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1.0 SUMMARY

The Core Compressor Exit Stage Study Program has the primavy objective
of doveloping rear stage blade dosigna that have improved officioncy by virtue
of having lower lossces in thoiv end=wall boundary layer vegions, Blading con~
copts that offor promige of reduc ing end-wall losses have been evaluated in a
mult istage environmeat. This rveport describes the test data and the pecform-
ance results for the baseline comprossor stage that was tested in the General
Flectric Low Spered Rescarch Compressor. The a rodynamic design of this base-
line stage, which is typical of those required in the rear stages of advanced,
highly loaded core compressors, is described in Velume 1 of this report (Ref-
erence 1). The test results for those blading concepts that offer a promise
of rvducing cnd-wall losses are presented in later volumes of this report.

Overall performance data and various types of detailed performance data
are preseated for the baseline configurat ion along with the resulting vector
diagrams, lons coofficients, and diffusion factors. The data taken for the
baseline configuration show that the design intent pressure cocfficient of
0.554 has been achieved at the design intent flow coefficient of 0,408, At
the design pressure rise, the measured officiency of 0,900 was oqual to the

design target.




2,0 INTRODUCTION

Recent preliminary design studies of advanced turbofan core compressors
(Reference 2) have indicated that such compressors must have very high effi-
ciencies, as well as the advantages of compactness, light weight, and low
cost, in order for advanced overall ongine/aircraft systems to have an im=-
proved economic payoff. Loss mechanism assessments, such as those of Rofer-

, ence 3, suggest that approximately half of the total loss in a multistage

b compressor rear stage is associated with the end-wall boundary layers. Since
only a relatively small amount of past rescarch has been dedicated to the
problem of finding improved airfoil shapes for operation in multistage com-

, pressor end-wall boundary layers, it is believed that substant ial improvements
g in that arca ave likely. Accordiugly, a goal of a 15% reduction in rear atage
3 end-wall boundary layer losses, compared to current technology levels, has been
got. The Core Compressor Exit Stage Study Program is directed toward achiev-

3 .

: ing this goal. Blading concepts that offer a promise of vedueing end-wall
3 losses relative to a baseline design have boen evaluated in a multistage en-
. vironment. The test data and performance vesults for this baseline blading

are described in this report.
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3.0 TEST APPARATUS AND PROCEDURE

3.1 LOW SPEED RESEARCH COMPRESSOR TEST FACILITY

The Low Speed Research Compressor (LSRC) facility is designed to provide
aerodynamic data on the performance and flow details of multistage axial flow
compressors. The facility is generally used to determine the aerodynamic be-
havior of subsonic axial flow compressors where the flow characteristics are
largely viscous or Reynolds number related and are not predominantly compres-
sibility or Mach numbe. related. Although considerations of stage matching
or choke margin cannot be ‘tudied in the LSRC, fundamental aspects of turbo-
machinery aerodynamics, such °s airfcil surface boundary layer development and
secondary flow or leakage flow effects, have been studied in the LSRC for the
past 20 years. In effect, the LSRC duplicates many of the essential features
of a small, high-speed compressor flow field in a large, low-speed machine
where very detailed investigations can be conducted with conventional instru-
mentation and where the flow field can be observed directly by the use of tuft
or flag probes inserted into the flow stream through a transparent casing.

The LSRC configuration for these tests, shown schematically in Figure 1,
is a four-stage compressor having a constant casing diameter of 1.524 m (60
in.) and a radius ratio of 0.85., The axis of rotation of the compressor is
vertical, and the flow enters from the top through a calibrated bellmouth/
inlet system which filters and mcasures the flow. A bullet nose was inserted
in the bellmouth to reduce the area of the flow measurement plane to a level
slightly larger than the constant annulus area of the compressor stages. Con-
vergence was selected to produre the largest dynamic head possible in the
bellmouth and still allow a small amount of acceleration forward of the inlet
guide vanes (IGV's) in order to reduce the wall boundary layers entering the
compressor., After passing through the blading, the air is exhausted into a
room on the lower floor of the building. ihe compressor exhaust system con-
sists of a large, circular throttle plate that can be raiscd or lowered to
increase the compressor back pressure by varying the exit area. The throttle
is shown at its two extreme positions in Figure 1. The facility is driven
from below by a 400-hp steam turbine. Rotative speed of the compressor can
be controlled to within $£0.5 rpm. Power input to the compressor is deter-
mined by a strain gage-type torquemcter in the drive shaft between the gear-
box and the lower main bearing. A photograph of the LSRC is shown in Figure 2.

A detailed cross section of onc stage of the 0.85 radius ratio LSRC test
vehicle is shown in Figure 3. Shrouded stators are used. Stator vanes and
shrouds are mounted in casing rings that can be rotated about the axis of the
compressor using screwjack actuators. This enables the vanes to be moved
past fixed instrumentation in order to give the capability for performing a
circumferential traverse with every instrument in the test vehicle.

The airfoils are 11,43 em (4.5 in.) in span and approximately 9 cm (3.5
in.) in chord - large enough that :lade vdge and surface contours can bLe
closely controlled during manufacture. The blades and vanes are constructed




of inexpensive plastic materials that are molded in high pressure dies so
that outstanding uniformity is achieved. The blades are hydraulically smooth
at the test Reynolds number, based on tip speed and hlade chord of 360, 000.
Reynolds numbers ¢ this magnitude are high enough to be above the critical
value for compressor stages and, therefore, can provide a reasonable simula-
tion of the performance of high-speed compressors.

The average rotor tip-clearance-to-blade-height ratio was 1,362 and the
average stator seal-clearance-to-blade~height ratio was 0.78%. Circumferen- *
tial groove casing treatment was applicd over the tip of only the first rotor
to assure that Stage 1 would not be the stall-limiting blading.

3.2 TEST STAGE

The baseline Stage A is a low speed model of Stage 7 of the 10-stage,
23:1 pressure ratio AMAC study compressor whose preliminary design study was
conducted under Contract NAS3-19444 (Reference 2). The low speed modeling
was accomplished by modifying the camber line of the low speed airfoil sec-
tions so that the dimensionless suction surface velocity distribut ions of
the low speed sections were similar to those of Stage 7 of the AMAC compres-
sor. The baseline Rotor A consisted of airfoil sections having modified cir-
cular arc meanlines and circular arc thickness distributions. The baseline
Stator A consisted of airfoil sections having a 65-series thickness distri-
bution on modified circle arc mecanlines. An IGV was designed which gave the
requized preswirl to the fluid entering the first rotor in order to achieve
a multistage environment in as few staves as practical. Standard General
Electric IGV design practices were employed. The details of the baseline
Stage A design and the IGV design are presented in the Design Report (Refer-
ence 1),

A photograph of the assembled four-stage Rotor A is shown in Figure 4,
and a photograph of an assembled Stator A ring is shown in Figure §.

3.3 INSTRUMENTATICHW

The instrumentation used at various locutions in the compressor is pre-
sented in Table 1. Standard total pressure rakes and wall static pressure
taps were used to obtain overall pressure rise in the compressor, Airflow
was measured using a calibrated bellmouth, and work input was obtained using
a4 strain gage torquemeter. The torquemeter was calibrated using weights and )
a4 torque arm.  The compressor was run without blading in order to measure
tare torque and, thus, to obtain corrections for windage and bearing friction
as a function of rotative speed, .

In addition, the following instrvumentation was used to provide more de-
tailed measurements of the flow field within the compressor:

° A rotating total pressure rake was used to define accurately the
rotor wake of the test stape., This rake, shown in Figure 6, is
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mounted on the rotating hub and can be traversed across one blade
pitch,  The pressures are read by a pressure transducer inside

the rotor asaembly, and the electrical signal is led out ty a slip-
ring. The blading shown in this photograph is from another pro-
gram.

° Static pressure taps located on the blade and vane surfaces were
used to determine the distribution of static pressure on the suc-
tion and pressure surfaces., Blades instrumented to yield these data
are shown in Figure 7. In Figure 7 the blades are sealed on the
pressure side at the hub so that no flow can leak from the pressure
surface to the suction surface. The locations of the surface static
taps are given in Table 2. For rotors, the pressures are read by a
pressure transducer/slipring device.,

° Fast-response hot-film ancmometers ware located in an axial line
aft of the four rotors in an attempt to detect the inception of
rotating stall,

. Single-element transverse probes were used to obtain total pres-
sure, static pressure, and flow angle measurements. The flow angle
measurement s were made using flag (tuft) probes which aligned them-
selves to the flow direction when immersed in the flow ficld, The
value of the flow angle was determined by using a telescope/cross-
hair -ighting device attached to a protractor,

The data recording and analysis procedures are automated. Pressures
are measured using Bell & Howell Model No. 09384 low-pressure-range trans-
ducers having an accuracy of $0,025% of the full-scale (12,44 xPa, 50 in.
H20) reading. The transducer is calibrated using a micromanometer. The
data are automatically recorded in a time-sharing computer data file by an
automated data controller,

3.4 TEST PROCEDURES

The overall test program was divided into four parts as outlined in
Table 3. The first part involved extensive testing of the baseline blading,
Stape A (Rotor A/Stator A), in bhoth four-stage and single-stage configura-
tions. These test results are the subject of the present report, The second
part involved a series of short screening tests to select the best rotor de-
sign and the best stator design based upon tests in four-stage configurat ions.
These test results can be found in Volume 111 of this serics. The third part
involved estensive testing of the best rotor and best stator designs in combi-
nat ion using a four-stage compressor configurat ion,  These test results can be
found in Volume 'V, The final part of the test program will consist of exten-
sive testing of a new Rotor ¢ design in a four-stage contfiguration with Stator
B, Results of the test will be reported in Volume V.

After an initial shakedown test, throee Separate tests were conducted
using Stage A blading. First, a tour-stage configuration using the third
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stage a8 the tost stape underwent extensive testing. This became the base-
Line configurat ion and the data obtained are outlined in Table 3, Item IB,
Sccond, a aingle-stage configuration, using the third stage of the four-stage
configurat ion: discussed ahove as the test stage, was tested, A major objec-
tive of the single-stage testing was to detemmine, by comparison with the
multistage test results, the effect that these differences have on overall
and blade clement performance and, thus, to assess the rat ionale for utiliz~-
ing data from single-stage tests in the design of multistage compressors.

The data obtained s-¢ shown in Table 3, Item IC, Since the IGV's were set
during the shakedo... test to give the same level of air angle as measured at
the inlet to Rotor 3 in the multistage test of this blading near design-point
operation, the single-stage testing was done at inlet air angles comparable
to those in the multistage environment. Thivd, a four-stage configuration,
using the first stage as the test stage, was tested; the data outlined in
Table 3, Item 1D, were obtained. The identical blading was used as the test
stage in Items IB, IC, and ID.

Eight types of data were taken during the testing phase: stall-determi~-
nat ion data, preview data, standard data, casing treatment data, Reynolds
number data, blade surface pressure data, blade element data, and detailed
wall boundary layer data. A description of each of these types of data is
presented below.

Stall-determinat ion data yield the stalling throttle setting by observ-
ing the sudden decrease in the static pressure rise across the compressor at
stall and listening for the onset of rotating stall, Preview data provide
stage characteristics and efficiency measurements based on casing static
pressure rise, measured airflow, and measured torque, Standard data provide
compressor performance based on mass-averaged total pressure rise from Rotor
1 inlet to Stator & exit, measured airflow, and measured torque. Casing
treatment data provide a means of assuring that the first stage was not the
stall-limiting stage. Reynolds number data are used to establish performance
trends versus Reynolds number as an aid in extrapolating the test data to the
somewhat higher Revnolds number levels of engines, Blade surface pressure
dat1 provide a means of determining regions of favorable leading edge loading
(in-idence), rates of diffusion, and regions of scparated flow on the airfoil,
Blade element data give blade clement performance and stage vector diagram
quantitics based on total pressure, static pressure, and flow angle measured
in a matrix of circumferent ial and radial locations across a blade pitch.
Sufficient data are obtained to define the wake, Measurements are taken at
the rotor inlet, rotor exit, and stator exit of the test stage. Detailed
wall boundary layer data consist of total pressure, static pressure, and flow
angle measurements as close as 12 of blade heigi. to cither end wall. Fvalua-
tion and comparison of all these data from the varicus configurations have
provided a means of asscssing the cffectiveness of the particular design
approaches employed for reducing losses in the end-wall region.
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3.5 DATA REDUCTLON

The data analysis procedures followed in reduc ing, test data have been
described in detail in a Data Analysis Plan prepared under this contract. A
brief summary of these procedures is presented in the following:

° Airflow measurements are based on a calibration of the large bell-
mouth in which measurements of bellmouth and bullet nose static
pressures were correlated with airflow. This calibration was based
upon detailed radial and circumferent ial traverses of total and
static pressure measurements in the bellmouth including boundary
layer surveys.

° Power input to the compressor is measured by using a calibrated
strain gage torquemeter and applying tare-torque correct ions for
windage and bearing friction.

° The environmental conditions are calculated from measured values
of wet and dry bulb temperatures and barometric reference pressuriz-
ing standard equations.

] All pressures are converted to standard units by appropriate con-
version factors and normalized. The pressures after. normalization
are in the form

-3
‘ P - P
P . - Absolute REF )
Normalized 1 u2
2 PREF t
The pressure cocfficient, ¥', is computed from
"Q-- .
? o' = Aﬁ%:_e_nl (2)
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- wvhere iseatropic enthalpy rise is detormined from measured pressure
% rise using standard thermodynamic relat ionships., Expanding these
relationships in a power series to obtain pressure rise, &P, rather
- than pressure coefficient, and rearranging the result ing equation,
yields the pressure coefficient in the form
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or preview data, the pressure rise 8 detemined from the caning
static pressure measurement,  For standard data, the pressure rise
is determined from mass-averaged total pressure measurements,

Flow coefficient, ¢, is computed from

W
e AU ¢

(%)

wvhere W is the measured airflow, ¢ is the average of the inlet and
discharge density, and A is the annulus area of the compressor.

The work coefficient, ¥, is computed from

T
Ve (s)

7 PreFl ¢ Red

where T is the measured torque corrected for windage and bearing
friction, and ¢ is obtained from Equation 4.

The torque efficiency is the ratio of the isentropic enthalpy rise
cousistent with the pressure rise divided by the total enthalpy
delivered to the compressor,

<

(6)
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The relative total pressure data obtained by using the rotating
total pressure rake is reduced by using the following equation

2
R 1 2
p' = {p! +l — ® = u N
t ( t)meaaured Re 2 "REFt

which is based on the assumpt ion that the fluid in the pressure
lines has constant density pppp and rotates at the wheel speed,

A}

The loss cocfficient, w, is computed from the following cquation

Pt . - pl
- in out
w " (8)
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Loss cocfficients for the stators are obtained by subtracting the mea-
sured absoiute total pressure at the stator exit from the measured absolute
total pressure at the stator inlet. These measurements are taken in a matrix
of radial and circumferential locations sufficient to define radial varia-
tions and to define the wake. Circumferr tial average values of pressure are
computed. The loss coefficients for the .otors are then obtained by subtract-
ing the measured oxit relative total pressure from an estimate of the inlet
relative total pressure. This estimate is obtained by averaging the three
highest reiative total pressures measured at the exit plane.

Theoretical velocity distributions along the suction and pressure sur-
faces of the blades and vanes in the Low Speed Research Compressor are com=
puted by using the Cascade Analysis by Streamline Curvature (CASC) computer
program discussed in Refercnce | for operat ion near the design point. In
order to compare these CASC distributions with experimentally measured dis-
tributions, one must calculate the velocities on the blade and vane surfaces
from the static pressures measured on these surfaces. T 2 equation which
relates the normalized velocities and the measured pressures is

1/2
L P-rl - Py

Vi PTI - Psl ¢

where the nonsubscripted variables indicate blade surface conditions, the
subscript indicates upstream conditions, F. is a compressibility correc-
tion (which was taken as unity since the Mach number was so low), and total
pressure is assumed constant. For cach radial immersion where comparisons
were made, the blade surface static pressures, Pg, were obtained from
experimental measurcments,  The total pressure used in Equation 9 was that
value which made the minimum velocity ratio on the pressure surface as com-
puted from the measured data equal to the minimum velocity ratio on the
pressure surface as computed by CASC, Although this technique for obtain-
ing total pressure does not provide valid comparisons of velocity magnitude
botwoen the CASC results and the experimental rvesults, it does provide com=
parisons of the shape of surface velocity distributions that are useful in
diagnosing differences in incidence angle and regions of flow separation.
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4,0 RESULTS AND DISCUSSION

Test results for the haseline stage consisting of Rotor A running with
Stator A are presented and discussed in the following paragraphs.

4.1 SHAKEDOWN TEST

A shakedown test was conducted on a four-stage configuration using Rotor
A/Stator A blading. The purpose of this test was to verify the mechanical
integrity of the new hardware and to determine if tne inlet guide vanes (IGV's)
and stator exit swirl angles were in reasonable agreement.

The first test run confirmed the mechanical integrity of the test vehicle.
The mechanical operation of the rig was quite smooth and no difficulties were

encountered.

Testing was then conducted to verify that the level of the swirl delivered
by the IGV was reasonably close to that delivered by the stator vanes. Pre-
liminary measurements of swirl angles, made at the exit of the IGV and at the
exits of the stators, are presented in Figure 8. These flow angles were ob-
tained at a midpassage circumferential position and, therefore, do not repre-
sent circunferential averaged values. Also, the small correction factor to
the angles discussed in Section 4.6.1 was not applied to these data. At each
radial immersion the IGV exit air angle shown in the figure is the average of
the angles obtained for five throttle settings from wide-open to stall, while
the stator exit air angles are the values obtained at a flow coefficient of
0.424, which is scmewhat larger than the design flow coefficient of 0.407.

The data indicate that the average IGV exit swirl angles after correction are
about 0.6° to 1.0° smaller than the design distribution near the pitch line
and about 1.5° to 2.5° smaller near 15% and 80% immersion. The IGV exit swirl
angles begin to increase near the casing, becoming larger than design intent
in the outer 5% immersion. The stator exit swirl angles agree reasonably well
with the design distribution from 30% to 20% immersion but become larger than
design between 10X and 20% immersion, probarly f-om the effects cof secondary
flow. Based upon these preliminary results, it wes decided to conduct all
testing without any changes in stagger angle of the blading.

4.2 CASING TREATMENT TEST RESULTS

Tests in which preview data were taken were conducted for three different
casing treatment window geometries in order to aid in determining the stall-
limiting stage and to select the casing geometry to be used throughout the
test series. The results are shown in Figure 9.

Although four identical stages were testea, the repeating stage euviron-
ment was not ostablished until Stage 2 or Stage 3. 1t is, thus, very desirable
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that Stage 1 not he the stall-limiting blading. In order to make this asscsa-~
ment, cireumferential groove casing treatment was applied over the Stage 1
rotor tip excluaively, The 8.,2Z improvement in atall margin, shown in Figure
9 for this configuration, indicates that the first-stags rotor was indeed
stall-limiting without casing treatment. This stall margin improvement was
obtained with no measurable change in the reat of the pressure flow charac-
teristic or in the efficiency curve. Circumferential groove casing treatment
was then applicd over all four rotor tips. The slight additional improvement
in stall margin shown in Figure 9 indicates that Stage 1 is probably no longer
stall-limiting when casing treatment is used. However, there was a loss in
efficiency and a slight loss in pressure rise with treatment over all four
rotor tips. Based cn these test results, it was decided to conduct all four-
stage tests in the program with circumferential groove casing treatment over
Rotor 1 tip only and smooth windows over the rest of the rotors.

4.3 OVERALL PERFORMANCE

The overall performance of the baseline configuration, which consisted of
Rotor A with Stator A, was determined from preview data and standard data.
These test data are presented as graphs of pressure coefficient, work coeffi-
cient, and torque efficiency plotted as a function of flow coefficient. The
tests were conducted at an average rotor tip-clearance-to-blade-height ratio
of 1.36% and an average stator seal-clearance-to-blade-height of 0.78%. The
test Reynolds number was 3.6 x 105. As discussed previously, casing treat-
ment sas applied over the tip of the first rotor only to assure that Stage 1
would not be the stall-limiting blading.

4.3.1 Four-Stage Configuration

The overall performance of the four-stage Rotor A/Stator A configuration
is presented in Figure 10 and tabulated in Table 4. The design intent proes-
sure coefficient of 0.555 has beun achieved at the desipn intent fluw coeffi-
cient of 0.407. At the design pressure rise, the measured efficiency of 0.900
was equal to the design target. Peak efficiency of 0.9045 occurs at a flow
coefficient of 0.388, and peak pressure rise occurs at a flow coefficient of
0.363. At values of flow coefficient less than 0.363, the pressure flow char-
acteristic rolls over and flattens out until a crisp rotating stall occurs.

The radial variation of normalized total pressure at the compressor dis~
charge is presented in Figure 11. Of particular significance is the weaken-
ing and eventual collapse of the hub region at peak pressure rise. ¥From 80%
immersion to the hub, very little increase in total pressure rise has been
achieved as the compressor is throttled from peak efficiency to peak pressure
rise. Probing the hub repion with tufts indicated that boundary layer sepa-
ration was occurring on the stator vanes and becoming progressively worse as
stall was approached. This results in the rollover and flattening of the
pressure flow characteristic from peak pressure rise to stall, as shown in
Figure 10,
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4.3,2 Single-Stage Configuration

The overall performance of the single~stage Rotor A/Stator A configura-
tion is presented in Figure 12, This configuration was teated without casing
treatment over the rotor tip in order to make comparisons with the test stage
(third stage) of the four-atage configuration. The data in Figure 12 show
that the single-stage configuration is pumping more flow than the four-stage
average and that the single-stage configuration achieves a higher peak pres-
sure coefficient. MHowever, the peak cfficiency of the single-stage configura-
tion is approximately 2.0 points lower (based on preview data) and 0.8 points
lower (based on standard data) than that of the four-stage configuration.

4.3.3 Comparison of Single-Stage and Multistage Results

The individual characteristics of the single-stage and four-stage con-
figurations are compared ip Figure 13, For flow coefficients above 0.38, the
single-stage characteristic compares favorably with the first-stage charac-
teristic of the four-stage configuration, although the single~stage charac-
teristic is not quite so steep at larger flow coefficients. Compared to the
Stage 3 characteristic of the four-stage configuration, the single-stage
characteristic has about the same slope but is operating at about 2.5% higher
flow and about 4% higher pressure coefficients. The significant differences
in the characteristics occur at flow coefficients below 0.38. Both the sin-
gle stage and the first stage of the multistage configuration achieve sig-
nificantly higher peak pressures than those of the other stages. This dif-
ference probably results from the cleaner, more constant inlet conditions at
the first rotor inlet. During throttling, the first rotor inlet is not
subjected to the thickened wakes, increased deviation angles, and separated
flow that the downstream stages feel. Perhaps even more striking is the
higher pressure achieved by the first stage of the four-stage configuration
compared to the single-stage configuration. This could result from the casing
treatment or from the stabilizing influence of the downstream stages pulling
on the first stage of a multistage configuration.

A comparison of the radial variation of normalized total pressure at the
compressor discharge is presented in Figure 14 for the single-stage and tue
four-stage configurations. Pressures for the four-stage configuration have
been divided by four in order to make comparisons with the single-stage re-
sults. At both throttles presented, the single-stage data exhibits a reduction
in total pressure rise at both the tip region (0%-20% immersion) and the hub
region (20%-100% immersion) compared to the multistage results. At the peak
pressure rise throttle the higher pressure rise achieved by the single~-stage
configuration is evident in the figure.

