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(C) ABSTRACT (U)

The purpose of this research program was to define, by analysis and experimental
evaluations, the design criteria and performance characteristics of a high-pres-
sure-ratio, single-stage centrifugel compressor. The overall performance target
was a pressure ¢atio of 10:1 at an efficiency of 80 percent and at an airflow rate of
2.0 pounds per second. The research was expected to lead to development
of advanced technology, applicable to small gas-turbine engines.

The research plan was to design 4 impellers and 4 diffusers using the best avail-
able knowledge. The components were to be tested and the design methods evalu-
ated. Further tests were to be conducted with modified components to evaluate
improvsinents in the design methods and add to the basic understanding.

Each impeller was designed io provide a total-i{o-total pressure ratio of about
13:1 at a tip speed of 2000 fps, resulting in an absolute Mach number leaving the
impeiler of about 1.3. The inducers were designed with inlet-relative Mach num-
bers from 0.95 to 1.23, and the selecied impeller diameters were from 6.0 to
8.0 inches.

The diffusers were designed to match {ie impeller discharge Mach number of 1.3.
Water-table studies were conducted with diffuser models to develop preliminary
evaluations of the flow charactaristic’, Four diffuser models were selected for
test with the same impeller. The diffuser test rig was instrumented with schlie-
ren photography to evaluate the shock system of the diffuser. Diffuser models
were designed to vary vaneless-space-diameter ratio, throat Mach number and
throat area for investigating flow behavior and variable-airflow-capacity as a
means of improving part load fuel consumption.

From test results, best total-to-total pressure ratio was 10:1 for the research
impellers and 11,6:1 for the diffuser research impeller, which was 1 to 2 atmos-
pheres below the target. Based on these results, methods for predicting perform-
ance and evaluating the flow characteristics of the impellers were reviewed. A
revised flow model was developed to account for differences in flow behavior for
several impellers, including two from previous research programs.

Diffuser performance -equal to the design requirements was demonstrated during
compressor tests. A flow model created for the diffuser showed that the stream-
lines through the vaneless space did not follow a conventional free-vortex distribu-
tion. Instead, only modest diffusion took place in the vaneless and semivaneless
spaces. Just before the vanes, a shock occurred which produced a subsonic Mach
number in the channel throat. Single-channel diffuser tests were also conducted
to obtain basic channel performance data. These tests showed, contrary to the
available literature, that for two-dimensional-channel diffusers, performance

was nearly constant to a throat Mach number of 1,0, This finding was a
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significant contribution to the fundamental understanding of subsonic two-
dimensional diffusers and provided new information for channel design.

It was concluded from this compressor research program that there are no
known fundamental reasons preventing the development of a high-pressure-ratio
centrifugal stage. Overall compressor pressure ratios of 9.4:1 at efficiency
levels of 72 percent were demonstrated. Principal performance deficiencies of
the compressor were identified as impeller exit mixing and the diffuser channel
loss. Although the diffuser met the original performance target, the research
has shown that further improvement must be expected. Design methods were
established which led to a new compressor to be presented in a follow-on report.

Although the targeted efficiency was not demonstrated in tests of the overall
compressor, significant new technology was established, producing understanding
of transonic flows in impellers and diffusers.
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(U) FOREWORD

The program reported in this document was conducted for the U, S. Army
Aviation Materiel Laboratories (USAAVLABS) and was authorized by Task
1M121402D14413 under contract DA 44-177-AMC-173(T) in May, 1964. The
work involved research aimed at advancing the technology of high-pressure-ratio
centrifugal compressors; it was performed concurrently with similar programs
related to high-temperature turbines and compact, lightweight regenerators for
small gas-turbine engines.

This report covers basic studies, analyses, and experimental evaluations of
{mpellers and diffusers designed to provide technologies for achieving a single-
stage pressure ratio of 16:1 at an adiabatic efficiency of 80 percent. A follow-on
report, USAAVLABS Technical Report 67-47 '"Design and Development of Small,

Single-Stage Centrifugal Comprd 3sor" (U) (Classified Confidential) covers
. the application and evaluation of these technologies for a complete compressor.

Portions of the report have been classifizd, inasmuch as they present new
theories on flow phenomena throughout the compressor. Sections so designated
are as follows:

Summary;

Section 2.0, Analytical Studies;

Section 6.0, Test Resul's;

Section 7.0, Evaluation of Test Results;
Appendix 1, Impeller Radial-Equilibrium Design;
Appendix X, Schlieren Photographs,

Acknowledgment is given to Mr. LeRoy H. Hubert, Project Engineer for
USAAVLABS, and to the following individuals from The Boeing Company who
assisted in the preparation of material contained in this report: Messrs. D. F.,
Allred, Design Engineer: S. L. Bryant, Design Engineer; H. H, Burlingame,
Instrumentation Engineer; 't, D. Cohen, Instrumentation Engineer; C. R.
Johnson, Test Engineer; C. M. Lewis, Stress Engineer; P. G, Schorr, Compres-
sor Research Engineer; R. C. Walker, Instrumentation Engineer; and L. J.
Winslow, Compressor Research Engineer.

For their assistance and efforts in specialized areas of research, credit is given
to Dr. R. C. Dean arnd Dr. P. W. Runstadler, both of Creare, Incorporated,
Hanover, New Hampshire.
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CONFIDENTIAL

(C) SUMMARY (V)

(U) The research program discussed in this report was conducted for the U, 8,
Army Aviation Materiel Laboratories. The purpose of the work was to defii.e, by
analyses and experimental evaluations, the design criteria and performance
characteristics of a high-pressure-ratio, single-stage centrifugal compressor.
The overall-performance target was a pressure ratio of 10:1 at an adiabatic
efficiency of 80 percent and at an airflow rate of 2 pounds per second. The re-
search was expected to lead to development of advanced technology, applicable to
small gas-turbine engines. The potential advances identified were:

1) Doubling of current power-to-weight ratios;

2) Reducing full- and pert-load fuel consumption;

3) Minimizing cost per horsepower.

To illustrate the advances possible, two types of thermodynamic cycles (simple
and regenerative) were studied. It was shown that a compressor meeting the
above targets would previde an opportunity for reducing specific fuel consumption
to 0.49 pound per horsepower per hcur, simple cycle,and to 0.38 pound per

horsepower per hour, regenerated.

(C) RESEARCH COMPONENTS (U)

Previous experience related to centrifugal compressors was used to identify the
research objectives., Studies of Boeing designs in the pressure-ratio range of
3.5:1 to 7:1 formed the background for this work. Specifically, refinements were
necessary in blade shape and aercdynamic loading; therefore the program was
directed toward the following:

1) Minimizing the effect of transonic-flow conditions at the inducer and diffuser
entrance;

2) Determining the influence of inducer hub-to-tip-diameter ratic and its effaect
on impeller perfcrmance;

3) Establishing methods to provide operating range at high pressure ratios;

4) Establishing a flow model for the impeller and diffuser for the purpose of
identifying losses throughout the compressor.

(C) Preliminary design studies of impellers and diffusers led to the selection of
the research components. Computer programs, developed through prior re-
search, were used to assess the geometric variabies, and 4 impellers and 4

1
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diffusers were chosen to cover the field of interest. The impellers were
designated as MF-1, MF-2, Mf-3, and RF-1 (MF and RF refer to mixed-flow
and radial-flow types, respectively). Mixed-flow impellers warranted sudy,
because it was believed that the reduced amount of radial turning (compared to a
radial type) had a potential advantage of 1 to 2 percent in efficiency. Each im-
peller was designed to provide a total-to-total pressure ratio of about i3:1 at a
tip speed of 2000 fps. Absolute Mach number leaving the impeller was about 1. 3.
The ranges in size, speed, and aerodynamic parameters were as follows:

1) MF-1 was designed for an inducer hub-to-tip-diameter ratio of 0,4 with an
inducer-tip relative Mach number of 0.95 at 57,000 rpm. The tip diameter
was about 8.0 inches, and 18 blades were used.

2) MF-2 had an irlet hub-to-tip-diameter ratio of 0.5 and an inducer-tip rela-
tive Mach number of 1.23. The design speed was 73, 000 rpm, and the
impeller had a tip diameter of about 6.3 inches with 20 blades.

