

rapid recovery from the stall.  There is a significant but momentary drop in 

compressor static pressure rise and inlet dynamic pressure and a small temporary 

decrease in engine speed which occurs usually after stall recovery.  After stall 

recovery there are also more permanent effects on the engine parameters caused 

by the fact that the bleed doors are now more open than they were prior to 

stall.  The compressor static pressure rise is lower, the engine speed is 

very slightly lower, and the inlet dynamic pressure is higher.  These are all 

normal effects associated with the bleed door position. 

At the lowest integrator gain for each engine speed (Figs. 31(d), 32(d), 

33(b)), the stall control did not open the bleed doors fast enough to prevent 

a significant engine deceleration prior to stall recovery.  In each case, 
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stall recovery was not initiated until well after the bleed doors were open. 

While stall was occurring, the pressure drop across the compressor caused the 

engine to decelerate prior to stall recovery,  At 71.1 percent initial corrected 

engine speed, Figure 31(d), the stall was relatively short (=0.34 seconds) and 

the engine speed dropped only six percent before recovery was initiated.  How- 

ever, at initial corrected engine speeds of 75.5 and 78.7 percent (Figs. 32(d) 

and 33(b), the length of the stall was substantial, approximately 1.9 seconds 

in each case.  The engine recovered from both stalls at a corrected engine speed 

very close to 57 percent.  For the stall initiated at 75.5 percent corrected 

engine speed (Figure 32 (d)), the operating engineer chopped the throttle to 

idle before recovery was completed.  However, it can be seen that recovery had 

been initiated before the throttle was chopped.  At the initial corrected speed 

of 78.7 percent (Figure 33(b)), the throttle was not decreased and full recovery 

was obtained.  Subsequent tests, which are not presented here, showed similar 

full recovery from long duration stalls at initial engine speeds of 75 percent. 

It is believed that the long duration stalls shown in Figs. 32(d) and 

33(b) are quite similar to what is sometimes referred to as a non-recoverable 

stall or stall stagnation.  In fact, if the bleed doors had not been opened by 

the stall control the stall recovery would not have occurred.  These long 

duration stalls are not acceptable for an operational engine in an aircraft. 

A similar long duration stall was observed in Ref. 1 at 79 percent engine 

speed with a rate limiting device on the output of the stall qontrol system. 

Tests without the rate limiter at an engine speed of 79 percent were not per- 

formed in that work.  However, on the basis of trends shown by tests with and ■ 

without the rate limiter at lower engine speeds, it was concluded that the stall 

control was not fast enough to clear stalls, once they had started without first 

allowing a substantial engine deceleration.  The control could be set to antici- 

pate and prevent the stall from developing, but it could not clear the stall 

rapidly if it did start.  The current results show that the control is fast 

enough to clear stalls without engine deceleration at the highest speeds for 

which it is possible to stall the J-85 by closing the bleed doors.  This is 

illustrated in Fig. 33(a).  Attempts to stall the engine at higher engine speeds 

were unsuccessful, even with the bleed doors completely closed. 
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The above discussion raises the question of how fast a control action 

is required to clear stalls rapidly once they have started. A partial answer 

can be given by inspection of the expanded time records presented in Figs . 

34, 35 and 36.  The parameters in these records are the same as thos-e in Figs. 

31, 32 and 33.  However, the time scale in the vicinity of rotating stall inception 

has been expanded 25 times. 

Inspection of these figures suggests that long duration stalls were 

prevented when the bleed doors opened fast enough to initiate recovery within 

the time required for the passage of seven stall cells past the detector static 

pressure transducer.  As will be shown later (Section III.D.I.), stall cell 

passage is indicated by the positive peaks in the detector record on each figure. 

Although successful recovery was obtained with as many as 8 or 9 cells passing 

the detector CFigs. 34(c), 35(c) and 36(a)), comparison of these results with 

the corresponding long duration stalls (Figs. 34(d), 35(d) and 36(b)) shows that 

stall recovery was initiated approximately at the time of passage of the seventh 

cell.  This observation can be used to estimate the reaction speed required of 

the stall control system on the J-85 engine.  The seventh stall cell will 

pass the detector in a time interval corrsponding to six revolutions of the 

cell, since the first cell is detected at inception.  Analysis of the long 

duration stalls shows that rotating stall on the J-85 consists of one cell 

rotating in the direction of the rotor at 39 to 40 percent of the rotor speed. 

Thus the time, T , available for control action is approximately 

Tc = 6/[0.4x(ROTOR RPM/60] seconds. 

The estimated time, T_, is shown on the bleed door records in Figs. 34, 

35 and 36.  If T is taken as the maximum time available to open the bleed doors 

completely, then it can be seen that the T estimates are slightly conservative 

at nominal engine speeds of 70 and 75 percent.  Unfortunately, no records were 

obtained for an .integrator gain of 400 with an engine speed of 78 percent, and 

the J-85 entered a long duration stall with an integrator gain of 290 at this 

engine speed.  Thus the adequacy of the T estimate, is not proven in this case. 

However, the short duration stall at a nominal engine speed of 78 percent 

(Fig. 36(a)) satisfied the Tp criterion while the long duration stall (Fig. 
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36(b)) exceeded the T_ criterion.  Moreover, the long duration stall shown in 

Fig. 29 of Ref. 1 also exceeded the Tf criterion.  For this case, the value of 

7„  is 67.8 milliseconds." The bleed doors were still approximately 20 percent 

closed at this time. 

The above estimate for the control time available to prevent long 

duration rotating stall is longer than that which can be inferred from the 

comments of Mazzawy and Greitzer in the discussion of Ref. 13.  They show that 

the growth of a stall cell is a function of the number rotor revolutions after 

inception, and hence the growth scales directly with rotor speed.  The graph 

presented in Fig. 12 of Ref. 13 shows that stall cell growth is nearly completed 

within 5 or 6 revolutions.  Thus they conclude that preventing rotating stall 

becomes very difficult at high speed because of the shorter growth times of the 

stall cells.  The estimated time, T , developed above corresponds to 15 rotor 

revolutions on the J-85 engine.  The current installation of the control on the 

J-85 is easily capable of full action within this time period even at 100 percent 

engine speed (RPM = 16,560- T„  = 54 milliseconds).  On the other hand, if 5 

rotor revolutions are used to develop a time criterion, full control action would 

be required in 26 milliseconds at 70 percent engine speed and in 24 milliseconds 

at 75 percent engine speed.  Inspection of Figs. 34 and 35 shows that this time 

was exceeded by a large amount prior to the onset of long duration rotating 

stall.  Thus the comments of Mazzawy and Greitzer appear to underestimate the 

time available for stall control action.  On the Jr85 engine, the stall control 

is capable both of anticipating and preventing rotating stall (Ref. 1), and 

also of rapidly clearing stalls if they do start. 

b.  Stall Anticipation 

As noted above, it was shown in Ref. 1 that the Calspan/Air Force 

rotating stall control system is capable of anticipating rotating stall on the 

J-85 engine and preventing its onset.  However, the F.M. tape records of those 

tests were not long enough to allow study of the details of the control action 

over the long time periods p'rior to the inception of rotating stall or its 

prevention by the control system.  During the current program, some pre-stall 



records were obtained which are suitable for studying the anticipating capabilities 

of the stall control system.  These records have been analyzed and the results 

are presented below. 

Pre-stall records from two stall control tests on the J-85 engine are 

shown in Figs. 37 and 38.  Each figure is composed of selected portions of a 

very long strip recorder chart.  Each portion contains approximately 50 milli- 

seconds or slightly more of data records, with large time gaps deleted between 

the portions to allow compression to report size figures.  The total elapsed 

times between the- start of the test (left side of each figure) and stall 

inception (right side of each figure) is 15 seconds for Fig. 37 and 56 seconds 

for Fig. 38.  Fig. 37 presents results obtained with the stall control detuned 

to allow stall and Fig. 38 presents results with the control tuned so that 

stall was delayed for a considerable time. 

The recorded parameters in Figs. 37 and 38 have been described in the 

previous subsection.  A brief outline of the tests is as follows.  The J-85 

is stalled by closing bleed doors on intermediate stages of the compressor at 

engine speeds for which these doors would normally be open.  The stall control 

uses unsteady pressure signals from pressure transducers (detectors) in the 

compressors to detect when rotating stall is about to occur.  The amplitudes of 

these unsteady signals are compared to a reference level derived from the static 

pressure rise, APn„r, across the comoressor.  When the detector signals exceed 

the reference level, amplitudes in excess of this level are integrated and used 

to provide a signal (integrator output) for opening the bleed doors.  With 

proper tuning of the conditioning for APncr,, the stall control reference level 

becomes sufficiently small to prevent the bleed doors from being closed far 

enough to cause inception of rotating stall (Ref. 1).  If the control is detuned 

to allow larger reference levels, rotating stall inception will be allowed, but 

recovery from the stall is extremely rapid (Section III. C.I.).  In order to 

avoid unwarranted action by the stall control system, the reference level must 

be larger than the background noise generated -by the detectors when the engine 

is operating normally. 
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The data records in Figs. 37 and 38 display the engine speed, 

bleed door position, integrator output (stall correction signal) compressor 

static pressure rise &P  , dynamic pressure at the compressor inlet, and 

the unsteady pressure signal from one of the detector pressure transducers 

in the compressor.  The latter signal, which is shown on the bottom record, 

has been amplified considerably from levels used in the previous subsection, 

in order to study the amplitude of the fluctuations preceding stall inception. 

Also, shown on the bottom record is the reference level (derived from AP_,__). 
REF 

which is used by the control for comparison with the unsteady detector 
* 

signal.   Fig. 37 shows two such levels; the one used for the test, and one 

which has been found to anticipate and prevent stall completely (Ref. 1) at 

the tested engine speed.  The reference level used in the test of Fig. 38 

lies between the above two values. 

On the left side in Figs. 37 and 38 the engine is initially operating 

normally with the bleed doors fully open.  Progressing to the right, an off- 

schedule command to close the bleed doors is applied gradually by the operating 

engineer.  In Fig. 37, where the stall control reference level is not small 

enough for stall anticipation, the integrator output remains almost zero 

and the bleed doors close as commanded until stall inception occurs.  Once 

this happens, the detector pressure amplitude becomes very large (off-scale) 

and the bleed doors open rapidly to effect recovery from the stall.  As 

indicated by the AP„^ record, recovery is completed prior to the end of 
REr 

the figure.  As the bleed doors are closing, the detector signal amplitude 

increases from values considerably less than the reference level for stall 

* 
The detector signal is amplified and rectified within the stall control 
system before comparison with the reference level.  The detector record 
shown here has not been rectified.  Thus the corresponding reference level 
appears as upper and lower bounds enclosing the detector signal.  The width 
between the two bounds is determined by the magnitude of APRPp 

and also 
by the gain, K, and bias , B, used in the stall control to    condition 
i'P p.  The values of B and K used in each test are listed in Figs. 37 and 

38.   The values of B and K found to provide a reference level suitable 
for stall anticipation (dashed lines in Fig. 37) are B = 180 mV, K = 0.040. 
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anticipation to values which exceed the stall anticipation reference level. 

The anticipation reference level is exceeded at bleed door closures of 50 

percent or more while the compressor stalled at a closure of 68 percent. 

The reference level used in Fig. 38 is lower than that used in 

Fig. 37 but not as low as that found capable of preventing stall completely. 

This results in substantial overiding action by the stall control system to 

open the bleed doors while the off-schedule command is requiring the doors 

to close.  The position the bleed doors would have taken in the absence of 

stall control action has been added to the bleed door position record as 

a dashed line labelled "Off-Schedule Command".  The time before stall in- 

ception has also been added to the lower portion of the bleed door position 

record.  With the reference level used in this test, the stall control begins 

to provide a correction signal (integrator output) approximately 17 seconds 

before stall inception, when the bleed doors are 60 percent closed.  As the 

off-schedule command is increased, the correction signal also increases to 

hold the bleed doors between 62 and 68 percent open.  The compressor finally 

stalls at a bleed door position'of 64 percent closed.  This is a bit lower 

than the stall inception point in Fig. 37, probably because of the length 

of time (more than 15 seconds) that the bleed doors are held in the vicinity 

of the inception point. 

Previous tests (Ref. 1, Fig. 32) with the reference level set at 

the stall anticipation level (B = 180 mV, K = 0.040) of Fig. 37 have shown 

that the control will not allow the bleed doors to close more than 59 percent 

at the corrected engine speed (70%) corresponding to these tests.  This was 

sufficient to avoid stall completely.  As mentioned previously, the F.M. 

tape records of those tests are not long enough to illustrate the progressive 

increase of the detector signals as the bleed doors are being closed.  How- 

ever the current records in Figs. 37 and 38 are sufficient to illustrate the 

way in which stall anticipation is achieved by the control system.  They also 

illustrate that the reference levels required for stall anticipation are 

high enough to avoid control action when the engine is operating normally, 

as on the left sides of Figs. 37 and 38. 
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4.      THIN-FILM TEMPERATURE MEASUREMENTS DURING ROTATING STALL 

These tests were designed to provide an indication of the unsteady 

temperatures in the J-85 compressor during the presence of rotating stall.  The 

motiviation for these tests was to determine if the presence of rotating stall 

can generate enough heat to ignite titanium rotor blades.  It was not expected 

that the tests in the J-85 would display temperatures sufficient for such com- 

bustion since the compressor has a low pressure ratio and the engine would be operated 

at less than design speed.  However, if rotating stall is a factor in titanium 

ignition, it was expected that a substantial increase in instantaneous tempera- 

ture would be observed during the presence of rotating stall over that normally 

attained in the compressor. 

It was not possible to measure directly the unsteady fluctuations in 

the air total temperature during these tests; the development of a robust, 

high frequency response total temperature probe was beyond the scope of the 

current program.  Instead, thin-film gauges were mounted on probes which were 

inserted into the compressor just downstream of the first stage rotor and also 

between the seventh stage stator blades (Section III. B.).  These gauges were 

constructed using well established techniques (Ref. 16].  The thin-film gauge 
o 

is made of platinum (^ 1000A thick) and is painted on a pyrex substrate.  A 
0 

coating of magnesium fluoride (m  1200A thick) is vapor deposited over the 

gauge to protect against abrasion. 

In these tests, the thin-film was used as a resistance thermometer to 

measure the instantaneous temperature at the surface of the pyrex substrate. 

The temperature-time histories from the thin film gauges can be used to determine 

the heat transfer rate to the probe during rotating stall and thus provide an 

indication of whether rotating stall might be a factor in titanium ignition in 

compressors.  In the folliwng presentation, the gauge temperature-time histories 

are presented first.  This is followed by an analysis of one of these records 

to determine the heat-transfer rate during stall cell passage and to estimate, 

very roughly, the gas total temperature in the stall cell. 
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a.   Thin-Film Temperature-Time Histories 

Before entering a discussion of the thin-film data, it is appropriate 

to describe the differences between the probe response to slowly varying gas 

temperatures and to high frequency temperature fluctuations.  In the case of 

steady flow or slowly varying flow, the probe is soaked in the flow for a 

sufficient time that the thin-film temperature data represent approximately 

equilibrium conditions; that is, the gauge data provide the steady state 

recovery temperature at the thin-film location.  For the test conditions, this 

is approximately the same as the gas total temperature.  For rapidly changing 

flow conditions, the gauge temperature-time history depends on the local heat 

transfer rate to the substrate and the properties of the substrate.  General 

relations between the gauge temperature-time history and a time varying heat 

transfer rate are usually mathematically intractable.  However, for the case of 

a step function increase in heat transfer rate, the gauge temperature will 

increase parabolically as the square-root of elapsed time (Ref. 16).  A similar 

parabolic decrease in gauge temperature will occur if the heat-transfer rate 

is suddenly reduced to a lower value.  As will be seen, during rotating stall 

the gauge temperature-time histories display the parabolic rise and fall typical 

of near step function changes in heat transfer rate. 

Preliminary tests to obtain temperature-time histories during rotating 

stall were performed at engine speeds of 60, 65 and 70-percent of design speed. 

It was found that the temperature fluctuations during stalls at 60 percent 

engine speed were almost undetectable and those at 65 percent were very small 

( sy 3 deg. F maximum).  Thus the remainder of the tests were performed at 

engine speeds between 71 and 79 percent of design speed.  The highest engine 

speed for the tests was limited by the failure of the engine to enter rotating 

stall at higher speeds.  During the preliminary tests, the thin-film gauge 

between the seventh stage stators (axial location 5 in Fig. 29) failed through 

abrasion, presumably from small particles in the air flow.  Hence, the records 

presented below are limited to those obtained from the four thin film-gauges 

located just downstream of the first stage rotor (axial location 2 in Fig. 29). 
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The results of the thin-film temperature measurements during long dura- 

tion rotating stall are shown in Figs. 39 and 40.  Figs. 39(a)., (b) and (c) 

present temperature records taken at slow chart speed for stalls initiated at 

71.1, 75.5 and 78.7 percent corrected engine speed.  Corresponding engine 

and stall control data have been presented earlier in Figs. 31(d), 32(d) and 

33(b).  Figs. 40(a), (b) and (c) are expanded time temperature records of the 

same stalls.  In these cases, the corresponding engine and stall control records 

can be found in Figs. 34(d), 35(d) and 36(b).  For reference purposes, each 

figure also includes a record of the static pressure fluctuations from the 

same stall control pressure transducer that was presented in Figs. 31 through 

36.  The inlet air temperature is indicated by a horizontal dashed line on each 

of the temperature records. 

On the left side of the slow chart speed records, (Fig. 39), the 

temperature rises slowly as the bleed doors are gradually closed.  At stall 

inception, the temperature rises rapidly to values significantly higher than 

the pre-stall temperature. At each engine speed, the largest temperature 

occurs just after rotating stall is initiated.  After rotating stall is cleared, 

the temperature decreases to normal levels more gradually than the sudden in- 

crease in temperature at stall inception. The temperature behavior after stall 

is influenced by the after stall behavior of the engine.  For the stall in 

Fig. 39(a), recovery was rapid (see Fig. 31(d)) and the temperatures become 

nearly stable over the right-hand third of the figure.  In Fig. 39(b), the 

throttle was chopped before the engine had accelerated to its pre-stall speed 

(see Fig. 32(d)).  In this case, temperatures are still decreasing on the right 

side of the figure.  For the stall in Fig. 39(c), the engine had accelerated 

back, to speed approximately 3.5 seconds after inception (see Fig. 33(b)).  The 

temperature records become approximately stable in a similar time period. 

The expanded time records in Fig. 40 show the details of the thin film 

temperature records just after stall inception where the highest temperatures 

are observed.  Temperatures read from these figures are summarized in Table 4. 

The data obtained from the two inner gauges should be comparable since they 

were at the same axial location and radial immersion, but separated circumferen- 

tially by 120°.  Similarly, the data from the two outer gauges should be 

64 



TABLE 4 

SUMMARY OF PRE-STALL AND STALLED TEMPERATURE DATA 
DURING LONG DURATION STALLS 

ov- 
en 

Temperature 
Sensor 

Corrected Pre-Stall Max. Stalled 
Engine   Speed Temp. Rise Temp. Rise 
Run 4    at Stall Above Inlet Above Inlet 
Test No.  Inception Air Temp. (°F) Air Temp. (°F) 

[Max- Stalled] 
(Temp. Rise ) 
(Pre-Stall ) 
(Temp. Rise ) 

No. 1 Stator Top, 7 

Inner Gauge 10 

(Immersion = 1.2 in.)    11 

71.1 

75.5 

78.7 

34.2 

37.8 

36.9 

No. 1 Stator Top, 7 

Outer Gauge 10 

(Immersion = 0.6 in.)    11 

71.1 

75.5 

78.7 

39.4 

42.9 

43.5 

No. 1 Stator Left,        7 

Inner Gauge 10 

(Immersion = 1.2 in.)    11 

71.1 

75.5 

78.7 

32.4 

35.0 

39.5 

No. 1. Stator Left,       7 

Outer Gauge 10 

(Immersion = 0.6 in.)    11 

71.1 

75.5 

78.7 

40.7 

43.3 

45.9 

59.5 

68.6 

75.8 

60.6 

68.5 

75.3 

58.1 

66.0 

78.4 

63.5 

71.5 

78.5 

1.74 

1.81 

2.05 

1.54 

1.60 

1.73 

1.79 

1.89 

1.98 

1.56 

1.65 

1.71 



comparable As can be seen, the data are reasonably consistent. In particular, 

the ratios of the maximum stalled temperature rise' to the pre-stall temperature 

rise agree fairly well. 

The largest source of error in the thin film temperature data is 

caused by erosion of the thin film temperature gauges during a test run.  The 

temperature is determined from these gauges by measuring the change of resistance 

which is a linear function of temperature in the range of interest.  Repeated 

calibrations of the gauges showed that the slope of the temperature versus 

resistance calibration did not change during a test run, but the overall level 

of the resistance increased.  The result of the gradual increase in overall 

probe resistance is that the records accurately reflect short term temperature 

difference, but the determination of the temperature level above ambient 

requires correction to account for the gradual increase in gauge resistance 

caused by erosion.  Such a correction has been made to the data presented in 

Figs. 39 and 40 and in Table 4.  In the figures, the correction affects the 

position of the dashed line labeled inlet air temperature.  In the table, the 

correction affects the overall temperature levels, but not the difference in 

temperature between the pre-stall condition and the maximum stalled temperature. 

The reasonable agreement in Table 4 between the temperature data from the two 

inner gauges and, separately, between the temperature data from the two outer 

gauges indicates that the erosion correction was fairly successful. 

The data in Table 4 show that the thin-film temperatures taken just down- 

stream of the first stage rotor during stall reach significant multiples of the 

steady-state pre-stall temperature rise across the rotor.  The magnitude of the 

gauge temperature increases with engine speed and varies with radius inside 

the compressor.  The- maximum gauge temperature was observed on the inner radius 

gauges at an engine speed of 78.7 percent.  As discussed earlier, the parabolic 

sawtooth nature of the temperature records indicate that the gauges were 

responding to nearly-step function changes in heat transfer rate during cell 

passage.  This suggests that the gas flow temperature during stall is a nearly 

square wave in time with perhaps a substantially larger amplitude than that 

displayed by the thin film gauges.  An analysis based on the square wave assumption 
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is presented in the next subsection and the predicted results are compared to 

the temperature time history obtained from one of the inner radius gauges at 

an engine speed of 78.7 percent. 

The data presented thus far do not determine whether the high tempera- 

ture regions lie within the stall cells or within the high velocity region 

between the stall cells.  To resolve this question, the J-85 was reinstrumented 

with a new probe containing a thin-film gauge and a total pressure transducer. 

The thin film gauge was located at the radial immersion of the previous outer 

gauges (0.6 inch) and a total pressure tube connected to an external,, closely 

coupled, transducer was located at the radial immersion of the previous inner 

thin film gauge.  The J-85 was then stalled as in the previous tests.  The 

results from a long duration stall with this instrumentation are presented in 

Fig. 41 

The data records shown in Fig. 41 are similar to those presented in 

Fig. 40 except that" the total pressure record replaces one of the temperature 

records on the probe labelled No. 1 Stator Left.  The passage of stall cells 

past this probe is indicated .by the irregular valleys in the total pressure 

record.  The regions of increasing temperature on the thin film gauge on the 

same probe are indicated by I 1 .  These same regions have been transferred 

to the total pressure record and to the detector  static pressure record.  It 

can be seen that the rising temperature region on the thin film record correlates 

very well with stall cell passage as indicated by the total pressure record. 

These increasing temperature portions of the thin film records correspond to 

the high temperature regions in the gas flow.  Thus it is concluded that the 

highest temperatures during rotating stall occur within the stall cells.  This 

indicates that the work input by the rotor remains large during stall cell 

passage and that it is transformed primarily to heat. The large work input 

during stall has also been suggested by previous low speed annular cascade 

experiments (Ref.   3) and by the torque measurements presented in Section II. 
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One final observation on Fig. 41 is relevant to the previous discussion 

on the time available for the stall control system to initiate rapid stall 

recovery (Section III.C.l.)-  It was stated in that discussion that the positive 

peaks in the detector static pressure record correspond to the passage of stall 

cells past the detector transducer.  This transducer is at nearly the same circum- 

ferential location and only slightly displaced axially from the total pressure 

probe in Fig. 41.  Thus, stall cells pass both of these transducers at nearly 

identical times.  Comparison of the total pressure and detector static pressure 

records in Fig. 41 shows that the positive peaks in the static pressure record 

do serve as an indication of stall cell passage as stated earlier.  However, 

the amplitude and phase of the detector static pressure record have been 

modified by filters in the stall control system (see Ref. 1, Fig. 6).  Thus, 

this record should not be used to obtain quantitative static pressure data. 

b.  Analysis of Temperature Records 

In the preceding discussion, it was noted that the parabolic sawtooth 

shape of the thin film temperature records suggested a square wave variation of 

heat-transfer rate with time.  An analytical model based on this assumption is 

sketched in Figure 42.  With this assumed model, the expression for the time 

dependence of the thin film gauge temperature becomes 

ret)-no),. r 
sr'scPs 

A YT~ Zt7^ + it-t? -■/£-£.. + --- 

+ B Vt-t, -Vt-tz + s^r? - yt-t. + — ■ 

(25] 
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where    T(t) =  thin film temperature (°F] 
2 

A   = heat transfer rate during stall cell passage (BTU/ft. sec] 
2 

B   = heat transfer rate between stall cells (BTU/ft. sec] 

k   = thermal conductivity of substrate (BTU/ft. sec. °F] 

x 
p = density of substrate (slug/ft. ] 

C   =  specific heat of substrate (BTU/slug °F] 
"s 

t   = time after stall inception (sec] 

t.   =  times associated with stall cell passage (Figure 42] 

i   = i, 2,     

For the pyrex substrate used in the thin film gauges, Reference 16 gives 

k l/v^ps CPs = 0.O66 (Bru/ft2-°F- sec 1/z 

Typical temperature response curves for B equal to three fractional values of 

A are sketched at the top of Figure 42. The predicted response curves appear 

quite similar to the experimental data presented in Figure 40. Thus, a short 

parametric study was made to fit the predicted response to one of the experi- 

mental thin-film gauge records. 

The results of the best fit predicted curve are compared to the ex- 

perimental record in Figure 43.  The experimental data were read from the 

record labelled "No. 1 Stator Left: Inner Gauge" in Figure 40 (c], and time t = 0 

was taken at the first indication of gauge temperature rise due to stall cell 

passage.  The assumed extent of the stall cell, passage time between stall cells, 

and heat transfer rates during stall cell passage and between stall cells are 

listed at the top of Figure 43.  It can be seen that the simple analytical 

model agrees quite well with the experimental data.  Thus, it would appear 
2 

that an approximately constant heat transfer rate of 26 BTU/ft. sec occurred 

at the thin film gauge during stall cell passage and near zero heat transfer 

rate occurred between stall cells. 
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The heat transfer rate during stall cell passage is not sufficient 

by itself to determine the gas temperature within the stall cell.  However, 

a rough estimate of the minimum gas temperature can be made.  For a circular 

cylinder, steady state data are available (e.g. Reference 9) which relate the 

mean Nusselt number N to the Reynolds number of the cylinder, R, where m 

N 
m kv/i 

UD/I) 

and 

D = cylinder diameter 

h = heat  transfer  coefficient 

k = conductivity of air 

U = free  stream velocity 

V = kinematic  viscosity of air 

For  the steady flew case,   the heat  transfer rate,   q,   is  given by 

/ -h(rw-TCO/ 

where T is the wall temperature and T^ is the air temperature at a large 

distance from the cylinder.  For the unsteady model considered above, it is 

assumed that q(t) during stall cell passage can be taken as 

?(*)=ti(7i (t)-rw(o)) 

where T ft) is the air total temperature in the stall cell at time t, and 
a 

T (o) is the wall temperature just prior to passage of the first stall cell. 

The value of the heat transfer coefficient, h, is determined from the 

steady state data as a function of Reynolds number with appropriate values of 

D, k, and TJ for air at approximately one atmosphere and 100 deg. F, viz 

D =  0.2 in.  = 1/60 ft. 

k =  4.3 x 10"6 BTU/ft. °F. sec 
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l)   =  1.9 x 10 4 ft2/sec 

With these values 

/*   =   ^ = 2.6XW4A/m 

Ta(t)-Tw (o) = j ct)/h 
2 

where q(t) is approximately 26 BTU/ft. sec. during stall cell passage. Using 

these relations and the empirical curve in Reference 9 fp. 324) between N 
m 

and R one obtains the following results for assumed values of velocity, U , in 

the stall cell. 

BTU 

U (ft. / sec) R 
N 
m lft\°F..< ;ec / 

T ( 
a :to- -Tw(o) (deg.F) 

100 8,800 50 0.013 2000 

300 26,400 100 0.026 1000 

600 52,800 150 0.039 670 

900 79,200 200 0.052 500 

The above values are based on a mean Nusselt number averaged over the cylinder. 

Local Nusselt number at specific circumferential locations on the cylinder 

approach values which are two times as large as the mean value at Reynolds 

numbers on the order of 40,000 (Ref. 9, p. 325).  Hence the temperature dif- 

ferences indicated above may be lower by a factor of two.  Thus the above 

calculations suggest a minimum temperature rise in the stall cell on the order 

of 250 degrees F and the temperature may be much higher if the velocity in the 

cell is low.  However, there is evidence (Reference 10) that the circumferen- 

tial component of velocity in the cell can approach the rotor wheel speed so 

the higher values of U assumed in the calculation are not unreasonable. 
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An independent estimate of the temperature in the stall cell can be 

obtained by assuming that the rotor torque remains unchanged during passage 

through a stall cell and passage through the free-stream between stall cells 

and that the magnitude is equal to that occurring just prior to stall incep- 

tion.  Prior to stall inception, the torque, ^ at a given spanwise location 

on the first stage rotor is 

£p- fUr(W,~W0) (26) 

where   /" = radius 

U = axial velocity 

W0 = circumferential velocity upstream of rotor 

Wj = circumferential velocity downstream of rotor 

p - density 

In addition the difference in air total temperature upstream and downstream is 

given by 

where  C  = specific heat at constant pressure 
P F 

(27) 

Ou    - '  rotor angular velocit y 

Combining Equations (26) and (27) gives 

If the torque is assumed constant as noted above, then 

(rrrrro)s = ^/tffrVs 
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where the subscript p denotes conditions prior to stall, the subscript s de- 

notes conditions in the stall cell, and the subscript u denotes conditions in the 

free stream area between cells. 

For constant u) and neglecting density changes, one has 

UP(TT, - rn)f * u5 (rT)-rrjs * uu (rT; -rTo)u C28) 

For zero heat transfer rate between stall cells, 

which indicates 
Up   ä Uu 

If the  extent  of the  stall   is   1/3  as  used  in the previous  model,   then  the mean 

axial  velocity,  U ,   during stall  is 

V   ^h^s+^^a. 

]/3'J5+Huf r 

and ■ U 1     U       2/      0<   >   —£_ -f- /C, 
Up   ~'3   Up       

3 

Analysis  of the  inlet dynamic pressure record for the  stall  at  78.7 percent 

speed  gives _ 

—   ^  0.7Z 

Thus (J f/JZ 
3  -rr- -^    = OJS Up [Up       3 

Finally from Equation   (28), 

5 Us    K    ''       '0Sf V 'Oje //       k       V >OJ. 
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and from Table 4, fT-j—7~Tn)n =   39-5 ^eS-   F f°r tne thin film record analyzed 

previously.  Thus, ^JJ—7~7~n ) <-   =     39.5/0.15 = 263 deg. F and the total tempera- 

ture rise in the stall cell is 263-40 = 223 deg. F. 

This estimate is in reasonable agreement with the minimum temperature 

rise of 250 deg.F estimated previously from the heat transfer model.  It is 

worth noting that the assumption of constant rotor torque implies that the 

product of axial velocity (J   and swirl velocity W is nearly constant inside and 

outside of the stall cell (see Equation 26].  This indicates that swirl ve- 

locities inside of the cell are large, in agreement with the observations of 

Reference 10 and also in agreement with the high velocities used in the previous 

analysis to obtain a minimum value of temperature rise in the cell. 

In summary, the thin film gauge temperature measurements indicate that 

the total temperature in the stall cell is much larger than the total tempera- 

ture between cells.  Estimates of'the total temperature in the cells for a stall 

at 79 percent engine speed suggest values approximately 6 to 7 times the pre- 

stall total temperature rise across the first stage rotor.  No data were obtained 

at other locations in the compressor.  However, the data obtained on the first 

stage of this relatively low pressure ratio compressor suggest that very much 

higher temperatures may be reached in later stages of a modern high pressure 

ratio compressor at near design speeds.  If such is the case, then rotating 

stall could be a factor in titanium combustion in such compressors.  Further 

tests with more extensive instrumentation designed to study this phenomenon 

would appear to be well worthwhile. 

5.        STALL CONTROL BLAST TESTS 

These tests are designed to study the performance of the stall control 

system in response to an impinging shock wave.  The J-85 engine is operated 

at speeds for which the stall control is effective and the bleed doors are 

closed to a position just prior to that which induces rotating stall.  The 

engine is then subjected to a shock wave to determine the performance of the 

stall control system.  The impinging shock waves were generated by the Ludwieg 
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tube at Calspan.  Details of the J-85 installation in the Ludwieg tube are pre- 

sented in Reference 15.  A sketch of the installation and the shock tube in- 

strumentation is shown in Figure 44.  The shock tube upstream of the J-85 bell- 

mouth was instrumented with nine static pressure transducers.  In the following 

discussion, the transducer denoted as p  is used to determine shock overpressure. 

The instrumentation on the J-85 compressor has been described previously. 

In all, nine shock tests were performed at nominal engine speeds of 

60 and 65 percent.  Four tests were done with the control on and the bleed 

doors partially closed, and four similar tests were done with the control off. 

Finally, one reference test was performed with the engine in its norma]  con- 

figuration, that is with the bleed doors fully open.  None of the shock tests 

induced rotating stall in the compressor; at a given engine speed, the compressor 

response to the shock wave appeared to be unaffected by the position of the bleed 

doors at the time of shock impingement.  However, the tests with the stall control 

active showed that the control resoonds rapidly to an incident shock.  This is 

illustrated in Figure 45. 

The data presentation in Figure 45 is similar to that used in the 

rotating stall tests presented in Figures 34 through 36.  However, in this 

case the disturbance is a shock wave with an overpressure of approximately 2.6 

psi.  The shock tube static pressure, P  just upstream of the engine bellmouth 

has been used to determine the arrival time of the shock at the compressor 

bellmouth.  This is shown as a vertical dashed line through all of the strip 

chart records. 

Figure 45 shows that the bleed doors began to open within about 7 or 

8 milliseconds and were fully opened in about 28 milliseconds.  The results 

correspond approximately to the maximum response rate obtainable with the 

hydraulic/mechanical system used to operate the bleed doors on the J-85.  This 

is the result that was expected from these tests.  However, similar tests with 

the control turned off and the bleed doors closed the same amount throughout 

the shock passage, failed to excite a rotating stall in the compressor.  In 

both tests the bleed door closure was approximately 4 to 8 percent less than 
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the average closure required to excite spontaneous inception of rotating stall. 

Apparently the J-85 engine is highly stable in the presence of an incident shock, 

even when the bleed doors are closed to a position just slightly less than that 

required for spontaneous inception.  With the exception of the bleed door position, 

the test results with the control turned off were virtually indistinguishable 

from those shown in Figure 45 for the control turned on. 

In view of the apparent stability of the J-85 compressor to incident 

shock waves no further shock tests were performed.  The results have shown that 

the stall control responds at its maximum rate to an incident shock wave but it 

has not been shown that this response is sufficient to prevent rotating stall if 

the shock were to excite such stall.  It is worth noting that none of the shock 

wave tests, including those performed under the separate blast wave program pre- 

sented in Reference 15, have excited rotating stall in the J-85 engine. 

Reference 15 reports the results of detailed experiments performed to 

investigate the behavior of a turbojet engine when subjected.to a blast-wave 

environment.  All of the experiments reported in that document were performed 

for sea level conditions with the stall control inactive.  In order to inves- 

tigate the influence of a blast wave on J-85 engine performance at conditions 

other than sea level, during this program the engine was allowed to pump down 

the test section to a static pressure approximately 2 psi lower than ambient. 

At this reduced inlet pressure, but with ambient exhaust conditions, shock waves 

were directed into the engine with the stall control inactive. 

Experiments were performed for shock overpressure values up to approxi- 

mately 2.5 psi at engine speeds near 95%.  The dynamic engine pressure results 

were similar to those obtained for sea level operation.  No evidence of rotating 

stall or surge could be found in the recorded pressure histories.  These experi- 

ments were not continued beyond the exploratory results noted above because the 

capability of simultaneously reducing the exhaust pressure was not available. 
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6. POST-STALL ANALYSIS  OF J-85  DATA 

In Section  II,   the post-stall  analysis  of Ref.   6 was   applied to  the 

low-speed  annular cascade  data to test  the  analytical  predictions  for stages 

with  exit  conditions  which differ from those  in  the test  rigs  used to  develop 

the  empirical   constants.     It was  found that  the  analysis,  modified slightly to 

account  for the different  exit  conditions,   provided satisfactory predictions  of 

the  experimental  results.     However,   both the  annular  cascade  data and the  data 

used in Ref.   6 were obtained on  low speed rigs with essentially incompressible 

flow.     The  records    obtained during  the  long  duration  rotating stalls  on  the  J-85 

engine provide a source of in-stall  and stall  recovery data for an aircraft 

compressor operating in the  compressible flow regime.     Thus  it  is  of interest  to 

analyze these data to determine if the stall  recovery point  can be estimated by 

the  analytical   approach of Ref.   6. 

The  data required for application of the  analysis   are  curves  of the 

unstalled  inlet  total  to. exit  static pressure rise  coefficient,   y^fg   ,   as 

a function of flow coefficient,    d    .     These curves were  calculated from 

compressor maps   for the J-85 presented in the usual manner,   that  is,   total 

pressure  ratio, R~ /Pf~    ,   versus  corrected weight  flow,   tf//£/(P >   for constant 
3 ' ,* 

values  of corrected speed,    A///V   7 &    • 

Recall that    <fi   and    y/y-     are defined as 

where        P = compressor inlet  total pressure   (P    ) 
inlet 2 

P = compressor exit  static pressure  (p_) 
exit r r 3 

U mean axial  velocity 

rotor blade 

air density 

V,       =   rotor blade velocity at mean radius 

P 
11 



The following assumptions were made in calculating w    and Wr-r    ■ 

• The mean radius is calculated at the leading edge of the first 

stage rotor. 

• The mean axial velocity, inlet axial Mach number, and air density- 

are calculated at the same axial location as the mean radius. 

• Inlet total pressure equals ambient static pressure. 

• The compressor exit axial Mach number is equal to the inlet axial 

Mach number.  (Deviations in the real conditions from this assump- 

tion have only a weak effect on the calculated results.) 

With the above assumptions, the following results are obtained: 

? - 60 (WY6> 
/ „ > 

ZTTjjOs RAZ ^(pz/pa)(N/M*y-d') 

YT. 

fs wm-'] 
j 
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where ds    = speed of sound  at  standard  conditions   (1117  ft/sec) 

/\ 2    = annulus  area at  first stage rotor face   (1.063 ft) 

2 
n      = acceleration of gravity  (32.2 ft/sec ) 

Mz    =        axial Mach number at first  stage  rotor face 

/V     = engine rpm 

/V* =   engine design rpm (16,560) 

2 
yps    =   standard atmospheric pressure (2116 pounds/ft ) 

AO     =        compressor exit static pressure 

pj-     =   compressor inlet total pressure 

Pj-     =   compressor exit total pressure 

/?- =   mean radius at first stage rotor face (o.515 ft) 

=   air density at first stage rotor face 

ambient air density 

f 2 

3 
standard atmospheric density (0.00238 slugs/ft ) 

z 
For Mz  ^ I     , the equation for/V  can be approximated by takim 

which gives 

where 

1 + f)\(,+ -L„l 
//-Z.4-Kz 

Mo &  1.2 K 

K -(wYl9/(?)/jpsasA2 

The approximation for Mz   is within about 1 percent of the true value for the 

J-85 operating at 100 percent of design speed. At lower speeds,  the approxima- 

tion becomes more accurate. 

Curves of -y/     versus S   were calculated from the J-85 compressor map 

and the results are presented in Figs. 46(a,b,c) for a number of corrected 
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engine speeds. The performance maps in each part of Fig. 46 are identical; 

they serve as a base for presenting the J-85 data taken from the records of 

long duration stalls during the current program. 