4.4 REYNOLDS NUMBER TEST RESULTS

The essentially incompressible flow in the test compressor allows stage
performance to be presented as stage characteristics that are independent of
speed, although there are small variations in performance due to Reynolds




= number,  In order to determine these performance variations, a aeries of pre-
view data points was taken at seven different rotative fpeeds covering a range
of Reynolds numbers from 0.94 x 10° to 4.00 x 10, The resul £8 presented

in Figures 15 and 16 scrve aa an aid in extrapolating the test data to the

somewhat higher Reynolds number levels employed in engines,
' . 4.5 BLADE AND VANE SURFACE STATIC PRESSURE TEST RESULTS
,A- The measurements of static pressure on the blade and vane surfaces are
4 presented in Figures 17 through 22 and tabulated in Tables § through 10 for
. (1) the four-stage configuration with the third stage as the test stage, ]
- (2) the single~stage cenfiguration, and (3) the four-stage configuration with
, the first stage as the test stage. The measured pressures have been normal- 1

ized by the dynamic head based on tip specd, 1/2 PREFUE.  Suction sur-
face measurements are vresented as solid lines and pressure surface measure- ;
ments as dashed lines. Data were obtained for an open throtile, the design

throttle, the pcak efficiency throttle, the peak pressurc risce throttle, and

the near stall throttle for the third stage. Open throttle data were not ob-

tained for the single-stage test or the first-stage test.

4.5.1 Four-Stage Configuration (Third Stage as Test Stage)

The normalized static pressure measurements on the blade and vane sur- !
taces are presented in Figures 17 and 18 and Tables 5 and 6, respectively,
for the four-stage configuration with the third stage as the test stage.

The rotor data in Figure 17 indicate a uriform diffusion from the loca- |
tion of the peak suction surface velocity (minimum static pressure) to the ;
trailing edge for all blade sections and all throttles except the peak pres-~ A
sure rise and near stall throttles clcse to the hub (Figures 17d and e, re- 5
spectively)., 1o this hub region, evidence of flow separation is seen as a
distinct decrease in slope of the diffusion rate (static pressure gradient)

on the suction surface of the blade. For the peak pressure rise throttle,
this cccurs at 70% chord for 90% immersion (Figure 17¢) and at about 80% chord
tor 8U% immersion (Figure 17d).  For the near stall throttle this distinet de-
crease in diffusion rate occurs at 50% chord for 90% immersion (Figure 17¢)
and at 605 chord for 80% immersion (Figure 17d). Apparently, flow separation
on the rotor begins at the hub and moves toward the leading edge and radially
outward as the compressor is throttled. The increase in leading edge loading
as the compressor is throttled toward stall is ovident at all .mmersions.

There is evidence of the effects of secondary flow and tip leakage on the
suction surface pressure distribution of the rotor over the first 25% of the
chord (Figure 17a).  This is scen as an increase in static pressure on the
suction surface from zero to about 8% chord, followed by a decrease in static
pressure from 8% to about 40% chord. This same Lype ot profile was observed
on the suction surtace ncar the tip in Reference 4, although the location of
maximum static pressure occurred further aft.
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The atator data in Figure 18 suggest that the diffusion pattern on the
suction surface is not as healthy as that on the rotor. The rate of diffusion
tends to decrease near the trailing edge indicating boundary layer separation
may be developing. This flow separation on the suction surface becomes sig-
nificantly more cvident near the hub at the peak pressure rise and near stall
throttles as seen in Figure 18¢c through 18e. For the peak pressure rise
throttle, separation is indicated by the flat static pressure on the suction
surface beginning at about 50% chord for 95% immersion and at 60% chord for
807 immeraion (Figures 18e and d, respectively). For the near stall throttle,
separation is indicated at about 20% chord for 95% immersion, at about 35%
chord for 80% immersion, and at 60% chord for 502 immersion (Figures l8e, d,
and c, respectively). Probing this region with a tuft probe confirmed the
presence of large areas of separated flow. Flow separation for the stator
apparently begins at the inner diameter and moves toward the leading edge and
radially outward as the compressor is throttled.

The blade and vane surface static pressure measuremenls indicate that the
Rotor A/Stator A four-stage baseline configuration is hub-weak.

4.5.2 Single-Stage Configuration

The normalized static pressure mecasurements on the blade and vane sur-~
faces are shown in Figures 19 and 20 and Tables 7 and 8, respectively, for the
single-stage configuration., This configuration was run without casing treat-~
ment over the rotor tip so that the stage geometry of the single stage matched
that of the third stage of the four-stage configuration as closely as possi-
ble.

The rotor data in Figure 19 show a uniform diffusion from about 40% chord
to the trailing eage for all throttles at S%Z, 20%, and 50% immersions (Figures
192, b, and ¢). No evidence of flow scparation is apparent. However, for 80%
and 90%2 immersions, Figures 19d and e, there is a substantial decrease in the
rate of diffusion for all throttles beginning at about 70% immersion in Figure
19d and from 50% to 70Z immersion, depending upon throttle, in Figure 19e.
These diffusion rates are clearly different from those shown in Figure 17d and
¢ for an embedded stage operating in a multistage environment. This will be
discussed further in Section 4.5.4,

As seen before in Figure 17a, there is again evidence in Figure 19a of
the effects of sccondary flow and tip leakage on the suction surface pressure
distribution of the rotor over the first 30% of the chord.

The stator data in Figure 20 indicate that, for all throttles and all
immersions, there is a continuous diffusion from the point of minimum static
pressure on the suction surface to the trailing edge, although there is a
change in the rate of diftfusion near the hub. This change in the rate of
diffusion is most evident at 50% chord for 95% inmersion, Figure 200, at the
peall pressure rise/near stall throttle.
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4.5.3  Four-Stage Configuration (First Stage as Test Stage)

The normalized static pressure measurements on the blade and vane sur-
faces, preseated in Figures 20 and 21 and Tables 9 and 10 for the four-stage
configuration with the first stage as the test stage, are qualitatively simi-
lar to those shown in Figures 18 and 19 for the single-stage configuration,
llowever, there are two regions where the differences are noteworthy., First,

. the votor hub region for the four-stage configuration/first stage testoed
(Figures 2d, ) appears to be stronger than the hub region of the single-
stage configuration (Figures 19d, ¢) as eovidenced by the difference in the
diffusion rate. Secondly, the rotor tip region shown in Figure 2la has a
different suction-surface diffusion rate near stall from about 30% chord to
60% chord than that shown in Figure 19a. This is probably caused by the
casing treatment. These differences are discussed in the next section.

4.5.4 Comparison of Four-Stage and Single-Stage Results

A comparison of blade surface static pressures for the four-stage and
single-stage confipurations is presented in Figure 23 for the design point
throttle and the peak pressure rise throttle. For these comparisons the zero
level of static pressure was taken as the maximum static pressure measured on
the pressure surface, and the difference, AP, between this zero level and
pressures at other locations on the airfoil was plotted. The data taken near
the hub of the rotor for the single-stage configuration (Figures 23¢, d, e, f)
show cvidence of flow separation in the change in slope and in the flattening
of the suction-surface pressure distribution. ‘This begins at about 80% chord
in Figure 23¢, 70% chord in Figures 23 and ¢, and 50% chord in Figure 23f,
Neither of the other two configurations exhibits such a pronounced effect.
Apparently, the other stages in the multistage confivurations have a stabiliz-
ing effect on the rotor hub.

At the rotor tip (Figures 23a and b) the loading for both the single-
stape configuration and the four-stage configuration with the first stage
as the test stape is higher than that of the embedded stage.

A comparison of the vane surface static pressures for the multistage and
single=stage contigurations is presented in Figure 24, The data indicate that
the stator is operating about the same tor all contigurations at the design
point.  However, at the peak pressure throttle the stator of both the single-
stage and first-stage configurations is vunning with noticeably less flow
separation in the hub (imner dimmeter repion),

4.5.5 Comparisons with Potential Flow (CASC) Solutions

The velocity distrvibutions along the suction and pressure surfaces of

SR the blades and vanes were computed trom the measured pressure distributions as
. discussed in Section 1.5, ‘These velocity distributions were then compared

- with the potential flow CASC distributions, The results are presented in

- Figures 25 and 26, The spanwise locations of the CASC calceulations did not
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always coincide with those of the static tops; the CASC immersions are indi-
catod on the curves in these cages, All comparisons arc made at the design
point throttle sotting,

Comparisons for the rotor are shown in Figure 25. The significant dif-
ferences observed on the suction surface near the tip in Figure 25a are
attributed to secondary flow/tip leakape oftects (Reference 4).  The suction
surface velocitics tend to be low from 5% to about 30% chord and high from
0% to 60%. These velocity perturbations are induced by the tip clearance
vortex that moves away from the suct ion surface and away from the casing as
percent chord increascs. The test results are in good agreement with CASC at
the piteh line shown in Figure 25b.  Airtoil loadings near the leading edge,
indicative of incidence angles, apprar to be about as intended. Near the hudb
(Figure 25¢) the leading edge loading is a little high, amd there does appear
to be slightly less peak suction-surface velocity diffusion than intended.

Comparisons for the stator are shown in Figure 26. Airfoil loading near
the leading edpe is larger than predicted, especially near the end walls, and
the velocity diffusion on the aft portion ot the airfoil is loss than pre-
dicted, Evidently the stator is operating at higher incidonce angles (leading
odpe airtoil loadings) at the design point than intended. This would help to
explain the large regions of separated flow found on the stator hub as the
compressor is throttled toward stall,

4.6 BLADE ELEMENT AND WALL BOUNDARY LAYER TEST RESULTS

Blade olement data and wall boundarvy tayver data provide vector diagram
quant ities from measured values of total pressuve, static pressure, and tlow
anples in a matrix ol circumterential and radial locations across a blade
pitch,  The radial surveys ot pressure and tlow anple, taken between ad jacent
stators, are used to tix the shape ot the radial distributiong ¢circumferential
surveys are used to tix the absolute level ot the distribution, The measare=
ments ate taken at the rotom inlet and at the totor sl stater Jischarvpes ol
the test stape. The bars in the tigures indicate the variat ion of measured
values across the civeumterential blade spacing. The detailed wall boundary
tayer data are included in the radial protiles.

4.6.1 fgnizﬁggglﬁgp!igpru&&gL(1hird Stage Q{Q&3ﬁﬁj@ﬂge)

Pressures

Petailed survevs ot normalized absolute total and static pressures at the
thivrd rotor antet (Plane LL0Y, thivd rotor exit (Plane 1.9), and third stator
oxit (Plane a.0Y are presentod in Figures 27 through 30 and in Table 11 tor
the design point throttie, the peak etticieney throttle, the peak pressure rise
throttle, awd the nea stall threttle.  The ditlevence between the total pres-
sure at Plane .5 and 3.0 represents the total pressure rise aeross the rotor.
The ditterence between the total pressures at Plane 4.5 and 4.0 vepresents the




loss across the stator. The region ot ewd=wall loss in the stator from 0% to
207 jmmersion a.d trom 80% teo 100, immersion is evident. The high-loss region
trom 60% immersion to the stator hub near stall is particularly noticeable in
Figure 30. The Rotor A/Stator A cont ipuration is hub=weak, and this large re-
gion of separated (low oxists at the near stall throttle. These data are in
agreement with the tlattening of the vane surface static pressure measurements
shown in Flgures 184 and 18¢ for the near stall throttle.

The static pressure rise across the rotor is scen as the difference be-
tween the measured pressures in Planes 3.0 and 3.5 and that across the stator
as the difference between Planes 3.5 and 4.0, This gives a pitch line reav-
tion at the design point throttle of about 64%.

Flow Angles

Dotailed surveys of absolute air angles at the third rotor inlet, third
rotor exit, and third stator exit are presented in Figures 31 through 36 and
in Table 11 tor the desien point throttleg t he peak etticieney throttle, the
peak pressure rise throttle, and the near stall throttie. A small correction
factor to the flow anples, which is needed because of the geometry of the mea-
suring system, was used in the data analysis., This correction would yield
true flow angles that were about 0.5° larger than observed at 100% immersion
and about 1.1° larger at zero perceat immersiou. The correction factor to the
flow angles has not been incorporated into the data shown in the figures but
has been incorporated in the data shown in the tables. The leading and trail-
ing odge metal angles for the stator are shown in the figures so that the inci-
dence and deviation angles are casily scen,

The data in Figure 31 indicate that the design intent swirl distribution
has been achivved at the exit plane of the third stator. The increase in in-
cidence and deviation angles as the compressor .s throttled to stall is evi-
dent in Figures 31 through 34, The deviation angles near the outer diameter
are lower for Stator 3 than for Stator 2, particularly near stall, perhaps be-
cause the hub is breaking down in Stage 3, although it is suspected that the
flow angles in the outer 5% immersion at Stator 3 exit may have been read a

few degrees low,

Total Pressure Circumferential Survev: and Loss Coefficients

Relative total pressure measurements acres: a circumterential blade spac-
ing were obtained at 11 radial immersicns usine the rotating rake shown in
Figure b,  The results are presented in Figures 37 through 40 for the various
throttles. The rotor wake is clearly evident o+ is the increased size of this
wake near stall, particularly near the hub (Fipore 40).  An interesting fea-
ture of these citcumterent ial surveys is the ~hope ot the distribution near
the tip of the blade.,  Both the loss region dve to the wake and the loss re-
pion due to tip clearance/sccondary tlow effeci . can be seen,




Absolute total pressure measurements acroas a circumferential stator vane
spacing were obtained at 19 radial immersions, including the immersions for
the boundary layer surveys. Representative samples of these measurements are
shown in Figures 41 through 44 for 11 of the 19 immersions. The distribution
of static and total pressures shown in Figures 27 through 30 were obtained by
computing the average, minimum, and maximur value of pressure shown in Figures

41 through 44 at each radial immersion. The large stator wakes in the vicinity

cf the hub near stall are clearly evident,

These detailed measurements were used to determine rotor and stator loss
coeflicients. The rotor loss coefficients computed from the relative total
pressure measurements are presented in Figure 45 and Table 12. The stator
loss coefficients computed from absolute total pressure measurements are pre-
sented in Figure 46. Both are in reasonable agreement with design intent.
The total loss shown is the sum of the wake loss, the tip clearance vortex
loss, free-stream loss, and miscellaneous losses. The wake loss coefficients
in Figures 45b and 46b increase substantially between 007 and 1005 immersion
near stall as the flow separates on the suction surface of the blades and
vanes, The tip clearance vortex loss is evident from zero to 15% immersion
in Figure 45c.

Vector Diagram Quantities

Complete vector diagram quantities as well as loss coefficients, loss
parometers, diffusion factors, incidence and deviation angles were computed
trom the quantities measured in the absolute frame of reference. The results
are tabulated in Tables 13 through 21 tor the various throttle settings.
Several of these performance parameters have been plotted as a function of
percent immersion in Figures 47 through 53, The design point intent is also
plotted on cach figure for reference. In most cases over the midportion of
the span, the vector diagram quantities computed from measurements are in
reasonable agreement with design intent for the design point throttle setting.
The rotor loss coefficients and D-factors and the stator incidence angles are

somewhat larger than those used in designing the stage. In the end-wall region

(particularly the outer diameter) the velocities are lower, and air angles,
incidence angles, deviation angles, losses, and D-factors are larger than the
design values,

The rotor total loss coefficients, computed from measuremens made in the
absolute trame of reference, are somewhat larger at the design point than both
the design intent and the loss cocfficients computed from measurements made in
the relative trame using the rotating rake (compare Figures 45 and 49). Since
the rotor loss coefficients obtained from the relative frame measurements do
not depend upon inaccuracies in flow angle measurements (particularly in the
end-wall regions) and in vector diagram calculations, it is believed that they
are the more reliable of the two. Also, the pood agreement between the mea-
sured efficiencics and the design intent efficicncy means that the actual loss
coefficients were close to the design values. This lends additional credibil-
ity to the rotating rake loss coefficients, since these were closest to the
design intent levels,
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As the compressor is throttled toward stall, there is a general decrease
in velocity levels and an increase in air angles, flow turning, incidence
angles, deviation angles, and D-factors. The region of end-wall flow is dis-
tinctly defined by the data.

4.6.2 Single-Stage Configuration

Pressures

Detailed surveys of normalized total and static pressures at the rotor
inlet (Plane 1.0), rotor eait (Plane 1.5), and the stator exit (Plane 2.0)
are presented in Figures 54 through 56 and in Table 22 for the design point
throttle, the peak efficiency throttle, and the peak pressure rise/near stall
throttle. A description of these figures is qualitatively the same as that
for the four-stage configuration in Section 4.6.1.

Flow Angles

Detailed surveys of absolute air angles at the rotor inlet, rotor exit,
and stator exit are presented in Figures 57 through 59 and in Table 22 for
the design point and the peak pressure rise/near stall throttles. Again,
the description of these figures is similar to that for the four-stage config-
uration in Section 4.6.1.

Total Pressure Circumferential Surveys and Loss Coefficients

Relative total pressure measurements across a circumferential blade
spacing were obtained for the single-stage configuration at 11 immersions
using the rotating rake shown in Figure 6. These results are shown in Fig-
ures 60 through 62 for the various throttles., The loss region due to the
rotor wake and the loss region due to tip clearance/secondary flow effects
can be seen.

Absolute total pressure measurements across a circumferential vane spac-
ing were obtained and the results, including boundary layer surveys, are pre-
sented in Figures 63 through 65. .

These detailed measurements were used to determine the rotor and stator
loss coefficients presented in Figures 66 through 68 and in Table 23. The
increase in loss coefficient due to the tip clearance vortex is obvious in
Figures 66c and 68b from zero to 15% immersion.

Vector Diagram Quantities

Complete vector diagram quantities, loss -oefficients, loss parameters,
diffusion factors, incidence angles, and deviation angles were computed from
the measured quantities; the results are given in Tables 24 through 29 for
the various throttle settings. Several of the performance parameters have
been plotted as a tunction of percent immersion in Figures 69 through 75.
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Generally, the discussion follows that of Section 4.6.1, vector diagram quan-
tities for the four-stage conf iguration, and is not repeated here. It should
be noted that a single stage reacts differently to throttling than an embedded
stage. This can be seen by comparing the differences in axial velocities shown

in Figures 47 and 69.

4.6.3 Four-Stage Configuration (First Stage as Test Stage)

Pressures

The detailed surveys of normalized total and static pressures at the
first rotor inlet, first rotor exit, and first stator exit are presented in

Figures 76 through 78 and in Table 30 for the various throttle settings.
The description of these figures is similar to that of the four-stage con-=

figuration in Section 4.6.1.

Flow Angles

The detailed surveys of absolute air angles at the rotor inlet, rotor
exit, and stator exit are presented in Figures 79 through 81 and in Table 30.
The description of the figures is once again similar to that given in Section

4.6.1.

Total Pressure Circumferential Surveys and Loss Coefficients
The relative total pressure measurements across a circumferential blade
spacing, obtained using the rotating rake, are presented in Figures 82 through

84.

The absolute total pressure measurements obtained across a circumferen-
tial vane spacing are shown in Figures 85 through 87.

The rotor/stator loss coefficients shown in Figures 88 and 89 and in Table
31 were determined from these detailed pressure measurements. The description
of these curves is similar to that presented for the four-stage configuration

in Section 4.6.1.

Vector Diagram Quantities

The complete vector diagram quantities, loss coefficients, diffusion fac-
tors, incidence angles, and deviation angles were computed from the measured
quantities. The results are given in Tables 32 through 37 and in Figures 90
through 96. The discussion follows that of Section 4.6.1.
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5.0 CONCLUSIONS

A low specd acrodynamic scale model of Stage 7 of the l0-stage, 23:1
pressure ratio AMAC study compressor was designed. This scale model, which
formed the baseline Rotor A/Stator A configuration, was tested in General
Flectric's Low Speed Rescarch Compressor test facility in multistage and
single-stage buildups. The data show that the design intent pressure coeffi-
cient of 0.554 was achieved at the design intent flow coefficient of 0.408.
At the design pressure rise, the measured efficiency of 0.900 was equal to
the design target. Detailed test data were taken to obtain blade element

performance.

The data obtained for the Stage A configuration described in this report
will form a baseline for evaluating new blade and vane shapes that are in-
tended to reduce end-wall losses. This evaluation will be reported in subse-

quent volumes.
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6.0 LIST OF SYMBOLS AND ACRONYMS

Definition
Annulus area of the compressor
Absolute air angle
Advanced multistage axial flow compressor
Relative air angle
Stator shroud seal clearance
Absolute velocity
Absolute tangential velocity
Axial velocity
Cascade analysis by streamline curvature
Compressibility correction factor
Aunulus height
Inside diameter
Inlet guide vane
Low speed research compressor
Outside diameter
Pressure
Blade surface static pressure = Pgyrface~(Pp*PREF)
Upstream static pressure
Total pressure
Normalizing quantity = 1/2 °REFUt2
Radius

Reynolds number

Measured torque corected for windage/bearing friction

Wheel speed at tip

Air velocity

Relative velocity

Relative tangential velocity
Rotor tip clearance

Torque efficiency
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Subscri_g__t.

Density

Averape density acroas.nnnulus
Flow coefficient

Work coefficient

Pressure coefficient

lLoss coefficient

Barometer

Casing

Hub

Reference

Static properties
Total properties

Tip

Upstream conditions
Downstream conditions
Inlet metal angle

Exit metal angle
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Table 2. Location of Surface Static Pressure
Taps on Instrumented Airfoils,

Rotor
a Suction Surface Distance Preasure Surface Distance
” Tap Percent From L.E. Tap Percent From L.E,
,& Number Chord (%) em (in.) Number  Chord (2) em (in.)
~§ 1 2.5 0.229 (0.090) 1 2.% 0.229 (0,090)
l 2 8.0 0.726 (0,280) 2 8.0 0.726 (0.286)
B S k] 13.0 1.184 (0,466) 3 20,0 1.821 (0.717)
4 20.0 1.821 (0,717) 4 30.0 2.733 (1.076)
.;‘ b 25,0 2,276 (0.890) k) 45,0 4,100 (1.614)
N 6 30.0 2,733 (1.076) 6 60.0 5.466 (2.152)
S 7 35.0 3.188 (1.25%) 7 70.0 6.375 (2.510)
o 8 40.0 3,642 (1.434) 8 80.0 7.287 (. 869)
ﬁg 9 50.0 4.55 (1.793) 9 90.0 8.199 (3.228)
. 10 60.0 5.466 (2,152) 10 95.0 8.654 (3,407}
'} 1 70.0 6.375 (2.510)
: 12 80.0 7.287 (2.869)
§ 13 90.0 8.199 (3.228)
\ 14 95.0 8.654 (3.407)
Stator
Suction Surface Distance Pressure Surface Distance
Tap Percent From L.E. Tap Percent From L.E.
Number Chord (2) cw (in.) Number Chord (%) cm (in.)
1 2.5 0.198 (0.078) 1 2.5 0.198 (0.078)
= 2 8.0 0.632 (0.249) 2 8.0 0.632 (C.249)
3 13.0 1.029 (0.405) 3 20.0 1.580 (0.622)
4 20.0 1.580 (0.622) 4 30.0 2.372 (0.934)
- 5 25.0 1.979 (0.779) 5 45.0 3.556 (1.400)
] 6 30.0 2.372 (0.934) 6 60.0 4.745 (1.868)
: 7 35.0 2.76¢ (1.089) 7 70.0 5.535 (2.179)
: > 8 40.0 3.162 {1.245) 8 80.0 6.327 (2.491)
9 50,0 3.955 (1.557) 9 90.0 7.117 (2.802)
9 10 60.0 4.765 (1.868) 10 $5.0 7.513 (2.958)
a 11 70.0 5.535 (2.179)
o 12 80.0 6.327 (2.491)
- 13 90.0 7.117 (2.802)
e 14 95.0 7.513 (2.958)
Radial Location of Pressure Taps
.42 Rotor Stator
o l; Percent Percent
Wy Immersion lsmersion
R lmmersion from Casing Imnersion from Cesing
~ cm (in.) from Casing (2) cm (in.) from Casing (3)
d 0.%72 (0.225) S 1.143 (0.450) 10
2,286 (0,900) 20 2,286 (0.900) 20
' 5. 1195 (2.250) 50 $.715 (2.250) 50
» 9.144 (3.600) 80 9.144 (3.600) 0
‘ 10.287 (4.050) 90 10.8%9 (4.275) 95
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Table 13,

Overall Test Plan Outline,

1. Tests using Stage A Blading (Raeported in Rof, 1)

3 data pointa

15 data points
As appropriate
15 data points
30 deta points
4 data points
4 dats points
2 data points
2 data points

15 data points
As appropriate
4 data points
4 data points
4 dsta points
2 data points

4 data points
4 lata points
2 data points

|
i
!

