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SUMMARY

The report contains the results and analysis of investigations conducted
during Phase I of the small gas turbine engine compressor technology
program. Phase I contract work consisted of compressor component anal-
yses and investigations conducted, using the existing low-speed compres-
sor model and the transonic cascade tunnel to provide aerodynamic
information for the design of the high-speed radial outflow supersonic
compressor to be investigated in Phase II. A stress analysis and bench
tests of several possible rotor designs and an investigation of methods
of fabricating and joining blades, rotating shroud, and disc were con-
ducted.

Compressor component aerodynamic performance goals along with levels
demonstrated from the Phase I investigation are summarized in Table I
(see page 10). Numerical calculations of the design point demonstrated
for each component are included in Appendix I. Also included in
Appendix I is a complete step-by-step calculation of the overall perform-
ance of the high-speed radial outflow compressor based on the Phase I
demonstrated component performance levels, The follewing comparison
shows these results relative to target values at the sea level standard
design point:

Parameter Target Value Calculated Value
Efficiency, percent 81 81.6
Pressure ratio 11 11.3
Airflow, 1b/sec 4.5 4,7

The accomplishment of Phase I of the small gas turbine engine compres-
sor technology program has yielded valuable and encouraging results.
This information was used to advantage in the design of the high-speed
radial outflow supersonic compressor. Results of rotating diffuser
tests using the low-speed compressor indicated that greater diffusion
could be obtained in the high-speed rotor., Stress analyses verified
that a larger rotor outside diameter of 13 inches could be used. This
diameter has been selected rather than the original 12-inch diameter
because the Mach number of the flow entering the stator vanes is reduced
and the compressor performance will be improved. The major conclusion
derived from Phase I of this program is that all investigations have
provided results which approach or exceed the expected goals. The
radial outflow compressor will be sensitive to inlet distortion, and
further inlet system investigation is recommended to provide for a
uniform flow in entering the rotor when large inlet guide turning angles
are used. No problem areas were discovered that would prevent the
achievement of the design performance levels from the radial outflow
compressor to be tested in Phase II of this program.
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FOREWORD

Under United States Army Contract DA-177-AMC-180(T), the Flight Propul-
sion Division of the General Electric Company in Cincinnati, Ohio, is
conducting a program to advance and demonstrate high-pressure~ratio
compressor technology for small gas turbine engines. The investigation
concerning the analysis, design, construction, and testing of a Radial
Outflow Compressor (ROC) is presented in 3 volumes, each volume generally
describing 1 of the 3 phases of the program. Volume I presents the ROC
design philosophy, mechanical analysis and bench test results, inlet
system and rotating wall vaneless diffuser studies using a low-speed
compressor, the design and supersonic cascade tests of the rotor blade
sections, and high-speed transonic and supersonic cascade tests of
single row and tandem row stator vanes. The design of the high-speed
compressor test vehicle used in tue Phase II and III1 investigations is
also presented in Volume I.

Volume II describes the Phase II investigation including the aerodynamic
and mechanical design of the high-speed rotor and the stator system. The
experiments conducted consisted of testing 6 major buildups (A through F)
of the compresso:. A number of aerodynamic, mechanical, and operational
problems were encountered during testing of the new compressor using a
new test vehicle. During Buildup F, encouraging rotor performance was
obtained at 70 percent speed, with a maximum rotor efficiency of 92.1
percent recorded at a rotor exit total pressure ratio of 3.97, and a
rotor exit static pressure ratio of 1.97. This performance was accom-
plished by elimination of the inlet guide vanes, the use of a circular
inlet vane, the Phase III rotor blades, and the subsonic stators. Analysis
of the rotating wall vaneless diffuser was described and further low-
speed compressor test results were presented. The rotating diffuser
configuration selected for the Phase III rotor was also presented in
Volume II.

Volume III describes the Phase III investigation of 3 major buildups (A
through C) of the high-speed compressor. Buildup A was intended to
provide direct comparison of the Phase III rotor performance with the
best performance obtained with the Phase II rotor during Buildup F. The
circular inlet vane was not used in Buildup A (Phase III) because the
rotor inlet curvature was more gradual and it was hoped that the assembly,
balancing and installation difficulties inherent with the circular inlet
vane could be avoided. Operating problems with the bellmouth liner used
to form the air path into the new rotor were encountered. Fracture of
the liner occurred at low speed. Continued operation of the compressor
was obtained by machining the liner back to eliminate interference with
the rotor. Although an unsatisfactory rotor entrance condition existed,
some aerodynamic and mechanical data were obtained. A satisfactory inlet
was constructed by modifying the bellmouth with a liner composed of
pyrolytic graphite and glass fibers bonded with phenolic resin.



For the final test phases, the circular inlet vane was used, the rotor

strain gages and leads were removed, and the supersonic stator vanes

were installed upstream of the subsonic stators. An improved seal was

employed upstream of the rotor for Buildup B. Buildup C was similar to

Buildup B except that reduced seal clearance was established, reduced r
rotor to casing offset (cold, nonrotating) was used, and greater capacity
to remove flow from the forward cavity was provided. A systematic series
of stator vane settings was tested during Buildup C at speeds up to 100
percent.
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speed of sound, feet/second

blockage factor

specific heat at constant pressure, Btu/lb/oF
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2 sl
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INTRODUCT ION

Advancement of component technology is required to permit the develop-

ment of small, lightweight, high-performance gas turbine engines to

meet the future needs of the United States Army for aircraft propulsion
units as well as ground vehicle and stationary power units. The cur-

rent gas turbine engine component efficiencies have been developed to

a high level, and major improvement of engine performance is likely

to come from advancing the state of the art for higher turbine inlet
temperatures, higher compression ratios, and lightweight high-effectiveness
regenerators. The program under which this report is submitted is con-
cerned with advanced compressor technology.

The engine cycle conditions required to yield excellent gas turbine

fuel economy over a broad operating range demand that the compressor
produce a high pressure ratio at high efficiency. The design pressure
ratio at full speed should be about 10 to 12 with an adiabatic efficiency
of at least 80 percent. In order to achieve good engine performance in
the 30- to 50-percent power range, the compressor should also bc capable
of producing pressure ratios in the range of 4 to 6 with high efficiencies.

Within the present state of the art, the only way of meeting these
stringent efficiency requirements in a 2- to 5-pound-per-second-size
machine would be to use a multistage axial compressor with many varia-
ble stator blade rows, or possibly a two-spool compressor. The poten-
tiality of meeting these requirements by the use of a single-stage
radial outflow supersonic compressor appears to be very promising. Aero-
dynamic representations of the elements of this type of compressor have
been demonstrated in cascade tests at supersonic speed or in compressor
tests at low speeds. The demonstration of the appropriate aerodynamic
and mechanical design at high speeds will represent a long step forward
toward the production of a gas turbine engine ideally suited to the
needs of the United States Army.

DISCUSSION OF COMPRESSOR TYPES

Multistage Axial Flow Compressors

The possibility exists of producing the required pressure ratio in a
multistage axial compressor of from 8 to 14 stages. The smaller number
of stages would require the utilization of transonic compressor technol-
ogy throughout and might result in a slightly lower efficiency than a
largely subsonic multistage axial compressor.

The forward stages of a many-row axial subsonic compressor would have
high efficiency, but the clearance and blade fabrication problems of the
miniature rear-blade rows would probably result in much less efficiency,
perhaps resulting in unsatisfactory performance. In order to meet the
off-design requirements, about half cf the stationary blade rows would



have to be variable. Because of the many blades and many variable parts
required, it is likely that multistage axial compressors in the very
small size required would be expensive to construct, susceptible to
foreign object damage, and difficult to maintain and repair. Growth
potential by adding lower hub/tip ratio forward stages is limited but
may be adequate,

Multistage Centrifugal Compressors

Because of the nonuniformity of flow in conventional centrifugal compres-
sor rotors designed for high pressure ratios, the efficiency of such
machines is less than required. In multistage centrifugal compressors,
further losses are encountered in ducting the flow from the stator exit
into later stages. The second stage (for the low corrected airflows
encountered) would be quite small, and clearance and vane construction
difficulties, similar to the rear stages of axial machines, would be
encountered, A matching problem exists because of the significant dif-
ference in size and flow areas in subsequent stages, compared to the
first stage, required for high overall pressure ratios. The cost of
multistage centrifugal compressors will probably be less than multi-
stage axial compressors. For very small compressors, improvement in
ruggedness, maintenance, and repair should be obtained. A multistage
centrifugal compressor would probably be heavier than the multistage
axial compressor. Growth potential is limited.

Multistage Axial-Centrifugal Compressors

The combination of high-efficiency subsonic axial stages and a relatively
high pressure ratio centrifugal stage offers the best opportunity using
the present state of the art to approach the performance requirements of
the engine cycle under consideration herein. In order to achieve satis-
factory performance for part-power operation, matching of the axial
stages and the centrifugal stage will require the use of variable vanes
in many of the axial stages. Variable blade rows not only add to the
cost of the compressor, but also subtract from the efficiency because

of the larger clearances which are required. Therefore, it is

likely that a combination compressor of this type will be more expensive
than a multistage centrifugal compressor and only slightly more efficient.
A combination compressor will probably be intermediate in weight between
multistage axials and centrifugals, as will be the cost of maintenance
and repair. The ruggedness and growth potential would be essentially

the same as those of a multistage axial compressor.

Radial Outflow Compressor

The Radial Outflow Compressor (ROC) is a new type of turbomachine con-
ceived to meet the requirements of a small, efficient gas turbine. The
ROC combines axial flow compressor technology with the flow path of a
centrifugal compressor. The use of supersonic rotor blades in conjunc-
tion with a rotating wall vaneless diffuser and supersonic stator blades

2



of new design offers the potentiality of producing very high pressure
ratios in a single stage with very good efficiency.

Because the compressor type selected is a single stage, the cost of the !
radial outflow compressor should be much less than that of a multistage
axial machine and significantly less than that of a multistage centrifugal
compressor or a combination of the two. Analysis indicates that the
problem of matching the compressor and turbine for off-design performance
can be solved with a single variable inlet guide vane row. The radial out-
flow compressor is expected to be simpler, more rugged, and easier to main-
tain and repair than a multistage centrifugal compressor. Large growth
potential can be achieved by supercharging with one or more transonic

axial stages. It is because of these advantages that the single stage
radial outflow compressor has been selected for development in this
program. Although all of the individual aerodynamic elements have been
demonstrated, either at supersonic speed in cascade tunnels or at low
speed in compressors, the combination of these elements in a high speed
machine has not yet been tested; in particular, the performance of the
rotating vaneless diffuser under compressible flow conditions has not

been demonstrated. However, the results obtained in a low speed

compressor have been very encouraging. The significant step forward

wvhich this compressor offers strongly justifies further investigation

and development.

A sketch of the radial outflow compressor is shown in Figure 1. The
conventional axial flow inlet guide vane system is employed in this
configuration even though other configurations are considered. The

rotor blade sections have the appearance of typical impulse turbine
sections. They are different from such turbine sections in that, at

the design speed, the entering Mach number and the exiting Mach number
are supersonic. The rotor blades are followed by a vaneless diffuser,
with the walls of the vaneless diffuser being an integral part of the
rotor. Following the rotor, supersonic stator blades are employed. Sub-
sonic stator blades are used in tandem with the supersonic stators. A
scroll collector, having two collector ducts, will probably be employed to
deliver the compressor exit flow to the regenerator or to the combustor.

The specific flow handling capacity of the compressor in small engi.es

is not a critical quantity. The reason for this is seen by examination
of production engines in the 250~ to 1000-horsepower class. The compres-
sor frontal area is small in comparison to the gearbox and, in some
smaller engines, to the combustor as well. It seems likely, for small
regenerative engines, that the compressor frontal area will be relatively
the same as the frontal area of the regenerator. Thus, the relatively
low specific air handling capacity of centrifugal compressors or of the
radial outflow compressor will not significantly affect the total frontal
area of small gas turbine engines. The fact that the radial outflow
compressor has a narrow profile, when viewed normal to the axis of rota-
tion, may be an advantage for some installations.
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DISCUSSION OF THE SUPERSONIC RADIAL OUTFLOW COMPRESSOR

Compressors can impart high energy to air by accepting the flow at
supersonic velocity while rotating at high speed and turning the veloc-
ity vector direction through large angles to produce high tangential
exit velocity. The supersonic radial outflow compressor will accomplish
high work input efficiently in this manner by employing rotor blade
sections which have been demonstrated in supersonic cascade tests. The
flow leaving the rotor blades will have a tangential velocity of about
2856 fps (absolute Mach number about 2.66). This flow will be permit-
ted to form a powerful supersonic vortex within the rotating walls of
the vaneless diffuser, which is an integral part of the rotor. Free
vortex flow is a "natural! flow occurring in tornados and whirlpools

and is characterized by conservation of angular momentum, with the
tangential velocity decreasing inversely as the radius increases, and

a corresponding large increase in static pressure with increasing radius,

Ideally, supersonic vortex flow, as well as subsonic vortex flow, exists
with minimum energy losses, and the strong static pressure increase as
radius increases is obtained with minimum loss. In conventional vaneless
diffusers, much friction results between the stationary walls and the
high velocity airstream. Secondary flows, separated zones, and large
losses occur. By permitting the vaneless diffuser walls to rotate at
high speed, the relative velocity between the walls and airstream is
greatly reduced. The powerful centrifugal force field energizes bound-
ary layer particles and should prevent the occurrence of separated zones.
The losses are greatly reduced and a close approach to loss-free vortex
flow should be obtained. Diffusion of the absolute velocity to a Mach
number of 1.3 or less will be accomplished by this means.

An important feature of the radial outflow compressor is the design
intent to obtain two-dimensional flow in all of the elements. Thus, the
flow of the inlet guide vanes will be a close approximation of two-
dimensional cascade flow. Since the rotor blade elements are parallel
to the axis, the leading and trailing edges rotate at constant speed
along their span. The rotor blade sections and the airflow through
them will be two-dimensional. The rotor blade and passage wall sur-
face boundary layers are energized by the centrifugal force field to
maintain closely the two-dimensional flow. The purpose of these con-
siderations is to produce a flow into the rotating diffuser that is
essentially uniform in total pressure, static pressure and flow direc-
tion. There have been many indications (References 1 through 6) that
vaneless diffuser performance is much affected by the uniformity of the
flow entering the diffuser. Excellent diffuser performance and exit
velocity profile are required to permit the stator blades to perform
their important function efficiently. It is believed that these design
features are essential to high efficiency and to high-pressure-ratio
compressor performance and are unique to this new type of turbomachine.
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The vector diagrams for the radial outflow compressor are shown in
Figure 2. The absolute flow enters the rotor blades at a Mach number
of 0.776 with an angle of 18.4 degrees from radial, in the direction

to increase the relative velocity into the rotor blades. Relative to
the rotor, the flow enters the blades at a Mach number slightly above
1.47 with an angle of 60 degrees from the radial direction. The total
rressure, relative to the rotor blades, is about 2.37 times atmospheric
pressure. Due to the change in radius through the rotor, the relative
total pressure at rotor discharge is increased to about 1.24 times the
entrance value, or to about 2.8 atmospheres. The assumed total pres-
sure loss occurring in the rotor blades reduces the exit relative total
pressure to about 2.55 atmospheres.

The rotor blade area ratio is selected so that at transonic speed, and
particularly at the relative entering Mach number of 1, the effective
rotor exit area is such that the exit Mach number is also near 1.
This design consideration, intended to minimize discontinuous perform-
ance at transonic speeds, will produce a rotor exit Mach number at
design speed that is slightly greater than the rotor entrance Mach
number. The rotor blade discharge angle is 60 degrees from radial,
which is necessary at the design exit rotational speed of 1300 fps

to produce the work input required for a compression ratio of 11.34
with a stage efficiency of 81.6 percent.

The absolute Mach number entering the vaneless diffuser is about 2.66.
The radius ratio of the vaneless diffuser has been selected so that the
absolute Mach number entering the stator will be 1.3 or lower. Satis-
factory supersonic static preformance has been obtained in cascade tests
conducted in this Mach number range by the General Electric Company
(Reference 7). The Mach number of the flow entering the stator will be
influenced by mechanical design considerations as well as by the amount
of diffusion which can be obtained efficiently in the rotating vaneless
diffuser. Greater diffusion will improve compressor efficiency.

In passing through the supersonic stators, the flow experiences a normal
shock and subsonic diffusion to a Mach number of about 0.70. Subsonic
stators are employed to reduce the Mach number to about 0.35. The scroll
collector and the diffusing scroll arms will reduce the flow Mach number
to about 0.30 before a 30-degree turn in vaned elbows is encountered.
Total pressure loss coefficients obtained from rotor and stator blade
cascade tests are assigned to the flow in the rotor, to the vaneless
diffuser, and to the combined stator blade row. Calculated values of
*he various flow properties at the appropriate radial stations are given
in the following example which is typical of the compressor shown in
Figure 1.



Radius, r, inches

|P/M:().7 /

Subsonic Stator

M3=1.28 Supersonic Stator

Figure 2.

Rotor Blade

Inlet Guide Vane

Vector Diagrams of Radial Outflow Compressor.
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Calculation Example (See Figure 2)

Compressor Inlet Conditions

P, = 1.0 T, = 520°R
Guide Vane Exit (Absolute)
Vv = 819 Ps = 0.671
M = 0.776 Lt P, = 1.0
Rotor Inlet (Relative) D=17.20
V = 1555 P = 0.671
B = -60 s
M = 1.473 PNE 2.370
Rotor Exit (Relative) D = 8.60
V = 1656 PS = 0.653
M= 1.5 B = 60 P = 2.55
Rotating Diffuser Inlet (Absolute) D = 8.60
V = 2856 Ps = 0.653
M = 2.66 @ =73.2 P, = 14.30
Supersonic Stator Inlet (Absolute) D = 13.0
V = 1855 P =4.71
M= 1.28 el P: - 12.7

Subsonic stator exit total pressure = 11.34 atmospheresy compressor
efficiency = 81.6 percent.

Note: Velocities are given in feet per second, pressures are given in
atmospheres, diameters are given in inches, and angles are given in
degrees from radial.

STATUS OF DEVELOPMENT AT BEGINNING OF PROGRAM

Although the radial outflow compressor applies certain features of axial
and centrifugal compressors, it represents a necessary radical departure
from current practice for either type in order to obtain advanced per-
formance in small-size turbomachines. Rotor blades and stator blades of
this new compressor had been developed in cascade and tested in axial
flow compressors, but they had not been used in the radial outflow con-
figuration. Single-stage performance of the pressure ratio and effi-
ciency calculated to be obtainable with the radial outflow supersonic
compressor is far advanced from the present state of conventional com-
pressor design., The combination of high work input impulse rotor blades,
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rotating wall vaneless diffuser and advanced stator systems, with uni-
form, two-dimensional flow closely approached throughout, should make
possible this advanced performance.

A low-speed water flow model having transparent rotor and stator walls
was constructed to explore the potentiality of this new concept and to
observe flow details in this unusual configuration. The early config-
uration was done with water as the fluid medium because of the ease of
flow visualization using dye traces and the high Reynolds number obtained
at low speed.

Since the results obtained with the water flow model were very encour-
aging, a low-speed air test model compressor was constructed utilizing
the same geometry. This low-speed compressor is capable of running at
higher rotor speeds than the water flow model and, thus, produces high
enough pressures for adequate water manometer deflections to give accu-
rate readings. Prior to the beginning of this program, the low-speed
compressor had run at only one rotor blade setting, the design value for
impulse flow. The results were most encouraging in that they produced
a peak rotor efficiency slightly over 95 percent, including rotating
diffuser losses.

The low-speed models represented operation of a high pressure ratio
radial outflow compressor running at 2 to 5 percent design speed. A
direct indication of excellent low-speed operating characteristics had,
therefore, been obtained. The powerful effect of compressibility on
rotating diffuser and supersonic stator performance could only be esti-
mated from existing theory and cascade tests. However, all of the
evidence available from these tests, from supersonic cascade tests and
theory, strongly indicated that the radial outflow compressor had the
potential of producing very high pressure ratios in a single stage with
efficiencies now obtainable only in multistage axial flow compressors
of much greater airflow capacity.

SMALL GAS TURBINE ENGINE COMPRESSOR TECHNOLOGY PROGRAM

The radial outflow compressor is being developed by the General Electric
Company under contract to the United States Army. The objectives of the
program are the advancement and demonstration of high pressure ratio
compressor technology for small gas turbine engines.

Phase I of this program, reported herein, has been completed. It in-
cluded investigations relating to the design and performance of the
basic components to determine optimum configurations to be incorpo-
rated in the high-speed radial outflow compressor. The low-speed air
model radial outflow compressor was used to investigate the aerodynamic
performance characteristics of inlet guide vanes, rotating vaneless
diffusers, scroll collector, transition diffuser and elbow. Optimum
aerodynamic performance characteristics for rotor blade cascades, super-
sonic and subsonic stator cascades, and tandem arrangement of supersonic
and subsonic cascades were determined from transonic cascade tunnel
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tests. Aerodynamic analysis programs were conducted to investigate the
inlet flow passage of the high-speed machine and to determine the
required rotor blade shape to be used in the high-speed machine that
duplicates the optimum performance characteristics of the two-dimensional
cascade tested in the transonic cascade tunnel. Stress analysis and
bench tests of several possible rotor designs and investigation of fabri-
cating and joining blades, rotating shroud, and disc were conducted.

A high-speed radial outflow compressor will be designed, fabricated, and
used for further investigations during Phase II of this program. Phase
I11 of the program will include the full demonstration of compressor
characteristics using a second experimental compressor incorporating

the improved mechanical and aerodynamic design information generated
from all previous investigations.

TABLE I
PHASE I DEMONSTRATED COMPONENT PERFORMANCE

Inlet Design
Inlet Ang le Point
Component Mach No. (degrees) Parameters Goal Demonstrated
Rotor Blades 1.42(Rel) 60 w 0.15 0.185
(] 0 0
P
Vaneless Rotating 1.60(Rel)* 60 CPass 0.32 0.32
Diffuser TRA 0.90 0.885
Supersonic Stator 1.28 80 ® 0.14 0.144
@ 0.45 0.46
P
Subsonic Stator 0.70 75 w 0.08 0.066
CP 0.60 0.652
Tandem (Supersonic 1.28 80 o 0.22 0.244
and Subsonic) C 0.60 0.612
P
Stators

Where: W is total pressure loss coefficient
C, is static pressure rise coefficient
Cpeff is effective static pressure rise coefficient

nRA is aerodynamic rotor efficiency

* The goal and demonstrated performance levels presented for the rota-
ting vaneless diffuser are representative of the low-speed radial
outflow compressor and not at the design inlet Mach number.
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INLET GUIDE VANES

INTRODUCTION

Gas turbine engine cycle studies aimed at providing efficient operation
over a wide range indicate that a matching problem exists between a
fixed-geometry compressor and a fixed-geometry turbine. This matching
problem can be solved with a single variable inlet guide vane (IGV) row,.

To achieve satisfactory matching down to the 30- to 40-percent power
range, the cycle studies indicated that the inlet guide vanes must be
closed from 30 to 40 degrees from radial. Since the present design
inlet guide vane setting is 18.4 degrees open from radial, a relatively
large swing in inlet guide vane turning is required.

A prime objective of the radial outflow compressor design is to produce
a two-dimensional flow into the rotor blades, entering the vaneless
diffuser and into the following stators. This consideration suggests
that the spanwise elements of the inlet guide vanes should lie parallel
to the axis of rotation. The radial inflow and radial outflow inlet
guide vane configurations included this desirable characteristic. For
conventional axial flow inlet guide vanes, a design should be considered
that produces flow turning in a manner that approximates constant
angular momentum at all radii over a range of IGV closure angles.

The possibility of supercharging radial outflow compressors by the use
of one or more transonic axial stages exists and offers significant
growth potential. The axial flow inlet guide vane configuration would
probably be used with this design.

During Phase I of this program, radial inflow, radial outflow, and axial
flow inlet guide vane systems were designed and built. Investigations
were conducted on the low-speed radial outflow compressor using the
radial inflow and axial flow IGV systems. Even though the radial out-
flow inlet guide vane system appears in theory to be the best aerody-
namic approach, this configuration has not been tested owing to question-
able mechanical integrity of the small fixed part of the variable vanes.
This inlet system requires that the vanes be installed directly in front
of the rotor. Since the back wall of the passage rotates, a cantilever
design supporting both the fixed and variable parts of the vanes from
the front wall seems to be required. A satisfactory radial outflow

vane system for high-speed application capable of maintaining close end
clearances at all guide vane angles has not yet been designed.