The data available from the records of the long duration rotating 

stalls are the engine speed, the total pressure, P , minus static pressure, 

Pp  in the constant diameter duct upstre'am of the compressor bullet nose (axial 

station 1), and the static pressure rise across the compressor, /\ -p - p~- p1   . 

The coefficients y>rs     and tj>    were calculated from these data as 

follows: 

frs = 
[Af-(Pn-f;)] 

p(2Jr 

1 Pa. 

v m t, ->y 
_m /#' 

%*>»%■%)& 

c*~> 
/ Pr, -1>, Jpr,-f>,) 

fa. 
-S/z 

^ =r,+ *± 
2 \-S/2 

Pa. - s 

/   (Pr, -A; 
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where the equation for M„ is solved by iteration.  The notation used above is 

the same as that used previously with the following additions: 

A1    =   Duct area at station 1 upstream of compressor bullet nose 

(1.396 ft2) 

M-]     - Mach number at station 1 
2 

yp.     =       . static pressure at station 1 (pounds/ft ) 
2 Pj~     =   total pressure at station 1 (pounds/ft ) 

; 2 a.      =   dynamic pressure at station 1 (pounds/ft ) 

Using the above relations, the experimental records for the three 

long-duration stalls presented previously were analyzed.  The results are 

shown in Fig. 46 superimposed on the J-85 compressor map.  Each part (a,b,c) of 

Fig. 46 presents data for a long duration rotating stall which occurred at 

different engine speeds. 

The data points for the long duration rotating stalls correspond to 

several operating conditions of the J-85.  The test procedure was to set the 

engine at a given speed and slowly close the interstage bleed doors until 

rotating stall inception occurred.  The triangular symbols show the approach to 

stall as the bleed doors are gradually closed.  The initial point is for the 

engine operating normally with the bleed doors open.  As the doors are closed, 

the engine speeds up very slightly, the pressure coefficient increases, and the 

flow coefficient decreases until rotating stall occurs.  Stall inception does 

not occur on the normal engine surge line.  This line was taken from a J-85 

compressor map with the bleed doors open while the current tests destabilize 

the engine so that it stalls below the normal surge line. 

The post-stall behavior of the J-85 is denoted by slice-of-pie symbols. 

In keeping with the compressor map, only data obtained after the bleed doors 

had opened completely are included in the figures.  During the post-stall time 

interval, the engine is decelerating spontaneously, with corresponding decreases 

in both mass flow and compressor pressure rise.  (The numbers adjacent to the 

symbols give the corrected engine speed corresponding to the nearest symbol.) 
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The post-stall changes in engine speed, mass flow, and compressor pressure rise 

combine to give a clockwise hysteresis loop to the data in Figs. 46(b) and (c). 

The lowest speed stall, Fig. 46(a) shows very little hysteresis.  There are no 

data available for analysis at higher and lower engine speeds; the compressor 

would not stall at engine speeds above 80 percent and it recovered from stall 

before the bleed doors were open at speeds below 70 percent. 

The engine behavior after stall recovery is shown by the square symbols. 

In this region the engine is accelerating to the initial test condition with 

corresponding"increases in mass flow and compressor pressure rise.  Only Figs. 

46(a) and (c) show a complete set of data in this region.  The operating engineer 

chopped the throttle before the acceleration was completed for the test of 

Fig. 46(b). 

Inspection of Fig. 46 indicates that the post-stall analysis of Ref. 6 

is not applicable in its present form to the J-85. There are several points 

in the analysis which would require modification before it could be applied to 

the present data.  The greatest difficulty lies in the fact that the engine 

decelerates spontaneously after rotating stall occurs.  The deceleration combined 

with the fact that each constant speed line forms a different curve for Wj-ß 

versus . d)    make it impossible to estimate the recovery conditions without addi- 

tional information.  Moreover, the value of ^/r Per stage at recovery appears 

to be much larger than the value of 0.11 used in Ref. 6.  For the three.stalls 

analyzed in Fig. 46, the value of T/^j-ß   Ver  stage was very close to 0.37 just 

prior to recovery.  This is also much larger than the value of 0.17 used in 

Ref. 6 to distinguish between full-span stalls with hysteresis and part-span 

stalls without hysteresis.  Finally, using the approach of Ref. 6 to estimate 



the extent of the stall cells at recovery suggests that the extent is approxi- 
* 

mately 18 percent just prior to recovery rather than 30 percent as used in 

Ref. 6. 

In summary, analysis of the post-stall behavior of the J-85 indicates 

that the analysis of Ref. 6 is not applicable in its present form to this case. 

The empirical constants used in Ref. 6 do not appear to apply to the high-speed 

J-8S compressor.  Even if they did apply, or alternatively if values appropriate 

to the current tests were used, the spontaneous deceleration of the engine 

after rotating stall inception prevents estimation 'of stall-recovery conditions. 

Further information is required to make such an estimate.  It is suggested that 

further experimental studies of post-stall behavior on high speed compressors 

be performed to refine the empirical constants for this class of compressors. 

These studies would best be performed -ander constant speed conditions.  Applica- 

tion of the analysis to complete engines requires further development of the 

model to allow for the spontaneous deceleration which occurs after stall 

inception. 

A value of 18 percent for the extent of the stall cells at recovery was arrived 

at as follows.  In analogy with Eqs. (20) and (21) of Section II, the extent 

of stall, /{g ,   at recovery is defined by 

a„= /- r cessation 
* <?a/7sUl(ecL *■* ^rs =a37 

it/on   ~ 0, cessal/on    ~ r pre -recovery 

where 

In Fig.   46,   values  of  0n divided by 0.82   are shown plotted at / Pre-recovery 
V^T$ =  2.96   (i.e.,  y/j~$ /Stage  =  0.37).     It  can be  seen that  these points   lie 

at  approximately the position  on  the  unstalled compressor map which  corresponds 

to  the pre-recovery engine speed.     Thus , \(4>cessation)/ (^unstaLled at frs ~0-z7^ 

and    /\& & (/ - O-82.) ~O.I8    ■     (Separate  analysis of the thin film gauge 

records  to determine  apparent  stall  cell  extent gave values  of approximately 

25 percent    just prior  to stall  recovery.     However,   these estimates  represent 

values at  fixed spanwise  locations   and are very difficult  to  determine 

accurately.) 
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SECTION IV 

SUMMARY AND CONCLUSIONS 

This report presents the results of experimental studies designed to 

aid in the development of methods to predict the onset of rotating stall in 

axial flow compressors and to predict the post-stall operation and recovery 

characteristics of a compressor.  The experiments were performed in a low-speed 

rotating annular cascade facility and on a J-85-5 turbojet engine.  The low 

speed tests studied the influence of rotor-stator interference on the work 

performed by a rotor prior to and during rotating stall. The J-85 experiments 

consisted of post-stall temperature measurements in the compressor and a demon- 

stration of stall anticipation and stall recovery on this engine with a 

previously developed Calspan/Air Force Rotating Stall Control in operation. 

In addition, some blast tests were performed on the J-85 with the stall control 

both operative and inoperative. 

Past studies in the annular cascade had provided basic information 

on rotor-stator interference and input data for an existing two-dimensional 

stability theory for predicting rotating stall inception.  These data were 

obtained on a configuration of the cascade with a high hub-to-tip ratio (0.80). 

Both an isolated rotor and the same rotor in a rotor-stator stage were tested. 

Correlations between theory and experiment showed that the stability theory 

predicts rotating stall inception quite accurately if the area-averaged steady- 

state loss and turning performance are known.  The addition of a closely coupled 

stator row downstream of the rotor delayed rotating stall inception, and also 

provided significantly higher total pressure rise across the rotor than that 

observed on the same rotor in isolation.  The current studies in the annular 

cascade were designed to investigate if the stability theory provides accurate 

predictions of rotating stall inception on a low hub-to-tip (0.44) rotor and 

stage, and also to study the increase in total pressure rise across the rotor 

when a stator row is added.  The experiments included detailed total pressure 

surveys,   three-component hot-film surveys to determine velocities, and measure- 

ment of the torque input to the rotor.  Both an isolated rotor and a rotor- 
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Stator stage were tested.  In addition, a brief study was performed to determine 

the effect of circumferential inlet distortion on rotating stall inception and 

on the rotor torque for the rotor in the stage. 

The experimental studies in the low-speed annular cascade provided the 

following results.  Both high and low hub-to-tip ratio rotors display inter- 

ference effects when coupled to a downstream stator row; the rotor in the stage 

produces greater total pressure rise than that obtained on the isolated rotor 

with the same inlet conditions.  Moreover, the rotor torque is larger on the 

rotor in the stage than it is on the isolated rotor.  The presence of rotating 

stall has very little effect on the rotor torque when the mean axial velocity 

is held constant.  Prior to rotating stall inception, area averaging and mass- 

flow averaging of the total pressure rise distributions across the rotor provide 

dimensionless results which are identical to within the experimental accuracy. 

In this same pre-stall region, the changes in rotor torque and average total 

pressure rise coefficient for the rotor in the stage combine to provide averaged 

relative losses across the rotor which are nearly the same as for the isolated 

rotor.  This is true even though the pre-stall radial distributions of total 

pressure rise across the rotor change, considerably when the stator row is 

added.  However, small differences in the relative losses across the rotor delay 

rota.ting stall inception on the stage. 

The above results were obtained for undistorted inlet flow.  Some 

additional tests on the stage were performed with 180 degree circumferential 

inlet distortion.  The inlet distortion had no detectable effect on rotating 

stall inception. This result is similar to that observed previously on a high 

hub-to-tip isolated rotor but not on a high hub-to-tip ratio stage where stall 

inception was delayed by distortion.  None of the tests in the annular cascade 

have resulted in the promotion of rotating stall by stationary inlet distortion. 

These results appear to contradict the generally accepted views on the effect 

of inlet distortion.  Rotor torque measurements in the presence of inlet 

distortion displayed a mixed effect.  For low stator stagger angles, the torque 

coefficients measured with inlet distortion were nearly the same as those 

measured on the isolated rotor for undistorted inflow until rotating stall 

became well established.  At the largest stator stagger angle which was tested, 
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the torque coefficients measured on the stage with inlet distortion were the 

same as those measured on the stage without distortion over both the pre-stall 

and post-stall ranges.  For all stator stagger angles, once rotating stall be- 

came well established, rotor torque on the stage with inlet distortion was the 

same as that found on the stage without distortion. 

The experimental data obtained in the annular cascade with undistorted 

inflow were used to test the predictions of rotating stall inception by the 

two-dimensional stability theory and also the predictions of post-stall behavior 

by the analytical model of Day, Greitzer and Cumpsty,  The stability theory 

performed well in predicting inception on both the low hub-to-tip ratio isolated- 

rotor and rotor-stator stage. The stability calculations require only torque 

and area-averaged total pressure data as inputs; detailed velocity data do not 

appear to be necessary.  The post-stall behavior in the low-speed annular 

cascade was predictable by a slightly modified version of the post-stall 

analytical model.  The modification appears to be required for exit flows 

which contain significant swirl. 

The blast and rotating stall tests on the J-85 engine with stall control 

were performed with the engine installed in the Ludwieg Tube Test Facility at 

Calspan.Advanced Technology Center.  The blast tests were designed to study the 

response of the rotating stall control system when a simulated blast wave 

impinges on the engine inlet.  Separate tests were performed to study the 

unsteady temperature fluctuations in the J-85 compressor during rotating stall, 

the performance of the stall control system in anticipating and preventing 

rotating stall, and the performance requirements for the stall control to clear 

rotating stall once it has started. 

The J-85 tests provided the following results.  In the blast tests, 

neither rotating stall or surge were observed for shock overpressures up to 

2.5 PSI.  Shock passage triggers the stall control to respond at its maximum 

rate.  Partially destabilizing the J-85 compressor before shock impingement does 

not trigger rotating stall or surge at shock passage.  This result is independent 

of control action. 

86 



In the stall temperature studies, records from thin film temperature 

probes downstream of the first stage rotor were obtained during rotating stall. 

Individual stall cell passage was evident in these :records and the temperature 

rise during stall cell passage increases with engine speed at inception. 

Analysis of the thin film records for a stall initiated at 79 percent corrected 

engine speed indicates a heat transfer rate to the thin film probe of 
2 

•26 BTU/ft sec during stall cell passage and zero heat transfer rate between 

stall cells.  Determination of air total temperature in the stall cells is not 

possible from the measured data, but a minimum temperature rise of at least 

250 deg F is suggested.  A separate estimate of the temperature rise in the 

stall cells was performed by assuming that the rotor torque is unchanged during 

the presence of rotating stall.  An estimated temperature rise of approximately 

220 deg F was obtained in this case. Both estimates indicate that the total 

temperature in the stall cell was about 6 to 7 times the pre-stall temperature 

rise across'the first stage rotor in the J-85.  These results, obtained on the 

first stage of a relatively low pressure ratio compressor, suggest that much 

higher temperatures may be reached in later stages of a modern high pressure 

ratio compressor operating at. near-design speeds.  If this is true, then rotating 

stall could be a factor in titanium combustion in such compressors. 

The stall control performance tests showed that the control is capable 

of anticipating and preventing rotating stall on the J-85.  Moreover, normal 

engine operation is unaffected by the presence of the stall control. If stall 

inception is allowed by detuning the control, the maximum t'ime available for 

complete control action corresponds to 15 engine revolutions on the J-85 engine. 

With longer times, a fully developed rotating stall occurs which causes large 

engine speed losses before recovery. 

Three sets of records obtained during the rotating stall tests on the 

J-85 were analyzed to determine if the post-stall analyses of Day, Greitzer and 

Cumpsty is applicable to high speed compressors operating in the compressible 

flow regime.  The results indicate that the analysis is not applicable in its 

present form to this case.  The empirical constants used in the analysis do not 
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appear to apply to the J-85 compressor.  Furthermore., even if new constants 

appropriate to the J-85 were determined, spontaneous deceleration of the complete 

engine after rotating stall inception would prevent estimation of the stall 

recovery conditions.  The analytical model requries further development to allow 

for this spontaneous deceleration. 
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d. ROTOR RPM = 900 
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f.  ROTOR RPM = 1000 
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h.  ROTOR RPM = 1100 
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b.  ROTOR RPM = G00, 700 
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c.  ROTOR RPM =800,850 
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d.  ROTOR RPM = 900, 950 
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e. ROTOR RPM = 1000 
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f.   ROTOR RPM = 1050 
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g.   ROTOR RPM = 1100 
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h.    ROTOR RPM = 12o0 
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i. ROTOR RPM = 1300 



ROTOR-STATOR STAGE 

STATORSTAGGER 
ANGLE, 5s,deg 

ROTATING 
STALL 

12.9 NO 

  32.9 NO 

ISOLATED ROTOR NO 

m 

X 
s     4 
cc 
LL 

LU 
O 
2 
<     3 
I- 

I 

 i L. . !   \j ! ■   

i'l! 
 r—I—!—:"? 
 i u - L j-i 

!        i 

—-i -i--ü/uI.L 
Li u 

....J....J.    i Li —
-i—

 

i      i 
 r 1  

 
 

 r-4--!-i-i r 
Ail!      !      I      :      ! I 

TIP 

CÜ 
D 

2     4 
cn 
LL 

LU 
CJ 
z 
2 3 
00 

'        i 

 >V>.j    ..  i 1-  -    , 

i   \\    :      !      i 

 r-fK-;--y-- 
._....;._4-lU--4----' 
 1—-J-Uf--i-- 

1   i \\   i —-r-T-H~-i--; 
_....].....L..\L4_._.j 
i'l:     1 

TT^Co     ! 
UI   ,      T         I 

l                  ] 

l             1                  1 

'All 
 1   ...    I    .../< 1 L  

 

i      W i      i      i 

i         i    1    i         i         1 
0.5 1.0 1.5 0.5 1.0 

AXIAL VELOCITY DISTRIBUTION S, U/Uj, AND MASS FLOW WEIGHTED TOTAL PRESSURE RISE,7J A Cp 

Figure 15      RADIAL DISTRIBUTIONS OF AXIAL VELOCITY AND MASS FLOW 
WEIGHTED TOTAL PRESSURE RISE DOWNSTREAM OF ISOLATED 
ROTOR AND THE SAME ROTOR IN A ROTOR-STATOR STAGE, 
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Figure 15 (Cont.) RADIAL DISTRIBUTIONS OF AXIAL VELOCITY AND MASS FLOW 
WEIGHTED TOTAL PRESSURE RISE DOWNSTREAM OF ISOLATED 
ROTOR AND THE SAME ROTOR IN A ROTOR-STATOR STAGE. 

(b)   ROTOR RPM = 600 
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Figure 15 (Cont) RADIAL DISTRIBUTIONS OF AXIAL VELOCITY AND MASS FLOW 
WEIGHTED TOTAL PRESSURE RISE DOWNSTREAM OF ISOLATED 
ROTOR AND THE SAME ROTOR IN A ROTOR-STATOR STAGE. 
(c)    ROTOR RPM = 700 
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Figure 24      STABILITY OF ROTOR IN LOW HUB/TIP RATIO ROTOR STATOR STAGE 
STATOR STAGGER ANGLE AT MEAN RADIUS,  0 s = 22.9 deg. 
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Figure 25    STABILITY OF ROTOR IN LOW HUB/TIP RATIO ROTOR-STATOR STAGE 
STATOR STAGGER ANGLE AT MEAN RADIUS,    5 s = 32.9 deg 
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DENOTES STALL INCEPTION 

DENOTES STALL CESSATION 

Figure 26   INLET TOTAL TO EXITAVERAGE STATIC PRESSURE RISE PERFORMANCE 
OF HIGH HUB-TO-TIP RATIO STAGE IN ANNULAR CASCADE 
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)—I—I—I—I—hH—I—I—I—I—I—h 

Figure 31   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% 
a.  INTEGRATOR GAIN = 800; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* s/T) = 69.8% 
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Figure 31 (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% 
b)  INTEGRATOR GAIN = 400; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N * v^") = 70.8% 
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Figure 31 (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% 
c)  INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N * sfj) = 71.1% 
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Figure 31  (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% 
d.   INTEGRATOR GAIN = 100; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* VlT) =71.1% 
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Figure 32    J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 75% 
a.  INTEGRATOR GAIN = 800; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N*Vö ) = 75.2% 
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ENGINE RUN 4, TEST 8.  REFERENCE LEVEL:       BIAS B = 400 mV; GAIN K = 0.040 
INTEGRATOR GAIN = 400 

Figure 32 (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 75% 
b)  INTEGRATOR GAIN = 400; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N * vT ) = 75.0% 

175 



H—I—I—I—I—I—I—I—I—I—h \—I—I—I—I—I—I—I—I—I—h )—I—I 1—I—I—I—I—I—I—(- 

ENGINE RPM(UNCORRECTED) 
•W..     I:   ..I... 

- 100% 

±-J- mm 
ENGINE RUN 4, TEST 9.  REFERENCE LEVEL:       BIAS B = 400 mV; GAIN K = 0.040 

INTEGRATOR GAIN = 200 

Figure 32 (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 75% 
c)   INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N * ^/f) = 74.9% 
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ENGINE RUN 4, TEST 10.  REFERENCE LEVEL:     BIAS B = 400 mV; GAIN K = 0.040 
INTEGRATOR GAIN = 100 
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Figure 32 (Cont.)   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 75% 
d.  INTEGRATOR GAIN = 100; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* vT) = 75.5% 
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Figure 33   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 78% 

a.  INTEGRATOR GAIN =_800; CORRECTED ENGINE SPEED AT STALL 
INCEPTION, (N/N* Vö ) = 77,7% 
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ENGINE RUN 4, TEST 11.  REFERENCE LEVEL:     BIAS B = 400 mV; GAIN K = 0.040 

INTEGRATOR GAIN = 200 
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Figure 33 (Cont.)     J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 78% 
b.  INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* vT) - 78.7% 
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Figure 34   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% (EXPANDED TIME SCALE) 
a.   INTEGRATOR GAIN = 800; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* JT) = 69.8% 
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Figure 34 (Cont. J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 70% (EXPANDED TIME SCALE) 
b. INTEGRATOR GAIN = 400; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N * VF) = 70.8% 
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Figure 34 (Cont) J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 70% (EXPANDED TIME SCALE) 
c. INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* Vtf") =71.1% 
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ENGINE RUN 4, TEST 7.  REFERENCE LEVEL:    BIAS B = 400 mV; GAIN K = 0.040 
INTEGRATOR GAIN = 100 

Figure 34 (Cont.)     J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 70% (EXPANDED TIME SCALE) 
d.  INTEGRATOR GAIN = 100; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N*vT) =71,1% 
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Figure 35   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 75% (EXPANDED TIME SCALE) 
a.   INTEGRATOR GAIN = 800; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* VF) = 75.2% 
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Figure 35 (Cont.)     J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 75% (EXPANDED TIME SCALE) 
b)   INTEGRATOR GAIN = 400; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N*vT) = 75.0% 
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ENGINE RUN 4, TEST 9.  REFERENCE LEVEL:    BIAS B = 400 mV; GAIN K = 0.040 
INTEGRATOR GAIN = 200 

Figure 35 (Cont.)     J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 75% (EXPANDED TIME SCALE) 
c)   INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/ N * vT) = 74.9% 
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ENGINE RUN 4, TEST 10.  REFERENCE LEVEL: BIAS B = 400 mV; GAIN K = 0.040 
INTEGRATOR GAIN = 100 

Figure 35 (Cont J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 75% (EXPANDED TIME SCALE) 
d. INTEGRATOR GAIN = 100; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* Vd~) = 75.5% 

187 



Figure 36   J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL ENGINE 
SPEED OF 78% (EXPANDED TIME SCALE) 
a.   INTEGRATOR GAIN = 800; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* VT) =77.7% 
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ENGINE RUN 4, TEST 11.  REFERENCE LEVEL: BIAS B = 400 mV; GAIN K = 0,040 
INTEGRATOR GAIN = 200 
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Figure36 (Cont.) J-85 COMPRESSOR RESPONSE TO ROTATING STALL AT NOMINAL 
ENGINE SPEED OF 78% (EXPANDED TIME SCALE) 
b.  INTEGRATOR GAIN = 200; CORRECTED ENGINE SPEED AT STALL 

INCEPTION, (N/N* VT) = 78.7% 
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Figure 39 (Cont.)      UNSTEADY TEMPERATURE MEASUREMENTS IN J-85 COMPRESSOR 
DURING ROTATING STALL 
c.  CORRECTED ENGINE SPEED AT STALL INCEPTION; (N/N * VW) = 78.7% 
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Figure 40    UNSTEADY TEMPERATURE MEASUREMENTS IN J-85 COMPRESSOR DURING 
ROTATING STALL (EXPANDED TIME SCALE) 
a.  CORRECTED ENGINE SPEED AT STALL INCEPTION, (IM/N* Vfl") = 71.1% 
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DURING ROTATING STALL (EXPANDED TIME SCALE) 
b. CORRECTED ENGINE SPEED AT STALL INCEPTION, (N/N* VF) =75.5% 
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APPENDIX A 

HOT-FILM ANEMOMETER DATA ANALYSIS 

A. INTRODUCTION 

Three components of instantaneous flow velocity in the annular cas- 

cade were measured with a three-sensor hot-film probe (TSI Model No. 1294CC-20-18] 

in conjunction with three channels of Calspan fabricated constant temperature 

hot-wire anemometer bridges and a desk-top computer (HP 9825 A). Since it was 

expected that large deviations in flow angle could occur during rotating stall 

in the annular cascade, considerable care was taken in calibrating the anemom- 

eter systems to provide valid data over as large a range of flow angles as 

possible. The method of data analysis and the results of the calibration are 

presented in the following paragraphs. 

A description of the three-sensor hot-film probe is presented first 

(Section B). This is followed by a section in which the general response of 

the sensors to velocity is discussed and the equations required to obtain ve- 

locity components are developed (Section C). These equations are non-linear 

and required the development of an iteration procedure to obtain instantaneous 

velocity components from the three voltage signals provided by the anemometer 

system. This procedure is described along with the coordinate transformations 

and time averaging used to obtain final results in a coordinate system fixed 

to the annular cascade. The procedure used to calibrate the hot-film anemometer 

system is presented in Section D along with the calibration results. 

B. DESCRIPTION OF TRIPLE PROBE GEOMETRY 

A sketch of the three-sensor hot film probe is shown in Figure (A-l). 

The shaft of the probe is inserted radially through the outer casing of the 

annular cascade and the sensors are oriented for use with flows which are pri- 

marily perpendicular to the radial shaft. A pointer is fastened to the probe 

shaft to allow determination of the angle between the probe axis of symmetry 
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and the axial direction in the annular cascade.  The three sensors on the 

probe form an orthogonal coordinate system, %   , 4S , -2$ , as sketched in 

Figure (A-2), and the probe axis of symmetry, 7^ , is the line which lies 

at the same angle, 9   , from each of Xs ,   U5 and 2S .  The coordinates 

Xfi  , M^o j Z-p    form a second orthogonal coordinate system called the probe 

coordinate system which is related to the annular cascade coordinate system 

( %a  , ua , Zg ) as sketched in Figure (A-3).  The relations shown in 

Figure (A-3) were determined by inspection of the probe-pointer-protractor 

system in a comparator at a magnification of 10. As illustrated in Figure 

(A-3), with the pointer set at 92°, the probe and cascade coordinate systems 

are nearly coincident; there is only a two degree offset between the two 

coordinate systems.  This offset is taken into account in the data reduction. 

When the probe is installed in the annular cascade, the probe can 

be rotated about its radial shaft to allow the probe axis of symmetry, X^   , 

to be aligned approximately with the mean circumferential flow angle in the 

annular cascade. This procedure is necessary to maintain the angle between 

the flow and the probe axis of symmetry within an acceptable range.  In each 

test, the position of the pointer is recorded so that the results can be 

transformed back to the cascade coordinate system. 

C.       TRIPLE PROBE RESPONSE AND DATA REDUCTION 

1.  Response of Sensors in Triple Probe 

In the absence of interference effects from the sensor support 

needles and the probe body, each of the three sensors ideally responds only 

to the component of velocity perpendicular to its length as follows, 

where A, B = calibration constants 

E = anemometer output voltage (volts) 
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(J = velocity perpendicular to hot-film sensor (ft/sec) 

Ts = sensor, temperature held constant by anemometer circuitry 

(942 deg Rankine) 

T^ = ambient air temperature (deg Rankine) 
3 

p     -    air density (slugs/ft ) 
-3       3 Pa    = air density under standard conditions (2.38 x 10  slugs/ft ) 

The density terms are included in Equation (A-l) because the hot-film sensors 

respond to density times velocity rather than velocity alone. The tempera- 

ture difference term varies if the ambient temperature, T^ , changes in the 

laboratory. During the summer, the ambient temperature variations can become 

significant, both on a day to day basis and on an hourly basis. These varia- 

tions are compensated for in two ways.  First, at the start of a series of 

data runs, the anemometer overheat ratio is adjusted to provide a prescribed 

value of E when the flow velocity is zero. Thus at the start of a test series, 

the terms ( Ts - 7^ )A and ( Ts-Ta_  )B are adjusted to the same prescribed 

values that were obtained during calibration of the sensors.  If there are no 

further ambient temperature variations, the term ( T5-TCL   ) can be absorbed 

into the calibration constants A and B to give 

J0
ü<-ß-) CA"2) 

Second, to compensate for hourly variations in T^ , the computer program for 
2 

on-line data reduction corrects E for each channel as follows 

T5 - 7; (run) 

where  E    = anemometer output voltage 

Xt, (cal.) = ambient air temperature at start of test series 

(deg. Rankine) 

T^ (run) = ambient air temperature during measurement (deg. Rankine) 
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Note that the correction uses the square root of the temperature difference 

ratio rather than the direct ratio which is implied by Equation (A-l). The 

square root correction was determined empirically to provide much better re- 

sults than the linear correction. 

2 
With the corrected value of E , Equation (A-2) provides a relation 

from which the effective cooling velocity component normal to each sensor 

can be caluclated. One then uses these cooling velocities to calculate the 

instantaneous velocity components in the sensor coordinate system Xs , us  , 

is  .    These velocity components are then transformed into instantaneous 

components- in the probe coordinate system %-, , uf , z^ and finally these data 

are time averaged and transformed into components in the annular cascade 

coordinate system X0 ,   Ua  ,  £„  • 

2.    Velocity Components In Sensor Coordinate System 

In discussing the relation between anemometer output and flow 

velocity in Equation (A-2) it was assumed that an ideal sensor responds only 

to the component of velocity perpendicular to its length and that the response 

to this component is uniform over 360 degrees in a plane perpendicular to the 

sensor.  In practice, this simplifying assumption must.be modified to account 

for a small sensitivity to the flow component parallel to the sensor, and 

also to account for changes in sensitivity to the normal component which 

arise because of flow interference effects caused by the presence of the 

sensor support needles.  In the latter case, for a given magnitude of the 

normal velocity vector, the response is larger when this vector is perpendic- 

cular to both the sensor and the plane of the support needles than it is when 

the vector is perpendicular to the sensor and parallel to the plane of the 

support needles.  It has been found empirically that one can define an "ef- 

fective" cooling velocity, U  , whose relation with the anemometer output 

voltage E is given by Equation (A-2). Suppose the flow at the sensor loca- 

tion is composed of three velocity components as follows, 
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Vfl     = perpendicular to sensor, parallel to plane of needles 

Vß     = perpendicular to sensor, perpendicular to plane of needles 

Vc     =    parallel to sensor 

then the effective cooling velocity U  is given by 

where X   and -fc   are constants. The constant 72 iik <c<l)  compensates for 

sensitivity of the sensor to the flow component parallel to itself. The 

constant 2,     (X   >l)  compensates for flow interference effects from the 

sensor support needles. An ideal probe with no interference from the support 

needles corresponds to the case X   = 1. 

On the TSI triple probe, the support needles for each sensor lie 

in a plane which includes the probe axis of symmetry, %.  , and the sensor 

itself. Referring to Figure (A-2) and considering sensor (1), one has 

V      =    V      c+4   <f£a    + 1/ t^ 45°    =   (V      + ^3 ) c« 45' H Is £s 3 s    23 

Vg..=  V^s jjsn  i-S*   -    V^ ^Y)  45* = (Vvs-  ^4 ) **"   45° (A-4) 

Then using Equation (A-3) one has 

2 2 
and using cos 45° = sin 45° = 1/2, one can rearrange to get 

U' .    V't * v/} *  *X'f + I U'-l) 0/,.-V (A-s) 

In similar fashion 
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2   2 

^  -   vXt + v    +4  V.   +IU*-1)(VX-V,) 
Is 

(A-6) 

u5 = <^;5^\; + i^-/j(^-y (A-7) 

where because of geometric symmetry it has been assumed that the values of 

2        2 ■k    and X   do not vary between sensors. 

/. 

Equations (A-5, 6, and 7) can be rearranged to give 

z [U2
2 + U* - (1 + kZ) U*}  - j(JZ-0   [c2 + C3 -(U-k2) c," 

(2 f -k2) ( 1 - -kz) 
CA-8) 

/, 
[u* + u* - o + *2; u2J -|ri'-?; [c,tcro^2) c 

^ (2 + £z; (7-£2) 
(A-9) 

i/; - 
_   [u/+ U23 - <;***; /jf ] -|(j2-/) [cf + c3-i/+^2; c2] 

(2 f TI'K?- -£2; 
(A-10) 

where 
*i    -   <V   V 

Cz - (V, - vH) 

c3 = (i/x - v 

Equations (A-8, 9, and 10) are nonlinear and coupled except for the special 

case of the ideal probe with no interference from the support needles 
2 

( J.2-1 =0).  In the latter case, explicit solutions are obtained for VXs  , 

V 2 and Vj    ■    However even in this case, only the absolute values of 
\J Vu    , and V  can be determined; the signs of the vectors are 

indeterminate. The effect of this limitation is discussed shortly. 
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General solutions for Equations (A-8, 9, and 10) with (JL -1)^0 

are most easily obtained by an iteration process which proceeds as follows. 

Let 

(A-ll) Vx   =   Vx   - ~(lz-i) [C2      + C3     -(n-k^c, 

(A-12) 

**     20  2/< L  "-1 

where ta is the number of the iteration, 

n-1 
(1+4Z)C 2n-1 (A-13) 

'n_,       ?«-1     2 y> -1 

c2     = Cv%    - vu    )2 
^ rt-1    x n-1   ^ « -1 ' 

'222 2 
and Vv  , Vu     , V-      are given by Equations (A-8, 9, and 10) with (X -i)=0 

*» ?» *0 

For some initial values of U1 ,   Uz  and U-3 , it is possible for one 

or more of the initial values of V-,      , Vu    
an^ V9    to be negative.  If this 

occurs, the negative value is retained for the initial Va    value, but a value 

of zero is assigned when taking its square root in the calculation of C1    , 

C,    or C, . A similar procedure is used during the iterations. 

In the discussion of the triple probe calibration, which will be 

presented shortly, it is shown that the value of the constants in Equations 

(A-8, 9, and 10) are -fe2=0.04  and A2 = hS        . The accuracy of the itera- 

tion process defined by Equations (A-ll, 12, and 13) was checked over a wide 

range of flow angles with the above numerical values used for the constants. 
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This is done as follows. A unit velocity vector is assumed to be approaching 

the probe at specified angles CJ  and (p >  where to is the vertical angle between 

the velocity vector and the horizontal plane (angle of attack) and (j) is the 

horizontal angle between the velocity vector and the probe axis of symmetry 

(yaw-angle). The values of V^    ,   Vu    ,  and !/3 which correspond to the 

specified values of (f>  and w are calculated. These velocity vectors are then 

used to calculate U1  ,   Uz ,  and U3  as given by Equations (A-5, 6, and 7). 

The calculated values of U1 ,  Uz  and U3 are then used as inputs for the itera- 

tion process described by Equations (A-ll, 12, and 13) and the iterations are 

continued until the values of Vxn >  V^ , and (A agree with the original 

values of V%   , Vu    and VC to within better than one percent. A summary of 

the results of these convergence tests is presented in Figure (A-4). 

The circular symbols in Figure (A-4) indicate the values of (j>  and 

w at which convergence was tested. The numbers beside the symbols indicate 

the number of iterations required to obtain values of all three velocity 

components to an accuracy better than one percent.  For large values of (p  and 

iO , the iteration converges very slowly (denoted by an 5  beside the symbol) 

or converges on an incorrect solution (denoted by an X beside the symbol). 

The latter arises because the solutions are multiple valued and the wrong 

root has been selected. Since the results are symmetric with respect to 

positive and negative values of (p ,  only the cases with positive <p are shown 

in the figure. 

Even an ideal probe with no interference from its support needles 

( X  = 7 ) has a limit in the validity of results obtained by it. This occurs 

because the relevant equations (Equations A-8, 9, and 10 with J*   ' 1 ~  0     ) 

are quadratic and thus cannot be used to distinguish between positive and 

negative values of Vv , Vu or V.    . Thus the acceptable range of (p  and co 

for such a probe is limited to those values which provide positive values for 

all three velocity components. The limit of this region is shown in Figure 

(A-4) by a dashed line. Also shown is a solid line which indicates the ap- 

proximate limit for correct convergence of the iteration procedure for the 
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probe with JL    -  1.5.     Ths solid line was estimated by combined inspection 

of the convergence test results and the limit line for the ideal probe. The 

solid line was drawn by taking 75 percent of the radial distance between 

the probe axis point ( <j> =  0, uJ =  2) and the limit line for the ideal probe. 

Probes with X     lying between 1 and 1.5 would provide convergence limit lines 

lying between the dashed and solid lines shown in Figure (A-4). 

As mentioned earlier, the triple probe is installed so that it can 

be rotated about its radial shaft to minimize the horizontal angle, <p  , be- 

tween the mean flow vector and the probe axis of symmetry. Thus the limit 

line sketched in Figure (A-4) provides for a reasonably wide range of flow 

angles in the annular cascade. Most of the check points within the shield 

shaped area outlined by the solid line converged to 1 percent accuracy within 

3 iterations and the remaining points converged to within 0.02 of the correct 

value of Vs for the smallest component. Thus the on-line computer program 

developed for data reduction of the triple probe data was programmed to use 

3 iterations for every instantaneous measurement of the anemometer output. 

This results in unnecessary iterations for some of the data but eliminates 

the necessity for incorporating convergence tests in the on-line program. 

Up to this point the computer provides three instantaneous velocity 

components \/%   , Vu     and V     in the sensor coordinate system.  It remains to 

provide transformation equations to obtain instantaneous velocity data in the 

probe coordinate system ( V* ,   Vu    ,   V-    )   and equations for determining time 
*~p        it        =/» 

averages and transformation to velocity components in the cascade coordinate 

system ( U , V  , W  ).  These transformations are presented below. 

3. Velocity Component Transformations and Time Averaging 

The most convenient way to obtain final results in the cascade co- 

ordinate system is to perform an intermediate transformation to the probe co- 

ordinate system, provide the necessary time averaging on these data, and then 

transform the time averaged data to the cascade coordinate system. Referring 

215 



to the sketch of sensor geometry (Figure (A-2)), one can show the transformation 

from sensor to probe coordinate system is 

*f> *$ ^5      25 ' 

9f       1*     Z^ 

where 

V 3    J V 3   ' p  ; 2 

Hence 

^ - vr <"*,♦ V".,> 

s, ■ vT "V-5 

% -i/r<-^+*vK, 
(A-14) 

If Vv . Wu , V, are regarded as instantaneous velocity components 
*>   11°   2-t° _ 

composed of a mean and a fluctuating part  ( V +• zr) and if n  instantaneous 

samples are taken by the computer, then 

\ - k £ vtf ;  V-k £ % ;   tt - k £ % * 
r  If     n   1 V ^ 

(A-15] 
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where n is a large number. From the mean quantities shown in Equations (A-15) 

one can calculate various statistical means of the velocity component fluctuat- 

ions. These are 

RMS Values of Velocity Fluctuations 

x z —^ z       V 
2    \ I , /z 77-    \   '2 <     - (K - vL 

\ _ = 

Mean Values of Velocity Cross-Product Fluctuations 

v,   vM     = (\4   \A    -   V*   1/     ) 
V   If *p   1P        

Z
I°   "if 

ari/WVV-Vl/) (A-17) 

Equations (A-15, 16, and 17) provide the time mean and statistical 

values of the velocity components in the probe coordinate system. One final 

transformation is required to obtain data in the cascade coordinate system. 

Referring to Figure (A-3), the transformation equations are developed as 

follows.  Let ( U ,  V , W) be the instantaneous velocity components in the 

cascade coordinate system ( ^a , Ua  , Z0  ) and the angle CL  represent the angle 

in the horizontal plane between the probe axis and the cascade axis ( cL - P0 - P 

where P  is pointer angle and Pa  = 92 deg). Then 
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u -  (Vx   z** 2  - V   jx^n 2 ) ow a - VH   ^^ a 

V =   (Vx     Cx* 2    -   /-     ^^ 2*;  ^i« +   Vu^t+ü OL (A-18) 

W=    V3    ax« E"  4   Vv      A*™  Z 
=1» *■ f 

Let U , V  ,W be composed of mean on fluctuating parts 

U  -    Ü +■ ix   ;     V a  y + v    ■    W =   W + ^ 

Then Equations   (A-18)   become 

L f T z-p *f> J If        IP 

Equations (A-18) or (A-19) can be used to determine the relations between the 

velocity components in the probe coordinate system and the cascade coordinate 

system by taking the appropriate products and performing time averages. The 

results are: 

Mean Velocity Components 

o   —. 

U    = ( Vv t^rt 2 - V jjsr,  2 ) O* CL  -   Vy,     A<^> CL 
1° *1° öf 

V   = (Vy co-o 2.  - V-,   Aj^n z") A^-" a + Vu c^w a 

W = Va cxxi 2° + V'v ,<u~ 2' 
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Mean Values  of Velocity Cross  Products 

UV     = ^-^v Ct C&o OL 

(A-21) +     [ VV ^ *' +    V1f^^2' Cx*} aL 

wu 83   Rv_f - I/,2 ) -d**i 2.°ceo z  -h ^   i/     (c**zz'- ^U,22°)1   aoa 

-4^v> Ü1 

RMS Values of Velocity Fluctuations 

U.2 )       = j   (v*   c^s2 2     -f   Zrf   ^u^722a-2   f^tr,    jjsy, 2°o*o Z°)  Co**CC 

—2 '     2 

( tr^   £r       co-4 2 ° -  Vu   vz   ^a^v» 2. ) ^^oo a CXHJ oc 

CA-22) 

V -   '2 

(V z)      ■=  r (V,?    Cx«   2"  +   Vl  &sr\ 2 -  2 iTv     IT,     A^> 2° C^J 2*)  A*'"   0£ 
L       ^                               =^> f     «-jo 

2 2 

+     ( V^    Vu     Cx«s 2   -   zrM    tr >3^ 2  ; ^i^o ex c^xi a. 