3) MF-3 was designed for an inlet hul.- w-tip-diameter ratio of 0.5, with an
inducer-tip relative Mach number of 1.13. The design speed was 65, 000
rpm {(midway between MF-1 and MF-2) and the impeller-tip diameter was
arout 7.1 inches with 20 blades.

4) RF-1 was designed close to MF-1 fo obtain perforinance comparisons for
the two types of impellers. The inlet hub-to-tip-diameter rati~, however,
was 0.6, and the inducer-tip relative Mach number of 1,09, Speed and
overall diameter were 57.000 rpm and about 8,0 inches, respectively (same
as MF-1). The impeller was designed with 22 blades.

(C) For the diffuser investigations, the configurations were designated as DI-1,
DI-2, DI-3, and DC-1. The first 3 were vane-isiand types (channels), and the
fourth was a single-stage cascade. The vane-island types were designed to

match the impeller discharge Mach number of 1.3, but they were designed with

a capability of varying vaneless-space-diameter ratio and throat Mach pumber.
Water-table studies were conducted with diffuser models to develop an analogy
for preliminary evaluations of perforn.ance. In addition, prior shadowgraph
studies at diffuser-entrance Mach numbers of over 1.2 were used to provide
background for identifying shozks and for estimating their effect on pressure
recovery. From these studies, it was believed that the primary research effort
should be directed toward establishing the influence of design-throat Mach number
and vaneless- and semivaneless-space flow patterns on shock strength aad
location, Each vane-island diffuser was designed to the same channel-divergence
angle, 10 degrees. It was assumed that the boundary-layer-blockage factor in the
throat would be 0.88, Other factors included number of vanes, vaneless-space-
diameter ratio, vane-wedge angle, channel-area ratio, and tiiroat length. Axial
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width of the passage was the same for all configurations (0. 25 inch) and was
governed by the geomeftry of the impeller (workhorse) used in the diffuser-test
rig. The significant parameters selected were as follows:

1) DI-1 was designed with 8 vanes at a vaneless-space-diameter ratio of 1.06
and a throat Mach number of 0.90, The leading-edge wedge angle was 7
degrees and the area ratio of the channel was 2,76,

2) DI-2 was also an 8-vaned diffuser designed to a vaneless-space-diameter
ratio of 1.0€; however, the throat area was sized for a Mach number of 0,75,
The wedge angle was 9 degrees, and the channel-area ratio was 2.483.

3) DI-3 was designed with 16 vanes at a diameter ratio of 1.06 and with the saine
throat Marii number and wedge angle as these of DI-2 (0.75 and 9 degrees,
respectively). The area ratio was 4.70,

(C) The channel designs also included a variable-area capability for investigating
a variable-airflow-capacity concept. Areas of DI-1 and DI-2 were varied by
pivoting the vanes at their leading edges to change their angular orientation and

to match the flow direction., In addition, the vanes were adjustable to other radial
positions to evaluate the effect of vaneless-space-diameter —atio.

(C) For the cascade. the vane design was based on water-table studies and pre-
viously established techniques used for axial-compressor stators. It was believed
that +hin, flat plates would avoid high aerodynamic ioadings and would result in
subsonic flow behind ine blade row. In addition, the single-stage investigation
was expected to provide information essential to the design of following blade
rows. The cascade (DC-1) had 31 vanes with a chord length of 1.20 and a solidity
of 1,17. Vane thickness was 0.06 inch, and the nassage width was consistent

with the 3 vane-islands (0.25 inch) to match the workhorse impeller.

(C) The irapeller used in the diffuser investigations was a modification of a pre-
vious high-pressure-ratio design. It was a radial-flew type, modified to pass
2.43 pounds per second airflow at a tip speed of 2000 fps. The tip diameter was
9.2 inches, and 23 blades were used. 'The inlet hub-to-tip-diameter ratio was
0.63 with an inducer-tip relative Mach number of 1,15, Basic impeller test data
from this configuration were also used in the impeiier investigation.

(C) Two test rigs were provided for this research — 1 for the impellers and the
other for the diffusers. Each impeller test section and diffuser test section was

adaptable to the respective rigs.

(C)Early tecting with these rigs was delayed by mechanical difficulties encountered
at the high rotor speeds and dynamic loads. Solutions to these problems led to a

3
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reevaluation of the test plan; 2 impellers, the MF-2 and MF-3, were deleted

from the program in favor of enlarging the effort essential to the MF-1,
RF-1, and workhorse impellers.

(C) IMPELLER TESTS (U)

Each research impeller was targeted for a total-to-totai pressure ratio near 13:1
to allow for downstream losses; however, both MF-1 and RF-1 were deficient by
over 4.0 atmospheres during initial tests. It was determined that because thece
impellers were used with a vaneless diffuser, a rotating-stall phenomenon oc-
curred, and thc impeller discharge was forced into a condition of nonuniform
backpressure. This stall caused the static pressure at the impeller tip to fluc-
tuate at a frequency of 1/5 to 1/7 of rotor speed. Rotating stall was corrected by
installing a set of 12 vane-island diffusers in the RF-1 test section., The resulting
total-to-total pressure ratio of RF-1 was 10:1. Because performance still was
below design predictions, studies of internal fluid-flow mechanics were initiated.
From static pressure measurements along the impeller shroud, it was deier-
mined that early flow separation had occurred in MF-1 and RF-1, A similar
condition was found in the workhorse impeller. The studies showed that the
inducers operated at high incidence and blockage, which resulted in flow acceler-
ation around the leading-edge suction surfac« of the blade. In combination with
the already high-transonic relative Mach numbers at the inlet, these factors led
tc losses from which the remainder of the impeller could not recover., I addi-
tion, they contributed to large wakes at the impeller discharge and led to high
exit mixing losses.,

(C) Methods for predicting performance of the impellers were reviewed and a flow
model was contrived to match test results with flow theories. A revised theory
was developed to account for differences in flow behavior for several impellers,
including two from previous research programs. Application of empirical data
and airfoil theories showed that inducer leading-edge shapes had a strong influ-
ence on determining the acceleration around the suction surface and that over-
velocities (Vlocal/vinlet) in excess of 1.6 would intensify the early separation in
the inducer. This condition caused the flow to continue through the impeller in
high Mach number jets (without diffusion) and large wakes, which resulted in the
suspecied high exit mixing loss, Other losses (friction anc clearance), by com-
parison, were low and within available prediction techniques.

(C) Reassessment of the designs with this information showed agreement with test
data to the degree that a new impeller could be designed that would minimize the
losses caused by early separation and would reduce exit mixing losses. The new
design, a 2-piece inducer and radial section incorporating the revised design
technology, is presented in USAAVLABS Technicai Report 67-47 ""Design and
Development of Small, Single-Stag: Centrifugai Compressor (U)
(Classified Confidential).
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(C) DIFFUSER TESTS (U)

Each diffuser element was tested under the same impeller (workhorse) discharge
conditions. DI-1 showed good performance potential and good range., DI-2,
although showing poor airflow range, had the best performance potential, DI-3
performance and range were shown to be between those of DI-1 and DI-2. Static-
pressure surveys in the vaneless and semivaneless spaces and through the
channels were used in cenjunction with schlieren photographs of the flow process
1o describe the flow behavior within each diffuser. As theories were developed
for a flow model of the diffusers, modifications and redesigns were tested to con-
firm expected trends. Total-pressure recovery of the channels was close to the
predicted performance; however, the vaneless and semivaneless spaces did not
produce the expected static-pressure rise.

(C) It was determined that flow through the vaneless space did not follow a con-
ventional free-vortex distribution with a large radial increase in static pressure.
Instead, the flow continued into the semivaneless space with only modest diffusicn
and accelerated ahead of the vane tips. Just before the vanes, a shock occurred,
which produced a subsonic Mach number in the channel throats. If the diffuser
was designed for a high-subsonic Mach number, as with DI-1 (0. 90), wall friction
within the parallel-sided throat caused a buildup of boundary layer (increased
bicckage) and an acceleration to over Mach 1.0 in the early portion of the channel-
diverging section. These conditions produced shocks in the channels which
thickened the boundary layer and i.rther reduced channel performance. Even with
the shock system, the DI-1 channel met its design prediction; however, it was
evident that further improvement v-as possible ‘i +he shocks could be eliminated.