DESCRIPTION

In order to select the inlet guide vane system for the high-speed radial
outflow compressor, a series of tests was conducted using the low-speed
compressor. The basic configuration consists of the rotor (containing
rotor blades and a vaneless diffuser), diffuser, scroll collector,
transition diffusers, turning vanes, and throttle valves., Stator blades
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were not installed in the nonrotating diffuser. This low-speed machine
originally employed a bellmouth inlet. This inlet was removed and the

test compressor modified to accommodate either an axial flow, a radial

inflow, or a radial outflow inlet guide vane assembly.

The axial flow inlet induces flow into the machine parallel to the com-
pressor axis. A tangential component of velocity is produced by inlet
guide vanes installed in the inlet annulus. The passage then turns
inward toward the axis of rotation. After the flow enters the rotor,
the air is directed radially outward to the rotor blades. A drawing

of the axial flow inlet is given in Figure 3. A photograph of this
inlet installed on the low-speed radial outflow compressor is shown in
Figure 4. This inlet was designed not only to investigate the influence
of inlet guide vanes upon the flow but also to investigate the effects
of rotating passage walls upon the boundary layer growth associated with
the tangential component of velocity. Figure 5 defines these optional
rotating and nonrotating walls as rotor housing 1 and rotor housing 2.
The clearance gap that necessarily occurs between these rotating and
stationary parts is sealed against external leakage by the use of a
rotor housing seal.

In a similar manner, the radial inflow inlet was designed to induce a
radial velocity vector directed inward toward the machine centerline.

A tangential component of velocity is produced by the action of inlet
guide vanes placed on a circumferential inlet area. This two-component
velocity vector is then turned 180 degrees in a plane which contains
the axis of the compressor so that the inward radial vector becomes an
outward radial vector. Therefore, the rotor inlet sees a two-component
velocity vector similar to the axial flow inlet. A drawing of the
radial inflow inlet guide vane assembly is shown in Figure 6. A photo-
graph of this inlet mounted on the low speed radial outflow compressor
is shown in Figure 7. This inlet guide vane assembly is also intended
to investigate the action of the inlet guide vanes and also the effects
of various rotating walls upon the boundary layer growth associated
with the tangential component of velocity. Figure 8 describes the nota-
tion used throughout the test procedure. Rotor housing 1 and rotor
housing 2 are optional rotating parts. The rotor housing seal is again
employed to prevent external leakage through the clearance gap.

It is to be noted that the inlet guide vanes of the radial inflow inlet
are positioned at a larger radius than are the axial flow guide vanes.
Positive and negative inlet guide vane deflections are defined in Figures
5 and 8. The positive deflections are in the direction of rotor blade
rotation. Guide vanes of the type described in Reference 8 are employed
because of their wide range of operation with low losses.
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Figure 3. Axial Flow Inlet Design.
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Figure 4. Installation of Axial Flow Inlet.
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Figure 7. Installation of Radial Inflow Inlet.
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EXPERIMENTAL PROCEDURE

The inlet guide vane systems were tested with the low-speed radial
outflow compressor in the following configuration: the buildup consisted
of the small rotating diffuser, rotor blades set with a 60-degree trail-
ing edge angle, scroll collector, turning vanes, throttle valves, and
flow splitter number 1. The variable parts of the configuration con-
sisted of the axial and radial inlet, the inlet guide vane angle setting,
and various (optional) rotating inlet parts. A chronological list of all
these various changes, along with their appropriate run numbers, is to

be found in Table II.

The instrumentation peculiar to this investigation is as follows. A
six-element total pressure probe was installed at the exit of the
rotating diffuser along with eight static pressure orifices. A combina-
tion total pressure and yaw probe, equipped to rotate automatically until
equal yaw tube pressures are sensed, thus indicating the direction of
flow, was used. The actuator permitted continuous traversing of the

flow passage at the exit of the rotating diffuser. A combination manual
total pressure and angle probe was installed just upstream of the rotor
blades. This probe and its orientation are shown in Figure 9., Various
static pressure orifices were installed at the inlet of each guide vane
assembly., Four static pressure orifices were installed just upstream of
the inlet guide vanes of the axial inlet. These orifices are on rela-
tively flat surfaces and were employed in measuring the mass flow through
the machine. In like manner, eight static pressure orifices were located
just upstream of the inlet guide vanes of the radial flow inlet. All
other instrumentation is the same as was emnployed in the investigation
concerning the scroll collector, flow splitter, and turning vane evalua-
tions.

The general procedure employed in operating the compressor is as follows.
At each throttle valve setting, the machine characteristics were measured
at 1400, 1600, and 1800 rpm. The throttle valve settings employed in

the procurement of the compressor characteristics are as follows: 90, 80,
70, 65, 60, 55, 47.5, 45, 40, 35, 30, and 25 percent (of exit area) open.
The first tests in this series were for the purpose of finding the best
rotating wall configurations. 1he uniformity of the flow angle and total
pressure near the rotor blade inlet were considered to be significant in
making evaluations. To make these measurements, the inlet probe was set
at the same angle as the inlet guide vanes. It was considered that the
geometric angle setting of the guide vanes would produce a fluid turning
at the rotor blades that would not deviate appreciably from the setting
angle; therefore, the inlet probe remained stationary (not nulled)
throughout the tests, the yaw tube pressure differences were recorded,
and the flow angle was calculated from a calibration curve. The static
pressures indicated from orifices upstream of the inlet guide vanes on
both inlets were read on vertical manometers. After Runs 1235 and 1236
were completed and the data reduced, it became apparent that two changes
would have to be made in the test procedure. First, at large inlet guide
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TABIE II
INIET GUIDE VANE RUN SUMMARY

—
—————

IGV
Run Inlet Angle Rotating Parts Objective
1235 Radial 60 Hub Compressor Characteristics
1 l Hub & Housing 2 Compressor Characteristics
Hub, Housings 1 & 2 Compressor Characteristics

1236 Axial 60 Hub Compressor Characteristics

{ Hub & Housing 1 Compressor Characteristics
1237 Radial 50 Hub, Housings 1 & 2 Compressor Characteristics
1238 Radial 35 Hub, Housings 1 & 2 Compressor Characteristics
1239 Radial 18.5 Hub, Housings 1 & 2 Compressor Characteristics
1241 Radial 0 Hub, Housings 1 & 2 Compressor Characteristics
1242 Radial -18.5 Hut, Housings 1 & 2 Compressor Characteristics
1243 Radial 60 Hub Rotor Inlet Profile
l Hub & Housing 2 Rotor Inlet Profile
Hub, Housings 1 & 2 Rotor Inlet Profile

50 Hub Rotor Inlet Profile

l Hub & Housing 2 Rotor Inlet Profile

Hub, Housings 1 & 2 Rotor Inlet Profile
1244 Radial 35 Hub, Housings 1 & 2 Rotor Inlet Profile
1245 Radial 18.5 Hub, Housings 1 & 2 Rotor Inlet Profile
1246  Axial 60 Hub & Housing 1 Rotor Inlet Profile
1247  Axial 60 Hub, Housings 1 & 2 Compressor Characteristics
1248 Axial 60 Hub Rotor Inlet Profile
1249 Axial 50 Hub & Housing 1 Compressor Characteristics
1250 Axial 35 Hub & Housing 1 Compressor Characteristics
1251 Axial 18.5 Hub & Housing 1 Compressor Characteristics
1252 Axial 0 Hub & Housing 1 Compressor Characteristics
1253 Axial -18.5 Hub & Housing 1 Compressor Characteristics
1255 Radial 60 Hub, Housings 1 & 2 Compressor Characteristics
1256 Radial 60 Hub Rotor Inlet Profile
1257 Axial 60 Hub & Housing 1 Compressor Characteristics
1258 Axial 60 Hub Rotor Inlet Profile
1259  Axial 50 Hub & Housing 1 Compressor Characteristics
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vane setting angles, the fluid turning at the rotor blade deviated
significantly from the geometric setting angle of the guide vanes. There-
fore, it was decided that the inlet total pressure and angle probe woulad
have to be nulled for each test point. Second, at large inlet guide vane
turning angles, the mass flow was reduced significantly, and the static
pressures taken from the inlet entrance were not being recorded with suf-
ficient accuracy to produce reliable data. Inclined manometers were
substituted to obtain the required accuracy.

In selecting the optimum rotating parts, an inlet guide vane angle set-
ting of 60 degrees was employed since .ne 60-degree setting should pro-
duce a large growth in inlet wall boundary layer associated with the
tangential component of velocity. This condition should make the evalua-
tion of inlet performance more definitive than with lower flow angles.

The effect of inlet guide vane turning angle was then investigated for
turning angles of 60, 50, 35, 18.5, O, and -18.5 degrees. As was previ-
ously stated, positive turning angles are in the direction of rotor
blade rotation.

EXPERIMENTAL RESULTS

In general, compressor characteristics are plotted as pressure coeffi-
cient versus flow coefficient and rotor aerodynamic efficiency versus
flow coefficient for all inlet guide vane settings in Figures 10 through
48. Since the total of these characteristics comprises many figures, a
composite presentation of the results is also plotted (Figures 49 through
52), giving rotor aerodynamic efficiency and pressure coefficient versus
rotor irlet flow angle for lines of constant flow coefficient. The rotor
inlet flow angle presented is the angle, measured from radial, of the
absolute velocity vector entering the rotor blades.

At design flow coefficient, the rotor inlet probe was traversed to obtain
the flow conditions that exist across the passage width. Therefore, a
total pressure profile and flow angle profile were obtained at the rotor
inlet. This information is presented in Figures 53 through 62 as a func-
tion of passage width. Since the flow passage at the rotor inlet has a
l-inch depth, the data are presented with zero defining the disc wall

and 1 inch defining the shroud wall of the compressor. Since the l-inch
spacer shown in Figure 9 did not permit the head of the total pressure
and yaw probe to reach the flow passage wall, data were not obtained

for the position adjacent to the shroud wall.

A sampling of rotating diffuser exit profiles was taken at design flow
coefficient, This information was obtained from the automatic total pres-
sure and flow angle equipment previously described. A mass weighting
program was written to utilize these data and to determine the velocity
profiles and efficiency at the exit of the rctating diffuser. The

results are presented in Figures 63 through o5 as tangential velocity,
radial velocity, and efficiency profiles.
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Figure 31. Rotor Discharge Pressure Coefficient, Axial Flow IGV at 18.5°,
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Figure 34. Compressor Efficiency, Axial Flow IGV at 0°, Hub and
Housing 1 Rotating.

51



Pressure Coefficient ¥

O 1400 RPM
O 1600 reM
O 1800 RPM
4.0
3.6
O \
3.2
2.8
2.4
Low-Speed ROC Scroll Collector
Run 1253
2.0 Ry, 1.45
B 60°
1.6 I
0 4 .8 1.2 1.6 2.0
Flow Coefficient &
Figure 35. Rotor Discharge Pressure Coefficient, Axial Flow

IGV at -18.5°, Hub and Housing 1 Rotating.

52



100

;
O 1400 RPM
O 1600 rRPM
< 1800 RPM

%

90

80

60

Aerodynamic Rotor Efficiency nRA

50

Low-Speed ROC Scroll Collector
Run 1253
40— Ryp 1.45
B 60°

30, 4 .8 1.2 1.6 2.0

Flow Coefficient §
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Figure 41. Rotor Discharge Pressure Coefficient, Radial Inflow IGV at
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Figure 43. Rotor Discharge Pressure Coefficient, Radial Inflow IGV at
18.5°, Hub and Housings 1 and 2 Rotating.
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Figure 44. Compressor Efficiency, Radial Inflow IGV at 12.5°, Hub and
Housings 1 and 2 Rotating. o
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Figure 45. Rotor Discharge Pressure Coefficient, Radial Infiow
IGV at 0°, Hub and Housings 1 and 2 Rotating.
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Figure 46. Compressor Efficiency, Radial Inflow IGV at 0°,
Hub and Housings 1 and 2 Rotating.
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Figure 47. Rotor Discharge Pressure Coefficient, Radial Inflow
IGV at -18.50, Hub and Housings 1 and 2 Rotating.
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ANALYSIS

Wall Rotation

The first portion of this investigation was concerned with determining
the most advantageous combination of rotating passage walls for both
inlets. Run 1236 was concerned with testing of the axial flow inlet
guide vane assembly in the following two configurations: hub only
rotating, and hub and housing 1 rotating. The configuration with hub
and housings 1 and 2 rotating was not tested at this time since the
inlet total pressure probe could not be installed in the rotating

parts. The data obtained from these configurations are presented in
Figures 10 through 13. The comparison of pressure coefficient and rotor
aerodynamic efficiency indicates that the configuration employing the
rotating hub and housing 1 has a slight advantage in performance; there-
fore, this configuration was selected to be tested through all axial flow
inlet guide vane setting angles.

In like manner, the radial inflow inlet guide vane assembly was tested
in Run 1235 in the following configurations: hub rotating, hub and
housing 2 rotating, and hub and housings 1 and 2 rotating. The compres-
sor characteristics for these tests are presented in Figures 14 through
19, Careful comparison of the compressor characteristics shows that

hub alone and hub and housing 2 configurations are for the most part
identical, but hub and housings 1 and 2 rotating shows a slight advantage
in pressure coefficient and rctor aerodynamic efficiency. Therefore,
the configuration involving the rotating hub and housings 1 and 2 was
selected, and this configuration has been extensively tested through

all radial inflow inlet guide vane turning angles.

It is to be noted in these tests that the rotor aerodynamic efficiency
is consistently low. This is due to the procedure employed in reducing
the data, since the geometric setting angle of the guide vanes was
employed in the efficiency calculation rather than the measured angle
of the absolute velocity vector entering the rotor blades. Figure 20
is a second data reduction using the absolute flow angle and shows a
major increase in efficiency to the level consistent with previous data.

In the design of the high-speed radial outflow compressor, the outside
wall leading to the rotor blade rotates, since it is an integral part of
the rotor. Therefore, the low-speed compressor with the axial inlet
installed was tested in a corresponding configuration. This configura-
tion consisted in rotating the hub and housings 1 and 2 of the low-speed
axial inlet (see Figure 5), thus simulating the rotating outer wall of
the highespeed machine. It was not possible to install the rotor inlet
total pressure probe in this configuration, so analysis of this test is
dependent upon the rotating diffuser exit characteristics. These data
are shown in Figures 21 and 22 in the usual manner. Comparison of these
results with previous runs concerning the axial flow inlet at an inlet
guide vane setting angle of 60 degrees shows that a slight advantage
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may be obtainable by rotating the inner and outer walls of the flow
passage. Comparison of Figures 21 and 22 with Figures 23 and 2Lk will
indicate the performance advantage. This advantage at first sight
appears to be large, but the results are considered to be somewhat
dubious. This is due to the fact that these two runs are completely
independent in the sense that the axial flow inlet guide vanes were
reset and the inlet reinstalled for each test. Experience has shown
that this procedure will not produce an identical set of compressor
characteristics; but since the apparent differences in these two runs
(Runs 1247 and 1257) are large, it is felt that, by rotating both sides
of the passage, at least a small gain in performance is possible.

Rotor Pressure Coefficient and Efficiency

The axial flow inlet guide vane assembly with hub and housing 1 rotating
was subsequently tested through all inlet guide vane setting angles.

The test results are presented in Figures 23 through 36. Run 1257 pre-
sented in Figures 23 and 24 is a repeat of Run 1237 presented in Figures
10 and 11. This was necessary to obtain more accurate inlet static
pressure readings and therefore more accurate flow coefficients.

Run 1259 presented in Figures 27 and 28 is a repeat of Run 1249 presented
in Figures 25 and 26. This repeat was deemed necessary to substantiate
the compressor characteristics obtained for the axial flow inlet with
inlet guide vanes set at 50 degrees with hub and housing 1 rotating. 1In
comparing these two runs, it is observed that the same general trends in
pressure coefficient and efficiency occur, but at reduced flow coeffi-
cients This does not invalidate either run, since it is most difficult
to reset manually and individually the inlet guide vanes to their exact
initial setting, which would hopefully produce an identical set of com-
pressor characteristics. These runs must be compared on the basis of
rotor inlet flow angle as measured in each test.

The compressor characteristics of the remaining inlet guide vane setting
angles are presented in sejuence. A composite presentation of these
characteristics will be discussed in the following paragraph. The same
procedure was followed to obtain similar results for the radial inflow
inlet guide vane assembly. These results are presented in Figures 37
through 48. Run 1255 presented in Figure 37 is a repeat of parts of
Run 1235. The reason for this retest was to obtain more accurate inlet
static pressure readings. The corresponding results of the remaining
inlet guide vane settings follow in sequence.

Figures 49 through 52 are composite plots of compressor characteristics
for the axial flow and radial inflow inlet guide vane assemblies. These
figures present the pressure coefficient and rotor aerodynamic efficiency
data as functions of rotor inlet flow angle. The rotor inlet flow angle
is defined as the angle of the absolute velocity vector entering the
rotor blades. This angle is measured from a radial line intersecting

the leading edge of the appropriate rotor blade and is shown as a in
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Figure 66. In Figures 49 and 51, it can be seen that the pressure
coefficient rises as the flow through the machine increases. This is
easily explained when the velocity triangles at the inlet and exit of
the rotor blades are examined. As the mass flow increases, the energy
input by the rotor blades also increases, producing higher total pres-
sures (Figure 66). As the mass flow increases through the compressor
blade row, the relative velocity vector approches the rotor with an
increasingly negative angle of attack with respect to the blades. This
seems to indicate a rotor ste&ll or, more accurately, a separated flow
region between the blades that remains stable but whose effect is
magnified in the rotating diffuser. When high inlet guide vane turning
angles are employed, the effect becomes large, as can be seen in the
figures. -

The design operating conditions -are shown in Figures 49 and 51, and for
both inlets are approximately identical. This design line, shown dashed
in the figures, is defined as zero incidence of the rotor blades.

In Figures 50 and 52, a composite representation of rotor aerodynamic
efficiency versus rotor inlet flow angle for lines of constant flow
coefficient is shown. The shape of these curves shows that with increas-
ing flow, thne rotor aerodynamic efficiency gradually decreases, further
indicating that the flow separation through the compressor rotor is
increasing. As inlet guide vane angle is increased, the efficiency
decreases more and more rapidly under the combined growing inefficiencies
of inlet guid vanes and rotor blades. The characteristics are generally
true for both axial flow and radial inflow inlets. Again the design
operating line is shown as the zero incidence line for both inlets.

When the design operating efficiency lines (Figures 50 and 52) are com-—
pared, it becomes obvious that the radial inflow inlet enjoys a large
advantage in efficiency while producing ar identical pressure operating
line. The radial inlet is approximately 1 percent more efficient at

zero rotor inlet flow angle, and it steadily increases until a 10-percent
increase in efficiency occurs at approximately 45 degrees of inlet flow
turning. This advantage then decreases with further increases in fluid
turning. Only at the highest turning angles tested does it appear that
the axial inlet is more efficient.

Inlet Loss Coefficient

Figures 53 through 60 demonstrate the performance on a comparative basis
of the axial and radial inlets. These plots give tbhe total pressure loss
coefficient, which is defined as Apt/k(qBM)’

where

AP, = (P - P,.) = total pressure loss at rotor inlet
t . .
with respect to ambient pressure
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Figure 66. Rotor Blade Velocity Triangles.
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PAMB = ambient (atmospheric) pressure

Ptl = rotor inlet total pressure

dgy = PAMB - PsBM = dynamic pressure upstream of inlet guide vanes

P = bellmouth static pressure

sBM 2

k = [(ri/re)/cos cx] = area correction factor to change the
reference dynamic pressure from the
inlet to the exit plane of the inlet
guide vanes

ri = radius of IGV inlet

Te = radius of IGV exit

o = IGV angle setting

Runs 1257 and 1258 in Figure 53 are repeats of Runs 1246, 1248, and 1255
as given in Figure 55. Run 1259 given in Figure 54 is also a repeat of
Run 1249 given in Figure 56. Again the direct comparison of these data
is hindered by the inability to reset ail variable geometry features
precisely. Figures 61 and 62 are composite plots of absolute rotor inlet
flow angle profiles obtained by setting the inlet guide vanes at the
angles called out in the test procedure. This inlet angle again serves
as a common base upon which to compare the rotor inlet loss profiles.

i.. ,:neral, the total pressure loss increases gradually for both the
axtal and the radial inflow inlets as inlet guide vane angle setting is
increased until a setting of approximately 50 degrees is attained. Then
the pressure loss begins to increase more and more rapidly, and the
angularity of the flow begins to deviate considerably from a relatively
constant piofile as demonstrated at the lower angle settings. In exam-
ining these figures, several characteristics become apparent. The
radial inflow inlet shows a lower level of losses for most tu:ning
angles. The pressure profiles for the axial inlet indicate that the
higher losses are located on the aft wall of the inlet as the flow
approaches the rotor inlet, especially at the higher inlet flow angles.
As this angle decreases, the loss on this wall decreases proportionately
until, at zero degrees axial inlet guide vane setting, an almost constant
profile is obtained. As the inlet flow angle becomes negative, it
appears that the losses become greater on the forward wall of the

inlet. This coincides with the observation of turbulence on the aft
wall of this inlet when visual investigation was made with a tuft. A
region of flow separation could be occurring in this inlet as shown

in the following diagram.

87



Qv Forward ",Aft Wall

Wall Rotor
Blades

S
\

(4

Possible
Separation
Zone

Conversely, the radial inflow inlet develops its larger losses on the
forward wall as the flow approaches the rotor inlet. This apparently
never diminishes completely, but does reach a minimum at 18.5 degrees
of inlet guide vane setting. These losses are associated with the
velocity increase that develops on the forward wall as the flow
accomplishes its 180-degree turn. Otherwise, the radial inlet pres-
sure profile is quite constant over the remainder of the passage.
From the information available, the various rotating parts seem to
have a very mild effect upon the inlet total pressure losses. Consider
Figure 57. For the radial flow inlet, there seems to be a negligible
effect at 35 degrees of inlet guide vane turning. Figure 56 sub-
stantiates this if the data point for hub and housing 2 configuration
at 0.6 inch of passage depth is in error. Therefore, from these data
the radial inlet seems to be affected very little by the additional
rotating parts with the hub rotating. The axial inlet shows a marked
deviation at 60 degrees of inlet guide vane setting. Figure 55 indi-
cates that the lack of rotating inlet walls will aggravate the losses
incurred on the aft wall of the passage.

Exit Profiles

In considering the influence of the axial flow inlet upon the pressure
coefficient and rotor aerodynamic efficiency produced at the exit of the
rotating diffuser, several effects of the inlet must be considered in
combination. Figures 63 through 65 represent a sampling of the data that
were obtained at the rotating diffuser exit by the automatic total pres-
sure and yaw angle probe. The basic data of toial pressure and flow
angle have been entered into a mass weighting program from which one
obtains the tangential and radial components of the velocity along with
the rotor aerodynamic efficiency. These quantities are then plotted
against passage width. Figure 63 is the result of Run 1252, which was a
test of the axial flow inlet with zero degrees of inlet guide vane
turning and hub and housing 1 rotating. It can be seen from the figure
that the radial and tangential components of velocity are severely
deficient near the aft wall of the diffuser. Figure 64 is the result

of Run 1250, which investigated the axial inlet with 35 degrees of inlet
guide vane turning and hub and housing 1 rotating. The velocity pro-
files are somewhat improved near the aft wall but do not peak out as
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sharply near the forward wall when compared with the previous case with
inlet guide vanes at zero degrees. Figure 65 shows the results of Run
1249, which investigated the axial flow inlet with 50 degrees of inlet
guide vane turning and hub and housing 1 rotating. The velocity profiles
in this figure indicate definite deficiency on the forward wall of the
rotating diffuser with much improved flow near the aft wall of the dif-
fuser. When these three figures are considered in combination, a
definite trend exists such that at low irlet guide vane turning angles a
reduction in radial velocity exists on the aft wallj and as the inlet
guide vane angles increase, this effect is overcome and the low radial
velocities appear on the forward wall, This is due to the fact that the
inlet static pressure gradient is counteracted by an opposing pressure
gradient produced by the tangential velocity. The rotor aerodynamic
efficiency near the forward wall decreases with increasing inlet guide
vane turning angle, since a deepening boundary layer is produced on rotor
housing 2 as the tangential component of velocity is made larger.
Fotating this wall could improve this situation. This can be seen by
again referring to Figures 55 through 60. This efficiency near the aft
wall can probably be improved when the cause of the turbulent flow in
this region is determined and eliminated.

