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1.0 SUMMARY

The objectives of the Core Compressor Exit Stage Study Program were
(1) to develop improved airfoil shapes for reducing endwall losses by a goal
of 15% compared to current technology levels and (2) to determine whether
single-stage test results can be used to predict multistage compressor per-
formance. The General Electric Low Speed Research Compressor was the prin-
cipal tool used in this program., Tests were conducted in both multistage
and single-stage configurations.

Airfoil shapes and vector diagrams were developed which gave an improve-
ment in compressor performance relative to the baseline Rotor A/Stator A
blading. The following test results were obtained., All data are given
relative to the baseline performance.

° Rotor B used airfoil sections in the tip region that unloaded the
leading edge and loaded the trailing edge relative to the baseline
Rotor A. Running with Stator A, Rotor B showed a 0.24 point improve~-
ment in efficiency at the design point,

° Stator B used a vector diagram that incorporated high stator exit
swirl angles and hence lower axial velocities in the endwall regions
relative to the baseline. This required blade sections which were
twisted closed locally in the endwall regions. Running with Rotor
A, Stator B showed a significant improvement in the pressure-flow
characteristic near stall and a 0.4]1 point improvement in design
point efficiency.

° Rotor B running with Stator B showed the same significant improve-
ment in the pressure-flow characteristic near stall and a 0.30-
point improvement in design point efficiency. The range of the
high efficiency region first obtained with Rotor A/Stator B has also
been maintained.

. Rotor C used a vector diagram that had a hub-strong total pressure
profile and used airfoil sections in the tip region designed to com—
pensate for the effects of secondary flow and tip leakage. Running
with Stator B, Rotor C produced a 0.48 point improvement in effi-
ciency at the design point.

° Stator C embodied airfoil sections near the endwalls that had
reduced trailing edge loading and increased leading edge loading
relative to the baseline. There was a slight loss in design point
efficiency and a 0.30 point loss in peak efficiency for Stator C
running with Rotor A.




Meeting the goal of achieving a 15% reduction in endwall loss was only
partially successful. The most improvement in efficiency obtained was 0.48
point which amounts to about a 107 reduction in endwall losses, assuming the
endwall loss is one-half of the total loss.

The use of single-stage test results to evaluate multistage compressor
per formance meets with some difficulty. Significant differences were found
in pressure-flow characteristics when single-stage results were compared to
multistage results. The downstream stages pulling on the first stage appears
to have a stabilizing effect on the first stage. In addition, because the in-
let guide vanes do not load-up like stators do when a compressor is throttled,
the inlet conditions to a single stage are different from those to an embedded
stage during throttling of the compressor.
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2.0 INTRODUCTION

Preliminary design studies of advanced turbofan core compressors (Refer-
ence 1) have indicated that such compressors must have very high efficien-
cies, as well as the advantages of compactness, light weight, and low cost,
in order for advanced overall engine/aircraft systems to have an improved
economic payoff. Assessments of loss mechanisms, such as those of Reference
2, suggest that approximately half of the total loss in the rear stages of a
multistage compressor is associated with the endwall boundary layers. Since
only a relatively small amount of past research has been dedicated to the
problem of finding improved airfoil shapes for operation in the endwall bound-
ary layer regions of multistage compressors, it is believed that substantial
improvements in that area are likely. Accordingly, a goal of a 15% reduction
in the endwall boundary layer losses of rear stages, compared to current tech-
nology levels, has been set. The Core Compressor Exit Stage Study Program
was directed at achieving this goal. Blading concepts that offer promise of
reducing endwall losses have been evaluated in a multistage environment.

This report summarizes the results obtained in the program and then addresses
three major issues. First, do some novel types of airfoil sections or blade
setting procedures give lower losses than others? Second, do some types of
vector diagrams give lower endwall losses than others? Third, how does the
performance of a given stage tested in the multistage environment compare
with the performance of the same stage tested as an isolated stage or as a
front stage?



3.0 PROGRAM DESCRIPTION AND OVERALL RESULTS

The Core Compressor Exit Stage Study Program had the primary objective
of developing rear stage blade designs that have improved efficiency by
virtue of having lower losses in their endwall boundary layer regions. The
program was conducted in the following manner: First, an advanced technology,
high-speed core compressor was selected as a representative compressor for
modeling purposes. Next, a low-speed aerodynamic scale model of one of the
rear stages of the high-speed compressor was designed as a baseline stage and
tested in the General Electric Low Speed Research Compressor. Candidate
bladings, which had the potential of reducing endwall loss and hence improving
per formance, were also designed and tested. Then performances of the various
blading designs were evaluated and compared. Performance improvements were
documented.

In this section, the technical approach used to design and evaluate the

baseline and candidate bladings to achieve the goals of the program is dis-
cussed and the overall performance results are presented.

3.1 LOW SPEED MODELING AND TESTING CONCEPT

The low speed modeling and testing concept is based on aerodynamic simi-
larity. Fundamental fluid dynamic principles and reasoning are used to obtain
normalized airfoil surface velocity distributions, vector diagrams, reactions,
aspect ratios, solidities, and Reynolds numbers for the low speed blading that
are the same as those for the high-speed compressor. This low speed model
is then tested in General Electric's Low Speed Research Compressor (LSRC)
facility where the principal advantages of large size (1.5 m diameter) and low
tip speed (60 m/sec) enable very detailed data to be obtained and precise
identification of aerodynamic losses to be made without risk of instrumenta-
tion blockage effects. It is very difficult to determine these losses in a
high speed core compressor where blade heights of the rear stages may be quite
small. With the rotor chord lengths of about 9 cm that result from use of a
radius ratio of 0.85 and an aspect ratio of 1.2, the blade chord Reynolds
number is about 360,000. This is approximately half that existing in high~
speed compressors operating at subsonic altitude cruise conditions and is
close enough to provide a proper simulation.