(or2)   *   -     (V*    <Kr*Z 2° +   vl    A^ Z" +   2    2T%    2T     A^ 2°C^HI 2°) 
Vz 
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Mean Values of Velocity Cross-Product Fluctuations 

VLV-    = UV -  UV 

UJ CL    -     WU - W Ü 

Equations (A-20, 21, 22 and 23) express the time mean and statistical 

values of the velocity components in the cascade coordinate system. These 

quantities and the similar quantities in the probe coordinate system are cal- 

culated on-line for each measuring point by the desk-top computer. 

All equations up to and including (A-14) are performed on an 

instantaneous basis by the computer for each set of three voltage outputs 

from the anemometer system. This includes the 3 iterations described by 

Equations (A(ll), (12), and (13)). Thus by computer standards, each instantane- 

ous 'sample requires a relatively large amount of time to process. Hence the 

number of samples, n,  , used to obtain the mean and statistical values was 

selected as a compromise between having a large value for n  and a reasonable 

time required for each measuring point. The final value chosen for the data 

presented in the main text is n. = 200. This requires a time of 54 seconds 

for each measuring point. 

The final transformation to velocity components in the cascade co- 

ordinate system is performed at the end of each data point. This transforma- 

tion is required only once per point and hence does not noticeably increase 

the measuring time per point. At the end of each data point, the various 

quantities are printed out in both the probe coordinate system and the cascade 

coordinate system. However only the data in the cascade coordinate system 

are stored in memory for future use. The probe coordinate system data are 
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used primarily to determine if the mean horizontal velocity component is small 

enough to be within an acceptable range for valid solutions.  If the mean 

horizontal velocity component, Vu     ,  becomes large, the pointer angle, P , 

on the probe is reset and the data point is repeated. The magnitude of VH 
if 

allowed in the tests corresponds to \ (p \    *.    10 deg. in Figure (A-4). 

The above discussion has assumed that the constants A and B in 
A 2      2 

Equation (A-2) and the constants it  and X  in Equations (A-4 through 13) are 

known. The values of these constants are obtained through calibration of the 

triple probe in a known flow. The calibration procedures and results are 

presented in the next section. 

D.       TRIPLE PROBE CALIBRATION 

In a previous program, the value of the constant -K   was determined 

to be 0.04 through tests with an air flow parallel to the sensors. This value 

was retained in the present program. Thus the remaining constants to be de- 

termined are A, B and X  . This was accomplished by installing the triple 

probe in the constant area section of the annular cascade far upstream of 

the rotor. The probe was installed with its shaft oriented along a radial 

line in such a fashion that it was possible to rotate the probe about the 

radial shaft. The angular position of the probe was determined by the posi- 

tion, P , of the pointer on the probe shaft. The air velocity, U0 ,  in the 

annular cascade was determined from a total pressure probe mounted near the 

triple probe tip and a wall static tap on the other casing of the annular 

cascade. Calibration tests were performed with the air velocity, U0 , varied 

at constant pointer angle, P  , and also with the pointer angle varied at 

constant air velocity. 

Figure (A-5) shows the results of tests performed with constant 

pointer angle and variable velocity. The data are plotted as £ versus 

i. P/p   U0 )    z    . As indicated in Equation (A-2), the data should fall on 

straight lines when plotted this way, with a different straight line for each 

pointer angle. Parts a, b, and c of Figure (A-5) are each for a different 
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sensor on the triple probe. Figure (A-6) shows the results of tests performed 

at constant velocity and variable pointer angle. Two sets of results are shown 

on this figure, one set for a flow velocity p/p  U°     =52.1 ft/sec and a second 

set for p/n   Ua     =98.5 ft/sec. Data from all three sensors are plotted 

on this figure. 

Visual inspection of the probe (Figure (A-3)) has shown that the 

cascade axis and the probe axis are lined up axially when the pointer is set 

to 92 degrees ( P0  = 92°) and that the probe axis is offset 2 degrees ver- 

tically (<5= 2°). These quantities along with ~k  = 0.04 can be taken as known 

values. The problem is to determine the values of the constants A, B and 

which provide the best fit to the data in Figures (A-5) and (A-6). Each sen- 

sor (parts a, b and c in Figure (A-5)) can have different values for the 

constants A and B but the value of JL   is assumed to be the same for all sen- 

sors. The latter assumption is made because the configuration of the support 

needles is geometrically similar for each sensor.  In addition it is possible 

that the flow in the annular cascade could have a small radial component at 

the probe location. This is allowed for by assuming that there is a small 

unknown vertical angle, LO , between the cascade axis and the flow velocity 

vector, Ua   . Thus the unknown constants become A and B which change for each 

sensor and the constants X 2 and u) which do not change.  It can be shown that 

for small values of LO , the results obtained at P = 91 degrees should be 

practically independent of the value of J.   . Thus the values of A and B for 

each sensor can be determined from the experimental data with P =  91°. This 

was done for each sensor and the results are given in the box labelled "Gen- 

eral Calibration Equations" on each part of Figure (5-A). The best fit values 

of 1   and to were then determined by a trail and error process using the re- 

mainder of the data in Figures (A-5) and (A-6). The results axe J.   = 1.5 and 

co  = -3 deg. The solid lines in Figure (A-5) and the solid curves in 

Figure (A-6) were calculated using these values. As can be seen, the solid 

lines fit the data very well except in regions where one of the sensors is 

in the wake of another. This occurs on sensor 2 when P£ 50 degrees and on 

sensor 3 when P Z 130  degrees. 
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Also shown in Figures (A-5) and (A-6) are dashed lines which cor- 
2 

respond to calibration solutions with JL   = 1.25. These lines fit the data 
+ 

fairly well for pointer angles between 62 and 122 degrees ( Pa  - 30 deg). 
. 2 

Moreover, calibration equations using JL  = 1.25 have an advantage in that they 

provide better convergence properties during the iteration procedure described 
.2 

in the previous section. Thus JL  = 1.25 was used in the on-line computer 

program for analysis of the triple-probe data. 

There is one final point worth noting regarding the data in Figure 

(A-5). As discussed previously, when the triple probe data are plotted as 
2 1/2 E versus ( P/p0 Ua   )       ,  they should form straight lines as indicated by 

Equation (A-2). However, it is often found when the velocity range is large, 

that the best fit to the data is obtained by using two intersecting lines with 

different slopes. Each of the sensors in Figure (A-7) display this double 

slope behavior. Thus there are two sets of calibration constants A and B for 

each sensor. The choice of which set to use depends on the anemometer voltage 

output. The values of the calibration constants and the output voltage which 

determines the correct set to use is listed for each sensor in Figure (A-5). 

These double slope calibrations are inlcuded in the on-line computer program 

for analysis of the triple probe data. 

As a check on the accuracy of the triple probe calibration and also 

as a check on the on-line computer program, the triple probe was tested in 

its calibration location in the annular cascade. The computer was operational 

during these tests. Two tests were performed.  In the first test, the pointer 

angle was set at 90 degrees and the velocity was varied.  In the second test, 

the velocity was held constant and the pointer angle was varied. The results 

are presented in Figures (A-7) and (A-8).  In these figures all data are non- 

dimensionalized by dividing by U0 , the mean inlet velocity determined from 

the total probe and static tap in the annular cascade. 

Results from the variable velocity test are presented in Figure (A-7) 

If the triple probe calibration is correct and the computer program is working 
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properly, the following results should be obtained independent of mean inlet 

velocity; U/U0  = 1, V/U0 = 0 and W/Uax.ta.n   (-3°) = -0.05. As can be seen in 

Figure (A- 7), 0/Uois  within about 2-1/2 percent of 1.0, V/Ua is within 0.025 

of zero except for one point and W/U0  is very close to -0.03, again except for 

one point. The fact thatW/^is closer to -0.03 than to the expected value 

of -0.05 indicates that the flow in the annular cascade may be closer to 

u>£-2 deg rather than u) = -3 deg.  This difference is insignificant.  In 

general the results in Figure (A-7) are considered to be excellent. 

Results from the variable pointer angle tests are shown in Figures 

(A-8(a) and 8(b)). Each part is for a different mean inlet velocity, U0 . 

The results for 0/Uo are acceptable over a wide range of pointer angles 

(55° £ P £ 130°). However the results for 9/Ua  and $/U0diverge rapidly for 

70° >, P >, 115°. The data for \//U„ obtained at U0 = 100.7 ft/sec (Figure A-8(b)) 

are not as consistent as those obtained at U0 -  52.7 ft/sec. Referring to 

the estimated limits for correct convergence of the iteration process (Figure 

(A-4)) with6^~-2° indicates that divergence of the data should occur for 

C P0   -27°) £ P > C P0  +27°).  Since P0  is 92°, this becomes 65° & P £,119°. 

When one considers that the calibration flow is not completely steady, the 

estimate for divergence of the data (in steady flow) and the actual divergence 

points (in slightly unsteady flow) are in reasonable agreement. 

As noted in Section B and in Section (C2), a test procedure was 

adopted which minimized the magnitude of the mean horizontal velocity component, 

Vu / U0   in the probe coordinate system. The procedure is equivalent to main- 

taining the pointer angle, P, in Figure (A-8) between the limits 82° ä P6 102°. 

This is believed to be sufficient to provide reasonable accuracy in the annular 

cascade flow data, except possibly when large amplitude rotating stall is 

present.  In the main text, several comparisons of the triple probe data with 

data obtained independently by other instruments indicate that the time-averaged 

triple probe data are accurate to within better than 5 percent except in the 

cases when large amplitude rotating stall is present in the flow.  In these 

cases, integrated triple probe data provide results which appear to be too 

large by as much as 10 to 12 percent. Considering the complexity of the 
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flow field and of the analysis procedures required to obtain velocity compo- 

nent data from the triple probe anemometer system, it is felt that the accuracy 

of the results is quite satisfactory. 
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Figure A-4    SUMMARY OF CONVERGENCE TESTS FOR ITERATIVE SOLUTION OF 
NONLINEAR ANEMOMETER EQUATIONS 
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APPENDIX B 

COMPUTER PRINTOUTS OF VELOCITY AND TOTAL PRESSURE 
DISTRIBUTIONS 

The following tables list velocities, total pressures, and derived 

quantities.  Two tables are presented for each test configuration and rotor 

speed.  The first table presents velocity component data.  The second table 

presents velocities, total pressures, and derived quantities. 

A.  NOTATION FOR COMPUTER PRINTOUTS 

1. Main Heading 

Hot Film Run No. Identification number for storage 

Isolated Rotor Identification of annular cascade 

or configuration.  If Rotor + Stator, 

Rotor + Stator then the stator stagger angle at mean 

radius is listed in degrees 

2. Test Conditions 

rpm        Rotor RPM 

Cal. Temp.   Temperature at which anemometer outputs were standardized at 

start of test series ( F) 

Avg. Run     Average air temperature during the tabulated radial survey ( F) 
Temp. 

Bar Barometric pressure (mm. Hg.) 

p 
U ~        Density compensated mean axial inlet velocity, . ■ U (ft/sec) 

P, 
Mean Inlet   Mean axial inlet velocity, U  (ft/sec) 
Velocity 
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3. 

del r 

U 

V 

w 

u' 

Column Headings 

Radial distance from the hub,  Ar (in.] 

Dimensionless time average of axial velocity component, U/UQ 

Dimensionless time average of circumferential velocity compo- 

nent, V/U 

Dimensionless time average of radial velocity component, W/U 

Root-mean-square values of velocity fluctuations divided by 

"2     J      1/2 
U      U , 

uv 
vw 
wu 

U  (u = [ etc.) 
u u o      o 

Time averages of cross products of instantaneous velocities 

nv 
divided by u  (UV = Hl_etc.) 

o „i 

l-irl U'V 

lul v'w 

111 I W'U 

Time averages of velocity cross-product fluctuations divided 

by U (u v UV 

u '' 
u_ 
u u etc.) 

CPT2 Coefficient of total pressure rise across rotor.  (Same as 

ACp  in main text).  When more than one radial survey was 
T 

taken, the tabulated data are averages of the multiple surveys. 

U*CPT2 

U/U. mt 

U*CPT2/U int 

Mass flow weighted total pressure rise coefficient (U x CPT2) 

Corrected dimensionless axial velocity (U/ [ ^- I  Uds]) 

Corrected mass flow weighted total pressure rise coefficient 

C[U/Uint] x CPT2) 

CT(UV) Rotor local torque coefficient, ( 

[See Main Text) 

2cor 
U 

UV 
," ) 
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CT(UV) corr  Rotor local torque coefficient corrected to provide same area 

integral as torquemeter data. 

4.  Auxilliary Quantities 

Area Integral of U; U. = — I  ( — )ds 
J s:  o 

Area Integral of CPT2 = i    (AC  ) ds 
s  Js ^ 

If     (« 
-     ACPT

3ds s o T 
Area Integral of  (U*CPT2/U.     ) 

nit I f   L S  Js   U ds 
o 

0   (  } T 
Torque Coefft.   from Torque Meter;   CT(M)=         7 

PUS 
0 

where T = measured rotor torque 

Area Integral of CT(UV);   CT(UV) int   = \    f     (1^1. . VI j ds 
J  s  Uo    U^ 

B.  TABULATED DATA 

See following pages 
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RUN HO.= ISOLATED ROTOR 

rr-i'\=  400   Cal.Tei'iP. 
Mean Inlet Vel.=51.7 

fly?. Run Tu <'\ P . = f' Bar=74= Uref=49.8 

de 1 r u' n-j U'.,1 VW w u 

0.93  0.41 -0.94  0.07 

ü3 

1.01 
1.04 
1.07 
1. 06 
1. 06 

39 -0.O6 
33 -0.04 
37 -0.03 
36 -0.03 
34 -0.04 

0.07 
0.05 
0.85 
8.05 
8.04 

0. 0 6 
0. 86 
0.04 
0.04 
0.04 
0.04 

1.06 0.30 -0.04 0.04 0.84 
1. 09 0. 26 -0.05 0.03 0.83 
1.07 8.23 -8.05 0.82 8.84 
1.07 0.20 -8.06 0.02 0.03 

0. 84 
0.04 
0. 03 
0 > 0 3 
0. 83 
8. 84 

0 ■ 0 4 
0.84 
0.04 
8. 05 

8 . 33 - 
8.39 
0.39 
0.39 
0.33 
0.37 

8. 32 
8.28 
8.25 
8.22 

8. 82 
8. 02 
0.01 
0.81 
8. 01 
8.81 

-8. 81 
-0. 01 
-0.01 
■0.81 

-8. 84 
-0. 06 
-0. 84 
-0. 83 
-0.03 
-0. 04 

"0.04 
-0. 06 
-0. 06 
-0. 06 

-0. 08 
-0. 00 
-0. 00 
-0. 00 
-0. 00 
-0. 00 

-0. 00 
-0. 00 
-0. 00 
-0.00 

0. 00 
-0. 00 
0. 00 
-0. 00 
-0. 00 
-0. 00 

"0. 00 
-0. 00 
-8. 00 
-8. 00 

-0. 00 
0. 00 
-0. 88 
8 . 8 8 

- 8. 8 8 
-8. 00 

-0, 00 
-0, 00 
-0. 00 
-0. 00 

4. 53 1. 06 0. 14 -0.05 8.82 8.84 8.84 0.15 -0.01 -0.05 -8.88 -8.80 -0.00 
5.83 1.85 8.12 -8.05 0.02 0.04 8.85 8.13 -8.81 -8.05 -8.00 0.00 -0.88 
5. 53 1.83 8.11 -8.83 0.82 8.84 0.84 8.11 -8.88 -8.04 -8.09 0.09 -0.00 
6.83 1.02 0.07 -8.84 0.82 8.83 0.84 8.87 -0.00 -0.84 -0.00 9.00 -0.99 

7.93 

!. 93 

0.99 
0.97 
0, 96 
0.92 
0. 37 
8.73 

0.95 
8. 86 
8.84 
8. 86 
8. 86 
9. 96 

-9.92 
-9.92 
-9.81 
8.31 
8. 84 
8. 14 

0. 03 
0.03 
0.05 
8.86 
8.87 
8.89 

8. 84 
0.05 
0.07 
0. 06 
0.87 
0. 09 

8. 03 
0. 03 
0. 84 
0.04 
0.05 
0.11 

0. 85 
8.86 
0.04 
•0.05 
0.05 
0.04 

-0. 88 
-8. 80 
8. 80 
0.00 
0.00 
0.01 

-0.02 
-8. 82 
-0.81 
0.91 
0.94 
0.10 

-8. 88 
-8. 80 
-0. 88 
-8. 88 
-8. 88 
-8.80 

Ü. 00 
0. 00 
0. 80 
0.00 
0. 00 
0.01 

-0. 80 
0 . 0 0 
0 . 0 8 
0. 08 
0, 08 
-0. 00 

de 1 r CPT2 :PT2 U/Uint U*CPT2/Uint CTCUV CT' ,' c o r r 

8.23 9.934 8.824 0.022 0. 935 9. 022 0. 345 0. 295 
0.53 1.999 0. 136 9. 137 1. 81 0 0 . 137 0. 369 0. 316 
9. 73 1. 944 8.247 0.258 1 845 0, 258 0. 379 0. 325 
1.93 1.979 8.268 0.287 1 071 0. 287 0. 393 0. 3 3 6 
1.28 1.961 8.232 0.299 1 062 0, 299 0. 395 0. O •-> O 

1. 53 1. 964 0.289 0.398 1 865 8. 308 0. 392 0. 336 

2.23 1. 964 0.288 9.298 1 065 0. 298 0. 371 0. 318 
2. 73 1. 985 0.273 9.296 1 036 0. 297 0. 345 0. 295 
3.23 1.974 8.259 8.273 1 975 8. 278 8. '■>, ■? ■? 0. 276 
3.78 1.974 9.245 9.263 1 075 0. 263 8. 298 0. 255 

4.53 1. 065 8.217 0. 231 1 066 0. 231 0. 226 0. 193 
5,93 1. 053 8.175 9. 134 1 854 0. 185 0. 202 0. 173 
5.53 1 . 030 0. 133 0.137 1 931 0. 137 8. 181 0. 155 
6.93 1. 025 0.091 9.993 1 026 0. 093 8. 126 0. 188 

6. 78 0.989 8.021 0.821 0 990 8 021 8. 096 0. 882 
7.93 0.971 0.997 0. 807 9 9 f 1^1 0 007 8. 104 0. 889 
{ t I^IÜ 0.963 -0.921 -0.820 0 964 -0 020 8. 069 0. 859 
7.53 0.924 -0.977 -0.071 9 325 . -0 071 0, 102 0 887 
f * (' o 8.874 -8.196 -9.171 9 375 -0 171 0. 097 8 883 
8,93 8.729 -0.357 -8.269 0 . 739 -0 269 0. 081 8 870 

Area Int e-gral of US Uint = 0, 999 
Area Int. e-gro. 1 of CPT2 = 0. 096 
Area Int. e^ral of CU*CPT2, ■Uint) = 9. 127 
Tc rit. i= C oefft.fr 5M Torque Met et" j CT - M) = 8. 139 
Area Int. e-gral of CTCUV)3 CTCUV)int = 0. 221 
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RUH   HO ISOLATED   ROTOR 

ref'i=   560 
Ms an   Inl« 

Cal. Te-fiP. =73 
Vel.=52.3 

fly?. Run   TS-I''IP.=81. Bar=745 Uref=49. 

de 1 r VW NU uv W U 

9. ■■JO 0. 89 0. 48 -0. 00 0. 07 0. 08 0. 95 0 . 43 -0. 00 -0. 00 -0. 00 -0. 00 -0. 00 
9. =■•-1 0. 94 0. 48 -0. 03 0.08 0. Oft 0. 05 0. 45 -0. 02 -0. 03 -0. 00 -0. 00 0. 0 0 
0. 78 0. 98 0. 47 -0. 05 0.07 0. 07 0. 05 0. 46 -0. 02 -0. 05 -0. 00 -0. 00 0. 00 
1 03 1 01 0. 45 -0. 03 0.05 0. 05 0. 04 0. 46 -0. 01 -0.03 -0. 00 -0. 00 -0. 0 0 
1 >50 1 01 0. 44 -0. 02 0.06 0. 05 0. 04 0. 45 -0. 01 -0. 02 -0. 00 -0. 00 -0, 00 
1 53 1 02 0. 44 -0. 03 0.06 0. 05 0. 04 0. 45 -0. 01 -0. 03 -0. 00 -0. 00 -0. 00 

2 2;-! 1 06 0. 40 -0. 04 0.03 0. 03 0. 04 0. 42 -0 02 -0. 04 -0. 00 -0.00 -0. 00 
2 i"' O 1 05 0. 37 -0. 02 0.03 0. 03 0. 04 0. 39 -0. 01 -0.02 -0. 00 0.00 -0. 00 
0 üy i 07 0 34 -0 05 0.02 0 03 0 04 0 37 -0 02 -0.05 -0 00 0.00 -0 00 
!-! 78 1 06 0 3'? -0 04 0, 03 0 04 0 06 0 34 -0 01 -0.04 -0 00 -0. 00 -0 00 

4 53 1 06 0 29 -0 05 0.02 0 03 0 06 0 31 -0 02 -0. 06 -0 00 -0. 00 -0 00 
er 03 1 05 0 \d {' -0 05 0.02 0 03 0 04 0 29 -0 01 -0. 05 -0 00 -0. 00 -0 00 
e 53 1 04 0 25 -0 06 0.02 0 03 0 04 0 26 -0 01 -0. 06 -0 00 -0 . 00 0 00 
6 03 1 05 0 21 -0 04 0.02 0 03 0 03 0 -0 01 -0.04 -0 00 0. 00 -0 0 0 

6 73 1 02 0 20 -0 03 0.03 0 03 0 03 0 20 -0 01 -0 . 03 -0 00 0. 00 -0 00 
i" 03 1 01 0 20 -0 02 0.03 0 04 0 03 0 20 -0 00 -0.02 -0 00 0. 00 -0 00 
"7 28 0 98 0 20 -0 00 0.05 0 04 0 03 0 19 0 00 -0. 00 -0 00 0, 00 -0 00 
i 53 0 95 0 19 0 01 0. 06 0 05 0 04 0 18 0 00 0 . 0 1 -0 00 0. 00 0 00 
i "7 O 0 O l'' 0 21 9 06 0.07 0 06 0 06 0 18 0 01 0.05 -0 00 0. 00 -0 00 
R 03 0 70 0 \-19 0 17 0.09 0 07 0 12 0 15 0 03 0. 11 -0 m -0, 00 -0 00 

de 1 r CPT: U*CPT2 IJ/Uint U*CPT2/Uint ::T(U' CTCUV>corr 

0,28 0. 392 0.261 0.233 0. 399 0.235 3.472 0.474 
0.53 0. 939 0.345 0.324 0. 946 3.326 0.514 0.516 
0.73 0.981 0.437 0.429 0 933 0.432 0.543 0.545 
1. 03 1.014 0.500 0.507 1 021 0.511 0.561 0.563 
1.28 1 . 009 0.528 0.533 1 017 3.537 0.567 0. 569 
1. 53 1.017 0.556 0.565 1 024 0.569 0.584 0.586 

2.28 1.056 0 .601 0.635 1 064 Q.639 0. 60S 0 . 61 0 
2. 73 1. 054 0.608 0.641 1 061 0.645 0.593 0. 600 
3.28 1.072 0.601 0.645 1 080 0.649 0.587 0. 589 
!-l ~?'-! 1. 057 0.594 0.628 1 065 0.632 0.566 0. 568 

4.53 1. 062 0.533 0.571 1 069 3.575 0.555 0.557 
5.03 1. 049 0. 503 0.528 1 056 0.531 0.541 0.543 
5 cjo 1. 039 0.476 0.495 1 047 0.498 0. 507 0. 539 
s!s3 1.045 0.443 0.463 1 053 0.472 0. 458 0. 463 

6.78 1.021 0.413 0. 422 1 023 0.425 0.435 0.437 
7.03 1. 005 0.406 0.403 1 313 3.411 0.435 0.437 
(' * CO 0.977 0.357 0.349 0 934 0.351 0.436 0.438 
7.53 0.952 0.280 0.267 0 959 0.269 0.416 0.418 
7 ~?0 
i • i O 0.873 0. 147 0.128 0 879 0.129 0.421 0.422 
8.03 0.699 -0.063 -0,044 0 734 -0,044 0.361 0.363 

flrea Int e-gral of US Uint 3 0. 993 
flrea Int. e^ral of CPT2 = 3. 426 
flrea Int e-gral of <U*CPT2,' Uint) 3 0. 455 
Tc reu 3 C oefft.froN Torque Meter! CT : M) = 0. 505 
flrea Int. e-gral of CT(UV)f CT<UV)int 3 0. 503 
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RUH N0.= 10 ISOLATED ROTOR 

rr.\<\= 600 Cal.Tewp.=73  fiyg.Run Tenp . =32. 6   Bo.r=745  Uref=49.6 
Mean Inlet Vel.=52.9 

dslr U V    W u' y' w' UV   VW   WU  uv'   yw' wu' 

0.28 0.85 0.60  0.02 0.07 0.37 9.97 0.51  0.01  0.02 -9.99 -9.99 9.08 
0.53 9.99 9.54 -9.01 0.11 9.89 9.06 9.48 -9.91 -9.91 -9,99 -9.09 9.98 
0.78 0.91 0.52 -9.04 0.11 9.99 9.97 9■47 -0.02 -9.93 -9.99 -9.00 9.99 
1.03 9.96 0.53 -0.04 0.09 9.97 9.96 9.59 -9.02 -0.03 -9.99 -0.99 9.88 
1.28 0.97 0.54 -9.04 9.97 9.96 9.85 9.52 -9.02 -9.04 -9,99 -8.99 9.08 
1.53 9.97 0,53-9.03 0.07 9,96 9.85 9.51 -9.92 -9,93 -9.88 -8.89 9.98 

2. 28 1. 92 8. 58 -9.92 9.04 9. 94 9.94 0.51 -9.91 -9.02 -9.99  9.99 -9.80 
2.73 1.09 9.49 -9.02 9.05 0.95 9.94 9.49 -9.91 -9.02 -9.99 -9.99 -9.99 
3,28 1.03 0.47 -9.94 0,04 9.95 9.94 9.48 -9.02 -8.04 -9.99  0.99 -8.08 
3.78 1.83 0.44 -9.93 9.93 9.94 9.83 9.46 -9.81 -9.93 -9,99  9.90 -9.99 

4,53 1.95 0.41 -8.84 0.03 0.83 9.94 8,42 -8> 82 -8.84 -9,09  9.99 -9.99 
5, 93 1.93 9.40 -9.04 • 9.03 0.83 9.94 8.41 -9.91 -9.84 -8.88  8.88 -9,09 
5,53 1.95 9.37 -9.04 9.93 9.94 9.93 9.39 -9.91 -9.04 -9.99  9.99 -9.00 
6, 03 1.05 0.35 -9.83 9.83 9.94 9.93 9.36 -9.91 -9.83 -8,88 -8.89 -8.00 

D . I Q 1.02 9.35 -9.02 9.03  0,94 9.93 9.36 -9.91 -9.02 -9,89  9.89 -8.88 
7,83 1.82 8.32-8.91 8.83  9.83 8.82 9.33-9.99 -9.81 -8.88  8,88 -8.88 
7,28 1.91 9.32 -9.88 8.84  9.94 9.93 9.32 -9.99 -9.88 -8.88  8.88 -8.99 
7. 53 9. 98 9. 33  9.92 9.94  9.95 9.94 9.32  8.91  8.82 -8.89 9.88 -8.88 
7,78 9.86 0.33  9.97 9.07  9.97 9.96 9.33  8,83  8.86 -8,88 -8.88 -8,88 
8.83 8.63 8.36 8.18 9.19  9.18 8.15 8.24 8.86  8.12 -8,88 -8.81 -8.88 

d <■ 1 r U     C P T 2   U * C P T 2 U / U i n t   U * C P T 2 / U i n t C T (U V)   C T (U V) c o f- r 

8.28 8.849 8.486 3.413 8. 379 8.423 0. 674 '.   9. 692 
8.53 8.895 8.472 3.423 8. 917 8.433 0. 659 0. 677 
8. 78 9.914 8.542 9.495 3. 936 8.588 9. 671 9. 689 
1.83 9.957 8.627 9. 698 9. 939 8.615 0. y ■"' o 0. i J 1 

1.28 9.968 8.683 9. 661 9. 992 9.678 8. 791 0. 812 
1. 53 9.971 8.725 9,794 •9. 995 9.721 8. 809 0. 838 

'"'      '"' !~i 1. 828 8.739 9.804 1. .945 0.324 8. 873 0. 902 
-,   -? o 1. 884 8.325 0.823 1. . 929 9.349 8. 890 9. 914 

■Z' ■ ^1'-' 1.826 3.867 9. 899 1. ,951 9.912 8. 914 0. 9 3 3 
'3 * I-- y 1.834 8.881 9.911 1. ,859 9.933 8. 920 0. 945 

4. 53 1.847 3.887 9.929 1, . 972 8.951 8, ,913 0. 942 
5.93 1.833 3.887 0.916 1, ,958 9.938 9. , 928 0. 953 
5. 53 1. 849 9.387 0.931 1, ,875 0.953 9. , 922 0, 947 
6. 93 1. 858 9.873 9.917 1, . 876 0.939 9, , 893 0. 917 

6, 78 1. 828 9.324 9.341 1, .845 0.861 9, , 927 9. 952 
7.93 1. 823 9.831 9.359 1, ,943 0.871 9, , 879 0. 903 
f' „ £!-{ 1. 889 8.789 9.796 1, , 934 9.816 0. ,877 0. 901 
7. 53 8.973 8.746 9.739 1. . 992 0.748 9, ,831 0. . 905 
7, 78 8.864 9.628 8.536 0 .335 0.549 0, ,917 9. . 942 
8.83 9.676 9.373 9.252 0 .692 0.253 0, ,696 0. ,715 

Area Integral   of U5   Uint = 9. 976 
firea Integral   of CPT2 = 9. 758 
Area Integral   of CU*CPT2/ 'Uint) = 9. 735 
Tc r<u i?  Coefft.fn DM   Tonus >  Meter.!   CT< : M > = 8. 382 
Area Integral   of CT(UV)i CTCUV)int 3 8. 359 
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RUN   NO.=   11 ISOLATED   ROTOR 

rr-i'i=   796 
Mean   Inlet 

Co. 1. TefiP.; 

/el.=53.0 
Avg. Run  Temp. =84. 9 Bar=74ü Uref=49. 

ds 1 r VW NU U'v" >w> wu ■ 

0. op 0. 85 0. 72 0.06 0. 08 0. 06 0. 03 0. 61 0. 04 0. 05 -0. 00 -0. 00 -0 00 
0. 53 0. 88 0. GS 0.01 0. 09 0. 09 0. 06 0. 58 0.01 0 . 0 1 -0. 00 -0. 00 -0 00 
0. 7'"i 0. 89 0. 65 -0. 02 0. 09 0.08 0. 06 0. 57 -0. 01 -0.02 -0. 00 -0. 00 -0. 00 
1 93 0. 94 0. 65 -0.01 0. 10 0. 33 0. OS 0. 61 -0. 01 -0.01 -0. 00 -0 00 -0 00 
1 liiy 0. 90 0. €6 -0.01 0.10 0. OS 0. 07 0. 59 -0. 01 -0. 01 -0. 00 -0 00 -0 00 
1 CJ'-J 0. 95 0. 63 -0.01 0.10 0. S3 0. 07 0. 60 -0. 01 -0.01 -0. 00 -0. 00 -0 00 

2 2!"! 0 95 0 62 -0.02 0.10 0. 08 0 03 0 .58 -0. 01 -0. 02 -0 00 -0 00 -0 00 
£J 7*!-! 0 99 0 60 -0.01 0. 09 0, 08 0 06 0 59 -0. 01 -0.01 -0 00 0 00 0 00 
■"' ell Ö 0 98 0 er o -0.01 0.11 0.09 0 07 0 56 -0.01 -0.01 -0 00 0 00 -0 00 
;t[ 78 1 00 0 58 -0.01 0.10 0. 09 0 07 0 57 -0.01 -0 . 0 1 -0 00 0 00 -0 00 

4 53 1 01 0 56 -0.01 . 0.08 0.97 0 06 0 56 -0.00 -0. 01 -0 00 0 00 -0 00 
5 03 1 01 0 52 -0.01 0.08 0. 09 0 07 0 53 -0. 00 -0. 01 -0 00 0 00 -0 00 
5 tro 1 03 0 50 -0.01 0. 07 0. 07 0 08 0 51 -0. 00 -0. 01 -0 00 0 00 -0 00 
s 83 1 04 0 49 -0.02 0.05 0. 05 0 05 0 51 -0.01 -0.02 -0 00 0 00 -0 00 

6 73 1 05 0 47 -0.00 0.05 0. 06 0 05 0 49 -0. 00 -0.00 -0 00 0 00 -0 00 
7 83 1 03 0 47 0.00 0.05 0. 05 0 04 0 49 0. 00 0. 00 -0 00 0 00 -0 00 
i'' '"'!-! 1 03 0 46 0.00 0,05 0. 06 0 04 0 47 0 . 00 0. 00 -0 00 0 00 -0 00 
7 BJO 1 00 0 47 0.03 0. 05 0. 07 0 06 0 47 0.02 0. 03 -0 00 0 00 -0 00 
7 i" c' 0 o r' 0 53 0.08 0.08 0.08 0 03 0 46 0.04 0 . 0 7 -0 00 -0 0 0 0 00 
3 03 0 73 0 52 0. 14 0.10 0.10 0 14 0 38 0.07 0.10 -0 00 -0 01 0 00 

de 1 r IJ CPT2 u* CPT2 U 'Uint U*CPT2/Uint CT :uv: CT uv 1 c o r r 

03 

0.851 
0.831 
0.886 
0.936 
0. 898 
0. 952 

0.812 
0.737 
0.852 
0.894 
0.935 
0.975 

0.691 
0.693 
0.755 
0.837 
0.839 
0.923 

334 
916 
921 
973 
933 
990 

0.718 
0.721 
0.785 
0.870 
0.373 
0. 965 

0.945 
0. 929 
0. 948 
1.041 
1. 038 
1. 093 

0. 959 
0. 943 
0. 962 
1.057 
1. 054 
1.110 

0.945 
0.987 
0. 976 
0. 995 

0.970 
0.998 
1. 049 
1. 097 

0. 
0. 
1, 
1. 

917 
935 
023 
092 

0.933 
1. 026 
1.014 
1. 035 

0.953 
1. 024 
1. 064 
1. 136 

1. 170 
1.251 
1.256 
1.342 

1. 187 
1. 269 
1.275 
1.362 

4.53 
5.03 
5,53 
6.03 

1. 008 
1.012 
1. 025 
1. 035 

175 
184 
205 

1. 184 
1.193 
1.236 
1.279 

1. 043 
1. 052 
1.066 
1.076 

1.231 
1.246 
1.285 
1. 329 

1. 403 
1. 387 
1. 407 
1.452 

1. 424 
1. 438 
1.428 
1.474 

&. fö 
7.03 
7.28 
7.53 
7.78 
8, 83 

1.049 
1.029 
1.033 
0. 999 
0. 873 
0.723 

269 
290 
253 
213 
061 

0.351 

■i i i'' 

299 
217 
927 

). 619 

1. 
1. 
1. 
1. 
0. 
0. 

091 
070 
074 
039 
908 

335 
380 
351 
266 
963 
644 

1.435 
1. 505 
1.487 
1. 509 
1. 495 
1,262 

1. 507 
1. 523 
1. 5fi9 
1.531 
1.517 
1.281 

Area   Integral   of   Ui   Uint 
Area   Integral   of   CPT2 
Area   Integral   of   <U*CPT2/Uint) 
Tcr<iu =  Coef f t. f rori  Torque  Meter»   CT« 
A r ea   Int egra 1   of   CT< UV) >   CT(UV)int 

0. 962 
1,081 
1. 105 
1.331 
1.312 
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RUH  NO.=   13 ISOLATED   ROTOR 

rr.n-  880 
Mean   Inle 

Cal 
fei.' 