CONCLUSIONS

Compressor rotors employing impulse-type blading exhibit an increasing
work input and increasing total pressure coefficient as the flow coeffi-
cient increases. This characteristic is perhaps best illustrated in
Figure 33, which presents results for the axial flow inlet without guide
vane turning. Impulse rotors, therefore, tend to be strongly affected by
inlet flow distortion. Regions of low total pressure entering the

rotor blades will probably be amplified in passing through the rotor
blades.

Another flow behavior, described by Hawthorne in Reference 9, is the
rotation of a total pressure gradient as a flow is turned through a

bend (the bend being the rotor blades in this case). For small turning
angles in a circular bend, the angle through which the total pressure
gradient is rotated is twice the angle of the bend. In the low=-speed
rotor, the rotor blade camber is about 110 degrees, and the flow passage
between blades is rectangular. Because of these differences, Hawthorne's
analysis of secondary flow in circular bends cannot be applied directly.

The behavior of the radial velocity leaving the rotor for axial inlet
guide vane settings of 0, 35, and 50 degrees (Figures 63, 6L, and 65)
when compared with the respective inlet total pressure loss coefficients
(Figures 59, 57, and 56) suggests that the impulse rotor flow=-pressure
characteristic and secondary rotation are acting in combination to
produce the exit radial velocity distributions observed for the several
guide vane angle settings tested. The relatively small changes in
tangential velocity and rotor efficiency across the span are encouraging
to observe in spite of the distorted inlet flow existing for all three
axial flow inlet guide vane angle settings.
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Because of the positive slope of the flow-pressure characteristic, rotors
using impulse blading are sensitive to distortion of the flow entering
the rotor. 1Inlet distortions tend to be amplified as the flow passes
through the rotor. Uniformity of flow is probhably important to obtain
efficient rotating ditffuser, stator, and exit system performance. The
selection of an inlet guide vane system to produce a uniform flow
entering the rotor is necessary for efficient radial outflow compressor
performance.

The difficulties encountered in previous attempts to use radial inflow
systems with high swirl angles (Reference 10) did not occur in the present
investigation. The results of these tests indicate that permitting the
surfaces of the inlet flow path to rotate is generally beneficial to

the performance of the radial outflow compressor inlet and rotor for both
the radial inflow and axial flow inlet guide vane systems,

The flow angle distribution produced by both inlet systems appeared to
be quite satisfactory over the wide range of guide vane angles tested,

Although the static pressure distribution in the spanwise direction
across the rotor inlet was not measured, the rapid turning of the flow
from the axial to the radial direction requires the existence of a
static pressure gradient which probably persisted at the rotor blade
leading edg.:s. A higher radial velocity would, therefore, occur at the
forward face (rotating shroud) than at the aft face (disc) of the rotor
inlet. The rotor blade angle of incidence will be lower in the forward
region and higher in the aft region than that calculated for the mean
flow. The inlet guide vanes can be twisted to alleviate this condition.
The rotor blade leading edge directions could be adjusted to accommodate
this flow angle variation, but this was not done in the low-speed radial
outflow compressor, and is not presently anticipated tor the high-speed
compressor. As a result, some reduction in the useful (high efficiency)
angle of incidence range occurs compared to the ideal case of uniform
radial velocity entering the rotor blades.

The persistence of the upstream static pressure gradient through the
rotor blades to the trailing edges seems unlikely to occur in either low-—
or high-speed radial outflow compressor, since the passage walls are
straight in the region of the blades. An inlet static pressure variation
is, therefore, not a distortion in the usual sense, since the tangential
velocity change (the work input) should not be affected.

The efficiency of the low=speed radial outflow compressor rotor was
higher with the radial inlet than with the axial inlet over a wide range
of inlet guide vane angular settings.

The reason for the greater losses in the axial flow inlet, particularly

for the zero swirl condition, is not clear. For high swirl angles, the
inability of untwisted axial inlet guide vanes to impart constant angular
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momentum probably accounts for some of the observed nonuniformity in
flow. A region of unsteady, fluctuating, turbulent flow has been
observed near the inner surface of the inlet flow path.

RECOMMENDATIONS

A sector of the inner passage wall of the high-speed radial outflow
compressor inlet should be permitted to rotate with the rotor.

Since the axial flow inlet has been selected for the high-speed radial
outflow compressor on the basis of compatibility with an axial flow
supercharging stage, further investigation should be conducted using
the low-speed radial outflow compressor to determine and eliminate the
cause of the unsteady flow and high losses observed in the axial flow
inlet. Boundary layer removal and inlet contour changes are methods
applicable to both low- and high-speed radial outflow compressors.

If the high-speed radial outflow compressor test results indicate that
improved rotor performance can be obtained, the possibility of twisting
the inlet guide vanes or the rotor blades to match the airflow and rotor
blade leading edge direction should be considered.
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ROTOR BLADES

GENERAL

The rotor blade section of the radial outflow ccmpressor has the require-
ment of turning the relative flow through aboudt 120 degrees with relative
inlet Mach numbers up to about l.4 under approximately impulse condi-
tions, High turning blade sections employing subsonic flow on the
concave surfaces and supersonic flow in the convex surfaces have demon-
strated sunerior performance in the NACA Langley supersonic cascade
tests. The purpose of the tests conducted during Phase I of the radial
outflow compressor program was to obtain sufficient information to

select the optimum combination of blade solidity and camber for the
particular conditions of this compressor. These tests have also provided
information as to the performance of these blade sections at speeds
ranging from subsonic to supersonic and as to the range of angle of
attack over which these blade sections will operate efficiently.

The radial outflow compressor has its origins in the axial flow impulse
compressor which was designed and investigated at the Langley laboratory
of NACA (References 11 and 12). The possibility of obtaining high pres-
sure ratios in a single axial flow stage by usiig a supersonic impulse
rotor was also investigated at the Langley laboratory (Reference 13).
This axial flow rotor produced a pressure ratio of about 8 to 1 with a
rotor efficiency of 90 percent. An axial flow compressor rotor having
higher turning and, hence, higher work input was also investigated
(Reference 14). This latter rotor produced a pressure ratio of 13 to 1
in the outer streamlines with a high element efficiency that is not
reliable because of nonuniformity of the exit flow.

An investigation of supersonic turning passages for compressors or
turbines was conducted by NACA (Reference 15). These blade sections
employed supersonic free vortex flow through the majority of the pas-
sages using a vortex net derived by Dr. A. Busemann. This approach is
recommended because it yields a systematic series of blade profiles
which exhibit minimum local values of surface Mach number. However, all
of the profiles reported in Reference 15 employed fully supersonic flow,
This was done because at the time it was believed advantageous to avoid
subsonic flow and the normal shock which was anticipated to occur if
subsonic flow were employed. The validity of this argument was ques-
tioned, however, and in a later incompleted and unreported series of
tests, blade sections designed for free vortex flow, but with the pres-
sure surfaces subsonic, were investigated. Total pressure losses for
these sections as a function of Mach number are presented in Figure 67.
Scatter of the results is attributed to the fact that this program was
not completed in the systematic manner which was proposed. These test
results did prove that high turning blade sections employing subsonic
flow on the concave surfaces and supersonic flow on the convex surfaces
were superior to the all-supersonic blades reported in Reference 15.
However, the information obtained was insufficient to select the optimum
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Figure 67. Plot of Total Pressure Ratio and Loss Coefficient as a Func-
tion of Entering Mach Number for Blade Sections in Cascade.
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combination of blade solidity and camber for the particular conditions
of the radial outflow compressor. The requirements of radial outflow
compressor rotor blades are different in inlet Mach number and turning
angle from the blade sections tested by NACA. An improvement in design
technique, combining the waves from the leading edge wedge and the
transition section waves, was developed. A reduction in blade solidity
resulted. The supersonic cascade investigation conducted in Phase I of
this program and reported herein completes the information required
for selection of optimum supersonic impulse rotor blade sections for
the radial outflow compressor.

DESCRIPTION OF THE TEST ITEM

Existing Blades

A previous program undertaken by the General Electric Company required
the design and cascade test of a transonic impulse turbine rotor blade
section. These blades were designed for mixed free vortex flow and
operation up to an inlet Mach number of unity with about 112 degrees
of turning. Examination of this blade shape for operation at inlet
Mach numbers of 1.4 indicated the need for a higher solidity, a trend
borne out by the tests on similar configurations by NACA. Because

of the similarity of the existing blades to matching the overall
vector ditgram requirements, these sections with the solidity increased
to two were selected for performing the initial cascade tests. Higher
solidity was believed to be optimum but could not be obtained with the
existing sections without voiding vortex flow requirements.

This blading had a relatively thick leading edge which was permissible
for the original design conditions for "unstarted" transonic operation.
However, for supersonic '"started" operation, the effective blockage of
5.7 percent produced by 0.040 inch leading edges was judged to be
excessive. The increase in solidity from the original transonic design
indicated the desirability of a slightly modified contour for improved
area distribution and better matching for the mixed vortex flow design.
The modified blades included a 0.010-inch leading edge and a 7-degree
leading edge wedge angle which gave an effective blockage i about 1.4
percent.

‘New Blade Sections

In designing new blade sections using higher solidities, difficulty was

encountered in achieving subsonic surface Mach numbers without exceeding
the allowable contraction ratio to permit supersonic flow entry. A new

design procedure was established for blade sections of this type.
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The design requirements of this two-dimensional rotor blade cascade
were as follows:

Upstream inlet Mach number 1.42

Upstream inlet flow angle 60 degrees from axial
Solidity 2.5

Turning angle 120 degrees

In addition, it was required that the cascade be nearly impulse and that
it be capable of "supersonic starting'! at the design inlet conditions or,
if possible, at a slightly lower inlet Mach number.

The design approach used was similar to that presented in Reference 15.
In this design method, the blade passage is essentially the space
between two concentric circular arcs. The blade entrance is designed

to convert the uniform entering flow to the required vortex distribution
in the circular arc passage, and vice versa at the exit. If the blade
edges are cusped, the supersonic flow pattern will be as shown in Figure
68. The flow in region I will be identical to the flow far upstream.

The flow in region IV will be the desired vortex flow within the circular
arc portion of the passage. In region II, the flow is expanding through
expansion waves generated by the convex transition arcj and in region III,
the tlow is compressed by compression waves generated by the concave
transition arc. Coordinates for the concave and convex transition arcs
are given in Reference 15 for many combinations of entrance and blade
surface Mach numbers.

In the more gene-al case, where the blade leading edges have a finite
thickness and wedge angle, the flow pattern becomes somewhat more compli-
cated, as shown in Figure 69. Shock waves and expansion waves from the
leading edges extend upstream of the cascade,and the flow immediately
ahead of the cascade will be altered from conditions far upstream. Also,
shock waves from the leading edges may extend into the blade passaze and
must be considered in designing ths passage entrance region.

[
Figure 69 shows a schematic diagram of the supersonic flow for this
cascade design. For a given upstream Mach number, the upstream flow
angle and the flow angle and Mach number in region III, just ahead
of the cascade, will adjust themselves to satisfy continuity across
the blade passage entrance. This adjustment is accomplished through
the action of the shock waves aa' and the expansion fan generated by
the corner at b. For uniform flow far upstream, the shock waves and
expansion fans from points b must exactly cancel, and thus their strengths
must be equal. A particle entering region III from far upstream is seen
to cross shocks and expansion waves alternately from all the lower blades
in the cascade. However, as the particle enters region III, it will have
crossed some expansion waves which go to cancel the shock from the next
higher blade in the cascade. Therefore, the flow in region III is uni-
form but slightly expanded from upstream conditions, and it has a more
nearly axial (or radial in the radial outflow compressor) flow direction.
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Figure 68. Rotor Blade Schematic Flow Diagram with
Cusped leading l.iges.
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Figure 69.
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The amount of expansion and flow direction change that takes place
depends only on the upstream conditions and leading edge thickness if we
assume there is no entropy change across the shock waves. If the edge
thickness is zero, the flow in region III is unchanged from upstream
conditions. It is also evident now that the angle of the blade surface
bc, in combination with the edge thickness t, determines the upstream
flow angle for any supersonic Mach number where the shock aa' is attached
to the blade leading edge.

The strength of the weak oblique shock aa' and of the expansion fan from
b are determined by the wedge angle p, which should be chosen to be small
enough to assure attachment of the shock. The flow in region II is seen
tc be uvniform but compressed somewhat from upstream conditions.

At the passage cntrance, the uniform flow in region III must be trans-
formed into the desired vortex flow in region VII. In the case where
the leading edge wedge angle is zero, the shock ad vanishes and

the transition arcs cd and ef can be constructed exactly by the methods
of Reference 15. If the wedge angle ( is not zero, the shock ad
extends across the passage and is cancelled by the expansion corner

at d. The transition arc ef can now be designed by using, as the
entering conditions, the conditions in region VI following the shock.
The transition arc cd is designed using as entering conditions the
conditions in region III, and at point d using a property angle (which
is a function of the Mach number) higher than that desired on convex
blade surface by an amount (. Tl~» Mach wave ed and the shock ad are
not quite coincident, so there must be a short straight line segment,
ae, on the concave surface of the blade.

If an impulse cascade is desired, the exit region of the passage may be
made identical to the entrance region and the resulting blade will be
symmetrical.

Using this design approach, the final blade shape anc solidity are
determined by the choice of five design parameters.

Edge thickness, t, as a fraction of blade spacing

Lower edge wedge angle, (

Upper edge wedge angle, y

Lower or concave surface Mach number within the passage
Upper or convex surface Mach number within the passage

VW -

The choice of edge thickness is limited by the following consideration.
As the edge thickness is increased, the Mach number in region III
increases until the last expansion wave from the corner, b, intersects
the leading edge of the next higher blade in the cascade. If the edge
thickness is increased beyond this point, the blade passage cannot pass
the required flow and the upstream conditions cannot be satisfied. For
this design, an edge thickness of 1.0 percent of the blade spacing was
chosen. This resulted in a Mach number in region III of 1.503 and an
incidence angle of 2.44 degrees for the surface bc.
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Ancles { and vV were chosen to be 5 degrees to give a total wedge angle
of 10 degrees to the leading edge. This assured that the shocks would
be attached and also gave an acceptable leading edge from a strength
standpoint,

The concave surface Mach numuer was chosen as 1.0, and the convex surface
Mach number was chosen as 2.0. These choices were based on the resulting
solidity and starting characteristics of the cascade. It would have been
desirable to lower the convex surface Mach number below 2.0 in order to
minimize the amount of diffusion necessary on the aft side of this
surface. Attempts to do so, however, resulted in either increased
solidity or decreased passage width, or a combination of both. Decreased
passage width was undesirable because of the starting problem, With
increased solidity, it was doubtful whether there would be any net
decrease in blade losses because of the increased blade surface area.

The cascade resulting from these choices then had a solidity of 2.52 and
an effective passage area 1.9 percent larger than the theoretical minimum
to permit starting at the design inlet conditions (see Figure 70).

EXPERIMENTAL PROCEDURE

When the initial series of tests was conducted, the existing supersonic
blade sections were used. The range of solidity variation with this
blade section, which would vield reasonable passage area distributions,
was limited to values near 2.0.

The first test series on these blades was done to determine the allow-
ances which should be made for boundary layer growth within the blade
passage. Solidity was maintained at 2.0, and the blade passage area
ratio was varied by resetting the blades.

The blade settings weres
1. Exit area equal to inlet area (nominal)

2. Exit area 4 percent larger than inlet area (a blade closure of
0.7 degree from nominal)

3. Exit area 8 percent larger than inlet area (a blade closure of
1.4 degrees from nominal)

The tests were conducted with solid walls for schlieren viewing.

The second test series on these blades was conducted to determine the
effect of using porous sidewalls. The nominal and 4-percent open set-
ting angles were investigated. Past experience with General Electric's
Transonic Cascade Tunnel and with the cascade tunnel of NACA (Reference
16) has shown that porous sidewalls are beneficial and in many cases
required (for cascades with pressure rise) for achieving two-dimensional
flow conditions.
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Figure 70. Two-Dimensional Supersonic Rotor Blade.
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For the third test series, the blading was modified to incorporate a
0.010-inch leading edge and a 7-degree leading edge wedge angle. This
configuration was tested at the nominal setting angle with both schlieren
and porous sidewalls.

New blade sections were designed and built specifically to match free
vortex flow at the operational requirements of the radial outflow

compressor (see Figure 70). These blade sections were tested at sub-
sonic, transonic, and supersonic speeds and at variable inlet angles.

All of the rotor blade testing was done in the General Electric Tran-
sonic Cascade Tunnel. The rotor blade cascade assembly is shown in
Figures 71 and 72. The inlet and exit static pressure instrumentation
can be seen in this view. The measured test parameters were: inlet
total pressure, inlet total temperature, inlet static pressure, inlet
flow angle, inlet Mach number, exit total pressure, exit static pres-
sure, and exit flow angle.

The rotor blade cascade assembly is mounted to the tunnel so that the
tunnel flow enters the cascade at the proper angle. The support arms
on the cascade assembly (Figures 71 and 72) were made so that fine
adjustment of inlet flow angle could be made. The transonic cascade
tunnel supplies the inlet flow at the desired Mach number. A Mach
number meter is provided on the tunnel control panel for this purpose.

The rotor blade testing on both the existing and the new blade sections
is summarized in Table III.

EXPERIMENTAL RESULTS

A tabulation of test results for test runs on the existing rotor blade
sections, the existing rotor blade sections with modified leading edge,
and the new rotor blade sections is included in Table IV. The more
significant schlieren photographs are also included (Figures 73 through
84) and are referenced to the test case number each represents.

EVALUATION

As indicated in Table III, the test variable during the first four runs
on the existing b}ade sections was blade setting angle. The following
blade settings (A ) were used:

l. Nominal ~ >xit area equal to inlet area
2. 0.7 degree closed - exit area 4 percent larger than inlet area
3. 1.4 degrees closed - exit area 8 percent larger than inlet area

Schlieren observation of the flow indicated that a strong shock wave

existed upstream of each leading edge and that supersonic entry was
not established. For the two blade settings closed from nominal, the
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TABLE IV
RUTOR BLADE CASCADE TEST RESULTS

Existing Rotor Blade Tests

Solidity = 2.0

Inlet Air
Run Mach Inlet o _

Date No. Case No. Angle P w A*
5/19/64 1 20186 .366 56.3 .0135 .0514 56.3
5/19/64 1 20187 .545 56.3 .0535 .0576 56.3
5/19/64 1 20188 .758 56.3 244 . 1085 56.3
5/20/64 2 20190 .525 56.3 - .054 56.3
5/20/64 2 20191 .615 56.3 .064 .074 56.3
5/20/64 2 20192 .69 56.3 .0914 .0905 56.3
5/20/64 2 20193 .30 56.3 .036 073 56.3
5/20/64 2 20194 .30 58.3 .095 .074 56.3
5/20/64 2 20195 .515 58.3 .0595 .046 56.3
5/20/64 2 201¢6 .615 58.3 .033 .0548 56.3
5/20/64 2 20197 .805 58.3 .045 .0874 56.3
5/20/64 2 20198 .985 58.3 .358 .222 56.3
5/20/64 2 20200 .987 59.3 .205 191 56.3
5/20/64 2 20201 .987 60.3 .092 .192 56.3
5/20/64 2 20202 1.14 60.3 .183 .248 56.3
5/20/64 2 20203 1.14 61.3 . 164 .248 56.3
5/20/64 2 20204 1.0 61.3 .0685 .297 56.3
5/20/64 2 20205 .82 61.3 .0876 .0706 56.3
5/20/64 2 20206 .512 60.6 .129 .0603 56.3
5/20/64 2 20207 .513 61.3 .14 .0587 56.3
5/21/64 3 20208 .515 57 .022 .06 57
5/21/64 3 20209 .515 57 .022 .069 57
5/21/64 3 20210 .61 57 0 .0765 57
5/21/64 3 20211 i 57 041 .097 57
5/21/64 3 20212 27195 57 .17 .156 57
5/21/64 3 20213 .76 59 .041 .085 57
5/21/64 3 20214 .865 59 .0645 .165 57
5/21/64 3 20215 .868 60 0615 .148 57
5/21/64 3 20216 1.12 60 .0476 .227 57
5/21/64 3 20217 1.12 61 .019 .217 57
5/21/64 3 20218 1.21 61 .076 .257 57
5/21/64 3 20219 .92 61 .116 . 144 57
5/21/64 3 20220 .705 61 .159 .088 57
5/22/64 4 20222 .535 55.6 .080 .053 55.6
5/22/64 4 20223 .535 55.6 .080 .064 55.6
5/22/64 4 20224 .535 55.6 - .090 55.6
5/22/64 4 20225 .535 55.6 - .278 55.6
5/22/64 4 20226 .535 55.6 - .233 55.6
5/22/64 4 20227 .535 55.6 - .074 55.6
5/22/64 4 20228 .605 55.6 .112 .061 55.6
5/22/64 4 20229 .705 55.6 194 .087 55.6
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TABLE IV, Continued

Inlet Air
Run rach Inlet C
Date No. Case No. Angle P [ A%
5/22/64 4 20230 .705 55.6 - 112 55.6
5/22/64 4 20231 .705 55.6 - .131 55.6
5/22/64 4 20232 .705 57.6 -.033 .056 55.6
5/22/64 4 20233 .705 57.6 - .086 55.6
5/22/64 4 20234 .705 57.6 - .130 55.6
5/22/64 4 20235 .705 57.6 Incomplete 55.6
5/22/64 4 20236 .855 57.6 -.189 .096 55.6
5/22/64 4 20237 .922 58.6 -.177 .123 55.6
5/22/64 4 20238 1.035 59.6 -.108 .152 55.6
5/22/64 4 20239 1.03 59.6 - .175 55.6
5/22/64 4 20240 1.034 59.6 -.106 .170 55.6
5/22/64 4 20241 1.331 60.6 -.023 .232 55.6
5/22/64 4 20242 1.33 59.6 -.027 .228 55.6
5/22/64 4 20243 1.231 59.6 -.049 .206 55.6
5/22/64 4 20244 1.295 59.6 -.025 .219 55.6
5/22/64 4 20245 1.173 59.6 -.043 .185 55.6
5/22/64 4 20247 1.098 59.6 -.014 .156 35.6
5/22/64 4 20248 1.028 59.6 -.030 .129 55.6
5/22/64 4 20249 .933 59.6 .026 .101 55.6
5/22/64 4 20250 .796 59.6 .043 .075 55.6
5/22/64 4 20251 .654 59.6 .069 .069 55.6
5/22/64 4 20252 .504 59.6 .097 .063 55.6
5/25/64 5 20254 .31 55:,.6 .002 .0382 55.6
5/25/64 5 20256 .56 55.6 0 .056 55.6
5/25/64 5 20257 .655 55.6 0 .0629 55.6
5/25/64 5 20258 .655 55.6 -.12 .064 55.6
5/25/64 5 20259 .765 55.6 -.183 .0824 55.6
5/25/64 5 20260 .765 57.6 -.057 074 55.6
5/25/64 5! 20261 .89 57.6 -.0837 .0784 55.6
5/25/64 5 20262 .95 57.6 -.119 .103 55.6
5/25/64 5 20263 .957 59.6 .004 114 55.6
5/25/64 5 20264 1.38 59.6 -.04 .260 55.6
5/25/64 5 20265 1.38 59.6 -.04 .282 55.6
5/25/64 5 20266 1.379 59.6 -.037 .364 55.6
5/25/64 5 20267 1.379 59.6 -.038 .334 55.6
5/25/64 5 20268 1.379 59.6 -.037 .307 55.6
5/25/64 5 20269 1.346 59.6 -.048 .230 55.6
5/25/64 5 20270 1.295 59.6 -.062 .213 55.6
5/25/64 5 20271 1.19 59.6 -.040 .162 55.6
5/25/64 5 20272 1.122 59.6 -.030 .139 55.6
5/25/64 5 20273 1.047 59.6 -.016 .127 55.6
5/25/64 5 20274 .965 59.6 .020 .106 55.6
5/25/64 5 20275 .815 59.6 .091 .087 55.6
5/25/64 5 20276 .522 59.6 .155 .067 55.6
5/25/64 5 20277 .353 59.6 .138 .059 55.6
6/1/64 6 20279 .519 58.3 .110 .062 56.3
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TABLE 1V, Continuved