The details of the low-speed modeling concept are presented in Volume
I (Reference 3).

3.2 LOW SPEED RESEARCH COMPRESSOR

The General Electric Low Speed Research Compressor (LSRC) facility was
used for this test program., The LSRC configuration, shown schematically in
Figure 1, consisted of four identical compressor stages having a constant
casing diameter of 1.524 m (60 in.) and a radius ratio of 0.85.



A photograph of the LSRC is shown in Figure 2. A detailed cross section of
one stage is shown in Figure 3. The airfoils are 11.43 cm (4.5 in.) in span
and approximately 9 cm (3.5 in.) in chord -large enough that blade edge and
sur face contburs can be closely controlled during manufacture. The blade and
vane contruction resulted in hydraulically smooth surfaces at the Reynolds
numbers necessary to simulate high-speed compressor performance. Single-stage
configurations were also tested.

The nominal rotor tip~clearance-to-blade-height was 1.36% and the stator
seal-clearance-to-blade-height was 0.78%. Circumferential groove casing
treatment was applied over the tip of only the first rotor to assure that
Stage 1 would not be the stall limiting blading.

A detailed description of the LSRC facility, the instrumentation, and
the data reduction/analysis methods is presented in Volume II (Reference 4)
Sections 4.1, 4.3, and 4.5, respectively.

3.3 TEST STAGES

The baseline Stage A was 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 1). The low speed model-
ing was accomplished by modifying the camber line of the low speed airfoil
sections so that the dimensionless suction surface velocity distributions
of the low speed sections were similar to those of Stage 7 of the AMAC com-
pressor. The baseline Rotor A consisted of airfoil sections having modified
circular arc meanlines and circular arc thickness distributions. The base-
line Stator A consisted of airfoil sections having a 65-series thickness
distribution on modified circle arc meanlines. An IGV was designed to give
the required preswirl to the fluid entering the first rotor in order to
achieve a multistage environment in as few stages 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
(Reference 3).

Rotor B was designed to the same set of vector diagrams as Rotor A, but
used a type of meanline in the tip region that unloaded the leading edge and
loaded the trailing edge relative to Rotor A. Low-speed test results had
indicated that very small rotor wakes are present in the tip region of rotors
similar in design to Rotor A. This region should therefore be able to take
higher trailing edge loading without undue risk of separation. The modifica-
tion to the tip region was blended into the pitchline so that Rotor A and
Rotor B were identical from the pitchline to the hub. A photograph of Rotor B
and a comparison of Rotor A and Rotor B tip sections are shown in Figure 4.
The details of the design are presented in Volume I (Reference 3), and addi-
tional results are presented in Volumes III and IV (References 5 and 6).

Stator B embodied blade sections twisted closed locally in the endwall
regions similar to those used in a highly loaded NASA single stage that had
rather good performance for its loading level. Different vector diagrams



were calculated to account for the high values of swirl angle near the end-
walls. The appearance of Stator B is quite different from that of Stator A
because of the twist gradients and because the vane was stacked at 30 per-
cent chord from the leading edge in order to reduce the leading edge lean
angle. Photographs of Stator B are shown in Figure 5. The details of the
design are presented in Volume I (Reference 3).

Rotor C was designed to produce a radially nonconstant distribution
of total pressure of +24% of stage exit pitchline dynamic head, as com-
pared to the $9% distribution of Rotors A and B. This produces a higher
axial velocity in the hub region relative to Rotor A. The airfoil shape in
the Rotor C tip region was designed to compensate for the effects of secondary
flow and tip leakage by producng a smoother suction surface velocity distribu-
tion when these effects were present. A comparison of the Rotor B and C air-
foil tip sections is shown in Figure 6. The design details for Rotor C are
presented in Volume V (Reference 7).

Stator C embodied airfoil sections near the endwalls that had reduced
trailing edge loading and increased leading edge loading relative to Stator
A. A photograph of Stator C and a comparison of the Stator A and Stator C
airfoil sections are presented in Figure 7. The airfoils were designed to
the same vector diagram as Stator A. The design details are presented in
Volume I (Reference 3).

3.4 TEST PLAN

The overall test program was divided into four parts as outlined in
Table 1. The first part involved extensive testing of the baseline blading,
Stage A, which consisted of Rotor A/Stator A in both four-stage and single-
stage configurations. The test results can be found in Volume II (Reference
4) of this series. The second part involved a series of short screening
tests to select the best rotor design and the best stator design based on
tests in four-stage configurations. These test results can be found in
Volume III (Reference 5). The third part involved extensive testing of the
best rotor and best stator designs which consisted of Rotor B/Stator B in
both four-stage and single-stage compressor configurations. These test
results can be found in Volume IV (Reference 6). The final part of the test
program consisted of extensive testing of the Rotor C design in a four-stage
configuration with Stator B; these test results can be found in Volume V
(Reference 7).

Eight types of data were taken at various times during the test program:
stall determination 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 determination data yield the stalling throttle setting by observing
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
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characteristics and efficiency measurements based on casing static pressure
rise, measured airflow, and measured torque. Standard data provide compressor
per formance based on mass—averaged total pressure rise from Rotor 1 inlet to
Stator 4 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 Reynolds number levels of engines. Blade surface pressure data pro-
vide a means of determining regions of favorable leading edge loading (inci-
dence), rates of diffusion, and regions of separated flow on the airfoil.
Blade element data give blade element performance and stage vector diagram
quantities based on total pressure, static pressure, and flow angle measured
in a matrix of circumferential and radial locations. 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 1% of blade height to either endwall. Evaluation and comparison
of all these data from the various configurations have provided a means of
assessing the effectiveness of the partlcular design approaches employed for
reducing losses in the endwall region.