!

15 data points

! As appropriate

4 «ata points

| 4 Jata points

A,  Shakedown Test

B. 4-8tage Configuration (Third Stage as Test Stagec)
t. Preview Data
2. Stall Determination
3. Casing Treatment Data
4. Reynolds Number Data
$. Standard Data
6. Blade Element Data
7. Blade Surface Pressure Data
8. Detailed Wall Boundary Layer Data

C. 1-8tage Configuration
1. Preview Data
2. Stall Determination
3. Standard Data
4. Blade Element Data
5. Blade Surface Pressurce Data
6. Detailed Wall Boundary Layer Data

D. 4-Stage Configuration (First Stage as Test Stage)
1. Blade Element Data
2, Blade Surface Pressure Data
3.  Detailed Wall Boundary Layer Data

Il. Screening Tests

A. 4-Stage Configuration with Rotor B and Stator A
1. Preview Data
2, Stall Determination
3. Standard Data
4. Blade Surface Pressure Dats

B, 4~Stage Configuration with Stator B and Rotor A
(Same Data as II.A.)

c. 4-Stage Configuration with Stator C and Kotor A
(8ame Data as I1.A.)

D. 4-Stage Configuration with Rotur B and Stator B
(Same Data as 11.A.)

I11. Tests Using Rotor B and Stutor B Designs i

(4-Stage Configuration, Third Stage as Test Stage)

| Same Dats as [.B

2. Rotor Tip Cleatance Data

IV. Tests Using Rotor ¢ and htator B Designs i

(6-Stage Configuration, Third Stage us Test Stage)

l. Same Data as 1.8
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Normalized Ahsolute Total Pressure, Static Pressure and Flow Angles for Rotor A/Stator A

Four-Stage Configuration, Third Stage Tested (Concluded).
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Table 13, Vector Diagram Parameters for Rotor A/Stator A Four-Stape
Configuration, Third Stage Tested, Design Point Throttle.

BLADE_ELEMCNY DATA ROTOR INLET TIP SPEED = 03.02 MPS (209,30 FPS)

IMMCR W wu GEVA -1 4 cu c ALPHA
£ WMPS _FES NPS FPE DFG _MPS _FPS MPS FPS MPS FPS _ DEQ

L0 RS T80 8 D19 170.4 0.5 18,8 60.6 11.6 A8 7210 .8 g8
2.0 88.0 180 4 5%, ? 187,94 %8.3 20.1 €G6.0 12.4 40,8 23.7 77.6 3.7
9.0 5.1 180.9 80.8 166 ? &7.C 21.4 70,2 12,7 41,7 24.% 61.7 30.C
4.0 88,6 102 3 80,7 16G.3 65.0 22.8 74,0 12.7 d1.8 2G.)\ 88.6 29.2
g g B 7T 162 6 50 4 166 64.0 23.56 T 2 12, FY IS 1
7.0 B7.1 187 3 1.2 160.0 ¢3.68 25.2 6.8 11,9 39.2 27.9 01, 6 25.2
10.0 87.6 189 O 51,3 163.3 02.8 26.2 66.0 11.6 037.9 26.6 94.0 23.8
18,0 87.7 169 2 80.0 1€7.2 61.9 27 .0 88.6 11.4_ 37,5 29.3_ 9G.2 229
26 0787 6 186 1 B 6 V6G.0 6.2 27.6 90.8 V1.0 37,1 20.6 07 PR 3% S
) 30.0 57.5 163 6 50.0 164.2 60.3 28.3 ©2.9 10.9 35.8 30.3 $9.8 21.0
80.0 8G.3 185.4 48.2 158.3 $8.% 29.4 ©6.4 10.8 3%.4 31.3 102.7 20.)
70.0 84.9 160 | 40.0 150. 6 96.8 29.9 99.3 11.1_ 36.% 31.9 104.8 20.9
80 053 8 176 & AR 1 14860 6.6 26.3 66.1 11.0 36.2 31.3 102.7 20.6
85.0 83.2 174 5 A4.4 145.8 96.8 20.2 93%.9 11.2 36.9 31.3 102.7 21.0
®C O 82.5 17¢.3 43.9 144.0 56.5 26.8 94.7 11,3 37.1 31,0 101.7 21.4
92.0 80.4 1A 3 41.6 1266 55,6 26.4__923.0 13.9 43.6 31.3 102.7 2%.0
5.0 49.6 162 7 41.2 135.3 66.1 27.5 ©0.4 13.8 44.3 30.7 100.6 26 ¥ e
9G.0 49.4 162.1 41.8 197,} ©7.6 26.4 86.5 12.9 42.2 29.3 90.2 25.9
97.0 49.4 162.1 42.7 110.0 99.6 24.2 81.7 11.9 238.9 27.6 90.85 2%.4
98.0 49.5 162 3 43.6 143.2 61.7 23.3 _76.5 10.8 35.4 25.7 84.3 24.8

BLADE ELEMENT DATA ROTOR OUTLET / STATOR INLEY

! MER LJ LY BETA ¢z oV c ALPHA

- 8 MPS FPS MPS_FPS DEG__MPS_FPS MPS FPS MPS _FPS_ DEG
""i.o 6.2 725.4° 36,0 116,17 720,17 12,9 42.3 27277 91.0 30.6° 700 .3 &4. 9~
2.0 3G.0 118 0 32.6 106.9 64.8 15,2 49.9 31.0 101.8 34.6 113.4 ©63.7
3.0 35.4 116 3 31.3 102.77 61.9 16.6 84.%5 32.2 105.7 36.3 118.9 62.5
4.0 34.8 114 3 30,1 98.7 B9.5 17.6 B7.7 33 4 109 ¢ 37.7 123.7 62.1
TR 034 T 16 20,0 9852 87.6°18.3 60.1 a4.3 N2 & a8 9 1877 e v
7.0 33.3 1091 26.4 8G.8 852.5 20.2 66.2 36.7 120.4 41.9 137.4 61.0
10.0 33.7 110.6 26.1 85.7 %50.7 21.3 69.8 36.7 120.5 42.4 139.3 58.7
15.0 38.9 11 A 26.8_ 8A.0 48 2 23.9 78.3 35 6 116.6 42.8 140 8 6.0

200 36,0 V24 7 6.1 8.3 47.6 25.6 ©63.5 43, 6 11076 4. 3 1330
30.0 39.4 120 3 29.0 5.1 47.2 26.7 67.6 32.0 104.8 41.6 136.6 50.0
80.0 38.7 127.¢ 26.4 66.7 43.0 28.3 $2.8 32.6 106.9 43.2 141.6 48.9
70.0 36.6 120 ¢ 23.2 ?76.1 39.2 28.3 ©3.0 33.9 111.3 44.2 145.0 %0.0
8070 35.3 1\5‘3 28T IT.4TTI0.0 27.8 91,1 34.a 278 442 a8 0 T Y
85,0 94.6 113 4 1,1 69.3 37.6 27.3 88.7 34,6 113.4 44.1 144.6 8.8
$0.0 33.98 111 2 §0.3 66.7 36.7 27.1 89.1 34.9 114.% 44 2 145.0 $2.0
£3.0 33.4 109 7 2¢.0 6%.7 36.7 26.8 87 8 34.9 114.5 44.0 144.3 52.4
98,0 33717106 6 197 64.6 36.4 26.6 ©07.3 350 11d4.4 4470 144.3 %20
©6.0 33.0 108 2 19.4 €3.6 35.9 26.7 87.85 35.2 115.6 44 2 143.0 52.7
97.0 32.8 107 7 19.2 €63.1 3%.8 26.6 8.3 35.3 115,8 44.2 145.0 82.8
$8 0 32.6 107 | 18.9 62.2 35.4 26.6 87.2 35.8 116.4 44.3 149.5 $3.0
BLADE FLEMENT DATA STATOR SUTLET
IMMER o wy tETA c2 cv c ALPHA
X MPS FPS MPS FPS UOFR  MPS FPS MPS FPS MPS FPS DEG

TTTYIOS NI 884217277 N a8 0 ST 96 AT AT AT 278
2.0 57.2 187.7 53.8 176.% 69.94 19,8 3.9 9.6 3°.3 21.8 ?71.6 26.7

3.0 87.3 187 9 93.2 174.6 €8, 1 2Y.2 69.9% 10.3 33.8 23.6 77.3 25.8
4.0 57.8 188 C 32.9 173 8 66.7 2% 73.0 1006 34 6 24.9 81.8 23.C

TR, 6‘100“! BITE Ve S 65"6“ ACT PN SN0 88 2670 eS 2T A
. 2.0 57.2 187 6 51.6 168 3 ©61.3 24.7 80 8911 8 37 9 27.2 88.3 235.0
' 10.0 56.1 14873 8 B0.1 164.4 63 2 8.1 82 4 12.7 41.8 28.2 92.4 26.8
15.0 8% 8 182 © 49 B8 16”7 7267 6 5.5 83 B 126 42 0 28.%5 93 6 26 6

TR0 078S B TR 0 a9 2161 .4 GV 8 o0TaT RO I 1A 7T A TS ITRTTY 58
30.0 86.6 185 6 49 & 162.7 61.0 27.3 89 9 11.4 37 3 29 %5 96.9 22.6
- 80 0 55 9 183 3 47 6 156.2 B8 2 29.9 96 3 11 4 37 %5 31 5 107.3 2v.2
200 %4 1 177 6 4% 5 149 4 57 1 293 ©61 11 6 38 031.51033 1 8

TTROTOMN 2N A A E VAT 9T T 2878 04T 126 4T 4TS 16T NS T T
83.00 %) 8 170 1 43.1 141 S SC 2 28 7 94 3 126G 41 2 31 41029 23S
90 0 5) 5 169 0 42 3 137 4 BN 4292 95 712 7 4V 1 3 A I1VA & 23 9
93 0 % 9 167 0 42 2 136 % S5 8 SR S5 93 4 12 7 4Y 7 31 2 102 1 24 U

T 05 080 164 T 42 7TNA00 S0 T 6 2 BCTONT o AV S DTS VT4 G
$6.0 49.7 162 © 43.3 142.2 GO G ¥4 2 79 % 1) 3 2370267 877 24 %
97.0 49.2 161 4 44.0 144.4 63 3 220 722.2 108 24 %5 244 800 2 O
$6.0 48. 0 160 1 45.8 149.2 68 % 17 8 80.3 9.0 v 4 10 0 €33 26 7
135
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Tatle l4, Vector Diagram Parameters for Rotor A/Stator A Four-Stage
Configuration, Third Stape Tested, Peak Efficiency Throttle.

BLADE ELEMONT DATA ROTOR INLEY TIP SPCCD » 84.67 MPS (212,17 FPS)

IMMER w wu AETA c2 cu ] ALPHA
8_MPS _FPS__MPS FPS NEQ __MPS_FPS MPS__FPS MPS_ FPS __ DFG
TV 68,0182, 7 B2 2 171,72 69.9 10,0 62.1 1274 40" : : .
2.0 8.7 182.8 82,0 170.7 €8.8 20.0 ©85.0 12.4 40.8 23.8 77.% ®.9
9.0 8G.1 104.0 S51.9 170.4, 67.6 21.% 69.4 12,4 40.8 24.5 080.8 00.4
- g 4.0 5G.8 185 2 2.1 170.9_67.) 21,8 71.4 12.2 40.0 25.0 81.9 29.2
: 8.0 86,9 166. ) 0.8 G6.0 23.0 \ TV 99, \ . :
' \ 7.0 7.5 188.06 82.2 171.3 65.1 24.0 76.9 11,8 98.7 26.6 087.8 26.1%
.- 10.0 88.1 190.0 82.3 171.8 €64.0 25.3 63.0 11.4 37,4 27.06 O1.1 24.2
\ 18.0 86.2 191.0 81,8 170 0 _62.7 26.8 8G.H (1.4 37.4 28.8 94.6 23.2
! 200 o8, . (R 9.9 62.0 20.0 @8, . U, . . .
: 30.0 58.2 181.1 81.5 169.0 62.0 27.2 89.2 10,3 933.6 29.1' 5.3 20.6
50.0 8G.7 186.1 49.1 161.2 $9.8 28.3 93.0 10,7 35.1 30.9 99.4 20.6
) 70.0 84.8 179 6 47.3 155.2 ©59.6 27.6__90.8 10.6 34.7 29.8_98.9 20.9
i S 0837 176.1 a86. . 9.4 27.2 69. . 'R . . .
' \ 65.0 53.0 173.9 4%.4 149.0 S0.8 27.3 69.7 11,0 36.2 20.86 06.7 21.9
_L Bofesiasans by Sifd Bold RO K
. . . . . .0 26.8 87, . . . . \
0 49.6 162 6 42.6 139.7 56.9 25.5 3.6 12.9 42.3 26.6 93.7 26.
$6.0 49.6 162.6 43.2 141.6 60.4 24.3 79.9 12.2 40.0 27.2 69.3 26.8
97.0 48,7 162.9 43.8 143.8 61.8 23.3 76.6 11.4 37.8 26.0 88.3 26.0
2% 0 50.3 165.0 45.0 147.6 _63.4 22.4 73.3 10.1 33.2 24.5 80.5 24.3

BLADE ELLMENT DATA ROTOR OUTLET / STATOR INLETY

IMMER w W BETA c2 cuV [ ALPHA
S MPS_FPS _MPS FPS DEG _MPS _FPS _MPS _FPS MPS FPS DG
7.0 92.9 107 & 30.4 99.7 ©€7.4 12.8 41.0 94.2 112.2 36.4 119.4 69.
2.0 31.3 102.8 27.8 ©{.3 62.5 14.4 47.2 36.6 120.2 39.4 129.2 6€0.
3.0 31.4 103.0 27.0 88.6 ©89.2 16.0 2.8 37.4 122.8 40.7 133.4 66.6
4.0 31.2 102 4 26.2 86.1 57.0 16 8 55.8 38.0 124.8 41.6 136.6 _65.8
T B.031.b 101 9 25.7 64.2 55.6 17.8 87.3 38.8 126.0 42.9 138, .
7.0 31.6 103.7 25.3 83.1 53.1 18.9 62,0 38.7 126.9 43.0 141.2 €3.8
10.0 32.7 107.2 25.4 83.3 30.8 20.6 67.8 38.3 125.7 43.8 142.6 61.6
15.0 34.8 114 0 26.1_ 83.7 48.6 27.8 75.2 37.1 121.7 43.6 143.1_88.1}
20.0 6.5 119 6 27.0 0©0.7 47.C 4.6 80.6 357 117.1 43.3 142, N
30.0 36.9 121.1 27.2 89.2 47.3 24.9 61.8 34.6 113.4 42.6 139.8 84.0
80.0 37.2 121.9 25.9 85.1 44.1 26.6 87.3 33.9 111.2 43,1 141.4 81.7
70.0 3%.2 ‘19 3 23.2 76.2 41.2 2€.4 86.6 34.7 113.7 43.6 142.9 82.8
“—$0033.0 109 21.8 71.6 40.1 25.8 ©a.7 35.1 115.1 43.6 142.0 3.8
88.0 32.9 108 ' 20.6 67.8 38.5 25.7 84.4 33.8 117.6 44.1 144.8 84.2
Y 80.0 32.1 105 3 19.3 ©63.3 36.8 25.7 84.2 36.6 120.2 44.7 146.7 84.9
J 930 31.8 104 3 18.7 61.2 95.9 25.7 €4.4 37.0 121.3 45.0 147.8 85,0
X 5.0 31.7 103 9 18.3 60.1 935.0 25.8 84.7 37.1 121.6 45.2 146.4 88.0
‘ $6.0 31.9 104.8 18.3 60.0 34.9 26.2 83.8 37.1 121.6 45.4 148.8 84.8
97.0 32.0 103.1 18.3 GO.1 34.8 26.3 66.2 36.9 121.2 49,3 i48.7 84.4
‘ ___$8.031.7 103 9 18.1 59.8 34.8 26.0 83.2 37.0 121.9 45.2 148.4 ©4.8
=”$ BLANE ELEMENT DATA SYATOR QUTLET
9 IMMER w w BETA c2 oV c ALPHA
i % _mPS_FPS MPS_FPS___DEG __MPS_FPS __MPS_FPS MPS FPS _ DEG
v 1.088.6 192 2 5.3 181.3 70.4 19.9 63.9 ©.9 030.6 21, . 8,
: 2 2.0 58.5 191 9 54.4 176.6 68.3 21.4 70.3 10,1 33.0 23.7 ?77.6 2%8.1
v 3,0 6.8 192 0 84.0 177.2 67.1 22.6 74.0 10.4 34.) 24.8 061.35 24.6
o 4.0 86.G 192 1 83.8 176.6_66.6 23.1__78.7 10.8 34.3 25.3 €3.1 24.3
B O SA.6 192 1 83.4 175.9 65.7 24.0 78.G¢ 10.6 8.3 26.9 06.2 24.)
= | 7.0 87.9 189 & 82.4 172.1 64.8 24.4 80.2 11.8 37,9 27.0 86.7 @28.2
- 10.0 87,1 187 4 %1.2 168.1 €3 6 25.2 £2.8 12.5 40.9 28,1\ $2.3 26.2
: '9 O 86 9 186G G 80.4 16%.8_62.3 26.3 6C. ) 12.8 41.9 29.2 095.8 20.9
= —— 200 56,9 106 6 80. 4 1652 62.1 26 4 86.8 12.4 40.6 29.2 ©5.8 28.0
. 30.0 87.2 187 6 30.3 165.1 ©1.5 27.2 89.1 11.4 37.%9 29.8 8C.7 22.8
80 0 8G.3 184 8 49.0 160.8 60.3 27.06 $1.2 10.A 38.5 29.6 97.8 21.2
- 70.0 83 6 175 7 43.9 180 7 8.9 27.%5 90 4 V}.w 39 2 30.0 96.8 1.4
800 82,0 170 € d44.3 145 0 98.2 27.2 L9 . 4 12 C 41.4 30.0 08.8 24.8%
83.0 B1.3 166 4 43.4 142,32 97.5 27.8 $0.2 13.1 42.9 30.4 99.86 25.4
90.0 50.7 16G 3 42.8 140 3 957.4 27.2 89.3 13.2 43.2 30.2 99.2 28.7
- 9 93 0 50 3 165 ) 43 ) _141.3 98 7 26.0 85.4 12. 68 _4)1.3 269 94.9 28.7
‘ 8.0 802 164 7 43 9 144.1 60.9 24.3 79.7 11 6 07.8 26.9 068.2 25.3
4 96.0 30.4 163 S 44.4 145,80 61.86 23.9 76.4 10.9 33.8 26.3 06.2 24.%
97.0 80.8 16G 8 45.5 149.3 ©63.9 22.8 73.0 9.8 232.0 24.% 60.4 2.4
58 O 81.4 168.7 46.4 138.9 _70.1 17.3 S6.8 6.7 22t 16.6 60.9 2\.2
"
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Table 15, Veetor Diapgram Parameters for Rotor AlStator A Four-8tage

BLADT €1 FMENT DATA ROTOR INLETY TIP SPEED o  603.92 MPS (207.73 FPS)
IMNER w Wy RETA cz cu c ALPHA

T Y et MU

_._% MP3 _FPS _MPS_FPL _ DEG _ MPS_FPS  MPS _FPL  MPS  FPS__ DEQ
1.0 84.3 170 0 80.9 166 # 69,4 18,97 6£,0 12.4 40.6722.6 74.1 93.1

2.004.6 179 0 60.9 167 0 GE.6 18,7 ©64.6 12.2 40.} 20.2 7C.1 91.0

3.0 86.1 100 0 61,4 168.7 66.7 19.# 08.2 11.6 98,1 29.0 76,8 90,2

4.0 5.4 181 8 %1 .8 1€C. 0 _68.1 70 4_67.) V1.8 37,0 21.4_70.9 29,2

8.0 85,7 162G 1.8 1665.9 676 21.2 09.4 V1.4 97,2 24.0° 76.8 281

7.0 6G.2 164 3 81,7 169.8 ©G.0 21.8 71,7 10.9 95,0 24.4 60.1 26.5

, 10.0 8G.4 188 0 91.6 169 4 €G.) 27,6 7.3 10,7 98,2 28,1 82,2 20.3

i 18.0 SC,1_184 0 81,0 167 3__ 0% 2 23 2 76.6 109 05,7 25.8_84.8 24.9

N 20,0 80,0 THI 8 50,6 165.9 64,a #4 17 79.1 10,9 96 6 26.4 8.7 24.¢2

30.0 6.2 184 4 80.2 164.6 ©3.2 20.2 62.6 10.2 03.6 27.2 89.) 22.)