Inlet Air
Run Mach Inlet E
Date No. Case No. Angle P w A
6/1/64 6 20280 .705 58.3 .040 .074 56.3
6/1/64 6 20281 .797 58.3 .016 .078 56.3
6/1/64 6 20282 .799 60.3 .149 .080 56.3
6/1/64 6 20283 1.351 60.3 .025 .276 56.3
6/1/64 6 20284 1.3 60.3 .018 .240 56.3
6/1/64 6 20285 1.244 60.3 .020 .206 56.3
6/1/64 6 20286 1.188 60.3 .013 .187 56.3
6/'/54 6 20287 1.119 60.3 .019 .171 56.3
6/1/64 6 20288 1.053 60.3 .009 .143 56.3
6/1/64 6 20289 .956 60.3 .055 .096 56.3
6/1/64 6 20290 .903 60.3 .080 .085 56.3
6/1/64 6 20291 .796 60.3 .119 .073 56.3
6/2/64 7 20293 .515 57.6 .109 .060 55.6
6/2/64 7 20294 .703 57.6 .040 .062 55.6
6/2/64 7 20295 .803 57.6 .003 .091 55.6
6/2/64 7 20296 .910 57.6 -.073 .122 55.6
6/2/64 7 20297 1.359 57.6 .062 .223 55.6
6/2/64 7 20298 1.227 57.6 .071 .201 55.6
6/2/64 7 20299 1.101 57.6 .132 .165 55.6
6/2/64 7 20300 .912 57.6 .073 .126 55.6
6/2/64 7 20301 .915 59.6 .087 .082 55.6
6/2/64 7 20302 1.393 59.6 .040 .233 55.6
6/2/64 7 20303 1.349 59.6 014 .210 55.6
6/2/64 7 20304 1.346 58.1 .029 .210 55.6
6/2/64 7 20305 1.391 57.1 .045 .219 55.6
6/2/64 7 20306 1.254 59.6 .021 .207 55.6
6/2/64 7 20507 1.101 59.6 .007 .163 55.6
6/2/64 7 20308 .954 59.6 .057 .104 55.6
6/2/64 7 20309 714 59.6 124 .080 55.6
6/3/64 8 20311 .521 57.6 .006 .059 55.6
6/3/64 8 20312 .805 57.6 .089 . 103 55.6
6/3/64 8 20313 .881 57.6 .195 143 55.6
6/3/64 8 20314 .885 59.6 .027 .085 55.6
6/3/64 8 20316 1.357 59.6 .050 .267 55.6
6/3/64 8 20317 1.335 57.6 .066 .228 55.6
6/3/64 8 20318 1.325 56 .6 .073 .209 55.6
6/3/64 8 20319 1.312 56.1 .083 .209 55.6
6/3/64 8 20320 1.328 57.1 .071 .258 55.6
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TABLE 1V, Continued

New Rotor Blade Test Solidity = 2.5

Inlet Air
Run Mach Inlet

Date No. Case No. Angle CP w

12/4/64 1 21949 1.130 60 .016 .154
12/4/64 1 21950 1.258 60 -.048 172
12/4/64 1 21951 1.373 60 -.049 211
12/4/64 1 21952 1.406 60 -.030 .191
12/4/64 1 21953 1.436 60 -.016 .190
12/4 /64 1 21954 1.497 60 -.010 .187
12/4/64 1 21955 1.296 61 -.009 .185
12/4/64 1 21956 1.334 61 -.008 .210
12/4/64 1 21957 1.380 61 -.013 .194
12/4/64 1 21958 1.421 61 -.009 .194
12/4/64 1 21959 1.484 61 -.008 .199
12/4/64 1 21960 1.289 59 -.003 .195
12/4/64 1 21961 1.358 59 -.006 211
12/4/64 1 21962 1.419 59 -.008 .184
12/4/64 1 21963 1.470 59 -.003 .186
12/4/64 1 21964 1.460 58 -.001 .197
12/4/64 1 21965 1.389 62 .001 .202
12/7/64 2 21967 .619 60 -.004 .088
12/7/64 2 21968 .806 60 0 .090
12/7/64 2 21969 .995 60 .002 .139
12/8/64 3 21971 .604 60 0 .079
12/8/64 3 21972 .604 59 .001 .081
12/8/64 3 21973 .604 61 -.001 .081
12/8/64 3 21974 .799 61 .002 .089
12/8/54 3 21975 .798 60 .003 .086
12/8/64 3 21976 .798 59 .003 .083
12/8/64 3 21977 .997 59 .001 .125
12/8/64 3 21978 .997 60 .002 .128
12/8/64 3 21979 .997 61 .002 .134
12/8/64 3 21980 1.175 61 .004 .155
12/8/64 2 21981 1.176 60 .005 .153
12/8/64 3 21982 1.176 59 .002 . 146
12/8/64 3 21983 1.291 60 .003 .185
12/8/64 3 21984 1.340 60 .002 .222
12/8/64 3 21985 1.392 50 .001 .206
12/8/64 3 21986 1.441 50 -.001 .203
12/8/64 3 21988 .801 63 .003 .091
12/8/64 3 21989 .801 57 .45 .001 .086
12/8/64 3 21990 .603 57.42 .002 .074
12/8/64 3 21991 .603 63 .004 .091
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Figure 73. Schliieren Photograph, Rotor Blade Cascade
Tests, Case Number 20216.
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Rotor Blade Cascade Tests

Existing Blades at Nominal Setting

Inlet Mach No. +33
Inlet Flow Angle 39567

Figure 74. Schlieren Photograph, Rotor Blade Cascade Tests,
Case Number 20242,
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Rotor Blade Cascade Tests
Modified Existing Blades

Inlet Mach No. 1.357

Inlet Flow Angle = 59.6"

Figure 75. Schlieren Photograph, Rotor Blade Cascade Tests,
Case Number 20316.
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Figure 76. Schlieren Photograph, Rotor Blade Cascade Tests,
Case Number 20317.
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losses were very high and a large static pressure drop occurred across
the cascade. The nominal configuration ran in a more conventional
manner but did not achieve "started!" supersonic flow.

Porous sidewalls were used during the next two runs (Runs 5 and 6), and
blade setting angles of nominal and O.7 degree closed were investigated.
The nominal configuration was again found to be superior. The test
results for the existing blade sections at the nominal blade setting
angle with solid and porous sidewalls are presented in Figure 85. These
sections operated with a loss coefficient of about 0.22 at an inlet Mach
number of 1.30. With the existing blade sections, "started" supersonic
flow entry was not achieved with solid or porous sidewalls.

The existing blade sections modified to incorporate a 0.010-inch leading
edge and a 7-degree leading edge wedge angle provided improved area
distribution and better matching for the mixed vortex flow design. The
nominal blade setting angle with both solid (for schlieren viewing) and
porous sidewalls was investigated (see Figure 86). At an indicated
inlet Mach number of 1.35, the loss coefficient was 0.21. Calculation
of the inlet Mach number from the Mach wave angles seen in the flow
shadowgraph, Figure 79, yields a value of l.41, At this high inlet
Mach number, the loss coefficient is reduced to 0.202 compared to the
target value of 0.15 at an inlet Mach number of 1.42.

New rotor blade sections with higher solidity (2.5) were tested over a
range of Mach numbers from 0.6 to 1.5 and a range of inlet angles from
57.+ to 63 degrees. At the design inlet angle of 60 degrees, the flow
through the blades was fully supersonic at the design inlet Mach number
of 1.42. At an inlet angle of 58 degrees, supersonic flow started at
an inlet Mach number of 1.45; at an inlet angle of 62 degrees, it
started at an inlet Mach number of 1.38. Loss coefficient and static
pressure rise coefficient at the design inlet angle of 60 degrees are
presented in Figure 87. At the design inlet Mach number of 1.42, the
minimum loss coefficient was about 0.185, which is slightly higher
than the target value of 0.15. The loss coefficient variation with
inlet angle changes was very slight,as can be seen in Figure 88,

CONCLUSIONS

When the existing rotor blade sections were used, the value of solidity
was limited to values close to two to maintain mixed free vortex flow
conditions. An investigation was undertaken to determine the allowances
which should be made for boundary layer growth within the blaae

passage maintaining solidity constant. Supersonic flow entry was not
achieved with solid or porous sidewalls, but the configuration that
yielded the best performance had the exit area equal to the inlet area.

By reducing the blade leading edge from 0.040 to 0.010 and by modifying

the blade contour to give a 7-degree leading edge wedge angle, the
effective blockage was reduced from 5.7 to l.4 percent. This resulted
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in improved area distribution for this blade and provided a better match
for mixed free vortex flow for the higher inlet Mach requirements of

the radial outflow compressor, Improved performance did result

(W= 0.202 at M = 1.41), and more improvement is anticipated for the
new blades designed at a more optimum value of solidity.

The new blades had a solidity of 2.5 and exhibited very satisfactory
performance characteristics. The flow through the blades was rully
supersonic at the design inlet angle of 60 degrees and the design
inlet Mach number of 1.42. The blade sections were relatively
insensitive to inlet angle changes and produced a minimum loss coeffi-
cient near 0.185 at the design inlet conditions. This value is
slightly higher than the 0.15 goal and was considered to be acceptable.
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ROTATING VANELESS DIFFUSER

GENERAL

An extremely important feature of the radial outflow compressor is the
rotating wall vaneless diffuser. The purpose of this device is to
reduce the absolute Mach number from a level of about 2.7 as the flow
leaves the rotor blades to 1.28 as it enters the stator blades. The
flow leaving the rotor blades at this high tangential velocity will be
permitted to form a powerful supersonic vortex within the walls of the
vaneless diffuser, which is an integral part of the rotor. Free vortex
flow is a "natural" flow occurring in tornadoes and whirlpools and is
characterized by conservation of angular momentum, with tangential
velocity decreasing inversely as the radius increases, and with a
corresponding increase in static pressure with increasing radius.

Ideally, supersonic vortex flow, as well as subsonic vortex flow, exists
with minimum energy losses; and the strong static pressure increase, as
radius increases, is obtained with minimum loss. In conventional vane-
less diffusers, much friction results between the stationary walls and
the high velocity airstream. Secondary flows, separated zones, and
large losses occur. By permitting the vaneless diffuser walls to rotate
at high speed, the relative velocity between the walls and the airstream
is greatly reduced. The powerful centrifugal force field energizes
boundary layer particles and acts to prevent the occurrence of separated
zones. The losses are greatly reduced and a close approach to loss-free
vortex flow is obtained.

Information Pertinent to the Design of Rotating Vaneless Diffusers

Although rotating wall vaneless diffusers added to conventional centrif-
ugal compressor rotors appear in the patent literature starting about
1910, the only present use of the principle appears to be in ventilating
fans offered in 1963 by the Joy Manufacturing Company (Reference 17).
Literature searches have been made, through the General Electric automatic
information retrieval system, to determine whether theoretical or experi-
mental results concerning rotating diffusers exist. The problem has
been discussed with Professor E. S. Taylor of the Gas Turbine Laboratory
at MIT, with Professor S. J. Kline of the Thermo-Sciences Laboratory at
Stanford University, and with Dr. G, F. Wislicenus of Pennsylvania State
University. The various discussions and searches have turned up infor-
mation concerning flow over rotating discs in quiescent air, the flow
between two rotating discs with and without a small amount of radial
flow, and information as to the frictional losses between a rotating

and a stationary disc with and without a small amount of radial flow
(References 18 through 20). The conditions existing in a rotating wall
vaneless diffuser have not been investigated previously.
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Strong inward flow of the wall boundary layer and strong spanwise
secondary flow on stationary vanes in centrifugal compressor diffusers
have been observed by Johnston (Reference 1). The presence of axisym-—
metric separated flow in a torus attached to one wall of a vaneless
diffuser was observed by Gardow (Reference 2). The occurrence of a
sinusoidal flow and the presence of axisymmetric regions of separation
appearing systematically on alternate sides of a vaneless diffuser were
observed by Jansen (Reference 3). Jansen was also atle to apply a
transformation to the incompressible flow to predict the probable
effect of compressible flow on the boundary layer growth in a vaneless
diffuser having stationary walls (Reference 4). For conditions quite
similar (except wall rotation) to those that will be encountered in
the radial outflow compressor (flow angle 70.5 degrees from radial

and M = 1.3), Jansen calculates that the boundary layer will occupy
about three-fourths passage width at a radius 1.1 times the diffuser
inlet radius. This boundary layer growth is much more rapid than the
imcompressible flow boundary layer growth would be. Unsteady flow
conditions in vaneless diffusers have been treated by Dean and Senoo
(Reference 21) and Jansen (Reference 5). The analyses of Stewartson
(Reference 18) and Moore (Reference 22) indicate, as would be expected,
that laminar wall boundary layers will migrate inward whenever the
rotational speed of the wall is less than the tangential velocity of
the main stream. The formulation of turbulent boundary layer flow
relations in a rotating wall diffuser has not been accomplished. This
is the condition anticipated to occur in the high-speed radial outflow
compressor. It is estimated that the greater radial and tangential
shear forces occurring with turbulent boundary layer flow will drive
more of the boundary flow outward, thus minimizing rotating wall
boundary layer thickness.

Shock Waves in Vortex Flow

The behavior of a shock wave in a supersonic vortex flow field is
important in predicting the off-design performance of this compressor.
Analytical investigation of this behavior was done by Dr. D. C. Prince,
Jr., of the General Electric Company. Supersonic flow net characteristics
of the undisturbed Mach lines and one weak shock wave are shown in Figure
89. The propagation of several weak shocks radially inward and thus
traversing a flow field of increasing Mach number is shown in Figure 90.
The question is whether a shock wave of given strength vould become
stronger or would be attenuated in this flow. Dr. Prince's analysis
indicates that the wave strength will be increased as the shock wave
traverses inward through the supersonic field. This is of importance

to the off-design operation of the compressor because it means that the
expansion wave fan which will exist at the rotor exit under transonic
operating conditions will be influenced by the interaction with the
pressure wave. If the wave is discrete and strong, the expansion fan
will be neutralized and a subsonic flow region will momentarily result.
This collapse of the expansion fan will permit the information that a
static pressure increase is being impressed upon the rotor discharge

flow field to propagate forward and affect the air weight flow of the
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compressor. Because of this behavior, the radial outflow compressor,
when operating at transonic speeds, is expected to exhibit a "normal"
compressor characteristic; i.e., decreasing weight flow with increased
throttling. This normal operation characteristic should thus make it
possible for this compressor to match the usual combustor and turbine
operating conditions without resorting to special devices other than
variable inlet guide vanes and possibly stators to accomplish such
matching.

Preliminary Test Results

The only experimental evidence available on rotating vaneless diffusers
at the beginning of Phase I of the radial outflow compressor program

was obtained from the water flow model and the low=speed air model tests
which were conducted at General Electric. The water flow model was
constructed with transparent rotor and stator walls., Water was selected
as the fluid rather than air to produce higher Reynolds numbers at low
speed and to provide ease of flow visualization using dye traces and
bubbles. By varying the rotor blade angles and the pressure head
produced, the vaneless diffuser was forced to work over a range of
relative velocity ratios that extended both higher and lower than
required in the high-speed machine (Figure 91). Although total pres-
sure measurements were not accurate owing to the very low flow velocities,
measurements that were made confirmed the luft surveys and dye traces
which indicated a very uniform flow over the range of diffusion examined.

Because of the encouraging results obtained with the water flow model,
the low-speed air test model (Figure 92) was constructed using the
same geometry. The pressure rise produced in this compressor is high
enough to produce adequate water manometer deflections for accurate
pressure measurements. Prior to the beginning of Phase I of the
radial outflow compressor program, this compressor had been run at
only one rotor blade setting, the design value for impulse flow, and
the rotating diffuser had not been examined over a large range of
flow conditions,

The peak rotor efficiency obtained, slightly over 95 percent, was not

out of line with values obtained in the impulse rotor investigations
presented in References 11 and 12 and with conventional axial flow rotors
at low speed presented in Reference 23. Since these rotor efficiency
values included the rotating diffuser losses, the results were most
encouraging. '

Investigations at MIT had indicated that when a blade wake traverses

a strong adverse static pressure gradient, the wake may grow rapidly and
may exhibit reverse flow (References 24 and 25). There was some concern,
therefore, that the rotor blade wakes in the proposed compressor would
not be aticnuated, that the flow into the stator blades would be non-
uniform, and that poor stator performance would result. This situation
was investigated in the low-speed air test model. The data indicated
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Figure 92. Low-Speed Radial Outflow Compressor Installation
in Test Facility.
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that the rotor blade wakes were strongly attenuated within the vaneless
diffuser despite the strong adverse static pressure gradient., This
result confirmed the hypothesis of Dean and Sznoo (Reference 21), in
which they predicted that wakes in vaneless diffusers would disappear
rapidly, both because of the turbomachine-type work performed on the wake
fluid by the main stream fluid and because of viscous mixingj; the result
also provided further evidence that radial outflow compressors can be
efficient while demonstrating high work output.

Scope of Phase I Investigations

The vaneless diffuser is the least known item of the radial outflow
compressor. No practical means have as yet been conceived for deter-
mining the performance of a vaneless diffuser without incorporating it
in a rotor. For this reason, the rotating diffuser investigations

in Phase I of this program were confined to the investigations using
the low=speed compressor. The purpose of these investigations was

to measure the vaneless diffuser performance in the air model over a
wide range of operating conditions and to determine the e-ficiency
under varying conditions of diffuser operation. High frequency
response pressure measurements within the vaneless diffuser were to
be conducted to determine whether the rotor blade wakes will continue
to be attenuated under conditions of greater diffuser static pressure
rise.

DESCRIPTION OF TEST ITEM

The low-speed air model radial outflow compressor used for the rotating
vaneless diffuser investigations is shown in Figure 92, Figure 93 is

a closer view of the compressor with the inlet bellmouth removed,
exposing more of the rotor and rotor blades. More details of the
radial outflow compressor test rig are shown in Drawing 4012153-734
(Figure 94). The rotating vaneless diffuser is an integral part of

the rotor and is the area bounded by parts 9 and 22 extending outvard
from the rotor blade exit. Figure 95 illustrates the nomenclature more
clearly and defines appropriate symbols and station designations used
during this test. The radius of the rotating vaneless diffuser exit
shown is 12 inches. A larger vaneless diffuser having an exit radius
of 14 inches was also built and tested to determine vaneless diffuser
performance under conditions of greater diffusion,

EXPERIMENTAL PROCEDURE

The low-speed radial outflow compressor with the smaller (12-inch radius)
rotating vaneless diffuser was the configuration used for the initial
series of tests. The rotor blade trailing edge angle of 60 degrees was
investigated first to verify earlier test results reported in Proposal
P63-102 (Figures 96 and 97). Compressor bellmouth calibrations were
performed prior to these tests to assure more accurate airflow calcu-
lations.
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More extensive investigations were conducted during the next series of
tests with the rotor blade trailing edge angle set at 55 degrees. These
included the following:

1. Performance and repeatability tests.

2. The addition of a rotor blade trailing edge probe (diffuser inlet)
to determine pressure drop across the rotating diffuser.

3. The addition of a yaw probe to determine the flow angle leaving
the vaneless diffuser.,

4, Dynamic pressure measurements at three radial locations in the
rotating vaneless diffuser to determine if the rotor blade wakes
are being attenuated, particularly at higher static pressure rise
coefficients,

The rotor blade trailing edge angle was changed back to 60 degrees, and
runs were repeated with the additional instrumentation. It was during
these tests that some of the static pressures measured at the exit of
the rotating vaneless diffuser were found to be leaking. Since it was
not known when the leaks first occurred, it was necessary to repeat

the performance data at 60- and 55-degree rotor blade trailing edge
angles. A rotor blade angle at 65 degrees was also tested.

The test procedure was essentially the same as before. At each blade
angle setting, flow coefficient was varied over a range from wide open
throttle to near stall. At each throttle setting, data were taken at
three compressor rotor speed settings. This same procedure was repeated
for a larger radius rotating vaneless diffuser.

In this way, the radial outflow compressor characteristics were investi-
gated incorporating rotating vaneless diffusers of two different sizes
operated over a range of flow conditions. The purpose was to determine
how flow angle into the diffuser, flow coefficient, and rotating diffuser
radius ratio affect the efficiency of the compressor. Through analysis
of the results, the attempt would be made to synthesize a parameter
which would correlate the data and guide the design of high-speed
rotating-wall vaneless diffusers.

Test runs and configurations are summarized in Table V. A summary of
the instrumentation used on the low-speed radial outflow compressor

for this investigation is presented in Table VI,

Preliminary Testing

The initial test runs at the rotor blade trailing edge angle of 60
degrees were made to verify earlier test results. Compressor bellmoutn
calibrations were performed prior to these tests to assure more accurate
airflow calculations. The earlier test results had produced efficiencies
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Figure 93. Low=Speed Air Test Radial Outflow Compressor.
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vigure 95. Vaneless Diffuser Test Nomenclature, Low-Speed ROC.
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Rotor Discharge Pressure Coefficient from Preliminary
Test Results of the Low-Speed Radial Outflow Compressor.
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based on torque meter readings thal were too high. This was believed
to have been caused by errors in airflow resulting from the assumption
of a uniform static pressure across the measuring plane of the compres-
sor bellmouth. The use of improved airflow values, however, did not
prove to be the complete solution, since efficiencies based on torque
meter readings still came out too high.

The generally erratic and nonrepeatable data from these initial test
runs seemed to indicate that with the btlade trailing edge angle set at
60 degrees from radial, the diffusion limit of the compressor had

been encountered. It is very possible that some of the erratic data
problems were caused by poor throttle setting methods.

Improved throttle setting methods were devised for the next series of
runs with the rotor blade trailing edge angle setting of 55 degrees.
The results were much more consistent and well behaved, but still not
repeatable from one day to the next. Maximum calculated aerodynamic
efficiency was about 82 percent, which was approximately 10 percent
lover than the 60-degree configuration. A dip occurred in the effi-
ciency curve in the range of flow coefficient from 1.0 to 1l.1. Minimum
relative velocity ratio occurs for the 55~degree angle setting at a
flow coefficient of 1.1, and the coincidence between the minimum velocity
ratio and the efficiency dip suggested a connection between these two
occurrences.

To further investigate the low efficiency and the dip in the efficiency
characteristic, a total pressure probe was placed near the rotor blade
trailing edge. The data indicated that there was no significant tota!
pressure loss in the rotating vaneless diffuser even at the flow function
of 1.1. This result is very important because no evidence of separation
was found, and there is reason to believe that the high-speed vaneless
diffuser will also exhibit low losses.

The exit stator vanes were removed from the low-speed radial outflow
compressor at this point to make it easier to install other instrumenta-
tion such as the total pressure probe for the rotor wake attenuation
survey in the rotating vaneless diffuser. The stators were left out

for all of the succeeding vaneless diffuser tests.,

Additional testing of the 55-degree rotor blade angle setting was done
with exit stator vanes removed. The problem of data repeatability from
one day to the next persisted. The data indicated that the minimum
value of relative velocity ratio was less and had shifted so that it
occurred at a lower value of flow coefficient without the exit vanes

in place. Rotor aerodynamic efficiency appeared to be lower than before
but was disguised in the data repeatability problem. A yaw probe was
installed to measure flow angle at the rotating vaneless diffuser exit
to provide another check on the performance calcuiation methods.
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Finally, the rotor blade trailing edge angle was reset to 60 degrees
to repeat earlier test data to verify the high performance originally
observed at this setting. The efficiency obtained using the torque
meter readings to calculate power input agreed with previous data.
Efficiencies obtained from aerodynamic measurements fell below previous
readings. Careful search revealed that the majority of the rotor exit
static pressure taps were leaking.

EXPERIMENTAL RESULTS

Rotor exit total pressure rise coefficient u.id rotor aerodynamic effi-
ciency are plotted versus flow coefficient in Figures 98 through 115.
These results are based on test runs made after the rotor exit static
pressure instrumentation was corrected. Test results from prior runs
are deleted, since it is not known when the leaks first occurred and
since these test configurations were subsequently repeated.

Results of the rotor wake attenuation survey in the rotating vaneless
diffuser are presented in Figures 116 through 118,

EVALUAT ION

Radius Ratio 1.69 Diffuser

The characters stics of the 1.69 radius ratio diffuser with rotor blade
angles of 55, 60, and 65 degrees are shown in Figures 104 through 109.
The pressure coefficient generally increases with increasing blade
angle. At a flow coefficient of 1.0, the pressure coefficient increased
by 19 percent in going from the 55- to the 60-degree blade setting, and
increased by 15 percent when the blade angle was increased from 60 to 65
degrees. The aerodynamic efficiency obtained was relatively constant,
with the 60-degree blade setting giving a slightly higher result of 90
percent at a flow coefficient of 1.0.