3.5 OVERALL PERFORMANCE RESULTS

Overall performance comparisons for the various blading configurations
tested in the Core Compressor Exit Stage Study Program are presented in this
section and tabulated in Table 2. The overall performance was determined from
preview data and standard data. Test data are presented as graphs of pres-
sure coefficient, work coefficient, and torque efficiency plotted as a func-
tion 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 ratio of 0.78%. The test Reynolds number was 3.6 x 109, As
discussed previously, casing treatment was applied over the tip of the first
rotor only to assure that Stage 1 would not be the stall limiting blading.

3.5.1 Baseline Rotor A/Stator A

The overall performance of the four-stage Rotor A/Stator A configuration
is presented in Figure 8 and tabulated in Table 2. The design intent pressure
coefficient of 0.556 has been achieved at the design intent flow coefficient
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 coef-
ficient of 0.388, and peak pressure rise occurs at a flow coefficient of
0.364. At values of flow coefficient less than 0.364, the pressure flow char-
acteristic rolls over and flattens out until a crisp rotating stall occurs.
Additional performance details are presented in Volume II (Reference 4).



3.5.2 Rotor B/Stator A

The performance of Rotor B, which has a tip section that unloads the
leading edge and loads the trailing edge relative to Rotor A, is compared to
the performance of the baseline Rotor A in Figure 9 and in Table 2. Rotor B
and Rotor A are both running with Stator A. The important feature of this
per formance comparison is the 0.24 point improvement in efficiency obtained
at the design point and at higher flows with Rotor B. Additional performance
results are presented in Volume III (Reference 5).

3.5.3 Rotor A/Stator B

The performance of Stator B, which embodies twist gradients in the end-
wall regions, is compared to the performance of the baseline Stator A in Fig-
ure 10 and Table 2. Stator B and Stator A are both running with Rotor A.
Two important features of this performance comparison are (1) an improvement
in efficiency at every flow tested using Stator B with a 0.41 point improve-
ment obtained at the design point and (2) a significant improvement in the
pressure-flow characteristic obtained near stall using Stator B. The 3.2%
improvement in peak pressure coefficient and the 5.4% improvement in flow
range from the design point to the peak pressure rise point result, in part,
from more favorable airfoil pressure distributions, especially near the hub.

Consideration of stage matching was reviewed. During the design of
Stator B, reported in Reference 3, a stage matching analysis was conducted to
see if a new rotor might be needed to match the Stator B vector diagrams.
However, upon comparing the rotor inlet relative air angles that would be pro-
duced by Stator B with the Rotor A design air angles (Reference 3, Figure 10),
it was concluded that Rotor A was well matched with Stator B. Differences in
air angles were negligible except in the endwalls where, near the casing, the
Rotor A relative air angles were less than those required for Stator B, vary-
ing from zero degrees less at 107 immersion to 3° less at zero percent immer-
sion. The differences at the hub were less than 1.5°. New rotor blading
could not be justified for these small localized differences in rotor air
angles seen near the endwalls. Rotor endwall diffusion factors were calcu-
lated to be 10% to 15% higher.

The 6% increase in stalling flow coefficient for Stator B is not thought
to be too significant, especially in view of the 5.4% improvement in flow
range from design to peak pressure rise, since rear stages of this type often
do not operate beyond the peak pressure rise point in a high—-speed compressor.
Also, there is a very slight increase in pumping for the Rotor A/Stator B
configuration. Additional performance results can be found in Volume III
(Reference 5).

3.5.4 Rotor B/Stator B

Since the Rotor B design and the Stator B design both showed a perfor-
mance improvement when compared with the baseline, a four-stage configuration
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consisting of Rotor B/Stator B was tested. The performance of this configura-
tion is compared to the performance of the baseline Rotor A/Stator A configu-
ration in Figure 11 and Table 2. The performance of the Rotor B/Stator B
configuration generally follows that of the Rotor A/Stator B configuration but
with slightly higher efficiencies at flow rates larger than design flow and
slightly lower efficiencies at flow rates smaller than design. When compared
with the baseline, Rotor B/Stator B shows (1) a 0.30 point improvement at the
design point and (2) a significant improvement in the pressure-flow character-
istics near stall. Apparently the efficiency gains achieved individually by
Rotor B (0.24 point) and Stator B (0.41 point) are not additive. Possibly the
higher trailing edge loading inherent in the Rotor B tip section causes more
loss when run in the higher rotor endwall loading environment of the Stator B-
type vector diagrams than when run with the more conventional Stator A-type
vector diagrams. The 2.87 improvement in peak pressure coefficient and the
5.4% improvement in flow range from the design point to the peak pressure point
result from a more favorable pressure distribution on the stator, especially
near the hub. The 5.47% improvement in flow range from design to peak pressure
rise obtained with the Rotor A/Stator B configuration has been maintained.
Rotor B/Stator B was selected as the '"Best Stage' because, in addition to the
improvements shown at low speed, an added efficiency improvement might be ex-
pected at higher Mach numbers due to the reduction in peak suction surface
velocity on the tip section. Comprehensive test data are presented in Volume
IV (Reference 6).