(C) For a comparison, a design throat Mach number of 0.75 (as with DI-2) pro-
duced the same flow behavior through the vaneless space. However, the adjust-
ment and acceleration ahead of the throat in the semivaneless space were more
pronounced and produced a stronger shock to reach the lower throat Mach number.
At the reduced Mach number in the throat, the bourdary-layer (blockage) buildup
and friction wevre not sufficient to cause the attendant acceleration to reach Mach
1.0 at the diverging-channel entrance. With subsonic flow after the tkroat, more
conventional diffusion: occurred downstream. To minimize the effects of flow
acceleration in the parallel-walled throat, its length was shortened so as to
reduce the boundary-layer buildup and friction; the shock at the diverging-channel
entrance was eliminated by this technique.

(C) Each diffuser appeared to surge at the same Mach number ahead of the throat-
entry shock. At an entry shock of about Mach 1.3, streamlines changed direction
through the shock, which resulted in high incidence at the vane leading edges. It
was shown that the behavior was the same for the 16-vane-island diffuser (DI-3).
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(C) Prior to this contract, other tests showed that best performance was achieved
at vaneless-space~diameter ratios of about 1.06. In addition, variable-capacity
tests showed that the concept was feasible if inlet guide vanes were used to com-
pensate for incidence changes at the inducer inlet.

(C) The initial diffuser tests demonstrated that good diffuser recovery could be
attained even at throat Mach numbers ncar 1.0. This was in contrast to diffuser
data presented in the literature where a sharp decline in performance is predicted
at channel-entrance Mach numbers above 0.80. Therefore, single-channel
diffuser tests were conducted to obtain basic data. The tests demonstrated that
nearly constant channel performance could be attained at throat Mach numbers up
to 1.0, The tests further demonstrated that the channel performance was criti-
cally dependent on the entrance boundary-layer-blockage conditions.

(C) Relative to the cascade tests, it was determined that aerodynamic loading of
the vanes was sufficiently high to cause considerable separation. Several adjust-
ments were made to the vanes (angular orientation and camber) to alleviate the
apparent deficiencies, but it was evident that considerable effort, well beyond the
intended scope of this program, would be required to develop a suitably perform-
ing, high-Mach-number cascade row. Therefore, these preliminary tests on the
first row led to the conclusion that although the cascade-type diffuser had poten-
tial, the development of second, third, and fourth stages in combination with the
first, would dilute the effort on the vane-island types. On this basis, further
cascade-diffuser research was deleted.

(C) Development of the channel-diffuser flow model was accomplished with con-
current tests on the compressor test rig ar:1 on the separate Boeing-owned single-
channel-diffuser flow rig. From these test results, a new vane-island diffuser
was designed to match the previously mentioned new impeller. A description of
the design and test results of this diffuser, in which the new knowledge has been
incorporated, is presented in a follow-on report entitled ''Design and Develop-
ment of Small, Single-Stage Centrifugal Compressor' (U) (Classified
Confidential) (USAAVLABS Technical Report 67-47).
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(U) 1.0 INTRODUCTICN

To meet future Army aviation and ground-equipment powerplant requirements, the
following advances in small-gas-turbine-engine component technology were identi-
fied: (1) doubling of current power-to-weight ratios, (2) reducing full- and part-
load specific fuel consumption, and (3) minimizing cos{ per horsepower. To
achieve these goals, Boeing conducted preliminary design studies in 1963 and,
under contract to USAAVLABS since 1964, has continued these research activities
with detail design studies. These stv lies have shown that the best approach for
accomplishing these objectives is to ‘evelop a high-temperature turbine and a
high-pressure-ratio, single-stage compressor.

1,1 OBJECTIVE

The objective of this compressor research program was to advance single-stage
centrifugal-compressor technology to a pressure ratio of 10:1 at 80-percent
efficiency. This advancement and expected gains in high-temperature turbine
technology will reduce specific fuel consumption to 0.49 pound per horsepower
per hour for current simple-cycle engines and to 0.38 pound per horsepower per
hour for regenerative engines, with a corresponding 34- to 50-percent reduction

in part-load specific fuel consumption. Because airflaw requirements at a given
horsepower decrease with advanced component technciogy and engine performance,
lower airflow requirements have been projected for small gas-turbine engines to

be used by the Army in the future. Consistent with these projections, Boeing
conducted a compressor research program to achieve the 2-pound-per-se:ond
airflow lower limit of the 2- to 5-pound-per-second airflow range specified by
USAAVLABS,

Table I compares a future gas-turbine engine, incorporating an advanced tech-
nology single-stage centrifugal compressor and a high-temperature turbine, with
a curcent production engine,

The proposed high-pressure-ratio, high-efficiency compressor is required to
achieve the above specific-fuel-consumption goals. Figures 1 and 2 show the
effects of compressor pressure ratio and efficiency on the overall performance of
future high-temperature regenerative and nonregenerative engin2s, For a simple-
cycle engine, an increase in pressure ratio at a given efficiency decreases spe-
cific fuel consumption and increases specific power. For example, Figure 1
shows that specific fuel consumption decreases approximately 19 percent and that
specific power increases about 9 percent for a simple-cycle engine when the com-
pressor pressure ratio increases from 6:1 to 10:1. For a regenerative engine,
an optimum pressure ratio exists for minimum specific fuel consumption. Figure
2 indicates that specific fuel consumption decreases approximately 3 percent and
specific power increases about 8 percent when the compressor pressure ratio is
increased from 6:1 to 10:1 at 80-percent compressor efficiency.
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TABLE I

PERFORMANCE COMPARISONS

Future Engine Future Engine
Current Engine  (Nonregenerative) (Regenerative)
Specific Power
(hp/Ib-airflow/sec) 93 190 182
Specific Fuel
Consumption
(Ib/hp/hr) . 0.68 0.49 0.0
Turbine-Inlet
Temp., (°F) 1650 2300 2300
Compressor
Pressure Ratio 6:1 10:1 10:1
0. 80 - —
Turbine-Inlet Gas Temperature = 2300°F
L1

o Compressor Pressure Ratio

S 0.70- A
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Figure 1, Effert of Compressor Performance on Simple-Cycle Engine,
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Figure 2. Effect of Compressor Performance on Regenerative Engine.
An itemized breakdown of design-point cycle parameters used to prepare Figures

1 and 2 is given below:

Gas-Producer- Turbine Total-to-Total Efficiency (Percent) 86

Power-Turbine Total-to-Static Efficiency (Percent) 83
Burner Pressure Drop (Percent) 4
Burner Efficiency (Percent) 98
Gas-Producer-Rotor Mechanical Loss (Percent) 2
Thrbine-Output-Secticn Mechanical Loss (Percent) 3
Lower Heating Value of Fuel (Btu/lb) 18,400

The gas-producer-turbine and power-turbine efficiencies selectea for the cycle
studies are compatible with current Boeing technology; moreover, this perform-
ance does not require improvement in turbine aerodynamics. Boeing research
programs completed in 1965 have indicated the feasibility of reducing the com-
bustion-system pressure drop in high-temperature combustors below 4 percent
and of increasing combustion intensity, while maintaining a 100° to 150°F peak-
to-mean exit temperature spread. Gas-producer-section, turbine output-secticu,
and accessory-drive mechanical logszs are based on current test experience.




The relationship of part- to full-load specific fuel consumption is significant in
most powerplant applications. The effect of high-cycle pressure ratio and high-
cycle tempcrature on this relationship has been investigated. Figure 3 compares
part-load performance of both the regenerative and nonregenerative future engines
with the performance of a current engine. As shown, the fuel ccnsumption advan-
tage of the future high-pressure, high-temperature engine increases as power
decreases. At 40-percent load, the simple-cycle engine shows a 34-percent
reduction in part-load specific fuel consumption relative to current engines, and
the regenerative engine shows a 50-percent reduction. In each instance, the per-
formance of the advanced technology engine meets the requirements of future
Army gas turbines.