. . 50.0 53.4 1786 3 48.0 157.4 ©1.8 25.6 63.9 10.6 84,8 27,7 $0.8 22.8

, 70.0 %0.8 167 0 44.7 146 7 _G).2 24 4 _79.8 12.0 99.2 27.1 _88.9 26.1

\ 80.0 49.8 163 8 43.7 143.3 61,1 £5.9 78,6 12,0 39.% 26.8 87,9 26.6

85.0 49.4 162 1) 43.2 141.8 G0.8 24.0 78.6 12.0 39.4 26.8 87.9 26.6

: $0 0 49.2 161.3 42.9 140.6 60.4 24.2 79.3 V1.9 99.1 26.9 88.4 20.1

$3.0 ¢9 2 161 4 42.8 140 4 _60.3 24.3_79.7 11.7 36,3 26.9 88.4 25.6

$8.0 .16 2 161 4 43.3 142,1 61.8 23.4 76.7 11,0 36.1 éBTE“EE‘?’“EB 1

$6.0 9.2 161 S 43.7 143.2 62.3 22,7 74.6 10.5 034.6 25,1 82.2 24.8

97.0 49.2 161 S 44.0 144.4 63,2 22,1 72.4 10.1 33.1 20,3 700 245

v __$8.0 49.3 16).7 45.1 146.1_66.1 19.8 €50 8.9 201 21.7 71.2 24.1

BLADE ELEMENT DATA ROTOR OUTLET /7 STATOR INLET

-

IMMER W wu BETA c2 cv c ALPHA
B _MPS FPS __MPS_FPS DFG _MPS FPS MPS FPS _MPS FPS _ DEG
1,60 290.4 96 4 26.4 86.5 v3.771279 42.a 308 1,097 35.0 1261

2.0 28.5. 93 6 24.7 81.0 $9.8 14.3 46.9 38.4 126.1 41.0 134.8 69.4
v 8.0 8.3 92 7 23.7 77.8 %6.9 15.4 S0.0 39,3 129.0 42.2 133.5 68.9%
4.0 28,4 93 2 23.3 76.4 $54.9 16.3 $3.5 89.7 130.1 42.9 140.7 €7.%
TR0 26.7 €4 60 23,3 765 64.0 16.6 B4.6 39.6 129.6 42°9 140.7 67.0
7.0 26.2 ©5 6 23.2 76.2 $2.% 17.7 8.2 39.4 129.4 43.2 141.9 63.8
10.0 30.€ 100 2 23.6 77.% 0.8 19.4 63.8 38.8 127.1 43.3 142.2 63.3
15.0 33.0 103 4 23.0 82.1 49.1 21.6 70.8 36.9 121.0 42.7 140.2 58.%
T 20,0 %4 e 114 17 2608 8485 47,6 23.4‘“7'“7‘53‘7"T“7‘U 42,6 134°9 %6.6
20.0 3G.3 119 2 26.2 085.9 46.0 25.2 62.7 34.3 112.%5 42,6 139.6 $3.8%
! 80.0 38.1 115 1 24.6 80.7 44.4 25.0 82.1 34.0 111.4 42.2 138.4 53.9%
= 70.0 31.4 102 9 21.1 69.4_42.3 23.2 76.0 35.5 116.6 42.4 139.2 96.7
80 G 29.1V 9L 3 186.86 61.6 40,1 £2.2 72.8 37.0 121.2 43,1 141.4 58.9
83.0 23,0 91 7 17.5 57.3 38,5 21.8 71.6 37.8 124.0 43.6 143.2 ©89.8
0.0 27.3 89 6 16.3 53 6 36.6 21.9 71.8 38.4 126.1 44.2 145.1 60.2
83.0 27.3_89 6 18,6 51 8 33 2 22 3 73.2 38.7 127.0 41.7 146.8 %9.9
} 88.0 27.7 ©1 0 15.7 ®1.4 04.3 229 75,1 38.6 126.7 47,9 147.3 b58.2
6.0 28.0 91 9 18.7 S1.7 34,1 23.2 76.0 38.5 126.2 44.9 147.3 $8.8
=% 87.0 28.1 92 2 18.7 B1.% 33,8 23.3 76.% 38.4 126.0 44.9 147.4 88.6
N $8.0 286.4 93 1 16.0 %2.5 34.2 23.4 76.9 38.0 124.7 44.7 146.5 8.2
’ BLADE FLEMFNT DATA STATOR OUTLETY
IMMER w wu BETA cz cv c ALPHA
v __. X MPS FPS MPS FPS DEG MPS FPS MPS _FP3  MPS FPS  DEG
s TV e 5737167 95374 1757276876 20.7 679 987 0272097 082 253
7 2.0 82,2 167 7 52.9 173.7 ©67.9 21.7 71.2 10.2 33 4 24.0 78.7 2%.1
i 3.0 87.1 187 5 $2.8 172.2 66 S 22 6 74.) 103 354.6 24.9 81.8 25.0
4.0 57,1 147 5 %2.3 171 6 65.1 23.0 75.4 i0.6 39 9 25.3 €3.1 24.7
TTUSIQTLTY 182 ‘1"\ 70.9 68,7 234 V6.6 10.7 s..2 2.7 843 246
7.0 86.4 184 ¢ 51,1 167.6 €4.8 23 6 781 11 6 37.9 6.5 86.8 25.8
° 10.0 5% 5 182 & %0 3 165 0 64.7 23 % 772.3 12.1 32.6 26 B as.e 27.0
“ __15.0 5% 9 183 4 50 4 165 3 64 1 24.2 795 11.%5 3’8 26.8 0 25.4
u 200 H6 0 103 7 80 V161 2 G325 1T 82 3 11,4 372 78 '§6 3233
. 30.0 55‘0 183 C 49 4 162 0 €2.1 26.0 05.2 11.1 3u 4 28.2 92.6 23.1
- 80.0 59.4 178 3 47.5 195 © GQ A 26 4 BC B 11.0 36 2 28.6 93.3 22.7
— 70 0 ®1 4 168 & 44.8 146 8 €O 4 28,2 BP.7 11 9 39.1 279 91 8 2%.2
T 60.0 4979 16D 7 4% 0 141.2 59.4 25 2 82,8 12.7 41.6 28 2 92.6 26.C
85.0 49,9 163 7 42.9 140 9 50,2 25 .4 83 4 12.3 40.4 28.2 92.6 25.8
0.0 51.0 1C7? 3 43.8 147 9 %9.1 2¢G 0 05.4 10.9 3%5.8 28 2 92.6 22.7
| 93 091 4 168 7 4% ) 147 9 61,1 4 7 81,1 9.4 308 6. 66.8 20.8
. 98 07515 100 074 &5 1492 61.9 24.F 793 6.8 76 8 5.7 84.3 18.9
96.0 51.5 1069 0 45.7 180.0 62 4 202.7 77,8 8.8 278252 826 18.6
$7.0 H1.5 168 8 46 1 151 4 63,5 P2 8 748 8.0 26 1 24.\ 73.2 10,9
98 0 B).1 167 G 48 3 188 4 70.7 16.7 B54.7 5.7 18.8 17.6 57.8 18.9

Configurat fon, Third Stage Teated, Peak Vreasure Rise Throttle,
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Table lo. Veetor Diagram Parametoers for Rotor A/Stator A Four-Stage
Confi{puration, Third Stage Teated, Near Stall Throttle.

BLAUC CLEMENT DATA ROTOR INLEY TIP SPEED v  84.42 MPS (211.34 FPs)

IMER W wu BETA c2 cu c ALPHA
BuhrS. FPs _MPS_FPS DTG MPS_ FPS_ MPS FPS  MPS  Fps DEG

Y.678%.9 1817781.37 768 3 67.8°30.8 66.T 10,0742 0 24 0 80« .
2.0 65.4 181.8 81,0 167.2 6G.7? 21.8 71.4 15.3 43.5 25.8 83.6 31.2
3.0 85.9 189 & 81.2 168.1 66.1 ‘.4 ?73.6 12.9 42,3 25.9 84.9 29.8
4.0 86,3 184 & 81,2 167.9 638 23.4_76.6 12 9 42.2 26.7 87.8 28.8
TR ATes 2 817 S 670 64.0°5378°78.0 V2: . : : A
7.0 66.9 186 8 51.6 169.3 64.8 24.1 79.0 12.1 38,8 27.0 €8.8 26.7
10,0 87.1 187 3 31.5 1€9.1 64.4 24.5 60.5 1.8 239.0 z;.s 89.4 28.8
15.0 87 0 166 9 81.2 168.0 63.8 75.0 82 0 11.8_38 6 27.6 90.7 28.2
TTT20.0 56Ty 18879 80.¢166.0 637 G E E AR 90T s
30.0 8.7 182.8 49.4 162.0 @2.2 29 .8 4.0 12.1 39.8 28.8% $3.3 28.1
80.0 83.1 174.2 46.9 183.9 61.9 24.80 81.6 12,7 gt.s z;.: o;.g gg.:
70.0 81.0 167 2 4%.7 130.0__63 G 22.8 73.9 11.9 39.2 25.8 83 )
TT80.0 80.6 166 & 45 7 1.19°9 64.0 221 72.8 ATO ™ 2R
85.0 80.4 163 4 4b.6 1.19.6 4.5 21.8 70.7 10.6 34.8 24.0 78.8 26.2
90.0 49.9 163 7 45.1 118.0 G«.5 21.4 70.0 10.6 o:.o 23.8 ;e.z :e.a
93.0 49.5 162 3 44.6 116.3 64.1 21.4 70.3 10.8_35.5 24.0 76.8 26.7
T 98.0°49.2 161 844 B 1489 64.%5 27,1 68 1078 96,3 23.7 97.7 266 ——
$.0 49.1 181 0 44.3 145.3 64.3 21.1 €9.2 10.9 35.6 23.8 77.9 27.1%
$:.040.9 160 4 44.3 145.2 64.7 20.8 @8 2 10.86 35.4 23.4 76.8 27.3
— .8L.0 40.8 160 0 44.4 143.7_ 65.4 20.1 6.0 10.5 _34.5 22.7 74.3 27.8
BLADE ELEMCNY DATA ROTOR GUTLET / STATOR INLET
IMMER w wu BETA c2z cv [ ALPHA

e 8 _MPS_FPS MPS_FPS DER _ MPS _FPS _ MpPS FPS MPS FPS DEG
V.07 Y03 R8 ) 8271 62.6 14,2 46 7 3 6T a8 A T2V 3 66 4 ——
+3102.7 272.3 89.8 60.6 15.3 80.2 35 9 121.1 40.0 131.1 @7.3

o™
3.0 31.5 103 3 26.6 87.1 7.3 1.9 83.6 37.6 123.3 a1.2 138.2 gs.¢
—_——401061.5 103 P 26,0 853 ©5 6 17.7 88 1 88.0 124.8 42.0 137.6 64.9
TROMTTIOT A 25 (3O B X P V- Ve s ot e b o Q270 e
7.0 31.6 103 6 24.9 81.8 $2.0 19.4 63.6 38.8 127.3 43.4 142.3 63.3
10.0 32,1 1085 4 24.7 81,1 B0.1 20. & 67.4 38.7 127.1 43.8 143 8 @1.9
- _15.03%.8 117 7 £G.6_82.3 47.7 24.1_79.0 46.4 119.3 43.6 143.1 86.4
T20.0 WO 121373 €96 d7. 3507820 SETE T8 A T VAT :
S0.C 36.1 118 5 26.7 87.7 47.¢ 24.3 79.7 34.8 114.1 42.4 138.2 84.9
80.0 82.1 108 4 20,8 74.7 45.0 22.2 74.4 36.8 120.8 43.2 141.9 88.2
—70.0272.4_89 7 17.7 87.9 40.1.20.9 685 40.0 131.2 45.1 148.0 62.3
8070 282 TRE ITYS T S0V 37,5 50, 176570 41471389 46,0 1510 630 —
85.0 24 5 804 14.8 47.8 236.1 19. 8 64.9 41.7 136 9 46.2 151.8 4.8
$80.0 24.4 802 13.6 45.2 34.2 0.2 66.2 41.9 1372.6 46.5 152.7 64.1
$3.0 24.7_ 81 0 13.9 45.8 34.0 20.4 67.1 41.6 176.4 46.3 152.0 63.6
TTTeS T A T8 4D 46707 33 U 20 76N 0 4l » Tas o 46T IST. 9 83 i
96.0 2%.2 82.8 14.7 40.2 35.3 0. & 67.3 40.4 132,7 48.3 148.8 €62.9
97.0 25.6 84 1 15.5 80.9 37.) 20 4 GG.9 39.5 129.7 44.5 146.0 62.5
_.._98.0 D6.1_898 168 S4.1 30.1 20 2 662 38.% 126.2 43.4 142 S ©2.¢

BLADE FLEMINT DATAR STATOR OUTLFY

IMMIR w wu BETA c2 cv c ALPHA
- -8 MPS FPS  MPS_FPS  DNFG  MPS FPS __MPS_FPS MPS_ FPS _ DEG
1.0 8.4 191 7 84,3 128627 64 2721 8206 1070792 & BT822 —
2.0 %7.8 189 7 83.1 174.3 66.6 22.6 74.9 11,1 36.85 25.4 83.3 23.9
9.0 57.7 189 3 82.7 172.8 ¢S.7 23. % 77.2 1.4 37.6 26.2 85.8 2%5.9
4.0 %7 ¢ 188 0 82 2 171.2 64.8 24 3 79 0 1.8 389 271 88,8 23.9
TTU8.087.9 Va0 8o V704764 2 2077 B 2TV 177 T8 4 Y. 77007 2a %
7.0 67.2 187 8 %1.3 168.4 63.¢ 2% 3 83.0 12 4 40.7 20.2 $2.4 26.9
10.0 856.7 136 1 %0 6 166.2 63.0 2% 6 83.9 12.8 420206 93.8 6.3
_.__."!5-.ﬁ?".;.'.J.?L:’J"..‘-.J.l}'t.? G2 2 268 860124 _d0 5 29D a8 9 24. 0
0.0 6772187 7 ™S VW65 776178 26 8 10 5 10 0507y GG O Y- 0
30.0 86 0 183 8 99 2 161.8 1.3 26 7 87.7 12.3 40.3 290.4 96.3 24.0¢
90 0 53.8 173 4 46 9 183,72 1.0 268 84.85 12.7 41 8 28.7 94.3 26.2
20,0 %) Vhﬂ!_(j_&t_l__d:‘»_Q___tf\j),_)__(‘-,?og__?f\'.7_._?7..(!’[! D_30 0268 87,1 268
80 0 &1 31GH & a0 STIWy e 64 1 c2 27T v2T9 N0 8734 . 4T daT6 6 282
83.0 81.0 167 4 a6 1V 181y G4 4 2) 9 71,9101 33.324.2 79.3 24.9
80.0 30.% 165 2 4% 4 149 0 ¢3 8 o0 726 1023 330244 601 24.9
9.0 %0 1 16 5 410 146 8 63 0 pp 8. .724.1.107 35 0 0% 0 820 o8 p
98,0 49 37163 817319y § T 6T ST TN e AN Y e 0272858
$6.0 49 ' 160 2 44.% 146.1 63 4 2o 2 707106 348246 80.6 £5.%
97.0 49.6 162 6 99 % 146.1 63 8 2) 8 71.410.5 34.524.2 793 287
$8.0 49.9 163 8 47.6 156.1  72.2 1 1 _49.% 7.4 _24 1 168 88y 28 9
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fable 17, Blade and Vane Element 1

Four=stape ot tgurat fon,
™hrottle,

ROTOR RLANEC FLE MENT  PERUORMANCE

IMMER WHEEL

sa

(7) SPEED

MPS  FPS
1.0 63 7 209.07
2.0 63 ¢ 208.7%
a.0 63.% 208 .44
4.0 63.4 208,12
8.0 G3 3 207.8)
7.0 63.1 207.18

10.0 6> 9 206,
18.0 G2, 204,67
20.0 61.9 012,10
30.0 G0.9 199.96
80.0 $9.0 1923.G8
70.0 57.1 187.40
80.0 HH.2 184.20
88.0 ©onh.7 182.68
90.0 5.2 181.11
83.0 3.9 180.17
as.a0 1 7 179,04
86.0 %' 6 179.73
97.0 Hei.n 178,30
88 0 ©'.4 178,60
TORUE a798 o

REL..
TURNING
ANG! E

(>
cooooA-ON==Nn=—da

3
Wo~N~

26.

IN. - LB,
# See Figure 45 and Table

erformance Tor Rotor A/Stator A,

Third Stape Tosted, Design Point

ass® 1088 REL
of

DIFF., REL. INCID.

. PARA. MACH FACT. MACH ANGLE
NO. N

0. DL
ouT

IN
L0012 0,010 0,188 0.441 0,110 -3.7
166 0,503 0.103 -3.4
& 0 BT 01027

124 0.110 0,199 0.%i% 0.100 -7.9
143 0,128 0,160 0.561 0.098 -8.6

679 0.07Y8 0.
091 0.087 0.
L0904  0.09%0 0.
.080 0.077 0,183
w707 6.067 0 181
014 -.013 0.14%

0

0.070 0,061 0,
0,994 0,083 0.

0.

0.

0

0. a0 6802 0168
0.17% 0.160

0.119 0.1

0.081 0,076

Coan .08 0142
Seso -.048 ©.142
- 046 <048 U 1aY

004 .04 0142

relative total pressure measurcments.
STATOR VANV FLLEMONT PLRIORMANCE

IMMER WHUEL
3

sSPErn
MI'S bS8
1.0 &63.7 SO0 07
2.0 64 N 08 /0
3.0 Ga S Lon
4.0 63 1 sor
a0 oy 3 200? al
P IR\ T SR R B AR
10 0 L v 206 0d
180 LY O 6e
SO 0 GY O S03 10
A0.0 B0 9 199 96
80.0 B9 0 183 ud
20,0 H/1 187?40
an 0 He ! 1oy 0’8
a%n. 0 On T o18e.un
00 O Hn P 181,11
Qz O Hd O 180, {14
an. 0 o4 !/ 179 S
a96.0 DAL 1729, .03
gr.0 a8 1728 .97
Qg 0 %1 4 1A G0

ABS.
TURNING
ANGLE
pEe
3.0
37.0
s 7
7.0
37.3
36 0
KA
AL I
PURE
RYAND]
A A
R
A ]
Q8 0
R
AL
AL
PR <]
PR

o6, 3

ARS. A
MACH M
NO . N

[ARTIENAN
QU9
et 0.
R AT o
MR RN
100 0

LA
103 0O
110

RER N
S S BN
REANUN

Sn

B8,
ACH
0.
oul
ona
ase
06 ?
on
07y
0/
ony
nne
(AN}
0an
0N
o
AR
U
L O
ona
AR
L0026
RAFAL
LOL7T

INCID,
ANOL F
uee

4.
3.
2.
2
2
R

‘1

(R

w "
AR

.

-t
=z

FRAITTA
=3

a7
2%

P13 0,193 0,164 0,617 0,093 9.8

PEV.
ANGLE
bES

2G.7
21.4

SR AR S N

16.2
14.3
9.3

6 §TS 0 097 ~T0.0 V8T T
0.1G% 0.867 0,103 -10.2
0.1G5 0,816 0.109 -10.3
0.16% 0,477 0.113 -10.0

Q.

3}
b}
)
0
[

.

163 0.4 0. TTT T -9.9 ¢. 4

157 0.506 0.105 -10.4
154 0.521 0.101 -10.8
183 0.526 0,099 -11.0
} &as "o 097 1.3 6. Y AN
.30¢ 0.096 -12.4
506 0.0 -12.)
812 0.0 -10.7
w3300 T S S - B

7

538 0.093 ~-G.7

12 for loss coeffictents computed from

5.8
6.9
6.8

.

6.0
6.4
6.8

7

BN

6.

DEV. LOSS LOSE  DIFF.
ANGUI  COEF, PARA. FACT.
Dro T o
\6.7 - 2766 -.27024 0.5483
15,4 - 0S00 -.0493 0,5882
Y44 o b T 0.8G66T

13..4 0 oraon 0.0277 0.3867
12 6 0 0W’6 0.0520 0.5492

1

.

S a0 1364 0,1347 0 5644
VA 0w 00136870 sasd

1a.6 0 13Nt 0 1706 n. 5738
IFANPAEEN BN LY 0.0878 0.4346
8.6 0. 04e0 0. 0455 0.4G061
G 8 0 06 07036 6. 4427
.0 0 0N0 0 OBLuG 0. 4607
a 3 O Ngoe 0. 04049 0. 4940
a4 0 0HIA pooses 0. 40088
a4 0osT2 0 acos 6T 4176
aoa 0 oaes 009 0. 4502

1

0.6 01649 016

3 0,.8169

O N 0 RS 0 0N 0. 57406
P16 0. sed 07076 0. 6330
a2 0 AGS1 0 3608 0.7479
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Table 18, Blade and Vane Element Performance for Rotor A/Stator A,
Four=Stapge Configuration, Third Stage Tested, Peak Efficiency
Throttle,

ROTOR BLADE ELEMENT PLRFORMANCE

et e w0 —— vt B e — o ———————— PO e m m e e e mmammm o h e e et —ts e S men i o e o A

IMMER WHEEL REL.. 1Loss® LOSS REL. DIFF. REL. INCID. DIV,
(%) SPEED TURNING  COEF. PARA. MACH FACY. MACH ANGLE _ANGLE _
MPS FPS ANGL € NO. ) JTUDEG TUDEG T
DEU IN OUT
1.0 64.6 211.8% 2.0 0.112 0.006 0.158 0.%591 0,094 -4.0 24.1
2.0 €4.5 211.53 6. 0.164 0,143 0,159 0,639 0,089 ~4.9 19.1
TGN A ST 8. T 0,176 6,786 0,160 0,646 0,089 6.0 15,8
4.0 64 3 210,90 101 O 198 0.177 0.161 0.659 ©.089 -6 4 18.7
8.0 64 2 210.%8 10.3 0.214 0.193 0.162 0.6G8 0,088 -7.4 12.3
7.0_64 0 200,91 12.0 0.2 0,206 0,164 0.665% 0,090 -8.1 9.8
TTOT0 63, /208 69 131 0,757 70,708 0.166 0.649 0,093 -8.8 7.7
1.0 G3.2 207.40 14.2 0.188 0.174 0.166 0.604 0,098 -9.4 5.8
20.0 G2.7 20 80 14.7 0.151 0.140 0.166 0.%63 0,104 -9.2 5.3
30.6 G1.8 202,82 14.6 0.144 0.134 0,166 0.552 0 105 -8.3 6.9
TG, 0T B9, 8 VA6 18,7 6.080 0.083 0.162 0.527 0166 -8.6 7.5
70.0 87.9 183.89 18.4 c.082 0,079 0.186 0.541 0.100 -7.6 8.0
80.0 56G.9 183.71 19.8 0.078 0.07S 0.183 0.5%57 0,096 -7.9 8.5
85.0 86.4 185, 17 20.2 0,071 0,068 0.181 0.%558 0,004 -8.7 7.7
. 55,3 183,837 J1.4 0.064 0,062 0.1749 0.%81 0.091 -9.6 6.8
93.0 55.6 182.07 22.2 0.013 0.013 0.14% 0,558 0,091 -10.0 6.3
5.0 5%.5 181.91 £3.7 044 -.042.0 142 0.557 0.090 , -9.3 6.1
96.0 5%5.4 181.62 5.9 -.053 ~-,052 0,141 0.80% 0.091 -7.9 5.8
T80 8853 181.30 27.0 087 T L 088 0,142 ). 559 0.091 -6.6 5.9
88.0 B5.0 180,98 28.6 .oza - 027 0.143 0.583 0.000 -5.0 G.1
TORQUE = 8998 85 IN. - LB, . i
% See Figure 45 and Table 12 for loss coefficients compnted from
relative total pressure measurements.
. STATOR VANE Fl FMONT PERFORMANCE

B

. IMMER WHUFL ARS. ARS ABS. INCID. DEV, LOSS LOSS DIFF.

: X SPEED TURNI NG MACH MACH  \NCLE  ANGLE  COEF. PARA., FACT.
o MPS  FI'S ANOL E NO . NO, DEG (a]3(c] T CoTT
2 DG IN QuT

1.0 G4.6 211.85 41.2 0.104 O, NG a.8 14.3 0. 0. 0.6%07

o YO BB ST 6T 433 o112 noo62 T4 13.7 0.0780 0,0780 0 6403

YOG MY 0 Tar o TG 0 071 6.5 13,1 0. 706D 0. 10497 0 62627
1.0 L 3 0 a8 0.119 0 0?2 6.0 27 0127 0.1266 0 6288
O B YO AL S BN S R I | 0100 0,078 61 1. 3 Q.1206 0.1241 0.6133
U S B EPUAR I BRI 0 123 0,027 5.2 13.1 0.1322 0.1309 0.5973
10,0 B3 P on an 3R g T TR 0080 T 40 137 0108079, 1668 0 (GBI
‘ 15,0 63 0 20° 40 3t 2 Q 1% O oas o0 128 0 NA%E 0.0847 0.5297
Y SO0 6 0 S0 0 w3 AR TR BN IR 0.1 11 6 0.076) 0.0Y82 00,5182
30 0 61 A LON GS 3t 3 0101 0 Ay 09 8.8 0 0337 0.0334 0.5010
SO0 %0 8 196 G 305 RUEAR B L T 6.8 0 02330 003570 4688
00 5T Q ey o o o 010 0 uns 0 9100430 0.0426 0,4897
8C O LM 1ALt ea e O 108 0 0a% 0 1 106 0. 0387 0.0383 0, 1954
L S U TS B L VO LAY W) O 100 0 0N Lt g 1 D 0082 0,088 04839
VO by O TR S pa 0. 127 008y L6 1Y 60,0816 0, 0R07 0. 488D
[ I R UAETRRLE - FLAN R SEFARE B O 108 0 08> 2 v 1 L2 01328 01313 0 8378
[ TS R C (L I S TRPAL B (LI IREY IS ) IRA R A0 1 s 0 Ote 0L 1989 0,.5930
I ISILTE B T N RISENN| O Y209 0 6% K 10. % Q.22 0 L2090 0.6V 2
a0 Sy 181 a0 1.0 O 100 0 00 B 9 1 Oordud O PTIaTe68T76
NN LRI FUTM I PR S 0129 0 %3 -1 0 7.2 0.4032 0,400 08099
- 140
iy
nrl‘ﬂ‘. ) 3 A )
v - o Ty e e T e




Table 19. Blade and Vane Element Performance tor Rotor A/Stator A,
Four-Stage Configurat fon, Third Stage Tested, Peak Pressure
Rise Throttle.