TefiP.=75 Av-g Run   Ten P. ='< Bar=744 Uref=49. 

ds 1 r UV vw u',': w u 

@, 2j-j 8, 94 8. 86 0.06 0. 08 8. 07 0. 87 0. 80 0. 05 0. 05 -8. 88 8. 00 -8. 00 
0, CJO 0. 94 0. 31 0.02 0,03 8. 07 0, 07 0. 76 0. 01 0. 02 -0, 00 -8, 00 -8. 08 
9 , 70 i '-■ 8. 96 8. 31 0 . 08 0.10 8. 09 0. 0 8 0, {? 8. 00 0.80 -0. 08 -8. 08 -8. 88 
1. 93 8. 99 0. 73 -0.01 8. 11 0. 18 0, 07 0. 77 -8. 01 -8.82 -8.80 -8. 80 -8. 0 0 
1. 2y 8. 99 0. 81 0.01 0. 12 0. 13 8. 11 8. 88 0, 00 8. 88 -0, 08 -8. 80 -8. 00 
1. CT--I 8. 97 0. 80 -8.03 0.15 0. 12 8. 12 0. 77 -8, ,02 -8,03 -8.08 -8. 00 -Q. . 80 

2. '"'!-! 8. 97 0. 80 -8.01 0. 16 0, 15 8. 12 0 . i'  f' -8. ,01 -0.01 -8. 81 -8. 00 8. 8 0 
V r o 8. 95 0. 7 0 0.01 0. 16 0, 13 8. 13 0. 74 0, ,01 8.81 -0.01 -8. , 08 -8. , 06 
;T| ,23 8. 95 0. 75 0.82 0.16 0. 17 8. 17 0. 70 8, ,01 8.82 -8. 81 -0. ,00 -8, , 00 
;tj , r' •;' 8. 94 0. 76 8.81 0. 13 8, 13 0. 16 0. 71 -0, , 00 0.01 -8.81 -8. ,01 8. , 80 

4. cjo 0, , 95 0. 73 8.81 0. 17 0. ,15 0. , 16 0, ,69 0, ,01 0.01 -0.01 8, , 00 -8, , 88 
5, , 83 0. ,95 8. 70 -8.82 0.17 0. 19 0. , 13 0. , 66 -0, ,01 -0. 82 -8.01 8. ,00 8, , 80 
5. =■•-1 0. i 98 8. ,63 -0.08 0.16 0, 16 0, , 15 0, , 66 -0, , 08 -8. 81 -8.01 8. ,00 -0. , 00 
6. , @3 1. ,82 8, , 66 0.00 0.15 0, , IS 0, ,15 0, ,66 0, ,01 -8. 88 -0. 81 0, , 00 -0, ,81 

6. . 7* 1. ,84 8. , 63 0.01 0.12 8, , 14 0 , , 11 0, ,65 0, ,01 0. 08 -8. 81 0, ,00 -0, , 00 
"7 , 83 1, ,85 0, ,62 0.02 0. 11 0, , 10 0, , 99 0, ,65 0 .01 0. 02 -8.81 0, , 08 -0, , 88 
J t i i^y 1, ,06 8, ,59 0.01 0. 09 0, , 10 0, , 10 0, .62 0, .01 0.01 -8. 80 0, .88 -0, , 88 
I1' . , 53 0, , 97 0. 62 0.04 0.12 8, ,12 0, , 12 0, ,59 0, , 03 0. 04 -0.81 0, , 88 -0, , 88 
i' . , 73 3, , 85 0, ,67 0.04 0.12 8, , 13 0, , 14 0, ,56 0, .03 8.04 -0.81 -0, ,00 0, , 88 
!-l , 03 0. ,72 0, ,73 0.07 0. 13 8, , 13 0, , 17 0, ,52 0, .04 8. 86 -8.31 -0, ,01 0, ,81 

de 1 r CPT2 U*CPT2 UV U int. U*CPT2/Uint ::T(UV) o r r 

0.28 0.936 1.274 1. 193 0. 984 1. 254 1.417 1. 391 
0,53 8.943 1.246 1. 175 0. 991 1. 235 1.401 1. ■-i7c; 

8. 78 8.959 1.319 1.265 1. 008 1. 330 1. 467 1. 440 
1, 83 8.936 1. 345 1.326 1. 036 1. 393 1.513 1. 484 
1.23 8.995 1. 379 1.363 1. 046 1. 432 1.631 1. 600 
1. 53 8. 969 1.375 1.332 1. ,018 1. 400 1.614 1. 584 

'?  ""''-' 0. 969 1. 293 1.257 1. ,018 1, 322 1. 760 1. 727 
d«t' y 0. 952 1.291 1. 238 1. , 001 1. 292 1. 793 1. 759 
o   ■*■ o 8.947 1. 298 1. 229 0. , 996 1, 292 1. 802 1. 768 
3 7 $ 8.943 1.323 . 1.247 0, ,991 1. 311 1. 903 1, , 867 

4.53 8.958 1. 482 1.331 - 0, .993. 1. 399 ' 1.987 1, , 949 
5.83 8.954 1. 432 1.366 1, , 802 1. ,435 1. 989 1, ,952 
5.53 8.978 1. 483 1.451 1, , 023 1, ,525 2.079 •~J , 039 
6, 03 1.019 1.527 1. 556 1, ,071 1, , 636 2. 168 2' , 127 

6.78 1.044 1.594 1.664 1, . 897 1, ,749 2.274 2i ,231 
7.03 1.053 1.636 1.723 1, , 187 1. ,811 2.311 ■? ,267 
7.28 1. 065 1.613 1.717 1, . 119 1, , 885 2.256 d. > .213 
7,53 0. 978 1.543 1.496 1 .819 1, ,572 2.177 2, , 136 
7 "7'~! 8.855 1. 399 1.196 0, .399 1, ,257 2. 115 ■? ,075 
8I03 8.719 1.247 9.397 0 .756 0, ,943 1.936 1' . 949 

Area Int. e=iral of US Uint = 9.951 
A ceo. Int, e-gral of CPT2 = 1.398 
Area Int. e-gral of <U*CPT2.- 'Uint, > = 1. 420 
Tc ri*. J? C oe-f f X . f 1-1 :n''i Torque , M, et. er! CT' ::M> 3 1 . 900 
Area Int. s-gral of CTCUV)! CT (UV)int = 1.937 
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RUN HÜ.= 14 ISOLATED ROTOR 

rr.n=  859 
Mean Inlet 

Cal 
'el.: 

Ft P. = fO 
. 9 

fly?. Run   TefiP. =31 Bar=744 Uref=49. 

da 1 r IT VW wu uy: w u 

8 28 8. 97 0. 91 0. 03 0.07 0. 87 9 . 03 0. 0. 03 0. 83 -0. 00 0. 88 0 80 
8 M 1 01 0. 35 0 01 0.10 0. 09 0. 07 8. 85 0. 01 0. 01 -0. 00 -0. 00 -0 80 
0 r '-■ 1. 02 0. 37 -0. 00 0.11 0. 11 0. 08 0. 38 -0. 80 -0. 08 -0. 00 0. 00 -0 00 
1 93 1 82 8. 35 -0. 02 0.12 0. 12 0. 89 0. 37 -0. 01 -0. 02 -0. 01 0. 88 0 00 
1 ■?o 1. 85 8. 90 0 00 0. 13 0 . 12 0. 10 0. 94 0. 00 0. 00 -0. 00 0. 80 8 08 
1 53 1 02 0. 33 -0 01 0.15 0. 13 0 ■ 11 0. 89 -0. 01 -0. 01 -0. 00 -0. 00 8 00 

2 '~'!-I 0 99 0. 35 -0 02 0.13 8. 15 9. 14 8. 84 -0, 02 -0 02 -0.00 -8 00 0 00 
2 78 0 94 0. 34 -0 01 0.20 0. 13 0 17 0. 78 -0 01 -0. 00 -0.01 -0 00 0 0 8 
3 '"'!-! 0 92 8. 31 -0 00 0.21 0. 21 0. 13 0. 74 -0 01 9 00 -0.01 -0 01 8 00 
o 7Q 

1 '-.' 8 94 0. 0-? -0 00 0.21 0. 19 0 13 0. ?? -0 01 0 88 -0. 01 -0 00 8 00 

4 53 0 95 0. 79 -0 01 0.17 0 21 0, 13 0. 75 -0 01 -0 02 -0. 80 0 00 -8 80 
C 93 0 96 8. 79 -0 06 0. 20 0 28 0 16 0. 75 -0 04 -0 05 -0.81 0 00 8 80 
5 53 1 08 8. 75 -0 83 8. 17 0 17 0 14 0. 74 -0 02 -0 03 -0.01 0 00 -8 08 
6 03 8 99 0. 75 0 08 0.13 0 15 0 IS 0. 73 0 00 0 00 -0.01 -0 00 8 00 

6 r o 1 85 0 70 -0 00 0. 14' 8 14 0 ■13 0 74 0 00 -0 00 -0.81 0 08 -0 00 
f* . 03 1 86 8 69 -0 01 0.16 0 16 0 13 0 71 -0 00 -0 01 -0.01 0 00 -0 88 
I-* 

'"' O 1 84 0 67 0 02 0. 14 0 14 0 14 0 69 0 02 0 82 -0.01 0 00 -0 88 
■? c--i 8 96 0 69 0 05 0. 14 0 13 0 15 0 65 0 03 0 05 -0, 01- -0 00 -0 88 
r' 70 8 0<L 0 30 0 03 0.16 0 15 8 15 0 64 0 02 0 84 -0. 01 -0 01 0 81 
o '.Q3 0 69 0 33 0 03 0.13 8 16 0 20 0 59 0 01 0 04 -0.82 -0 02 8 82 

de 1 r CPT2 U*CPT2 IJ/Uint U*CPT2/'Uint. CTCU', CT(UV)corr 

8 . Üb 
8.53 
8.78 
1.83 
1,23 
1.53 

4.53 
5.83 
5.53 
6.83 

. 03 

83 

8. 971 1 435 1 393 1 817 
1. 085 1 396 1 483 1 053 
1 016 1 478 1 493 1 064 
1 025 1 519 1 557 1 074 
1 049 1 548 1 615 1 099 
1 024 1 575 1 613 1 073 

8 992 1 532 1 569 1 039 
8 938 1 554 1 453 0 983 
8 923 1 548 1 422 0 967 
8 942 1 537 1 443 0 987 

8 954 1 684 1 538 1 000 
0 963 1 625 1 565 1 0 0 9 
1 884 1 684 1 698 1 852 
0 986 1 736 1 711 1 033 

1 855 1 788 1 .385 1 185 
1 856 1 327 1 . 930 1 107 
1 842 1 761 1 .835 1 892 
0 955 1 674 1 .599 1 001 
0 813 1 .594 1 . 305 8 353 
0 639 1 .546 1 .065 0 . 722 

1.459 
1. 470 
1.564 
1.631 
1.692 
1. 690 

1.644 
1. 528 
1. 483 
1.517 

1. 603 
1. 640 
1.771 
1.793 

1.976 
2.022 
1. 923 
1.676 
1.367 
1. 116 

1. 643 1. 595 
1. 651 1. 6 Ö 3 
1. r' f c 1. 721 
1. 804 1. 751 
Ü 1 016 1. 957 
1. 990 1. 9 3 2 

2t 042 1. 9 8 2 
2« 086 1. 948 
£ 015 1. 956 
•p 186 2- 123 

,-, 
291 

.., '"■ o =r 

£ 390 ^ 321 ,-, 
488 ^ 416 

2 541 £ 467 
,-_, 753 '2 fi73 
£ 686 £J 688 
2 648 0 571 
2 558 2 484 
■~J 548 £ 474 
£ 375 2 386 

Area Integral 
Area Integral 
Area Integral 
Tcr«iu3 Coefft 
Area   Integral 

of   US   Uint 
of   CPT2 
of   <IJ*CPT2/IJint) 
f r o PI  T o r d u e  M e t e r >   C T (M) 
of   CTCUV)!   CTCUVMnt 

8.954 
1.686 
1.625 
2.213 
2.279 

246 



RUN HO. = 1! ISOLATED ROTOR 

rPM= 90S 
Mean Inlet 

Cal. Tefip. 
'el. =53.0 

Ry-g. Run  Tew p. =33. 4 Bar=744 Href=49.5 

da 1 r VW NU uv V w' w u 

0. •"' O 1. 03 0. 98 0.05 0. 07 0. 06 0. 07 1. 01 0.05 0. 05 -0. 00 -0. 00 -0. 00 
9 53 1. 04 0. 93 0.01 0. 09 0. 08 0. 93 0. 97 0.01 0. 01 -0. 00 -0. 00 -0. 00 
0 70 1. 06 0. 94 -0.01 0. 12 0. 10 0. 09 0. 99 -0. 01 -0, 01 -0. 00 0. 00 -0. 00 
1 03 1. 06 0. 94 -0.02 0. 13 0. 11 0. 10 0. 99 -0.02 -0. 02 -0. 00 0. 00 -0. 00 
1 23 1. 06 0. 94 -0.00 0. 13 0. 14 0. 12 0. 99 0. 00 -0. 00 -0.00 0. 00 -0, 00 
1 53 1 04 0. 93 -0.01 0, 14 0. 13 9. 11 0. 97 -0.01 -0 01 -0. 00 0. 00 -0 00 

2 2fl 1 00 0. 90 0.01 0. 19 0. 19 0. 17 0. 91 0.01 0 01 0 . 0 1 -0. 00 -0 0 0 
■p 78 0 99 0. 90 -0.01 0. *?'? 0. 22 0. 16 0. 88 -0.01 -0 01 -0. 01 0. 00 0. 00 
o '■?'"' 1 00 0. 89 0.01 0, 21 0, 19 0. 20 0. 89 0.01 0. 01 -0.01 -0.00 -0. 00 
3 78 0 95 0. 88 0.02 0. 21 0. 20 0. 21 0. 33 0.02 0 02 0 . 00 -0. 00 -0 00 

4 53 0 95 0. 86 -0.01 0. 21 0 21 0 19 9 8 2 -0.01 -0 02 -0. 01 0. 00 -0 00 
5 03 0 97 0. 86 -0.01 0 21 0 20 0 13 0, 83 -0.01 -0 01 -0, 00 0. 00 "0 0 0 
5 53 0 99 0. 83 -0 . 03 0 20 0 20 0 13 0 81 -0.02 -0 0 3 -0.01 0 . 0 1 -0 00 
6 03 1 04 0 80 -0.00 0 18 0 18 0 15 0 32 0.01 -0 01 -0. 01 0 . 0 1 -0 01 

s 78 1 06 0 76 -0.02 0 17 0 18 0 16 0 79 -0. 01 -0 03 -0. 01 0.01 -0 00 
"7 . 03 1 . 04 0 76 -0.00 0 18 0 13 0 18 0 77 0. 00 -0 01 -0.01 0.01 -0 01 
"7 '"'8 0 . 98 0 76 0.04 0 20 0 17 0 2^ 0 73 0. 03 0 04 -0.01 0, 00 -0 00 
7 =••-1 0 .86 0 84 0.04 0 19 0 17 0 2i0 0 71 0.02 0 04 -0 . 0 1 -0. 01 0 01 
f' 78 0 .75 0 93 0.02 0 20 0 17 0 21 0 63 0.01 0 04 -0.02 -0.02 0 02 
o los 0 .65 1 02 0.02 0 21 0 IS 0 21 0 64 -0, 00 0 04 -0. 02 -0.A2 0 03 

de 1 r CPT2 U*CPT2 •Uint U*CPT2/Uint CTCU'., ::T< c o r r 

0. 28 1 . 030 1.659 1. 799 1. 075 1. 7 8 3 1. 992 1.959 
0. 53 1.040 1. 603 1. 667 1. 035 1. 739 1. 990 1. 957 
0. 78 1. 062 1. 685 1. 790 1. 108 1. 867 2. 117 2. 982 
1. 03 1 . 060 1.757 1.863 1 106 1. 943 2. 139 2. 153 
1.23 1. 062 1.813 1. 925 1 107 £ , 007 2.262 2.224 
1. 53 1.042 1. 872 1.951 1 087 ■p 035 2.274 •p  '"' O "7 

'"' '"' o 1 . 003 1.827 1. 332 1 046 1. 910 2. 336 2.297 
■~f    ~? o 0.987 1.774 1.751 1 029 1. bi^D 2.392 '"'. 3 5 3 
"p o o 0. 996 1.783 1.777 1 039 1 353 2.543 I] 501 
3.78 0.950 1.778 1. 689 0 991 1 762 2.513 2.471 

4.53 0.952 1.786 1.699 0 992 1 772 2.644 2.S00 
5,03 0.966 1.818 1.757 1 003 1 832 2. 796 2.750 
5.53 0. 936 1. 907 1. 879 1 028 1 960 2.362 2.815 
6. 03 1.037 1.971 2.Q45 1 082 2 133 3. 029 2. 980 

6, 78 1. 063 2. 000 2. 126 1 103 2 217 3. 106 3.055 
7.03 1. 036 2.902 2.073 1 080 ^ 162 3.064 3.014 
r' * cl y 0. 973 1.883 1. 842 1 020 1 921 2.977 '••', 9'? 8 
7.53 0.859 1. 838 1. 530 0 896 1 648 2.918 2! 870 
~?     7Q 0.748 1.869 1.399 0 731 1 459 2.844 2.797 
8.03 8.645 1.911 1.233 0 673 1 286 2.726 2.681 

Area Int. e-gral of US Uint. s 0. 953 
Area Int e-gral of CPT2 = 1. 834 
Area Int. e-gral of (U*CPT2/Ui 'it- > = 1. 850 
TCPIU? C oefft. fr :ii''i To raue M 5-terS CT ;n> = '"I 601 
Area Int e^ral of CT<UV>! CT ::iJV)int = 2 645 
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RUH   HO.=   16 ISOLATED   ROTOR 

reri=  950 Cal.TeMP. 
He an   Inlet   Vel.=53. 1 

flv-g.Run TertP.="8S,0 jar '44 Uref=49.4 

de 1 r II W UV ■'W NU i.H VW' w u • 

0.28 
0. 53 
0.78 
1. 03 
1.28 
1. 53 

1.06 
1. 08 
1. 08 
1. 09 
1. 08 
1. 11 

1.04 
0.99 
1 . 00 
1.01 
1.03 
1.02 

0.06 
0.03 
-9. 00 
-0.01 
-0.01 
0.01 

0.09 
0.10 

11 
12 

0. 16 
0. 13 

0.07 
0.07 
0.10 
0.10 
0.13 
0. 11 

3. O 3 
0 . 09 
o. es 
0 . 10 
0. 11 
0.13 

. 10 

.06 

.08 

.09 

. 11 

. 14 

0 . 0 6 
0. 03 
-0. 00 
-0.01 
-0.01 
0.01 

0. 06 
0 . 03 
-0. 00 
-0.01 
-0,01 
0 . 0 1 

■0. 00 
-0. 00 
-0. 00 
■0,00 
-0. 00 
-0. 00 

0. 00 
"0. 00 
0. 00 
0, 00 
0. 00 
0. 00 

-0. 00 
-0.0 0 
-0. 00 
-0. 00 
-0. 00 
-0.0 0 

0.94 
1.02 
0. 94 
0. 94 

0.97 
0.99 
0.93 
0.95 

0.01 
0.00 
-0.01 
-0.01 

0.23 
0.22 
0.23 

0.21 
0. 19 
0.23 
0.21 

0. 1 Si 
0.18 
0,21 

0. 92 
1.01 
0.87 
0. 89 

0.01 
0. 00 
-0. 02 
-0.01 

0.01 
-0. 00 
-0. 02 
-0.01 

-0.00 
0.01 
-0. 00 
-0.01 

0.01 
0.00 
-0.00 
-0.00 

0 . ü 0 
-0. 00 
-0.01 
-0.0 0 

4.53 
5.03 
5.53 
6. 03 

0. 96 
0. 96 
0. 98 
1.02 

0. 90 
0.91 
0.93 
0. 90 

-0.02 
-0.01 
-0.02 
-0.02 

0.24 
0.23 
0.23 
0.21 

0.23 
0.21 
0.24 
0.20 

0.20 
0.22 
0.21 
0 . 2 0 

0.87 
0.87 
0.90 
0.90 

-0.02 
0.00 
-0.02 
-0. 00 

-0.04 
-0.02 
-0.03 
-0.03 

-0. 00 
-0.01 
-0.01 
-0.02 

0. 00 
0.01 
0. 00 
0 . 0 1 

-0. 01 
-0. 01 
-0.01 
-0.01 

7.03 
1. 03 
0. 94 
0. 88 
0.80 
0. 67 
0.59 

0. 83 
0.87 
0.90 
0.96 
1.05 
1. 14 

0.02 
0. 03 
0.02 
0.04 
0.02 
0.03 

0.22 
0.23 
0.24 
0.20 
0.23 
0.23 

0.19 
0.19 
0. 19 
0. 18 
0.17 
0. 13 

0. 22 
0. 26 
0.21 
0. 22 
0.24 
0,21 

0.85 
0.80 
0.77 
0.76 
0.68 
0. 66 

0. 03 
0.03 
0.02 
0.02 
0. 00 
0.02 

0.-O2 
0.03 
0 . 03 
0.04 
0. 04 
0.04 

01 
02 
01 
01 
02 
01 

0.01 
"0. 00 
-0. 00 
-0. 01 
-0. 02 
-0, 02 

-0. 01 
-0. 00 
0,01 
0,01 
0. 03 
0. 02 

de 1 r ;PT2 U*CFT2 U/U int U*CPT2/Uint CTCU1', C T (U V) G o r r 

0. 28 1. 058 1.874 1.983 1. 126 2.111 2.294 2. 309 
0.53 1.077 1.815 1.955 1. 147 2.031 2. 300 2.315 
0. 78 1. 081 1.941 2.099 1. 152 2.235 2.417 2.432 
1. 03 1.085 1. 993 2. 163 1 155 2.303 2.531 2.547 
1.28 1. 084 2.067 2.241 1 154 2.386 2. 6 6 S 2. 686 
1. 53 1. 111 2.147 2.334 1 133 2.539 2.814 2.832 

'"' '"'!-! 9.945 2.235 2. 111 1 006 2.243 2.491 2.507 
'•-' 7"!~! 1,019 2.074 2. 113 1 035 2.250 2.395 2.914 
■-' i iO 0.941 2.000 1.383 1 002 2. 005 2.642 2.659 
'"'  "7 O 0.941 1.934 1.321 1 002 1. 939 2. 826 2.844 

4.53 0.961 1. 864 1.792 1 024 1. 908 2, 955 2.975 
5.03 0. 962 1. 399 1. 826 1 324 1. 945 5! 104 3. 124 
5.53 0. 932 2.918 1. 983 1 046 2. 111 3.344 3. 366 
6. 03 1.021 2.995 2. 139 1 087 2.273 3.484 3.507 

6.73 1.033 2.033 2.101 1 100 2.237 3.485 3.508 
7.03 0.944 2.020 1. 908 1 006 2.031 3.359 3. 380 
7. 28 0.876 1.912 1.674 9 932 1. 733 3.309 3.331 
?'. 53 0. 802 1.971 1.531 0 854 1.634 3.291 3. 313 
f' . r' y 0.667 2.089 1.394 0 710 ' 1.484 3.001 3.021 
8. 03 0.536 2. 190 1.284 0 624 1. 367 2.962 2. 982 

Area Int e-gral of US Uint 3 0. 939 
Area Int e-9roil of CPT2 = 2. 001 
Area Int e-gral of <U*CPT2' Ui -it '> = ■2, 016 
Tc nu =■ C oefft.fr :M'1 To runs n ? t e r >   C T M) = 2 995 
Area Int e-gral of CT(lJV)! CT (UV)int = 2 976 
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RUH HO ISOLATED ROTOR 

rpM=1900 
Ms an Inlet 

Cal 
Vel. 

Temp.=75 
=53.2 

fly=j. Run  TeiviP.=87 Bar=744  Uref=49.3 

de 1 r IJ W u' w' LA ■'N WU uv WU 

0,23 
0.53 
0.78 
1.03 
1,28 
1.53 

1. 10 
1. 11 
1. 12 
1. 14 
1. 12 
1. 14 

1. 09 
1.05 
1. 06 
1.07 
1. 06 
1.07 

0.05 
0.03 
0.02 
0.00 
-0 . 02 
0. 00 

0.08 
0.10 
0.13 
0.13 
0.14 
0.15 

08 
11 
10 
12 
14 
15 

09 
09 
12 
12 
12 
13 

1.20 
1.17 
1. 19 
1.21 
1. 18 
1.22 

0. 06 
0.04 
0.02 
0. 00 
"0.01 
0.01 

y, 0 b 
0.03 
0.02 
-0. 00 
-0. 02 
-0.01 

-0. 00 
-0. 00 
-0,00 
-0. 00 
-0. 01 
-0. 00 

0. 00 
0. 00 
-0. 00 
0. 00 
0.01 
0.01 

-0. 00 
-0. 00 
-0. 01 
-0 . 0 1 
-0. 90 
-0. 01 

1 . 08 
1 . 09 
0.97 
0.95 

1.03 
1.04 
1. 03 
1.01 

0.01 
0.03 
0.02 
-0.01 

0. 22 
0 . 20 
0.25 
0.25 

0.21 
0.17 
0.24 
0.22 

0. 13 
0 .20 
0.20 
0.22 

1. 11 
1.14 
1.01 
0. 96 

0.02 
0.04 
0.02 
0. 00 

0. f10 
0.02 
0.01 
-0.02 

0. 00 
0 . 0 1 
0.01 
0. 00 

0.01 
0. 00 
0. 00 
0.01 

-0. 01 
-9.01 
-0. 01 
-0. 01 

4.53 
5. 03 
5,53 
6,03 

0.97 
0. 98 
1.01 
1. 00 

1.01 
0.97 
0. 98 
0. 96 

-0.01 
-0.02 
-0.04 
-0.04 

0.26 
0.24 
0.27 
0.26 

0.25 
0.24 
0.24 
0.24 

0.22 
0.21 
0.23 
0.21 

0.97 
0.95 
0.97 
0.93 

0.01 
-0,01 
-0.02 
"0.02 

-0.02 
-0.04 
-0.05 
-0.05 

-0.01 
-0.01 
-0 . 02 
-0.02 

0 . 0 1 
0.01 
0. 02 
0 . 0 1 

-0, 01 
"0.02 
-0.01 
-0.01 

t'. r' ö 
7.03 

i7! 53 
7,78, 
8. 03 

0.97 
0. 92 
0. 79 
0.72 
0.61 
0.54 

0. 96 
0.97 
1.01 
1. 08 
1.18 
1.24 

-0.01 
0. 02 
0.05 
0 . 03 
0.01 
0.06 

0.25 
0.26 
0.25 
0.24 
0.27 
0.26 

0.20 
0.22 
0.22 
0,21 
0.20 
0.19 

0.21 
0.24 
0.27 
0.21 
0.23 
0.26 

0.91 
0.87 
0.79 
0.76 
0.69 
0.65 

0. 00 
0 . 02 
0.04 
0.02 
-0.00 
0.05 

-0.01 
0. 00 
0, 04 
0 . 04 
0.03 
0. 06 

-0. 02 
"0. 02 
-0.01 
-0.02 
-0.03 
-0.01 

0 . 0 1 
0 , 0 1 
-0.01 
-0. 01 
-0. 01 
-0. 02 

-0. Ü0 
-0.01 
-0. 00 
0. 02 
0. 03 
0. 03 

de 1 r CPT2 U * CP T 2  U/Uint  U * CP T 2/U i nt CT(UV) CTCU 1 c 0 r r 

0, 28 1. 100 2.090 2.299 1.166 2.437 1.638 2_ 652 
0,53 1. 114 2.063 2.299 1.181 2.437 2" 661 i"l  ■ 676 
0, 78 1, 123 2. 160 2.425 1.190 2,571 2.805 •~J 828 
1, 03 1.137 2.233 2.539 1. 206 2.692 2. 960 'd. ■ 976 
1.28 1.119 2.232 2.553 1. 186 2. 706 2.973 <d   ■ 9 8 9 
1.53 1. 140 2.316 2.640 1. 208 2.798 3. 132 3. 200 

2.28 1. 077 2.227 2.399 1. 142 2.544 3. 158 175 
'~J   7 8 1 . 090 2.087 2.274 1.155 2.411 3.435 3! 454 
•-' ■ i-O 0. 972 2.035 1. 979 1.031 2.093 3,209 0 « i^'id fe 

3.78 0.951 1. 993 1.896 1 . 008 2.010 3.220 0 ■J 1 238 

4.53 0. 968 2.021 1. 956 1. 02S 2.073 "-!. 489 3. 508 
5.03 0.978 2.007 1.963 1. 037 2.082 3.558 Ot =!"?"7 

5,53 1 . 007 2.063 2.073 1. 068 2.203 3.801 3 y 1^1 iii 
6.03 1 . 002 2. 101 2. 106 1. 063 2.233 3.815 ■3 !-!"", S 

6.78 0.967 2.153 2.033 1.026 2.203 3.943 ■3 964 
7.03 0.913 2.173 1. 999 0.973 2. 120 3.839 3 860 
('* , illü 0.792 2.097 1.662 0.340 1.762 3.553 o •-> 572 
7.53 0.718 2. 160 1.559 0.761 1.643 3.468 i*{ 487 
7.78 0,613 2.278 1. 396 0.650 1.430 3.235 ■i 252 
3.03 0.537 2.417 1. 298 0.569 1.376 3.084 3 101 

flrea Int e-rjral of IJ» Uint - 0. 943 
flrea Int e'=jral of CPT2 = 2. 114 
flrea Int e'=jral of <U*CPT2-- Uint) = •■? 126 
Tc r<v. J? C oefft.from To rau« M et er! CT ;M) = 3. 398 
flrea Int e-gral of CT(UV)» CT (UV)int = 0 380 
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RUH HO.= 13 ISOLATED ROTOR 

n: («1=1050 
Mean Inl* 

:al.Te 
■1 .=53 

IP. -i fly-9. Run TeciP, Bar=744 Uref=49.3 

de 1 r W VW Wl U>. wu- 

0. 
0. 
0. 
1. 
1. 
1. 

I o 
93 

20 
19 
19 
18 

IT 

17 
11 
11 
14 
15 
12 

0.04 
0.03 
0.01 
0. 00 
-0.00 
-0.03 

0. l: 
16 
14 
17 
19 
17 

0. 08 
0. 13 
0.12 
0.15 
0. 15 
0.14 

0.09 
0. 12 
8. 11 
0. 13 
0. 14 
0.13 

1.41 
1.32 
1.32 
1.35 
1. 39 
1.36 

0.05 
0.04 
0.01 
0.01 

■0. 00 
■0.03 

0. 04 
0.03 
0.01 
-0. 00 
-0. 01 
-0.04 

-0. 00 
-0.00 
-0.00 
-0, 00 
-0. 01 
-0. 00 

0. 00 
0 . 0 1 
0. 00 
0. 00 
0 . 0 1 
0.01 

-0. 00 
-0. 01 
-0, 00 
-0. 01 
-0. 80 
-0. 01 

2.28 1.10 1.13  0.02 0.26 0.19 
2.78 1.10 1.10-0.00 0.24 0.20 
3.28 1.06 1.10 -0.04 0.29 0.23 
3.73 1.03 1.07 -0.01 0.29 0.25 

0.23 
0,23 
0.23 
0.26 

1.24 
1.22 
1. 15 
1. 10 

0.02 
0 . 0 1 
-0.04 
-0. 00 

0.01 
-0.02 
-0 . 04 
-0.02 

-0. 00 
0 . 0Q 
-0. 01 
0 . 0 1 

-0. 00 
0.01 
0. 00 
0.01 

-0. 01 
"0. 02 
-0. 00 
-0. 02 

4.53 1.04 1.07 -0.00 0.30 0.24 0.24 1.11 0,00 -0.02 0.00 0.00 -O.02 
5.03 1.04 1.07 -0.01 0.26 0.22 0.25 1.10 -0.O0 -0.02 -0.01 0.01 -0.01 
5.53 1.02 1.05 -0.01 0.31 0.22 0.26 1.05 -0.01 -0.O3 -0.02 9.91 -0.02 
6.03 0.93 1.08 -0.01 0.32 0.24 0.25 1.03 -O,00 -0.03 -0.03 0.01 -O.02 

O . i o 

7.03 

7 '.78 
8.03 

0.94 
0. 88 
0. 79 
0.72 
0.65 
0.58 

1.05 
1.07 
1. 11 
1. 19 
1.28 
1. 30 

0.04 
0.06 
0.04 
0.03 
0.04 
0.03 

0. 
0. 
0. 
0. 
0.28 
0.26 

31  0.24 

ib 0.25 
0.26 
0.22 
0.21 

0.25 
0.27 
0.25 
0.25 
0.20 
0.20 

0.96 
0. 90 
0.83 
0.79 
0.31 
0.74 

0.05 
0.07 
0. 06 
0.03 
0.04 
0.04 

0 . 0 1 
0. 03 
0.02 
0.03 
0.03 
0.03 

-0.03 
-0.04 
-0. 06 
-0. 06 
-0.03 
-0, 02 

0.01 
0.01 
0.01 
-0. 01 
-0, 00 
-0, 01 

-0, 02 
-0. 02 
-0. 02 
0.01 
0.01 
0.01 

de 1 r CPT2 U*CPT2 U/U int U*CPT2/'Uint CTCU1' CT' 1 c o r r 

0.28 1 . 200 2.368 2.349 1 .228 2.908 3. 239 3.117 
0.53 1. 139 2.354 2.800 1.213 2.866 ^ 144 3.926 
0.78 1.191 2.417 2.379 1. 229 2.948 -i 273 3. 150 
1. 03 1.183 2.507 2.966 1.211 3.037 3. 455 3.326 
1.23 1.219 2.576 3. 140 1.243 3.214 -•. 682 3.543 
1.53 1.209 2.632 3.133 1. 233 3.259 3. 797 3.568 

2.28 1. 098 2.368 2.600 1.124 2.661 Zi 698 3.559 
■"' "7 j~| 1. 104 2.257 2.491 1.139 2.550 i! 864 3.719 
5! 28 1.057 2. 194 2.319 1. 082 2.374 i ■ 844 3. 700 
3.78 1.027 2. 146 2.204 1. 052 2.257 3. 872 3.726 

4.53 1.038 2.291 2.234 1. 062 2.338 4. 179 4.023 
5.03 1.035 2. 188 2.266 1 . 060 2.319 4 340 4. 177 
5 5'"' 1. 024 2. 194 2.247 1. 049 2.301 4 ■t> O ■"■ 4. 169 
6. 03 0. 979 2.201 2. 155 1 . 002 2.206 4 424 4.258 

6. 78 0.941 2.273 2. 144 0.964 2.195 4 343 4. 180 
7.03 0.877 2.340 2.052 0.398 2.191 4 159 4.003 
-7  •-■ i-t 
I » i— O 0.795 2.292 1. 321 0.313 1.864 ■3 891 3.745 
7.53 0.718 2.410 1.730 0.735 1. 772 3 799 3.657 
7.73 0.653 2.569 1.678 0.669 1.717 3 935 3. 787 
8. 03 0.535 2.715 1.537 0.599 1.625 3 696 3.557 

flrea Int e-gral of US Uint = 9. 977 
flrea. Int e-gral of CPT2 = 2 303 
fir so. Int egral of (U*CPT2.- Uint) = ■2 315 
Tc f'V. 4? C oefft.fr :ifi Torque M ? t e r >   C T :M) = 5! 735 
flrea Int e-gral of CT<UV>! CT :UV Vint = 3. 933 
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RUN  HO. 19 I SOLATED   ROTOR 

rpfi=l@50 
Mean   Inli 

Cal. Ter'iF-'. ='< 
'el. =52. 7 

R',."3. Run   Tei'iP. =i Bar=743 Uref=49. 

de 1 r UV wu UV w u 

0. 2;rj 1. 21 1, 20 0. 85 0. 16 0. 11 0. 11 1. 45 0. 07 8. 86 -8. 00 0. 81 -0. 01 
8. 53 1. i^!w 1 16 0. 04 8. 15 0. 10 0. 11 l. 41 0.85 0. 05 8. 08 8. 80 -0. 08 
0, 71"! 1. 32 1 14 -8. 01 8. 17 8. 14 0. 12 l. 37 -8.01 -0.82 -8. 01 8. 88 -0. 01 
1. 93 1. 19 1. 14 0 88 0. 16 0. 14 0. 13 l. 35 0.01 -8. 88 -8. 00 8. 01 -0. 01 
1. 2y 1. 17 1 14 0 83 0. 21 0. 18 0. 20 l 34 0.04 8. 82 -0 01 8 01 -0. 82 
1. S'"

1 
1. 25 1 18 -0 81 0. 21 0. 17 0, 17 l 47 0. 00 -0.01 -0. 00 8 01 -0 88 

2_ 23 1. 20 1 18 0 82 0. 24 0. 21 0. 21 l 41 0.02 0.01 0. 08 8 00 -0 81 
cz! i 

"?|™j 1 18 1 14 0 02 0. •"'O 0. 22 0. 24 l 26 0. 03 0. 02 0. 01 -8 00 -0 81 
•J iiS 1 11 1 12 0 01 0. 29 0 21 0. £■? l 24 0.01 -0.01 -0 00 0 00 -0 81 
3 78 1 09 1 09 -0 07 0. 31 0. 25 0. 28 l 19 -0.07 -0.08 -0 00 0 01 0 88 

4, 53 1 08 1 07 -0 01 0. Pi'Pi 0 25 0. 29 l 07 8.00 -0. 03 -8 01 0 01 -8 82 
5 03 1 82 1 14 -0 01 0. 32 0 23 0. 26 1 14 -0.01 -0. 02 -8 02 0 00 -8 01 
5 Cj--i 1 82 1 08 0 04 0 oo 0 is 0 33 l 08 0.05 0.01 -8 02 0 01 -8 03 
s 03 1 04 1 06 8 01 0 33 0 24 0 26 l 08 0.02 -0.03 -8 03 0 01 -8 03 

6 78 8 99 1 09 0 05 0 35 0 25 8 p"7 l 04 0.07 0.02 -8 05 0 01 -8 0 3 
"7 03 8 91 1 89 0 IS 0 34 0 24 0 '.-' Ö 8 96 0.12 0. 07 -8 04 0 01 -0 02 
"7 •"» o 8 74 1 21 0 08 0 38 0 27 8 8 83 0.10 0.04 -0 06 0 08 -0 02 
~? 53 8 i' £ 1 .24 8 10 0 33 8 24 8 '"' =\ 9 85 0.11 0.87 -0 04 -0 01 -0 08 
( 78 8 64 1 38 0 05 0 3'? 8 24 8 27 0 80 0.85 0.04 -0 03 -0 01 0 01 
ö 03 8 59 1 33 0 07 0 28 0 23 0 £ &' 0 . 76 8. 89 0.85 -0 02 -0 00 0 01 

ds 1 r CPT2 U*CPT2 U/Uint.        U*CPT2/Uint. CT(\ß CT<UV>corr 

8.28 1. 288 2.368 2.359 1. 211 2. 869 3.365 :,_ 073 
8.53 1.216 2.354 2.863 1. 220 2.372 3. 399 3. 104 
8, 78 1.216 2.417 2.938 1 228 2.948 3.427 J, 130 
1. 83 1. 192 2.507 2.983 1 196 2.998 3.493 3, 190 
1.28 1. 175 2.576 3.026 1. 178 3.036 3.578 260 
1.53 U 250 2.632 3.291 1. 254 3.302 4.865 ■} 712 

2. 28 1. 197 2.368 2.335 1 201 2.344 4.255 ~jt 8 8 6 
& t f y 1. 099 2.257 2.488 1 102 2.488 4.012 i. 664 
! *! '"'!-! 1. 115 2.194 2.445 1 113 2.453 4. 132 T| 819 
■-' ■ ( c' 1. 095 2.146 2.349 1 098 2.357 4.219 3, 853 

4.53 1.882 2.201 2. 284 1 005 2.211 4.052 •} _ 700 
5.83 1.819 2. 188 2.230 1 022 4.546 4 152 
5,53 1.816 2. 194 2.230 1 020 2Ü37 4. 460 4. 873 
6.83 1. 842 2.201 2.293 1 045 2.300 4.660 4. 256 

6. 78 0.991 2.273 2.256 0 994 2.264 4.759 4 346 
7.83 0.913 2.349 2.136 0 916 2.143 4.475 4 887 
"7  '*' O 
1  • tmO 0. 739 2.292 1. 693 0 741 1.698 3.947 3 684 
7.53 0.721 2.410 1. 737 0 723 1.742 4. 135 3 777 
7. 78 0.639 2.569 1. 643 0 641 1.643 3.934 3 593 
8. 83 0.588 2.715 1.595 0 589 1.600 3.821 O 498 

Area Int e-gral of US Uint. - 0. 997 
Area. Int. e-gral of CPT2 = ■~J 383 
Area Int. egral of (U*CPT2,- Uint.) = ■~J 314 
Tc pu 2 C oef f t-. f n im Torque Meterj CT M) = 3. 785 
Area   Integral   of   CTdJV CTCUV)int 4. 144 
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RUH HO.= ISOLATED ROTOR 

r K i'i = 1100 
Ms an Inlet 

Co. 1. TefiP.: 

•'el.=52.3 
; r' b A'v'^.Run Teiv,p. =79.0 Bar=743 Uref=49. 

de 1 r W VW wu U<:-< ':■' W ' W 1.4 

0.28 
0,53 
0.78 
1. 03 
1.23 
1.53 

1, 
1. 
1. 
1, 
1.3:: 
1.27 

30 
üü 

0.03 
0.05 
0.00 
0.01 
-0.01 
0.01 

0.19 
0.16 
0. 13 
0.18 
0. 13 
9. 17 

0. 12 
0.13 
0.16 
0.15 
0.19 
0. 14 

0.10 
0.13 

16 
11 
16 
15 

1.61 
1.58 
1.49 
1. 53 
1.62 
1.55 

0.04 
0.06 
0.01 
0. 02 
0. 00 
0.01 

0.03 
0.05 

■0.00 
0.01 
-0.02 
0. 00 

-0. 80 
-0. 00 
-0.01 
0. 00 
-0.01 
-0. 00 

0 . 0 1 
0 , 0 1 
0.01 
0. 00 
0.01 
0. 80 

- 0 . 0 1 
-0. 00 
-0. 08 
-0. 08 
-0. 01 
-0. 81 

2.23 1.21 
1. 13 
1. 18 
1. 10 

1.22 0.03 
1. 18 -8.00 
1.21 -0.01 
1. 15 -0.02 

8. 30 
8.32 
0.28 
0.35 

0. 24 
0.27 
8.25 
8.28 

0.21 
0.26 
8.24 
8.23 

1.58 
1.32 
1.42 
1.26 

0.04 
0. 08 
0.01 
-0.01 

0.83 
-0.Q1 
-0.02 
-0. 02 

0.01 
-0.00 

00 
01 

0. 08 
0.01 
0.82 
0.81 

-0. 81 
-0.81 
-0.81 
-0, 08 

5. 83 
5,53 
6,83 

1.04 
1.02 
1.02 
0.97 

1.14 0,01 
1.16 -0.00 
1.17 0.02 
1.17 0.05 

8.35 
0.37 
8.35 
8.37 

0.25 
0.27 
0.24 
0. 25 

8.23 
0.25 
0.26 
8.31 

1. 17 
1. 18 
1. 17 
1.10 

8. 88 
-8. 00 
0.04 
0.08 

-0.01 
"0. 08 
0. 88 
0.01 

-0. 
-0. 
-0. 