Radius Ratio 1.45 Diffuser

Using the 24-inch-diameter vaneless diffuser (radius ratio 1.45), the
60-degree blade setting was tested over a rai..ge of flow coefficients.
The results are presented in Figures 98 and 99. Rotor aerodynamic
efficiencies were as high as 98 percent at a flow coefficient of about
1.0.

The rotor blade trailing edge angle was changed to 65 degrees. As
shown in Figures 100 and 101, the rotor efficiency peaks at about 94
percent at a flow coefficient of 0.6. Above a flow coefficient of 0.8,
the pressure coefficient and efficiency drop off rapidly.,.

At a rotor blade angle of £5 degrees, two tests were conducted. The

first one is represented b the lower set of curves in Figures 102 and
103. For the second test, the angular setting of the rotating diffuser
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exit total pressure probes was increased by 11.75 degrees with respect

to radial. The repeat points are the upper set of curves in Figures

102 and 103. This procedure exposed another factor to be considered

in obtaining consistent repeatable data. For all test configurations
after this, the rotating diffuser discharge total pressure probe angle
was set at its optimum value (to read maximum total pressure at midstream)
at the design flow coefficient,

The data at the 55-degree blade angle were again repeated to increase
curve definition, The probe angle setting procedure described above
was used. Results are presented in Figures 110 and 111.

For the run at 60 degrees with the 1.45 radius ratio diffuser, the scroll
collector, turning vanes, and remotely controlled throttle valves were
added to the buildup (Figure 119). These changes to the compressor exit
should not have affected the characteristics of the rotating diffuser,
but should have made possible a more accurate and consistent setting of
the desired airflow,

Figures 110 through 113 show the rotor performance characteristics for
the radius ratio 1.45 vaneless rotating diffuser at blade angles of 55
and 60 degrees. For the 60-degree setting, the test was repeated to get
a better definition of the curves as shown in Figures 114 and 115. The
plot of pressure coefficient versus flow coefficient was repeated
exactly at the lower value of flow coefiicient but exhibited 1less
abrupt and smoother curves at the higher values of flow coefficient.

The rotor efficiency curve, Figure 115, is very well defined and has a
small dip in efficiency at a flow coefficient near 1.0.

Comparison of Diffusers

Direct comparisons can be made between the rotor performance with vane-
less diffuser radius ratios of 1.69 and 1.45 at rotor blade angles of
55 and 60 degrees.

Comparing the two different radius ratio diffusers at the 60-degree

rotor blade angle, the pressure coefficient and efficiency characteristics
are about the same at flow coefficients below 1.65. The maximum rotor
discharge pressure coefficient is higher and occurs at a proportionately
higher flow coefficient for the large radius ratio vaneless diffuser.

The maximum efficiency is about 88 percent for both diffusers and occurs
at a flow coefficient of about 1.0.

At the 55-degree blade setting, the smaller vaneless diffuser produces a
higher pressure coefficient over the range of flow coefficients to 1.55.
The maximum value of pressure coefficient is less but occurs at a higher
value of flow coefficient for the large vaneless diffuser. The effi-
ciency characteristic is not very consistent in the region near design
flow coefficient and also appears to be sensitive to rotor speed. At
flow coefficients of 0.8 and 1.0 for 1800 rpm, the efficiencies of the
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two vaneless diffusers appear to be about the same (87 to 88 percent)
at the 55-degree blade setting.

Wake Attenuation

The rotor blade wake attenuation study was done at the 55-degree setting
with exit stator vanes removed. A total pressure probe connected to a
high frequency response transducer was used for these measurements.

Wake traces were recorded on tape and on film at 1400, 1600, and 1800
rpm for three throttle settings at the following radial locations in the
rotating vaneless diffuser:

1. 1/8 inch out from rotor blade trailing edges
2. Midway out in the vaneless diffuser
3. At the vaneless diffuser exit

For all speeds and throttle settings, the rotor blade wakes dissipated
greatly in passing through the diffuser in spite of the strong adverse
static pressure gradient. Typical results are presented in Figures 116
through 118 at 1400 rpm. Each picture displays two sets of traces.

The upper set of traces in each picture is a 1/25-second time exposure,
while the lower set of traces is a 10-second time exposure at the same
conditions. Note the smaller vertical scale sensitivity to display the
signal properly at midpassage when the probe is located 1/8 inch from
the rotor exit in Figure 116. At 2 inches from rotor exit in this same
figure, the rotor wake at midpassage appears to be as small or smaller
than the wakes at either the front or the back wall. Similar results
are presented in Figure 117 for a flow function of 1.0. Figure 118
compares the wake responses at the rotating diffuser exit at flow
functions of 0.8 and 1.0.

Discussion

Initially, it had been decided to evaluate the rotating diffuser on the
basis of relative velocity ratioj that is, the ratio of the relative
velocity leaving the rotating diffuser (W,) to the relative velocity
leaving the rotor blades (W5). The relative velocity ratio was chosen
because: (a) it is not related to the total pressure (which varies with
radius in this machine) as is the usual static pressure rise coefficient;
and (b) it has been employed in pump design practice. In pump design,
it is conventional not co reduce the relative velocity to less than 50
percent of the entering velocity. An early design of the radial outflow
compressor called for a relative velocity ratio of C.44, or a 56-percent
reduction in relative velocity in the rotating diffuser, Further reduc-
tion in relative velocity in the rotating diffuser could be controlled

by either increasing the exit diameter of the diffuser orvr increasing

the diffuser passage width. For this reason, the initial objectives

were to investigate the vaneless diffuser over a range of velocity ratios
and to determine the limiting value. The desired velocity ratio range
was to be accomplished by operating the low=speed air model over a range
of flow coefficient value at three rotor blade trailing edge angles.
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Figure 98. Rotor Discharge Pressure Coefficient with Vaneless
Diffuser Radius Ratio of 1.45 and Rotor Blade
Trailing Edge Angle of 60°.
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Figure 99. Compressor Efficiency with Vaneless Diffuser
Radius Ratio of 1.45 and Rotor Blade Trailing
Edge Angle of 60°.
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Figure 100. Rotor Discharge Pressure Coefficient with Vaneless
Diffuser Radius Ratio of 1.45 and Rotor Blade
Trailing Edge Angle of 65°.
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Figure 101. Compressor Efficiency with Vaneless Diffuser
Radius Ratio of 1.45 and Rotor Blade Trailing
Edge Angle of 65°.
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Figure 103. Compressor Efficiency with Vaneless Diffuser Radius
Ratio of 1.45 and Rotor Blade Trailing Edge Angle
of 55°.
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Figure 104. Rotor Discharge Pressure Coefficient with Vaneless
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Figure 105. Compressor Efficiency with Vaneless Diffuser
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Edge Angle of 55 %
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Figure 108. Rotor Discharge Pressure Coefficient with Vane-
less Diffuser Radius Ratio of 1.69 and Rotor
Blade Trailing Edge Angle of 65°.
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Figure 112. Rotor Discharge Pressure Coefficient with Vane-
less Diffuser Radius Ratio of 1.45, Rotor Blade
Trailing Edge Angle of 609 and Scroll Collector
Installed.
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Figure 113. Compressor Efficiency with Vaneless Diffuser
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Angle of 60° and Scroll Collector Installed.
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Figure 116. Dynamic Rotor Wake Responses. Rotor Speed = 1400 RPM.
Horizontal Scope Sweep = 500 Microseconds/CM. Blade
Trailing Edge Angle 82* = 55°. Exit Vanes Removed.
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Dynamic Rotor Wake Reponses. Rotor Speed = 1400 RPM.
Horizontal Scope Sweep = 500 Microseconds/CM. Blade
Trailing Edge Angle Bz* = 559, Exit Vanes Removed.
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The generally erratic and nonrepeatable results from the early tests

at the 60-degree rotor blade setting seemed to indicate that the rotating
diffuser was already in trouble. The minimum velocity ratio achieved

vas 0.338. It was decided to open up the rotor blade angle to 55

degrees and to test the rotating diffuser at a higher velocity ratio in
an attempt to achieve consistent repeatable data as a base for further
analysis. The data for any one run were consistent and well behaved, bhut
test points were still not repeatable from one day to the next. The
maximum measured rotor aerodynamic efficiency at 55 degrees was down

by about 10 percent frcin the maximum obtained at 60 degrees. This result
was contrary to the expected improvement in efficiency that should
accompany what appeared to hs an easier flow problem at this higher
relative velocity ratio. Further investigation at this blade setting
using a rotor trailing edge total pressure probe indicated that there

was no significant total pressure loss in the rotating diffuser.

Comparison of Correlating Parameters

Along with the continued testing, analytical studies were begun in search
of a better parameter with which to correlate rotor aerodynamic effi-
ciency. Based on later test results after the instrumentation leaks were
corrected, a preliminary carpet plot (Figure 120) was made using the
effective pressure coefficient as the ordinate. This coefficient is
defined as the maximum effective static pressure rise normalized to the
absolute dynamic head, where the effective static pressure rise repre-
sents the difference in the static pressure rise of the free stream
treated as a free vortex and the boundary layer treated as rotating at
wall speed [solid body rotation). The maximum effective static pressure
rise is obtained by evaluating the pressure rise in both cases iiom
diffuser inlet to the radial position where the absolute flow velccity

is equal to the whvel speed. The carpet plot, Figure 120, indicstes that
the low-speed test dacta correlate with the effective pressure couffi-
cient and do not correlate with relative velocity ratio or rotor blade
angle of incidence. High rotor efficiency appears to be associated with
an effective static pressure rise coefficient of about 0.30, with
decreasing efficiency as the coefficient increases.

It was decided to test a larger radius ratio vaneless diffuser to permit
the attainment uf lower velocity ratios in conjunction with differing
values of the effective pressure coefficient. More information showing
the effects of these two parameters on vaneless diffuser performance
would be obtained.

Test results showing the performance characteristics of the rotating -
vaneless diffuser as determined from the low-speed radial outflow
compressor are presented in Figures 104 through 115. Figure i21 is a
carpet plot of the measured rotor aerodynamic efficiency characteristics
for the 24=-inch-diameter rotating diffuser (radius ratio of 1.45) at a
speed of 1800 rpm. The characteristics of the 28-inch-~diameter diffuser
(radius ratio of 1.69) at a speed of 1800 rpm are shown in Figure 122,
In general, the peak efficiencies occur in the same portion of each map.
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Figure 121, Rotor Efficiency Characteristics as a Function of
Effective Pressure Rise Coefficient with Rotating
Vaneless Diffuser Radius Ratio of 1.45.

172




Peff

Effective Static Pressure Rise Coefficient C

.50

45

.40

.35

.30

.25

.20

2

1
= 1-
Cress 1\ 2 2 , fry) %
E+q> (6) tan 82] +3 (-6)

Note: Independent of Vaneless Diffuser
Radius Ratio

1800 RPM
Ra-a = 1.69

— — — Aerodynamic
Rotor Efficiency, nRA

% By *=55°

Figure 122. Rotor Efficiency Characteristics as a Function of

Effective Static Pressure Rise Coefficient with
Rotating Vaneless Diffuser Radius Ratio of 1.69.
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Analysis of High-Speed Compressor

An analytical study was conducted to examine the effects of vaneless
diffuser geometry variations on radial outflow compressor performance.
The original design point of the high-speed machine was selected as a
base. The effect of varying vaneless diffuser geometry on effective
pressure rise coefficient is shown in Figure 123. Radius ratio is
expressed as the exit radius in inches and width ratio as h3/h2. The
effect of these same parameters on the flow angle and Mach number
entering the stators is precented in Figure 124, Figure 125 shows

the resultant effect on the calculated pressure ratio and efficiency.
Two values of vaneless diffuser radius ratio and width ratio (indicated
by ry and h,) were selected to show the effects of rotor blade exit
direction (B*;) and rotor blade area ratio (A5/A;) on the flow angle
and Mach number entering the stators and overall pressure ratio in
Figure 126. At the time that this study was being made, the variation in
vaneless diffuser efficiency and the inlet angle effects on stator
efficiency were not determined and were not incorporated. The high-
speed radial outflow compressor is designed to operate at an effective
pressure coefficient between 0.26 and 0.30. Based on the low-speed
data, the high-speed machine will operate in a range of high effi-
ciencies.

CONCLUSIONS

Being an integral part of the rotor, rotating vaneless diffuser perform-
ance characteristics were based on variations in overall rotor perform-
ance, The change in rotor blade trailing edge angle was initially
adopted as a means of varying the relative velocity ratios at which

the rotating diffuser would operate. The desired variation of relative
velocity ratio was accomplished, but its effect on vaneless diffuser
performance was not directly apparent owing to the very significant
influence that the trailing edge angle variation had on rotor performance.
For this reason, the comparison in performance levels achieved with

the two radius ratio vaneless diffusers was very important and valuable.
The effective pressure rise coefficient was found to provide satis-
factory correlation of rotor efficiency.

The rotating vaneless diffuser performed well over a range of flow
coefficients for all test conditions investigated. Best performance
occurred at effective static pressure rise coefficients ia the range
from 0.30 to 0.36.

Based on the vaneless diffuser characteristics presented in the carpet
plots, Figures 121 and 122, the high-speed radial outflow compressor,
designed to operate at an effective static pressure coefficient of 0.32,
should operate in a range of high rotor efficiencies.
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High frequency response pressure measurements within the rotating vane-
less diffuser at a rotor blade trailing edge angle of 55 degrees
substantiated earlier results showing that the rotor blade wakes are
strongly attenuated in passing through the diffuser.

A survey of the flow in the rotating wall vaneless diffuser indicated

no loss in total pressure from near the rotor blade trailing edges to
the rotating diffuser exit. This result is very encouraging, since
significant losses in this zone have been anticipated and included in
all calculations of high-speed compressor performance. Therefore, these
calculations may be conservative.
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SUPERSONIC AND SUBSONIC STATORS

GENERAL

The purpose of the supersonic and subsonic stators in the radial outflow
compressor is to accept the supersonic flow from the rotating vaneless

diffuser and to diffuse it efficiently to a low subsonic Mach number '
(0.4) for entry into the scroll collector. The process of this diffusion

is to be as follows: The flow from the rotating vaneless diffuser enters

the supersonic stators at a Mach number of 1.6 or lower. In passing

through the supersonic stators, the flow experiences a normal shock p
and subsonic diffusion to a Mach number of about 0.7. A region of

essent 1lly constant pressure follows the supersonic stators to permit

mixing of the stator wakes before the flow enters the subsonic stators.

The subsonic stators are used to reduce the tangential and radial

velocity further before the flow enters the scroll collector.

Attempts to develop efficient supersonic stators for axial flow com-
pressors were made at the NACA Langley laboratory from 1942 through
1956. Stator investigations were also carried out at the Lewis
laboratory. The general result was that the total pressure recovery

in supersonic stators was always less than that obtainable with conical
supersonic inlets. At Mach numbers above about 1.4, the recovery of
various supersonic stators was not as good as that theoretically
obtainable with a normal shock.

Some information on the performance of constant area channels used as
supersonic diffusers had appeared in the literature (Reference 26).
These diffusers are referred to as '"pseudo shock!" diffusers and are
reported to produce recovery equal to an ideal normal shock, at least
at Mach numbers of the order of 3.0. No information had appeared with
regard to pseudo shock performance at Mach numbers of less than 2.C.
In 1961, the General Electric Company conducted an investigation of
high solidity, low camber stators to determine whether high perform-
ance could be obtained at Mach numbers of 1.5 or l.6. Although the
flow patterns observed did not correspond to those expected of pseudo
shock operation, high static pressure rises were obtained with total
pressure losses about equal to normal shock losses for an inlet flow
angle (B) of 57 degrees.

These tests also included the investigatinn of tandem arrangements of
supersonic and subsonic stators tested at supersonic speeds. With the v
best location of the subsonic stators, results indicated that at Mach
numbers slightly in excess of 1.5, a static pressure rise equivalent
to 60 percent of the inlet dynamic pressure could be recovered with
a total pressure loss of slightly less than 10 percent (Reference 7).

Investigations performed during Phase I of this program were conducted

to provide detailed design information for the radial outflow compressor.
Even though the design inlet Mach number of the supersonic stators was
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near those investigated by General Electric in 1961, similar perform-
ance information was required at the significantly higher (80 degrees
versus 57 degrees) inlet flow angle. Cascade tests of supersonic
stators, subsonic stators, and tandem arrangements of supersonic and
subsonic stators were conducted to determine optimum design parameters
for the radial outflow compressor design inlet conditions.

DESCRIPTION OF THE TEST ITEM

Initial design of the supersonic and subsonic stators was done by per-
sonnel of the Applied Research Operation. The designs were hased on
the supersonic cascade tests conducted in Evendale during the period
1961 to 1963, The selection of the solidities and area ratios to be
investigated was based on the diffuser design rules developed by
Professor S. Kline of Stanford University (Reference 27).

The test cascade assembly, Figure 127, was designed to serve as a vehicle
for testing supersonic stators as a single cascade, subsonic stators as

a single cascade, and a tandem arrangement of supersonic and subsonic
stator cascades. Figures 128, 129, and 130 show the test cascade
assembly with the supersonic stator vanes in the proper location as
required for the first test. Stator vane configurations to be tested

are shown in Figures 131, 132, and 133. Stator vane Number 1, shown

in Figures 131 and 132, describes the supersonic stators; stator

vane Number 2, in Figure 133, describes the subsonic stators.

These vanes are four times the actual size of the stators to be used
with the high-speed compressor. The operating pressure in the tran-
sonic cascade tunnel is atmospheric compared to about 12 atmospheres

in the high-speed radial outflow compressor, resulting in a test Reynolds
number that is about one-fourth of the design value. Therefore, similar
stator cascades should operate at higher performance levels in the
radial outflow compressor since the boundary layer decreases with
increasing Reynolds number,

Based on the performancz from the first test of the supersonic stator
blades, the design was reviewed and compared to previous test configura-
tions investigated during the 1963 tests at Evendale. The decision was
made to reduce the supersonic stator design inlet Mach number to less
than 1.3 by increasing the rotor exit diameter. The supersonic stator
design philosophy that developed from this review is described here and
was incorporated in the modified supersonic stator configurations in all
the tests that followed.

Supersonic Stator Design Philosophy

The supersonic stator row is the first blade row following the rotor
discharge. The primary responsibility of this blade row is to reduce
the flow velocities from supersonic to subsonic efficiently, thus
increasing the static pressure significantly.
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The reduction from supersonic to subsonic velocity is accomplished

primarily by means of a normal shock. Because of the flow losses inher-

ently involved in the normal shock process and the adverse effect of a

strong normal shock on the boundary layer, a major design criterion is

that the normal shock be kept as weak as possible. Normal shocks

occurring at Mach numbers greater than about M = 1.25 are believed to \
cause separation of a turbulen® boundary layer (Reference 28). Super- i
sonic compression is accomplished by establishing weak oblique shock
waves upstream of the stator minimum (throat) area.

The major stator design parameters are the supersonic starting Mach
number; the operating Mach number designj the minimum blade thickness,
t; the pitch,s; the chord length, 1; the contraction ratio, A]/Ap; and
the expansion ratio,A3/A; (see Figure 134a). The minimum thickness

is determined from mechanical design factors. The thickness distribu-
tion for any given minimum thickness is determined from starting con-
siderations, following the approach presented in Reference 15.

For simplicity, consider a straight blade, as shown in Figure 134a, with
an upper surface wedge only. Let the Mach number for starting be known
from overall compressor calculations. For a given thickness to pitch
ratio, t/g there is one blade setting angle, 1, for which an attached
shock solution will exist. This angle can be determined by considering
the shock and expansion processes to be isentropic.

The angle, v, for which the conditions in region II satisfy continuity

is the desired setting angle. With the angle determined, the Mach number
in region II is known. Since it is desired that the blade start at the
inlet conditions described above, the Mach number in region II is also
the Mach number into the leading edge normal shock just before the pas-
sage starts. This Mach number determines the theoretical minimum passage
area ratio Al/Az,consistent with the ability of the passage to swallow
the starting normal shock. This area ratio was divided by 1.05 to
account for boundary layer effects. The resulting area ratio Al/AZ
represents the allowable physical contraction ratio. It was decided

that the allowable reduction in area would be accomplished by placing

a wedge section on the blade lower surface, reflecting the resulting
oblique shock from the adjacent blade and then cancelling the reflection
with an expansion corner (see Figure 134b). Supersonic compression is
accomplished by the oblique shock generated by the leading edge and the
oblique shock reflection from the adjacent blade.

The shock wave pattern shown in Figure 134b is for the starting condition.
The strength of the shocks is chosen such that the previously determined
physical area ratio will exist in the passage. After point A,the passage
is expanded and the normal shock is taken at some point within this
expanding region determined by the downstream conditions. It should be '
noted that the lower surface wedge does not influence the starting

criteria previously discussed, since this wedge does not affect the
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average upstream Mach number. It does, however, result in a distribution
of the available blade thickness between upper and lower surface, and it
reduces the Mach number at which the normal shock will occur.

EXPERIMENTAL PROCEDURE

The test model with the tandem arrangement of supersonic and subsonic
stators is shown installed in the Transonic Cascade Tunnel in Figure 135.
The Transonic Cascade Tunnel supplies the inlet flow at the desired Mach
number. The test model was installed so that the desired inlet angle
could be set by means of the variable mounting system. Also in Figure
135, the actuating mechanism to throttle the flow at the discharge of

the test model assembly is shown in the lower right-hand corner.

Supersonic Stators

The first series of tests was conducted to identify the best supersonic
stator configuration for the radial outflow compressor. The initial
three sets of supersonic stator blades are referred to as vane Number 1
in Figures 131 and 132. The characteristics of these blades were as
follows:

Blade Dwg. No. Length-Inghes Solidity Area Ratio
4012286-373 8.50 2.125 1.15
4012286-374G1 7.62 1.905 1.15
4012286-374G2 6.12 1.530 1.15

The planned procedure was to test each of the above supersonic stator
configurations over the Mach number range from 0.7 to 1.5 and an inlet
angle variation of 78 to 82 degrees. From these tests, the stator
cascade with the optimum solidity would be selected. This configuration
would then be used in further tests varying area ratio A3/A; while main-
taining solidity constant. The optimum supersonic stator configuration
would be identified based on the above performance results.

The medium length blades were used in the first test and showed very
poor performance. Vane modifications to reduce the edge wedge angles
were necessary before the planned test procedure could begin.

A summary of test runs,which lists the configurations tested and range
of inlet Mach number and flow angle investigated, is included in Table
VII.

Subsonic Stators

The second series of tests was conducted to identify the best subsonic
stator configuration for the radial outflow compressor. The initial
three sets of subsonic stator blades were of three different lengths,
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and all had a nominal camber of 11 degrees. Details of these vanes are
shown in Figure 133.

Each of the above sets of stators tested over the Mach number range
from 0.5 to 0.9 at the design inlet angle of 75 degrees. At the design
Mach number of 0.70, all of the sections were tested at inlet angles of
74 and 76.5 degrees. From these tests, the best set of stators (medium
length or solidity) was selected for further tests of varying area ratio.
The optimum subsonic stator configuration was identified from these
tests.

A summary of test runs, listing configurations tested and the range of
inlet Mach numbers and flow angles investigated, is included in Table
VIII.

Tandem Cascade

The third series of tests was conducted to identify the best relative
position of the subsonic stators with respect to the supersonic stators.
Three variations of the spacing between blade rows in addition to the
nominal value were tested over the Mach number range from 0.6 to 1.4.
Table IX gives a summary of the tandem cascade test runs.

The '"nominal" or "zero" spacing was identified as 2 inches in the radial
direction between the trailing e’ze of the supersonic stators and the
leading edge of the subsonic stators. Spacing in the direction of air-
flow was about 8 inches. All other spacings were identified relative to
the subsonic stator position at the nominal setting. Thus, the spacing
identified as 1.248 indicates that the subsonic stators are positioned
1.248 inches closer to the supersonic stators in the flow direction than
nominal.

A number of difficulties were encountered during the first several runs.
One had to do with flow in the lower passage of the model. This problem
was solved by extending the lower tailboard shown in Figure 127 (posi-
tion K6 on Drawing 4012286-372). This lower boundary surface was
extended rearward until a short overlapping passage was obtained between
the tailboard and the lowest subsonic stator blade. The second problem
involved locating the total pressure rake downstream of the central
subsonic stator blade. The slot through which the probe is positioned
had to be extended in the downstream direction. Runs 4 through 8 repre-
sent data taken after the '"'shakedown" problems were soived.