3.5.5 Rotor C/Stator B

The overall performance of Rotor C is compared with that of Rotor B in
Figure 12 and Table 2. The pressure-flow characteristics are nearly identi-
cal, but Rotor C stalls at 2% lower airflow. This could be because the first
rotor tip is governing and the Rotor C tip is more closed. A 0.18 point
improvement in efficiency is apparent with Rotor C relative to Rotor B at
flow coefficients larger than the design point. (Note: Relative to Stage A,
a 0.48 point improvement in efficiency was obtained with Rotor C/Stator B.)

A small improvement in overall peak efficiency and an increase in the range of
the high efficiency region is obtained with Rotor C. An additional 0.14 point
in efficiency should be credited to Rotor C compared to Rotor B to adjustment
for tip clearance. Rotor C actually ran with a slightly larger rotor tip-
clearance-to-blade-height of 1.53% compared to 1.43% for Rotor B. Comprehen-
sive test data are presented in Volume V (Reference 7).

3.5.6 Rotor A/Stator C

The performance of Stator C, which has reduced trailing edge loading and
increased leading edge loading near the endwalls, is compared to that of Stator
A in Figure 13 and Table 2. Stator C and Stator A are both running with Rotor
A. There is a 0.3 point loss in peak efficiency using Stator C. The slight
loss in efficiency for Stator C at the design point is within experimental
accuracy. Stator C shows no obvious advantages over Stators A or B. The test
data are presented in Volume III (Reference 5).
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4.0 EFFECT OF BLADE SHAPE

In this section, the effect of blade profile shape on compressor perfor-
mance is examined. Three different airfoil profile shapes, Rotor B tip, Rotor
C Tip, and Stator C hub and tip described in Section 3.3, were tested. Gener-
ally speaking, the airfoil profiles were modified in the endwall region rela-
tive to the Stage A baseline, and these modifications were faired to the
original baseline shape in the midstream portion of the annulus (30% to 707%
immersion) .

4.1 OVERALL PERFORMANCE

Rotor B and Rotor C both produced modest improvements in compressor
efficiency, as shown in Figures 9 and 12, with relatively little difference
in the shape of the pressure-flow characteristic. In both cases, modifica-
tions to the rotor tip section were made. For Rotor B, in which the leading
edge was unloaded and the trailing edge was loaded relative to the baseline,
as shown in Figure 4, there was a back-to-back test using the same Stator A
and the same vector diagram type. Consequently, the performance improvement
of 0.24 point in efficiency at the design point could be attributed to the
airfoil profile modification. At lower flow coefficients between 0.37 and
0.39, the efficiency with Rotor B is lower than that with Rotor A. For Rotor
C, in which both a modification to the airfoil profile (as shown in Figure 6)
and a vector diagram change were made, the cause of the performance improve-
ment of 0.18 point in efficiency relative to Rotor B at design point was not
clear. ‘

Although the 0.41 point improvement in operating line efficiency and
the substantial improvement in pressure-flow characteristics near stall using
Stator B is classified as resulting from a vector diagram change, an interest-
ing comparison is shown in Figure 14. The pressure-flow characteristics are
plotted for Stage 1 of the four-stage configuration and for the average of
Stages 2, 3, and 4 of the four-stage configuration consisting of Rotor A/
Stator A and Rotor A/Stator B. Since both configurations are operating with
the same Stage A type inlet guide vane, the first rotor sees the same A-type
vector diagram conditions at the inlet in both cases, and the first stator
of either type sees Stage A-type inlet conditions. The Stator B end-bends
permit a higher pressure coefficient to be obtained near stall. In Stage 1,
Stator B runs with low incidence angles and low loadings in the endwalls, and
the strengthening seen in the Stage 1 characteristic is thus due to these
factors and not due to the change in vector diagram. In the rear stages,
however, the repeating stage environment is established, and the rear stages
are not unloaded in the endwalls. The data in Figure 14 show a significant
improvement in the pressure-flow characteristic near stall for the rear block
average. Consequently, although some of the performance improvement obtained
using Stator B could be due to the use of the Stage A-type inlet guide vane
with Stator B, a larger part appears to result from the vector diagram change.



The blading modifications for Stator C, which produced an increased lead-
ing edge loading and a reduced trailing edge loading, resulted in a modest
efficiency penalty of -0.05 point at the design point and -0.30 point at peak
efficiency compared to Stator A when both were run with Rotor A.

In order to understand the reasons for the performance changes obtained,

the details of the flow field were examined more closely as discussed in the
next section.

4.2 BLADE ELEMENT PERFORMANCE

Variations of loss coefficients, deviation angles, D-factors, incidence
angles, and total pressures were plotted for all configurations tested. These
are shown at design throttle setting in Figures 15 through 19 and in the
Appendix Figures Al through A5. Attention was paid to trends in the endwall
regions to see what effect different blade shapes had on loss coefficients,
etc.

The radial variation of rotor and stator loss coefficient are shown in
Figure 15. It is clear from the figure that rotor loss coefficients for all
three configurations are nearly the same. Apparently the changes in loss
coefficient resulting from the changes in blade shape were not large enough
to be measured. On the other hand, the stator losses are larger in the
endwall regions for the Rotor A/Stator A configuration than for the others.
In fact the hub region of Stator A clearly has higher losses than those of
Stator B. However, this most likely results from a vector diagram change
that will be discussed in Section 5.2. Note that the Stator B loss coeffi-
cient is lower with Rotor C than with Rotor B, so maybe the higher efficiency
of Rotor C is due more to vector diagrams than to the different rotor tip
airfoil shape.