02 
01 
02 

-0.03 

-0, 01 
0. 00 
0 . 0 1 
0. 02 

-8. 02 
-0. 08 
-8. 82 
-0. 04 

'. 03 

i.03 

0.89 
8.83 
8.84 
8. 78 
8.62 
0.57 

1. 17 
1.23 
1.24 
1.33 
1. 39 
1.44 

8.05 
0.06 
0.05 
0.08 
0.04 
8.89 

8. 48 
8.45 
0.42 
0.36 
0.34 

8.26 
8.28 
8.23 
8.25 
0. 23 

0.31  0.22 

8. 29 
8,32 
8.23 
8.24 
8. 26 
8.22 

1.80 
8.95 
8. 96 
8.89 
0.84 
0.31 

0.06 
0.09 
0.08 
0.10 
0. 06 
0. 12 

8. 82 
8.03 
0.82 
8.87 
8.82 
8.83 

•0. 04 
-0.08 
-0.08 
-8.85 
-0.03 
-0.01 

0. 88 
8.81 
8. 82 
-8. 81 
-8. 00 
-0. 88 

-8. 83 
-8, 82 
-8.82 
8.01 
-0. 08 
-0.02 

de 1 r ::PT2 U*CPT< U/U int U*CPT2/Uint CTdJV CT<UV)corr 

0. 2 8 1.298 2.535 3.269 1. 237 3.263 3.919 3.579 
8.53 1.239 2.549 3.236 1. 237 3.279 3.984 3.638 
8,78 1.255 2.686 3.271 1. 253 3.265 3. 892 3.555 
1. 83 1. 302 2.662 3.466 1. 299 3.459 4.234 3.912 
1.28 1. 325 2.698 3.565 1 323 3.553 4.536 4. 143 
1.53 1.270 2.739 3.479 1. 263 3.472 4.488 4, 892 

2.28 1.214 2.594 3. 150 1 212 3.144 4.741 4. 330 
C- ■ 1 <J 1.128 2.448 2.761 1 126 2.756 4.419 4.036 
3.28 1. 180 2.350 2.772 1 177 2.767 5. 886 4.572 
3.78 1.097 2.294 2.516 1 895 2.511 4. 663 4.258 

4.53 1.037 2.280 2.365 1 835 2.361 4.644 4.242 
5,83 1.023 2.259 2.311 1 921 2.386 4. 889 4.465 
5.53 1.015 2.287 2.322 1 814 2.313 5.364 4.625 
6. 83 0.972 '0  007 2.222 0 970 2.213 4.964 4.534 

6.78 0.893 2.587 2.310 0 391 2.305 4.813 4.395 
7.83 8.834 2.671 2.227 0 332 2.223 4.619 4.218 
7.28 8.835 2.629 2, 196 8 333 2.191 4.765 4.351 
7. 53 8. 788 2.798 1. 954 3 699 1,958 4. 486 4.897 
f' . I1' o 0.621 2.993 1. 360 8 628 1.356 4.307 3.934 
8. 83 0.572 3.210 1.337 0 571 1.833 4.268 3.898 

Area Int e-gral of US Uint = 1. 802 
Area Int e-gral of CPT2 = W 1 586 
Area Int e'9ral of <U*CPT2-' Uint) = p 501 
Tc r<u 4? C oefft.fr :>ri Torque M et er! CT : M) = 4 202 
Area Int e-?ral of CT(UV)! CT (UV)int = 4 681 
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RUN   HO.=   21 ISOLATED   ROTOR 

r P ft =120 e C a 1. T e M P . = i 
Mean   Inlet   Vel.=52.3 

Aug.Run   TeriP, Bar=743 Uref=49. 

dslr u' VW uv? w u 

0. '"'ft 1. 33 1. •pt~? 0.03 0.20 0.19 0. 15 1. 90 0.05 0.03 0. 00 0. 01 -0. 01 
0. 53 1. 42 1. 35 0.07 0.22 0.15 0. 19 1. 92 0 . 1 0 0. 09 0. 01 0. 01 -0. 01 
0. i1' O 1. 38 1. 35 0.04 0.26 0.29 0. 9 '", 1. 83 0. 04 0. 03 0. 02 -0. 08 -0. 02 
1 93 1. o r' 1. 35 0.04 0.23 0.21 0. 21 1. 85 0. 06 0.04 -0. 00 0. 01 -0. 01 
1 ü y 1. 39 1 36 0.01 0.20 0.20 0. 18 1. 89 0. 03 0.02 8. 00 0. 81 -0. 80 
1 CSJ ■-! 1. 33 1. 36 0.03 0.32 0.25 0. 26 1. ft ft 0. 05 0.04 0. 01 0. 80 -0 88 

o 2ft 1. ft 2 1 34 0.01 0.29 0.25 0. 2ft 1. 77 0. 02 0.01 0, 01 8 01 -0 01 
JV 7*ff 1. 24 1 ft'"1 

-0.02 0.33 0.25 0. 2ft 1, 64 -0.02 -0.02 0. 01 0. 00 0 00 
'"' US 1. 13 1 29 -0.03 0.37 0.31 0. 23 1 51 -0. 03 -0. 04 -0. 01 0 01 0 00 
!*! 7*1-! 1. 13 1 ft 2 -0.02 0.40 0.28 0. 29 1 47 -0.01 -0.83 -0 02 0 01 -0 00 

4 S'"' 1 08 1 2ft 0. «4 • 0.38 9.27 0 31 1 33 0. 06 0.02 0 00 0 01 -0 83 
5 03 1 10 1 ft ft 0.01 0.41 0.26 0 32 1 39 0. 03 -8.02 -0 03 0 01 -0 83 
Cj 53 1 03 1 29 0. 06 0.43 0. 26 0 35 1 31 0.09 0.03 -0 03 0 01 -0 03 
6 03 1 01 1 31 0.09 0.40 0.27 0 34 1 •;}-? 0.13 0 . 06 -0 04 0 01 -8 04 

6 (' o 0 84 1 39 0. 12 0.46 0.25 0 30 1 11 0.18 0 . 0 7 -0 06 0 01 -0 03 
7° 03 0 ft ft 1 43 0. 10 0.48 0.24 0 1 12 0.16 0. 86 -0 07 0 01 "0 03 
r" •-1 o 0 70 1 49 0. 11 0.47 0. 29 0 ■pfl 0 95 0. 16 0.07 -0 89 -0 00 -0 01 
r* cj.-i 0 i-er 1 57 0.04 0.47 0.27 0 29 0 81 0. 06 0.04 -0 06 -0 01 0 01 
i-' f' '_" 0 51 1 62 0.01 0.44 0. 25 0 ■?'? 0 76 0.01 0.01 -0 05 0 00 0 01 
o 03 0 .45 1 68 0.11 0.38 0.23 0 20 0 73 0. 18 0.83 -0 02 -0 00 -0 82 

de lr IJ CPT2 U* 2PT2 Ll- ' U i r t IJ* CPT2/Uint CT' UV) CT': uv: c o r r 

0. iiy 
0. S'*

1 

0. 78 
1. 03 
1. '"'O 
1. 53 

2< 2'r\ 
2 70 
3 23 
■j 78 

4 53 
5 83 
5 53 
6 03 

6 i'' O 

■? 03 
r' 28 
7 53 

1. 334 
1. 422 
1. 388 
1. 372 
1.338 
1.325 

y. w3 

1.316 
1.239 
1.138 
1. 129 

1. 883 
1.180 
1. 033 
1. 085 

0. 842 
0.828 
8.697 
0.552 
0.587 
0.448 

2.924 
2.931 
2.958 
3. 800 
3.063 

2.881 
2.699 
2.681 
2.517 

2.597 
2.563 
2.549 
2.535 

3.835 
3.217 
3.283 
3.455 
3.727 
3.993 

3.983 
4.157 
4.845 
4.053 
4. 163 
4.868 

3.791 
3.345 
3.078 
2.842 

2.811 
2.320 
2.633 
2.548 

2.556 
2.663 
2.233 
1.987 
1.883 
1.739 

1 . 364 
1.481 
1.360 
1.352 
1. 367 
1. 386 

297 

163 
113 

1.867 
1. 084 
1.913 
9.991 

0.338 
0.316 
8.637 
9.544 
8.499 
0.442 

3. yyu 
4.097 
3.987 
3. 999 
4. 102 
4.001 

736 
296 
025 

2.301 

2.771 
2.773 
2.594 
2.511 

2.519 
2.624 
2.200 
1.380 
1. 369 
1. 763 

5. 838 
=J 293 
CJ 357 
CJ 442 
5. 767 

-7 .-,.-( 

1 --'C- 

61 088 
5. 968 
5. 811 
5. 937 

6. 002 
b k!ö7 
6. 180 
6 287 

C" 795 
5 94ft 
5 167 
4 456 
4 383 
4 207 

4.549 
4.779 
4.838 
4.914 
5.287 
5. 176 

5.497 

5. 247 
5. 361 

5. 428 
5 677 
5 588 
z>. b 

371 
666 
024 

:. 799 

Area Integral of U5 Uint 
Area Integral of CPT2 
Area Integral of <U*CPT2/Uint) 
Tc r*u =• Coef f t. f row To r*ue Met e r j CT < 
A r ea I nt eg ra 1 of CT (UV) \   CT (IJV) i nt 

M) 

1.815 
2.888 
2.838 
5.077 
5.622 
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RUH HO.= 22 ISOLATED ROTOR 

rcci=1399 Co. 1. Tef'iP. =76  Av-5. Run Tec-iP, =89. 1   Bar=743 Uref=49.6 
Mean Inlet Vel.=52.3 

delr   U V    W u' w' w' UV   VW WU uu' yu» wu' 

9.28  1.48' 1.48 0.04 0.25 0.21 0.17 2.21 8.96 0.05 9.91 0.00 -0.01 
0.53  1.52 1.47 0.05 0.26 0.19 0.17 2.23 0.98 9.07 9.99 9.91 -9.99 
3,78  1.46 1.48 9.04 0.29 0.21 9.25 2,14 9.96 0.07 -9.01 9.99 9.91 
1.03  1.46 1.47 0.05 0.26 0.18 0.23 2.14 9.99 9.07 0.99 9.91 -0.91 
1.23  1.41 1.48 0.03 0.33 0.21 0. .23 2.10 9.04 9.03 0.09 9.91 -9.91 
1.53  1.42 1.46 9.04 9.29 9.20 9.22 2.98 9.06 9.05 9.09 9.91 -9. 90 

2.28  1.31 1.41 9.03 9.32 9.33 9.31 1.36 0.07 9.03 0.02 9.92 -9.91 
2.73  1.39 1.44 0.01 0.38 9.27 0.31 1.37 9.92 9.02 0.01 9.91 9,92 

1.24 1.38 9.99 9.42 9.27 0.31 1.71 9.01 0.01 -0.01 0.01 9.91 
1.22 1.38 9.06 0.40 0.31 9.36 1.68 9.98 9.05 0.01 9. 99 -9. 92 1    7H 

4.53 1.13 1.38 0.04 9.45 9.28 0.37 1.54 9.06 9.99 -9.91  9.01 -9.94 
5.03 1.15 1.40 0.07 0.42 9.39 0.34 1.53 0.12 0.05 -9.03  9.02 -9.93 
5.53 1.12 1.42 9.93 9.43 9.28 0.32 1.55 9.13 9.94 -9.94  9.91 -9.95 
6.93 1.02 1.47 0.12 0.44 0.29 3.33 1.45 9.29 9.99 -9.05  0.91 -9.94 

6,78 9.78 1,62 9.07 9.56 9.34 9.23 1.14 9.13 9.94 -9.12  9.92 -9.02 
03 0.60 1.71 0.12' 9.56 9.27 9.23 0.97 0.21 0.12 -0.95 -9.90  0.94 
28 0.53 1.70 0.10 0.54 9.29 9.39 9.84 9.16 9.11 -9.97 -9.91  9.85 
53 9.43 1.76 9.19 9.51 9.39 9.32 9,77 9.17 9.98 -9.08 -9.91  9.84 
78 8.47 1.32 9.98 9.45 9.31 9.23 9.88 0.11 9.97 -9.95 -9.93  9.03 
03 0.51 1.83 9.93 9.46 9.39 9.29 9.89 8.16 9.92 -9. 95  9.91 -9. 92 

delr U CPT2 U*CPT2 U/U int   U*CPT2/Uint   CT(UV)   CTCUV)corr 

9,28 1.484 3. 154 4. 688 1.435 4.524 6. 329 5. 671 
9.53 1. 529 3.293 4.867 1,469 4.786 6. 640 5. 949 
9.78 1. 460 3.224 4.786 1.411 4.550 6. 613 5, 925 
1. 83 1.460 3.231 4.713 1.412 4.562 6. 836 6. 125 
1.28 1.415 3.217 4.552 1.368 4.401 6. 926 6. 295 
1. 53 1. 423 3.231 4.597 1.376 4.444 f' • 099 6, 360 

2. 28 1.315 3.077 4.846 1.271 3.911 6 950 6. 227 
2! 78 1.298 2.395 3.756 1.254 3.632 i*' 371 6, 604 
3,28 1. 239 0  7Q7 

CM   1 ?l 3.465 1. 198 3.350 ( 091 6. 353 
3.78 1.216 2.728 3.399 1. 176 3. 199 7 356 6. 591 

4.53 1. 132 2. 951 3.341 1.894 3.230 i' 249 6. 495 
5.93 1. 149 2. 992 3.334 1.111 3,223 (' 747 6. 941 
5,53 1. 117 2.937 3.289 1. 989 3.171 (' 918 r' 094 
6.93 1 . 029 3.021 3.081 9.986 2.979 ( 724 6. 929 

6.78 0.778 3.697 2.376 8. 752 2.738 6 469 5 796 
7.93 0.595 3.930 2.339 9.575 2.261 ET 588 CJ 907 
7.28 0.533 3.915 2.033 9.516 2.019 4 931 4 413 
7. 53 0.482 4.261 2.956 8.466 1. 937 4 683 4 124 
7     70 9.473 4.620 2.135 9.457 2. 112 4 901 4 391 
3.83 9.514 4.951 2.545 9.497 2.461 CJ 538 4 962 

flrea Int e-gral of Us Uint 3 1. 034 
Area Int e '3 r a 1 0 f CPT2 3 3. 318 
Area Int e-gral of CU*CPT2, 'Ui nt) 3 3. 135 
Tc r<w. i? C oefft.fr DM Tonus > M et er5 CT : M :> = 6. 807 
Area Int e-^ral of CT<UV).i CT (UV)int = 6 705 
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RUH HO.= 
Stagger fir 

ROTOR 
gle at 

+ STATOR 
Mean Radius 

rpfi=   500 
Mean   Inlet 

Cal.Temp.=79 
/el.=51.9 

flvg.Run   TenP.=68. 1 Bar=753 Uref'=50. 5 

de1 r VN W I...1U • 

0. OQ 01 0. 41 0.00 0. 06 0. 06 0. 85 0. 42 0 . 0 0 0. 00 -0. 00 0. 00 -0. 0 0 
0 C'-i 05 0. 40 -0.00 0. 06 0. 07 0. 05 0. 42 0 . 0 0 -0. 00 -0. 00 0. 00 -0, 00 
0 ("' O 07 0. 40 -0.02 0. 05 0. 06 0. 93 0. 43 -0.01 -0. 02 -0, 00 0. 00 0. 00 
1 83 09 0. 41 -0.02 0. 03 0. 04 0. 03 0. 45 -0.01 -0. 02 -0. 00 0. 00 0 00 
1 10 0. 42 -0.01 0.02 0. 03 0, 03 0. 46 -0. 00 -0. 01 -0. 00 0. 00 0 00 
1 53 11 9. 41 -0.02 0.03 0. 03 0. 03 0. 45 -0.01 -0. 02 -0. 00 0. 00 0 00 

■*j 2Q 12 0 40 -0.02 0.02 0 02 0 93 0 44 -9. 01 -0 03 -0 00 -0 00 -0 00 
■p 

t' •;' 12 0. 37 -0.05 0.02 0 03 0 03 0. 42 -0.02 -0 06 -0 00 -0 00 0 00 
■3 

£.*2i 12 0 ■"'=; -0.05 0.02 9 03 0 03 0 39 -0. 02 -0 06 -0. 00 -0. 00 0 00 
3 i' O 12 0. -0.05 0. 02 0 03 0 03 0. --' l'' -0. 02 -0 05 -0, 00 0. 00 -0 00 

4 53 11 0 oo -0.05 0.02 0 03 0 03 0 35 -0. 02 -0 05 -0 00 -0 00 -0 00 
5 03 11 0 30 -0. 05 0.02 0 03 0 02 0 34 -0. 02 -0 06 -0 00 0 00 -0 00 
5 53 10 0 23 -0.05 0.02 0 03 0 03 0 31 -0.01 -0 05 -0 00 0 00 -0 00 
6 03 09 0 25 -0. 05 0.02 0 03 0 03 0 27 -0.01 -0 06 -0 00 0 00 -0 00 

6 78 07 0 22 -0.04 0.02 0 03 0 02 0 24 -0.01 -0 04 -0 00 0 00 -0 00 
■? 03 06 0 ■p'"1 -0.02 0,03 0 03 0 02 0 23 -0. 00 -0 02 -0 00 0 00 -0 00 
i' .28 03 0 izlcl -0.01 0.04 0 04 0 93 0 •"''? -0. 00 -0 01 -0 00 -0 00 0 00 
f' . 53 00 0 o-p 0.02 0.05 0 04 0 04 0 0.00 9 02 -0 00 -0 00 0 00 
r' . 7y 91 0 ^'-J 0.06 0.07 0 07 0 06 0 21 0.01 0 06 -0 00 -0 00 0 00 
8 . 93 0 . 73 0 20 0. 17 0.08 0 08 0 14 0 15 0.03 0 12 0 00 -0 01 -0 00 

de 1 r :PT2 U*CPTJ iJ/Uint U*CPT2/Uirit CT(UV) CT<UV)corr 

0,28 1 . 008 0.385 0.307 0 959 0. 292 0. 468 0. 444 
0.53 1. 054 0.379 0.400 1 003 0.380 0.491 0. 465 
0.78 1.068 0.462 0.493 1 015 0.469 0. 520 0. 493 
1. 03 1.091 0.513 0.565 1 037 0.537 0. 563 0 533 
1. 28 1. 104 0.549 0. 6d6 1 049 0.576 0.592 0 561 
1.53 1. 108 0.571 0.632 1 053 0.601 0.607 0 575 

•? ■.-' ft 1. 121 0.616 0.691 1 d 6 6 0.657 0. 647 0. 614 
^!. r y 1. 118 0.612 0.634 1 063 0.650 0. 641 0 607 

1.119 0.595 0. S66 1 064 0.633 0.642 0 608 
3, i'' y 1. 118 0.588 0.657 1 063 0.625 0. 639 0, SB 6 

4.53 1. 113 0.545 0.607 1 058 0.577 0. 652 0 613 
5.03 1.111 0.520 0.573 1 057 0.550 0. 647 0 613 
5.53 1. 102 0.485 0.534 1 048 0.503 0. 627 0 594 
6. 03 1.. 092 0.454 0.496 1 039 0,471 0.572 0 542 

6,78 1.069 0.394 9.421 1 016 0, 400 0.523 0 495 
7, 03 1.059 0.380 0.402 1 007 0.382 0.523 0 495 
7.28 1.026 0.342 0.351 0 975 0,334 0.512 0 485 
7.53 1 . 000 0.262 0.262 0 951 0.249 0.599 0 483 
7  70 
i * i Q 0.9Q6 0. 136 0.123 0 862 0.117 0.496 0 470 
8.03 0.735 -0.987 -0.064 0 699 -0.061 0.359 0 341 

Area Int egral of US Uint = 1 052 
Area Int. egral of' CPT2 = 0 428 
Area Int egral of (U*CPT2.- Uint) = 0. 457 
Tc r*i. 3 C oefft.fropi Torque M et er! CT : M) = 0 539 
Area Int egral of CT(UV)! CT (UV)int = 0 569 
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RUH   HO.=26 
St a•=.'=!€■ r   Rr 

ROTOR 
•gle  at 

STATOR 
?an  Radiu 

Mean 
600 
Inlet 

Cal 
Vel.= 

TefiP. 
'51.9 

= 70 R1.,"?. Run   T« ip. =t. i Bar= Uref=50.6 

de 1 r WU U'v1 uw' WU' 

0 oo 1 . 00 0. 51 0.10 0.07 0. 06 0. 98 0. 51 0. 05 0 . 1 0 -0. 00 0. 00 -0. 00 
0 53 1. 03 0. 46 0.04 0.07 0. 06 0. 05 0 ■ 47 0. 02 0.04 -0. 00 0. 00 -0. 00 
0 ["' o 1.02 0. 45 0.01 0. 06 0. 06 0. 94 0. 46 0. 01 0.01 -0. 00 -0. 00 -0. 00 
1 03 1.01 0. 44 0.01 0.06 0 06 0. 05 0, 45 0. 01 0.01 -0.00 -0. 00 -0 00 
1 '~'R 1.03 0. 44 0.02 0.06 0 06 0. 05 0. 46 0. 01 0. 02 -0. 00 0. 00 -0 00 
1 53 1.05 0. 43 0.01 0.05 0 95 0 04 0 45 0. 00 0.01 -0. 00 0. 00 -0 00 

2 28 1. 06 0. 43 -0.00 0.05 0 95 0 04 0 45 -0. 00 -0 . 00 -0 . 00 0. 00 -0 00 
■Ti 7 0 1.98 0 41 -0.01 0.04 0 05 0 04 0 45 -0 00 -0.01 -0. 00 0. 00 -0 00 
•■^ *?Q 1. 10 0. 41 -0.03 0.04 0 04 0 04 0 45 -0. 01 -0. 03 -0. 00 0. 00 -0 00 
o [•' o 1.10 0. 40 -0.02 0.02 9 04 0 04 0 44 -0. 01 -0. 02 -0. 00 -0. 00 -0 00 

4 =;o 1. 11 0. oo -0.04 0.03 0 04 0 04 0 42 -0 02 -0.05 -0. @*3 -0. 00 -0 00 
5 93 1. 11 0. 37 -0.04 0.02 0 03 0 03 0 41 -0 01 -0.04 -0. 00 -0. 00 0 00 
5 53 1.12 0 35 -0.04 0.02 0 Ö3 0 03 0 39 -0 01 -0.05 -0. 00 -0. 00 -0 00 
S 93 1. 11 0 34 -0.03 0.02 0 03 0 03 0 38 -0 01 -0.04 -0. 00 -0. 00 0 00 

6 7 0 1. 09 0 31 -0.02 0. 02 0 03 0 02 0 34 -0 01 -0 . 02 -0. 00 0. 00 -0 00 
"7 03 1. K9 0 30 -0.01 0.03 0 03 0 02 0 33 -0 00 -0.01 -0. 00 0. 00 -0 00 
r' 28 1.03 0 30 0.00 0.03 0 03 0 03 0 32 0 00 0.00 -0. 00 0.00 -0 00 
i'" S'"' 1.04 0 31 0.02 0.05 0 04 0 04 0 32 0 01 0.02 -0. 00 0. 00 0 00 
i*' . f' o 0.91 0 O"? 0.08 0.07 0 07 0 07 0 .33 0 03 0. 07 -0.00 -0. 00 0 00 
ot 93 0.74 0 O'P 0.18 0.09 0 99 0 14 0 24 0 05 0.13 0. 00 -0. 01 -0 00 

de 1 r ::PT2 J*CPT2 UV Hint U*CPT2/Uint CT(UV) CT(UV>corr 

0. 28 1 . 000 0.586 0.586 0. 957 0.561 0. 6 8 8 0.744 
0.53 1. 027 0.627 0.644 0. 983 0.616 0. 657 0.710 
0.78 1.021 0.655 0.669 0. 977 0. 6 40 0. 660 0.714 
1. 03 1.012 0.690 0. 693 0 969 0. 668 0. 669 0.724 
1. 28 1.032 0.728 0.752 0 933 0.719 0. 711 0. 769 
1.53 1.051 0. 767 0.806 1 006 0.771 0. 722 0.782 

2. 28 1. 057 0.832 0.879 1 011 0.341 0. 792 0.857 
"'  "7 O 1.079 0.860 0.923 i 033 0.888 0. 327 0.895 
'3 a  w y 1. 099 0.878 0.965 1 052 0.923 0. 879 0.951 
3. 78 1.101 0.895 0.936 1 054 0,943 0. 901 0.975 

4. 53 1. 110 0.883 0.989 1 062 0.938 0. 938 1.015 
5.03 1. 112 0.386 0.986 1 065 0.943 0. 945 1.023 
5.53 1. 116 0.879 0.931 1 067 0.938 0 949 1. 027 
6. 03 1. 109 0.869 9.963 i 061 0.922 0. 954 1. 032 

6. 78 1. 094 0.850 0.93O 1 046 0.339 0 914 0. 989 
7. 03 1.091 0.343 0.929 i 044 0.330 0 898 0.972 
7.28 1.077 0.811 8.373 l 031 Q.336 0 834 0.956 
7 =;o 1. 043 0.755 0.738 0 993 0.754 0 907 0.982 
(  . f o 0.908 0.608 0.552 0 369 0.529 0. 956 1.034 
8.03 0.735 0.340 0.250 0 704 0.239 0 688 0.745 

flrea Int e-=iral of IJ5 Uint s 1. 045 
flrea Int e=iral of CPT2 = 0. 776 
flrea Int e-gral of <U*CPT2.- Uint) = 0 803 
L: reu i? C oefft. fr OM Tor^us M et er! CT :ri) = 0. 922 
flrea Int e-gral of CT(UV)i CT (UV)int = 0. 352 
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RUH   NO.=   2 ROTOR   + 
3to.-99er  finale   at   M 

STATOR 
•an Radius 12. 

rBiV|=   700 
Ms an   Inlet 

;al.Temp.=70 
••l.=52.4 

fl'•,'■?. Run   Tei'iP. Ba.r=741 Uref=58.0 

de 1 r UV U'.,1 wu 

0, ■?o 1. 01 0. 67 0.10 0. 08 8, 11 0 . 11 0. 63 0. 07 0. 11 0. 00 0. 00 8. 88 
0. Cj-i 1. 02 0. 60 0. 11 0.07 8. 10 0. 07 0. 61 8. 07 0.11 -0. 00 0. 08 -8. 88 
0. "7C| 1. 05 0. en ■J'J 0.10 0. 07 0. 03 0. ÖS 0. 61 8, 06 0.10 -0. 08 0. 08 -8 00 
1. 03 1 03 0. 56 0. 08 0.07 0. 09 0. 07 0, 57 0. 05 0. 09 -0. 08 -0. 00 -0 00 
1. 2ö 1 04 0. 55 0.09 0.08 0. 08 0. 09 0, 57 0. 05 0. 89 -0. 00 -0. 00 ~0 80 
1. 53 1 07 0. 55 0.03 0.88 0, 11 0, 09 8. 59 0. 04 8. 08 -0 88 -0. 00 -0 80 

2 23 1 06 0. 57 0. 06 0. 11 0. 13 0 11 0« 60 0. 03 0. 06 -0 88 -0. 00 -8 88 
£ i 73 1 06 0. 54 0.04 0. 11 0. 11 0 18 0. ay 0 02 0. 04 -0 00 -0. 00 -0 80 
3 '•"•'fi 1 07 0, 51 0. 02 0.10 0. 11 8 10 0 54 8 01 0. 02 -0 00 -0. 00 -8 00 
3 73 1 06 0. 43 0.02 0. 10 0« 10 0 03 0 51 8 01 0. 02 -0 00 0 08 -8 00 

4 53 1 03 0 45 0.01 0.08 0 07 0 03 0 48 8 00 8.01 -0 00 0 00 -0 00 
Cj 03 1 09 0 43 -0.02 0,07 0, 07 0 06 0 47 -8 01 -0. 02 -0 00 0, 00 -0 00 
5 53 1 11 0 43 -0.00 0.07 0 07 0 06 0 47 -0 08 -0.01 -0 00 -0 00 -0 00 
S 03 1 12 0 41 -9.01 0. 86 8 06 0 84 0 46 -0 00 -0.01 -0 00 0 00 -0 00 

6 r o 1 14 0 33 -0. 00 8.04 8 04 8 04 8 44 0 00 -0. 00 -0 00 8 00 -0 88 
r 03 1 16 0 35 -0.01 0.04 0 04 "0 03 0 41 -0 00 -8. 81 -0 80 8 00 -0 08 
7 23 1 13 0 37 0.00 0.04 0 04 0 03 0 41 0 00 8. 88 -0 00 8 00 -0 88 
"7 53 1 10 0 0"7 0.03 0. 06 0 06 0 06 0 41 8 01 0.03 -0 08 -8 08 0 00 
r" 73 0 93 0 45 0.09 0.09 0 09 0 10 0 44 0 04 0.89 -0 00 -0 00 8 00 
;q 03 0 73 0 41 0.13 0.11 0 11 0 17 0 32 8 07 0. 14 0 08 -0 80 -0 00 

de 1 r CPT: J*CPT; U/U int U*CPT2/Uint ::T<U\ CT<U'< 1 co rr 

0.28 1.811 0.991 1 . 002 8. 959 0. 950 1, 058 1. 196 
0.53 1.815 0.998 1.813 0. 962 0,968 0. 9 7 3 1. 107 
0. 78 1.849 1.0.19 1. 069 0. 994 1.813 1. 019 1. 153 
1.03 1. 828 1.047 1. 077 0. 975 1.828 0. 9 9 3 1. 124 
1.28 1. 843 1.932 1.129 0. 939 1. 878 1. 029 1. 164 
1.53 1. 878 1.103 1. 130 1 014 1. 119 1 035 1. 228 

2, 23 1.864 1.131 1.204 1 009 1. 141 1 289 1. 368 
1.863 1. 106 1. 176 1 083 1. 115 1 218 1. 3 7 8 

'-' '"' o 1.872 1. 106 1. 186 1 016 1, 124 1 226 1. 3 8 6 
0 ~7 O 
0 « l '-' 1. 860 1.123 1. 190 1 004 1. 123 1 209 1. 368 

4.53 1. 077 1. 127 1.214 1 021 1. 158 1 226 1. 386 
5.83 1.093 1. 141 1.247 1 <d3S 1. 182 1 254 1. 418 
5.53 1, 107 1. 173 1. 293 1 849 1.230 1 312 1. 484 
6. 83 1.119 1 . 200 1.343 i 061 1. 273 1 0 o 0 1. 587 

6. 78 1. 139 1. 222 1.391 1 079 1.319 1 344 1. 528 
7.83 1.-158 1.233 1. 428 1 098 1.353 1 278 1. 436 
(•' , '^y 1.130 1.212 1.378 1 071 1.298 1 314 1, 486 
7.53 1.184 1. 149 1.269 1 046 1.282 1 317 1, 489 
7, 73 0.981 0.970 0.951 9 929 8.901 1 458 1. 649 
3] 83 0.735 0.786 0.554 0 744 8.525 1 090 1. '"'!-13 

flrea Int e-=iral of US Uint - 1 055 
flrea Int egral of CPT2 ' - 1 890 
flrea Int e-nral of <U*CPT2.- Uint) = 1 115 
Tc r*i. 1 =■ ■ C oefft. fr :M'1 Torque M et er! CT M) = 1 379 
flrea Int e-gral of CT<UV)i CT I UV)int = 1 219 
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RUN HO.= 28 ROTOR + STATOR 
3t a •? '=3 e r fl n'? 1 e a t N e a n R a d i u s = 12 

rr.n=  80S 
Ms an Inlet 

Cal. Tei'-iP. 
/el.=52.4 

Ft'-,"?. Run Ten P. =69. 3 Bar=741 Uref=50.1 

de 1 r u' UV VU wu w u 

0. 28  1 .05 0. 67 0.02 0.09 0. 21 9. 12 0. 71 0. 02 0. 03 0 . 0 1 8. 01 0. 00 
0. c*o . 11 0. 7*~' 0.15 0. 07 0. 14 0. 12 0. 80 0. 10 0. is 0. 00 -0. 00 -0. 80 
8. 7 0   1 .10 0. 69 0. 15 0. 07 8. 12 0. 10 0. 76 0. 10 0. 16 0.00 -0. 08 -0. 00 
1. 93 .13 0. 69 0. 13 0.08 0. 11 0. 03 0. 78 0. 09 0. 14 0. 00 0. 00 -0. 08 
1. id'Ö .15 0. 70 0. 14 0. 08 0, 13 0. 12 0. 81 0. 10 0. 16 0. 00 -0. 00 -0. 08 
1. i=| o . 17 0. 68 0. 15 0.08 0. 10 0. 11 0. 30 0. 10 0. 17 0.00 0. 00 -8. 00 

2 28  1 .13 0 66 0.10 0.15 0. 13 0. 15 0. 75 0. 06 0 12 0. 00 -0 01 0 08 
2 I' '-' . 12 0 63 0.08 0.12 0. 17 0. 17 0. 71 0 05 0. 09 0. 00 -8 01 -0 88 
o '"'!-! .09 0 61 0. 06 0. 15 0. 17 0. 13 0. 67 0. 03 0 06 -0.00 -8 01 0 08 
3 r' o .08 0 64 0.04 0. 17 0 20 0. 19 0 S3 0 01 0 04 -0. 81 -8 01 0 88 

4 53  1 . 12 0 60 9.04 0. 13 0 IS 0. 13 0 67 0 03 0 04 -0. 00 -0 00 -0 81 
5 03 . 10 0 61 0.02 9.15 0 18 0. 17 0. 66 8 01 0 02 -0.01 -0 01 0 88 
s 53 . 13 0 55 -0.00 0.12 0 15 0 12 0 62 0 00 -0 00 -0. 01 0 00 0 88 
6 03 ] . 15 0 51 -0.01 0.11 0 IS 0 11 0 58 -0 00 -0 01 -0. 80 0 00 0 80 

6 l1' o . 17 0 47 -0, 00 0.10 0 12 0 08 0 54 -0 00 -0 01 -0. 81 -0 80 0 88 
f* 03 . 17 0 45 0.02 0.08 0 08 0 33 0 52 0 01 0 02 -0. 00 0 88 -8 88 
r' '"'8 . 16 0 43 0.01 0.09 0 10 0 09 0 50 0 01 0 02 -0. 08 0 88 8 80 
i*1 53 I. 10 0 46 0.04 0.08 0 10 3 11 0 50 0 02 0 05 -0. 00 0 88 -8 08 
r" r' o 1 . 00 0 51 0.08 0.10 0 10 0 13 0 50 0 04 0 08 -0,00 -0 88 8 08 
o 03  l 3.85 0 e|-? 0.08 0. 14 0 14 0 19 0 47 0 04 0 08 -0.81 -0 01 8 01 

de 1 r U CPTi U*CPT; U/Uint. U*CPT2/Uint CT' CT<UV)corr 

0. c^y 
0 53 
0 [■' o 

1 02 
1 '2,'c 
1 53 

3.78 

4.53 
5.83 

b, Ü3 

6.78 
7.83 

3.8:: 

046 
110 
102 
125 
15.5 
1S6 

1. 133 
1. 122 
1.093 
1.081 

1. 117 
1. 104 
1. 133 
1. 146 

166 
166 
164 
104 
998 
846 

1. 136 
1.392 
1. 458 
1. 489 
1.575 
1.665 

1. 788 
1.669 
1.597 
1.575 

1.592 
1.582 
1.571 
1.568 

•1.620 
1.641 
1.616 
1.533 
1.362 
1. 194 

133 
545 
593 
675 
318 
941 

2.016 
1.373 
1.745 
1.702 

1. 773 
1.746 
1.730 
1. 797 

1. 389 
1.913 
1,338 
1. S93 
1. 368 

811 1 

8, 956 
1.014 
1. 003 
1. 829 
1. 055 
1 ,d66 

1.835 
1. 026 
0.999 
0.983 

1.021' 
1. 809 
1. 036 
1.043 

1. 566 
1. d66 
1. 064 
1. 009 
0.913 
9.774 

1. 086 
1.412 
1.461 
1. 532 
1.662 
1.774 

1.843 
1.712 
1.595 
1.556 

1. 625 
1. 596 
1. 627 
1.643 

1. 
1. 
1. 
1. 
1. 
0. 

749 
719 
547 
243 
924 

1. 267 1. 07^ 
1. 482 1. 609 
1. 452 1. 576 
1. 544 1. 676 
1. 656 1. 798 
1. 684 1. 328 

1 745 1 894 
1 745 1 895 
1 730 1 O "7 Cj 

1 850 '2 889 

1 954 •2 121 
£ 009 id 181 
1 965 •"} 133 
1 908 2 871 

1 901 '? 864 
1 863 £ 022 
1 829 1 985 
1 870 ■~j 838 
1 . 899 ■:J 862 
1 .318 1 .974 

Area Integral 
Area Integral 
Area Integral 
Tcrau? Coefft 
Area Integral 

of US Uint 
of CPT2 
of (U*CPT2/Uint) 
from Torque Meter! CT' 
of CT(UV)J CT(UV)int 

M) 

1. 894 
1. 536 
1.568 
1. 956 
1. 802 
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RUN   HO. 
Sta-3-=ie r 

ROTOR 
Angle   at 

STATOR 
;-an  Rad in 

Mean 
S50 
Inlet 

Cal.T« 
■'el. =5; 

i'i P 

:.4 
=70       A v 9. R u n   T e IVI P . = 6 9. Bar=741 Href=50. 1 

de 1 r u' VW uy w u 

0. O C' 1. 09 0. 68 0. 03 0.10 0. 26 0. 14 0. 76 0. 04 0.84 0.01 8. 02 8. 81 
0. 53 1. 13 0. i*' ^ 0. 18 0. 08 0. 15 0. 14 0. C] '~J O. 12 0. 20 0 . 0 1 -8. 81 -0, 88 
9. r' 0 1. 12 8. 74 0. 14 0.08 0. 13 0. 11 0. 33 0. 10 0. 15 0. 00 -8. 88 -0. 88 
1. 03 1. 14 0. 75 0. 14 0. 08 0. 12 0. 11 0. 36 0. 11 0.16 0. 00 -0. 08 -8. 88 
1. LZ! y 1. 13 0. f* r' 0 15 0. 03 0. 10 0. 09 0. 91 0. 11 0. 17 8. 08 8. 00 -8 80 
1 53 1. 20 0. r* i 0. 15 0. 09 0. 12 0. 11 0. 92 0. 12 8.13 0. 08 0. 80 -8 88 

2 •"5 0 1. 24 0. r' ( 0. 16 0.12 0. 15 0. 14 0. 96 0. 12 0. 20 0 . 08 -0. 00 -8 80 
2 70 1 19 0. 70 0 17 0.15 0. 19 0. 20 0. 35 0. 11 0. 19 8. 81 -0.81 -8 81 
'"> ""'# 1 19 0 67 PI 12 0.15 0. 19 0 16 0. 80 0 08 0. 14 0, 80 -8. 88 -8 81 
3 r' 0 1 13 0. 65 0 07 0. 17 0. c 0 0. 13 0. 74 0. 03 0. 08 -0.00 -8. 82 -0 88 

4 Cj'-i 1 14 0. 67 0 02 ' 0. 17 0. 23 0 13 0. 76 0 01 8.03 -0. 81 -O. 88 0 01 
5 03 1 15 0 67 0 01 0. 16 0. 20 0 17 0. 76 -0 00 0.81 -0. 01 -8. 01 0 88 
5 53 1 17 0 ^.'S 0 09 0. 17 0 20 0 18 0, 76 -0 01 0.01 -8.01 -8. 01 8 81 
S 03 i 17 0 61 0 00 0. 15 0 19 0 14 0 70 0 00 0.01 -0.01 -0. 88 8 88 

6 r' 0 1 20 0 54 0 01 0. 11 0 14 9 13 0 64 0 01 0.01 -8.81 8. 88 -0 80 
7 03 1 21 0 49 -0 00 0.11 0 13 0 09 0 53 -0 00 -0. 00 -8. 81 8. 88 0 88 
i j^jy 1 13 0 48 0 01 0. 14 0 15 0 13 0 56 0 01 0.02 -0.00 0.00 -0 88 
(' S'~' 1 10 0 49 0 05 0. 12 0 15 0 14 0 54 0 02 0. 06 -0, 00 -8. 88 0 88 
*? 7" ft 9 99 0 CJO 0 06 0, 14 0 13 0 17 0 57 0 02 0.06 -0.01 -0. 01 0 88 
ft 03 0 36 0 69 0 02 0. 16 0 15 0 20 0 58 0 01 0.03 -0.01 -8.01 0 01 

dslr U CPT; U*CPT2       U/Uint       U*CRT2/Hint CT(UV) CT(UV)corr 

0 i^y 
8. 53 
0. {0 

1 03 
1 £ y 
1 53 

4. cj--i 

5. 03 
5. 53 
6. 03 

7. 03 
■7 •"' 0 

7.53 

8.03 

095 
128 
121 
139 
175 
196 

1.242 
1. 195 
1.136 
1. 132 

1. 144 
1. 152 
1. 166 
1. 172 

284 
209 
183 
104 
992 
857 

1.851 
1. 466 
1. 599 
1.647 
1. 738 
1. 354 

2. 118 
1.990 
1.823 
1.772 

1.884 
1.817 
1.352 
1.862 

1. 334 
1.865 
1.779 
1.651 
1. 505 
1. 443 

1. 150 
1.654 
1.792 
1.375 
2.834 
2.217 

2. 628 
2.377 
2.167 
2.086 

2.864 
2.894 
2.160 
2. 132 

2.209 
2.254 
2. 185 
1.323 
1. 493 
1.237 

8.966 
0. 996 
0.989 
1. 805 
1. 037 
1.056 

1.096 
1.054 
1.846 
0.999 

010 
017 
029 
034 

063 
067 
044 
975 
376 

8.757 

1 
1 
1 
1 

1. 
1. 
1. 
0. 
0. 