ROTOR (W ADE El EMENT PERFORMANCE

IMMEE? WHEFL REL., 1oss® 1mss RFL. OIFF. RFL. INCID, DEV.
. %) SECED TURNING COFF. PARA. MACH FACT., MACH ANGLY ANGLE
M TIPS ANOL E "No. NO. DEC  TTDEGT
ore IN o
1.0 G3.> 207.42 8.7 0.100 0,111 0,158 0,668 0.084 -4.5 20.3
2.0 63.1 20°. 11 8.9 0.175 0,161 0,156 0,700 0.082 -5,1 16.4
3.6 “63.0 P00 807 11,8 0,008 6,103 0.1580.700 0.081 7<%, 0 Y38
4.0 60.9 20C.48 13.3 Q.220 0.101 0.158 0. 722 0.081 -5.4 11.8
5.0 62.8 206,17 13,1\ O ~p7 0.206 0 159 0,719 0.082 3.9 11.0
7.0 G2.7 (08 83 14.4 Q.¢37 0.216 0,161 0,713 0,084 -6.2 9.2
10 0 6.9 704,61 187 B JRE:) o.ané"é(iﬁﬁ'o&ﬁﬁ??ﬁ?ﬂﬁr'3 1T TTS
18.0 G1.90 203.06 16.2 0188 0,146 0.1G61 0,621 0.098 -6.9 6.3
20,0 Gl..} 201 SO 16.7 0.117 0.108 0.160 0,579 0.100 -7.2 5.5
30.0 GO & 19,38 17.2 0.087 0.082 0,161 _0.543 0,104 -7.1 5.6
®0.0 S8.6 192,15 17,4 AL LY 0. 1WE 0838 0,700 -6.6 7.8
20.0 S6.7 185,92 19.0 Q 03 0,002 0116 0,976 0.090 -8.9 9.1
0.0 5% 7 182 80 21.0 O 011 0.03 0,143 0.621 0.083 -6.0 8.5
88. 0 S% 2 181 24 20.3 O 0®  0.0%% 0.1.42 0.646 0.080 -6.7 7.7
Q0.0 %549.8 179,69 23.8 0.063 0O ot 0.14170.662 07678 74 68
ga.0 S4.5 1¥a. 5 251 0 0%t Q.0° 1 0,141 0.6G4 0.078 -7.8 8.7
a8. 0 $4.3 178,13 a7 0045 0 041 0,141 0,660 0,079 6.7 5,1
06.0 B1.2 177,82 280 0.031 0 030 0,141 0,657 0.080 -G.0 5.1
7.0 S4.1 1/77.51 29.3 0.0x1 0.033 0,141 0.655 0,080 “8.1 7 80
o8 0 S54.0 177.19 31.9 0.0°% 0,024 0,141 0,659 0,081 -2.3 5.3
TORQUF = 8401 41 IN - 1B, )
* See Figure 45 and Table 12 for loss coefficients computed from
relative total pressure measurements.
STA1IR VANE ULEMINT PLRTORMANCE
IMMER WHEEL ABS, ABS. ADS. INCID. DFV. LOSS LOSS DIFF.
A SPFED TURNING MACH  MACH  ANGLE  ANGLE  COEF. PARA. FACT.
MRS TIPS ANGLE NO NO ors DrEG ) o T
DG IN Ot
1.0 63.2 207 42 45.2 Q.11 0,065 Q.G 14.1 0.1006 0.1013 0.6606
2.0 63.1 207 11 J4.4 0,117 0 06 8.9 13.7 0.139% 0.1378 0.6611
3.0 GO L0680 JARLD 0,121 0.0 8.4 13.4 0. 1870 01860 O L0
4.0 GO O Q06 48 4207 o013 0072 S A 13.1 0.16C0 0 1640 0.6%12
"0 GO 8 L0617 4l 4 O 0073 2.7 128 0 14890 0 1472 0.6492
2.0 €.7 ~O8 LW 3a.8 Q.1 0,076 7.0 13.7 0.1423 0.1404 0.61838
10.0 G2 20 GV 36 2 AR B B { T T 14 % 0.1384 0 1338 AR cth: N
18.0 61 9 03 06 340 AT AP AR A i a4 12,3 00058 00,0052 0.5843
20.0 61..4 201 SO 3.3 (OP AR S S 1.7 108 0 0753 0 0714 0,.557%
30.0 GO O 1ea an J0.9 0.1 0o -0 a.1 O 0497 0.0492 0.8300
. 0.0 58,6 190 18 308 0 11 0oy 0.0 8 X0 0430 kLR kAN
2000 06 ' 185 a2 31 B 0.1 0 ovan 1.0 10 9 0.0513 0. 0837 0.833
a0 U 0% 7 180 80 (2.3 0. 1o 0o T 10 4 0 0sR, 00728 0,833
an. 0 &L, 18t 1 da) O 1on ooony A0 16 0 090d 0,093 0, 8441
QY. 0 K3 ¢ 1TA v )0 O 100 o8 o8 a6 01500 017490 08689
A0 DY Lot s RIS | (" 108 006 S0 GOF 0 1aG 0 1947 06084
as. 0 B4 . 1A ta 3 g Q. 0 0 ) & Q02033 0 S8 06470
Y-S\ T 6 SRS IV L VAR L O e 0000 NNK] H.6 00,2407 0.2412 0.6/
IR TAJES TS5 IR TR IPARAER LY | RN} R B R L0 BN L | 8 T H.26%4 0, AeBATO L GANY T
28 0 R 0 1?19 A Q O 198 0 080 -0 7 4.9 0. 4020 0 3996 0 8433
141
N b . . M P e e e e
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Tahle 20,

Blade and Vane Blement Performance for Rotor A/Stator A,
Four-Stage Configuration, Third Stage Tested, Near Stall
Throttle,

ROTOR BLANE ELFMINT PPERFORMANCE

e emmama o —— o s ——— ———————— - o 15w s e 42 b A oA

©

IMMIR WHEEL REL. Loss* LOSS REL. DIFF., REL. INCID. DEV,
§ 3 SPEED TURNING COEF. PARA. MACH FACT, _ M_AQU_\NGLQ _ANGLE
MPS FPS ANGLE ’ TTNS. DEG DEG
DEG IN OUT
1.0 64.3 211,02 4.8 0.135 0.118 0.1%2 0.6°6 0.090 -6.1 19.85
2.0 64.2 210,71 6.1 0.153 0.123% 0,158 0.633 0. 089 -7.1 17.2
W0 61 210.86 T80 T 0.121770.153 0,160 0.64170.090 -72.5 139
4.0 64.0 210,07 9.7 0.188 0.169 0.161 0.648 0,090 -8.2 12.3
5.0 63.12 209.7% 11.2 0.180 0.173 0.161 0.649 0.090 -8.% 10.4
7.0 63.7 200 12 12.8__© 212 0.194 0,163 0.66] _0.090 -8.4 8.7
10076375 P08 17 14727 T 0. 8T0 0193 0,161 0.652 0.092  -e.a ©. 8
15.0 63.0 206.58 1G.1 0.128 0.119 0.163 0,567 0.102 -8.4 5.0
20.0 62.3 20%.00 15.7 0.08t 0.0t0 0,162 0 532 0.106 -8.4 5.3
30.0 €1.5 ~01 63 14,6 0,069 0 0cS$ 0,159 0.532 0.103 -8.1 7.2
TH0T6 TRATE 198,08 169 T oL 07d T 0.0¢8 0,180 0,691 0.092 -6.95 8.4
70.0 57,7 189, 5 23.5 0.1090 0.1(8 0.146 0.693 0,078 -3.6 6.9
80.0 S86G.7 185 93 26.8 0.130 0.1:6 0.145 0.748 0.072 -3.% 5.6
85.0 56.° 184.39 28,5 0,125 0.121 0.144 €.764 0 070 -3.0 8.3
80,07 H8 T T§E @1 20.3 0.008 "0 093 0.143 0.763 0.070 -3.3 4.2
a3.0 $5..1 181.8G 30.1 0O 066 0 0631 0,141 0.749 0.070 -3.9 4.5
95.0 %5.2 181.22 30.5 0.03% 0.0:1 0.141 0,739 0.071 -3.7 4.7
96.0 55 1 180.9) 28 8 0.020 0.019 0,140 0,726 0.072 -4.0__ 6.5
97 0T SE VAN /Y T8 T 0,002 0,002 0,110 0.710 0.073  -3.7 8.8
98.0 B4.9 180,207 26.3 -.018 -.018 0.139 0.693 0.074 -2.9 10.4
TORQUE = 8566 56  IN. -LB. e e
* See Figure 45 and Table 12 for luss coefficients computed from
relative total pressure measurements.
STATOR VANE FLENINT b8 QU GRIMANCE
IMMER wWhHEEL ARS . ARS. ABS. 'NCID DEV. LOSS LOSS DIFF.
X SPECD TURNING MACHT MACIHT AWNGEF AMBLE  CCEF. PARA. FACT,
MPS TS ANG! | NO . NO. DEG DEC o T T
pER IN ouy
1.0 61.3 211.00 435 0111 0.068 7.8 13.7 0.0667 0 0659 0.6311
2.0 64,2 21001 Q1 g 010 0 0¥2 B8 14,5 0.0633 00675 05958
3.0 631V 210 3 3 7 0 118 0.07% S.8 1400 0,072 0,084 0.5418
4.0 61 0 21007 390 0.120 0 077 5.0 14.0 0.0U89 0 097k 01,5778
5.0 63 9 09 5 390 0.12, 0.079 46 131 01111 0 1008 0.95753
7.0 Ga. 7 un > ar o 0,104 0,080 47 13,9 0.1247 0 1.31 0 %82
10.0 “G6a H7an 17 an g o128 008 13 13,00 0 1TeR 01836 0.5591
1% 0 G3.0 00 S8 3 g 0.129 0 083 0.2 11.9 0.1021 0.1009 00,8266
AU IR SO IR A LER G [ R T I O 123 0 08 0.8 10.8 0 0870 O O8G0 O, 8098
W00 618 01 A3 30 3 018 0L 08a 1.2 10.6 QO 0674 0.066G6 0, 1948
D00 RO 6 Tun Al G o QO 10n 0 oep 48 118 01212 013250 %308
SO0 O T A vy RL0 O 10N 0 s TS0 2 0,208 O 2650 0,06.'84
ap o 1A YRS L AR | s a (AR S SR A I\ ] 8 11 0 Q.33 0 198 00 633
SR I AN T IO T IR [N IRV EE LU TG 0, 3738 03699 0, Fa66
[STA R\ I O PARNLR TR Lt T O 122 0 e G108 0 R8O 3o 0.70M
(3 PC I ¢ RN T | [RR BT RE RS [T I TA IS IS B L 11 0 GS2 O 373 0,600
21 S QI SN N BRI A AR ARTRT L A S 0 QAN 0 2200 0600
5 LXON) IO B A T N S R A PO L I LAY I S T T O T I TR R s IR TS TR N AP BRSO |
a7 0 ts 0 180 va e 8 OET O o6 T TNy 07 i 0 368 06780
A8 0 1O T80 LG R O 20 0.0a8 3.3 11 9 0.5150 0 H003 O, 8400




XY

Table 21. Design Intent Performance for Rotor A/Stator A
Computed for Ut = 63,82 mps (209,38 fps).

PLADE FLEMENY DATA ROTOR INLEY

i T ———————————————

IMMER w LY BETA cz () ¢ ALPHA
£ MPS FPS MPS FPS DEG MPS FPS MPS FPS MPS FPS DEG

0. 8741880821 1708 €51 241 782 119 38 6 26 8 881 260
10 9 BY & 1870 8T 71660 063 728D B EIT T I s 6 T TT
20 397 184 8 81.0 167 4 62 4 26 6 87.3 10.9 33.6 28 7 94 3 22.2
0.1 871 187 8 80.1 164.8 ©1.83 27.4 900 10.8 38.8 29.8 96 7 21.8
. 3908 %G C 18% € 49 ) 161 2 603 280 9).910.9 356 30 C 988 2.2
- 49.8 8% £ T8: 8 48 21BN ¥ 254 93 T YO 9 38 BI04 96! .
89 2 8% 1 180 7 47.1 184 4 #8.7 28.6 93.9 11.1 36.4 30.7 100.7 21.3
09 0812177 6 46.0 1508 580267 94.2 11.2 36 9 30.8101.2 21.4
7908321748449 1472 87.6 28.3 93.6 11.4 37.4 30.7 100.8 21.8
. —~ 853 8 . B1Ew T A3 § AT §9 7 28.0

100 0 80 2 164 & 42.1 138 3 87.2 27.2 89.2 12.\ 39.7 20.86 97.6 24.0

BLADE ELEMENT DATA ROTOR OUTLET / STATOR INLET

IMMER W wu BETA cz cv c ALPHA

% WPs FPS MPS FPS DEG MPS FPS  MPS FPS  WMPS ¢PS DEG

o 3831288 31.0 101.8 84.2 22.4 73.3 32.8 107.6 39.7 130.2 ©8.7
5 31.0 8 24.2 22.4 33 2302 v —

T 710 840 0 131 2N 2 102.4 81,3280 82 6316 103.6 40" . .
20 8 40 9 134 2 31 0 101.7 49 3 26 7 87.8 31.8 101.1 40 8 133.7 49.!
30 % 41 O 134 8 30 3 99.4 47.8 276 $0.6 33.6 100 4 41.2 135.3 48.0
40 .t 40.8 133 0 29 2 98 7 46.0 286 2 92 4 3.8 101.0 41.? 136.9 47,6
30 7309 15 8 27 9 91 8 44.4 28 ® 93 43 .2 162 . . .
89 3 38 9 12 8 26 3 86 4 42 72286 937 3 .8 104.3 42.7 140.3 48 !
69.1 37 8 124 0 24 7 81.0 40.8 26.6 93.9 3 15 106.9 43 3 142.1 48 6
78.1 36 6 119 7208 $3 6 3.5 4 109 8 43.9 144.0 49 %

. 119 9 22.9 78 0 38, 8 _
: S 11a 4 20.7 67.9 36 4 281 $2.0 3« 5 113.4 43.9% . .
1000 32 9 107 9 182 59 8 337 27.4 89.8 36.0 118.2 4% 2 148.4 082.7

BLADE ELEMENT DATA STATOR OUTLET

IMMER w Wy BETA c2 cu c ALPHA
S MPS FPS MPS FPS OEG  MPS FPS  M7S FPS MPS FPS  DEG
0. ®7 4188 282 171 0 633 240 78.6 11.7 36.3 267 878 26.0
f0 3 87 6 182 0 B1.7 169.6 €3 24 37783, 0V ATAY T .
20 3 87 5 188 7 51.1 167 7 €2 7 26.4 86.7 108 383285 936 22.2
30 1 87 1 187 4 30 2 164.8 61 8 27.2 088.3 10 7 3%5.229.3 96.0 21.%
39 8 56 8 188 8 49 2 161 8 60 6 27 8 91.2 10 6 35.4298 97.8 21.2
~ 208 KR B TAN A U8 TI 188 4 baT7 p8 2 9.4 SR I T LU ;
89 2 28 0 180 6 47 1 184.7 8 9 28 4 93 2 1! 0O 36 1308 9 9 2.2
69.0 34 2 177 7 46.1 131 | 858 3 28.8 93 9 11.2 36 6 30.6 100.4 21.4
79.0 83 1 174 3 43 0 147 8 97.8 28 3 $2.9 11.3 37.1 30.8 100.0 21.8
—5 38 ¥ &b [ 8 91.2 1V

P Y R L L

43 . [] ) . B . . .
100 O 80 1 164 4 42 2 138 6 97 4 27.0 88.9 12.0 39.4 29.9 96.9 24.0

ROTOR BLANE ELEMONT PERFORMANCE

IMMER  WHEE! REL LOSS LOSS REL DOIFF. REL. INCID. DEV.
%) SPEED  TURNING _COEF  PARA MACH FACT. MACH ANGLE ANGLE
B MPS CFPS  CTANGLE T 0 T T TTNeU T NO T DES T
OEG IN ouT
0. 876 18900 109 0 036 O 087 O 187 0.808 0 101 -8.9 10.8
103 86 7 18 08 12 4 0 068 O 063 O 183 0.4700.106 -90 82
20 3788 3TIBAIS YA VT TO 04e 5 64% 6183 D AIS O VO8N =90 73
30.1 83 C 180 47 13 7 0038 0038 0 181 0433 0 108 -90 7.3
398 84 2 17770 143 0.034 0 032 0 180 0.43% 0.107 -89 7.8
498 %3 317497 181 0036 00330 148 0 430 3 106 -89 2.7
85y SFRTYNRTILTICD 0040 "5 G 0 14C D 438 T YOI -¥. .
69 0 B 6 169 24 17 2 0.044 O 042 0.144 0.46> 0 100 -9 2 7.4
790 80 8 166 60 18 8 0 050 O 046 O.141 O 485 0 097 -9.72 7.0
893 49916368 208 _ 0083 003301378 803 0 092 -10.5 6.3
188 0 AT O V6O 6N 238 BB6T 00806 1Y O BT OB IT I B3
STATOR VANC FLEMENT PERFORMANCE
IMMER  WHEEL ABS ABS ABS INCIT OfEV  LOSS LOSS DIFF.
s SPEED  TURNING _ MACH MACH ANGLE ANOLE _COTF _PARA. FACT.
. mps FPs ANOLE N NO BEa TDEd T T T T -
DEO IN  OUY
0 8¢ 189 00 207 0105~ 0 0% -8 7 180 O 0840 O 0829 O 8200
10 96 - 186 0e _pa 0 0 1070073 8.7 11 1 0 0tS 0 0618 0. 4980
208 K% TR 24 TRV 0 BIdN S oM TN TRTY 0 64880 04%a 0 4770 T
30 % 8% 0 1680 47 06 8 0109 0 OF? -B 6 28 U 034 0 0342 O 4880
40 © 84 o 177 22 26 4 01100079 -8.6 70 © 03C O 0297 0 4880
a9 Sy 1748t P66 0 112 0080 -8 0 &8 4 Q0% 0 0294 O 4380
10 2R T S ARSI ) -3 Tid 608t 8% — 88 D 6BV ONIT 4600 T
68t 81 ¢ 169 44 27 3 0 114 0 081 -6.1 7?1 O 039 0 0388 O 4GB0
91 80 816G 60 27 ? 0116008 -63 78 003150 0831 O 4800
g o8 28 0 118

89,3 49§ 163 2 OR0 -6.3 8 8 0 0740 O 0733 O 4970
Sy 6D 4dC 160 TR B8 T 6 120 B 6%6 -8 8 "TB’F‘O'TOTGTTSSm;B
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Static Pressure and Flow Angles for Rotor A/Stator A

guration (Concluded).

olute Total Pressure,

Normalized Abs

Table 22.

i

Single-Stage Conf

Peak Efficiency Throttle

Design Point Throttle
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sear Stall Throttle

Peak Pressure Rise,

Corrected

Rotor 1

Stator 1
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Table 24. Vector Diagram Paramcters for Rotor A/Stator A Single-Stage
Confipuration, NDesign Point Throttle,

BLADE FLEMINY DATA  ROTOR INIET TIP SPEFED = G0.69 MPS (169.12 7PS)

IMMER w Wy QETA [} cuv c ALPHA
_..% MPS FPS _ MPS FPS _DIG ___MPS_FPS  MPS_FPS__ MPS _FPS  DEG
- 1.0 82.7 172 @ 49.2 1616 69.0 V8.2 61,8 1i.4 37,37 2179 71, -
P 2.0 52 9 170 6 43.9 160.4 67.4 P0.2 66.3 11,6 38.1 23.3 ?70.4 29.8
- 9.0 82.4 176 ¥ 49,0 160 6 GG 3 21.3 €9.8 11,8 37.6 24.2 79.2 28. a
o 4.0 53.8 1766 4 1_16G1.1 65 6. 22.1 _72.4 11.2 936.9 24.8 81.2 26.9
' . 8.0 84,1 177 G 49.1 161.2 65.0 02,7 74.8 11,1 96.4 26,3 62.8 6.0
7.0 88.2 1681 1 49.6 1¢2.6 63.7 24 3 79.8 10.% 34.4 26.5 8G.9 23.3
10.0 86.0 183.7 49.7 163.1 62.4 25.8 64.8 10.1 33.0 27.7 90.7? 2.3
, _18.0 5G.1_ 184 1 49.4 16> 0_61.8% 26 6_87.4 8.9 32,6 28.4 93.3 20.4
. 20.0 55.0 187 8 48.9 160.4 GV1.1 26.8 67.9 10,0 32.726°G 93.7 20.4
4 30.0 53.0 180 6 47.0 157.2 60.3 27.1 848.9 10.1 33.0 26.9 $4.8 20.3
3 80.0 53.8 176 € 46.4 192.3 9.4 27.3 89.5 9.7 31.920.0 85.0 19.6
: 0.0 %2.7 170 9 43.0 147.7_50 8 27.4 000 9.3 N85 00 0 _©8.0 18.7
|} 80.0 61.7 168 9 d44.3 1480.4 S8 9 2G.> 7.1 9.1 9.8 281 82.0 18.9
A 83.0 80.9 167 0 44.0 144.3 $9.6 25.7 84.2 8.0 29.% 27.2 89.2 19.2
F) $0.0 49.9 163 G 43.7 143 S 61.1 23.9 73.86 8.8 28.7 25.% 83.6 20.0
__93.0 69.1 161 1 43.6_142.9 _62.3 22.7_74.%5 8.7 28.5 24.3_ 78.7 20
5.0 .8 7 180 8 43.%5 14, 14° 7 G3.1 21.9 71.9 8.6 281 23.5 77.2 2.3
96.0 ¢8.9 160 B 42.%5 139.4 60.1 24.3 79.7 9.% 31.1 26.1 86.8 21.3
o) ©7.0 48.9 1C60.3 42.7 139.8 G0.6 23.9 78.3 9.2 30.2 25.6 £3.% 2.0
2 8.0 46.8 1€0 0 42.8 140.3 61.1 23.% 220 9.0 29.9 25.1 82.4_ 20.8
} BLADE FI EMENT DATA ROTOR OUTLET / STATOR INLET
IMMER W wu BETA cz cu c ALPHA