1.2 PREVIOUS RELATED EXPERIENCE

Development of centrifugal compressors for small-gas-turbine applications was
initiated by The Boeing Company in the mid 1940's. Early efforts were based on
supercharger design principles and led to the development of a centrifugal com-
pressor with a pressure ratio of about 3:1 at an efficiency of 74 percent, This
compressor was the basis for the first production engines; however, research
programs were initiated to advance compressor technclogy. These early studies
resulted in the development of 4.3:1 pressure ratio at an efficiency of 76.5 per-
cent. This performance was attained by improving the design of the inducer sec-
tion of the impeller and by advancing the impeller-tip wheel sneed to 1530 feet per
second.

At this point, Boeing elected to advance its single-stage compressor technology,
and a new design based on experience gained from earlier compressor develop-
ment resulted in a 6:1 pressure ratio at 76~percent efficiency. This 6:1 pressure-
ratio compressor advanced Boeing technology into the region of transonic Mach
numbers at the impeller tip. It was discovered that impeller~tip Mach numbers

of about 1.2 could be accepted without performance loss, This successful opera~
tion in the fransonic region also indicated that still higher impeller-tip Mach
numbers were attainable without large efficiency losses (approximately 3 to 5 per-
cert). Thus, the potential existed for achieving pressure ratios with a single-
stage compressor previously reached only in multistage designs.

Research to develop analytical methods for studying transonic impeller character-
istics was begun. To advance the centrifugal~compressor research effort, Boeing
developed computer programs for studying aerodynamic conditions throughout the
impeller and the diffuser and for analyzing impeller blade shape and diffuser pas-
sage design, These computer analyses and newly developed water-table tech~
niques for diffuser analyses permitted preliminary evaluations of many configura-
tions in a short time. Test ard analysis of transonic diffuser-element
performance showed that better diffuser-vane (passage) configuration designs were
necessary to advance compressor pressure ratio further.
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Figure 3. Effect of Cycle Temperature and Pressure on Part-Load SFC.

The cenfrifugsl impeller for the 6:1-pressure-ratio compressor was developed by
treating the inducer and impeller as a single unit. A later investigation, in which
the inducer was analyzed separately, showed a tip diffusion factor of 0,66, much
higher than normally is accepted for axial-compressor designs. This factor was
reduced to an acceptable 0.45 by decreasing the rate of diffusion thr:ugh the
inducer, which was accomplished by reducing the exit area of the inducer while
maintaining the original inlet conditions. The tip diameter along the inducer
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length was kept constant. Compressor performance was imiproved by designing a
new impeller tc match the modified inducer and by incorporating these components
into a complete compressor. Test results from this new configuration were com-
pared with resul's from previous tests. Figure 4 shows the originzl 6:1 compres-
sor map, and Figure & shows the compressor map for the modified configuration.
Performance of the modified configuration increased by 4 percent, to 80-percent
efficiency. The 6:1 pressure-ratio, single-stage, centrifugal-compressor pro-
gram jndicated that an axial-compressor design criterion, the diffusion factor,
was directly applicable to inducer analysis. This type of analysis and other ana-
lytical design methods developed for centrifugal compressors showed that even
higher performance levels could be reached.

Further studies indicated that pressure ratios of 10:1 at high efficiency were
possible. Research areas were identified, and it was determined that available
design information would require further refinement if high centrifugal-stage
pressure ratios were to be achieved. Analyses of the internal fluid mechanics of
impellers were inadequate and not suitable for use in reaching the 10:1 pressure
ratio. Consequently, research was conducted to establish new criteria for inter-
nal-flow diffusion, turning, and separatiorn. Another critical factor ir achieving
a high pressure ratio was an improved understanding of the complex flow fields
from the impeller tip to the diffuser inlet. The changing character of transonic
flow in this vaneless region required more thorough assessment. The diffuser-
channel flow behavier was carefully studied.

1.3 RESEARCH APPROACH

From previous analytical studies to achieve a single~-stage pressure ratio of 10:1,
it was established that significant technical advances would be necessary in both
impelier and diffuser designs. Specific areas of investigation for the USAAVLABS
centrifugal-compresscr research program were: (1) minimizing the effects of
transcnic Jdow conditions at the inducer and the diffuser enfrance, (2) determining
the influence of inducer hub-to-tip diameter and its effect on inducer and impeller
performance, and (3) establishing methods to provide adequate operating range at
high pressure ra‘ios.

The high pressure ratio and efficiency at low design a‘rflows had to be achieved;
thus, the program was planned for a compressor in the 2-pound-per-second
range. Other compressor research at low design airflows (where Reynolds num-
ber, scale effects, and manufacturing tolerances are particularly important) had
indicated that scaling compressor sizes upward in flow capacity was easier than
scaling them downward. Therefore, the greatest technological advantage will
most probably be realized with the smallest component size.
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Early in 1964, impeller and diffuser elements were designed to provide the tech-
nology required to reach a 10:1 rressure ratio at 80-percent efficiency. These
first elements were tested and evaluated concurrently to define the physical di-
mensions and flow dynamics of components, From this performance evalvation,
a new, complete compressor was designed to reach the specified performance
levels.
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(C) 2.0 ANALYTICAL STUDIES (U)

The purpose of this research program was to establish the technology ior a
future high-pressure-ratio, high-efficiency, singl:--stage centrifugal compres-
sor that would provide a pressure ratio of 10:1 at 89-percent efficiency with an
airflow of 2 pounds per second. The general approach in the analytical studies
was to determine the relationships of the various parameters that affect centrif-
ugal -compressor performance. The following sections present the details of
the studies made to define the aerodynamic components,

2,1 PRELIMINARY DESIGN REQUIREMENTS

The feasibility of reaching this performance was based on a review (early in
1964) of available compressor tecknology discussed in Section 1. 0, Introduction,
of this report. The compressor map shown in Figure 5 of Section 1, 0 is the
resuli of tests conducted before the start of this program. In part, these data

formed the basis of the studies discussed in this section, Pressure ratios of 6:1 to

6.7:1 were achieved at efficiencies of 78 to 80 percent, respectively, and
airflows between 2 and 3 pounds per second., By expanding this earlier research
with technology from the Army-contracted program, higher pressure ratio will
be possible at equally good efficiency.

To reach the performance levels shown in Figure 5, design principles were re-
evaluated. For analysis, the impeller was divided into 2 sections: the inducer
section and the radial section. Figure 6 is a sketch of a typical centrifugal
compressor. The greater part of the work performed by the impeller is done in
the radial section, where the air is brought to the tip at absolute velocities
approachirg wheel speeds, However, the achievement of high pressure ratio
depends not only on high tip velocities, but also on the passage design, It was
believed that inducers operate similarly to axial-flow compressors; thus, for
evaluation, Boeing adopted the method of analyzing this section by using axial-
compressor criteria, The work to demonstrate the effectiveness of this experi-
mental approach was begun in 1963.

For performance demonstration, an existing Boeing compressor with a 6:1
pressure ratio at 76-percent efficiency was analyzed. The incucer section was
found to be aerodynamicaily overloaded when compared to an axial compressor
and had a tip diffusion factor of 0, 66, Therefore, this section of the compressor
was redesigned for an acceptable tip diffusion factor of 0. 45, and the overall
compressor efficiency was increased by 4 percent. This experiment showed
that flew separation losses had been minimized by improving the flow-area
schedule through the inducer-impeller combination. Diffusion factors and turbu-
lent-boundary-layer shape criteria were used to select the correct flow-area
schedule. This new design indicated that further efficiency gains could be
achieved as refinements were developed through additional research,
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Figure 6. Typical Single-Stage Centrifugal Compressor.
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In conjunction with the above program, isolated inducers were experimentally
evaluated at tip Mach numbers up to 1,1. The results of this work showed that
efficient rotors could he designed for operation in the transcnic region. It was
shown that the tip geometry of the inducer section could be made more consistent
with axial-compressor designs without incurring large efficiency losses., In
general, earlier conventioual inducers were designed with leading-=dge thiclnes-
ses of 0.05 to 0,06 inch. However, transonic axial stages were constructed with
leading-edge thicknesses of 0.01 to 0. 015 inch. A comparison of the two showed
that, at subsonic iniet relative Mach numbers, the inducer pressure losses were
similar to those of axial compressors. For higher Mach numbers (Mach numbers
up to 1.1), pressure losses were greater for the inducer than for the transonic
axial compressors. Figure 7 shows total pressure recovery at various relative
inlet Mach numbers for the inducer sections and current transonic axial rotors.
The indicated performance gains lnd to isolated inducer testing where the leading
edges were trimmed to 0.025 inch. The tests showed that losses could he cor-
related with inlet relative Mach number and compared to transonic axial-compres-
sor experimental data. Based on conclusions from these tests, the inducers for
the Army centrifugal~compressor research program were designed with leading
edges similar to those of the transonic axial rotors. With these data available
for the incducer portion of the impeller, the remaining radial section could be
analyzed to determine the range of gecmetries and rotor speeds required to attain
a 10:1 pressure ratio.