EXPERIMENTAL RESULTS

A tabulation of test results for supersonic stators, subsonic stators,
and tandem cascade investigations is included in Tables X, XI and XII,
respectively., Numerous schlieren photographs were taken as deemed
appropriate throughout these tests. The more significant ones are
included in Figures 136 through 147 and are referenced to the test

case numbers they represent.
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TABIE X
SUPERSONIC STATOR CASCADE 1TEST RESULTS

Inlet 1Inlet Exit

Run Mach Angle c _ Mach

Date No. Case No. (degrees) P w No.
1/22/65 1 22155 1.35 80 0.4066 0.1970 0.7365
1/22/65 1 22156 1.35 80 0.4369 0.1934 0.7034
1/22/65 1 22157 1.35 RO 0.4480 0.2128 0.6729
1/22/65 1 22158 1.35 79 0.4009 0.1966 0.7424
1/22/65 1 22159 1.35 85 0.4204 0.1923 0.7234
1/22/65 1 22160 1.28 80 0.3947 0.1808 0.7369
1/23/65 2 22162 1.46 80 0.4812 0.2842 0.5895
1/23/65 2 22163 1.46 80 0.4431 0.2959 0.6307
1/23/65 2 22164 1.46 80 0.4310 0.3005 0.6429
1/23/65 2 22165 1.36 81 0.4716 0.2603 0.6013
1/23/65 2 22166 1.36 81 0.4404 0.2689 0.6333
1/23/65 2 22167 1.36 81 0.3763 0.2803 0.7049
1/23/65 2 22168 1.35 81 0.4927 0.2509 0.5819
1/23/65 2 22169 1.35 81 0.4540 0.2474 0.6355
1/25/65 3 22170 1.35 80 0.4065 0.1458 0.7775
1/25/65 3 22171 1.35 80 0.3700 0.1485 0.8157
1/25/65 3 22172 1.35 80 0.3998 0.1460 0.7839
1/25/65 3 22173 1.35 80 0.3450 0.1440 0.8470
1/25/65 3 22174 1.35 79 0.4052 0.1472 0.7766
1/25/65 3 22175 1.35 79 0.3587 0.1543 0.8237
1/25/65 3 22176 1.35 81 0.3880 0.1514 0.7927
1/25/65 3 22177 1.35 81 0.4185 0.1478 0.7608
1/25/65 3 22178 1.30 80 0.3734 0.1529 0.7894
1/25/65 3 22179 1.30 80 0.4014 0.1487 0.7617
1/25/65 3 22180 1.30 80 0.3421 0.1556 0.8217
1/25/65 3 22181 1.30 79 0.3897 0.1486 0.7748
’ 1/25/65 3 22182 1.30 79 0.3722 0.1510 0.7921
1/25/65 3 22183 1.30 79 0.3587 0.1528 0.8053
1/25/65 3 22184 1.30 81 0.3479 0.1504 0.8185
1/25/65 3 22185 1.30 81 0.3906 0.1495 0.7726
1/25/65 3 22186 1.30 81 V.4159 0.1496 0.7449
1/25/65 3 22187 1.40 80 0.3879 0.1568 0.8097
1/25/65 3 22188 1.40 80 0.4126 0.1606 0.7776
1/25/65 3 22190 1.40 80 0.4296 0.1632 0.7552
1/25/65 3 22191 1.45 80 0.3728 0.1490 0.8537
1/25/65 3 22192 1.45 80 0.4013 0.1729 0.7999
1/25/65 3 22193 1.50 80 0.3387 0.1746 0.8979
1/25/65 3 22194 1.50 80 0.3934 0.2463 0.7645
1/25/65 3 22195 1.25 80 0.3607 0.1413 0.7884
1/25/65 3 22196 1.20 80 0.4024 0.1460 0.7182
1/25/65 3 22197 1.10 80 0.4169 0.1087 0.6841
1/25/65 3 22198 1.00 80 0.4237 0.0921 0.6385
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Table X, Continued

Inlet Inlet Exit

Run Mach Angle C Mach

Date No. Case No. (degrees) P ® No.
1/25/65 3 22199 0.90 80 0.4235 0.0864 0.5870
1/25/65 3 22200 0.80 80 0.4214 0.0784 0.5377
1/25/65 3 22201 0.80 80 0.3915 0.0773 0.5564
1/25/65 3 22202 1.40 80 0.3940 0.2255 0.7476
1/25/65 3 22203 1.40 80 0.3941 0.1964 0.7719
1/25/65 3 22204 1.40 80 0.3949 0.1644 0.7967
1/25/65 3 22205 1.40 80 0.3963 0.1506 0.8055
1/25/65 3 22206 1.40 80 0.3957 0.1510 0.8058
1/25/65 3 22207 1.40 80 0.3953 0.1530 0.8043
1/25/65 3 22208 1.40 80 0.3951 0.1540 0.8043
1/25/65 3 22209 1.40 80 0.3950 0.1544 0.8038
1/25/65 3 22210 1.40 80 0.3946 0.1547 0.8041
1/25/65 3 22211 1.40 80 0.3936 0.1590 0.8020
1/25/65 3 22212 1.40 80 0.3934 0.1765 0.7881
1/25/65 3 22213 1.40 80 0.3935 0.1927 0.7749
1/25/65 4 22215 1.33 80 0.4248 0.1601 0.7395
1/25/65 4 22216 1.40 80 0.3710 0.1742 0.8151
1/25/65 4 22217 1.40 80 0.4399 0.1802 0.7278
1/25/65 4 22218 1.39 80 0.2747 0.1900 0.9182
1/25/65 4 22219 1.39 80 0.3922 0.1585 0.8000
1/25/65 4 22220 1.39 80 0.4175 0.1539 0.7739
1/25/65 4 22221 139 80 0.4479 0.1645 1.7292
1/25/65 4 22222 1.40 80 0.4623 0.1757 0.7044
1/25/65 4 22223 1.46 80 0.4333 0.1603 0.7725
1/25/65 4 22224 1.46 80 0.4527 0.1787 0.7327
1/25/65 4 22225 1.46 80 0.4621 0.1904 0.7102
1/25/65 4 22226 1.29 80 0.3915 0.1402 0.7717
1/25/65 4 22227 1.29 80 0.4260 0.1400 0.7353
1/25/65 4 22228 1.29 80 0.4456 0.1449 0.7104
1/25/65 4 22229 1.51 80 0.4158 0.1968 0.7820
1/25/65 4 22230 LauSik 80 0.4301 0.2259 0.7365
1/25/65 4 22231 1.39 80 0.4198 0.2009 0.7305
1/25/65 4 22232 1.39 80 0.4195 0.1830 0.7461
1/25/65 4 22233 1.39 80 0.4201 0.1659 0.759%4
1/25/65 4 22234 1.39 80 0.4197 0.1583 0.7660
1/25/65 4 22235 1.39 80 0.4194 0.1562 0.7679
1/25/65 4 22236 1.39 80 0.4188 0.1545 0.7699
1/25/65 4 22237 1.39 80 0.4182 0.1552 0.7701
1/25/65 4 22238 1.39 80 0.4196 0.1559 0.7679
1/25/65 4 22239 1.39 80 0.4188 0.1581 0.7669
1/25/65 4 22240 1.39 80 0.4195 0.1641 0.7612
1/25/65 4 22241 1.38 80 0.4201 0.1771 0.7499
1/25/65 4 22242 1.38 80 0.4191 0.1927 0.7382
1/25/65 4 22243 1.19 80 0.4363 0.1340 0.6889
1/25/65 4 22244 1.09 80 0.4433 0.1059 0.6559
1/25/65 4 22245 0.99 80 0.4496 0.0832 0.6161
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Table X, Continued

Inlet Inlet Exit
Run Mach Angle = Mach
Date No. Case No. (degrees) P ® No.
1/25/65 4 22246 0.90 80 0.4509 0.0C15 0.5695
1/25/65 4 22247 0.79 80 0.4522 0.0709 0.5130
1/27/65 5% 22249 1.50 80 0.346 0.185 -
1/27/65 5 22251 1.50 80 0.374 0.195 -
1/27/65 5 22252 1.40 80 0.421 0.1725 -
1/28/65 6% 22253 1.46 80 0.366 0.185 -
1/28/65 6 22254 1.46 80 0.439 0.189 -
1/28/65 6 22255 1.52 80 0.3815 0.2195 -
1/28/65 6 22256 1.52 80 0.405 0.227 -
1/28/65 6 22257 1.30 80 0.426 0.146 -
1/28/65 6 22266 1.30 80 0.428 0.146 -
1/28/65 6 22267 1.30 80 0.381 0.142 -
1/28/65 6 22268 1.20 80 0.385 0.119 -
1/28/65 6 22269 1.10 80 0.387 0.110 -
1/28/65 6 22270 1.00 80 0.393 0.1037 -
1/28/65 6 22271 0.90 80 0.39 0.098 -
1/28/65 6 22272 0.80 80 0.39 0.0874 -
1/28/65 6 22273 0.70 80 0.394 0.0844 -
1/28/65 6 22274 0.60 80 0.401 0.0838 -
1/28/65 6 22275 0.60 80 0.488 0.0018 -
1/28/65 6 22276 0.60 80 0.548 0.115 -
1/28/65 7 22277 1.22 80 0.2566 0.2066 0.8366
1/28/65 7 22278 1.22 80 0.4541 0.1456 0.6733
1/28/65 7 22280 1%2.1 80 0.4998 0.1388 ¢.6305
1/28/65 7 22281 1.11 80 0.2842 0.1637 0.7692
1/28/65 7 22282 1.11 80 0.5193 0.1149 0.5880
1/28/65 7 22283 1.11 89 0.5641 0.1287 0.5343
1/29/65 8 22285 1.33 80 0.3356 0.1836 0.8210
1/29/65 8 22286 1.33 80 0.4301 0.1511 0.7389
1/29/65 8 22287 1.33 80 0.4535 0.1532 0.7108
1/29/65 8 22288 l.41 80 0.3869 0.1684 0.8057
1/29/65 8 22289 1.41 80 0.3869 0.1684 0.8057
1/29/65 8 22290 1.41 80 0.4739 0.1640 0.7048
1/29/65 8 22291 1.41 80 0.4384 0.1449 0.7630
1/29/65 8 22292 1.50 80 0.3686 0.1840 0.8495
1/29/65 8 22293 1.50 80 0.4124 0.1812 0.7951
1/29/65 8 22294 1.40 82 0.4216 0.1560 0.7718
1/29/65 8 22295 1.40 82 0.4814 0.1834 0.6765
1/29/65 8 22296 1.40 79 0.3437 0.0821 0.9149
1/29/65 8 22297 1.40 79 0.4592 0.2152 0.6743
1/29/65 8 22298 1.40 79 0.4031 0.1551 0.7933
1/29/65 8 22299 1.40 79 0.4428 0.1475 0.7524

*Data from runs 5 and 6 were not reduced by computer program.
calculated values are included to indicate performance trends.
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Table X, Continued

Inlet Inlet Exit
Run Mach Angle < _ Mach

Date No. Case No. (degrees) P w No.

1/29/65 8 22300 1.21 80 0.5147 0.1364 0.6134
1/29/65 8 22301 1.20 80 0.5600 0.1534 0.5507
1/29/65 8 22302 1.00 80 0.5349 0.1049 0.5394
1/29/65 8 22303 0.90 80 0.5379 0.0974 0.4992
1/29/65 8 22304 0.80 80 0.5340 0.0837 0.4632
1/29/65 8 22305 0.70 80 0.5417 0.0779 0.4102
1/29/65 9 22307 0.69 80 0.4717 0.0808 0.4429
1/29/65 9 22308 0.69 80 0.5481 0.0830 0.3989
1/29/65 9 22309 0.69 80 0.5786 0.0949 0.3744
1/29/65 9 22310 0.80 80 0.5286 0.0889 0.4618
1/29/65 9 22311 0.89 80 .5373 0.0989 0.4908
1/29/65 9 22312 0.89 80 0.5578 0.1020 0.4731
1/29/65 9 22313 1.01 80 0.5462 0.1157 0.5258
1/29/65 9 22314 1.01 80 0.4938 0.1070 0.5765
1/29/65 9 22315 1.13 80 0.4824 0.1047 0.6406
1/29/65 9 22315 1.13 80 0.5303 0.1108 0.5906
1/29/65 9 22317 1.13 80 0.5616 0.1263 0.5476
1/29/65 9 22318 1.20 80 0.5014 0.1271 0.6325
1/29/65 9 22319 1.20 80 0.5313 0.1466 0.5857
1/29/65 9 22320 1.40 80 0.4073 0.1885 0.7617
1/29/65 9 22321 1.40 80 0.4367 0.1947 0.7205
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TABIE XI
SUBSONIC STATOR CASCADE TEST RESULTS

Inlet Inlet Exit
Run Mach Angle = Mach
Date No. Case No. (degrees) P w No.
2/2/65 10 22323*%  0.49 75 0.571 0.0607 -
2/2/65 10 22324*%  0.49 75 0.403 0.0984 -
2/2/65 10 22325*%  0.49 75 0.605 0.0588 -
2/2/65 10 22326% 0.49 75 0.635 0.0521 -
2/2/65 10 22327 0.60 75 0.6332 0.0656 0.3118
2/2/65 10 22328 0.60 75 0.5828 0.0729 0.3345
2/2/65 10 22329 0.60 75 0.5382 0.0799 0.3535
2/2/65 10 22330 0.60 75 0.6539 0.0672 0.2998
2/2/65 10 22331 0.70 75 0.6518 0.0661 0.3471
2/2/65 10 22332 0.70 75 0.5699 0.0806 0.3897
2/2/65 10 22333 0.70 75 (.5011 0.1096 0.4147
2/2/65 10 22334 0.70 76.5 0.5901 0.0735 0.3814
2/2/65 10 22335 0.70 76.5 0.6415 0.0671 0.3529
2/2/65 10 22336 0.70 76.5 0.4989 0.1134 0.4131
2/2/65 10 22337 0.69 74.3 0.5025 0.1041 0.4149
2/2/65 10 22338 0.69 74.3 0.5902 0.0735 0.3795
2/2/65 10 22339 0.69 74.3 0.6575 0.0626 0.3437
2/2/65 10 22340 0.79 75 0.5649 0.0938 0.4298
2/2/65 10 22341 0.79 75 0.6343 0.0650 0.3985
2/2/65 10 22342 0.79 75 0.6440 0.0655 0.3908
2/2/65 10 22343 0.79 75 0.4939 0.1242 0.4582
2/2/65 10 22344 0.92 75 0.5929 0.1131 0.4492
2/2/65 10 22345 0.92 75 0.6263 0.1088 0.4246
2/2/65 10 22346% 0.90 75 0.629 0.0896 -
2/3/65 11 22347 0.50 75 0.6449 0.0753 0.2575
2/3/65 11 22348 0.50 75 0.6565 0.0715 0.2528
2/3/65 11 22349 0.50 75 0.5379 0.0834 0.2999
2/3/65 11 22350 0.50 75 0.4738 0.1037 0.3181
2/3/65 11 22351 0.60 75 0.4779 0.1213 0.3668
2/3/65 11 22352 0.60 75 0.5581 0.0943 0.3392
2/3/65 11 22353 0.60 75 0.6551 0.0716 0.2983
2/3/65 11 22354 0.70 75 0.5126 0.1190 0.4041
2/3/65 11 22355 0.70 75 0.5772 0.0971 0.3786
2/3/65 11 22356 0.70 75 0.6463 0.0741 0.3465
2/3/65 11 22357 0.70 74 0.5103 0.1162 0.4070
2/3/65 11 22358 0.70 74 0.5764 0.0987 0.3766
2/3/65 11 22359 0.70 74 0.6590 0.0696 0.3409
2/3/65 11 22360 0.70 76.5 0.5124 0.1195 0.4040
*These data points were not reduced by computer program. Hand

calculated values are included to indicate performance trends.
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Table XI, Continued

Inlet Inlet Exit
Run Mach Angle C Mach
Date No. Case No. (degrees) P © No.
2/3/65 11 22361 0.70 76.5 0.5800 0.0980 0.3748
A 2/3/65 11 22362 0.70 76.5 0.6311 0.0788 0.3537
2/3/65 11 22363 0.80 75 0.5005 0.1514 0.4439
2/3/65 11 22364 0.80 75 0.5493 0.1182 0.4305
2/3/65 11 22365 0.80 75 0.5932 0.1018 0.4095
2/3/65 11 22366 0.80 75 0.6342 0.0829 0.3918
¢ 2/3/65 11 22367 0.90 75 0.5017 0.1505 0.4910
2/3/65 11 22368 0.90 75 0.5516 0.1351 0.4616
2/3/65 11 22369 0.90 75 0.5954 0.1193 0.4370
2/3/65 11 22370 0.90 75 0.6291 0.1016 0.4218
2/3/65 11 22371 0.70 75 0.6424 0.0746 0.3503
2/3/65 12 22372 0.49 75 0.5155 0.1140 0.2918
2/3/65 12 22373 0.49 75 0.5761 0.0843 0.2791
2/3/65 12 22374 0.49 75 0.6311 0.0681 0.2620
2/3/65 12 22375 0.49 75 0.6607 0.0736 0.2460
2/3/65 12 22376 0.59 75 0.5203 0.1157 0.3459
2/3/65 12 22377 0.59 75 0.5667 0.0926 0.3329
2/3/65 12 22378 0.59 75 0.6095 0.0744 0.319%
2/3/65 12 22379 0.59 75 0.6531 0.0703 0.2977
2/3/65 12 22380 0.59 75 0.6615 0.0740 0.2909
2/3/65 12 22381 0.69 75 0.4953 0.1300 0.4050
2/3/65 12 22382 0.69 75 0.5889 0.0831 0.3745
2/3/65 12 22383 0.69 75 0.6506 0.0808 0.3370
2/3/65 12 22384 0.69 74 0.5005 0.1271 0.4034
2/3/65 12 22385 0.69 74 0.5917 0.0809 0.3740
2/3/65 12 22386 0.69 74 0.6576 0.0764 0.3347
2/3/65 12 22387 0.69 76.5 0.5038 0.1301 0.3995
2/3/65 12 22388 0.69 76.5 0.5890 0.0832 0.3740
2/3/65 12 22389 0.69 76.5 0.6377 0.0933 0.3374
2/3/65 12 22390 0.80 75 0.5096 0.1124 0.4590
2/3/65 12 22391 0.80 75 0.5723 0.0932 0.4276
2/3/65 12 22392 0.80 75 0.6312 0.0834 0.3918
2/3/65 12 22393 0.91 75 0.4960 0.1259 0.5152
2/3/65 12 22394 0.91 75 0.5464 0.1059 0.4892
2/3/65 12 22395 0.91 75 0.5953 0.0843 0.4650
P’ 2/4/65 13 22397 0.50 75 0.5271 0.1041 0.2976
. 2/4/65 13 22398 0.50 75 0.5650 0.0865 0.2886
2/4/65 13 22399 0.50 75 0.6124 0.0709 0.2742
2/4/65 13 22400 0.50 75 0.6124 0.0709 0.2742
2/4/65 13 22401 0.60 75 0.5057 0.0551 0.3829
2/4/65 13 22402 0.60 75 0.5569 0.1034 0.3361
¢ 2/4/65 13 22403 0.60 75 0.6044 0.0813 0.3220
2/4/65 13 22404 0.60 75 0.6388 0.0707 0.3087
2/4/65 13 22405 0.60 75 0.6592 0.0694 0.2975
2/4/65 13 22406 0.70 75 0.5286 0.1219 0.3947
2/4/65 13 22407 0.70 75 0.5637 0.1092 0.3802
2/4/65 13 22408 0.70 75 0.6270 0.0849 0.3541
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Table XI, Continued

Inlet Inlet Exit

Run Mach Angle r Mach

Date No. Case No. (degrees) P ® No.
2/4/65 13 22409 0.70 75 0.6517 0.0766 0.3429
2/4/65 13 22410 0.70 74 0.5412 0.1143 0.3910
2/4/65 13 22411 0.70 74 0.5788 0.0990 0.3765
2/4/65 13 22412 0.70 74 0.6262 0.0810 0.3569
2/4/65 12 22413 0.70 74 0.6480 0.0716 0.3484
2/4/65 13 22414 0.70 76.5 0.5367 0.1251 0.3880
2/4/65 13 22415 0.70 76.5 0.5840 0.1072 0.3686
2/4/65 13 22416 0.70 76.5 0.6251 0.0915 0.3513
2/4/65 13 22417 0.80 75 0.5341 0.1173 0.4413
2/4/65 13 22418 0.80 75 0.5910 0.1089 0.4060
2/4/65 13 22419 0.80 75 0.6242 0.0988 0.3881
2/4/65 13 22420 0.90 75 0.5176 0.1262 0.4936
2/4/65 13 22421 0.90 75 0.5761 0.1157 0.4545
2/4/65 13 22422 0.90 75 0.6101 0.1145 0.4273
2/4/65 14 22423 0.70 75 0.5499 0.1238 0.3776
2/4/65 14 22424 0.70 75 0.6152 0.1061 0.3459
2/4/65 14 22425 0.70 75 0.6271 0.1048 0.3387
2/4/65 14 22426 0.70 75 0.5245 0.1360 0.3857
2/4/65 14 22427 0.70 74 0.5276 0.1309 0.3866
2/4/65 14 22428 0.70 74 0.5800 0.1085 0.3669
2/4/65 14 22429 0.70 74 0.6191 0.1020 0.3455
2/4/65 14 22430 0.69 74 0.6315 0.1002 0.3379
2/4/65 14 22431 0.69 76.5 0.5536 0.1326 0.3687
2/4/65 14 22432 0.69 76.5 0.5930 0.1191 0.3516
2/4/65 14 22433 0.69 76.5 0.6047 0.1176 0.3447
2/4/65 14 22434 0.81 75 0.5036 0.1320 0.4561
2/4/65 14 22435 0.81 75 0.5812 0.1287 0.4028
2/4/65 14 22436 0.81 75 0.6038 0.1248 0.3881
2/4/65 14 22437 0.90 75 0.5343 0.1308 0.4793
2/4/65 14 22438 0.90 75 0.5938 0.1207 0.4381
2/4/65 14 22439 0.90 75 0.6039 0.1193 0.4305
2/4/65 14 22440 0.61 75 0.5443 0.1165 0.3402
2/4/65 14 22441 0.61 75 0.5920 0.1095 0.3179
2/4/65 14 22442 0.61 75 0.6311 0.1030 0.2992
2/4/65 14 22443 0.50 75 0.5247 0.1112 0.29606
2/4/65 14 22444 0.50 75 0.6180 0.1011 0.2582
2/4/65 14 22445 0.50 75 0.6332 0.0986 0.2521
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TABIE XII
TANDEM CASCADE TEST RESULTS

Inlet Inlet Exit

Run Mach Angle c _ Mach

Date No. Case No. (degrees) P W No.
3/15/65 1 22741 0.80 80 0.5942 0.2609 0.2844
3/15/65 1 22742 1.00 80 0.5010 0.3104 0.4003
3/15/65 1 22743 1.00 80 0.6701 0.2525 0.2470
3/15/65 1 22744 1.11 80 0.5042 0.3312 0.4064
3/15/65 1 22745 1.11 80 0.5616 0.3047 0.3604
3/15/65 1 22746 1.11 80 0.6440 0.2756 0.2736
3/15/65 1 22747 1.21 80 0.5097 0.3636 0.3824
3/15/65 1 22748 1.21 80 0.6106 0.3164 0.2811
3/15/65 1 22749 1.30 80 0.5150 0.3806 0.3659
3/15/65 1 22750 1.30 80 0.5886 0.3465 0.2811
3/15/65 1 22751 1.40 80 0.4527 0.4322 0.4161
3/15/65 1 22752 1.40 80 0.5665 0.3795 0.2719
3/15/65 1 22753 1.40 80 0.5126 0.4022 0.3490