The deviation angles, diffusion factors, and incidence angles presented
in Figures 16 through 18 show that Rotor C is operating with slightly higher
deviation angles and diffusion factors in the tip region and slightly higher
incidence angles in the midspan region. But there are no clear indications
of the causes for improved performance in the rotors. In Figure 18, the lower
incidence angles of Stator B running with Rotor C may explain part of the
per formance improvement for that configuration.

The radial variation of normalized total pressure at the compressor dis-
charge is shown in Figure 19 for the various blading types that maintain a
constant total pressure. Rotor C will be treated later. As expected, there
is no meaningful difference in the pressure profiles due to the blade shapes
tested.

Since the gains in efficiency were modest, being from 0.1 to 0.4 point,
it is not surprising that any effect of changes in blade shape on the radial
variation of these blade element parameters was lost in the data scatter.
Consequently, one could not identify the precise causes for the performance
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improvement. The detailed comparisons are presented for completeness in the
Appendix, Figures Al through A5.

4.3 BLADE AND VANE SURFACE STATIC PRESSURE

Comparisons of measured static pressure distributions on the airfoil
surfaces for the various different blading shapes show that in each case the
intended pressure distribution was either achieved or nearly achieved. 1In
this section only those comparisons near the endwalls will be made, since
this is where the blading modifications are most apparent.

In Figure 20, a comparison of rotor surface static pressures is made for
Rotors A and B at 5% immersion. Both rotors are running with Stator A. The
design intent of unloading the leading edge region and loading the trailing
edge region relative to Rotor A has been achieved. Although Rotor B appears
to be running at slightly lower incidence angles, there is no clear indication
of the cause of the performance improvement achieved by Rotor B. The pressure
distributions for Rotor A and B near the hub, shown in Figure 21, are the
same. This 1s an expected result since both rotors have the same hub airfoil

section.

The pressure distribution in the tip region of Rotor C, shown in compari-
son with that of Rotor B in Figure 22, exhibits some of the "smoothing" on the
suction surface that was intended by the special airfoil sections, particu-
larly right at the leading edge. The data show that the forward third of the
blade has more loading and the aft portion has less loading than Rotor B, but
there is no evidence to indicate flow separation or other detrimental condi-
tions for either airfoil.

The pressure distributions obtained in the endwalls for Stator C are
compared with those for Stator A in Figures 23 and 24. Clearly, Stator C has
a larger airfoil loading near the leading edge and a smaller loading near
the trailing edge, as was intended. However there is no indication of an
increase in flow separation in Stator C that would explain its poorer effi-
ciency.

In summary, the effects of changes in blade shape on surface static
pressure distributions are readily apparent in the data, although there is no
clear indication in these data of the causes for improved or reduced effi-
ciency of the various designs. The changes in efficiency for the various
designs are small, and the correlation between these changes and the changes
in surface static pressure distribution are not straightforward for this

blading.



5.0 EFFECT OF VECTOR DIAGRAM TYPE

In this section, the effect of vector diagram type on compressor perfor-
mance 1s examined. Three types of vector diagrams were tested. The Rotor A/
Stator A type, described in Reference 3, had a radial variation of total
pressure which was somewhat higher-than-average near the hub and somewhat
lower—-than-average near the tip producing a %9% radial variation in stage
exit dynamic head. The Stator B type of vector diagram, also described in
Reference 3, incorporated higher stator exit swirl angles and lower axial
velocities in the endwall regions and higher axial velocities in the pitch-line
region relative to the Stage A type. This reduced the amount of flow passing
through the endwall region. The Rotor C vector diagram type, described in
Reference 7, produced a significantly higher total pressure from pitchline-
to-hub and lower total pressures from pitchline-to-tip than the Rotor A type,
but with the same overall average. The radially nonconstant distribution of
total pressure for Rotor C was designed to be +247 of stage exit dynamic
head compared to +97% for Stages A and B. The higher hub total pressure
increased the dynamic head entering all blade rows and helped reduce loading
in the hub region. Rotor C was tested with Stator B.

5.1 OVERALL PERFORMANCE

The Stator B-type vector diagram produced a significant improvement in
the pressure-flow characteristic near stall and a modest improvement in
efficiency across the whole flow range compared to the Stator A type as
described in Section 3.5.3, Figure 10. Although the Rotor C-type of vector
diagram and the several changes in blade shape produced similar modest
improvements in efficiency as shown in Figures 9 through 12, only the Stator
B-type vector diagrams produced this substantial improvement in the pressure-
flow characteristic. Evidence presented in the following sections indicates
that this improvement resulted from reduced separation and healthier flow in
the hub region.

The Rotor C-type vector diagram also produced a modest improvement in
compressor efficiency compared to the B-type as discussed in Section 3.5.5,
Figure 12. However, the reason for this improvement was not so readily
apparent.

5.2 BLADE ELEMENT PERFORMANCE

The radial variation of normalized total pressure including casing and
hub static pressure at the compressor discharge for various throttle settings
is presented in Figure 25 for the three different types of vector diagrams
tested. The pressure distributions for the A-type and the B-type are very
similar for the design point throttle and the peak efficiency throttle. How-
ever at the peak pressure rise throttle, the hub region begins to collapse for
the A-type vector diagram while the hub remains stronger for the B-type. For
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the C-type vector diagram, the strengthened hub profile is evident at all
throttles shown. Rotor C was not tested with an A-type stator, consequently
the effect of the strong hub with a more conventional radial distribution

of swirl is not known.