2.1,1 IMPELLERS

This preliminary evaluation and the Euler work relation (page 30) showed that

the required impeller-tip speed for the 10:1 pressure ratio was 2000 fps. This

tip speed results in a large-diameter impeller tnless a high rotor speed (rpm)

was used. For a given inlet hub-to-tip~-diameter ratio, the limits applied to the
inlet relative Mach number directly influence rotor rpm, and, therefore, overall
impeller diameter., To obtain this technology for a small, lightweight engine,

the ability to achieve Mach numbers as high as those for a transonic compressor
must be investigated. Therefore, inducer analysis required further refinement

of geometric data on the inlet area selected for the 2-pound-per-second airflow.

As un example of the factors considered, design at conventional inlet Mach
numbers (below 0. 85) would require a small inducer hab-to-tip-diameter ratio
(i.e., a small hub diameter) and would result in a Iarge- Jiameter impeller at
low rpm. In addition, the small inducer hub diameter would limit the number of
biades that could be used; usually the number of blades would be so few as to
cause wide blade spacing at the impeller tip. Conseguently, control of the flow
near the impeller tip would nct be possible, and large regions of flow separation
would occur. To avoid this difficulty, blade spacing in some designs has been
reduced by adding half blades in the radial portion of the impeller. However,
this method has met with only limited success because the half blades have been
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located midway between the full blades, placing them in a region where high
incidence at their leading edges has offset the predicted efficiency gains. This
incidence results from nenuniform velocity distributions through the blade
passages,

The bhasic impeller design problem is to achieve the best balance of the various
parameters that affect performance, which are:

1) Inducer hub--to-tip-diameter ratio;
2) Inducer-tip relative Mach number;
3) Rotor speed (rpm) and its effect on impeller-tip diameter;

4) Number of blades at the inducer and their effect on spacing near the impel-
ler tip;

5) Area schedule through the blade passages.

In each design studied, the objective was to control aerodynamic leading through
the passages to avoid early separation., The investigations included studying
inducer-tip Mach numker at various hub-to-tip ratios for the various rpm
selected, Throughout the study, blade spacing at the impeller tip was used as a
parameter in determining whether overall proportions were suitable for further
study. Figure 8 shows a schematic comparison of flow separation at the tip for
2 impellers having different numbers of blades. A flow separation is shown on
the suction surface of the blades and accounts ior the relative air outlet angles
being less than 90 degrees. This angle varied with the aerodynamic loading of
each impeller, Figure 8 also shows that separation occurs earlier in the
passage anc that exit wake is greater (total pressure loss and aerodynamic slip
are higher) for the impeller with fewer blades, so th:t the flow leaves the
impeller in a direction farther from radial. For an increased number of blades,
the relative velocity vector is more nearly radial,which results in a larger
energy input to the air at a given rotor speed.

Figure 9 shows three impellers with equal blade spacing at the hub but with
different hub and tip diameters. The inducer with the lowest hub-to-tip ratio has
the largest impeller blade tip spacing — this type of design would be subject to
early flow separation. However, the hizhest hub-to-tip ratio shows the smallest
blade spacing at the tip but operates at the highest inducer-tip Mach number., In
each case, a higher rpm would reduce the impeller-tip diameter and improve the
spacing relationships in tha: area but would require a higher Mach number at the
inducer inlet. These analyses were conducted on impellers having only radial
blade elements,although some compressors explored by other researchers have
had backward-curved impeller blades to minimize flow separaticn near the tip
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Figure 9. Impeilers With Equal Blade Spacing at Inducer Hub.
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region, This approach was consideved but was dismissed early in th2 program
because of structural difficulties from high stresses caused by the nonradi«l
blade elements. In additior, backward curving would be accompanied by a
nirther incresse ir stress because the required tip speed would be incraased
beyond 2000 fps to compensate for the reduced change in momentum at the tip.
At lower pressure ratios and tip speeds, this design can reduce aerodynamic
loading at the impeller tip; thus, it should be considered for use where centrif-
ugal stresses are low enough to warrant a mor. complete investigation.

A review of other designus indicated that mixed-flow impellers should also be
considered, It was believed that 1 to 2 ¢’ficiency points can be gained over the
conventional radial-type impellers because of the reduced amount of radial turn-
ing from inlet to exit in the mixed-flow impelier. This design is characterized
by a rearward lean of the blade passage in a meridional view. Figure 10
illustrates a mixed-flow impeller, typical of those considered for further re-
search work, Such designs shovld be evaluated not oniy because of predicted
efficiency gains but also because of possible improvements in blade root stresses
from reductions in radial blade height, The disadvantages of this impeller
design are that the diffuser must be positioned between coilical walls, which
makes fabrication difficult, and that there is a greater axial impeller length,
which vesults in higher rotor weight than in the radial-type impeller.

At the outset, the research plan was to evaluate both the radial- and mixad-flow
impellers to determine the advantages of each at the higher pressure ratios,
Because major Boeing research already had been concentrated on the radial-flow
impellers, early efforts in this program were to understand the mixed-flow
impeller better, Therefore, the program plan included 3 mixed-flow impellers
and 1 radial-flow impeller. All 4 were intended for high-pressure-ratio research
on a special impeller test rig. A fifth impeller (radial type) was designed to
evaluate different diffuser designs on another test rig. This impeller was
designed for the same test condition and also yielded valuable design information,

2,1,2 DIFFUSERS

In establishing the research effort for diffusers, the preliminary design
objectives were to define the complex flow fields from the impeller tip through
the diffuser and tc determine the highest possible pressure recovery., Achieving
the necessary high efficiency in this area is complicated by flow-field changas

in the vaneless space, For example, upen leaving the impeller, the flow must
mix and assume a vortex distribution so that static pressure will rise in the
radial direction, At some point in the vaneless space, an adjustment or transi-
tion in flow direction has to occur before the air reaches the diffuser tip, at
which point the pressu»~ rise becomes nonradial ond normal to the flow direction
through the diffuser passages. In addition, it was not clear whether efficient
diffusion would occur hefore reaching the diffuser tip, because the area in the
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Diffuser
Vane

Figure 10, Mixed-Flow Impelier (Meridional View).

vaneless space increases in the radial direction during initial supersonic flow,
Shocks were expected to occur ahead of the diffuser throat, A study of these

effects was essential to the goals of this program; thus, tests of several con-
figurations were planned,
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To ensure an efficient diffiusion process, specific problem areas were thoroughly
investigated. For example, a 10:1 pressure-ratio compressor will operate with
diffuser-tip Mach numbers of about 1.3 at a tip-blade height of about 0.20 inch.
Some background information was available from earlier research in which Boeing
used a shadowgraph technique to study a compressor at a pressure ratio of 7:1.
For this case, Mach numbers at the vane leading edges were alvout 1.2, The
effort produced the first clear evidence of shocks at the throat inlet. Figure 11
shows 1 of the pictures taken during the investigations. The effects of the shocks
ahead of and at th= channei entrance were known to influence boundary-layer
development; consequently, performance of the downstream subsonic diffuser
section will depend on the conditions existing at the beginning of the diverging
section. If the shock were located in a region where the boundary layer was
thinnest, separation effects and the influence of the boundary-layer conditions
could be minimized.