3/17/65 2 22755*% 0.50 80 0.483 0.217 =

3/17/65 2 22756 0.52 80 0.5971 0.2083 0.2208
3/17/65 2 22757 0.52 80 0.6864 0.2069 0.1626
3/17/65 2 22758 0.52 80 0.4861 0.2469 0.2612
3/17/65 2 22759 0.70 80 0.5044 0.2675 0.3205
3/17/65 2 22760 0.70 80 0.6038 0.2260 0.2728
3/17/65 2 22761 0.70 80 0.6845 0.2163 0.2061
3/17/65 2 22752 0.80 80 0.5040 0.2964 0.3385
3/17/65 2 22763 0.80 80 0.5865 0.2547 0.2978
3/17/65 2 22764 0.80 80 0.6805 0.2252 0.2261
3/17/65 2 22765 1.00 80 0.4973 0.3904 0.3120
3/17/65 2 22766 1.00 80 0.6005 0.2970 0.2897
3/17/65 2 22767 1.00 80 0.6848 0.239%4 0.2440
3/17/65 2 22768 1.11 80 0.4951 0.4014 0.3251
3/17/65 2 22769 1.10 80 0.6067 0.3100 0.2806
3/17/65 2 22770 1.10 80 0.6551 0.2693 0.2634
3/17/65 2 22771 1.20 80 0.5000 0.4191 0.3068
3/17/65 2 22772 1.20 80 0.5901 0.3408 0.2738
3/17/65 2 22773 1.20 80 0.6435 0.3038 0.2350
3/17/65 2 22774 1.30 80 0.5055 0.4332 0.2837
3/17/65 2 22775 1.30 80 0.6290 0.3277 0.2266
3/17/65 2 22776 1.30 80 0.5629 0.3776 0.2727
3/17/65 2 22777 1.40 80 0.4985 0.4372 0.3060
3/17/65 2 22778 1.40 80 0.4985 0.4372 0.3060
3/17/65 2 22779 1.40 82 0.4903 0.4618 0.2661

*This data point was ..ot reduced by computer program. Hand calcu-
lated values are included to indicate performance trends.
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Table XII, Continued

Inlet Inlet Exit

Run Mach Angle = Mach

Date No. Case No. (degrees) P © No.
3/17/65 2 22780 1.40 82 0.5605 0.3980 0.239%
3/17/65 2 22781 1.30 80 0.4889 0.433C 0.3220
3/19/65 3 22783 1.40 79.75 0.4353 0.4027 0.4943
3/19/65 3 22784 1.30 79.75 0.4426 0.3861 0.4806
3/19/65 3 22785 1.30 79.75 0.4426 0.3861 0.4806
3/19/65 3 22786 1.30 79.75 0.4426 0.3861 0.4806
3/19/65 3 22787 1.30 79.75 0.4268 0.1913 0.6985
3/19/65 3 22788 1.30 79.75 0.5442 0.1921 0.5604
3/19/65 3 22789 1.30 79.75 0.4635 0.1810 0.6648
3/19/65 3 22790 1.29 79.75 0.4631 0.1791 0.6660
3/19/65 3 22791 1.29 79.75 0.4619 0.1950 0.6538
3/19/65 3 22792 1.29 79.75 0.4614 0.2233 0.6291
3/19/65 3 22793 1.29 79.75 0.4611 0.2602 0.5946
3/19/65 3 22794 1.29 79.75 0.4609 0.2952 0.5591
3/19/65 3 22795 1.29 79.75 0.4661 0.1931 0.6503
3/19/65 3 22796 1.29  79.75 0.4683 0.2204 0.6234
3/19/65 3 22797 1.29  79.75 0.4681 0.2551 0.5909
3/19/65 3 22798 1.29 79.75 0.4668 0.2890 0.5579
3/19/65 3 22799 1.29 79.75 0.4667 0.2757 0.5718
3/19/65 3 22800 1.29 79.75 0.3230 0.2121 0.7970
3/19/65 3 22801 1.29 79.75 0.4969 0.1821 0.6246
3/19/65 3 22802 1.40 79.75 0.4981 0.2090 0.6309
3/19/65 3 22803 1.40 79.75 0.4488 0.2059 0.6959
3/19/65 3 22804 1.58 79.75 0.3923 0.3307 0.7014
3/19/65 3 22805 1.50 79.75 0.4359 0.2541 0.6982
3/19/65 3 22806 1.40 79.75 0.4379 0.2108 0.7057
3/19/65 3 22807 1.31 78.76 0.4457 0.2692 0.6121
3/19/65 3 22808 1.51 78.76 0.5012 0.2599 0.5497
3/19/65 3 22809 1.31 78.76 0.5343 0.2603 0.5050
3/19/65 3 22810 1.31 78.76 0.4482 0.2802 0.5953
3/19/65 3 22811 1.31 78.76 0.4484 0.3675 0.4963
3/19/65 3 22812 1.31  78.76 0.4478 0.3330 0.5386
3/19/65 3 22813 1.30 78.76 0.4496 0.3037 0.5685
3/19/65 3 22814 1.30 78.76 0.4477 0.3595 0.5068
3/19/65 3 22815 1.31 78.76 0.4461 0.3318 0.5430
3/19/65 3 22816 1.40 78.76 0.4521 0.3345 0.5568
3/19/65 3 22817 1.30 78.76 0.439%6 0.3293 0.5535
3/19/65 3 22818 1.30 78.76 0.4349 0.3823 0.4969
3/19/65 3 22819 1.30 78.76 0.4337 0.3598 0.5265
3/19/65 3 22820 1.30 78.76 0.4357 0.3620 0.5209
3/19/65 3 22821 1.30 78.76 0.4346 0.4015 0.4721
3/22/65 4 22823 1.30 79.75 0.4959 0.4178 0.3365
3/22/65 4 22824 1.30 79.75 0.5473 0.3774 0.3076
3/22/65 4 22825 1.30 79.75 0.6004 0.3439 0.2592
3/22/65 4 22826 1.30 79.75 0.5014 0.3042 0.4948
3/22/65 4 22827 1.30 79.75 0.5501 0.2900 0.4416
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Table XII, Continued

Inlet Inlet Exit

Run Mach Angle = Mach

Date No Case No. .degrees) P ] No.
3/22/65 4 22828 1.30 79.75 0.6012 0.3049 0.3343
3/22/65 4 22829 1.3r 79.75 0.5653 0.2916 0.4161
3/22/65 4 22830 1.2 78 0.5739 0.2720 0.4310
3/22/65 4 22831 1.50 78 0.6219 0.2839 0.3331
3/22/65 4 22832 1.30 78 0.5478 0.2700 0.4717
3/22/65 4 22833 1.30 78 0.6125 0.2758 0.3629
3/22/65 4 22834 1.30 78 0.5002 0.2902 0.5138
3/22/65 4 22835 1.30 82 0.4918 0.3218 0.4878
3/22/65 4 22836 1.30 82 0.5484 0.3080 0.4203
3/22/65 4 22837 1.30 82 0.5930 0.3198 0.3240
3/22/65 4 22838 1.40 79.75 0.4962 0.3357 0.4882
3/22/65 4 22839 1.40 79.75 0.5503 0.3181 0.4230
3/22/65 4 22840 1.40 79.50 0.5786 0.3268 0.3561
3/22/65 4 22841 1.20 79.50 0.5540 0.2532 0.4581
3/22/65 4 22842 1.20 79.50 0.6005 0.2529 0.3948
3/22/65 4 22843 1.20  79.50 0.6358 0.2653 0.3220
3/22/65 4 22844 1.20 79.50 0.4963 0.2782 0.5042
3/22/65 4 22845 1.00 79.50 0.5042 0.2124 0.4861
3/22/65 4 22846 1.00 79.50 0.6051 0.2084 0.3868
3/22/65 4 22847 1.00 79.50 0.6600 0.2287 0.2964
3/22/65 4 22848 1.00 79.50 0.5534 0.2032 0.4458
3/22/65 4 22849 0.81 79.50 0.4915 0.1783 0.4359
3/22/65 4 22850 0.81 79.50 0.5799 0.1768 0.3698
3/22/65 4 22851 0.80 79.50 0.6606 0.2198 0.2573
3/22/65 4 22852 0.81 79.50 0.5427 0.1718 0.4024
3/22/65 4 22853 0.60 79.75 0.5380 0.1548 0.3217
3/22/65 4 22854 0.60 79.75 0.5961 0.1665 0.2816
3/22/65 4 22855 0.60 79.75 0.6642 0.2091 0.2052
3/22/65 4 22856 0.60 79.75 0.4910 0.1937 0.3278
3/23/65 5 22860 1.31  79.75 0.5012 0.3036 0.4980
3/23/65 5 22861 1.30 79.75 0.5556 0.2797 0.4486
3/23/65 5 22862 1.30 79.75 0.5556 0.2797 0.4486
3/23/65 5 22863 1.30 79.75 0.6130 0.2953 0.3300
3/24/65 6 22865 1.31 79.75 0.4898 0.3419 0.4669
3/24/65 6 22866 1.30 79.75 0.5540 6.2947 0.4309
3/24/65 6 22867 1.30 79.75 0.6008 0.2630 0.4018
3/24/65 6 22868 1.30 79.75 0.6204 0.2301 0.3740
3/24/65 6 22869 1.30 79.75 0.6512 0.2690 0.3036
3/24/65 6 22870 1.40 79.75 0.4992 0.3623 0.444:,
3/24/65 6 22871 1.40 79.75 0.5549 0.3164 0.4178
3/24/65 6 22872 1.40 79.75 0.6058 0.2957 0.3587
3/24/65 6 22873 1.40 79.75 0.6074 0.3006 0.3466
3/24/65 6 22874 1.20 79.75 0.6655 0.2398 0.3119
3/24/65 6 22875 1,20 79.75 0.4953 0.3163 0.4635
3/24/65 6 22876 1.20  79.75 0.5571 0.2730 0.4305
3/24/65 6 22877 1.20 79.75 0.6062 0.2427 0.3998
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Table XII, Continued

Inlet Inlet Exit

Run Mach Angle - Mach

Date No. Case No. (degrees) P W No.
3/24/65 6 22878 1.00 79.75 0.5106 0.2624 0.4370
3/24/65 6 22879 1.00 79.75 0.5351 0.2487 0.4240
3/24/65 6 22880 1.00 79.75 0.5751 0.2227 0.4057
3/24/65 6 22881 1.00 79.75 0.6891 0.2093 0.2813
3/24/65 6 22882 0.80 79.75 0.5004 0.2146 0.4051
3/24/65 6 22883 0.80 79.75 0.5481 0.1997 0.3784
3/24/65 6 22884 0.80 79.75 0.5958 0.1892 0.3469
3/24/65 6 22885 0.80 79.75 0.6902 0.1930 0.2528
3/24/65 6 22886 0.60 79.75 0.4989 0.1939 0.3229
3/24/65 6 22887 0.60 79.75 0.5438 0.1862 0.3017
3/24/65 6 22888 0.60 79.75 0.5985 0.1753 0.2746
3/24/65 6 22889 0.60 79.75 0.6912 0.1864 0.2011
3/24/65 6 22890 0.60 79.75 0.6430 0.1719 0.2481
3/25/65 7 22893 1.30 79.75 0.6128 0.2575 0.3898
3/25/65 7 22894 1.30 79.75 0.6109 0.2632 0.3848
3/25/65 7 22895 1.30 79.75 0.6404 0.2756 0.3125
3/25/65 7 22896 1.30 79.75 0.6110 0.2668 0.3796
3/25/65 7 22897 1.30 79.75 0.6495 0.2602 0.3220
3/25/65 7 22898 1.31 79.75 0.5410 0.3075 0.4339
3/25/65 7 22899 1.30 79.75 0.4941 0.3474 0.4517
3/25/65 7 22900 1.40 79.75 0.4938 0.3667 0.4476
3/25/65 7 22901 1.40 79.75 0.5429 0.3268 0.4228
3/25/65 7 22902 1.40 79.75 0.5989 0.2967 0.3701
3/25/65 7 22903 1.40 79.75 (;.6039 0.2952 0.3634
3/25/65 7 22904 1.20 79.75 0.4930 0.3172 0.4656
3/25/65 7 22905 1.21 79.75 0.5613 0.2744 0.4233
3/25/65 7 22906 1.21 79.75 0.5978 0.2493 0.4034
3/25/65 7 22907 1.21 79.7¢ 0.6689 0.2334 0.3165
3/25/65 7 22908 1.00 79.75 0.4946 0.1273 0.5586
3/25/65 7 22909 1.00 79.75 0.5535 0.1101 0.5202
3/25/65 7 22910 1.00 79.75 0.6074 0.2077 0.3853
3/25/65 7 22911 1.00 79.75 0.6910 0.2064 0.2828
3/25/65 7 22912 0.80 79.75 0.4886 0.2122 0.4157
3/25/65 7 22913 0.80 79.75 0.5453 0.1949 0.3838
3/25/65 7 22914 0.80 79.75 0.5963 0.1818 0.3520
3/25/65 7 22915 0.80 79.75 0.7014 0.1893 0.2440
3/25/65 7 22916 0.60 79.75 0.5000 0.1795 0.3289
3/25/65 7 22917 0.60 79.75 0.5436 0.1719 0.3089
3/25/65 7 22918 0.60 79.75 0.5936 0.1677 0.2820
3/25/65 7 22919 0.60 79.75 0.6978 J.1835 0.1976
3/26/65 8 22921 1.30 79.75 0.4963 0.3123 0.4932
3/26/65 8 22922 1.30 79.75 0.5445 0.2745 0.4706
3/26/65 8 22923 1.30 79.75 0.5963 0.2454 0.4322
3/26/65 8 22924 1.30 79.75 0.6418 0.2546 0.3459
3/26/65 8 22926 1.30 79.75 0.6105 0.2436 0.4130
3/26/65 8 22927 1.30 79.75 0.6104 0.2494 0.4052
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Table XII. Continued

Inlet Inlet Exit

Run Mach Angle = Mach

Date No. Case No. (degrees) P ® No.
3/26/65 8 22928 1.30 79.75 0.6112 0.2595 0.3895
3/26/65 8 22929 1.30 79.75 0.6110 0.2723 0.3709
3/26/65 8 22930 1.30 79.75 0.6084 0.2849 0.3555
3/26/65 8 22931 1.30 79.75 0.6094 0.2499 0.4060
3/26/65 8 22932 1.30 79.75 0.6095 0.2761 0.3673
3/26/65 8 22933 1.40 79.75 0.4952 0.3342 0.4914
3/26/65 8 22934 1.40 79.75 0.5512 0.2899 0.4623
3/26/65 8 22935 1.40 79.75 0.5984 0.2832 0.3930
3/26/65 8 22936 1.20 79.75 0.5035 0.2817 0.4917
3/26/65 8 22937 1.20 79.75 0.5516 0.2481 0.4670
3/26/65 8 22938 1.20 79.75 0.5988 0.2235 0.4332
3/26/65 8 22939 1.20 79.75 0.6655 0.2282 0.3299
3/26/65 8 22940 1.00 79.75 0.4985 0.2341 0.4747
3/26/65 8 22941 1.00 79.75 0.5519 0.1991 0.4519
3/26/65 8 22942 1.00 79.75 0.6044 0.1872 0.4089
3/26/65 8 22943 1.01 79.75 0.6866 0.2017 0.2954
3/26/65 8 22944 0.81 79.75 0.4886 0.1794 0.4394
3/26/65 8 22945 0.81 79.75 0.5455 0.1667 0.4058
3/26/65 8 22946 0.81 79.75 0.5963 0.1626 0.3689
3/26/65 8 22947 0.81 79.75 0.6961 0.1873 0.2537
3/26/65 8 22948 0.61 79.75 0.4971 0.1568 0.3462
3/26/65 8 22949 0.61 79.75 0.5438 0.1514 0.3236
3/26/65 8 22950 0.61 79.75 0.5958 0.1500 0.2944
3/26/65 8 22951 0.61 79.75 0.6939 0.1797 0.2063
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EVALUATION

Supersonic Stators

The preliminary testing of the supersonic stator test vehicle using
the original design medium length blades, witih and without blade
surface roughness, yielded the results shown in Figure 148. Schlieren
pictures (Figures 149 through 152) of flow through the stators indi-
cated that normal shock waves just upstream of the leading edges
appear for all the Mach numbers and inlet angles tested. Failure to
start supersonic flow was evident and contributed to the relatively
poor performance observed.

The results of somewhat similar supersonic stator tests conducted

at Evendale during 1963 were reviewed. The primary differences from
the sections that gave satisfactory results in 1963 were the inlet
angle (80 degrees versus 60 degrees in 1963), the section thickness
and the leading edge angle (present design of 0.125 and 15 degrees,
respectively). The lower aspect ratio of the present design (0.6
compared to earlier value of 0.2]) was not considered a significant
factor.

The supersonic stator design philosophy described earlier in this
section resulted from this review. The stator blade sections were
modified to reduce the leadirg edge wedge angle in order to weaken the
strength of the initial and reflected shock waves. Additional wedges
were manufactured which could be addes to the modified blades to
increase the contraction :itio. This was done in an attempt to reduce
the Mach number at which the normal shock occurs. The objective was

to reduce the Mach number of the rormal shock below about 1.25 and thus
to avoid boundary layer separation.

The modified design supersonic stator blades of three different lengths
were tested varying inlet Mach number and inlet flow angle. In Figure
153, the data points corresponuing to minimum loss coefficient at each
Mach number are presented. As indicated by these data, the medium length
blades produce the best supeisoni.. stator performance. It is also
noted that the configuration with the upper surface wedge added had a
higher static pressure rise but at an exceedingly high loss coefficient.

The characteristics of the medium length blades were: solidity of 1.9,
contraction ratio of 1.02, and area ratio of 1.15. Succeeding tests
were conducted to determine the optimum value of contraction ratio and
area ratio for these blades.

Increasing the contraction ratio to 1.06 was unsatisfactory because
supersonic flow was seen (using the schlieren system) not to enter the
passages until a Mach number of 1.49 was reached. High loss coe.fi-
cients were measured as shown in Figure 154. Another configuration at
a contraction ratio of 1.03 was tested. Some difficulty in starting
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Length Supersonic Stators (Modified Design) at Design
Inlet Angle of 80°.
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supersonic flow was observed, and the loss coefficients were again higher
than the original medium length configuration at a contract’®>n ratio of
1.02.

With the contraction ratio at 1.02, the medium length supersonic stators
vere then tested at an area ratio of 1.23. Very satisfactory results
vere observed. To insure that the optimum area ratio had been obtained,
the final configuration was tested with 1.02 contraction ratio and 1.28
area ratio. Reduced test data for these configurations at the contrac-
tion ratio of 1.02 are presented in Figure 155. The loss coefficients
included in this figure are minimum values obtained for each test config-
uration at each Mach number, The static pressure rise coefficients are
those which correspond to the test point for which minimum loss was
obtained.

Run 4 configuration (Figure 155) is essentially the same as the original
medium length supersonic stator shown as part Number 3 on Drawing
4012286-374 (see Figure 132) but with modifications as shown in Figure
156, This configuration with contraction ratio of 1.02 and area ratio
of 1.15 produced low losses at Mach numbers from 0.8 to 1.2. The static
pressure rise was also low over this same range of Mach numbers.

Run 8 configuration (Figure 155) is the medium lengi. blades modified to
increase the area ratio to 1.23 while maintaining the contraction ratio
at a value of 1.02, This arrangement proved to have high static pressure
rise coefficients and low loss coefficients over the range of Mach
numbers from 0.8 to 1.2,

Run 9 configuration (Figure 155) describes the same medium length blades
recambered to produce an area ratio of 1.28 while maintaining the con-
traction ratio at 1.02. The resulting performance showed the least
losses at Mach numbers of 1.1 and 1.2 but showed appreciably higher
losses at a Mach number of 1.4,

Schlieren pictures were taken of the supersonic stator configuration of
test run 8. Figure 142 was taken at an inlet Mach number of 1.21 for an
inlet angle of 80 degrees. The_static pressure rise coefficient (Cp) was
0.50 and the loss coefficient (w) was 0.139 for this test condition.
Figures 143 and 144 are schlieren photographs of run 8 supersonic stators
at an inlet Mach number of 1.31 and an inlet angle of 80 degrees. The
loss coefficient was 0,145 and the static pressure rise coefficient was
0.438 for both of these conditions., Clearly defined oblique shocks were
observed within the blade passages, indicating that the flow was fully
started; the flow was entirely supersonic up to the point where the
normal shocks can be observed about halfway back within the confined
region of the blade passage. Boundary layer growth appears to be rela-~
tively small on both the convex and the concave surfaces, with an
indication that the boundary layer appears thicker jon the concave (pres-
sure) surface. These results indicate that satis;hétqry'compressor pei-
formance should be achieved at 100 percent and slightly higher rotational

230



~

A " 1 |
o E§ Run 4 Medium Vanes, Area Ratio
g <> Runs 7 & 8 Medium Vanes, Area Ratio 1.23
:9 <> Run 9 Medium Vanes, Area Ratio
s
g .6
O
v
5
& Qe
2 R~
o ~ -
5'5 // \:F -
7 o = |
.9
9 A
.: -
®
*

A

.6 .8 1.0 1.2 1.4 1.6

3 Mach Number
13
g
£ 2
o
0 Cd
fn
Ut
[t %)
o
o
O
()] iy o
L — ¢

0

.6 .8 1.0 1.2 1.4 1.6
Mach Number

Figure 155. Effect of Area Ratio on Performance of Medium Length

Supersonic Stators (Modified Design) at Design Inlet

Angle of 80°.

231



-auep 103e31S§ OTuosiadng yiBuel uniIpIW PITIIPOW

- FNSONT TOYNOIO/RO
. - TSRS T TN

|l

A@v@ E-3)
Frrid h‘\s‘.\\ i
SoFSre - TYIION

*9G¢1 @an31a

< { _ Ivzoved

] a

SRy 7007 \
ONIIVNL QL IVS LV

[T

232




speeds. The design Mach number entering the stators, with a 13.0-inch L
rotor diameter, is 1.28. The objective static pressure rise co=fficient

(Cp) is 0.45, and the objective loss coefficient (w) is O.14 at the

design inlet Mach number. This objective yields an exit Mach number of

about 0.7, which is the design inlet Mach number for the subsonic

stators.

At the supersonic stator design inlet Mach mumber of 1.28, the run 8

test configuration yields Cp of 0.46 and w of 0.144. This configuration
(medium length, solidity of 1.9, contraction ratio of 1.02 and area ratio
of 1.23) was selected as the best supersonic stator configuration to

be used in the tandem cascade tests and as the basis for stator design
in the high-speed radial outflow compressor.

Subsonic Stators

The design inlet Mach number of the subsonic stators is 0.7, and the
design inlet flow angle is 75 degrees. The subsonic stators are intended
to reduce the Mach number from 0.7 to 0.4. The objective pressure rise
roefficient (Ef) is 0.60yand the objective pressure loss coefficient

(w) is 0.08.

The subsonic stators of three different lengths, as shown in Figure 133,
all having 1 nominal camber of 11 degrees and an area ratio of 1.23,
were tested over the Mach number range of 0.5 to 0.90 at the design
inlet angle of 75 degrees. These results are presented in Figure 157
and show that the medium length vanes bhad the minimum loss at Mach
numbers of 0.5 to 0.8.

At the design inlet Mach number of 0.7, these same stator configurations
were tested at inlet angles of 74 degrees 75 degrees, and 76.5 degrees.
These data, presented in Figure 158, show that stator performance is best
at the lowest inlet angle and also that the medium length vanes are

less sensitive to inlet angle change.

To establish the’optimum camber or area ratio, the medium length stator
blades were recambered to produce area ratios of 1.16 and 1.29 which
are below and above the nominal value of 1.23. The blades were first
increased in camber to produce an area ratio of 1.29, identified as

run 13 in Figure 159. This setup yielded about the same performance

at Mach numbers of 0.5 and 0.6 but showed increasing losses at higher
Mach numbers. The camber was then decreased to produce an area ratio
of 1.16. The test results are identified as run 14 and indicate that
significantly higher losses were obtained with some reduction in static
pressure rise coefficient.

PR

Results of these tests indicate that the original design of the subsonic
medium length stator was a very close approach to the optimum. At the
design inlet Mach number of 0.7, the test results yielded values of

loss coefficient and pressure rise coefficient of 0.066 and 0.652,
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respectively. The objective values of 0.08 and 0.60 are exceeded.
Therefore, this configuration was selected for tandem cascade testing
downstream of the optimum supersonic stators previously identified and
as the basis for subsonic stator design of the high-speed compressor.

Tandem Cascade

The purpose of the tandem cascade testing was to identify the best
position of the subsonic stators relative to the supersonic stators.
The subsonic stator blades were placed midway between the wakes of
the supersonic stators to avoid regions of low energy flow, A total
of four spacings between blade rows was tested. The configuration
identified as nominal spacing was 2 inches in the radial direction
between the trailing edge of the supersonic stators and the leading
edge of the subsonic stators. Spacing in the direction of airflow
was about 8 inches. All other configurations were identified
relative to the nominal setting.

Three runs of tandem cascade testing were required to sclve operational
problems. Useful data were recorded, starting with run 4 when the sub-
sonic stators were 1.248 inches closer to the supersonic stators in the
flow direction than at the nominal setting. Data for the following test
runs are presented in Figure 160.