8 __MPS FPS MPS__FPS _DrG MPS  FPS  MPS FP% MPS_  FPS DEG

T.032.8 107 € 728.27 €2 6 59.3°16.7 54.7 32, 4706.2736¢°4 Ng'H 62 6

2.0 32,4006 & 26.9 85.1 85.9 18.1 $9.3 33.6 110, a 28, 2 125.3 61,
3.0 22.9 106 7 26.3 83 4 S3.8 19.1 G62.06 24.1 111.8 39, ' 128.1 60, e
4.0_22.6 107 5 28.8 €4 7 $1.6 20,2 66_2 24.5 112.2 40,0 131.2 69.%
I - T0T33.1 100 & o5.6 €4.0 80 5 21.0 ©8.9 34.6 113,640 % TIZ B %6.6
7.0 33.4 109 7 23.2 82.6 48.8 22.0 2.1 94.9 114 4 41,2 136.2 87.8
10.0 33.9 111 4 25.0 82 0 d47.3 23 0 75.4 34.6 114.2 41.7 136.8 $6.4
15.0 37.2 127 ) 2G.8_ 08,1 4G.0 20 8 £4.6 32 8 100 6 41, S 136.1  %1.4
B P00 35,0 VA0 0 27,7 €08 AS. 1 £/ a4 w0 1l ey S I6 28,5
30.0 38 7 1726 & 27.0 £8.5 44.1 27.7 90.8 81.0 101.7 41.6 136.4 48.1
80.0 37.7 123 6 5.2 62.5 41.8 286.0 92.0 31,0 101.7 41.8 137.1 472.7
70.0 3¢.?2 118 G 22.6_74 3 38 2 28 2 € 5 31,7 102.9 42.4 130.1_48.2
“TTE0.0 94,7 M14 0 21.8 70.5 30.1 27.8 89.6 37.8 1048 4270 137.8 49.3
85.0 33.4 102 7 20.6 €7 4 37 8 26 4 86.6 32 4 106.3 41.8 137.1 $0.7
93.0 32 4 100 2 19.7 64 7 37.4 25,7 £4.3 32 8 10™.6 41.7 136.7 9.8
# ___$3.0 32.0 10% 1 19.0 62.2 86.2 25 8 84.6 33 .3 100.1 42.1 138.1 52,1
F 95.0 31 O 104 . 18.0 ¢ 0 Q4.7 26.4 8G.% ad.01 111.8 431 1414 s2.2
86.0 31.8 104 4 172.3 SG.8 Q2.9 7C¢ 7 87.6 34.6 113.7 43.7 143.5 52.2
= $7.0 31.4 102 9 16.8 S 1 31.6 26.7 87.% 35 4 116.1 44.3 145.4 92.8
8.0 30.8 1009 15.%5 0 8 30.1 26 G 82 2 6.3 119.0 45.0 147 6 5. €
BLADE FLEMUNT DATA STATOR OUTLET
- } IMMCR w Wy BETA c2 oV c ALPHA
¢ X MPS KPS MPS FPS DIG  MPS FPS MPS FPS  MPS FPS  DFG
{ TN 54,4 170 4511 16757 697 18.7 61V 4T 98 TINTIPITO 60T 269
' 2.0 94.2 177 9 50.4 165 3 68.1 20.0 65 8 10,1 32 2 22.% 7?73.7 26.7
! 30841 177 4 49.6 160 8 6G 4 21 8 70 4 108 3.4 74.0 78 8 26 6
4 095101771 49.0 (" & 63026 742 11 3 3”1 253 83 0 269 '
TTTETO83.9 17679 QBTATIVST 9 ©A 723 v T e iV e 28 Vo8 80T 264
* 7.083.9 176 6 47.6 1% 1 61.8 27 3 83.1 128 409 P8 2 926 26 2
10,0 83.9 176 8 47,0 184 2 60 G o~ 3 8L 3 1P 8 41 9 202 96 0 25.8
2 _19.0 54 0 177 3 47.0 154 3_60 23 20 6 87 3 123 4039293 96 2 24.7 _
=4 TT200 8ANNY A A2, 0103 2T 60 (6P BTTAVE a4 AT 60707 2370
— 30.0 3.8 170 4 46.4 152 4 89 G 271 88 9 11,8 378214 966 230
* 0.0 S2.8 172 2 44.8 146 0 S? 8 27 08 9'.3 11,7 38 2 23)2 990 227
70 0 %1.2 167 9.42.7 140 0_ 3G 4 78 2 92 6 11 G_03" D2 %) 8 100 2 22 4
BOTO HO0T2 1WA 6 @27V 128,27 90 9 27737 BTN AT AT 0 oS v 8 24 T
8%.0 49 3 16! 8 41.8 12¢ 0 871 26 7 B 6 11V 8 3?7 7 .01 93 X 232
$0.0 4B.) 17 8 40.95 1308 B72.1 26 0 853120 305 787 94V 24.7
= 83 0 47 2 150 2 40.2 12> 0__SA 1 "4 9 B8 712 0 1303 722 6_Q0 7 25.6 ‘
L TS0 46 8TNLSTY 40 613273776000 223 W AT Ty W o e 8Ty 2606
$6.0 46.6 152 7 41.1 134 8 61.8 21.8 ?71.7 108 356 244 801 26 3 {
$7.0 4G.5 152 4 41,8 136 2 63.2 208 €8.3 10.3 33.9233 763 26.3
$8 0 46.2 151 5 42.9 1394 66 8 18.1 %9 3 9.3 305 203 66 6 27.)
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Table 2%. Vector Diagram Parameters for Rotor A/Stator A Single-Stage

Configuration, Peak Efficiency Throttle,

BLANE ELEMFNT DATA ROTOR INLIT TIP SPEED » 60.88 MPS (199.71 FPS)

IMMER W wy BF TA c2 (-1V] ] ALPHA
& aga_hrrs MPS_PPS  0FQ  MPS_FPS  MP3 _FPS _ MPS_FPS_ OEG
1,0'82.6 170.2°d8. 871601 60.2 19.37762.37 12 0™ 89 372277945 .8
2.0 83,2 174 4 40,1 161.2 G?.4 20.3 6G.0 11.6 38.0 23.4 76.7 29.6C
8.0 83.7 176 0 40.3 161,08 GG.7 21.9 69.2 11.9 37.0 23.9 78.% 28.0
4.0 84,1 .77 8 49.4 162.2_ 6% 8 20,0 72,1 V1.1 9A.4 24.6_ 80.7_ 26.7
TTTEL0T81. 771708 48 87163, 65.4 2276 74,2 10,6 34.8 ¢5.0782.0 26,0 -,
7.0 85.8 182 0 80.2 164.8 €4.7 23.8 77.2 10.0 32.8 2% G ©03.2 23.0
10.0 56.0 183 7 80.4 165.3 €4.0 24.4 80.1 9.6 31.4 26.2 86.0 2.4
: 16 0 86.0 183 7 80.0 164.1__€3.1 2%.2_682.6_ 9.8 031.2 260 88.3 20.6
200 L878 1630 49. 7162 9 ©2.8 ¢b 4 83.2 0.4 30.86 27.7 60,
30.0 55.1 180 0 48.6 160.3 62 2 25.6 83.% 9.3 30.4 27.2 89.2 19.9
80 0 82.7 176 ) 47.2 184.7 61.9 23,7 84.2 9.2 30.1 27.3 069.4 19.6
70.0 52.1 170 9 4%5.4 149.1_60.5 25.8_ 63.6 9.1 _29.7 27.1_80.8_19.8
TTOL 0 B0.RT167 045 171480 6.2 23.6 77.4 6.8 27.7 28.1  82.2 19.7
85 0 50.7 166 2 44.2 145%.0 60.C 24.7 61.1 8.9 29.2 26.3 86.2 19.8
90 0 49.0 163 I 44.5 146.1 63.3 22.2 73.0 8.1 26.7 23.7 77.7 20.0
93.0 49,1 1612 44 3 145.85 64,0 21.2 €).4 8.0 26.4 22.6 74.3 20.8
93,0 40 £ 160 2 44.2 145.0 64.7 20.7 660 6.0 26 3 32.2 2. 9 2.1
$6.0 48.7 159 9 44.2 145.0 64.9 205 67.2 7.9 26.0 22.0 72.1 21.0
97.0 40.6 159 4 44.1 144.7 ©65.0 20.4 €66.9 7.9 26.0 21.9 71.8 21.1
$3.0 48 5 159 0 44.0 144.4_G5.0 70,3 66.86 7.9 26.0 21.8 71.8 21.2
BLADE ELEMENT DATA ROTOR OUTLET / STATOR INLEY
IMMER w wy BETA c2 cu R - ALPHA
.__.. 8 MPS _FPS _MPS FPS DFG _MPS_ FPS MPS_FPS __MPS FPS _ DES
TTTN.6730.8 101 1 2657870 89.2 15.7 81.634.3 V13,4 37.7 183.7 65.2
2.0 20.8 87 7 24.¢6 80, 7 85.%5 16.8 5%.1 36.1 118.4 39.8 130.6 64.9
3.029.9 $8 1 23 0 78.6 B53.1 172.9 %8.7 36.6 120.2 40.8 133.8 63.8
R 4.0 30.%5 100 0 23 8 _78.2 S1. .3 19.0_ 62.4 36.7 120.2 41.3 135.85 62 4
8.0 90.8710173723 87760 S0.¢ 19.7 64.7 367 120°941.6 136.6 ©1.6
7.0 31.2 102 4 23.7 ?77.7 a9 e 20.3 66 ? 36.6 1£0.0 41.8 137.3 60.8
10.0 31.8 104 3 23 8 78.2 40.4 21.0 69.0 3G.1 118.% 41.8 137.2 89.6
.__15,0.37.0 121 3 27 0_ 87.6 _A46 8 o 38293285 1087 41,2 1«% 1 _s2.0
26.0°38 1V 12571 277 90,8 46.4 6.2 B6.) 31.4 103.0740.9 20
30.0 37.6 123 3 26 7 8'.% 48,1 26.3 86.9 31.5 103 3 41.1 1 s.o a9.8
80.0 36.2 118 7 24.3 79.6 42.0 2C.8 88.) 32.0 105.1 41.8 137.2 49.9
70.0 34.3 1176 21.8 _71.4_39.3 26 % _66.9 32.7 107.4 42.1 138.2 80.9
80.0 02.9 106 1 20°7 ©6' 8 38.6 28.6 €4.) 02. 9 107.9 41.7 136.9 B1.9
83.0 31.9 104 6 18 3 63.4 37.2 5.3 83, 2 33.8 110.9 42.2 1356.6 $3.0
$0.0 30.7 100 6 18.6 61.0 37.2 24.4 B8G.0 34.1 11*.8 41.9 137.4 84.3
$3 0 30 198 9 17.% 957.6 3%.b 24 b ¢ eo 0.4 34.8 114 2 42 6 109.7 984.7
98.0 30.00 98 6 16.8 ©4.2 33.3 251 LA TN Y a3 6 143y 847
6.0 30.0 98 3 15.8 S1.8 31.7 25.5 ea $ 36.3 119.1 44 3 145.8 B4.8
$7.0 29,6 97 0 14.9 48.9 30.2 25.8 83.8 37.1 121.8 45.1 147.8 55.3
$8.0 2.9 94 7 14,1 46.2 29.1 25.2 82.6 37.8 124.2 45.5 148.1 96.2
BLADE £1 EMUNY DATA  STATOR OUTLET
IMMER w (V] BETA c2 cu c ALPHA
... 8 _MPS _FPS _MPS_FPS _ DFG _ MPS_FPS MPS FPS  MPS _FPS _ DEG
1.084.6 179 3 51.47168 b 69.8 160 7 61.2 9.4 30 9 209 68 6 26.7
2 0%54.6 179 2 50 9 166.9 68.% 19.9 652 9.6 32 2 22.2 72.8 26.2
30817179480 4 16%2 6.8 21.4 7.1 103 326 23.7 77.7 25.6 -
40 8.6 179 2 40 9 10 665 7 ??_3_.12;1"19“9v_9ﬂ 0007 810 2%.5 '
TR0 SIS 170 @ 4Y 9 T6S 0 64.8 230 79 6 11.1 736 3 55 6 T83.9 25.6
2.0 4.1 177 6 48 3 1998 GI.0 4.4 80.1 11 9 31 27 2 88.1) 2% 9
10,0 53 0 176 8 47 G 15 2 61,9 2% 2 67 8 12 4 40.%5 281 92.2 26.0
19.0 24.0.177 2 47 6 196 161 6 P56 83 @ 119 237 2 2 ?_ 92.6_04.9
2000 WL S 1/8 6 47 9 1522 61 3 76 0 653 1T @ 30T P30 8 Ba e
30 0 831 177 6474 1556 61.0 061 895 2 10 7 3% 2282 92.6 22.9
S0 0 82.1 172045 0 147 3 83,0 27,0 88 8 11.3 37.2 2.3 9 0 22.8
70 ¢ 20 5 165 T 47 D 141 828 7 Pv ) 689.6_ 113 3G 9 PRI 933 233
60 O 499 TG 2 4278 140 S 89 8 £3.7 1.1 10.6 3% 0 27.0 00.8 £3.9
85 0 46 8 160 O 41,7 136 8 B8 6 253 83 0 11 4 37 527 8 S1.1 4.2
0 0 47 7 156 6 4) 0 1345 %9 029 8 80.2 11 72 30.3 27.1 88 9 2%.4
93 0 47 1 104 6 40 7 1306 29 6 P37 77,7 11 _7_20 3_00 4 86_7_ 2u.)
950746 IS T AN VN3 8T 61 3 RT3 8 a8 e 7 86 4 N 1
$C 0 4G G 190 7 41.4 135 72 2.8 21.4 0.1 108 253 239 708 26.C
$7.0 46 4 15> 2 41.8 137.3 €4 2 20.1 65.8 10 2 33.4 22.8 73.8 DG. i
88.0 46 4 182 ) 42 .9 140.8_€7.6 12.3 ©7.8 .0 20.6 19 2 04.7 27.1 _




Table 26. Veector Dlagram Parameters for Rotor A/Stator A Single-Stage

Configuration, Peak Pressure Rise and Near Srall Throttle.

BLADE ELEMCNT DATA ROTOR INLET TIP SPEED s  61.3% MPS (201.27 FPS)
IMMER W Wy BLTA c2 cu c ALPHA
.8 MPS FPS__MPS_FPS_ OEQ _ MPS_FPS__MPS_FPS__MPS__FPS__ DCO
1.0 83.4176 9780.87165.6 70.8 17,4 87, 710.7 98.2 30,5 67,1 9V C
2.0 83.8 176 6 80.8 1G58 60.4 168 G1.6 10.7 35.1 21.6 700 29.0
3.0 54,2 177 7 80.5 165 6 G8.5 18.6 64.4 10.6 94.7 22.2 73.2 20.0
4.0 54.0 178 8 80 4_16% 4 67 8 20,7 G7.0 10.6_34.7 23,2 _76.2 27.0
8. 0784.77 1796 60.3a7165.47 66,9 21,3 700 10,8 84 4 238 760261
7.0 85.3 101 6 80.6 166 2 €6.0 22.3 73.2 101 33.0 0d.5 80.3 24.2
10.0 56.0 183 9 81.1 167.6 €5.5 23.0 78.6 9.3 30.C 24.9 O81.6 22.0
—-18.0 56 2 184 6 81,0 1€7.4_61.923.7 77 7 8.9 293 2%3 83 1_206
2070716 07 16T L 80 6 16,1 646 230 783 6.9 29 § 05 5 83 6504
30.0 05 C 101.3 49.8 10(3.3 G4.0 24.0 78,9 8.8 29.0 P5.6 84.0 20.1
50.0 k3 6 176 7 48.1 187.8 63,2 24.1 79.27 86 28.2 75.6 84.0 19.6
70.0 G2 4 171 9 46.6 132,762 5 24 | 78.8_8.4__27.4 255 83.6 18.1
60.0 8174168 7740 € 150,167 7 23 6 77,07 6.2 2770046 81 € 193
88.0 0.7 166 4 45,5 149.1 63.4 22.5 73.8 8.1 26.8 23.9 78.8 19.7
$0.0 £0.0 164 0 45 3 142.8 64.8 21.2 69.8 7.8 25.6 22.6 74.0 20.1
$3 0 49.5 160 2 45.2 148.3 €% 9 20.1 63.8 7.6 2490 2).4 _70.4 20.6 ___
T8, T 4970160 9 45,0 147.8 66.3 18,6 6d4.2 7.6 250 21 0 686 219
86.0 49.0 160 6 44.8 147.5 66.5 19.4 63.6 7.6 24.0 20.8 68.3 21.3
97.0 48.9 160 3 44.9 147.4 66 6 19.2 63.1 2.8 24.6 20.6 67.7 o1.2
.—.88.0.4n 7 119 9 41.8 117.1_66 7 19.1 62.8 7.8 24.6 20.8 67.4 2{.3
BLADE ELEMENT DATA ROTOR GUTLET / STATOR INLET
IMMER W Wy BETA c2 cv c ALPHA
X__MPS _FPS  MPS_FPS _ DEG_ _MPS FPS _MPS_FPS _ MPS FPS_ DEQ _

-1

-

TN027.5 790 424 1779.1 61 0 13.3 4N, 6 2T 1 12T 8 a0 A V9.4 0 T —"
2.0 26.3 86 2 21,9 71.9 3.3 14.% 47 6 39 2 126.8 41.8 137 3 G9.5
3.0 06.4 8¢ 7 21, 4 70.2 93.9 155 50.9 39.7 130.2 42.6 139.8 68.5
4.0 26,7 57 7 21,1 _€°.3 821 16,4 63 7 29 9 1708 43 1 141.4_67.5
§.0 76.9 &3 o oY, o o6 9 B1.2716.6 85,1 39,9 130 & 43,3 141.9" €70
7.0 27,1 &R 9 ”‘.I 69.3 $1.017.0 %3 & 39.6 129 9 43.1 141.4 6G.6
10.0 28.0 91 ¢ 21.8 71.8 &1.3 17, 4 57 2 38.5 126 4 42.3 138.8 65.%

15.0 30,5 107 1 29,5 _80.S_ 40 2 21,169 1 _85.4_116.2 41.2 135.2 58.1 _
20.0 36.7 100 4 27.0 88 7 a'- aa.a €1.8 32.6 106.6 40.6 134.2 82,6
30.0 37.% 12% 0 26.8 68 3 4% « 6.1 €% o 31.7 103.9 41.0 134,6 890.4
$0.0 35.4 116 ' Z4.1 791 42.8 23.9 85 0 22.6 107.0 41.7 136.7 S1.4
70.0.33.0 108 1 21.4 703 404 250 62.1 83.8 109 8 41.8 137,10 53,1
80.0 31. ¢ 103 ¢+ 19,8 6H.0 39 7 J1 G 80 7 3d4.2 112 1 @2 1 1368 2 64.1
83.0 30.€ 100 * 18.8 61.8 37.8 241 79 1 34.7 113 0 42.0 138.6 85.1
90.0 9 3 96 4 17.5 7.4 36 5 23.%5 77.2 35.6 116.7 42.¢6 139.9 865.3

93 0 291 0% 4 16,3 83 5 34 024179 0 365 119 1 43 7 143 4 86,4
90.0 29 I L a 18,2 B0 U1 3 24.9 81.8 37 3 1076 44,9 147 4 661
$6.0 29 0 985 1 14 6 479 30 2 5.0 82.1 37.9 124.4 45.4 149.0 SG.4
$7.0 23 3 a2 9 13.9 45.% 29 2 4.7 81,1 236.6 126.% 45.8 180.3 57.2
~..88.0 22 9 01 5 13.7 44.8_2v 2 24.3 79.7 38.7 126.9 45.7 149.9 87,7

BLADE FLEMENT DATA  STATOR OUTLET

IMMER w wu BETA (T4 cv [ ALPHA

8 MPS FPS  MPS FPS  DFG  MPS FPS  MPS FPS MPS FPS  OFu
T O65.1 180 7 BV 5108 9768 9 19 6 4.4 9 832 1219 YN T oc.a
2.0 84.9 180 3 80.0 167.0 67.7 207 67.8 10.3 33 © 23.1 75,7 20.3
3.0 54.8 172 850 4 1652 66 6 21.6 70 9 10.7 35 1t &4 1 ?9.1 26.3
4 081 7 170 .1 49 8 613 65 4 PP 6 24.2 112 3G E DPH P B2.8 26O

- B0 O b 1707039737161 € € v o3 2T A 3TINTE T SYTeTAC 0TS AR
2.0 4.0 158 0 A3 L 1T S €1 H 231 7?0012 ) 396 7.0 88.4 26.€
10 0 84,1 17/ G 40.0 157.6 62 4 24 0 8Y.812.4 40 6 27.8 91.3 26.3
15.0 %4 4 173 4 47 9 147 2 61 6. 0% 7 &I 1120 3985 20 4 93.1 25 0

2070 B4 9 1. 0TX AR DWW 0T OV 1 06 d 8L 7NV TR e B e A TRy e
30.0 %4 5 18 ¥ 47.4 155 7 60 3 26.9 8E.1 11.} 36.G 29.1 ©5.4 22.%
BO O D2 72170 72 4% 4 148 1 B9 % P66 87 2 11.3 37 1 289 94 8 2310
700 80 2 142 0 49 7 106 B (2 8 D22 Q YL 0 V0P 33D 280 B2 ) 23 9
TTTRO0TA0 Y 11 0T 27140 8 T63 921 4T 70 A8 8T e 6 Y 3Tl 6
63.0 48 6 149 0 43 6 143 0 €63 9 21 Q2 v D 99 326234 76.8 251
B0 0 27 4 1L 1 42 0 141 2 ©3.7 PV 0 6O C 100 3, 9233 765 o6.4

03 047 6 the 42 8 190 5 62 0 20 7 A S 100 30 7 23 078 4 o0 6 _
0D 0 477a 14 N 9eTAT 140 670 Y 20 3 Tbn 8 TY 8 TR0 0 o0 8T8 A 6
96.0 47.3 145 D 43 0 141.0 G2 1 197 64 T 95 31 321 8 1.9 5.7
$7.0 47,1 111 6 43 2 141V 7?7 66 2188 61.0 P2 302210 €8 8 26.0
98.0 46 2 151 6 A3.3 142 069 3 16 1_ $3.0 9.0 29.7 18.5 &0 ? 29.2
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Table 27,

ROTOR DLADF El EMENT PERFORMANCE

Blade and Vane Flement Performance for Rotor A/Stator A,
Single-Stage Configuration, Design Point Throttle.

IMME R WVIEEL RFL. .
(X)) SI'EED TURH NG
MPS  FPS ANGL E
DEG
1.0 60.6 198.82 9.7
2.0 60 5 198.%2 11,85
3.0 £0.4 198 .25 12.4
4.0 60.3 197.93 13 8
8.0 60,2 197,63 14.%
7.0 60.1 197,03 14.9
10.0 $9,8196713 18,2
18 0 99,3 194 G4 1% &
20.0 58,9 193.1% 16.0
.80.0 50.0 190.16 16.2
$0.0 S6.1 184,190 176
70,0 54,3 178 .21 19.8
80.0 %3.4 i175.73 20.8
8%5.0 83,0 173.73 21.8
90, 82.5 172 24 23.7
93, S2.2 171 a4 26.1
85. 52.0 170 5 28.9
96, 52,0 170 45 27.2
97. 61.9 170 18 29.0
asg. 51.8 169.85 30.9
TOROUE = 8645.48% IN.-LB.

* See Figure 66 and Table 23 for loss coefficients computed
from relative total pressure measurements.