Two basic types of diffusers were considered. The first was a cascade-type
diffuscr with airfoil vanes grouped in stages, and the second was the channel-type
diffuser used in nearly all previous Boeirg compressors. In studying each type,
several factors were considered:

1) Friction loss depends on the air velocities and the wetted surface area. To
minimize the effects in the vaneless and semivaneless space, a study of the
number of vanes and diffuser-tip-to-impeller-tip-diameter ratio (diffuser-
diameter ratio) was conducted.

2) Separation loss depends on Mach number, flow irregularities, and diffusion
rate. The number of vanes and diffuser-diametzr ratio also influence this
loss.

For ihe cascade-type diffuser, 30 to 40 vanes would be required in the first row
to mirimize the path length from the impeller tip to the throat. In addition, a
small diffuser-to-impeller-tip-diameter ratio, with the vanes located close to
the impeller tip, would locate the shock early in the flow path, leaving the
remaining portions of the path for subsonic diffusion. By reaching subsonic
conditions as soon as possible, these friction losses in the vaneless and semi-
vaneless space would be reduced, Further, the shock could be used to produce
an efficient large static pressure rise in a short distance. Before establishing a
configuration, a trade study of these parameters was made to assess performance.
Losses from the shock were only 1 to 2 percent of total pressure. A more
complete study was conducted of component design and cascade vanes to deter-
mine if this type of diffuser warranted further investigation.

The contractor has extensive research and develcpment experience with the
principal configuration, a channel-type diffuser (often referred to as a vane-
island diffuser). Again, as with the cascade diffuser, trade studies were
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Figure 11. Diffuser Flow With Supersonic Inlet Velocity.
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conducted for a range of designs, considering the various factors that affect
diffuser performance. Three basic configurations were selected that would pre-
vide the test data necessary to validate the analytical studies. The components
were designed to evaluate differences in diameter ratio, throat Mach number, and
number of channels.

In these diffuser studies, variable airflow of the compressor at constant rotor
speed was investigated. By holding compressor pressure ratio constant while
reducing airflow for part-load engine operation, low specific fuel consumption
throughout most of the operating range can be achicved if a turbine that meets the
variable airflow conditions can be developed. To demonstrate these potentials, a
rig test, for which available research components were used, was conducted dur-
ing 1963. A set of variable guide vanes was used at the inducer inlet of a single-
stage centrifugal compressor, which included an 8-channel diffuser. The diffuser
channels were modified in a series of steps, and axial depth of the passages was
reduced to agree with areas required for the expected flow changes. The guide
vanes were used to adjust flow angles at the inlet to match the inducer angles.
The objective was to determiuc performance characteristics at 3 settings: 100-,
75-, and 50-percent design airflow, The results of this preliminary test are
shown in Figure 12, The results from this test warranted additional research on
the concept, which was included in the Army centrifugal-compressor research
program, A set of adjustable inlet guide vanes and adjustable diffuser channels
was considered early in the design effort. However, the primary objective was
to establish criteria for determining the best diffuser performance at design air-
flows; the secondary objective was to study variable flow capacity.

To gain the required ‘echnology, new information on flow phenomena ahead of
the diffuser vane was necessary. Therefore, new techniques for gathering these
data were studied.

1) Recording of Pressure Data — A thorough definition of static-pressure pro-
files in vaneless, semivaneless, and throat regions was essential. To study
this flow field, static-pressure taps were located close together throughout
the path to record small pressure changes. Approximately 100 taps in each
of the 2 side walls were required, but manual recording of this many pres-
sures was not feasible. Therefore, to achieve the desired result, a new
system for instantaneously and automatically recording the pressures was
purchased by Boeing for this research program.

2) Water-Table Analogies — A water table was available from previous research
programs for preliminary evaluation of diffuser elements, The table was
used for visually determining shock locations and flow separation regions; it
provided an opportunity to study many configurations qualitatively in a short
time,
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3) Schlieren Studies — The best technique for correlating the above pressure
surveys and water-table analogies was a schlieren system. The objective
was to obtain visual evidence of density changes and to locate shocks along
the early part of the diffuser path in the environment of the compressor test
rig. Previous attempts to measure only pressure data were often mislead-
ing. Consequently, the contractor developed a special schlieren unit for use
with the diffuser tests plunned for the Army centrifugul-compressor reseirch
program,

The following sections present details of the ubove analytical studies used to -
select specific impeller and diffuser designs.

2.2 IMPELLER DESIGN

The detail design analyses reported in this section include parameiric studies

of impellers and impeller aerodynamics. In these analyses, inducer-diameter
ratio, relative inlet Mach number, rotor speed, number of blades, impeller-tip
geometry, and passage-area schedule were thoroughly studied. The relationship
among the various parameters was determined, and areas requiring additional
research and analytical c:vziopment were identified.

Each impeller design was carefully evaluated through a logical sequence of
analysis, beginning with the parametric study of design requirements, followed
by the establishment of design methods, and ending with the defivnition of aero-
dynamic design criteria. This process led to the mechanical design of impeller
test components.

2,2.1 PARAMETRIC ANALYSIS

The parametric analysis work included investigations in which performance
trends were compared to geometric parameters, For this purpose, certain
fundamental principles were used in evaluating the size, speed, and work rela-
tions, For a 10:1 pressure ratio at 80-percent efficiency, the value of work done,
E, was calculated as 144, 8 Btu/1b of airflow.

Using the Euler energy-transfer relation between a rotor and fluid, the impeiler
tip speed was determined as follows:
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This equation can be simplified by using the geometric relationships from the
vector diagrams shown in Figure 13,

VTU

gJ

(Zero Prewhirl Case) (2)

Introducing the definition of slip factor,

V.
SF = U—T 3)
4
Equation (2) becomes
SF U 42
"t o
The symbols used in the above equations are;
U1 = inducer blade speed, fps
U 4 = impeller blade-tip speed, fps
V1 = absolute air velocity at inducer inlet, fps
A% 4 " absolute air velocity at impeller blade tip, fps
V2 = relative air velocity at inducer inlet, fps
V3 = relative air velocity at impeller tip, fps

Assuming that the inducer inlet absolute velocity is axial, the amount of slip had
to be estimated to determine impeller-blade-tip speed. Primarily, slip varies
with the number of blades (i. e., wide spacing of blade tips produces more slip
than when the blades are close together). The effect is also illustrated in Figure
13. To reach the required work input, impeller-blade-tip speed would have to be
about 2000 fps,
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The following expression of overall size and speed relationships applies to each
point along the blade:

U= -+ (5)

where:
U = blade speed at any selected point, fps
D = diameter at selected point on blade, in.
N = rotor speed, rpm

NOTE: The constant value of 720 is used to convert blade speed from in. /
min to fps. If impeller~blade-tip speed is known, rotor speed (N) and tip
diameter (D) are related — either parameter will define the other.

To determine rotor speed, inlet conditions at the inducer must be established, as
shown in the inlet velocity diagram (Figure 14).

The initial analytical calculations involve the vectors shown in this diagram, In
practice, limits imposed on the inlet relative velocity and Mach number (M) at

the inducer tip indirectly establish the required rotor speed. In this study, maxi-
mum Mach numbers ranged from 0. 80 to 1. 40, A second influence on rotor speed
is inducer-inlet hub-to-tip-diameter ratio. Industry experience indicated that this
ratio should range from 0. 40 to 0. 70 to maintain good performance, stress, and
vibration characteristics, For each design, blade diameters were selected for
flow continuity and axial inlet velocity. By using the rotor-speed relations of
Figure 14, the inducer-geometry shown in Figure 15, the rotor size and speed
can be determined from

wa1 = PSA1V1¢ (6)
where [
p = : ~
8 2 (M
k-1 k-1
e () )
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By definition:

®

2
A =g (th - Di) = 4 (th) [1—(211) ] (9)
25

Symbols used in Figure 15 and the above equations are:

Wa = airflow rate, 1b/sec
PS = air density based on static conditions, 1b/ft3
P, = air density based on total conditions, 1b/ ft3
2
A1 = inducer-inlet free area, in.
V1 = absolute air velocity at inducer inlet, fps
V2 = relative air velocity at inducer inlet, fps
() = inlet blockage factor (dimensionless ratio: area blocked by
blades and flow irregularities to free area just ahead of inducer)
k = dimensionless ratio: specific heat at constant pressure
to specific heat at constant volume
M1 = absolute inlet Mach number
M2 = relative inlet Mach number
Dt = inducer-tip diameter, in.
Dh = inducer-hub diameter, in,
a = acoustic velocity, fps

Combining the relations given in Equations 6 through 9 yields:
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" v 24
pt T p [1-(Dh) V.9
2 Dt I 1
o, J ‘
e » — (10)
k-1 V1 k-1
[1 () 2w,

If the t. «al inlet conditions are krown, Pt is a constant, and k is assumed to be
1,40, By eliminating these terims, the related parameters become inducer-tip
diameter, blockage, hub-to-tip-diameter ratio, absolute velocity, relative Mach
number, and relative velocity, The relationship between V; and V, defines
inducer-tip speed (Figure 14) and, hence, rotor speed.