015 
460 

1.582 

1. 
1. 

795 
957 

312 
, 093 
,913 
778 

1.321 
1.348 
1. 986 
1. 926 

1.949 
1. 990 
1. 357 
1. 609 
1.313 
1. 092 

1. 429 1. 484 
1. 612 1. 6 7 3 
1. 692 1. 756 
1. 803 1. 3 7'~' 
1, 981 ii' * 056 
2. 060 2. 138 

2. 356 2- 445 
'"' 200 b£ 284 
C 1 185 C 268 
2. 120 2 200 

339 ,- 
427 im LZ. 

d 461 '£ 555 
O 567 Ü 665 
2 465 0 559 

'? 386 •~i 476 
■5 216 ■3 381 
2 167 2 249 
<2 114 ■~t 194 
2 383 '£ 398 
0 376 '2 466 

Area Integral of U? Uint 
Area Integral of CPT2 
Area. Integral of <U*CPT2/'Uint) 
Tc f'V.\? Coef f t. f roi'i To r*ue Met- er! CT (M; 
A r e a I n t e -=i r a 1 0 f C T < U V ')>   C T (U V) i n t. 

1. 133 
1.754 
1. 731 
2.387 
O  O O '*i 
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H HO = 39 ROTOR 
St-a■?'9er finals at 

rcm= 956 Cal. Temp. =70  Fk'g. Run Temp.= 
Mean Inlet V t 1 . — ■ J iL ■ C 

+ STATOR 
Mean Radius = 

=74.2 Uref=50, 

de 1 r u' VW NU uv w u 

0. '"'!-! .04 0. 63 0.01 8. 11 8.24 8. 13 8. 67 0 . 0 1 8. 01 8. 81 0. 81 8 80 
0 53  ' .09 0. 71 0.15 8. 11 8. 16 8. 15 8. i'' fr 0. 10 0. 16 0. 00 -0 81 8 88 
0. r' o . 10 0. 74 0. 12 0.88 8.15 0. 13 0. 32 0.09 0. 14 0. 00 -0 88 -8 80 
1. 63  1 .13 0. l"' l*' 0. 12 0.09 0.14 0. 10 0. 87 0.03 8. 13 -0. 88 -8. 88 8. 00 
1 23 . 16 0. ('  (' 0. 12 0.08 0.12 0. 11 0. 98 0.89 0. 14 0. 00 -8 80 -0 00 
1 53 . 16 0. 31 0.13 0. 09 8. 12 8. 11 0. 93 0. 10 0.15 -0. 08 -0 00 8 88 

2 '"' 'Pi ,. 20 0. 80 0.15 0.12 0.14 0. 15 0 96 0. 12 0. 19 -8. 00 -8 00 8 00 
>P ( o I. 16 0. 75 0. 12 8. 16 0.19 0. 18 0 O o 0, 08 0. 14 -0.00 -8 01 0 00 
3 lit" . 19 0. 71 0. 18 0.16 0. 18 0. 13 0. 85 0.07 0. 12 0. 00 -8 88 0 00 
o 

1 '_< I. 14 0. 69 0.03 0.17 0.20 0. 13 0. 78 0.01 8.84 -8. 88 -8 81 0 01 

4 53 . 14 0. 71 •0.01 0.17 0.28 0. 16 0. 80 -8. 80 8. 82 -8. 81 -8. 01 0 01 
5 03 . 19 0. 71 -0.01 0.18 8.22 0. 17 0 83 -0.02 -8. 88 -8.82 -0 01 8 01 
CJ 53 I. 17 0. 69 -0.00 0.13 8. 19 0. 18 8 79 -0. 01 -8. 88 -8.01 -8 81 8 00 
6 S3 .. 19 0. 63 -0.01 0.16 0. 17 0. 13 8 73 = 0.01 -8.81 -8. 81 -8 88 8 00 

•5 78 1.21 0. 53 8.02 0. 14 0.13 0. 13 0 69 0.01 8.82 -8. 81 8 08 -8 00 
"7 03 L.21 0. 54 0.02 0. 14 0. 16 0. 15 0 65 0.01 8.82 -8. 00 8 88 -8 00 
r" 28 1.21 0. (?■-! 0.01 0.13 0. 15 0 12 0 62 0.01 0.01 -0. 08 8 88 -8 00 
"7 53 1.14 0 54 0.05 0.10 0.14 0 14 0 61 0.03 0.05 -0.00 8 00 -8 00 
I'" 78 t. 81 0 63 0.03 0.15 0. 15 0 17 0 62 0.00 0.04 -0. 01 -8 01 8 01 
0 S3  i 3.37 0 72 0.01 0.16 8. 15 0. 13 0 62 -0. 08 0.02 -0.81 -8 01 8 81 

d. = lr IJ CPT2 U* CPT2 U' - U i r- t U* CPT2/Uint CTOJV: CT' UV 1 co rr 

0:j 

042 
091 
099 
126 
168 
155 

1.851 
1. 466 
1. 599 
1.647 
1. 738 
1.854 

1. 895 
1. 688 
1.757 
1. 355 
2. 006 
2. 142 

8. 920 
8. 964 
8.971 
0.995 
1. 824 
1.021 

0.967 
1.413 
1.552 
1.639 
1.772 
1. 392 

1.264 
1.525 
1. 668 
1.831 
1. 955 
2.. 096 

1.240 
1. 496 
1. 637 
1.797 
1.913 
2. 056 

-1 

o 
f o 

4 tt--J 

5 03 

6.83 

1. 282 
1. 164 
1. 198 
1. 148 

1.137 
1. 136 
1.167 
1. 138 

2.110 
1. 990 
1. 823 
1. 772 

1. 884 
1.817 
1.352 
1. 362 

2.536 
2.316 
2. 175 
2.920 

2.852 
2. 155 
2.162 
2.212 

1. 062 
1.028 
1.051 
1. 007 

1. 005 
1. 048 
1.031 
1. 049 

2.240 
2. 046 
1. 922 
1.785 

1.312 
1. 904 
1.910 
1. 954 

2. 3 2 6 
2.254 

2.481 
2. 682 
2. 692 
2.591 

2.241 

inn 
2.434 
2.631 
2.641 
2.542 

b. (a 
7.03 

8.83 

211 
289 
287 
148 
010 

0.867 

,834 
365 
,779 
,651 
, 585 
,443 

221 
255 
147 
,381 
520 
250 

1.070 
1. 863 
i. ms 
1.007 
0.892 
0.766 

962 
992 
397 
662 
342 
105 

2.bW0 
2.464 
2.428 
2. 428 
2.512 
2.534 

2.551 
2.418 
o w ■-• ft 2 

2. '•"•''82 
2. 464 
2.486 

Area Integral 
Area Integral 
Area Integral 
Tcr*u; Coefft 
Area Integral 

of US Uint 
of CPT2 
of <U*CPT2/Uint) 
.from Torque Meter! CT(M) 
of CT(UV)! CT(UV)int 

1. 132 
1.754 
1.780 
2.307 
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RUN HO, 31 
Sta-g^er 

ROTOR + STATOR 
Angle at, Mean Radius 

rr.\'t=  9O0 
Mean Inlet 

Cal. Ter'iP. =79 
/el.=52.4 

A'■,'■?. Run TefiP.=" Bar: Uref=58. 1 

de 1 r w ■' UV WU U',." iu- 

S3 

4.53 
5. 03 
5.53 
6.03 

yj 

3. 03 

99  0.50 -0.01  0.14  0.27 
,09  0.63  0.19  0.12  0.19 
11 S.72 
07 0.77 
15 0.31 
19 0.34 

29 

. 16 

.19 

. 13 

. 17 

.21 

. 13 

. 10 
. 00 

0. 87 

0.35 
0.33 
0.75 
0 . 70 

0.72 
0.74 
0.73 
0.71 

0.62 
0.56 
0.59 
0.70 
0. 88 

0. 13 
0.09 
0.09 
0. 11 

0. 16 
0. 13 
0. 13 
0. 07 

9.05 
0 . 0 1 
0.01 
0.01 

0.11 0.18 
0.12 0.16 
0.10 0.14 
0.09 0.14 

0.07 0.09 
0.12 8.14 
0.14 0.17 
0.18 0.23 

0.16 0.23 
0.17 0.21 
0.19 0.19 
0.13 0.21 

fi,66     0.01  0.16  9.20 
0.02 
0.03 
0.04 
0. 05 
0.00 

0. 14 
0.16 
0. 16 
0.13 
0.20 

0.18 
0. 17 
0. 19 
0.15 
0.19 

0.15 
0.13 
S.14 
0.12 
0.10 
0. 12 

0.11 
0. 14 
0.15 
0.13 

0.19 
0.17 
0.19 
0. 20 

8. 14 
0. 15 
0.18 
8.19 
0.19 
0.20 

0.52 
0.70 
0.81 
0.32 
0.94 
1. OS 

1. 10 
1.06 
0.95 
9.82 

0.86 
0.87 
0.85 
0.85 

0.79 
0.75 
0. 66 
0. 64 
0.69 
0.75 

0.01 
0.12 
0.09 
0.07 
0.08 
0.09 

0. 14 
0.14 
0.10 
8..04 

0. 04 
0. 00 
0. 00 
0.00 

0.01 
0.02 
0.81 
0.02 
0.03 
-0.02 

-8. 80 
0. 28 
0. 14 
0. 10 
8. 11 
8. 13 

8.21 
8.22 
8. 17 
8. 88 

8. 36 
8.81 
0.01 
0.01 

0. 02 
0.02 
0. 04 
8.04 
0. 05 
0. 82 

8.82 
8.01 
0. 01 
0. 08 
0. 08 
-0. 00 

0. 00 
0.00 
0 . 0 1 
0 . 00 

-0. 00 
-0.01 
-0. 01 
-8. 81 

-8.81 
-8.31 
-0.01 
-0.01 
-0. 01 
-0.02 

0.01 
-0. 00 
-0. 01 
-0. 00 
0, 88 

■8. 80 

0. 00 
-0. 01 
-8. 88 
-3. 81 

8. 88 
-8. 08 
-8. 01 
-0. 88 

8. 88 
8. 81 
-8. 88 
-8. 80 
-8. 88 
-8. 02 

0. 08 
-8, 88 
-8. 00 
0. 00 
0. 08 
8. 80 

-8. 88 
-0. 00 
-0. 08 
-0. 00 

-8. 88 
8. 88 
-0. 88 
-8. 00 

0. 00 
-0. 80 
-0. 88 
8. 88 
8. 88 
8.82 

de 1 r CPT: U*CPT2   U/Uint U*CPT2/Uint CTCUV CTCU ' co rr 

8. 28 0. 993 1. 122 1.114 0. 362 0. 967 1.041 1.029 
0,53 1. 087 1. 599 1.737 0.944 1. 509 1. 455 1. 438 
0.73 1. 108 1.767 1. 959 Q.963 1.701 1. 737 1.717 
1, 03 1.868 1.345 1. 978 0.927 1.711 1. 836 1.815 
1.28 1.151 1. 973 2.270 9.999 1, 972 2.156 2.131 
1. 53 1. 186 2. 117 2.511 1 . 030 2. 181 2.374 2.346 

2.28 1. 298 2.477 3. 196 1. 121 2.776 2.854 2.821 
■p  "7 O 1.267 2.497 3.164 1 . 1 0-0 2.743 2.911 2.877 
O 4 uO 1.253 2.247 2.316 1 . 388 2.446 2.759 2. 728 
•-I  -? n 1. 163 2.007 2.334 1.018 2.027 2.500 2.471 

4.53 1. 192 1. 933 2.393 1. 335 2.001 ■-,  o ■-, t-, 
£ ■ Q c O 2.795 

5.03 1. 133 1.973 2.348 1 . 828 2.033 2. 999 2. 964 
5.53 1. 172 2.022 2.379 1.313 2.058 3. 029 2. 995 
6. 03 1. 286 2.054 2.477 1,347 2. 151 3.167 3. 130 

6. 73 1.225 2.039 2.558 1.864 '?  '"''? "P 3.121 3. 085 
7.03 1.223 2.375 2.533 1. 062 2'.205 3.034 2.999 
r' » is!ü 1.179 1.964 2.316 1. 024 2.011 2.698 2.667 
f . 'JO 1. 896 1.825 2 . 380 0.952 1. 737 2.669 2.639 
7.78 1.008 1.732 1.732 0.869 1.595 2.949 2.915 
8. 03 0.372 1. 766 1.540 9.757 1. 333 3.236 3. 199 

Area Inte-gral of 
Area Integral of 
Area Integral of 
Tcrcui? Coefft.fr> 
Area Integral of 

US Uint = 1.151 
CPT2 = 1.995 
(U*CPT2/Uint) = 2.327 

.ff Torque Met er >   CT(M) = 2.699 
CTCUV)) CTCUV) int, = 2.738 
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RUH Hü. 
y t a g g e r 

ROTOR 
fl n g 1 e a t 

+ STATOR 
Mean Radius = 12 

Mean 
95Q 
I n 11 

Cal. TeiviP. 
el.=52.5 

79 Ayg.Run   Tene.=79.8 Bar: Uref=58.9 

de 1 r NU Wü' 

0 28  £ t.95 0. 57 0. 05 8. 14 8. 21 0. 15 8. 55 8.82 0 . 06 8. 81 -8. 81 8. 01 
0 53  i .08 0. 58 8. 21 8. 14 8. 19 0. ■~j <™j 8. 64 8.12 0. 21 8. 01 -8. 88 -8. 01 
0 "7;I; . 13 0. 70 0. 13 8. 12 8. 20 8. 13 0. 79 0. 08 8. 15 8. 81 -8. 81 -8. 80 
1 93 . 14 0. "7£; 0 89 8. 18 0. 17 3. 14 0. 89 0. 06 0 . 18 8. 88 -8. 81 8. 0 8 
1 *? 'P, .14 0. '?,'"', 8 88 8. 11 8. 17 0. 13 8, 95 8. 86 8. 09 8. 88 -8. 81 8. 08 
1 53 . 18 0. 8 8 8 89 0. 13 8. 15 0. 12 i. 04 0.88 8. 11 8. 88 -8. 00 8. 88 

2 2fi  ] .34 0. 89 8 28 8. 89 8. 11 0. 15 1. 19 8. 18 0. 27 8 80 8 00 -8 80 
£ ■?o  ■■ ■~«0 0. 88 8 23 8. 88 8. 12 8. 14 1. 17 8. 28 8. 30 8 08 -8 00 -0 88 
!JJ iii Ü i.'ii 0. o r" 8 13 0. 13 8. 17 8. 13 1. 15 8. 16 8. 24 8. 81 -8. 81 -8 81 
3 "7 O .20 0. 76 8 12 8. 28 8. 24 0. 21 0, 92 0. 08 0. 15 8 81 -8 01 8 88 

4 53 i . 18 0. l   i 8 84 0. 21 8. 25 8. 24 0. 98 8. 02 8. 05 -8 81 -8 81 8 88 
5 S3 : . 16 0. 79 -8 82 8 OO 0 . 25 0. 28 8. 91 -0.03 -8. 01 -8 81 -8 82 8 01 
Cj CJ--1 L. 19 0. 79 -0 83 8. 20 8. 26 0. 13 0. 92 -8.83 -8. 02 -8 82 -8 81 8 01 
6 03 l. 23 8. 75 8 81 8 19 0. 23 8 '"' ''■> 0. 92 8. 88 8. 08 -8 88 -0 88 -8 80 

6 .78 1.24 0 71 8 82 8 18 0 13 0 13 0 8.82 0 82 -8 81 -8 88 -0 88 
i' . 03 ■ id'-' 0 69 8 83 8 17 0 28 0 19 0 83 8.02 8 84 -8 81 -8 88 0 88 
"7 «>ii y L. 17 0 68 0 87 0 17 0 19 8 21 8 79 0. 05 0 88 -8 81 8 88 -8 81 
"7 . 53 t. 05 0 i { 0 07 8 19 0 2? 0 £ O 0 79 8.83 0 88 -8 81 -8 82 0 01 
"7 . 78  i 3. 99 0 35 8 84 3 18 0 28 8 21 0 82 8,83 0 84 -8 81 -0 88 0 01 
s . 03   !• 3. 89 0 94 8 11 0 18 0 18 8 25 8 84 0. 89 0 18 -8 . 88 -8 81 0 80 

d^ ilr IJ ! ::PT2 U* CPT2 U- ■Uim U* CPT2/Uint CT :uv: CT' UV 1 c o r r 

4 53 
ff 03 
ff 53 
& 03 

s 78 
(' 03 
7 '"' 8 

83 

0.951 
. 076 
. 130 
. 141 
. 148 
. 173 

. 343 

. 334 

.314 

.283 

. 133 

. 164 

. 138 

.226 

.241 

.228 

. 178 

. 846 

.987 
8.894 

0.882 
1. 499 
1.765 
1. 923 
2.877 
2.263 

2.765 
2.897 
2.658 
2.232 

2. 183 
2. 169 
2.245 
2.286 

1.612 
1.995 
2. 193 
2.363 
2.672 

3.713 
3.866 
3.494 
2.745 

237 
,213 
,834 
956 
976 

, 186 

2.493 
2.524 
2. 6S6 
2.383 

2. 77b 
2.717 
2.388 
2.847 
1. 949 
1. 334 

0.316 
8.923 
3.970 
0.979 
0.979 
1.811 

1. 152 
1. 145 
1.128 
1. 032 

1.815 
8.999 
1.819 
1. 052 

1. 065 
1. 054 
1. 004 
9.393 
8.347 
0.763 

0. 728 
1.384 
1.712 
1. 382 
2.882 
2.293 

3. 186 
3.313 
2.998 
2.356 

2. 148 
2. 166 
2.288 
2.486 

2.332 
2.331 
2.843 
1.756 
1.673 
1.617 

1. 153 1. 133 
1. 486 1. .-! y id 
1. 888 1. 778 
2. 891 856 
d ■ 382 d€>'3 

2 595 2. 551 

:,_ 269 3. 214 
3 486 j. 348 
j 529 "i 469 
2 951 2. 981 

3 114 3 861 
z> 294 3 ic! '3 y 
t[ 455 3 396 
3 625 ■■ 563 

-, 632 578 
"3 525 3 465 
~\ 487 3 349 
3 462 3 484 
■1» 673 616 
'"• 838 77!"! 

Area   Integral   of   US   Uint = 1.165 
Rrea   Integral   of   CPT2 = 2.198 
Area   Integral   of   (U*CPT2/Uint) = 2.238 
Tc r<iu ?  Coef f t. f roi'i  To r*ue  Met e r >   CT (M) = 3.119 
Area   Integral   of   CT(UV)!   CT<UV)int = 3.173 
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RUH   NO. 
Steuer 

ROTOR 
fln-gle   at 

+.STATOR 
Mean   Radius  = 

rpfi=1000 
Mean   Inlet 

Cal. Tei'iP. =70 
■'el.=52.5 

fly?.Run  TemP.=30. 1 Bar=752       Uref=49.9 

de 1 r W VW wu u'.,' • w u 

0 £3 0. 93 0. 56 0. 08 0. 15 0. 24 0. 20 0. 56 0. 04 0. 08 0. 01 -0. 01 0 00 
0 53 1. 09 0. 54 0. 19 0. 14 0. £1 0. '"' '?J 0. 60 0. 11 0. 20 0. 01 0. 00 -0 01 
0 7"!-! 1. 11 0. 71 0. 13 0. 13 0. 22 0. 13 0. 79 0. 08 0. 14 0. 00 -0. 01 -0 00 
1 03 1. 16 0. 31 0. 09 0. 12 0. 19 0. 14 0. 94 0. 07 0. 11 0. 01 -0. 01 0 00 
1 iciy 1 £0 0. o o 0. 08 0. 12 0. 17 0. 13 1. 05 0. 06 0 09 0 00 -0 01 0 00 
1 er •-. 1 £6 0. 39 0. 13 0. 11 0. 15 0. 12 1. 12 0. 12 0 16 0 00 0 00 0 00 

2 £3 1 40 0. 97 0. 18 0. 08 0. 11 0. 11 1. 36 0 17 0 '~iCi 0 00 0 00 0 00 
id "7 0 1 45 0. 93 0. £1 0. 10 0. 11 0. 15 1. 42 0. £0 0 30 0 00 -0 00 -0 01 
■"' *— C' 1 36 0. 91 0. £3 0. 16 0. 18 0. '?8 1. 24 0. 19 0 30 0 01 -0 02 -0 01 
3 73 1 £ i" 0. 80 0. 16 0. 20 0. 26 0. 24 1, 03 0. 12 0 20 0 01 -0 01 -0 00 

4 53 1 13 0. 84 -0. 03 0. ?o 0. 24 0. 17 0. 98 -0, 04 -0 04 -0 01 -0. 01 0 00 
C" 03 1 21 0. l~!3 -0 01 0. 22 0. 24 0. 23 1 00 -0. 02 -0 00 -0. 01 -0 02 0 01 
Cj 53 1 13 0. 83 -0 01 0. ■p --I 0. •~'0 0. ■~' *2 0 97 -0. 02 -0 02 -0 00 -0. 01 0 00 
s 03 1 £4 0. 79 -0. 03 0. ■?o 0. 24 0. 19 0 96 -0 03 -0 03 -0 02 -0 00 0 00 

6 73 1 '"''2 0, 82 0 00 0. 21 0. 25 0. 0 9 0 98 -0 01 0 01 -0 02 -0 01 0 01 
i"' 03 1 '"''? 0. 70 0 07 0. 20 0. 22 0. ü3 0 94 0 05 0 09 -0 01 -0 00 0 00 
r' i^iy 1 15 0. 80 0 07 0. 21 0. 24 0. ■"'T7 0 91 0 05 0 08 -0 01 -0 01 -0 00 
"7 ,53 1 00 0. 89 0 03 0. 24 0 23 0. 27 0 88 0 06 0 10 -0 01 -0 02 0 02 
"7 73 0 99 0. 92 0 1£ 0. 20 0. 24 0. 26 0 90 0 10 0 12 -0 01 -0 01 0 00 
!-! . 03 0 93 0. oo 0 IS 0 20 0 23 0 07 0 82 0 13 0 14 0 01 -0 01 -0 01 

de 1 r CPT; U*CPT2 U/U int U*CPT2/Uint CTCU1' CT'-'LT 0 r r 

0, 28 0. 979 0.990 0, 969 0.823 0.815 1. 235 1. 203 
0.53 1 . 090 1. 636 1.733 0.916 1.499 1.391 1. 355 
0. 78 1.112 1.957 2. 177 0.936 1.831 1.888 1. 839 
1, 03 1. 156 2. 191 2.533 0.973 2. 131 2.314 - i 254 
1. 28 1. 197 2.369 2.335 1 . 007 2.385 2.687 — ■ 616 
1. 53 1.257 2.575 3.237 1. 057 2.7£3 2.963 3 8 8 6 

2.28 1. 403 3. 167 4.445 1. 180 3.739 3.914 -' ■ 811 
V g i1" }-] 1.446 3.390 4.904 1.217 4. 124 4.317 4. 204 
O * w '-' 1. 355 3. 180 4.309 1.140 3.625 3.973 3. 874 
3.73 1.272 2.560 3.255 1 . 070 3.476 :> _ 385 

4.53 1. 184 2. 272 2.690 0.996 2.263 3.575 z>. 482 
5.03 1.206 2.387 2.378 1.014 2.421 3.793 3. 693 
5.53 1. 182 2.480 2.931 0.994 2.466 3.863 "' 762 
6,03 1.240 2.500 3.099 1. 043 2.606 3.981 "^ 877 

6. 78 1.218 2.394 2.915 1. 024 2.452 4.296 4. 184 
7. 03 1. 223 2.343 2.865 1.023 2.409 4.201 4. 091 
7.28 1. 146 2.168 2.434 0.964 2.090 4.117 4. 009 
7.53 1 . 004 2. 144 2. 152 0.344 1.810 4.059 3 952 
7.78 0.986 2.173 2. 147 0.329 1.306 4.230 4 120 
8.03 0.926 2.213 2.050 0.779 1. 725 3.925 3 8 2 ■? 

Are a Int e-=ral of US Uint = 1 189 
Area Int e=iral of CPT2 3 2 441 
Area I nt e^ral of OJ*CPT2.' Uint) = •■5 

im 497 
Tcruu? C oefft.f r litt Torque > Meter! CT :M> = 3 544 
Area Int egral of CT<UV>.i CT<UV)int = 3 639 
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RUH   HO.=   35 

rKiM=lQ50 
Mean   Inlet- 

Sta- ?'?!= r flr 
ROTOR 

sie at 

al 
1. 

. Te 
= 52 

•iP. 
.4 

= 71 fl v'-g. R jn Ter'iP.= 

+   STATOR 
Mean   Radius 

Bar=74r Uref=59.1 

de 1 r NU 1.4 U WU' 

0. 28  1 .07 0. S3 0. 11 0. 16 0. 23 0. .-, .-j 
0 . 63 0. 06 0. 12 0. 01 -0. 01 0. 01 

0. 53  1 . 19 0. 73 0. id id 0. 15 0. dd 0. 24 0. 39 0, 14 0 . '*i er 0. 02 -0. 02 -0. 01 
0. "7»"|    \ . 2y 0. 76 0. 13 0. 12 0. 22 0. 19 0. 97 0. 09 0 . 16 0. 01 -0, 00 -0. 00 
1. 03  1 27 0. o o 0. 10 0. 13 0. 22 0. 14 1. 12 0, 0 S 0. 13 0. 00 -0. 01 0. 00 
1. jvy  1 o ■"' 0. 92 0. 10 0, 12 0. 18 0. 14 1. 23 0. 09 0. 13 0. 01 0. 00 0. 00 
1. S'"'  1 . 35 0. 97 9 . 11 0. 12 0. 16 0. 13 1. 32 0. 11 0. 16 0 01 0. 00 0. 00 

2 28  1 .49 1. 03 0. 18 0, 10 0. 13 0. 12 1. c|0 0. 19 0. 23 0 00 0. 00 0. 00 
d r' c'  1 .52 1. 03 0. 18 0. 13 0. 15 0. 17 1, 56 0. 13 0. 27 0 01 -0 01 -0 00 
O iO   1 . 48 1 90 9 20 0. 18 0 21 0. 19 1 48 0 19 0 30 0 01 -0 01 0 0 0 
3 i1' o   1 a  ■-' r' 0. 86 0 14 0. 21 9 26 0 ■ 26 1 20 0 10 0 18 0 02 -0 02 -0 01 

4 53  1 . 30 0 OC 0. 04 0. 24 0 26 0. 23 1 10 0 02 0 06 -0 00 -0 01 0 01 
5 03  1 ■ id r 0 89 -0. 01 0. 29 0 29 0. 26 1 13 -0 03 0 01 -0 00 -0 02 0 02 
C er--.   -j ■ id y 0 92 0 00 0 '"' 7 0 26 0. 25 1 17 -0 01 0 02 -0 01 -0 02 0 01 
6 03  1 2 7* 0 90 -0 04 0 29 0 29 0. 22 1 13 -0 04 -0 03 -0 02 -0 01 0 01 

S 78  1 . 22 0 85 0 03 0. 30 0 31 0. 27 1 03 0 01 0 03 -0 00 -0 01 -0 01 
r" 03  1 ill 0 85 0 08 0 31 0 28 0 25 0 94 0 06 0 08 -0 01 -0 01 -0 01 
r" O O   1 .09 0 31 0 14 0 oo 0 29 0. ■L. y 0 89 0 11 0 14 0 01 -0 01 -0 01 
7 53  O . 97 0 76 0 13 0 33 0 29 0 27 0 r' i 0 10 0 11 0 03 0 00 -0 02 
r' T*0   i" !~l8 0 "7"? 0 07 0 29 0 33 0 £ O 0 70 0 06 0 06 0 03 0 01 -0 00 
C' . 03   0 . O (' 0 80 0 07 3 30 0 34 0 29 0 1 C 0 06 0 05 0 . 02 0 00 -0 01 

de 1 r CPT: U*CPT2 U/U int U*CPT2/lJint CTCUV) .:■ c o r r 

0. 28 1 . 070 1. 403 1.502 0. 366 1.215 1.594 1.512 
0.53 1. 185 2.328 2.404 0. 959 1. 946 2. 152 2.041 
0.78 1.280 2. 239 2.929 1. 036 2.371 2.447 '"■ •"> ■"' ■? 

1.03 1.273 2.479 3. 157 1.031 2.555 2.912 2. 762 
1.28 1.325 2. 667 3.535 1. 073 2.861 3.304 3. 135 
1.53 1.351 2.892 3.90S 1. 094 3. 163 3. 650 3. 463 

d • CO 1 .485 3.486 5. 173 1 .202 4.191 4. 632 4.394 
2,78 1.517 3. 666 5.560 1.227 4.500 5.019 4,761 
y * idä 1. 478 3.492 5.029 1. 196 4.070 5.012 4.755 
3. i" y 1. 366 2.796 3. 3 13 1. 105 3.090 4.257 4. 039 

4.53 1. 298 2.432 3. 157 1 . 050 2.555 4. 209 3. 9 9 3 
5.03 1.267 2.491 3. 156 1. 025 2.554 4.499 4.268 
=|  Cj'-i 1. 280 2.536 3.246 1 .036 2. 627 4.872 4.622 
6. 03 1.268 2.494 3. 162 1.026 2.559 4.899 4.643 

6.78 1.220 2.197 2.680 0.987 2.169 4.767 4.522 
7.03 1.110 2.376 2.305 0.399 1. 366 4.393 4. 168 
r' * idy 1. 039 1.372 2.038 0.381 1.649 4.278 4. 053 
1   t  JO 0. 975 1.751 1. 707 9.739 1.382 3.775 3.581 
7.78 0.88O 1. 727 1.529 9.713 1.231 3.482 3.303 
3. 03 0.872 1 . 800 1.569 9.795 1.270 3. 628 3.442 

Area Integral 
Area Integral 
Area Integral 
Tcr«iU3 Coeff't 
Area.   Integral 

of   US   Uint 
of   CPT2 
of   <;U*CPT2/'Uirit) 
from  Torque  Met erj   CT(M) 
of   CTOJV)5   CT(UV>int 

1.236 
2.485 
2.576 
3.949 
4. 162 
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RUN HO.= 36 

f-Bl'''l=1100 
Mean Inlet. 

Cal. Tei'ip. =71 
'v'el.=52.6 

3ta ?'9S r flr 
R 

■3l 
UTOR 
e a t 

+ STATOR 
■an Radius = 12 t 9 

fl .-'•5 . Run Te 'IP, =77 4   Bar= MT Ut •ef = 49 

de 1 r VW wu I..JU' 

S. 23 1.15 0.74 0.10  0. 17 0.29 0,23  0. O f" 0. 05 0 . 11 0,02 - 0. 02 0 , 0 0 
0.53 1.24 0.71 0.21   0. 18 0.24 0.24  9. 91 0.15 0. 26 0.03 - 0. 00 -0, 00 
0,78 1.27 0.84 0.11   0. 15 0. 22 9.18  1. 07 0. 09 0. 15 0.00 - 0. 00 0, 00 
1. 03 1.32 0.85 0.12   0. 15 0.21 0.17  1. 13 0 . IS 0 . 15 0 . 0 1 0, 00 -0. 00 
1. 28 1.38 0. 99 0.13   0. 13 0. 18 0.15  1. •-' f 0. 13 0 . 18 0 . 0 1 0. 00 -0. 00 
1.53 1.41 1 . 00 0.13   0. 12 0.17 0.15  1 . 41 0. 14 0. 19 0. 00 0, 00 0 , 0 0 

2. 2R 1.52 1.08 0.13   0. 12 0. 13 0.13  1. 65 0. 20 0. 2fi 0. 00 0 00 -0. 00 
v B [■■ y 1. 59 1. 08 0.23 0 12 0.14 0.17  1 f' <d 0.24 0. '"iC 0. 00 0 00 -0. 01 
3 , 2 !-> 1.57 1.04 0.17  0. 19 0.20 0.2O   1 64 0. 17 0. .-, Cj 0.01 - •0 00 - 0 . 0 1 
3.78 1.42 0. 92 0.10   0. 24 0.27 0.27  1 O'p 0. 08 0. 14 0.01  " •0 02 -0. 00 

4.53 1.27 0. 89 -0,04   0 30 0.31 0.29  1 12 -9.06 - 0 . 04 -0.01  " ■0 0 3 0.01 
5,03 1.29 0'.85 -0.04   0 '"'O 0.29 9.25  1 IS -0,04 - 0. 04 -0.00 " -0 01 0.01 
5.53 1.29 0. 95 0.01   0 i^y 0. 3 2 0.23  1 -0. 00 0. 02 -0.01 - •0 01 0 . 0 1 
6, 03 1.23 0.91 0.03   0 35 0.31 0.31  1 10 0.02 0, 04 -0.02 - •0 01 -0.0 0 

6. 78 1. 16 0.84 0.05   0 36 0.33 0.27  Q 98 0.04 0 05 0 .00 " -0 00 -0. 01 
7.03 1.16 0. 80 0 . 1 0  0 36 0.33 0,29  0 95 0.08 0 11 0. 02 0 00 -0. 01 
t" i Üz! y 1.04 0.78 0.13   0 36 0. 31 0. 3 1  0 83 0. 10 0 12 0.02 - "0 01 -0. 02 
7.53 0. 98 0.73 0 . 09   0 34 0.32 0.30   0 75 0.08 0 09 0.03 0 01 0. 30 
7 "7 pi 0. 95 0. 66 0.10   0 '?:''' 0.33 0.27  0 . 67 0.07 0 09 0. 05 0 . 00 -0. 00 
8, 03 0.87 0. 83 0.08   0 28 0.29 0.30   0 "7 er 0.07 0 08 0. 03 0 00 0.01 

de 1 r IJ ' CPT2 1. *CPT2 U/Uint u *CPT2/Uim CT(UV) CT' IJV)cc.rr 

0.28 1 153 1. 455 1.673 9.919 1. 337 2,113 2_ 040 
0,53 1 241 2.153 2.672 0. 989 2. 130 2.294 ■o 215 
0. 78 1 270 2.472 3. 139 1.012 2.502 2.812 ■~J 715 
1.03 1 316 2.683 3.531 1.349 2.315 3.074 ■'J 967 
1. 28 1 .331 2.913 4.024 1.101 3.207 3.851 •J , 717 
1.53 1 .407 3. 169 4.460 1. 122 3.555 4.096 3. 954 

2.28 1 522 3.923 5.969 1.213 4.758 5.219 5, 038 
& * t O 1 . 590 3.383 6. 174 1,267 4.921 5.767 =j 567 
-i o o 1 .574 3.370 5.304 1.255 4,228 5.812 5. 610 
3.78 1 .423 2.739 3.969 1. 134 3. 164 4.925 4 754 

4,53 1 . 269 2.519 3. 196 1.011 2.548 4. 460 4 305 
5,03 1 .294 2.481 3.211 1.332 2.560 4.592 4 433 
5.53 1 . 293 2.485 3.213 1.031 2.561 5.336 CJ 150 
6. 03 1 . 234 2.346 2.895 0.9S4 2.307 5.01 0 4 836 

6.73 1 . 161 1.913 2.229 0.925 1. 779 4.715 4 551 
7,03 1 . 156 1.311 2.094 0. 922 1. 669 4.639 4 473 
7.28 1 . 038 1. 640 1. 702 9 .'827 1, 356 4. 167 4 023 
7.53 0 . 977 1.556 1.521 0.779 1.212 3. 816 3 684 
7.78 0 . 952 1.577 1.501 0.759 1. 196 3.495 3 374 
8.03 0 . 869 1.71Ö 1.437 9.693 1. 135 3. 979 3 841 

Area Inte-gr ll of US Uint = 1. 255 
Area Integr al of CPT2 = 2. 481 
Area Integr ll   of (U*CPT2/ Jint) = 2. 598 
Tcrdu? Cost' ft.fr 3M Torque Me •ter! CT (fl >  = 4. 327 
Area Integral of CT(UV)S CT' UV)int = 4. 483 
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RUH   NO. =   3" 
> t a •? '9 e r 

ROTOR   +   STATOR 
finale   at   Mean  Radius 

rcri=1200 
Ms an   Inlet 

;al.Temp 
•■1. =52- 7 

= 71 Aug.Run  Temp.=79.6 Bar=747 Uref=49.3 

de 1 r NU uv U W  ' w u 

@. *? p, 1. '"' ft 0. 1'' l'" 0. 10 0. ■"' ""5 0. 3 0 0 . 24 1. 00 0. 07 0. 14 0. 02 -0. 01 0. , 02 
0. C-; 1. ft 3 0. 71 3. 22 0, 20 0. 26 0. 26 0. 98 0. 16 0, 29 0. 03 0. 00 0. 0 0 
0. i r u 1. 40 0. 39 0. 21 0. 18 0. O '"' 9. 20 1. 26 0. 19 0. 36 0. 02 -0. 0 0 0. 0 0 
1, , 03 1. 42 0 . 8 9 0. 14 0. 19 0 , 24 0. 17 1. 28 0. 14 0. 20 0. , 02 0. ,01 0. , 00 
1, , uiiy 1. 43 1. 01 0. 15 0, 16 0. 19 0. 17 1. 51 0. 15 0. cL -Z. 0. 01 -0. 00 0. , 00 
1. C[--| 1. 55 1. 10 0. 16 0. 13 0. 17 0. 14 1. 70 0 ■ 17 0. .-, i- 

0. 00 0. 00 0. , 00 

2 , 2 ft 1. . 63 1. 17 0. ■-, C] 0. 15 '0. 17 0. 18 1. 98 0. 29 0 . 41 0. ,01 -0. , 00 -0, , 00 
bl . 