Presentations of radial pressure variations for the A- and B-type vector
diagrams at Stage 2 are shown in Figure 26. The difference between the total
pressures at the stator inlet and exit planes represents the loss. The rela-
tively higher losses at both endwall regions is seen in the figure. However,
the significant increase in loss from 507 immersion to the hub for the A-type
vector diagram near stall is clearly evident in Figure 26b. It should be noted
that the data in Figure 26b is for a throttle setting somewhat more closed
than that in Figure 26d since Stage A could be throttled to lower flows than
Rotor B/Stator B. This does not change the main message that Stator A hub
flow becomes worse than Stator B hub flow near stall.

Comparisons of the radial pressure variations for the B- and C-type
vector diagrams are shown in Figure 27. The significant hub strong tilt in
pressure distribution is apparent although no change in the loss coefficients
in the hub region is obtained as a result. A decrease in stator incidence
angle was observed, and this may be responsible for the small efficiency
improvement obtained with Rotor C/Stator B.

The radial variation of stator loss coefficient in Figure 15 also shows
the A-type vector diagram to have more loss than the B-type in the stator hub

region,

The loss coefficient, diffusion factors and deviations angles were plot-
ted as functions of incidence angle for all of the types of vector diagrams
tested. Particular attention was paid to examining trends in the endwall
regions to see what effect different types of vector diagrams had on loss
coefficients, etc. The most revealing of these trends is shown in Figure 28
where loss coefficient is plotted as a function of incidence angle. It is
seen in this figure that Stator A is operating at much larger values of
incidence angles and loss coefficients near the hub than the other stators
are, especially near stall. Figures 15 through 18 have already shown that at
the design point, Stage 3 radial profiles of incidence angle and diffusion
factor were not greatly different between Stages A and B, indicating that the
stages are equally well matched, but hub loss coefficients are higher in
Stator A.

However, except for this result, the detailed comparisons of this type
did not reveal noticeable trends or differences that would allow one to
identify the causes of the performance improvement. The gains in efficiency
were small, being on the order of 0.1 to 0.4 point, and any effect this had
in the radial variation of loss coefficient, diffusion factor, or deviation
angle was lost in the data scatter. These detailed comparisons are presented
for completeness in the Appendix, Figures Al through AS5.

14
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5.3 BLADE,  AND VANE SURFACE STATIC PRESSURE

Comparisons of static pressure measurements on vane surfaces at the end-
walls for the Stator B and Stage A-type vector diagrams are presented in
Figures 29 and 30. 1t is easily seen in Figure 29 that the Stator B hub is
operating with less leading edge loading and more favorable incidence angle
than the Stator A hub. In addition, from 70% chord to the trailing edge,
Stator B is operating with substantially less evidence of flow separation on
the suction surface than Stator A. This helps to show where the improvement
in performance occurred using the B-type vector diagram.

Interestingly, the comparison of surface pressures at the tip in Figure
30 show no significant difference with a change in vector diagram type. This
is further evidence that it is the change in the hub region which produces
the performance improvement,

Comparisons of the static pressure measurements on blade surfaces at the
hub for the Rotor C-type vector diagram are presented in Figure 31. Rotor C
has a bit more loading near the leading edge than Rotor B, but otherwise the
distributions are nearly the same. The stator pressure distributions were
also the same. Consequently, the cause of any performance improvement is not
evident in the surface pressure distributions.

Complete sets of surface pressure distributions are given in the Data

Reports (References 4 through 7) for all immersions and throttles tested.
The reader is referred to these reports for additional results.

15



16

6.0 SINGLE-STAGE VERSUS MULTISTAGE TEST RESULTS

In this section, the question of how the performance of a given stage,
tested in the multistage environment, compares with the performance of the
same stage tested as an isolated single stage or as a front stage is addressed.
To provide answers to this question, tests were conducted in both multistage
and single-buildups using Rotor A/Stator A and Rotor B/Stator B blading. The
detailed results of the test are found in References 4 and 6, and the main
results are summarized here.

6.1 OVERALL PERFORMANCE

Overall performance comparisons of the single-stage and multistage con-
figurations are presented in Figure 32 and Table 2 for the Rotor A/Stator A
and Rotor B/Stator B blading. For both blading designs, the single-stage con-
figuration pumps more flow than the four-stage average, and the single-stage
configuration achieves a higher peak pressure coefficient, as seen in Figure
32a and b and Table 2.. However, the peak efficiency of the single-stage con-
figuration is lower than that of the four-stage configuration.

It is suprising that the single-stage efficiency should be as much as
two points lower than the four-stage efficiency. As discussed in Volume IV
(Reference 6), much of this difference is probably due to inaccuracies in
measurement /evaluation of the tare torque of the four-stage configuration
relative to that of the single-stage configuration. This does not affect
the relative efficiency comparisons of all four-stage configurations nor
does it affect the relative efficiency comparisons of the single-stage con-—
figurations.

The individual characteristics of the single-stage and four-stage con-
figurations are compared in Figure 33a and b. The single-stage characteristic
is not quite so steep as the first stage characteristic of the four-stage
configuration. Compared to the Stage 3 characteristic of the four-stage con-
figuration, 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 lower flow coeffi-
cients. Both the single stage and the first stage of the multistage configu-
ration achieve higher peak pressures than those of the other stages. This
difference is probably due in large measure to better 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.



6.2 BLADE ELEMENT PERFORMANCE

The detailed data reported in Volumes II and IV (References 4 and 6,
respectively) were examined to determine whether the single-stage configura-
tion had different detailed blade element performance than the multistage
configuration. Examples ol Lhe comparisons made are shown in Figures 34
through 36 and in the Appendix, Figures A6 through A10. The data shown in
Figure 34 are representative. At the design point, there is little if any
difference in the rotor loss coefficient when the data for the four-stage
configuration's first stage is compared with that for the single-stage
configuration and the four-stage configuration's third stage. Only locally
at the rotor hub is there a suggestion that the single-stage configuration
has slightly higher losses. The results for the stator are similar.