Before geometric and performance trends could be plotted in this parametric
analysis, inlet blockage and impeller slip (the number of blades) had to be known.
For consistency, the number of blades was determined Ly setting a 0.20-inch
spacing at the inducer hub. Also for consistency, the blade height (passage-area
height) at the impeller tip was 0,20 inch, All other rotor parameters are deter-
mired by selecting hub-to-tip-diameter ratios and relative Mach numbers. The
results of this parametric analysis are given in Figure 16. The plot of impeller
efficiency is based on the pressure recovery study discussed in Section 2, 1 of
this report.

While these analyses represent the parametric trends for radial-flow impellers,
additional comparisons were necessary for mixed-flow impellers. Prior studies
indicated a consistent 1 to 2 efficiency-point advantage for the mixed-flow
impeller over the radial-flow impeller, and this information was extrapolated for
overall compressor efficiency (see Figure 17).

In reviewing the study results, the range of geometries bes? svited for research
had to be determined. For example, to achieve small size and light weight,
inducer-inlet relative Mach numbers should range from ¢, 95 to 1. 2, In this
range, impeller-blade-tip diameter would be between 6 and 8 inches for inducer
hub-to-tip-diameter ratios ranging from 0, 40 to 0. 65. The resulting rotor speeds
were between 57,000 rpm for the larger impellers and 74, 000 rpm for the smaller
impellers. The parameters in Figure 16 indicate only impeller performance.

To achieve the overall target value of 10:1 compressor pressure ratio at 80-
percent efficiency, the impeller total-to-total pressure ratio shoul? range from
12,5:1 to 13, 5:1,
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Figure 17, Comparison of Extrapolated Periormance for

Mixed- and Radial-Flow Impeilers,

2.2.2 DESIGN METHOD

Four basic impeller designs were selected from the data generated in the
paramelric studies. For each design, a detailed internal-flow analysis was con-
ducted. First, the inlet and exit velocities (vector diagrams) were constructed
froia the parametric study data. The inducer-inlet absolute Mach number (M)
was assumed constant from hub to tip, because each configuration was designed
without prewhirl. In addition, the blades were designed with only radial elements.
The final designs were influenced by the following considerations.

Inlet Blockage — The inlet blockage factor (9 )’is:

39

CONFIDENTIAL




CONFIDENTIAL

o = total annulus area - (biade area + boundary-layer area)
total annulus area

(11)

Blockage was determined bty the number of blades and their thickness distribution
from hub to tip. For the designs being evaluated, blockage from boundary-layer
thickness was assumed to be 0. 02, Overall blockage factors calculated from the
above equation ranged from 0, 90 to 0.96, depending on inducer geometry. In
addition, blockage at the station of minimum area, just inside the blude row,
determined the passage area and blade height for a given diameter ratio. Vector
diagrams similar to those of Section 2. 2. 1 were then constructed and used to set
the incidence angle at this station for the mean camber line. This incidence
angle ranged from 0 to 1 degree,

One-Dimensional Analysis — With the vector diagrams established, a 1-dimen- -
sional analysis was conducted to determine airflow continuity through the impeller

passage and to solve for blade-thickness blockage along the airflow path from the

impeller inlet to exit. Blade turning, airflow-area schedule, and diffusion rates

were determined through an iterative procedure in which the diffusion factor (see

Reference 1) was used as the diffusion limit, which was set at 0. 45 (refer to

criteria discussed in Section 1. 0, Introduction, of this report). The equation

was:

v AV
3 T
DF = 1 - — 4 ———— (12)
V2 2¢7V2

This equation was used to calculate the diffusion factor at succes ive stations

along the blade, The solidity ( o) and change in the tangential component of the

relative velocity ( AVT) were determined from changes in airflow conditions at

each succeeding biade station, with the inlet station being used as the fixed -
reference point. Having approximated the impeller shape in the 1-dimensional

analysis, flow equilibrium now had to be established.

Flow Equilibrium Analysis — Radial equilibrium was established for airflow
conditions through the impeller. In addit.on, at each station along the impeller
airflow path, velocities on the blade and at midpassage were determined. Points
at which rapid acceleration or deceleration occurred were identified, and pas-
sage-area geometry was adjusted. Because this work required numerous, time-
consuming velocity calculations, a 5-streamtube computer program was de-
veloped.
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The method of analyzing radial equilibrium was derived from Reference 2, and
the complete computer program is presented in Appendix I. A brief description
of its uce is given below and in Table IL

TABLE O

IMPELLER RADIAL-EQUILIBRIUM COMPUTER PROGRAM

Knowns (Required for Analysis) Assumptions (Required for Analysis)
Hub and Tip Radius Schedule Nonviscous, Compressible Fluid Flow*
Blade Blockage Schedule Uniform Velocity, Blade to Blade
Number of Blades Relative Flow Angle Same as Blade Angle
Thickness of Blades Steady-Flow Process

' B_lade Turning Schedule Equal Mass Flow per Streamtube
Rotor Speed Total-Pressure Recovery

Station Locations
Overall Pressure and Temperature
Rise, Using Inlet Station as Fixed

Reference Point

*Thermodynamic properties of air were derived trom the gas tables of
Reference 3.

From these knowns and assumptions required for analysis of impeller radial
equilibrium (see Table II), the 5-streamtube computer program can be used to
calculate the forces acting on air particles in the streamline. These forces —
Force 1 is a tangential component of blade-surface force normal to the meridional
streamline; Force 2 is the centrifugal force from the curvilinear path; Force 3 is
the centrifugal force from rotation around the impeller axis — form an analytical
equation that is used to set the forces equal to pressure changes in the impeller
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hub-to-shroud direction. After combining this force equation with the general
energy equation, the known airflow continuity is then used in determining the
streamline velocity distribution, which also depends on impeller geometry.

First-assumption inputs to the computer program are the estimated streamlines
and impeller-hub velocity. Impeller hub-to-tip velocity distribution is now cal-
culated by integrating the known parameters, However, if the above assumptions
do not satisfy radial equiiibrium, the streamlines have to be adjusted and re-
plotted, and the above calculations have to be repeated, with new velocity and
density values being used. These values and plots are used: (1) to estimate the
new streamlines, (2) to determine the average blade-tc-blade velocities (relative
velocity), and (3) to determine the mean static-pressure rise.

Finally, having approximated the desired results through recalculation and

analysis, these new data are plotted to show radial-equilibrium conditions at each
station along the impeller airflow path, These recalculated computer output data
include the desired streamlines, velocity distributions, pressure profiles, and
other data required for geometric analysis of impeller radial equilibrium,

Blade-to-Blade Velocity Analysis — In all impellers, pressure losses are associ-
ated with flow separation along the blade surfaces. Boundary-layer growth in the
presence of decelerating velocities will cause separation and large mixing losses,
Also, acceleration to supersonic velocities causes local shock losses. To predict
either condition, velocity distribution on the impeller blades had to be deter-
mined. A rapid approximation method was developed by Stanitz and Prian (see
Reference 4) for both compressible and incompressible 2-dimensional flow be-
tween blades. The method is adaptable to radial or mixed-flow impellers with
arbitrary passage and blade shapes; the method was subsequently incorporated in
the 5-streamtube computer program described in Appendix I of this report. By
solving the continuity equations, this method can be used to determine average
relative velocities and flow angies between blades along the streamlines. The
average relative velocity between blades was then equated to one-half the sum of
the suction and pressure surface velocities, The suction (or trailing) surface
velocity depends on the rate of change in vector quantities at each station on the
streamlines with respect to the meridional distance from the inlet station. In
using this method, it was assumed that the air particles were guided until slip
occurred, The location and value of slip were checked by the method shown in
Reference 5; for each impeller, slip began at the point where tangential blade
turning was completed.