STATOR VANE ELCMENT PERFORMANCE

IMMER

X

CADNABWLN ~

DO2VCOLCGCDOO0O0O0

0

80 0
0%, 0
W, o
LRI

M0
17,0

M

60.
60,
GO,
a0,
KIUN
GU.
59,

39
38

RN
TV

‘3

AR

RN

B

Ko
l‘—“‘
O
o1

51

WHEEL ARS.
SPLFD TURNI NG
PS FPS ANGLE
DEG
G 198.82 3%.6
5 193,52 34.9
4 198,22 34,0
3 197 a3 33.0
S 1927 R3 ]2 2
119703 31,5
.8 196.13 30.6
3 194 64 2G.7
9193 195 24.6
O 19016 251
1 184,19 o5 77T
178,01 28,8
4 17% 23 26.9
0 173,73 27.8
5172 24 27 O
2T 30 2Ry
0 170 VS 26,
L0 17015 5. @
91?016 26,5
.8 169 a5 26,5

03000 DCOCOCODBOSS

-

=}

Loss * 1ess RCL. DIFF. REL. INGID. DRV,
COLT.  PARA. MACH FACT. MACH ANOLE ANGLE
NO. NO. DESG NEG
IN ouT
0.004 0.0P3 0,183 0,663 0.095 -4.9 18,9
0.119 J0.107 0,153 0,381 0,004 -6.4 12,5
0.13G 0,124 0,148 0.887 0. 094 ""973 "10.6
0.182 0,138 0.156 0.891 0,098 -7.9 g.%
157 0.144 0,157 0,989 0,096 -8.4 7.2
189 0,174 0.160C 0,897 0.097 -9.5 5.5
0.208 0,190 0.162 0,596 0.008 -10.4 4.1
0.133 0.125% 0.163 0.519 0,108 -10.7 3.3
0.078 0.073 0,162 0.472 0.113 -10.4 3.0
.0.0%8 0,088 0,159 0.4G6 0.112 -10.0 3,7
0. 04 0,040 0,186 0,470 0.109 -9.0 5.2
0.UG1 0.059 0,153 0.490 0,105 -8.7 &.%
0.971 0.068 0,150 0.%08 0.101 -8.4 6.5
0.085 0,082 0,118 0,530 0,097 _-7.9 7.0_
0.082 0.079 0,144 0.834 0.084 6.7 9.4
0.071 0.072 0.142 0.548 0 093 -8.7 6.7
0.0969% 0.067 0.141 0.5G4 0.002 -8, | 8.0
0.081 0,082 0,142 0,535 0,092 -8.2 3.8
0.098 0,096 0.742 0.571 0.001 =9.7 2.7
0.117 0.114 0.141 0.591 0.089 -7.3 1.4
ARS. ARS, INCID. DEV. LOSS LOSS  DIFF.
MACH MACH ANGLE  ANMRILE  COEF, PARA. FACT.
NO. NO. DEG PES
IN ouT
L1058 Q. 061 1.6 15.8 0.1773 0.1748 0.6466
111 0,068 1.1 18,4 0.1930 0.1962 0.6322
113 0.070° 0.5 15.1 0.107 0. 178> &,85999
116 0,073 -0.2 14.8 0.1747 0.17°1 0.8750
V7 0007 0.7 14.G6 0.1%47 0.18;'0 0.8475
119 0,000 1.0 14,0 0.1212 0,119, 0.5002
121 0 08,7 172 13,377071636 0. 102 074873
120 0 065 4.7 11,7 0 0819 0.0001 0,4G72
10 A na 6.8 10.d4 0.0081 0.0373 0.4613
120 0 0R! 3.5 9.0 0.0979 0.00G9 0,4%8%
180 0,08 87 7873 0.0779 0.0771 0 dd0,
123 008k 6.6 8.1 0.0695 Q,.0689 0,4419
122 2.0a% 6.6 3 0 0.0750 0 Q7411 O anAn
18t _0.n84 5.9 9 10,0737 0.0730 © 477
AL1070837 -5.6 7 0.6 700763 0. 0785 0 v/
1000 a0 59 116G 01266 1. 1082 0,511
125 0076 6.1 12,0 0.2139 0 2114 0.5,24
SEerooon 6.2 12,3 0.2692 0.26R1 0.6216
128 0. 067 5.8 123703100 0 30,4 06676
T30 0 059 -8.2 13 1 0.38723 0.3826 0.7459
PR, fal - s - P J )




Table 28,

Blade and Vane Element Pertormance for Rotor A/Stator A,

Sinple-Stapge Configuration, Peak Efficieney Throttie,

ROTOR PLADE (LE T 1CRE ORMANCT

R RIEN
(%) corrn
Mp e
1.0 60.8 199 14
a0 G007 1an 1
G, 0 Lo, 6o a0
A O BB Tan B
o0 GO 0 1an D
7.0 GTL 0 1ae 6y
10,0 6007190 77d
1.0 89, 5% |0, 00
20.v Ra 1 tan 78
30 o 89 1 190, /0
AN I I I
SO B LY ey
a0 v 8L 6 1Ly
8.0 LR L LY 2
a0 B2 e D
Q3.0 S2.1 17100
Qah. 0 GoL e v e
at 0o B 1 1Yo o an
az7.0 THXTA NN L
Q.0 S 0 1o e
TOwetH, - aoan 1o

* See Figure €6 and Table 23 for loss coefficients computed
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14,96
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16 4
129
19 Q
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LR IR
AT
a0 8
ar1.4
warp
Taae
a0
I~ iR,

tana ® | nag

von PARA.
0,086 N._N%0
N, 111G 0 104
0,110 0. 1.2
0.1%51 a3y
O 100 a6
(A TR E IR N |
N, on [T B
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0,017 0.0
[ P O oy ?
00y 0,000
ty, Ny [AIRALI
0O, et O o'

(R RRRA RENAL

0noegs 0o

RENTNE! IR IS B
0,000 a,n
O NG I R
n.ou €1, 1 o
(AR AL [ IR

from relative total pressute measurements.

STATOR VAND FLEME I % PO IANCE
IMHER LEAR (G ARY
X NS B T M

[ A 1 [N Dl F

M B

1.0 G ! 1oy 0t ooy
e 0 Gty o e [ o
I R B E i B PR
40 6o oo D n
S Q Coreoto Y . "
7.0 [ A 1] T
10.0 10 Qe Vo
15,0 79, H 16 0 C
200 LA Y tu “ YT
30,0 H3 1 190 v R
[ o T BT T R R A DA
40 1 N A e T B v
a0 e, . e
e 1 HE ce
we il AN
azxz a4 : v
QU O L v, IR
aG 0 L e e
av.o o T L
ar. 0 [ P R )

M BRI
et nacn
o RN
[R{ [N
(3 tixr 0 00
(S 0 LT L
0,113 00
G Ye L0
[R I S T B BB
A T TR
(LR AR M A
[T 0 U R b B
PR I I B R R L
oVt gy
Q.oEY 0
0o A >
P} oo Y
' 1 [N ' '
[ B R B
n o ae
(R '
L B R |
0Oy
(AR - RS B L
- e M

(NN My
rrach A
MY

IN

0152 v.01o
[ KA B IR |
L R R TLEN |

S I Y PO S I 1Y

[ T UYL B B L

IR WL BN B AN

O, .G e

O.1062 0 Loy
0161 0,49

[ DR R T S

AT TR
0. 791 QN
0 il ARRERAL]
1) S 1), a0
IS DR B TR NS B
T DU B YO
[t FTR IR IR |
Q.11 N N
R R
0,10 0, 0t

NI R
T U AR Nt B ot
e e G

AR e G
1o n
L [
S P

K |
p R
Do ' i
! v
) EE
B S
M ]
R a0

Yo !|'|

1

Vo

. e

’ 1.

| OSS
oL E .

[

- - = -

REt
[IAIM N
Ned,
OUl
O ona
I
0 R
(R IEREIT L
0, 8o
€ 05
o, 00
0.107
0.110
0, 1u9
0,100
0, 1Yy
0, Gt
(R I
(e
IRV
0.087
0,007

0 oas

0,083

AR A
KR Al
At

FMEe
ARCLE |
[RIER
-8.7
£y, e
/'0
Yaws
80
0noa
-8 8
..9'0
-8.7
8.1
SRR
6.7
|
G (&}
AL D
-3.7
-39
3.3
-3.3
-3.4

1L.ons

PARA. FACT. .

o

MR T

enn’

Jad IR 4

[T

A KT

neEv.
Al
Lt

15,0

12,0
9.8
a,n
6.9
5.9
B

SN

0-32aANO~DT

N~ ONAIN~EINDON
'

'
.

. te

DIFF,

Q 6812
0.Cc/n8

©.¢hoo

N, 6778
o COnhY

n, Lo3




Table 29,

Biade and Vane lement Performance For Rotor A/Stator A,

Single=Stage Configuration, Peak Pressure Rise and
Near Stall Throttle,

ROTOR BlLADFE FLEMENT PERFORMANCE

o

IMMER WIEF L REL. LOSS. 1.088 REI., OIFF, REL., INCID. DEV,
(%) SPEED _ TURNING  COEF, PARA. MACH FACT. MACH ANGLE ANGLE
MP3 PSS ANOLE NO. NO, LEG [Re]
DEG IN ouT
1.0 61,3 200.97 9.8 0.169 0,148 0,165 0 714 0,080 -3,1 17.6
2.0 61.2 200.G7 13,) 0,212 0,191 0,156 0 738 0,076 -4.4 13.0
3.0 61.1 200.3G 14,7 0.276 0.203 0,167 0.761 0,077 -5.1 10.5
4.0 61.0 700 06 18,4 0.732 0.213 0,158 0,758 0,077 -6.0 8,7
5.0 60.9 199,76 15.6 a.241 0.221 0.159 0,736 0,078 -6.8 7.9
7.0 60,7 199.1¢_15.0____ 0 2% 0.233 0.160 0.736_0.079 ~-7.1 7.8
10.0 60.4 198 25 14,2 0.253 0,232 0.163 0,739 0,081 -7.3 8.1
18.0 GO.0 196.74 15.7 0.164 0.151 0.1683 0.639 0,094 -7.2 6.5 -
20.0 59.95 193 °3 17.3 0.05% 0,052 0.162 0.%34 0.106 -6.9 5,2
30,0 58.6 1u2. 21 18.3 0.013 0,013 0,160 0.505 0,108 -6.3 5.4
80.0 56G.7 136 17 20,4 0.028 0.027 0.1586 0.534 0,103 -5.2 6.2
70.0 54.9 180 14 27 O 0.059 0n.0%7 0.152 0.571 0,096 -4.7 7.2
80.0 S4.0 177.i2 23,9 0 074 0.072 0.149 0.592 0,092 -4.6 7.1
'85.0 53.5 175.61_ 25,6 0.17% 0.0i2 0 147 0.G10 0,088 -4.1 7.1._
90.6 53.1 171.10 28,2 0.094 0.091 0.145%5 0 636 0,088 -3.0 6.9
93.0 52.8 173.19 31.9% 0.081 0.079 0.143 0.G16 0,084 -2.1 4.5
95.0 52.6 172.4% 33.0 0.0RG 1) 065 0,142 0.6G4G 0,085 -1.8 2.1
6.7 52.5 172.79 36.3 0.071 0,063 0,142 0.655 0.084 -1.8 1.1
97.11 52.4 171.99 37.4 0.085 0.083 0.142 0.673 0.082 -1.7 0.8
as8.0 57.3 171 AP 37,5 H.091 0.089 0,141 O0 682 0,081 -1.7 0.8
TOROUE = _8789.44_  IN -LB., e - S
* See Figure 66 and Table 23 for loss coefficients computed
irom relative total pressure measurements.
STATOR VANF EI FMCMT PIRFNARMANCE
IMMFR WIEEL ABS, ABS. ARS. INCID. DGV, LOSS 1LLOSS  DIFF,
% SPFEN TURNINR MACtI  MAC' ANBLE  ANGIE COEF, PARA.  FACT,
MP3  FI'S ANCIE MO, NO. DEG T DEGT
DEG IN our
1.0 61.3 200.97 43.7 0.114 0.064 a2 15.2 0.1783 0.1759 0.G6920
2.0 61.7 70N G7 43,2 0.121 0.067 0.0 15.0 0.25313 0.2281 0.5961
3.0 61.1 2006 A 42,2 0125 N A70 847 14,8 0.29%2 0.7272 0.6772
4.0 61,0 200.006 .11 .2 0.175 0,07% 7.8 14.8 0,2101 Q,2073 0.6519
5.0 SO 190,76 40,6 0.19% 0,0/5 7.7 14,6 0.1924 0.1888 93,6336
7.0 6.7 1719 16 40,0 0105 Q072 8.0 14.5 0.1576 0.15%4 0§25
16.0 60 A4 13 3 "G 01P3 000 78 TR e 0. 716% 0.1137 0.5626
15.0 6.0 161 34,1 0 119 N 082 @,0 12,0 0.0817 0.0807 0,5141
20,0 HSu o oQan " a3 0 119 0,03z ) a,7 0.0G50 00,0643 0,.4810
30.0 59,6 192 2V 2;.9 S 0.119 g.081 -3, 2 3.5 0.0690 0,0684 0. 1587
50.0 &SG.7 186 17 78,4 Q1217 0. 084 20 86 0.038C 0.0877 0.4860
70 0 1" 10011 P92 D10 0.07¢ 1,7 e.C 0.1910 9 189n 0,59028
L G A P R 0 17 0 NGe L8 10 7 N T2 0 22R0 0 03862
8% 0 Ly % UG a0, 0 0122 0,060 1.5 10 © 0,245 0, 24310, 5430
90 0 KT 170 10 209 A rct o nRe V1 1 e A Raed 0. 246% 0, 6827
P LA A D P20 067 1 11,60 0, 3076 0 2032 0,6749
aAn. 0 Bt JoL Y 308 O 130 0,005 be 11,6 0.38434 00,3456 0,7023
6.0 5.8 1P, 09 30,7 0,142 0,000 -2.1 11,7 0 8745 0.3704 0, 7237
97,0 S 1171 31,2 0,183 0,067 T =18 12,07 0.4025 0.3960 0,7535
AB 0 H°.3 171 08 28 S 01232 0,084 -1.1 15,1 0,.4442 0.4380 0,8083
R - - T e e R T e N
e o e : R Y ™

I
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Tabhle

32.

Vector Diagram Parameters for Rotor A/Stator A Four-Stape

Configuration, First §

Stage Tested, Design Point Throttle.

BLADE ELFMENT DATA ROTER INLET TIP SPEED = G3 82 MPS (209.38 FP3)
IMMIR w wu BCYA c2z cv c ALPHA
AAAAA 8 _WMPS FPS  MPS_FPS _DEG  MPS__FPS___MPS__FPS _ MPS _FPS__ DEG
1.0°85.4 7781 7 81.27163.8 6.9 19,7 4.8 12,0 39 4 53 1 78 M.
2.0 95.6 162 6 51 4 168.6 67.3 21.3 69.9 12.2 40.) 24.6 80.6 9.8
3.0 % { 181 t 81.4 168 8 €G.3 22.4 73.%5 12,1 238.6 25.% 83.%5 8.3
— 40866 155 7 51 61503 655 21 3 76.3 11.8 386 0 L6 886 260
8.0 % 9 1006 o H1.6 10974 64 9 379 78.8°11.7 06.4 0.6 874 3G O
7.0 88,1 190 6 82.1 170.9 63 6 £25.6 84.1 11.) os.a 27.9 9.6 23.2
10.0 38.9 193 2 82.3 171.8 ¢2.4 27.2 09.1 10.6 924.8 29.1 ©5.6 21.3
19.0 89,0 Y04 € S1.8 170 3 51.4.20 1__82 2 10.9%_34.4 300 98.4 2n.4
20.0798.6 19 a4 51 47160 676102872 926 108 04 5 30,1 $8.6 20.2
30.0 87.9 169 9 50 3 165.2 60 3 26.6 93.7 10.6 34.8 30.8 99.8 20.3
$0.0 86.6 1C% 8 4.8 160.0 59.3 26.8 ©4.3 10.3 33.7 20.%5 100.2 18.6
70,0 9%.4 101 9 LA D 1082 ME 4 23,90 9989 8.6 32.2 30,% 100 2 18,7
T80, 0 4.3 176 874676 152 8785 8 70,0 918 966 3174 296 v7.0 18.9
85.0 53 8 175 ? 46.2 181.6 590 S 27.0 86.7 9.5 31.1 28.7 94.0 19.2
$0.0 82.4 172 0 46.0 150.8 61.1 25.2 82.8 9.2 30.3 26.9 88.2 20 0
$3.0 61.7 167 6 45.8 180.2 62 .2 23.8 76.8_ 9.1 80.0 05.6_ 6£4.1  20.9
85.0 81.2 169 0 457 1500 63,0 23.1 78 8 9.0 29.6 24.8 &1.4 21.3
98G.0 51.85 163 & 44 6 146.5 ©0.0 25.6 84.0 10.0 32.8 27.8 €0.2 21.3
$7.0 $1.4 163 6 44.6 147.1 60.5 25.1 82.8 9.7 31.8 27.0 88.4 21.0
— 96,0 81.3 168 3 44.8 147.5 61,0 24 7 81.1 9.8 31.1 26.5 86.9 20 @
BLADE ELEMENT DATA ROTOR OUTLFT / STATOR INLET
IMMER o wu BETA c2 cu c ALPHA
- X WPS FPS MPS FP'S  DIG_ MPS FPS MPS_ FPS  MPS_FPS__ DFG
1.0 36.4 170 3 33,1108 7 ¢4 & 15.0 "46.2 30.6 100 .4 34 1 R R S 3
2.034.3 11260972 97.4 9 0 17.2 8¢ 4 33 9 111.3 38.0 121.8 62.9 )
3.0 34.4 112 9 2¢ 0 95.0 %7.1 18.6 G! 0 34.6 113 4 39 3 1258 8 61.6
.80 34.4 117 8 28 0 _91.9 514 19.06_65%5 4 95.4 116 2 40 € 137 3 GO.S
5.0 34.0 114767228 OV 3 &2 7 21 1 60 2 356 1165 41. 5710078 851 -
7.0 35 4 116 3 27,85 90.1 1O 7 SP.4 V3.5 35.7 117.1 42 1 108.2 92,7
10.0 6.8 121 0279 91.6 490 24.1 79.2 5.0 114 7 42.8% 120 3 58.2
-.215.0. 410 104 8 304 9 6_47.% 77 7 40 8 32 0 1051 42 3 128 9 48.0
20.0 41,6 136 U730.67100. 0746 9 8.4 €31 314 103 174273130 9 4778 -
30.0 40.9 133 3 29.2 @G o 45 3 26 6 83 @ 31.7 104 0 42 .7 1401 47. ¢
$00 28 9177 7264 865 42.5 28 6 93 @ 32.7 107.1 43.4 142.% 48.6
- 70.0 36,7 120 4 23 3 76339 2 28 4 _03.1.33.8 1111 49,2 149 9 499 |
80.0 348 116°8 251 578 7383 27 8 el 3 WA Y V18 ad.0 193 a 50 v T |
85.0 33.4 112 8 21.4 7003 38.4 069 B86.3 343 112 4 43.6 142 8 €1.7 ‘
0.0 23 1 108 7 2004 66.9 370 DGt 85.7 34.6 114.2 428 14D 8 53 ©
-83.032 6 106 9 198 62 8 336 Pn 1__es 7 a8 94 116 3 44.0 124 8 3.8
83,0 32 47106 41837 6071 T34 3 2¢ 8 878 36.4 1188 4% 0714878 a6
8G.00 32 4 101 3 17.9 $8.6 33 2 27.0 88.7 36.8 120.7 4% 6 fau 7 52,5
7.0 32.1 105 2 17.2 %6 6 A2 5 27.0 88 6 37 3 122.3 46.0 1511 3.9
...-88.0 31.3 102 7 16,6 54.3_31.8_ 20 6 _87.1 7.9.154.3 46 3 151.8_%4.8
BLADE FILEMINT DATA  STATOR OUTIET
MM R w wu BETA c2 cu ¢ ALPHA
_ ¥ MPS FPS  MPS_ FPS (M0 MPS FPS  MPS FPS  MPS  FPS 0FG
1.OSL8 0180251 217204 704192 631 80 20601 2 g0 T PO
2.0 8.0 190 4 9.2 177,89 6RO 207 67 9 8.4 30 8 2.7 246 24.3
3.00U8.1 190 L BB 176 I €260 0 200 98 22 1 74 0 78 ® 23.9
e 40830100 383 21706 60 3 031 78 G109 ) E6EPLI 809 2.8
L.0 87,9180 @ L2 8 1731 4L s 028 TFAY 106 3306 1 T8 6 3 e - .
7.0 7.1 18/ 250 9166 & £ 8 09 %0123 <0 3 o8 T f4 1 v 3
10.0. 563 189 8 49 6 162 7 L1 526 7 87.7 133 43 6 29 9 va 0 2¢.3
IS0 NG G 1K B A A 16P 1 _ D6 DT 6 90 T 120 4 %208 100 2 v o0
S0 L HL B PG A 49 3 161 8T G0 1 cA DT N ISTLT A g Tan Q10T 2407
30 0 VG 4 161 940 5 189 1 89D 8D 043128 40 9 31 3 1008 23.4 ‘
80 0 54 0100 D a6 3181 9 87 3 D98 9L 9 17.7 &) 8 an 21058 2323
- 70083 3178 0 A0 Q145 6 BC D 08 06 8 10 7 Al g oan L1088 puoa
e I B I R T B P B B S A I L W3 e caa 7
82 0 816 160 2 a2 8 140D 55 0 28 8 94 4 100 45 D 3 B 103 4 24.0
90 0 B0 L 166 1 41 6130 6 SH 2 JA B P4 5 13 6 40 & a1 8 100 & P8
. 93 0 49 @ W6 a0 1y B 8L 00 a 03 21720 g4 v at @ 10y 8 26 0
B0 0 49 O e A9 2025 1T 60 TR e o 2 13 4 aa W30 T es e T e T
BGC 48 8 160 2 41 3 1302 B0 7 839.4101 a3 0 e @ 849 8 2u 9
B7.0 43 2 159 3 42 1 138 2 GO O A Y P99 12 4 a0 2 * 1 sw 0 271
- 96 0 40 9 Yty 7 a2 8 140 4 DAL T 2 B I - T N T T @ _ a2
- mem T e :o - —————— ” } < © o o o




Table 33,

Vector Diapram

Parametors for Rotor AlStator A Four=-Stape

Conliguration, First Stage Tested, Peak Effictency Throttle.