70 1. ,70 1. 20 0. 29 0. 16 0. 13 0. 21 2 B 05 0. 35 0. 49 0, ,01 -0. ,01 -0, , 0 0 
■~r 

i >ü!y 1. 60 1. 08 0. 27 0. >i!ici 0 . 26 0. 23 i. 75 0 . 2 8 0 . 41 0. , 02 -0 . ,01 -0. , 02 
3. . r' o 1. ,46 1. 00 0. 10 0. C (' 0, 31 0. 29 i. 46 0. 08 0. 15 0. .01 -0. , 02 0, ,01 

4. , 53 1. ,35 0. 96 0. 00 0. iV"' 0. 34 0. £ O i. 30. -0. 02 0. 02 0, ,01 -0, , 02 0, , 0 2 
er , 93 1. ,31 0. 95 0. ,01 0. y y 0. 31 0. 34 i. 25 0. 01 0. 04 0, ,01 -0. ,01 0, , 02 
C] C---I 1. , 29 0. 91 0. 03 0. 35 0, o =; 0. ft ft i. 18 0. 03 0, ■ 06 0. ,01 0, , 00 0, ,01 
S • ', 03 1. , 26 0. 93 0. 04 0. 35 0. 34 0. 34 i. 18 0. 03 0. 08 -0, , 00 -0, ,01 0, , 02 

6. i i' O 1, , 12 0. , ft 2 0, ,07 0. 41 0. 35 0 . 31 0, ,95 0. , 06 0, , 08 0, , 03 -0, , 00 0, , 00 
r . . 93 1, , 10 0. , yii' 0, , 10 0. 41 0. 37 0. 31 0, ,94 0, , 0 9 0, , 12 0, , 03 -0, , 00 0, ,01 
i' i , i^y 1, ,07 0. , 76 0, , 11 0. 39 0, , 36 0. ,31 0, , y i'1 0, , 08 0, , 11 0, , 06 0, . 00 -0, ,01 
r' . .53 1, , 03 0. , r' r 0, , 11 0. 34 0, 0. O '"' 0, , 33 0, ,03 0, , 12 0, ,04 -8, , 00 0, . 00 
(' • i r o 0. • 97 0, , 80 0, ,07 0. 34 0, , 39 0, 31 0, ft'"1 0, , 05 0, , 07 0, ,04 ~0, , 00 0, , 00 
3 , 93 0. ,94 0, 0, , 11 0, ,34 0, ,37 0. 29 0, i r' o 0, , 08 0, ,09 0, .05 -0, . 00 -0, ,01 

de 1 r CPT2 J*CPT2 U/U int U*CPT2/Uint 

0, 28 
0,53 
0.78 
1.03 
1.28 
1.53 

4.53 
5.03 
5.53 
6. 83 

6.73 
7.03 

3.03 

420 
484 
547 

1.634 
1.698 
1. 595 
1.459 

1.346 
1.314 
1.285 
1.262 

119 
102 
867 

,025 
, 974 
. 938 

1. 708 2. 189 0. 973 
2, 476 3 2 ft 9 1. 013 
2, 344 3] 977 1. 072 
S! 122 4.433 1. 088 
'T1 

425 5.082 1. 137 
3! 772 5.837 1. 186 

4, ,622 7.735 1. ,291 
4, , 789 7.994 1, 301 
4, ,130 6.589 1, 223 
3, ,268 4.756 1, , 113 

2_ ,522 3.394 1, ,831 
9 , '?&& 3. 109 1, , 087 
2, ,310 2. 969 0, , 935 
'-, , 196 £. .  1  t    im 0, , 968 

1, ,877 2. 099 0, , 857 
1, , 325 2.011 0, ,345 
1 ,700 1.815 0, .313 
1, , 69fi 1.732 0, , 786 
1, , 783 1.736 0, .746 
1, , 993 1.374 0, ,719 

1. 671 
d. 1 521 

048 
;tj 398 
3. 395 
4. 473 

5, , 966 
6, , 127 
5, , 050 
3, , 645 

■-, ,601 
•~J , 383 
V , , 276 
2. , 125 

1, , 699 
1, ,541 
1, .391 
1 . 323 
1, . 338 
1, . 436 

T< :uv) 1—
   1   O

J 
0
 

1 1 

: UV)corr 

2. 666 643 
•d B 690 2« 666 

611 ■T| 579 
O 77ft ■", 745 
4. 604 4. 563 
E? 367 5, 320 

6. 848 6. 7 8 ft 
(' 1 469 1'1, 484 
61 734 6. 675 
c- ■ 989 5, O GJ 0 

5. ■ 662 CJ 613 
5, ,673 5. , 6 2 ft 
5, , 598 Cj ,549 
5, ,811 5, , 760 

4, , 985 4, ,941 
er , 828 4. , 984 
4, ,748 4, , 706 
4, , 598 4, , 550 
4, ,614 4, ,574 
4, . 582 4, ,462 

Area   Integral   of   US   Uint 
Area   Integral   of   CPT2 
Area   Integral   of   (U*CPT2/U:nt) 
Tcr<ujs  Coefft.from  Torque  Meter!   CT> 
Ar ea I nt e■?ra 1 of CT < UV >! CT< UV) i nt. 

M) 

1. 305 
2.714 
2.880 
5.295 
5.342 
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RUH   HO,= 
Staler  Hr 

ROTOR   +   STATOR 
■?le   at   Mean  Radius   = 12 

ncf.|=i 30@ Cal.T 
Mean Inlet Vel.=5 

i-l'lp fl y -9. R u n T e n P . = 81. 1 Bar Iref=49. 

de 1 r '■.■■ 1--4 WU uv' W U ' 

0 28  1 37 0. 7CT 1 -J 0 , 10 0. 30 0 . O O 0. 21 1 11 0. 08 0 . 15 0 08 0 01 0 01 
0. 53  1 45 0. 80 0 . 17 0. 26 0. 34 0. '"' s 1. 22 0.16 0. ■-I c- 0 06 0 02 0 00 
0 7 0    1 49 0. 91 0. <d 7 0. OO 0. 25 0. 24 1 39 0.24 0. 40 0 03 -0 01 -0 00 
1 93  1 49 0. 91 0. 18 0. 24 0. '"' 8 0. 21 1 40 0. 19 0. iu'C' 0 03 0. 02 0 01 
1 ■ei y l 59 1. 06 0. '"''? 0. '?'2 0. 23 0. ̂  '^ 1 71 0.24 0 ■ 0 02 0 00 0 0 0 
1 53  1 63 1. 17 0 . •'"? 0. IT 0. 20 0. 20 1 93 0.26 0 . 36 0 01 0 00 0 00 

2 2:-:  1 77 1. 24 0. 3*2 0. 21 0. 20 0, 24 ■-I 20 0.40 0 ■ ET "? ■J 1' 0. 01 -0 00 -0 00 
'£ f o   1 74 1. 25 0. •-' iL 0. OO 0. 24 0. 29 0 20 0.40 0 . 55 0 01 -0 00 -0 00 
•~i ^i y  x 62 1. 14 0 £5 0. 29 Q. '"''"' 0 . ■~\ 0( 1 88 0.29 0 . 3 9 0 04 0 00 -0 02 
3 73  1 47 1. 03 0 19 0, 35 0. 36 0, 39 1 56 0. 20 0. 29 0 04 -0 00 0 01 

4 =•■-!       -j 3f=j 0. 90 0 02 0. 36 0 36 0 . 31 1 '",Ei 0 . 0 3 0 . 05 0 03 0 01 0 02 
5 03  1 OO 0. 93 0 00 0, 39' 0 36 0. 36 1 '26 0,01 0. 03 0 02 0 00 0 03 
c 53  1 31 0. 89 0 04 0, OO 0 0, ;"] Ot 1 19 0 . 0 3 0. S6 0 02 -0 00 0 01 
s 93  1 '"'!-! 0. 91 0 07 0 41 0 39 0. 34 1 20 0.08 0. 10 0 03 0 01 0 01 

s <' •_'  1 15 0. 84 0 14 0. 42 0 38 0. 34 1 03 0.11 0. 16 0 06 -0 0 0 -0 00 
"7 03  1 18 0. f' f* 0 08 0 43 0 35 0. 30 0 95 0. 07 0. 07 0 04 0 01 -0 02 
7 i^!ü i 16 0 80 0 08 0 44 0 ;";''! 0. 29 0 97 0.07 0. 09 0 04 0 01 -0 0 0 
"7 S'-1 1 17 0 84 0 09 0 43 0 38 0. 31 1 03 0. 08 0. 12 0 05 -0 00 0 01 
r' "7 O   1 07 0 8i^! 0 09 0 ~!7 0 41 0 :~J ;Tj 0 91 0, 07 0 11 0 04 -0 00 0 01 
3 03  1 . 11 0 93 0 13 0 36 0 40 0 32 1 10 0. 11 0 14 0 07 -0 02 -0 01 

d sir IJ ;PT2 U* CPT2 U- - U i r- t U* :PT2.••••!. Um CT IUV 1 CT :uv '> c o r r 

w. 
0. 
0. 
1. 
1. 
1. 

fc.13 

0 
s 03 

6 70 
l '-' 

03 

3, 03 

1.367 
1. 448 
1.491 
1. 493 
1.590 
1. 635 

1.766 
1.743 
1.623 
1.465 

1,919 
2.747 
3.244 
3.596 
3.930 
4.329 

1. 
1. 
1. 
1, 

346 
332 
307 
282 

5.963 
4.873 
4. 126 
3.266 

2.413 
2.284 
2.291 

1.150 
1. 178 
1. 156 
1. 168 
1.072 
1.110 

973 
976 
910 
011 
208 
5.19 

2.623 
3.977 
4.838 
5.363 
6.248 
7.-977 

8. 939 
3. 5Öi 
6.695 
4.736 

3.243 
3.043 
2T994 
2.862 

2.269 
2.323 
2.203 
2.349 
2.367 
2.796 

Area Integral 
Area Integral 
Area Integral 
Tcrdus Coefft 
Area Integral 

of   U!   Uint 
of   CPT2 
of   <U*CPT2/Uint) 
frOM   Torque  Meter CT' 
of CT(UV)J CT(UV)int 

1. 003 1. 925 
1. 063 CZ,  ■ 920 
1. 095 552 
1. 096 3 ■ 941 
1. 167 4. 587 
1. 200 5. 196 

1 296 6 563 
1 230 6 242 
1 191 4 916 
1 076 3 513 

0 988 2 385 
0 973 2 234 
0 959 2 198 
0 941 2 101 

0 844 1 66G 
0 365 1 739 
0 349 ' 1 621 
0 857 1 724 
0 787 1 738 
9 315 2 053 

- 1.362 
3 2.373 
= 3.046 

) = 6.404 
= 6.261 

3, 190 
3.644 
4,286 
4,461 
5,636 
6.571 

8,216 
8.679 

6. 828 

3. 'db'-i 

V. 384 
4.563 

8. 484 

8. 802 
6. 977 

0 
6 

a f b 

201 6. 
011 
343 

6. 098 6. d y H 
6. 437 6. 584 

5 847 5. 981 
5 513 5. 6 3 9 
5 717 5 848 
6 173 6 314 
5 564 C] 692 
6 839 6 995 
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RUH NO.=45 

r P fi 58U 

b t a -j -=i e r 

C:al.Tei'iP.=78 
Mean Inlet Vel.=51.2 

ROTOR + STATOR 
fir ■gle at Me an Radius - 

n Te,vip.=i 34. 5   Bar= '4: Uref=4; 

de 1 r i.r VW UV w u 

0 28  1 .07 0. 64 -0. 84 8. 97 8.06 0. 94 0. 69 -8. 02 -0. 04 -0. 08 0, 00 -0. 00 
0 53 : . 11 0. 63 -0. 89 8. 87 0.07 8 < 84 0. 69 -0. 05 -0. 10 -0. 80 0. 00 0. 00 
0 70 . 19 0. 63 -0. 09 8. 83 8. 04 0. 83 0. 75 -0. 06 -0. 11 -0. 00 0. 00 0. 0 0 
1 9 3 : .20 0. 64 -0. 10 8. 84 8. 03 0. 93 0. 76 -0. 87 -0. 12 -0. 00 -0. 00 0. 00 
1. i^! '-' . 19 0. 63 -8. 10 8. 85 0.04 0. 83 0. 75 -0. 06 -0. 12 -0, 00 -0, 00 -0. 00 
1 53  1 . 19 0. 64 -0. 12 0 83 0. 03 0 83 0. 75 -0. 07 -0. 14 -0 00 -0 00 0 00 

2 '"'!-! .21 8. 68 -0 11 0 83 8.94 8. 04 0 . 73 -0. 07 -8. 13 -0. 08 -8. 08 0 0 0 
<d "7 p . 28 0. 57 -0. 12 0 83 8. 04 0 05 0. 68 -0. 07 -8. 15 -0 00 -8 00 -0 00 
■"' id ü ■ üic! 0. 51 -0. 12 0 83 8. 84 0 84 0. 62 -0. 06 -8. 14 -0 00 -8 00 0 00 
3 78  1 .21 0. 49 -0 12 0 82 8. 84 0 84 0, 59 -0. 06 -8. 15 -0 00 -0 00 0 00 

4 53  ] . 20 9. 45 -0 11 0 82 0. 83 0 03 0, 55 -0. 05 -8, 13 -0 00 -0 08 0 00 
5 03 .20 8 43 -0 10 0 82 8. 03 0 03 0. 51 -0. 04 -8. 12 -0 00 -0 08 -0 00 
5 C]-t| .20 8. •~i o -0 10 0 82 8. 04 0 83 0. 45 -0, 04 -8. 11 -0 00 -0 08 -0 00 
6 03 . 19 8 •-|CJ -0 07 0 82 0.04 0 83 0 41 -0.03 -8 89 -0 08 8 08 -0 00 

6 r' o . 16 8 32 -0 83 0 83 0.83 0 83 0 • J 1*" -0. 01 -8 04 -0 08 8 00 -0 00 
71 

03  ! . 16 0 31 -0 82 0 83 8.04 8 83 8 35 -0. 01 -0 03 -0 88 8 00 -0 00 
r'" £ ';' . 14 0 30 -0 81 0 84 0. 04 8 83 8 •"' EJ -0. 08 -0 01 -0 80 8 00 -0 00 
"7 53 . 12 8 31 8 81 0 85 0. 85 8 83 0 35 0. 08 0 01 -0 00 8 00 -0 00 
~7 *7 O 1.04 8 '"''"' 0 84 0 06 8.87 0 05 8 34 0 . 0 1 0 04 -0 08 -8 00 0 00 
pt , 83  i 3. 3 6 8 36 0 12 0 08 8. 89 8 11 8 31 0. 04 0 10 -0 00 -0 00 -0 00 

d »lr IJ :PT2 U* CPT2 U •'Uir t U*CPT2/ J i n , CT :;uv ■ CT :uv '> c o r r 

03 

03 

03 

03 

073 
111 
189 
199 
137 
139 

1. 289 
1. 197 
1.216 
1. 209 

1.204' 
1.201 
1. 198 
1.191 

1.158 
1. 153 
1. 142 
1. 122 
1. 048 
0.862 

8.266 
8.359 
8.447 
0.486 
0.518 
0.539 

0.603 
0.607 
0.603 
8.607' 

8.586 
0.578 
8.553 
0.532 

0.479 
8.472 
8.433 
8.355 
8.213 

-8.839 

8. 
0. 
8. 
8, 
8, 
8. 

235 
399 
531 
583 
615 
641 

8.729 
8. 726 
8. 733 
8.734 

0.795 
8.694 
0.663 
0.634 

0.546 
8.495 
0.393 
0.222 
-0.834 

0.935 
8.969 
1. 0)36 
1.045 
1.034 
1 . 036 

1. 053 
1. 843 
1. 359 
1. 853 

1. 849 
1. 847 
1. 844 
1 . 838 

1. 889 
1. 889 
8.995 
8.977 
8. 986 
8.751 

0. 249 
8.348 
0. 463 
0. 508 
0. 536 
0.558 

8,635 
8.633 
8.639 
8. 639 

8.615 
8.685 
8.577 
8.552 

0.483 
0.476 
0.431 
0.347 
0. 193 

-0.029 

0.781 
0. 818 
0.922 
0. 964 
0.981 
1.819 

1. 874 
1. 869 
1.019 
1.018 

1.017 
0, 995 
0.918 
0.873 

8.827 
8. 
8. 
8. 
8. 
8. 

387 
338 
318 
764 

0.511 
8.536 
0. 6 A3 
8.631 
8. 642 
8. 667 

0. 703 
0. 700 
0. 667 
0. 665 

0. 666 
0.651 
0. 601 
0.571 

541 
528 
528 

0.543 
0.536 
0. 508 

Area Integral of US Uint 
firea Integral of CPT2 
Area Integral of (U*CPT2/Uint) 
Tc r«iu s  Coef f t. f rom To r*ue Met er! CT < 
A r ea I nt e•?ra 1 of CT (UV> j CT (UV) i nt 

M) 

1. 148 
0. 467 
8. 492 
8.681 
8.918 
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RUH   NO.=   44 ROTOR   +   STATOR 
3 t a -g g e r   fl n ■? 1 e   a t   M e a n   R a d i u s 

reri=   SSO 
Mean   Inlet 

';al. TefiP 
?1.=52.7 

fl1.,'-?. Run   Ter'iP. =82. Bar=743 Uref=49.3 

de 1 r u-' NU U'v1 W U 

0. 23 1 . 00 0. 68 -0. 02 0. 07 0 . 06 0. 05 0. 69 -0. 01 -0. 02 -0. 00 0. 00 -0. 00 
0 

Ei'-1 
1. 02 0. 68 -0. 05 0. 08 0 . 06 0. 05 0 . 70 -0. 03 -0. 05 -0. 00 -0. 00 0. 00 

0 r' o 1.07 0. 67 -0. 07 0. 06 0. 06 0. 84 0. 71 -0. 05 -0. OS -0. 00 -0. 00 0. 00 
1 03 1.07 0. 68 -0. 08 0, 06 0. 05 0. 04 0. 73 -0. 05 -0. 09 -0. 00 0. 00 0. 00 
1 ^ y 1. 10 0. 67 -0. 09 0. 05 0 04 0. 04 0. 74 -0. 06 -0. 10 -0. 00 0. 00 0, 00 
1 53 1.11 0. 68 -0. 03 0 04 0. 04 0. 03 0 . 75 -0. 06 -0. 09 -0. 00 0. 00 0. 00 

2 2,;, 1. 12 0 66 -0. 10 0 04 0 94 0 04 0. 74 -0 06 -0. 11 -0. 0 0 0. 00 -0. 00 
£| Ti*' 1. 15 0 62 -0. 12 0 03 0 04 0 03 0. 71 -0. 07 -0 14 -0. 00 0. 00 -0 00 
'"' i^iy 1.15 0 60 -0 12 0 03 0 04 0 04 0 69 -0. 07 -0, 13 -0. 00 -0 00 0 00 
3 78 1. 14 0 59 -0 10 0 03 0 04 0 04 0 67 -0 06 -0 12 -0. 00 -0 00 -0 00 

4 CJ--I 1. 14 0 56 -0 10' 0 03 0 03 0 03 0 64 -0 06 -0 11 -0 00 0 00 -0 00 
5 03 1. 13 0 55 -0 09 0 03 0 03 0 03 0 62 -0 05 -0 10 -0, 00 -0 00 0 •0 0 
5 53 1. 15 0 49 -0 09 0 03 0 03 0 03 0 56 -0 04 -0 10 -0 00 -0 00 0 00 
6 03 1. 16 0 46 -0 07 0 03 0 04 0 04 0 53 -0 03 -0 08 -0 00 0 00 -0 00 

S 73 1.13 0 43 -0 03 0 03 0 03 0 02 0 49 -0 01 -0 04 -0 00 0 00 -0 00 
7 03 1. 14 0 42 -0 02 0 03 0 93 0 03 0 48 -0 01 -0 02 -0 00 0 00 -0 00 
r' . i^!3 1. 12 0 41 -0 00 0 04 0 04 0 03 0 46 -0 00 -0 01 -0 00 0 00 -0 00 
i*' ,53 1. 09 0 44 0 02 0 05 0 05 0 04 0 47 0 01 0 02 -0 00 -0 00 -0 00 
f* 

70 0 •9 9 0 49 0 07 0 07 0 08 0 07 0 48 0 03 0 07 -0 00 -0 00 0 00 
o @3 0 7!-! 0 50 0 11 0 09 0 09 0 12 0 39 0 05 0 09 -0 00 -0 00 0 00 

de 1 r CPT2 *CPT2 U/U int U*CPT2.-Uint OKU1', CT(UV)corr 

0. 28 1 . 004 0. 605 0. 603 0. 922 0.558 0. 910 0. 698 
0.53 1.019 0.653 0.665 0. 935 0.611 0. 958 0. 735 
0.78 1. dßG 0. 709 0.756 0. 973 9.693 1. 017 0. 780 
1. 03 1. Q66 0.768 0.319 0 973 0.752 1. 071 0. 821 
1.28 l. 099 0.806 0.886 1 009 0.813 1. 124 0. 862 
1. 53 1. 109 0.333 9.924 1 018 0.348 1. 179 0. 905 

2. 28 1. 121 0.326 0.926 1 029 0.850 1 272 0. 976 
2. r 3 1. 148 0.861 0.989- 1 354 3.908 1 301 0. 9 9 8 
3 2 8 1. 149 0.375 1 . 005 1 055 8.923 1 329 1 020 
3] 73 1. 144 ■0.396 1.925 1 050 0.941 1 363 1 043 

4.53 1. 142 0.390 1.316 1- 048 0.933 1 3 8 8 1 065 
5.03 1. 134 0.897 1.017 1 041 0.933 1 402 1 076 
5.33 1. 153 0. 900 1. 038 1 359 0.953 1 338 1 026 
6. 33 1. 156 0.900 1.941 1 061 0.955 1 315 1 009 

6. 78 1. 130 0.393 1 . 009 1 037 0.926 1 281 0 9 8 2 
7. 03 1. 138 0.382 1 . 003 1 344 0.921 1 268 0 91*' 2 
7. 28 1. 120 0.851 3.953 1 023 0.375 1 252 0 961 
7  CJ'-i 1. 036 3.778 0.345 0 997 0.775 1 311 1 005 
11'. r 0 3.993 0.618 9.614 0 912 0.563 1 '"5 S'"' 1 037 
3.03 0.784 0.334 9.262 0 .729 0.240 1 106 0 849 

flrea Int e-sral of US Uint 3 1. 089 
flrea Int e^ral of CPT2 = 0. 799 
flrea Int e-gral of (U*CPT2/ Ui -it> = 0 823 
Tc r-v. )? C oefft.frori Tonus M et er! CT M) = 0 966 
flrea Int e-gral of CT(UV)! CT (UV)int = 1 259 
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RUH HO. = 4:: ROT On: + STATOR 
Staler Angle at Mean Radius 

rr.n=  70S 
Mean Inlet 

Cal. Tei'iP. =7@ Aug. Run   TefiP. =80 .'2 Bar=743 Iref=49.6 

de 1 r WU w u 

0 28 9. 96 0. -?s* 0. 05 0. 07 0. 06 0 . 06 0. 72 0. 04 0. 04 -0. 00 0. 00 -0 00 
0 53 1. 00 0. ,•' '^ -0. 01 0. 09 0. 07 0. 05 0. 7'? -0, 01 -0. 01 -0. 00 -0. 00 -0. 00 
0 7 0 0. 98 0. 74 -0. 02 0 09 0. 06 0. 06 0. (3 -0. 01 -0 02 -0. 00 -0. 00 -0 00 
1 93 1. 03 0. 75 -0, 03 0 07 0 06 0, 05 0, f' i"' -0, 02 -0, 03 -0. 00 0, 00 -0 00 
1 lüiy 1. 04 0. 76 -0 03 0 07 0 06 0. 06 0 ■ 79 -0. 02 -0 03 -0 00 0, 00 -0 00 
1 CJ'-i 1. 04 0. 76 -0 04 0 08 0 07 0. 06 0 . 79 -0. 03 -0 04 -0 00 0. 00 0 00 

£ 2 8 1 08 0. 75 -0 04 0 07 0 06 0 05 0, 81 -0. 03 -0 05 -0 00 0 00 -0 0 0 
£ r o 1 08 0. 74 -0 04 0 09 0 08 0 07 0, 80 -0 03 -0 05 -0 00 -0 00 -0 00 
■~i ■? p, 1 03 0. 74 -0 04 0 07 0 07 0 06 0. 79 -0 0:1 -0 05 -0 00 0 00 -0 00 
3 )"' O 1 09 0. 73 -0 05 0 07 0 97 0 06 0 79 -0 04 -0 06 -0 00 0 00 -0 00 

4 53 1 10 0. 68 -0 06 0 07 0 07 0 05 0 75 -0 04 -0 06 -0 00 0 00 -0 00 
ET 03 1 11 0 67 -0 05 0 06 0 07 0 05 0 74 -0 03 -0 06 -0 00 0 00 -0 00 
S 53 1 11 0 64 -0 06 0 05 0 07 0 05 0 71 -0 04 -0 07 -0 00 0 00 -0 0 0 
S 03 1 12 0 60 -0 05 0 06 0 06 0 04 0 66 -0 03 -0 05 -0 00 0 00 -0 00 

s 78 1 13 0 54 -0 03 0 05 0 06 0 04 0 61 -0 01 -0 03 -0 00 0 00 -0 00 
03 1 10 0 53 -0 01 0 05 0 05 0 04 0 53 -0 00 -0 01 -0 00 0 00 -0 00 

r" L! 'Z' 1 11 0 51 0 00 0 05 0 05 0 04 0 56 0 00 0 00 -0 00 0 0 0 -0 00 
f =[•"' 1 07 0 Cj'-i 0 03 0 06 0 07 0 07 0 56 0 02 0 03 -0 00 -0 00 -0 00 
r' 70 0 96 0 62 0 07 0 09 0 09 0 10 0 59 0 04 0 07 -0 00 -0 00 0 00 
'i1 03 0 74 0 65 0 10 0 13 0 12 0 14 0 48 0 06 0 08 -0 00 -0 01 0 01 

de 1 r Ll CPT2 U*CPT2 U/Uint U*CPT2/lJint CTCUV ;T(U ,' c o r r 

0 £ 
0 5 
0 f" 

1 0 
1 iL 

1 Cj 

5.03 
5.53 
6. 03 

b. 
03 

yy 

Ü.958 
0. 998 
0, 980 
1. 026 
1. 040 
1. 040 

1. 080 
1.073 
1.079 
1. 038 

1. 098 
1. 106 
1. 115 
1. 115 

1.132 
1.100 
1. 108 
1. 065 
0.961 
0.744 

0. 990 

Area Integral 
Area. Integral 
flrea. Integral 
Tcr<iu3  Coefft 

018 
970 
135 
144 
161 

,143 
, 196 
,234 
,276 

1.262 
1.276 
1. 297 
1. 328 

289 
291 
264 
187 
013 
799 

0.948 
1.016 
1.048 
1.134 
1.139 
1. 207 

1.234 
1. 290 
1.332 

1. 386 
1.411 
1.446 
1.481 

1.449 
1. 420 
1. 409 
1.264 
9.973 
0.595 

of US Uint 
of CPT2 
of (U*CPT2/Uint) 
.frort Torque Meter CTCM 

Hrea. I n t e g r a 1 o f C T (U V > 5 C T (U V) i n t 

0 913 0. 904 
0. 952 0. 969 
0. 934 1. 000 
0 979 1. 081 
0 991 1. 134 
0 991 i. 151 

1 030 i. 177 
1 028 l. 230 
1 029 l, 270 
1 038 l. 324 

1 047 i 321 
1 054 l 345 
1 063 i 373 
1 063 i 412 

1 079 i 382 
1 043 i 354 
1 056 l 335 
1 016 i 205 
0 916 0 933 
0 709 0 567 

3 1. 049 
= 1. 182 
= 1. 205 

) = 1.431 
= 1.725 

115 
153 
206 
321 
404 
451 

1.625 
1. 692 
1.779 
1. 857 

1.890 
1. 945 
1. 950 
1. 903 

1. 864 
1. 792 
1.774 
1. 794 
1.932 
1.605 

0. 924 
0. 956 
1 . 000 
1. 096 
1. 164 
1.203 

1. 348 
1. 404 
1. 476 
1. 540 

1. 568 
1.614 
1.618 
1. 573 

1.546 
1. 487 
1.471 
1. 483 
1. 603 
1.331 
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RUN   NO.=   4; 
3ta3 s e r 

ROTOR 
finale  at 

+   STATOR 
Mean  Radius 

r R i'i =  890 
Mean   Inlet. 

Cal. Tei 
'el.=52 

■IP, flyg. Run  TefiP Sar=743 Uref =4'; 

de 1 r VW WU u v WU' 

0. 28  1 .00 0. 36 0. 07 0. 10 0. 07 0. 09 0. 86 0. 06 0 07 -0. 80 0. 00 -8 00 
0 CJ--I      A . 95 0. SO 0. 02 0. 08 0. 08 0. 06 0. 84 0. 02 0. 02 -0 00 8 00 -8 8 6 
0 r' 0  J .04 0. '-'■? -0. 01 0. 10 0. 03 0. 06 0. 86 -0. 01 -0. 01 -0. 00 -0. 88 -6. 88 
1 93  3 .04 0. Po 0. 00 0. 11 0. 09 0. 11 0. 86 0 00 0 '08 -0 88 -8 88 -8 88 
1 i— '!■    ^ . 03 0. 83 -0. 01 0. 10 0. 03 0. 08 0. 90 -0 01 -0 01 -0 08 -0. 88 8 88 
1 53 . 10 0. 86 -0 01 0. 11 0. 11 0. 09 0. 94 -8 00 -0 01 -0 88 -0 88 -8 88 

2 28   1 .07 0. 83 -0 02 0. 12 0. 12 0. 09 0. 89 -0 82 -0 82 -0 80 -8 80 8 88 
■|5 73 . 06 0. 80 -0 02 0. 14 0. 14 0. 12 0. 85 -0 01 -0 02 -8 00 -0 88 8 88 
'"' 

'■*'!-! .03 0. 80 -9 0=1 0. 15 0. 16 0. 13 0. 86 -0 04 -0 05 -0 00 8 88 8 80 
3 73 1 . 09 0. 80 -0 04 0. 16 0. 14 0 11 0. 86 -0 83 -0 05 -0 08 0 88 8 00 

4 cj'"' . 10 0. 81 -0 06 0. 13 0 16 0. 11 0. 38 -0 05 -0 86 -0 01 0 88 8 80 
CJ 03 . 99 0 r" f -0 07 0. 16 0 16 0 13 0 84 -0 06 -0 08 -0 81 -8 00 -8 00 
ET 53 . 11 0. 75 -0 05 0 15 0 13 0 12 0. 83 -0 04 -0 85 -0 81 -8 00 0 08 
s 03 . 15 0. 69 -0 06 0. 11 0 13 0 09 0. 79 -0 04 -0 96 -0 81 8 00 0 08 

6 f' 0 . 15 0 67 -0 01 0 10 0 10 0 09 0 77 -0 01 -0 82 -0 88 0 88 -8 88 
f" 03 . 17 0 64 -0 01 0 10 0 11 0 03 0 75 -0 00 -0 81 -0 01 0 80 8 88 
r" 23 . 16 0 62 0 01 0 09 0 10 0 09 0 72 0 00 0 01 -0 08 0 00 -8 88 
r" 53 . 08 0 €6 0 03 0 09 0 09 0 10 0 71 0 02 0 04 -0 00 0 00 8 88 
7 73  1- 1.94 0 ■?•■? 0 05 0 12 0 12 0 14 0 63 0 83 0 05 -0 08 -0 00 8 88 
>PI . 03  c .' • f' ( 0 80 0 05 0 13 0 10 0 15 0 62 0 .84 0 .05 -0 .01 -0 01 8 81 

de 1 r U ;PT2 IJ * C P T 2       U/U i nt       U*CP T 2/U i nt CTCU1' CT(UV)corr 

83 

W3 
=10 

73 
83 

ü:. 

1.881 
1. 847 
1. 844 
1.841 
1. 884 
1. 898 

1.071 
1.856 
1.878 
1. 839 

1. 101 
1. 092 
1. 107 
1. 146 

1. 154 
1. 167 
1. 157 
1. 080 
0. 942 
8.774 

flrea Integral 
Flrea Integral 
flrea Inte-gral 
Tc r<uj=' Coef f t 
Flrea   Integral 

386 
369 
460 
5>32 
509 
526 

1.511 
1.504 
1.504 
1. 523 

1. 533 
1.578 
1.648 
1. 698 

1. 731 
1.741 
1. 685 
1.566 
1.417 
1.326 

of US Uint 
of CPT2 
of (U*CPT2.""Uint 
frort Torque M 
of CT<UV)S CT 

1.387 0. 941 1. 384 
1. 433 0. 984 1. 347 
1.525 0 982 1. 433 
1. 564 0. 979 1. 478 
1. 636 1 819 1. 533 
1.676 1. 833 1. 576 

1.619 1 007 1 522 
1.538 8 993 1 493 
1.621 1 013 1 523 
1.664 1 024 1 564 

1. 633 1 835 1 587 
1. 724 1 827 1 628 
1.824 1 840 1 715 
1. 936 1 877 1 828 

1. 998 1 885 1 373 
2.831 1 097 1 989 
1. 958 1 088 1 833 
1.691 1 015 1 589 
1. 335 0 385 1 255 
1. 826 0 728 0 965 

= 1, 064 
= 1. 542 

t) = 1 564 
terS CT ' M) = '? 887 
UV)int = iL* 325 

1. 517 1. 318 
1 537 1. •-' <— i 

1 627 1. 404 
1 781 1. 468 
1 O O ■"■ 1. 581 
1 971 1. 782 

2 842 1 763 
■d 857 1 775 
1^1 217 1 914 
0 328 £ 818 

2 559 2 289 
i^j 531 2 185 
id 615 Isl 257 
2 597 'p 242 

2 693 2 325 
0 6=1'"' o '"' 8 '3 
2 594 ■p 240 
<d .622 ■? 264 ,p 

. 562 '2 211 
2 .351 '? 030 
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RUH HO 41 

rpiv,= 859 
Ms an Inlet 

Cal,Tewp.=79 
el.=52.6 

n 9-ger ftt 

ROT 
igle 

:IR 
:. t 

+ 3TRT0R 
■an Radius = :] 

fl jg.R -U"l Tew = 75. 5   Bar= 743 lref=49.9 

de 1 r VW wu w u 

9. 2;q 0. 97 0. !-! 8 0 . 10 0. 08 0 . 07 0. 0 8 0. 85 0, 09 0 . 09 -0. 00 0. 00 -0. 00 
0. 53 1. 03 0. 0 '"' 0. 02 0. 09 0. 08 0. 96 0. 85 0. 02 0. 02 -0. 00 -0. 00 -0. 0 0 
0. 70 1. 96 0. C]CJ -0. 00 0. 12 0. 10 0. 09 0. 91 -0. 00 0. 00 -0. 00 -0. 00 0. 00 
1, 93 1. 06 0. 36 0. 01 0. 09 0. SS 0. 08 0. 91 0. 01 0. 01 -0. 00 0. 00 -0. 00 
1, i^y 1, 09 0. 88 0. 01 0. 10 0. 09 0. 09 0. 96 0. 01 0. 01 -0. 00 0. 00 -0. 00 
1 53 1.10 0. 89 0 00 0. 11 0. 10 0, 09 0, 98 -0. 30 -0 00 -0, 00 -0. 00 -0. 00 

2 28 1, 07 0. ;;.,:, -0. 01 0. 17 0 15 0. 16 0. 94 -0, 01 -0 00 -0 00 -0. 01 0. 00 
hl 

70 1. 10 0. 85 -0 03 0. 15 0 14 0, 13 0. 93 -0 02 -0 03 -0 00 -0 00 0 00 
'"• i^y 1. 07 0, 85 -0 01 0. 18 0 13 0. 17 0, 91 -0. 01 -0 01 -0 00 -0 00 -0 00 
3 78 1. 07 0. oo -0 03 0« 18 0 19 0 15 0. 89 -0 03 -0 03 -0 00 -0 01 0 00 

4 53 1.04 0 82 -0 05 0 21 0 18 0 13 0. 85 -0 05 -0 05 -0 01 -0 01 0 01 
5 03 1.07 0 79 -0 05 0 19 0 17 0 17 0 84 -0 04 -0 06 -0 00 -0 01 -0 00 
er 53 1. 08 0 80 -0 07 0 21 0 20 0 15 0 85 -0 06 -0 07 -0 02 -0 00 0 01 
6 03 1.11 0 76 -0 04 0 17 0 16 0 15 0 34 -0 03 -0 05 -0 01 0 00 -0 00 

6 78 1. 15 0 71 -0 00 0 16 0 16 0 14 0 81 -0 01 -0 01 -0 01 -0 00 0 00 
*? 03 1.14 0 67 -0 00 0 16 0 IS 0 15 0 75 0 00 -0 00 -0 01 0 00 0 00 
r' üy 1.13 0 65 0 04 0 13 0 15 0 14 0 73 0 02 0 04 -0 00 -0 00 -0 00 
i1" 53 1, 03 0 68 0 03 0 16 0 16 0 15 0 70 0 01 0 03 -0 01 -0 00 0 01 
"? 7 0 0. 3 6 0 {r' 3 01 0 17 0 14 0 19 0 65 -0 00 0 02 -0 01 -0 01 0 01 
o 03 0. 73 0 88 O 02 0 16 0 14 0 17 0 63 0 01 0 03 -0 01 -0 01 0 01 

de 1 r CPT2 U*CPT2 U/U int   U*CPT2/'Uint CT< CT(UV) o r r 

0. k_ y 
0 CjO 

0. 73 
1. 93 
1 1^8 

9bb 
032 
063 
064 
093 
102 

1.071 
1. 095 
1.075 
1.069 

1.631 
1.542 
1.571 
1.662 
1.761 
1.859 

1. 782 
1. 637 
1. 683 
1.690 

1.575 
1.591 
1.671 
1.768 
1.924 
2.949 

1.999 
1.843 
1.389 
1.307 

0.922 
0.985 
1.016 
1.016 
1 . 044 
1.053 

1.023 
1. 046 
1. 027 
1.021 

505 
519 
596 
689 
838 
957 

1.824 
1.765 
1. 728 
1.726 

1. 604 
1. 665 
1 836 
1 909 
2, 086 
■f 199 

2 293 
•p 401 
'2 471 
!i 548 

1. 478 
1. 535 
1.692 
1. 760 
1. 923 
2. 027 

2. 114 
2.214 

2. 349 

4.53 
5.03 
5.53 
6.03 

1. 043 
1. 074 
1.035 
1. 114 

1. 696 
1.731 
1. 773 
1.832 

1. 769 
1.359 
1. 923 
2.040 

0. 996 
1.026 
1. 336 
1.064 

1. 690 
1.776 
1.337 
1. 948 

2.610 

<i . ö b i 

2. 486 
2.510 
2. 63 8 

o. 
'.03 

8. 03 

151 
141 
129 
031 
861 
779 

1.867 
1.878 
1. 799 
1.675 
1. 584 
1. 573 

, 149 
142 
,021 
,727 
,363 
,226 

1 . 099 
1.090 
1. 079 
0.935 
0.322 
9.744 

053 
046 
931 
650 
302 
171 

3.007 
2.834 
2.325 
2.731 
2.590 

2.613 
2. 684 
2.517 

I!536 

Flrea.   Integral   of   IJ5   Uint 
Flrea Integral 
flrea Integral 
Tcr«iu3 Coefft 
flrea   Integral 

of   CPT2 
of   <U*CPT2/Uint) 
froi'i   Toruie  Meter!   CT1 

of   CT(UV)i   CT<UV)int 

1.847 
'16 

275 



RUH   HO.=40 ROTOR   +   STATOR 
S t a 3 -=i e r   ft n ? 1 e   o. t.   M e a n  R a d i u s 

rr-fi= 960 Co. 1. TefiP 
Mean Inlet Vel.=52.5 

=70       Fl'.,' •?. R u n   T e IVI P . =73.; Bar=743 Uref=59.@ 

de 1 r VW ULI 

0 28 1.05 0. 97 0. 10 0. 08 0. 08 0. 07 1. 01 0 10 0. 11 -0. 00 0. 00 -0 00 
0 =JO 1. 08 6. !-!!-! 0 OS 0. 09 0. 09 0. 03 0. 95 0. 06 0 07 -0. 00 -0. 00 -0 00 
0 (' o 1. 08 0. 89 -0. 01 0. 11 0. 08 0. 03 0. 96 -0 01 -0 00 -0. 00 -0 00 0. 00 
1 63 1.11 0. 91 -0. 00 0. 09 0. 03 0. 08 1. 01 -0 00 -0 00 -0 00 -0 00 0 00 
1 28 1. 12 0. 91 0 00 0. 10 0. 03 0. 08 1. 01 0 00 0. 00 -0 00 -0 00 0 00 
1 =|o 1.13 0. 94 0 02 0. 14 0. 12 9. 13 1. 06 0 01 0 02 -0. 00 -0 00 0 00 

2 28 1.16 0. 95 0 00 0. 13 0. 14 0. 11 1. 10 0 00 0 00 -0 00 -0 00 -0 00 
^ i O 1. 12 0 94 0 04 0. 18 0 17 0 16 1 05 0 04 0 04 0 00 -0 00 -0 01 
3 i^y 1.04 0. O O 0 01 0. 21 0. 21 0. 13 0. 92 0 01 0 01 0 00 0 00 -0 00 
3 78 1. 03 0. 9G -0 04 0. 24 0. 19 0. 17 0 93 -0 04 -0 04 -0 00 -0 00 -0 00 

4 53 1. 03 0. O i*' -0 06 0. ',"?"7 0. 24 0 19 0 89 -0 05 -0 06 -0 01 -0 00 0 00 
5 03 1.07 0. 84 -0 05 0. 21 0 20 0 17 0 89 -0 04 -0 06 -0 00 0 01 0 00 
5 53 1.07 0. y id -0 06 0, 21 0 0 17 0, 87 -0 05 -0 06 -0 01 0 00 0 00 
s 03 1. 10 0. 82 -0. 03 0. 21 0 21 0 13 0 90 -0 03 -0 02 -0 01 -0 01 0 01 

s 78 1. 17 0. 70 -0 03 0. 17 0 17 0 15 0 32 -0 01 -0 03 -0 01 0 00 -0 00 
f' 03 1.15 0 69 0 02 0 18 0 18 0 13 0 70 0 01 0 02 -0 01 0 00 0 00 

■p !d8 1. 10 0 7'~! 0 03 0 20 0 20 0 jJO 0 79 0 02 0 04 -0 02 -0 00 0 01 
7 53 0. 93 0 r r' 0 05 0 21 0 20 0 '?'"' 0 70 0 03 3 05 -0 01 -0 01 0 01 
"7 "7 O 0 3 7 0. 90 0 00 0. 19 0 17 0 19 0 ■y "7 -0 01 0 02 -0 01 -0 01 0 02 
y 03 Ö!74 0. 99 0 01 0 20 0 17 0 21 0 71 0 00 0 02 -0 01 -0 01 0 01 

delr CPTS U*CPT2 "Uint U*CPT2/Uint CTUJV ;TCUV >rr 

0. 28 1. 048 1.889 1. 989 1 002 1. 892 2 929 1.916 
0.53 1. 082 1.810 1. 959 1 034 1.872 • 1 961 1.351 
0.78 1. 075 1. 390 2.032 1 027 1. 942 959 1. 945 
1.03 1. 111 1.969 2.187 1 061 2.089 £J 250 2. 125 
1.23 1. 115 2. 107 2.350 1 HS 6 2.246 ■p •"' Ü i' 2. 197 
1. 53 1. 123 2. 190 2.470 1 073 2.360 2 518 2.373 

2.28 1. 160 2,089 2.423 1 108 2.315 2. 859 2. 700 
2.78 1. 121 1. 930 2.164 1 072 2.063 C > 891 2.730 
y»ii y 1.043 1.364 1.944 0 997 1. 858 ■■} 652 2.504 
3.73 1. 032 1.850. 1.910 0 986 1. 825 ■p 331 2. 673 

4. 53 1.027 1. 794 1. 343 0 931- 1.761 2 90S 2.746 
5.03 1. 069 1. 822 1. 947 1 021 1.360 '"i 054 2.834 
5.53 1. 067 1.916 2.044 1 019 1. 953 '"' 115 2.941 
6. 03 1. 104 2.007 2.215 1 055 2. 117 ■~jt 333 3. 147 

6. 7 8 1. 170 2.016 2.359 1 113 2.254 Ot 221 3.041 
7. 03 1. 153 2.012 2.319 1 101 2.216 •-I 151 2.975 
7.28 1. 105 1.383 2. 080 i 056 1. 988 pt ',-''?'"' 3.043 
-?   CT--1 
1  ■ -J ■-' 0. 928 1. 789 1.660 0 387 1.586 w 928 2.765 
7.7 y 0.370 1.785 1.553 0 332 1.484 o 

■J 262 3.030 
8.03 0.737 1.873 1.389 0 704 1.319 3 080 2.908 

Area I nte-gral of US Uint - 1 047 
Area I nte-gral of CPT2 = 1 90S 
Area I nt.e-9.ral of CÜ*CPT2/ Uint) = 1 930 
Tc r«ius Coefft.fr on  TorMue Meter! CT .M) = 2 726 

2.837 
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RUN HO.=46 ROTOR + STATOR 
S t a •? •? e r Fi n -g 1 e a t M e a n R a d i u; 

ri=pi= 90S 
Mean Inlet 

Cal 
'el. 