Average slip was determined from Reference 5. The procedure for determining
average relative velocities is iterative because rapid decelerations and accelera-
tions are corrected by adjusting blade profiles and passage contours and by re-
peating the analyses of References 2 and 3 until the desired velocity distributions
are obtained,
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The design analysis methods described in Appendix I of this report were used to
establish the 4 impeller configurations for mechanical design analysis.

2.2.3 SELECTED DESIGNS

To define the aerodynamic configurations of the 4 impellers, parametric studies
were conducted to establish rotor sizes and speeds and to estimate performance
requirements, In addition, a design method, which included analyses of the 1-
dimensional flow path, radial equilibrium, and blade-surface velocities, was
established, The techniques used ir these analyses are described in Sections
2.2,1 and 2, 2, 2 of this report. From these studies, the designs were selected
for investigating irlet hub-to-tip-diameter ratio, inducer-tip relative Mach num-
ber, solidity, blade shape, and impeller type to establish criteria for high-
pressure-ratio impellers. The principal objective was to define a design method
that was supported by improved performance predictions.,

The 4 research impellers are listed in Table III, which also shows their signifi-
cant design parameters, Each impeller was given a design designation for
reference: the first mixed-flow impeller was designated MF-1; the.second,
MF-2; and the third, MF-3, The radial-flow impeller was called RF-1. These
designations will be used throughout this report to identify the specific impeller
being discussed.

The impellers were designed with leading edges that approximated the double
circular arc blade profiles commonly used in axial compressors, This selection
was made because axial compressors with similar profiles have operated success-
fully in the range of relative inlet Mach numbers chosen for the 4 impellers. The
more conventional inducer blade profiles used in previous inducer designs are
compared with the double circular arc profiles in Figure 18,

Double Circular Arc
(Axial Compressor)

Parallel Pressure and
Suction Surface with
Benching

(Previous Inducers)

Figure 18, Comparison of Inducer Leading-Edge Blade Shapes.
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MF-1 Impeller_Design

This impelier was designed to have the lowest relative inlet Mach number (0. 95)
of the 4 configurations. It was also sized at the lower inlet hub-to-tip-diameter
ratio (. 40) to be investigated, and the inlet axial Mach number was 0.50. The
velocity diagrams for these cenditions are shown in Figure 19; they represent
decign conditions at mean points for the tip, RMS, and hub streamtubes. The
relation between airflow continuity and the vector diagram (see Equations 6
through 9 and Figure 15 of Section 2, 2. 1) was used to determine inducer-tip
diameter (3. 50 inches) and rotor speed (57, 000 rpm). Inducer aerodynamic load-
ing was determined from diffusion factor criteria — the values used for MF-1 are
compared to a previoas impeller design in Figure 20. The lower aerodynamic
loading of MF-1 was chosen to avoid early flow separation. Impelier-exit velocity
diagrams are given in Figure 21, and the meridional shape of the blade passage
area is shown in Figure 22, Both illustrations were derived by using the pro-
cedures outlined in Appendix I, which includes the computer program for estab-
lishing radial equilibrium and for determining blade-surface velocities., The
rearward lean of the mixed-flow passage was set at 30 degrees (Figure 22).
Flow-passage area, biockage, blade height, and turning schedules developed in
the computer calculations ar¢ shown in Figure 23, Static-pressure gradients
through the blade passage arca were determined from the radial-equilibrium
analysis, These gradients, plotfed in Figure 24, were used to estimate static-
pressure rise along the shroud (see Figure 25). During the evaluation portions
of this program, data will be recorded for comparing these predictions with test
results. These comparisons will provide a check against the mathematical
models used to prepare the computer program. Regions in which test values fall
below the predicted line will indicate where flow separation has occurred. This
information will be used in correcting design techniques and in modifying the test
impellers. The predicted average and blade-surface velocities are shown in
Figure 26 for the hub, RMS, and tip streamtubes. Calculated variations in
absolute and relative flow angles, static and total pressures, and total tempera-
ture across the tip section of the impeller are presented in Figure 27. These
values will also be checked by measurement in the impeller test rig.

Having established the impeller design-point geometry, the computer program
was used to determine static-pressure rise along the shroud and blade-to-blade
velocities st part-spe~d conditions, The points chosen were at 90-, 80-, and
60-percent design speed; the calculated data are plotted in Figures 28 through 31.

MF-2 Impeller Design

This impeller was designed for a higher relative inlet Mach number at the tip
(1.23) and for a larger inlet hub-to-tip~diameter ratio (0. 50) than MF-1, Because
the design was intended for use in investigating high speed and small size (dis-
cussed in Section 2, 2, 1), the absolute inlet Mach number was increased to 0, 60.
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Figure 19. Inlet Velocity Diagrams for MF-1 Impeller Design.
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Figure 20, Diffusion Factor for MF-1 Impeller.

With these values, an inlet nlockage factor of 0,90, and the continuity equations,
the inducer-tip diameter was established as 3, 60 inches and the rotor speed was
determired as 73, 000 rpm. The resultant inlet velocity diagrams are shown in
Figure 82. As with the MF-1 impeller, the MF-2 was analyzed by using the
computer techniques of Appendix I. Diffusion factors used in the RMS calcula-
tions are compared to an earlier high-performance compressor tested by the
contractor(80-percent efficiency at a pressure ~atio of 5, 5:1) in Figure 33. Dif-
fusion rates at the RMS diameter are about the same,

“The impeller-tip velocity diagrams ave presented in Figure 34. Using the speed-
size relationship, the tip diameter of this mixed-flow design was calculated to be
about 6, 2 inches. Because this diameter was smaller than that of MF-1 (8,0
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Figure 21. Exit Velocity Diagrams for MF-1 Impeller,
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Figure 22, Meridional View of MF-1 Impeller.

inches), blade-tip height was enlarged to 0. 25 inch to maintain airflow continuity.
The overall meridional view of the blade passage area is shown in Figure 35;
rearward lean of the mixed-flow passage at the tip was the same as in MF-1
(30 degrees). Flow area, blockage, blade height, ard turning schedules are
illustrated in Fagure 36, The results of the radial-~quilibrium analysis (see

Appendix I) are shown in Figures 37 through 44 for the same parameters used
in evaluating MF-1,

49

CONFIDENTIAL




1.00
0.95
0.90

& g
8 =
0.85 o
& 2
= <
Q

S g
M =
0.80
0.75
0.70
Figure 23.

7.0

6.5

6.0

5.5

5.0

»
.
3]

4.0

3.5

3.0

CONFIDENTIAL

Flow
Area
l 60
50
\ 40
Air
Turning
| V- 30
20
Blockage
Factor
\ 10
0
1.0 2.0 3.0 4,0 5.0

Meridional Distance (in.)

Impeller Design Parameters for MF-1; Design Speed,
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Figure 24. Static-Pressure Distribution Across Passage,

MF-1 Impeller; Design Speed, 57,000 rpm.
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Figure 25, Predicted Static-Pressure Rise Along MF-1 Impeller Shroud;
Design Speed, 57,000 rpm,

MF-3 Impeller Design

This impeller was sized between MF-1 and MF-2 for an assessment of geometric
parameters, Accordingly, an inducer-tip relative Mach number of 1. 13 was
selected; the inlet hub-to-tip-diameter ratio was 0.50, and the absolute axial
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Figure 26, Blade-Surface Velocities of MF-1 Impeller; Design
Speed, 57,000 rpm.
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Figure 29. Blade-Surface Velocities of MF-1 Impeller; 90-Percent
Design Speed, 51,300 rpm.
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