As the throttle is closed from the design point toward stall, it is clear
from the data in Figure 35 that the third stage of the four-stage configura-
tion is running at much higher incidence angles than the single-stage or the
first stage configuration.

A comparison of the radial variation of normalized total pressure at the
compressor discharge is presented in Figure 36 for the single~stage and the
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.

6.3 BLADE AND VANE SURFACE STATIC PRESSURE

A comparison of blade surface static pressures for the four-stage and
single-stage configurations is presented in Figure 37 for Rotor A/Stator A 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 37d, e, f) show evidence 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 37c¢, 70% chord in Figures 37d and e, and
50% chord in Figure 37f. Neither of the other two configurations exhibits
such a pronounced effect. Apparently, the downstream stages in the multistage
configurations have a stabilizing effect on the first rotor hub.

At the rotor tip (Figures 37a and b) the loading for both the single-
stage configuration and the four-stage configuration with the first stage
as the test stage is higher than that of the embedded stage.
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A comparison of the vane surface static pressures for the multistage and
single-stage configurations is presented in Figure 38. The data indicate that
the stator is operating about the same for all configurations at the design
point. However, at the peak pressure throttle, the stator of both the single-

stage and first-stage configurations is running with noticeably less flow
separation in the hub (inner diameter region).
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7.0 EFFECTS OF TIP CLEARANCE, CASING
TREATMENT AND REYNOLDS NUMBER

7.1 EFFECT OF ROTOR TIP CLEARANCE

Overall performance of the Rotor B/Stator B four-stage configuration was
obtained at an increased tip-clearance-to-blade-height ratio of 2.80%. The
results are presented in Figure 39 and Table 2. Peak efficiency is 0.8898,
peak pressure coefficient is 0.572, and stalling flow coefficient is 0.372.
The increase in tip clearance costs 1.49 points in peak efficiency, 10.8% loss
in stalling flow coefficient, and 9.7% loss in peak pressure rise relative to
the nominal clearance.

Comparisons showing the effects of increased rotor tip clearance on blade
element performance are presented in Figure 40. Increasing the clearance from
1.4% tip-clearance-to-~blade-height ratio to 2.87% produces increases in stator
incidence angles, rotor diffusion factors, and rotor loss coefficients from 0%
to as much as 20% immersion. Stator incidence angles are increased by several
degrees and rotor loss coefficients are nearly 1.8 times larger when tip
clearances are doubled.

A comparison showing the effects of increased rotor tip clearance on the
static pressure on the blade surface is presented in Figure 41. There is a
substantial decrease in blade loading over the first 407% of chord, a rearward
shift of peak suction surface velocity, and a reduced pressure on the pressure
surface relative to the nominal clearance case. The unloading of the tip
region when the compressor is throttled to lower flow coefficients is also
shown in the figure. Additional comparisons are shown in the Appendix, Fig-~
ures All and Al2,

7.2 EFFECTS OF CASING TREATMENT

Tests in which preview data were taken were conducted using Stage A
blading 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 42.

Although four identical stages were tested, the repeating stage environ-
ment was not established until Stage 2 or Stage 3. It is thus very desirable
that Stage 1 not be the stall-limiting blading. In order to make this assess-
ment, circumferential groove casing treatment was applied over the Stage 1
rotor tip exclusively. The 8.2% improvement in stall margin, shown in Figure
42 for this configuration, indicates that the first-stage rotor was indeed
stall-limiting without casing treatment. This stall margin improvement was
obtained with no measurable change in the rest of the pressure flow character-
istic or in the efficiency curve. Circumferential groove casing treatment was
then applied over all four rotor tips. The slight additional improvement in
stall margin shown in Figure 42 indicates that Stage 1 is probably no longer
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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 on 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.

7.3 EFFECTS OF INCREASED TIP CLEARANCE AND CASING TREATMENT

Overall performance was obtained with both increased tip clearance and
casing treatment of all four stages. The results, presented in Figure 43 and
Table 2, show a peak efficiency of 0.8915, a peak pressure coefficient of
0.563, and a stalling flow coefficient of 0.3708. This gives a loss of 1.32
points in peak efficiency, a loss of 10.7% in stalling flow coefficient, and a
loss of 11.1% in peak pressure rise relative to the nominal Rotor RB/Stator B
configuration. Apparently, casing treatment at open clearances gave a small
performance improvement at the design point but hurt performance near stall.

Comparisons showing the effects of increased rotor tip clearance and
casing treatment on vector diagram quantities are shown in Figure 44, The
addition of casing treatment at increased clearance produces a significant
increase of 13° in absolute air angle and stator incidence angle relative
to the nominal clearance case. Near the tip, the flow is nearly tangential
with air angles of about 83°. 1Increases in D-factor and loss coefficient
were also observed. Generally, the effects are observed from 07 to 207

immersion.

The addition of casing treatment at increased tip clearance does not
significantly alter the blade surface static pressure distributions shown in
Figure 41.

7.4 EFFECTS OF REYNOLDS NUMBER

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 series of pre-
view data points was taken at seven different rotative speeds covering a
range of Reynolds numbers from 0.94 x 102 to 4.00 x 105. The results pre-
sented in Figures 45 and 46 serve as an aid in extrapolating the test data to
the somewhat higher Reynolds number levels employed in engines.

The program was not structured to provide comparisons of the relative
sensitivity of the various stages to tip clearance, casing treatment, or
Reynolds number.