BLADNE FITMPNT DATA RATOR_INLET  TIP SPLED » 64.67 MPS (212.17 fFPS)
IMMER w wy BETA c2 cu c AL PHA
3 MPS fP3  MPS FPS. DEG MPS FPS __MPS _FPS MPS FPS  DEG
TN 0 997 180 8018 17200 T6B.P PO.G G ATNY eTAT.a MY VS T R
2.0 B.8 104 P O0.2 171 67.3 21.6 70.9 12.3 40.4 24.9 81 6 29.6
3.0 2.0 187 08124171 8 656 2785 73.7 12.0 99.4 25 % 83.6 268.0
4.0 82 8 186 % 62.8 172.2 5.8 P3. 4 76.8 11,8 _39.7 262 86.0 2G.7
TT5.0°08717180 7 50 9 173 08 A 2401 TH60 11D TR0 RO AT T
7.0 88.98 163 4 33.3 1250 616 201 82.2 10.6 34.9 27 2 09 3 23.0
10.0 0.8 195 1 3.5 1759 62.9 2G.0 85.3 10.2 33 S 27.9 91.6 21.4
18 0 ©0.% 195 2 53.1 174.0 62 0 26.8 88 O 10,1 _33.2 P8 7 910 20.6
TTTR0T0 BaTE V08 4 2.7 Y3 .07 62,7 27,0 0876 10.6737. 8208882003
30.0 G3.6 192 2 51.9 1702 6> 1 #7.2 09.3 99 32.4 0590 €5 0 19,9
80.0 S7.0 187 1 %0 1 164.3 61.2 27.3 89 7 9@ 8 32.0 9.0 85.2 18.6
70 0 L5.4 181 € 40.2 1%0.3 60 8 27 1 83 1 9.6 _31.6 78 8 91,8 19.8
80.0 841 175 47,9 157,07 6302 0817854 6.0 T2FS 267 3% - TN £ 0 e
85.0 3.8 176 6 4G 9 1%5: 0 GO % 26.24 86. 4 9.5 31.1 26.0 91.8 190.8
$0 0 52.9 173 § 47.3 184 1 €3.2 23.7 77.7 8.7 26.4 ?5.7 82.7 20.0
a8 0 62,2 171 3 47.1 194 8 64 2 208 73,8 _8.6_28.1 241 791 20,8
795 04179 170 2 469 153 07 64 6 paTY 724 88 280 RITYING 2701 .
96.0 1.8 169 8 4C.0 154 0 64.9 21.8 71 6 8.4 27.6 23.4 76.8 21.0
97.0 H1.6 169 4 46.8 153 6 ©4.9 21.7 71.3 6.4 27,7 23 3 76.5 21.1
.38 051 5 168 9 a6_7 153 3 600216 _71.0 8.4 27.7 237 76.2 21.2
BLADE FLEMEMY DATA ROTOR OUTLET / STATOR INLET
IMMER W wU BETA c2 cu c ALPHA
e . 8 MPS FPS MPS_ FPS DI MPS _FPS MBS FPS  MPS FPS  DFG
1.0 30.2 1185 3 21.07104 5 64.8 11 0 48 & 232 7 1073380 178 68
2033 211085 08,7 81.2 B8.3 17 6 7.8 45.8 117.4 39 .9 130.8 63.6
3.0 53,2109 0 222 BCY) B4 7 101 €27 97,0 120.1 a1 @ 137.2 62.8
— 8.0 B3 108 T 26,0 ERLG_ 0T 6 P00 G P U7 v 1243 4P, 0 1907 6.0
0.0 53847705 761 B 8761 200 0 “66a ae 1001733 6 1N é e 2T T
7.034 411298064 B6.% 49 8 200 T2.6 37 ¢ 103 8 43, 7 143 2 59.4
10,0 3G.3 116 1 27.6 Q0.1 49 0 3.7 77.9 36.0 118 @ 47 T 1421 $6.6
L. Y20 A0,6 133 DAY 2 60147 0 D 1 84 0 33 010% 3 a4 72 100.2 80.4
QU0 VT3 3BTy 8 T2 2v 9 w1y an g 106 27808 140,37 Qe T T
30 0 40.7 133 4 032 9N A 45,9 20 2 807 a0 S 106 7 43 - 141.3 48.9
SO.C 38,7 127 0 26 % B6 B 43,0 26 D 90 6 Hi.d 109 4 437 142.4 49.6
L700.36 00 118 8 233 760 401 006 Q0 % A4.6 113 4 49 P 145.1 81.3
BO U BE7 113 8 DTL0T TS0 A pe 0 881 AL 0 11 P as 14476 " 8T 37 T
85 0 33 3 1004 21,0 68 7 IO B CL O BG.] AL B 116.4 9 @ 144.2 83.7
90 0 31.8 104 . 19 8 650 38 % 21 8 81 & 3u.1 118.5 43.8 143 8 59.3
B30 1.2 102 318 661 3 36 € 050 AP 0 A7 0 101 4 48 7 146.8 85,8
D030 8101 0 17,37 86T TR S5 63T 38 1 Vo0 B I M EUTORE T V- i
PO 0 20 61003168 L1 X0 SL G B39 AV E 108 6 d6. 3 1%1.8 6.3
R70 30 4 92 7 16.4 83,7 3D 4% .56 B4 0 A9 O 1D’ 6 J6 6 192.7 %6.%
_.9L 0 Paa 96 0 1.7 81 9 A n TA7 01 ) 3031096 46.6 152 9 87 @
BLADD ELiMINT _DATA  SYAIOR OUTLEY
IMMER w wu Bt 1A c: cu c ALPHA
L X MRS FPS MPS FPR DYG MPY FPS MPS L EPS MPS  FPS DEG
JOR TN L s L 1TE 9T T0 L 16 0 6 g K00 43 0o OO QNP - R
SODID IR0 BB D 172789 €I D01 65 9 10 o 336 826 M0 26 9
3QDT 81000830 170 E 68?00 GAD 10 & 3% 4 S TS re 7
B A L T Y B T U . T S T I 81 0 6.5
OB TETE ST 0 el A 08 0 T g 1Y e AL SN P T a0 T T
700740602 M. 71605 641 210 81 2 10 3 a0 4 ST e M 2 2609
TO O 57 3 182 00091670 6P 6 e BE Y 12 0 W02 on? oh @
LID R RN 00 616N 0 61 7 0T 6 an R e 7 g1 & e 8 o8 2% 0
SO0 L 8 EYB G0 ETI0L Y TR A 0 T T OTTITTTIO T ew 8T T
JU 0 DT 6180080 D16 8 €GOS 28 90?1 s 3t a 30 % 100y po2
B O Wt X1 & g7 g 1HH 6 S8 8 o0 b Ul 4 12 4 40 T A Y 1Y o P
B B T B L T B B O S R S R ? 101 & 204
B h 8 e w1t TR 0 2 e ul 100 wa F ey a caaT
LSSV IS B B R I LI I 8o 0B I1 d0 9 w2 99 2 23 6
A AL K U IUR R R X R S T T Q6206100 9.4
A I L Py T B T S Tt T PO WA Qu g a6 ]
R D S U R T NP R NPV S SO a4 s 7T ey 37 o6 T
G 0 49 & et & A0 910 B B9 B a0 g) P ot & W97 a09 6.6
B°0 404 10 DAY L6 6 4,08 72 11 8 38 7 003 bL A4 6
980 49 % 16 342 3 198 <CID N 24109 AN 7?6 RO 7 PR P
157
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Table Y.,

Vector Diagram Parameters tor Rotor A/Stator A Four-Stage

Confignration, First Stape Tested, Peak Pressure Rise and

Near St

BLADE El EMCNY DATA  ROTOR INLEY

all Throttle,

TIP SPCED s

G3.32 MPS (207.73 FPS)

IMMCR w wu BCTA c2 cu c ALPHA
B MPS FPS  MPS FPS  DEGR  MPS _ FPS__ MPS FPS  MPS_ FPS  pre
T OTV.0 080 180 RTO2. 1 171, 0770.7 1007 89. V11,1 364 3.2 6nd TNTE
2.0 85 G 102 3 82 0 120.8 69 3 19.4 G3.8 11,1 35.4 22,4 72.4 206
3.0 9% 9183 452,1 1709 66 & 203 66 7 11,0 IO 23V BT 6.3
4.0 062 104 8 5°.0 170.6 _62.4 21.4_7202 100 35 8 240 788 270
TR0 B STTAS W RR 07170 6766 &, YT 2SI TN o TR0 Toe Y
7 0870 107 4 L2.D 1714 66 0PI 5.8 104 342003 631 23.2
10.0 7.8 183 8 B2 7 172 9 G5 B 23.9 78.3 9.7 I1.7 257 84.4 220
15 0 BA.1 190 8§ 82 6 170 7. 64 8 P45 80 49 2 30 2 06,2 66.0_ 20.6
TROLO O RTICY L2 V. TTEAS 4 7Te 0 R ETI0T o0 dT06. 520 4
30 O b7 0 187 °m a 16684 63 9 24.8 81.7 9.1 30.0 °6.5 67.0 20.1\
BO.0 ON 6 182 4 49.7 162.8 6.1 2H 0 81.9 8.8 29.2 06.5 87.0 19.6
70 0 %1 ) V77 S an‘o 1076 _62 404 9 _81.7 86 _28 4 0G4 865 19,1
TTTRO 0 94 VAT 2AYTA L. 97006 D aTIT TE Y 2Y 0oy TR TV
85.C .4 171 8 46.9 1%31.8 63.4 23.3 76.% 8.4 224,48 81 3 19,7
80 0 51.6 169 3 46.7 132 2 64.7 21.@ 71.8 8.1 6 5 23.3 6.6 20.\
0.0 01,0 167 & 4¢ 6 162 06D 8 108 __68.Y 2.8 5.7 0.2 708 206
P 0 D06 TR A6Ta 1872766 © 00E 6647 .9 28 9 T N TS
86.0 0 S 165 8 4L.4 1.2 1 G6.4 20V 63.9 7.8 25.7 21.% 0.7 21+.3
$7.0 BC. A 16D D 46.2 190 0 66 6 19.9 65.3 7.8 £5.5 21.4 70,V 21.2
98,0 %0 3 165 1 46.80 1517 €66 19 0 630 7.8 2855 21 .3 698 21.3
BLADE ELEMINT DATA ROTOR OUTLEY / STATOR INLET
IMMLR W wu BETA c2 cv c ALPHA
R ML FPS MPS FPS DEG MPS FPS  MPS FPS  MFS_FPS_ DEG
1.0 300 98 4 261 €97 60 4 14 2 48 3 37,0121 7 399 130,868 ~68. D™
.0 /0.2 99 7 G0 £%.4 58,2 15,4 B0 S 37,1 121.7 40.0 131.8 67.3
3.0 P80 9% 8 238 Th 4 LA 7168 55 3 39,1 108.4 40 G 139.8 66.5
e 0 PAP A% A 2R TR A B2.2 17 0 88 6.39.9 170 G 43 6_143.7_65.6
8.0 200 00 L 008 L7 78081876 T61707a0TS 13,0 A4 0 a8 T ed T
7.0 30 7 100 8 23,6 ?7 6 50, 1 19,7 64.%5 30 0 1280 93.7 143.3 63 1
10.0 32 6 107 1 23,90 &1 6 49.% 21,1 €9 2 37,85 125 0 42 0 14).2 ©GO. 4
—_— ‘t‘: 0_ A V'.';Hu a ?,7 & 9n .‘“ 48 7 BRI | 75 9_34;4 11 @ - Q j;"’ ? 04 ?
QO 0 B8 £ 120 3 007 04 2 776 26N TN 07?7 102 31 8027 37BN T
B0 0 38,4 100 3 07,9 0D 96,2 26.C 872 AD.€ 10 0 401 138.0 B0.7
B0 0 3G 4 1189 & 25 3 &> 8 43 8 POO3 8G.D 33,3109 3 42 4 1391 HY. 6
_.70.0 23 4 100 % 50 0 703 41,2 2001 B2 D 3.6 12 6 AP T 140 P 84 0
80.0 H1. .7 103 9,04 . £TTA0T0 04 27 TYW :; A% 3 1IN 079 8 YW S TRETET T
8.0 30 J4 99 8 19 3 A4 D A9 4 3.9 72 0359 1177 4.9 140.7 66,7
$0.0 89 .9 9 S 18,6 61 O A Y1 208 74.8 6 2 110 G 40,7 140.2 S?.6
83,0 703 65 1 1240 BT 2 6 Q23 ¢ 7723 37 1 101 6 43 9 14,1 B7.4
-SSR VRS I R T O S YO S S G JONC BT O B TR I S I PR A IR N R I R I 0
6.0 203 86 2 16 0 DA 32946 60 6 I8 Q10D J AN 149 1 871
B0 86 O3+ 194 S0 A 323249 79 3 I8.8 10, 1 457 1498 BT.9
~P 0 T7T A B0 Q1A 8 A8 3.6 231 79 7 392 1578 G AN 8 149,399 4
BLADE FIEMENT DATA  STATOR OUTLET
ITMMER w wu BETA ¢ cuU (4 ALPHA
: £ MK PS8 MPS fES  DFG MPS FPS MPS PSS MPS FPS o a
1.0 4 10 8 % 2 100 8 21,8126 080 3 8% 27919 7 646 v s
2.0 57 4100 S S 1787 70.918.7 612 86 284700 6°D 2408
3088188 P81 174 GBI 7 GIL RO IOA L6 PO 244
A0 DT A Y VR N8 G R 8 GRS S Y 31 Al a ) oy o]
I NP RO I O T e I N TR N Tt B O U ™ S VR BEPUIUE TR SO S Bt
7.0 80 7 106G OB B ITO 0 GH 820 D6 108 3L 8K Al L D
100 8L € 100 B 2 4 1% 3 61 8 038 27 2 11 @ 20 2 M 4 BL O 766
L1 0NN e ) A3 0 1L 6 63T 0 @YY D0 A0S 07D 81 A pE 2
QO 0 Bt L 1 @ %0 3 e 0 I TR 1Y AT P TR paTeTTT
300 B0 LAY MO IO LSO A A S I0OD 32084 93 .6
DO O G 0172 042 1 1L €6 GO G T A 86 L IT G 23T 6 D08 B4 A A4
I U BT T BRCA L T I T T X I U S TN YR L BN 1 - S B S T SRR S S
LSUNCNNE R B N KU P O L I PO S XTI PR S . Y O 1 I S 7 W PR R OR aiO WP it
B3 0 D e 2 AX D 18 B LN BN ? AL, 9 AN G pd T
COMVEE L LT O I R TV B L I I O L I TR PN B LA THRVL I S Y o O Pa G
Lo ARSI KO L B P PO SRR L S S TS I T B 2t W S R s B YYRR PO I S SR SN
BH.O Al BT 0 A 6 1 8 TG Y NS NI e N 2T TuR g oy TR YT e T
RE O L8 & 108 2 40 8 100 6 60 0 Sed 01T TP oN T B fu?
PO A6 D 180 643 D 141 6 LAV QT N AN08 4L 0 A TR e G
98 .0 47 8 1%L 0 43 I VA2 0 G4 8 20 2 GG 4 10 ? Weoprw g




Table 35. BKlade and Vane Element Porformance for Rotor A/Stator A,
Four-Stage Configuration, Flrst Stage Tested, Design Point
Throttle.

ROTOR RLADE ELEMENT PERCORMANCE

*

{MMFR WHIFL RFL . L NSS 1088 REL. DIFF. RFL.. INCID, DEV,

- (%) SPLED TURNMING  €OFF .  PARA. MAGH FACT. MACI AN ANOLE
MPS TIPS ANGI NO. NO DES’. TDEG
nr.a IN ouT
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. # See Figure 85 and Table 31 for loss coefficients computed from
' relative total pressure measurements.
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Table 136,

Blade and Vane Eloment Porformance tor Rotor A/Stator A,
Four-Stage Contiguration, First Stage Tested, Peak
Efficieney Throttle.

ROTOR BLADF ELENENT PERCORMANCYE

IMMOP WHEFL RCHL. . 1oss® 1088 REL. DIFE, RFL, INCID, DEV,
%) SPEFD TURNIN® COf F. PARA . MACH TACT. MACH ANOLF ANCLF
Mrs FPS ANGLF. NO, NO. nEn nee
NEG IN ouT
1.0 G4 6 211,89 3.4 O.019 0,016 0. 160 0 435 0 100 5.7 0.4
2.0 64,5 211,583 9.0 Q.08 0.0 0,161 Q. .9% v, o0 -6, 14,9
3.0 61.4°211.02 11,9 0196 0,113 0,162 0 620 0,006 7.0 1.
4.0 64.3 210 9 13,2 0 1472 0.131 G164 0,633 0,099 =-7.7 0.3
5.0 6G4.2 710 53 141 O 168 0. 1% 0 166 O 639 0,000 -8 7.9
7.0 64.0 209 91 14.8 0.176 0 1G4 0 168 0,627 0,098 8.5 6.6
10.0° 63,7 208 99 1a. 9 0159 0,147 0,170 0,59 0,103 -8.9 5.8
15.0 6.2 20740 15,1 0.0G60 0.086 0,170 0,490 0.116 -9.1 6.2
20.0 62,7 205,80 18,6 0.036 0.024 0.169 0,474 0,117 -8.8 5.1
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ey 0 eh.al oaf W TarTg 0100 0,107 0.147 0646 008y 3.4 3.6
08.0 &% & 20 o 327 a3 0.128 0,147 0.671 0.083 -3.4 3.
TOROUE = 02 3 IN. LB ) ‘ o
* See bPigure 88 and Table 31 tor loss coetticients computed trom
relative total pressure measutrements,
STATOR VANE ELENMENT PUCRIEORMANCE
IMMIER wilF L ARS. ARS | ARS NCTD DRV, LOS8 1 O8S DIFF.
X seLen TURNING MAC't  MACH Nt F AMOE . COLF . PARA. FaCT,
M8 TS AN T NOY, NO DEG G s : :
(RIS IN oL
I OO O RS T N S LANRRE SR T O, 1t0 O 00 406 16 G 0 Q0O O Q0G0 G265
A L B G R I L QO 11y 0 CCd R Hoo 0 L3N 0 1TH0Y 0 GR30
3.0 G001 Y 3h @ O t1a 0oern oG 1% 2 0 Td 01086 0. 6718
40 G132 e 3B S (LI AR A B R Ay S04t s 0 aad 0 19a” oL 6d4al
8 0 Gt 2 210 "R 31,8 O 1 0 083 1.0 14 6 O 1867 0184 0. 6087
TO61 0 a0 9 a3 (A2 RS I S Y (A U B TR I IR T LS T I 1 P I | B S A B
10.0 62 anaa a7 O 171 0083 -1 0 13 a QOG0 AaTh D Hlas -
190 6 0 a7 a0 0 ) O 1.0 0080 s ° | RS TS ECEC B B R B PR S A IR A | ’
ALY IS TR CPRRRRASIPATE L TR BEPA N B o} O 100 0P Hnoa ST SNL UEPRTCI B BS AP A AR IRLF IS}
TN IS I U P o LI AR BRI g0 L S T W KA FI NS SRR FROE SRS IR FINN N
0.0 O # ion on cu ) O 104 0 ney RUP, N N T TS TR DI S IO U S B LTS
SO0 N At o nay 2t g AR BAASA B R R [N a9 RIS SRS T a TR TRURIL BN SRR 11
BO 0 HG Y e 't Mo OGO o8y 36 [ T R Y L R A R PR
A% 0 He o e e 30 1 O YR O anG AR} ] IR LEYIE RN S IR AR LSS IR TR T
A0 Hh o TER N KIAN:] RPN F v [N VoA iad g g ol
02 0 Hh G BT T b O 1ot 0 oo oot LS Yo Yy 1ant
Q% 0 HY oy Tt g Sa AT Y6 TS RN RS R A ’ PR S T N A I T E T TN
OG0 Dh ot s ey O ws 0 n o ) B Ty haty
I IR TR N I U T YA N AR | O a0 Oh . T T T T
o8 0 LL T8 A ) LB 0 1 00 I S S S S S S N R A IE BEA T A K
160
e T s Lo E e R O
oL < .. “ ° - % o= p— ¥



Table

37'

Four=Stape Conlipuration, Firsd

Rise and Near Stall

Thrott le.

E:. 1O U ang FEDNENT £ R ORMANCE-
MM F WHED L RCL 1ass® oy
(A} ST ED T IRMT MG COr FARA
MES FINS ANCYLE
[R1 %}

1.6 3 » 200 1 10,3 0O, 1%) 0 106
a0 (7% 2 BEPR TR B | oyt [IC I [ T I
A0 G 0 W 13 8 (A RS (I P!
qd4.0 [ERAINEY IERA R T AR A 1.3 O, (0 0, e
5.0 68 ™MMG 17 16,0 Q.20 oAy
7.0 G, 7 205 S 1.0 Q. 1an 0o 1ae
1o, < e GG T e O, 8 0Tl
B [ o | e 0, 1oy o oran
WY [ R B Yoo (RIS I I [ LA
TR NS (R IR IEER A P 1., [P (R
(YOI T [RET B I S R R
A0 O o 10 ' B B (R I 0D Y T
RO 0 T e ey Q.00
8y 0 v O RN (AN [REERIE
AT L B R T R S TS AURRE B EREY
[ I AR - ' \ . ey § o nn.' Yoty
RSN ] ‘N P v, ER | (S I DA ] TRIEE IR
tis 0 ool [ I o] 0o
I T T T TS Y T N RO TR B S SRR TR
an N LR B R B | M| [ i ¥ or1.

T

S v M N

*  See Figure Bbh and Tal I
relative total pressire

o0 (7 O T T A PR
[RENE A LYER A
. H (3] IR 1! ]
FR § i i i)
LR !
[ ' ) ' ; "
SN t . “ [l
30 R ' N i i ]
Sd00 Lo ' 13 '
GO S o Y
RS ' ' : oo '
1o oo ot S i
1H 0 u , A AN ‘
SN v and “ o
(AR . i o vy Lt
a0 ta v [
a A \ ) v o
o . 1 v ’ A
P ) o [ 0
vy Al B
Coa i Y
o0 A ' R !
8 ‘ H [ * 0
sy ¥ ' H ’ M [ ]
Gy DY) T, 0
o - ua TR
»
. 2 -]

Blade and Vane Flement Perfarmance for Rotor A/Stator A,

Stape Tested, Peak PMressure

RFL .
MACH|
MY,

IN

0, 19548

0 1aa
(R EEYR
0 1wl
O, 162
0 164
O 1
oo
[ Y
(R AN
t Thn
LA B RN
(AN RPN
LI YA ]
' I I
LI

5 T T Y
AN
Vo
Yoot

Nyt
A
o0 S
oL GT7
' B
[ A
[N B
(A EY Dad
0 oG
A RETIEN
L I
A REYAT3
(AR
Ny
[REERS RS
(R EIR A
Yy e
“ ot
R I
[ 'tV\
N el

11 tor loss oo tticients computed from

measuteto it

[ | t
S

S TR
o

0

’

s

1 «

) 0o
'

H o
' P T

. 0
AR

1 [ ]

REt INMCIN. NEV,
MACHE ANy ¢ ANGY|
NO NEG mao -
ot
0 Nne -3. " 17.0
N nng P I | 1%.9
oo -8 2 1.3
0, g ~6,1 8 8
n.aLy -6,.6 7.9
0.8y -7 .0 G.9
Mmoo T -sd T6.307
(L NERS PR H. 9
(AN | =00 8.6
0N -Gl 5.8
TUNR NS BN <! 7.2
[RIES K 1aY T a a.Q
WS IND | I 8.4
0noenT a0 RING
0one 3. o, !
RENE A G, 4
(AR VLB A\ V.7 ‘
oo 1.9 3.9 .
nonag 1.3 ].8 :
[ IRIEY -1.8 3.0 '
|
booe e Ly, (RN
gt tata b
N ' L B [N TR R FYR B
(R ) IS I ““,‘
I a o
[ t) o ] AR
Al ' ' [ i .‘
M
A\ I ‘o
e . “
\ ' 0
IR [} . R 1y
I a0 'R
' : o ‘ RN
Al [ ' i LA |
( " b e
. AN ' \ H Al o
161
s 2 Y/ - °



1
;

9.0 REFERENCES

Wisler, D.C,, "Core Compressor Exit Stage Study, Volume T -~ Rlading
Design," NASA CR-135391, December 1977,

Wisler, D.C., Koch, C.C., and Smith, L.H,, Jr., "proliminary Desipn Study
of Advanced Multistage Axial Flow Corv Compressors,"” NASA CR-135133, Feh-
ruary 1977.

Koch, C.C., and Smith, L.i., Jr., "Loss Soirces and Mapnitudes in Axial-
Flow Compressors,” Transactions of ASME, Journal of Engincering for Power,
Vol. 98, Series A, No. 3, July 1976, page 411,

Lakshminarayana, B., and Horlock, J.H., "Leakage and Secondary Flows
in Compressor Cascades," R&M No. 3483, Dept. of Mechanical Engineering,
University of Liverpool, London, England, March 1965.

H
RS o ai e e LT temmm e e P I e
T ST D T S S T TN T ok - Snars
< . - d B . °
%b&w [ » . . "5 / u‘2 .- o . o