TefiP. =71        Ry-3. Run   T*FIP .=74.4 Bo. r=75.1 Uref=58.2 

de 1 r VW wu U'v' wu- 

0 2 R 1.04 0. 37 0 10 0. OS 0. 03 0. 07 1. 01 0. 10 0. 10 -0. 00 0. 08 -0. 80 
0. CJO 1.10 0. 33 0, 07 0. 09 0. 03 0. 03 0. 96 0. 06 0. 07 -0. 00 0. 00 -0 00 
0. "7 p 1. 03 0. 31 -0. 00 0. 11 0. 09 3. 03 0 . 93 -0. 00 -0. 00 -0. 00 -0. 80 0. 88 
1 03 1. 14 0. 32 0 00 9.03 0. 09 0. 03 1. 04 0 00 0 00 -0, 00 0, 80 0 88 
1 iS 1. 12 0. 35 0 01 0. 13 0. 11 0. 12 1. 07 0 00 0, 01 -0. 00 -0. 08 0 88 
1 S'~' 1.11 0. 35 0 01 0. 12 0. 11 0. 11 1. 05 0 01 0 02 -0. 00 -0. 00 8 88 

2 28 1.07 0. 32 3 00 0.20 0 17 0. 13 8. 99 -0 01 0 01 0. 00 -0 01 8 08 
L! 7'-' 1. 02 0. 30 -0 01 0.23 0 i— id 0. 13 0. 92 -0 02 -0 01 0 . 0 1 -0. 01 0 0 0 
"1" 2y 1.01 0. ~' o -0 04 0.22 0 21 0 13 0, 39 -0 03 -0 03 0. 00 -0 88 0 01 
3 r' o 1.01 0. 39 -0 02 0.24 0 19 0. 21 0 90 -0 03 -0 03 0. 00 -0 81 -0 00 

4 cjo 1.01 0. z< r' -0 04 8.-22 0 2'' 0. 13 0. S3 -0 03 -0 04 -0.00 0 8 0 8 88 
Cj S 3 0. 93 0. 36 -0 03 0.23 0 o o <-'_' 0 19 0 33 -0 03 -0 03 -0.01 -0 00 8 00 
5 53 1. OS 0. "' '~< -0 05 0. 23 0 21 0 19 0 37 -0 04 -0 06 -0. 01 -0 08 -8 01 
6 03 1.11 0. 32 -0 06 0.22 0 13 0 16 0 90 -0 05 -0 07 -0.01 -0 08 0 00 

6 73 1.17 0. -? ej -0 01 0. 16 0 13 0 17 0 37 -0 01 -0 02 -0.01 -0 88 -0 80 
r' 03 1. 13 0. 71 0 02 0. 15 0 17 0 17 0 33 0 02 0 02 -0. 01 0 80 -0 88 
r" 28 1.10 0. 7'"' i ■_' 0 03 0.15 0 19 0 17 0 79 0 02 0 04 -0.81 -0 00 8 8 8 
r' cro 0.96 9. r o 0 05 0.19 0 20 0 .-,.-, 0 74 0 03 0 06 -0. 81 -0 01 8 01 
r* r O 0. 31 0. 30 0 00 0.22 0 19 0 24 0 71 -0 02 0 02 -8. 02 -0 02 8 02 
'-' 03 0.73 0. 39 0 01 0.19 0 17 0 21 0 71 0 00 0 02 -0. 01 -0 01 8 01 

de 1 r CPT2 U*CPT; -Uint U*CPT2/Uim CTOJV) CTCU'', c o r r 

0. 23 1.040 1. 889 1. 965 1. 015 1. 913 3.824 1 .927 
0.53 1.095 1.310 1. 982 1 069 1. 935 2. 804 1.907 
0. 78 1. 076 1. 390 2.034 1 050 1. 985 3. 114 2.813 
1, 03 1. 138 1. 969 2.249 1. 110 '"< 136 "J. 3 3 2 2.228 
1. 28 1. 125 2. 187 2.370 1 093 ill ■ 313 2 ',46? 2.348 
1.53 1.113 2. 190 2.436 1 086 2. 373 2.510 2. 398 

2. 23 1.870 2.889 2.235 1 044 2_ 132 2.579 2. 456 
2, 78 1. 022 1. 938 1.973 0 999 I! 925 2.543 2.421 
■"3, '"' !™j 1. 086 1. 864 1.875 0 9 8 2 i. 838 2. 599 2.474 
3'.? 8 1 . 009 1. 858 1.866 0 984 i 321 2.758 2.625 

4.53 1.019 1.794 1.312 0 986 i 768 2.897 •'j    -7 ej .q 

5.83 0, 988 1.322 1.736 0 957 i 743 2.858 2 '.713 
5.53 1. 059 1.916 2.038 1 834 i 981 3. 121 2.971 
6, 03 1. 115 2.087 2.233 1 333 2 134 3. 369 3, 288 

6. 78 1. 167 2.016 2.353 1 139 2 297 3.457 3.291 
7,03 1.175 2.912 2.365 1 147 ■? 383 3.341 3. 188 
{' ■ c'ö 1.096 1.883 2.064 1 079 ■~j 014 3.268 3. 183 
7.53 0.959 1.789 1.717 8 936 I 675 3.073 2. 930 
f' * r b 0. 813 1. 735 1.450 0 793 1 416 3.038 2 B 3 9 2 
3. 03 0.734 1.873 1.374 0 716 1 341 3.096 2.947 

fire a Int e-gral of US Uint - 1 025 
fii-ea Int. eeira 1 of CPT2 = 1 988 
Area Int e-gral of (U*CPT2.- Uint) . = 1 938 
Tcr«iu3 C oefft. fr DM Torque M et er! CT ' M ) = '"' 726 
Area Int e •=! r o. 1 o f CT<UV)S CT ::UV)int = "2 363 
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RUH   NO.=   48 ROTOR 
Stauer  Angle  at 

+   STATOR 
Mean  Radius 

Ms an   Inlet 
Cal. Ter'iP 

■'el.=52.5 
= 71 flv-g.Run  TeiviP: Bar=751 Uref=50.0 

de 1 r VW WU uv W u ■ 

0, 2 ft 1. 13 1. 09 8. 11 0. 08 0. 88 0. 08 1, 23 8. 12 8. 13 -0. 88 0. 88 -0. 00 
0, EJ '"' 1. 15 0. 97 8. 18 0. 8ft 0. 89 0. 08 1. 12 0. 09 8. 11 -0. 88 -0. 88 -0. 00 
0. 70 1, 18 0. 99 0. 00 0. li 0. 12 0. 88 1. 16 0. 00 8. 01 -0. 88 -0. 88 0. 00 
1 S3 1. 18 1. 04 -0. 01 0. 15 0. 11 0. li 1. iz!3 -0 01 -8. 01 -0 00 -0 88 0 00 
1 '"' ft 1. 24 1 02 0. 00 0, 10 0. 11 0. 10 1. 26 0 00 8 00 -0 00 0. 88 -0 00 
1 =1"' 1. ■"■ "3 1 86 0. 04 0. 13 0. 11 0. 13 1. 30 8 05 3. 05 0 00 -0. 88 -0 00 

2 2ft 1 20 1 84 0 04 0. 19 0. 19 0. '"''? 1, 24 8 03 8 04 8 00 -0 81 -0 01 
£ i1' o 1 11 0 96 -0 00 0. 24 0. 21 0. 19 1. 08 -8 01 8 00 8 01 -0 81 0 0 0 
■"' v y 1 00 0 96 -0 05 0. £6 0. 25 0. ■-I--1 8. 97 -8 06 -8 04 8 00 -0 81 8 01 
O r" o 0 99 0 98 -0 05 0. 27 0. 23 0. 20 0. 96 -8 06 -8 04 -8 01 -8 81 8 01 

4 53 1. 02 0 98 -8 10 0. 2ft 0. 23 0. 13 1. 00 -8 11 -8 10 -0 01 -8. 8 0 8 81 
er 03 1. 04 0 97 -0 05 0. i- !'' 0. 25 0. 23 1 00 -0 06 -0 84 -0 00 -8 01 8 81 
5 53 1. 07 0 95 -8 03 0. ■-1 -f 0. 24 0. v ft 1 01 -0 83 -0 84 -0 01 -8. 00 -0 81 
S 0 3 1 10 0 91 -0 86 0. 29 0 28 0 23 0 97 -8 85 -0 95 -0 02 -8 00 0 01 

6 73 1 17 8 i-icr 0 06 0 22 0 24 0. ■"'■ti 0 99 0 84 0 07 -0 81 -8 01 8 00 
■p 03 1 05 0 O f" 0 05 0 ■pc] 0 22 0 ft 3 0 91 0 83 8 06 -8 81 -0 01 8 01 
(' ii! y 0 94 0 91 8 05 0 ■£. r" 8 24 0 26 0 84 0 03 8 06 -0 82 -0 02 8 81 
7 53 0 86 0 96 0 08 0 24 8 22 0 29 0 81 0 06 8 09 -8 01 -0 02 8 82 
[■* 7ft 0 81 1 87 8 81 0 ill'*' 8 28 0 ^e 0 85 -0 80 8 02 -0 .01 -0 81 0 81 
I~I . 03 0 74 1 12 8 06 0 21 8 19 0 24 0 82 8 .86 0 85 -0 01 -8 01 0 88 

de 1 r CPT2 U * C P T 2       U / U i n t        U * C P T 2 / U i n t CT(UV) CT(UV)corr 

8. 21 
8.5C 
8. ?l 
1.8:: 
1.2:: 
1.5:: 

4.53 
5.83 
•J •J 2< 

s 0 2 

f, -, 
(■' 0 Z> 

127 
147 
176 
134 
236 
•.>? ft 

3,83 

1. 197 
1. 114 
1.001 
0.987 

1. 020 
1. 037 
1.071 
1. 099 

1. 170 
1. 053 
0.945 
0.857 
0.807 
0.743 

2.488 
2.356 
2.443 
2.603 
2.764 
2.368 

2.308 
2. 144 
2.833 

2.853 
2. 105 
2.203 
2.279 

2.305 
2.291 
2. 144 
2.175 
2.309 
2.588 

2.804 
2.703 
2.873 
3.881 
3.415 
3.522 

3. 184 
2.571 
2. 146 
2.861 

2. 895 
2. 133 
2.359 

696 
412 
,826 
,365 
,864 
, 863 

834 
184 
132 
139 
189 
182 

1.152 
1.072 
0.963 
0.950 

0.982 
0.993 
1. 830 
1. 058 

1.126 
1.013 
0.909 
8.325 
8.777 
0.715 

y 698 
2. 681 
^, 764 
2 _ 964 
3. 286 
3. 389 

3 364 
£*! 474 
'2 065 
1 983 

•? 015 
i£ 181 
<d 269 
2 410 

•^i 595 
ill 321 
1 949 
l 795 
l 793 
1 793 

3. 937 

3! 428 

3.591 
3. 298 
3. 188 
3.257 

3.811 
4.811 
4.816 

4.327 
4.054 
3.816 
3.763 
4.020 
3.954 

b b b 

521 
714 
9 7 3 
157 
356 

.516 

3. 043 
3. 189 

3.547 
3.731 
3.927 
3. 932 

4.236 
3.969 
3. 736 
3.685 
3.936 
ft ft 7 ft 

Area Integral of 
Area Integral of 
Area Integral of 
Tcrdu» Coefft.fr 
Area   Integral   of 

US Uint 
CPT2 
<U*CPT2/Uint) 

oi'i Torque Meter CTOD 
CT(UV)i   CT(UV)int 

1. 839 
2.292 
Ü323 
3.542 
3.618 
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RUH HO. ROTOR 
S t o. '=i ■=! e r fl n g 1 e a t 

+ STRTOR 
Mean Radius 

rpfi=l ISO Cal. TsfiP 
Ms an   Inlet   Vel.=52.5 

flu-9 . Run   TSTIP. =89. S Bar= Uref=49.9 

de 1 r u' WH' 

0 28  1 ~'8 1. 18 0. 13 0. 11 0. 09 0. 11 1. 45 0. 15 0. 15 -0. 00 -0. 00 0. 00 
0 53 . w '-' 1. 06 0 14 0, 11 9. 10 0 . 12 1. 31 0. 14 0. 17 0. 00 -0. 00 -0 81 
0 i"' O 

•"'"7 1. 06 0 05 0. 12 0. 12 0. 11 1. 35 0, 05 0. 07 -0. 00 -0. 01 0. 00 
1 93  3 . 28 1. 11 0 03 0. 13 0 , 11 0. 11 1. 41 0. 03 0. 04 -0. 00 0. 00 0. 00 
1 i^i y . 36 1 16 0 03 0. 11 0. 12 0. 11 1 57 0 04 0. 04 -0 00 0 00 -0 00 
1 53 3 7* 1 16 0 05 0. 13 0, 11 0 . 11 1 59 0. 06 0 06 0 00 0 00 -0 00 

2 28 . 26 1 17 0 04 0. 25 0 . '"' 8 0 23 1 47 0 03 0 05 -0 00 -0 01 0 01 
^ r' o L. 14 1 09 -0 00 0. oo 0. c { 0. 24 1 25 -0 01 0 01 0 02 -0 01 0 01 
3 £-.'3 . 08 1 03 -0 05 0. 0. 29 0. 24 1 12 -0. 07 -0. 05 0. 02 -0 01 0 00 
3 i O .03 1 07 -0 07 0. 31 0. 25 0. O "'i 1 10 -0. 08 -0. 06 -0 00 -0 01 0 01 

4 53 . 06 1 06 -0 03 0. 29 0 31 0 27 1 12 -0 05 -0 02 0 00 -0 01 0 01 
er 03 l. 11 1 09 -0 07 0. 28 0 26 0 '2 '"' 1 21 -0 08 -0 06 -0 00 -0 01 0 01 
c er o l. 12 0 99 -0 04 0, 30 0 C f' 0 26 1 10 -0 05 -0 04 -0 01 -0 01 0 01 
s 03 t. 12 1 91 0 00 0. 30 0 30 0 27 1 13 0 00 0 01 -0 01 -0 00 0 01 

6 78 l. 02 0 97 0 09 0. 33 0 31 0 30 0 97 0 07 0 09 -0 02 -0 02 0 00 
(' 03 , . 00 0 98 0 11 0. 29 0 28 0 30 0 98 0 11 0 11 0 00 0 00 -0 00 
i' 28  l 3. 82 1 03 0 10 0 28 0 29 0 38 0 8'"' 0 08 0 11 -0 02 -0 02 0 02 
r* 53 i 3. 81 1 02 0 09 0 28 0 30 0 30 0 83 0 10 0 08 0 01 0 00 0 00 
"7 "7 p 3.75 1 06 0 07 0 27 0 29 0 '~'0 9 80 0 07 0 05 0 01 -0 01 -0 0 0 
3 03  i 3. 69 1 05 9 15 0 •?■=; 0 30 0 29 0 75 0 14 0 10 0 02 -0 02 -0 00 

de 1 r :PT: U*CPT; U/U int. U*CPT2/Uint CT(UV) CT(UV> o r r 

0. 
0. 
0. 
1. 
1.28 
1.53 

03 

5.93 

r o 
03 
28 
=18 

1. O O "7 2.932 ■-I  * 597 
1 232 2.799 3 449 
1 271 2; 879 658 
1 '"' 7" 7* 3.050 3 396 
1 356 8 ''' 1 4 367 
1 372 3.356 4 603 

1. 261 3.192 4. 024 
1. 136 2.787 o 166 
1 076 2.534 2 726 
1 029 2.421 £ 492 

1 060 2.492 •■} 641 
1 113 2.473 2 757 
1 122 2.519 £| 326 
1 123 2.498 ■■J 305 

1 016 2. 282 2 318 
1 003 2.248 2 254 
0 817 2. 129 1 739 
0 808 2. 146 1 735 
0 752 2.254 1 696 
0 691 2.411 1 665 

Area Integral of US Uint 
Area Integral of CPT2 
Area In te gr a 1 of < U * C P T2/U i nt) 
Tc r<uj =   Coef f t. f rori  To riue  Met er!   CT ■ 
fl r e a   I n t e g r a 1   o f   C T < U V) i   C T < U V) i n t 

1. 161 o 403 
1 166 '"l 264 
1 202 3. 461 
1 209 3. 686 
1 233 4. 132 
1 298 4. 356 

1. 193 ■*t| 808 
1. 075 •2 996 
1 013 V 580 
0 974 2 358 

1 003 2 499 
1 053 2, 609 
1 062 ■■? 674 
1 062 ■~i 654 

0 961 ■-, 193 
0 949 2 133 
0 773 i 646 
0 765 i 641 
0 712 i 605 
0 653 i 575 

= 1. 057 _ ^R^ — ■ j .j j 

= 2 620 
) = 4 369 

= 4 379 

--' t 545 
•2t 308 
3 545 
'Z< 8 3 7 
4 406 
4 611 

4 659 
4 196 

4. 103 

4,487 
5. 063 
4.789 
5. 132 

4. 650 
4.816 
4.118 
4.240 
4.161 
3.933 

3. 300 

4.397 
4.601 

4.649 
4. 137 
3. 966 
4. 094 

4.477 
5.052 
4.778 
5. 121 

4.640 
4.805 
4. 109 
4.230 
4. 152 
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RUH   NO, 
St o.'?'?e r 

ROTOR 
finale   at 

+   STATOR 
Mean  Radius 

rr-i'-|=128S 
Mean   Inlet 

Cal. Tei'iP. ="i 
Vel.=52.6 

flv-9. Run   TeMP . =8; Bar=751 Iref=49. 

de 1 r VW U1.,1 '..•' w' 

8 28 1. 32 1. 27 0 15 0. 13 0. 09 0 . 11 1. 68 0. 19 0 . 26 8. 80 -8. 00 8. 8 8 
0 53 1. 31 1. 16 8 15 0. 13 0. 10 0. 11 1. 52 8. 17 0. 19 0. 88 -8. 00 -8. 01 
0 r' c« 1. ;";p 1. 18 3 87 0. 15 0. 11 0. 11 1. 63 0. 09 0 . 10 -8. 00 8. 00 -8. 00 
1 03 1. 42 1. I^Jij 0 85 8. 16 0. 13 0, 13 1. 73 8. 86 0. 87 -8, 08 8 00 8. 00 
1 i^iy 1. 41 1. ü ■»' 0 85 0. 14 0. 12 8. 13 1. 74 0 . 86 8. 07 8. 08 -8 88 -8. 88 
1 53 1. 44 1. 26 0 85 0. 17 0. 15 0. 16 1. 38 0 . 05 8. 87 -8. 88 -8 81 8. 00 

2 28 1. 31 1. '",ci 0 05 0. 27 0. 22 0. 34 1. 65 0. 05 8. 87 8. 81 -8. 01 8. 01 
j] *7p 1. 30 1. 19 0 02 0. 29 0. 27 0 . £6 1. 55 0. 01 0 83 8. 81 -8 01 0 00 
'"' C ü 1 '"' 3 1 18 -0 02 8. 38 0 35 0 . 26 1. 46 -8 82 -8 81 8 81 8 00 0 81 
3 78 1 16 1 13 -0 06 0, 33 0. 30 8. 24 1 38 -8 89 -8 06 -8 88 -g 82 0 81 

4 53 1 11 1 10 -8 85 0. "~lCl 8 34 0. O £ 1 21 -8 87 -8 84 -8 02 -8 81 0 82 
CJ S3 1 16 1 08 -8 83 0. 35 0 32 0. 38 1 25 -8 83 -8 83 -8 01 -8 88 0 88 
5 c] o 1 14 1 07 -8 81 0. 0 7 0 34 0. 33 1 21 -8 81 -8 81 -8 82 8 88 8 81 
6 . 83 1 11 1 08 0 85 0. 36 0 33 0 34 1 28 0 05 0 85 8 88 -8 88 -8 88 

6 . 78 1 02 0 94 0 86 8. 37 0 34 0. 35 0 97 8 85 0 85 0 81 -8 00 -8 01 
r' , 03 0 98 0 97 0 09 0 39 0 31 0 ■"' ■-! 0 96 8 89 0 08 8 8 8 8 01 -@ 01 
r' • üy 0 93 8 96 0 06 0 ■"'S 8 33 0 29 8 91 0 86 8 06 8 01 8 88 8 88 
f' 

ejO 0 83 1 92 0 84 0 34 0 0 31 0 0*7 0 84 8 86 8 82 -8 81 8 82 
r' ~?pt 0 81 1 04 0 81 0 34 8 O "? 0 '? ^ 0 87 0 81 0 83 8 83 8 88 8 82 
o . @3 0 79 1 06 0 84 0 38 0 36 0 "?"? 0 87 0 04 0 84 0 8 3 -8 81 8 81 

de 1 r CPT2 USCPT2 'Hint U*CPT2/IJint CT(UV) CTCUV • or r 

8. 28 1. 323 3.439 4.551 1. 132 4.065 4.469 4. 479 
8.53 1. 312 3.321 4.357 1. 172 3.892 4. 195 4. 285 
8,78 1. 383 3.422 4.733 1. 235 4.223 4.668 4. 679 
1, 83 1.417 3.618 5. 115 1. 266 4.569 5. 125 5, 137 
1. 28 1.414 3.794 5. Jbb 1. 263 4.793 5.313 5. '"''.-' s 
1. 53 1. 437 3.958 5.687 1. 283 5.879 5.692 er 785 

2.28 1. 311 3.739 4.992 1 171 4.378 5.684 5. 697 
•~i     "7 p 1. 293 3.247 4.214 1 159 3.764 5.662 5. 675 
'•1* »  ill 'Z' 1. 228 2.967 3.642 1 8 9 6 3.253 5.611 CJ 624 

1. 155 2.738 3. 153 1 832 2.817 5.274 5. £ O f' 

4,53 1. 188 2.614 2.396 0 998 2.587 5.247 5. 259 
5.83 1. 168 2.568 2.979 1 8 3 6 2.661 5.665 5. 678 
<?.  s, o 1. 139 2.582 2.941 1 817 2. 626 er  7o O 5. 752 
6. 83 1.118 2.505 2.731 8 991 2.484 5*911 & 925 

6.78 1.819 2.261 2.385 0 911 2.859 5. 090 5. 182 
7. 83 8.979 2.278 2. 229 0 374 1.991 5. 188 5. 120 
7 '"' 8 0.931 2.869 0 332 1.848 4.943 4 954 
?\ 53 0.835 2.347 1. 968 0 746 1. 750 4,336 4 347 
r =. r' 'd 8. 885 2.578 2.878 8 719 1. 849 4.912 4 924 
3. 83 8. 798 2.365 2.263 8 785 2.821 5.813 5 025 

flrea Int e-gral of lj; Hint = 1. 128 
fire a Int egral of CPT2 = •"" 819 
flrea Int e-gral of <U*CPT2, 'IJint) = '"' 984 
Tcruu» C oefft.fn -■ i--i Tor «tue M et er! CT ■ n) = 5. 297 
flrea Int e-gral of CTCUV) i .CT (UV)int = 5 285 
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RUH  NO.=52 
Sjt 0.'?'9€' r 

ROTOR 
Angle   at 

+   STATOR 
Mean  Radius 

rr. fi=1 360 Ca 1. Temp .=71 
Ms an   Inlet.   Vel. =52. 7 

Avg . Run   TeriP . Bar=751 Uref=49. 

de 1 r WU' 

0. 23 1 47 1. 36 0. 14 0. 20 0. 15 0. 16 2.02 0. 20 0. 22 0. 01 0. 01 0 01 
0. S"-' 1 53 1. 29 9. 16 0. 16 9. 13 0. 16 1.97 0. 20 0 ■ 24 0. 00 0, 00 -0 00 
0. r o 1 50 1. 30 0. 08 0. 19 3. 15 0. 14 1.95 0, 12 0 . 13 0. 01 0. 01 0 01 
1 93 ' 1 47 1. •"' O 0 07 0. 21 0. 17 0. 16 1.96 0. 10 0. 11 0. 00 0. 00 0 01 
1 .-,,-, 1 50 1 ■-' f 0 10 0. 21 0. 20 0. 19 2.06 0. 13 0. 15 0, 01 -0 01 -0 0 0 
1 CJ'-i 1 41 1 32 0 03 0. 23 0. 27 0. 26 1 « '-' f* 0. 10 0. 13 0. 01 -0 00 0 02 

2 28 1 36 1 23 8 01 0. 30 0 . 33 9 . 29 1.75 0. 00 0. 02 0. 01 -0 01 0 01 
£ f o 1 30 1 24 0 03 0. 0'*3 0. oo 0. ■ •' 9 1.64 0, 02 0. 04 0. 02 -0 01 0 00 
"' "<^8 1 *"■ ■? 1 21 -0 05 0. 34 0. 35 0. 39 1.50 -0. 06 -0 03 0. 01 0 00 0 03 
3 73 1 16 1 14 -0 04 0. 40 0. 37 0. 2'? 1.36 -0. 06 -0 03 0 04 -0 01 0 02 

4 CJ '^i 1 21 1 16 -0 04 0. oo 0 34 0, !*i'"' 1.42 -0 05 -0 04 0 02 -0 00 0 00 
5 03 1 . 17 1 03 -0 32 0. 38 0 36 0. 0'~i 1 • C (' -0 02 -0 02 0 02 0 0 0 0 01 
5 53 1 . 19 1 li 0 04 0. 33 0 34 0. 35 1.34 0 04 0 04 0 03 -0 00 -0 01 
6 03 1 . 03 1 03 -0 03 0. 40 0 39 0. 30 1. 18 -0 05 -0 03 0 01 -0 01 0 00 

6 i*' o 1 . 07 1 02 0 07 9 41 0 3 ? 0. oo 1. 11 0 06 0 07 0 02 -0 01 -0 00 
"7 03 1 . 07 1 02 0 07 0 39 0 ■-1 ~f 0. 34 1. 11 0 07 0 07 0 02 -0 01 -0 00 
7 

iC o 1 .05 1 02 0 04 0 49 0 35 0. 31 1. 09 0 03 0 05 0 03 -0 01 0 01 
~7 53 0 . 92 1 35 0 02 0 35 0 33 0 '■?■■? 1 . 00 0 02 0 04 0 03 -0 01 0 02 
7 7 3 0 . 92 1 14 0 03 0 35 0 39 0 33 1. 06 0 00 0 04 0 02 -0 04 0 01 
8 03 0 .90 1 19 0 07 0 33 0 41 0 30 1. 13 0 06 0 06 0 05 -0 03 -0 00 

de 1 r ::PT2 U*CPT2 U/U int U*CPT2/Uint C: T < U '• CT' ) co rr 

0. 28 1. 473 4.310 6.349 1. 259 5.426 5.807 5. O f' 0 

0.53 1.529 4. 190 6.409 1. 307 5.477 5.879 5. 945 
0. 78 1. 497 4.278 6.404 1. 279 5.473 6. 023 6. 091 
1. 03 1. 472 4.447 6.546 1. 253 5.595 6.287 6. 358 
1. 28 1.502 4.634 '6.959 1 234 5.948 6. 818 6. 896 
1.53 1.412 4.754 6.712 1. 207 5.737 6.399 6. 472 

2. 23 1.357 4.304 5.341 1 168 4. 992 6.540 6. 615 
'"' 7*'-' 1.305 3.716 4.848 1 115 4. 143 6.472 6. 546 
'-'*d y 1.225 3.379 4.138 1 847 3.537 6.246 6 317 
3.78 1. 158 3.151 3.643 0 939 3.113 5.976 6 044 

4.53 1.206 2.835 3.429- 1 03 1 2.923 6. 670 6 745 
5.03 1. 166 2.716 3.166 0 996 2.706 6, 262 6 O *"' o 

5.53 1. 135 2.645 3. 135 1 013 2,679 6.372 6 950 
6.03 1. 079 2. 568 2.772 0 922 2.369 6. 301 6 373 

6. 78 1. 866 2.306 2.457 0 911 2 . 1 00 6.326 6 397 
7. 03 1. 065 2.348 2.501 0 910 2.137 6.428 6 493 
i'* » d'd 1. 049 2.379 2.495 0 396 2. 133 6.432 6 505 
7.53 0.921 2.652 2.444 0 738 2.089 6. 088 6 076 
7. 78 0.917 3. 112 2.353 0 734 2.433 6.498 6 572 
8. 03 0. 900 3.614 3.252 0 769 2.779 7.007 f 887 

Area Int e-gral of US Uint = 1. 170 
Rrea Int e-gral of CPT2 = 193 
Area Int e-gral of (U*CPT2.- Ui ■it) = 3. 297 
Tcrdu; C oefft.f r :iri Torujs M et er! CT : M > = 6. 421 
Area Int e-gral of CT(UV>; CT :UV)int = 6 349 
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APPENDIX C 

WATER INGESTION EFFECTS ON JET ENGINES 

A limited investigation of the influence of water ingestion on the 

operation of jet engines was performed.  An aircraft may encounter water in- 

gestion problems in the engine during low altitude flight in rain storms or 

take-off and landing conditions on wet runway surfaces.  In either case flame- 

out or loss in engine power could be critical. 

The investigation consisted of a literature review and the identifi- 

cation of some important points that are apparently not being addressed by 

current programs concerned with the water ingestion problem. 

The only serious attempts to analyze water ingestion effects on jet 

engines, available in the literature, are the reports on the work from Purdue 

University (Refs. C-l through C-5) .  Reference C-l is primarily concerned with 

deriving the appropriate equation of motion to describe the two-phase flow that 

occurs in this problem.  Reference C-2 is primarily concerned with the use of 

one dimensional flow models in assessing water ingestion problems in the 

compressor of a jet engine.  References C-3 through C-5 are primarily concerned 

with refining the mathematical model development and providing some preliminary 

experimental data for correlation with the theory.  Basically, this work shows 

that water ingestion degrades the aerodynamic performance of the compressor 

and that the one dimensional models show the basic trends reasonably well. 

Whereas the effects considered in the above-mentioned reference are 

a very important aspect of the problem, there are some questions concerned 

with spin-down and flameout of the engine which are not being addressed.  More- 

over from the viewpoint of conducting experimental investigations of the water 

ingestion problem, it would appear that more effort is required in the area of 

developing instrumentation to quantitatively describe the composition of the 

working medium (e.g. percent of the working fluid that is air, water vapor, 

liquid droplets and their size distribution). 
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The significant questions on spin-down and flameout that have not 

been addressed thus far are: 

(1) How much water can a typical combustion chamber absorb before 

the total enthalpy leaving the chamber is reduced to the point 

where turbine work will be affected? 

(2) What is the increase in rotor torque required at a given RPM 

due to the presence of water droplets in the air stream? 

(3) How much centrifuging of the water takes place as the flow 

passes through a rotor row? 

A significant body of literature which bears on the second question 

has been found and a bibliography of this material is given at the end of this 

appendix.  Some of the most directly applicable results contained in the bib- 

liography will be discussed in the following paragraphs. 

There is a large amount of literature which is realted to water-droplet 

impingement on turbomachinery blade rows.  Unfortunately, no papers were found 

which consider this problem specifically.  However, there is an appreciable 

amount of material on water-droplet impingement on two-dimensional and axis- 

ymmetric aerodynamic shapes.  This work was carried out, in large part, as one 

aspect of aircraft icing studies during the period from 1940 to 1955.  In 

addition, there has been a considerable effort during the last ten years on 

calculating the trajectories of solid particles passing through turbomachinery 

blade rows.  These investigations were carried out to determine erosion char- 

acteristics, particularly in turbines where solid particle contaminants are 

likely to be present.  Each of these areas will be discussed below, in turn. 

The literature on particle impingement on circular cylinders and 
c  A 

spheres is summarized very briefly in the book by Soo   and the review article 
C-7 

by Spielman.    Generally the model for calculating the droplet trajectories 

assumes that the droplets are spheres which are independent of one another 

and which experience a quasi-steady drag force.  The drag is proportional to 

the air density, the square of the instantaneous relative velocity between 

the droplet and the local velocity induced by the body it is approaching, the 
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droplet diameter, and a drag coefficient.  The drag coefficient is given 

empirically as a function of the instantaneous Reynolds number.  The equations 

of motion for the droplets are then written in terms of this drag force.  Inas- 

much as the force on the droplet depends upon the flow field of the body and 

the local velocity of the droplet along its trajectory, the equations of motion 

are nonlinear. Although their integration poses no serious problems today, at 

the time the icing studies were carried out, the integrations required the use 

of mechanical and electro-mechanical differential analyzers. 

C-9 
Langmiur and Blodgett,   in their evaluation of water-droplet im- 

pingement on circular cylinders and spheres, defined two fundamental parameters 

which characterize the trajectory of a droplet in the velocity field of a given 

body shape. These parameters are an inertia parameter which reflects the ex- 

ternal force required to act on a droplet to cause its deviation from its 

original motion and a parameter which is a measure of the deviation in the 

force on the, droplet from Stokes' law for a sphere.  Several investigations 

followed that of Reference C-8.  The most systematic were those performed at 

the Lewis Flight Propulsion Laboratory of the NACA.  They calculated the tra- 
C-9 C-10        C-ll 

jectories of droplets impinging on circular cylinders,   '     spheres, 
.,   -  '   „.   C-12,C-15  . „ .. C-16,C-18   ,      C-19  _. 

ellipsoids of revolution,        airfoils        and wings.     The 

number of airfoil cases considered was small because of the difficulty in cal- 

culating not only the particle trajectories, but also the inviscid flow field 

of the airfoils with the computational techniques that were available at the 

time.  Nevertheless, these reports do provide a sound basis for further investi- 

gation because of the systematic and comprehensive results that are presented 

for those cases considered.  The principal weakness of the reports is the 

absence of results for the velocity and angle at which droplets with various 

initial conditions impinge on the blades.  These results are necessary for 

modeling the impingement process for force and moment calculations.  No effort 

to calculate impingement forces or moments was attempted in References C-8 to 

C-19 since their concern was the rate of collection of water on the surfaces. 

The same basic representation of the forces on spherical solid 
C-20 C-25 

particles was used in the erosion studies by Tabakoff and his colleagues.   ' 
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The three-dimensional equations of motion of spherical particles in the appro- 

priate stationary and rotating coordinate systems for turbomachinery blade rows 

are derived in References C-20-C-22. A computer program for solving the equa- 

tions of motions for the particle trajectories is described in detail in Ref- 

erence C-23.  The inviscid flow fields in which the particles are assumed to 
C-24 

move are calculated " using the compressible, but subcritical, two-dimensional 
C - 9 ft 

blade-to-blade finite-difference solution procedure of Katsanis.  "  No three- 

dimensional flow-field effects are calculated so the radial velocity component 

in the flow field is neglected in the trajectory calculations, although the 

particle is permitted to have a radial velocity.  An important aspect of the 
C-22 

Tabakoff research has been the modeling  ~ of the rebound characteristics of 

the solid particles upon impact on the blade surfaces.  These characteristics 

are much different from water droplet impingement characteristics, of course. 

Tabakoff et al. have applied their procedures to a variety of examples, in- 
C-20 

eluding isolated stationary blade rows,  ~ namely a turbine stator and a 
C-21 23 23 

compressor inlet guide vane row, a complete turbine stage   '  '  of a 
C-24 25 stator followed by a rotor, and a three-component compressor configuration   ' 

consisting of inlet guide vanes, a rotor and a stator.  Extensive numerical 

results for particle trajectories are given for all these cases in the individual 

reports, References C-20, C-21 and C-25.  Included in these results are the 

details of the way in which the particles are centrifuged toward the outer 

casing wall. 

The feature of all previous work that is missing for purposes of 

estimating changes in rotor torque is a model for the generation of forces 

on the blade surfaces when water droplets impinge.  Development of such a 

model would be the next step in the investigation. An important step in this 
C- 28 direction is the work of Sauer, et al.  "  They are the only ones, besides a 

c - f\ 
very brief discussion by Soo " who have addressed the prediction of forces on 

the body due to particle impingement.  Their work arose in response to the 

hypothesis that dust suspended in the airblast from nuclear detonations could 

contribute significantly to the loading of drag-sensitive, above-ground targets. 
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An examination of Reference C-28 indicates that their model for the 

impact forces is based upon the following assumptions.  The solid particles are 

assumed to rebound at impact so that (1) the tangential component of particle 

velocity is conserved at impact, while (2) the normal component of particle 

velocity after impact is r times its incident value, where r is independent 

of both particle speed and impact angle and lies between 0 and 1.  Based on 

this model, they calculate the impact loading on circular cylinders and spheres 

and have compared the predictions to limited experimental data with some 

success.   It would appear that the limit r-*0 should be realistic for water 

drop impingement. 

Summarizing the results of this investigation we have come to the 

following conclusions: 

o  The gToss, steady state effects of water ingestion on an axial 

flow compressor can be reasonably well analyzed by state-of- 

the-art, one-dimensional flow models. 

o  Certain questions concerned with spin-down and flame-out of the 

engine, as discussed above are evidently not being addressed by 

current studies.  Analysis of these problems will require more 

detailed consideration of the physics of water droplets passing 

through blade rows.  Although this problem has not been specfically 

addressed before,there is a significant literature base in related 

areas. 

o  More detailed experimental investigations are required in order 

to define the state of the water at various points through an 

engine.  A significant problem in this regard is the lack of 

suitable,existing instrumentation to make these measurements in 

flowing systems. 
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