8.0 CONCLUSIONS

Airfoil shapes and vector diagrams were developed which gave improvements
in compressor performance relative to the baseline Rotor A/Stator A design.
Rotor B used airfoil sections in the tip region that unloaded the leading edge
and loaded the trailing edge relative to the baseline Rotor A. Rotor C used
a vector diagram that had a hub-strong total pressure profile and used airfoil
sections in the tip region designed to compensate for the effects of secondary
flow and tip leakage. Stator B used a vector diagram that incorporated high
stator exit swirl angles (lower axial velocities) in the endwall regions rela-
tive to the baseline. This required blade sections twisted closed locally in
the endwall regions. Stator C used airfoil sections near the endwalls that
had reduced trailing edge loading and increased leading edge loading relative
to the baseline. The principal test results are listed below (all data are
given relative to the baseline preformance).

° Rotor B running with Stator A showed a 0.24 point improvement in
efficiency at the design point.

° Rotor C running with Stator B produced a 0.48 point improvement
in efficiency at the design point.

e Stator B running with Rotor A gave a significant improvement in the
pregssure flow characteristic near stall and a 0.41 point improve-
ment in efficiency at the design point.

o Rotor B running with Stator B showed the same significant improve-
ment in pressure-flow characteristic near stall and a 0.30 point
improvement in efficiency at the design point.

o Stator C running with Rotor A gave a slight loss in efficiency at
the design point and a 0.30 point loss in efficiency at peak
efficiency.

Achieving the goal of a 15% reduction in endwall loss was only partially
successful. The most improvement in efficiency obtained was 0.48 point which
amounts to about a 10% reduction in endwall loss, assuming the endwall loss is
one-half of the total loss. '

From a designer's standpoint, the use of a B-type vector diagram, which
incorporated high stator exit swirls and required airfoil sections twisted
closed locally in the endwall regions, appears to have the highest overall
performance potential.
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Symbols

Alpha
AMAC

Beta

cu
CZ
CAFD
ACAM

CASC

ID
IGV
LSRC

oD
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9.0 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
Circumferential average flow determination
Change in Camber
Cascade analysis by streamline curvature
Compressibility correction factor
Annulus height
Inside diameter
Inlet guide vane
Low speed reseach compressor
Outside diameter
Pressure
Blade surface static pressure = Pgyrface — (PR+Pref)
Upstream static pressure

Total Pressure

Normalizing quantity = 1/2 Pref U%
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Symbols Definition

R Radius

Re Reynolds number

T Measured torque corrected for windage/bearing friction
Ut Wheel speed at tip

\Y Air velocity

W Relative velocity

WU Relative tangential velocity
€ Rotor tip clearance

n Torque efficiency

0. Density

[4 Average density across annulus
¢ Flow coefficient

" Work coefficient

v Pressure coefficient

W .Loss coefficient

Subscript

B Barometer

C Casing

H Hub

ref Reference

S Static properties

T Total properties

t Tip
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Definition
Upstream conditions
Downstream conditions
Inlet metal angle

Exit metal angle
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Figure 2.

Photograph of the Low Speed Research Compressor.
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Table 1.

Overall Test Plan Outline for Complete Program.

A. 4-Stage Configuration, Third Stage as Test Stage
1. Same Data as 1.B., Except Delete 1.B.3. and 4.

I. Tests Using Stage A Blading (Reported in Ref. 1)

A. Shakedown Test 5 data points

B. 4-Stage Configuration (Third Stage as Test Stage)
1. Preview Data 15 data points
2. Stall Determination As Appropriate
3, Casing Treatment Data 15 data points
4. Reynolds Number Data 30 data points
5. Standard Data 4 data points
6. Blade Element Data 4 data points
7. Blade Surface Pressure Data 2 data points
8. Detailed Wall Boundary Layer Data 2 data points

C. 1-Stage Configuration
1. Preview Data 15 data points
2. Stall Determination As Appropriate
3. Standard Data 4 data points
4, Blade Element Data 4 data points
5. Blade Surface Pressure Data 4 data points
6. Detailed Wall Boundary Layer Data 2 data points

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

I1. Screen Tests

A. 4-Stage Configuration with Rotor B and Stator A
1. Preview Data 15 data points
2. Stall Determination As Appropriate
3. Standard Data 4 data points
4, Blade Surface Pressure Data 4 data points

B. 4-Stage Configuration with Stator B and Rotor A
(Same Data as I1.A.)

C. &4-Stage Configuration with Stator C and Rotor A
(Same Data as II.A.)

D. &-Stage Configuration with Rotor B and Stator B
(Same Data as II.A.)

I11 Tests Using Rotor B and Stator B Designs

A. 4-Stage Configuration, Third Stage as Test Stage
1. Same Data as I.B., Except Delete 1.B.3. and 4.
2 Rotor Tip Clearance Data, Casing Treatment & Stages
3. Rotor Tip Clearance Data, Casing Treatment Stage 1

B. 1-Stage Configuration
1. Same Data as 1.C., Except Delete I.C.4,

(Rotor Tip Clearance Data)
IV. Tests Using Rotor C/Stator B Designs
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13.0 APPENDIX

Graphs of deviation angle, total loss coefficient, and diffusion factor
plotted as a function of incidence angle are presented for the various con-

figurations in which detailed data were obtained.

"
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Figure A6. Rotor Deviation Angle Versus Incidence Angle for the Four-Stage
and Single-Stage Configurations.
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Incidence Angle, Rotor B/Stator B Four-Stage Configuration, Third

Stage Tested.
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