Run Spacing

L,5 +1.248
6 ~0.624
7 0 (Nominal)
8 +0.624

Run 8 configuration has the lowest loss coefficients over the entire
Mach number range, with a static pressure rise coefficient of about
0.60. The minimum loss coefficient at 1.3 Mach number observed during
the test was 0.212 at a static pressure rise coefficient of 0,612,

This data point, as reduced by the computer program, gave a minimum loss
coefficient of 0.244 at a static pressure rise coefficient of 0.611,
Upon further review, it has been determined that the values as reduced
by the computer are correct, and the in-test values were only estimates
used as a guide by testing personnel,

The effects of throttling the tandem cascades at constant inlet Mach
number and inlet angle are shown in Figure 16l. An inlet Mach number of
1.3 and an inlet angle of 80 degrees were the conditions selected for
this comparison. As the cascade i3 throttled and static pressure rise
coefficient increases, the loss coefficient decreases until a minimum
value is reached. Some increase of the pressure rise coefficient occurs
after the point of minimum loss coefficient is achieved. No significant
changes to the upstream static pressure distributions in the cascade side
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walls were observed at the points tested, although the cascades were
performing in a transonic manner with a normal shock upstream of the
leading edges of each supersor.ic blade.

CONCLUSIONS

The supersonic stator performance originally anticipated was not fully-
achieved because of the extremely high (80 degrees) inlet flow angle
and Mach number (l.4) required of the radial outflow compressor.

When the exit radius of the vaneless rotating diffuser was extended from
6.00 to 6.50 inches, the design Mach number entering the supersonic
stator was reduced from 1.40 to 1.28 and the flow angle was increased
from 80 to 84 degrees. Diffuser wall boundary layers will increase

the radial velocity and lower the inlet angle to values near 80 degrees.
Since small changes in inlet angle were found to have little effect on
stator performance, this design change reduces the difficulty of
achieving satisfactory supersonic stator and overall high-speed com-
pressor performance.

Supersonic stator performance objectives were established at the design
inlet Mach number of 1.28 to be a static pressure rise coefficient of
0.45 at a total pressure loss coefficient of 0.14. The optimum test
configuration yielded values of 0.46 and 0.l4L, respectively, which is
a very close approach to the objective.

Subsonic stator objectives at the design inlet Mach number of 0.7 were
a static pressure rise coefficient of 0.60 at a total pressure loss
coefficient of 0.08 yielding an exit Mach number of about 0.40. The
optimum subsonic stator configuration produced values of 0.652 and
0.066, respectively, exceeding the objectives.

The vbjectives of the tandem cascade arrangement of the optimum super-
sonic and subsonic stators were a static pressure rise coefficient of
0.60 at a total pressure loss coefficient of 0.20. Test results at
the optimum spacing between the supersonic and subsonic stators were
a static pressure rise coefficient of 0.611 at a total pressure loss
coefficient of 0.244k. The loss coefficient objective was approached
and the pressure coefficient objective exceeded.
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SCROLL COLLECTOR, DIFFUSER, AND ELBOW

GENERAL

The scroll collector serves the purpose of collecting the flow coming
out of the subsonic stators in the radial outflow compressor and deliv-
ering the flow to two discharge ducts. Each discharge duct contains

a diffuser and a 90-degree turning elbow to conduct the flow from the
scroll collector into ducts leading to the regenerator or combustor,

The Mach number of the flow leaving the stators is between 0.4 and 0.6.
The tang:ntial component of the exit velocity is much larger than the
radial component. The purpose of the scroll collector is to provide a
means of collecting the flow into small ducts and at the same time
recovering most of the . _<ntial velocity remaining in the airflow,

During Phase I of the radial outflow compressor program, a scroll collec-~
tor, diffuser, and elbow assembly was designed, built, and tested, using
the low-speed radial outflow compressor. Variations to the scroll split-
ter leading edge were investigated to find the best configuration for

the range of flow coefficients encounterad. Total and static pressure
measurements were taken to provide information as to the performance
characteristics of this model which will be valuable to the design of
similar components for the high-speed machine.

DESCRIPTION OF TEST ITEM

The scroll collector, transition diffuser, and elbow assembly are shown
mounted on the low-speed radial outflow compressor test rig in Figure
162.

The scroll collector (Figure 163) was designed with a linear increase
in cross-sectional area from the splitter to the circular discharge
section. The area of the scroll sections was selected so that the same
tangential velocity existing at the inner diameter of the scroll would
be maintained through the 180-~degree arc from the splitter to the
discharge. Three splitter profiles were designed and tested in order
to evaluate the effects of relatively sharp and relatively blunt
splitter leading edge radii on performance. Plexiglas windows were
installed in the scroll exit to permit observation of tufts in the
region of the splitters. The quick disconnect sections following the
scroll exit permitted rapid exchange of the splitter leading edge
shapes.

Following the circular discharge section on one of the scroll collector
arms, an instrumentation spool piece was installed as shown in Figure
164. This piece was held with quick release clamps and could be
rotated to a full circle to permit complete survey measurements of

the exit duct.
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Figure 162. Installation of Scroll Collector, Transition Diffuser
and Elbow on Low-Speed Radial Outflow Compressor.
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Figure 1€4. View of Instrumentation Spool Piece at Discharge of
Scroll Exit Arm, Low-Speed Radial Outflow Compressor.
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The transition duct, elbow,and throttle system are shown in Figure 165.
A transition duct attaches to each circular discharge arm of the scroll
collector and includes a diffuser of small area ratio. The inlet
diameter of the transition section was 5.53 inches, and the square exit
section was 6.3 inches on each side.

A 90-degree elbow was employed to simulate the turning of the flow that
is likely to occur in an engine between the compressor discharge _.nd
the combustor. r[he turning vanes in the elbow section are required to
turn the flow through 90 degrees with the cascade of vanes inclined at
45 degrees. An existing turning vane, previously designed for another
purpose, was found to match these requirements very nearly. It had a
design turning angle of 90 degrees, an inlet angle of 44.3 degrees, and
an exit angle (measured from the cascade axis) of 45.7 degrees. Test
results had indicated that this vane had good efficiency but under-
turned the flow by about 4 degrees when set at design incidence angle.
This vane, with a slightly modified camber line,was used for the
turning vanes in the elbow section. The vane mean line was given 4
degrees more camber and was set to maintain the same leading edge
incidence angle. The same thickness distribution was then applied

to this new camber line. The solidity of this new design was also
reduced from 2.26 to 2.00,but this small change should not affect the
turning angle or efficiency. The resulting vane profile is shown in
Figure 166. For reasons of simplicity, the turning vanes were con-
structed of constant section sheet metal. The leading and trailing
edge wedges had a 0.015-inch maximum radius nose and the vanes incor-
porated 94.2 degrees of camber,which should result in 90 degrees of
turning.

The throttle system consisted of a series of flat plates actuated by
electric motors. The throttles were operated separately so that the
same exit static pressure could be impressed on the compressor in each
of the two discharge systems.

Experimental Procedure

The scroll collector, transition duct, elbowsand throttle system are
shown assembled on the low-speed radial outflow compressor in Figure
162. For the test runs made for the spccific purpose of investigating
the performance of these components, the low-speed model incorporated
the axial flow inlet guide vane system (Figure 167) and the redesigned
stators in the stationary diffuser just upstream of the scroll collec-
tor. An axial flow IGV setting of zero degrees and an optimum stator
angle, determined from earlier tests, of 66 degrees were used.

Three scroll splitter leading edge configurations were investigated.
For each scroll splitter configuration, nine throttle valve settings
representing a range of flow coefficients from about 0.68 to 1.65,
were used. At each throttle valve setting, data points were taken at
rotor speed settings of 1400, 1600, and 1800 rpm. For each splitter

246



1029 NCZ - 40 0P
e aa Zmaces
\ * R S "
_— - . P ° - n
/ ’ Ii}[v] N } ‘ B ! [ 3 MAT CARTnGE A
4 8 0 M ¥~
LI = aer 7
r
5 £ %0 - AN ot - = 35 riacey ]
2.4m 7 Maces
v ——
4. B8 e L Al Gt
s R It TSt IR .
[l MATL ijS)
? ' F ! ARASS FREL (U7 TING [ - <
_i ! i | =t ! @ICO IR A5 YN A T 17
T . | | 45 it T ran
Ly ' H e, Ay
: { TR 3
| l 13
lar
| - s ery -t es - ' .
0 .
L u
| D ' b (X3 7 = ¥
3 oe I MATL Buat rRer st
] | 0 e 1 10 NP 1A TWRD ST LI R0 R &)
1= / el | ] \ ' 4 ParEs
+ Yy - -—
o b TT' w] ,4’]1 Br )
4y W'& e ! ' ’l“d res o g0
'9 SN : E o MACES -
1 1
@ ¥, T A |
L M S aa— § T ! .
. 8D / 0o 2 2 o nooon - P
[ “) (ART@VCGE ARASS S T .
3 £l Cu A IN) [ y] i
an ]
U b ! '
5 148 ] 5o .
T'l i - te— . = HA
! CoA A ; ;
(‘ @ sukE H -{ i e
‘3\ cHam :: IDARD R THRY
p s oo 8o -] s
SALE 17¢ EACHS I o 1 P,..
.~ L 3 5
[} -~
i OV E man
res £l ZPLALES
D 2wt “
JTEM J7reme s g AR
MATL D61 Tl ALUMINUM 4 o3 ?
s " 94 e l ‘]"‘ 4 !
192 0 -
! i 14 | | | N .
» . ze N0 fX3 re
«za A ng " "
) CiacEe o8
L o H 3 * 5 .
¢ S - Poarer e = '
1P ITEM b
z - AT mEAT  FDEF TV e - .
e r “ s e aney ) - K
. - -4 - . ekt d M
% L i
1 , LT
= . Gy ™, T e
281 DA 2 HOLES “ '
THRU 1TEM 3¢ ! ey . - - L i3
On2 L ke 7 -
38 ya D S S N 8 el 1o vaifu wEara
- - S Sy - = 1 « 9 4iS.a B
e ol e re Tariacrs 7 8% e oA
.= Aa
[ 18 3¢
- e 30 -~
} 3 TR
3a1a.12 € KTRUDED e R
|} CHANNEL 06! T ALUMINUM e
i A - 706
view t1otlhoere Gl gras o LS -
I RS X 4AZH
Y ! SR AR A N - b
i J ! % 5. Sy oz EXTAUCED R
1 i - % 4 oangie MAT o e AL g h e
Y. a e p e ' ot
, 11 ,,‘,. s cpo. 4 . o . {:(1 ‘_\
) o o a o
a8 o TS e
- M = S T i 5o
- ! i
L - n G PR fiet
3t =T s ac B 57 0% 2 E
3nus e ' 80 l
' | , " 12N NE 2 TAP Teiu WA N |
— = s = - P2 "RORE P0- 22 0P i Lo,
5 - 5 n“"%"-“ N K a0
i [T ' - o) rv" o
[T ) 5 - =L
1a .87 ABL A I “ FLASTC SurE
281 252 0rm S A P NP
0 7 HORES T 5 g Moo . HRRTEI N
TEm] DM L [Dim M 1 [(a : CLUARE '
toms G0 19 e 952 74
J e varjrsz T —— o6 08 15T " 5 - -l ‘ - -
zowe w1 o 13 39¢ 1508 Lo Ny 8 : t e ey y >
~ | 5.3a% [ 396 :
230 252 Aot Temy I
MA(L (waw OR & KTEUOED
606 T4 ALUPINUR % o . o 0
|
ITEM Q1) om0 Y ’ Np
C R N AL ) \ { E
e Tt e I 3 B
- J }:‘ sl
b el
6 0 o o 3 o “x LG
8 1
- Ars -
22 iva AMOLES THRU EACH
e : Q SPALED wiT
ERLTG s T P
e gA
SECT Y C
e v

Figure 165.

a7

Fle - Discharge Ducting, Low=Speed ROC.



Jroveee

75-76 D.A T BWE

260 -

APATEs AN iTar ETE2E y-; ~ —— e a8 T -
s T 12.38 e '_ J
> / A3ZDIA 2 HOLES ! 4>Aua
- - freaces 3] "~ 3 Tawy S TEM £5
{ X 14 iy et . a -
250 v SRees e e R T T orance s sovs | (=
148 o V OIS e D HOES TEM 24 . 3
N et 8 < 2210w ZHOLES s 6 L
g i Tuky 16 PE ¢ s 2 - 130 _ '8
oo 4 ree 1. oR HATL @ - 7¢e el - [0 T
BN 1 Lo 0617 AL - . et g |4
wh 9832 maces L W
| . €26 &»m - g ° 768 oS\
15 c2a 146 . 3
XA7 - gy NO™ 4. '-anr é?\"&: T6 AL 1) 1 ' A N 2
, s an = .
PAATL 1 — L T }
A2y der 3 L == e mm o mwe D e i
{ =~ 33 e g P THENS i !
ta . o B e ' 50
5 L 1 4 ixrec - el
I .
L. A
1] % 9 FIIE IR TRrTS #._.L 2 .~._.1 1
- 1 BITH FNDS 8 252 ﬂ:: .‘t‘!‘ - THR? 8OTr EnDLS ;:A‘('.I,l 70,1/
” oo R0 g
= fulL THED ELEAL B3 ANt ’ i R &
LONE =
, o5 rAx RAp © I0-TANCE 3o 4D DESR . " 7] L
2, ,3/ | 16 WOLES 1TEM S - NaPo
E .. £ % 33 . -
. R Ind 4 63w I
6 < TN LA D E Ty |
. N /
—e 10 ’-' SeEwnte 3 ¢
@ \
, & 2
ot Al 3
4-'. 1 i e =
27908 AmOLES Twi s TE -
T A EE T P 2y ‘
GHALES TRE L SEe o3 Y R T
.1 z: .J. J GPAE A Sty
4..
L 50y 85 4
- a“~
tay
. ra - - » .
2 ® "0 i T STl
o Y ’ IR, _EAE NI oE
N N = 9 ] ] T L (D) A RLTEERIm
L ‘ ¥ . .. I 7 (Y, MAPvan O
: ! IFI ]
) @ 3 / “% i : /140 59 1)
a PR . a7 o
’ e REPRNC 2B - 9 @ o \%\ i o O i 11 & NS -
. g y R L E .
> L o I 5,48 ' T V
: 8 i 3 b
® o ] . "’ g SRR
! 3 S 8 N - .
' % 5 o L ook i 3 ! o \ ,
1 . ra f . - et T,
. 19 e C e e tmmas Face
7 . i S» w2t aTeunEL
n - — o8 3 (Tem a 87y S5 e LT ac e
A euone al 7
arpdp? ! £Q SPACED witr P 2ma
- 12- 13 THIER IR ST (2 N (.14
3 MATL OBt T6 AL
[ -
774
CSK 39 41 DIA BHOLES [ "C
FACu THM 326 " &
4 U | - R V
1o = 4y =
32,208 JopOes T st Kt -98 g2 - cwr Y
TEM 5€C €0 SPATF L woTHIN .
i 01 TRUF #OLTION I [ -]
- ey ! =
o ) ot =
il 2 3a 4 “
% - % k3 A ”‘
i®. .
) [ 1 | ' .2"” WNTF ,
A TRV g
149
1 | A , 4
i
v 3.%
~E&k t ! 13 s i
[t A s JEn
. (At 366
e [H
& .
Hl i
! i
21 HOLES TPy
[ 1% e ? ¥a Sracto \ !
. WItHIN Bt f9LF FOSITION . 0
[T )
. '
N o $ELDA JUTHES Trry Eack X
[} - - tery r Rae SPACED wWiTMin - '
- ] ~ TRUE ";s <3 39 4 O »n .
e RIEESS
=y 13275 12 F aTRUDE |
) ('5 AN P I lla 6 . -
ab ' i *q . A r
g a Ly ] . p\
‘ san 16
o2 Pt . N s riom BN PN
. r (TR Sse
g . 3 [ —=y tvA S a0
R o e : o €n 1 e
10 ., - P SQuARE } 1 I pa
4 @ a3 " 4
n ° 72 - AZ9 3 1
4 %o amacts Lo Yy SQuAsE 10 MAR RAD
SMOLES ruRy EACY 40 "
148,133 MCFO winen = C » N ™ N BAT e
e I
VIEW A




-
[t P, AR — = =% CAC 9vIWOL AGDED
- — P s —-—"—: ] 0. ) : 70 FNGHS SIGNATURE
A i g 2 & T H BLOCK
e seom 2 moces 57 20182 709
3 L ey 6
— Trawy ) = .
‘ i
g i e A \ .
‘" W Lq "~ i T"“"“ NCE 38540 LP ! i i li’ d r A’:‘ o
.u + l-f,‘;,%f,'g‘:;s 6 T HOLES TEM 24 2= i " R s o BERE
s e O e — e
o e : Y Pl 3 i Mt SR
B , P DAY LoNG L ol
= _ &2e 768 N % bnxl ADJUSTARLE 1L S A §
. 624 166 . - -n marT LBNG L Y
g‘.' D) g - N, 1 g FTﬁ.\Vl FasTENING Sl o
L. A led 4 o P LINK LONG ___..1
. {oter ] rgo ™ an_é-v =gy
= = bha s g i
7 g | ? Pl
. [ P 3
= ot 3% ' | - [EL) b2} |
i N . - - o e em N 1 .
.. . ! - 8 -
r : 2E3TAANT 74 _L N ] 1 e : o & N
o ! . - = tumr 801~ inp3 [ o sani G 78 roor L 4004 13] “CTUATOR b f .
c 0¥ P Llawr oo 3 JCame BB g}l
8. - i )opussm-; A;g_ OPPO s . -
> . - b . . .
& _ . p el B}
e 20 (4
e - e} +— -
= 4 &7 REF . = ¢ ~t|eA i
[ AV DA W E THR — ~=]’ E
R
SEENOTE 3 . ;.e, 3
. 3 )
aal e
} e e g
- J- = o
e o STt vy ,I i
J Cousren ghen m rraay 26 =0 et §50 el | T -2 :
e ';Zt (R T yFnu If' - [‘I
. 5 £ cu.—u';‘l’t’s / l: 151 Jcommar a. Tpiv-Tamer pbp .38 __L t t Zl J
* e ,a 7 e cemes  ia ! TR S6TuMU 3. are STEE.- COMMERIAL TANDAMUS  SEE NOTE IS
4 " n-ns B4 THRUAS VENDOR MOLO-NEG™ DR EQJ
, S o AR NI F 3UA ONID
' ! L H =4 (S)A'R(:ili:n LOS ANGELRS TALIF,
3 o H 5 f ] R (T) PAPMAN DIV AEROQUIF TDEF w21 L0 Ak d € ad A T
: 11850
'—J‘Wf . ’ 7640 J i
t
% ‘..‘ i B 4o N !,. ]
A s “ o,
= -J'.T Ve
w3l 38 N . o o
T 3 Q-
oy oy | ﬁ\, '
el ; 1 = —— L R
4T
o ' z‘o, N ert am taimas Face T e 06 o e
—"“'. @ L0 70 @$7uANNE‘. WD TE ALMINGY
J Y zaa
i z.m2
—
b C
S : Y
-l - -surr V
1 02 sy re9e
8 = 88 -
5 - -syrr U
- L e~
. 0 @®
' ) g
g Vs - REF ANZ(SY 738 GH
'y
P (2 see e g
: @
: & e, R
20 t . -
N o
e b
2o - |
(> P
. . /7
te
; | . l;l
50 )]
e -
'3 Ve

N

|
4 J' . .
. 3 N 1 T
"oy
‘ €5 Hom
€ @ ie—
= & o & o
. (A%) ¢ P
- (34 e
. 3 squarr| | "
3
©.70 - g . ' H; \
e on « i i\ \fx 10 MAX RAD
- @ 1 P, 06PN RAD
D (13 _—t R
te
VIEW B
(ne)

e
-l - "%
”e
VIEW A
(G

8
\*/r 4

Al
=0

16 ALLOW D00 003 LLEARANZE TOR BEAIING

18 FASTENING DEVCEDS MATERIAL MUST CONFORM TO
AME S6I0. AMS 5640 4772 3648

4 STEM 2 MUET JONFORM TO MiL-R 9300 TVPE I

13 A THEEALS MALEFEMALE, TO B CLASS 2 AIT
UNCESS ITHER . JE TEETEEL

11 MALAR SMAE [DGES 013 AT RAMSS 08 CRMWEN

$T 86 $TAMP Gt JB0 63 38T

19 ML BOLT WOLES W ITEM 2 TE BE LOCATES 41 dBaY

B OPLASSE O (TEM 1 VMW A (FEBE 081 MBST M/TCR MATHIG JOIRT
su

O ABSEMBLY (TEM § MuST B WTIOCRABCIME B 35T WHN
[T ]
T P8 FILLED MATERINS EASY FLOW 3 ML ats
WRTACE Frutin 70 DE 123 @B LESS FOCUPY 45 BETEE
Weracts U one V 1O OF PASMLEL WITINE 01 M0 SAWaH
As WiTH CERTES Lin MITEE - A1 WA
4 COMMERCIAL POOTECTIVE COATIRG MEST REMMN WTACT 08 JOTH
SIBES OF MATEOIAL WSE0 6 (VRS 3 § ¢ 08B BOT f0 o
REMOTID URTH SESENGLY
3 (MM 2 TE B STMETEICM 208ST CEN!
REFER TO 9WC 2012153-720 WOTE 2

MULT CORFOMM TO0
K-212.800 IWTENISETITHE ¥ DUS)

i 3
M30TSAZA { TORQUE)

-

(L}




— PLANE B

~—PLANE C
\ L
\ #
Y
\ .
b ff—BAsm CONTOUK
L L =
R i
I L /
, = i
g CSTAGKING PGINT . \\\
- e
S %
.
\\:\
FALINE, FIOCH

N

TRAILNG EDGE-*

Figure 166

Elbow Turning Vane Profile.

249



Figure 167. Low-Speed Radial Outflow Compressor with Axial Flow
Inlet Installed.
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cunfiguration, total pressure surveys were taken at the discharge of one
scroll exit arm and at the discharge of one elbow. This was done at all
three rotor speeds at the one throttle position corresponding to design
flow coefficient. A test run summary is presented in Table XIII.

The instrumentation used during this investigation is described in Table
XIV. The location of the static pressure taps in the scroll collector
and the transition diffuser sections A and B are shown in Figure 168.
Figure 169 is a sketch of the total pressure rake which is located in
the instrumentation spool at the discharge of the scroll exit arm that
discharges into the transition diffuser section A. The rake was con-
structed so that each total pressure probe was located on the centers

of equal area, permitting an area weighted average pressure to be cal-
culated directly. An initial survey position zero is shown aligned with
the centerline axis of the compressor. The compressor orientation is
indicated in the lower right-hand corner of the figure. The rake (along
with the spool piece to which it is attached) is rotated counterclock-
wise as shown by the angle 6, in increments of 30 degrees. Six rake
positions are required to accomplish the complete survey.

Another total pressure survey was taken downstream of the turning vanes
in one elbow section. The measuring section is square, and the rake

used consisted of 10 probes equally spaced (see Figure 170). Five rake
positions were used for the survey at this location.

Experimental Results

For each scroll splitter configuration, the following data are presented:

l. Pressure loss coefficient versus rake element position
2. Scroll exit arm loss coefficient map

3. Static pressure rise coefficient versus scroll collector circum-
ferential location

The above resu.ts (Figures 171 through 179) describe the performance of
the three scroll splitter configurations at the design flow coefficient
and at a compressor rotor speed of 1800 rpm. Over the complete range
of flow coefficient investigated for scroll splitter 1, the static
pressure profile contained in 180 degrees of the scroll collector is
shown in Figure 180. Figure 181 is a presentation of static pressure
rise coefficient throughout the scroll collector.

Pressure loss coefficient data, based on the total pressure survey
downstream of the elbow turning vanes, are presented in Figures 182

through 184,

INTERPRETATION OF TEST RESULTS

The results obtained from the scroll exit arm total pressure survey are
presented as pressure loss coefficient versus rake element position in
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Figures 171 through 173. For comparison purposes, the profiles obtained
from all six rake positions are plotted on the same coordinate axis.

The faired profile lines should intersect at the same value of pressure
loss coefficient at the center of the passage. The reason that this
does not happen in these data is attributed to the test procedure used
to obtain these profiles. After data were obtained at each profile
position, the machine had to be shut down in order to make a new
setting. The inability to reset the identical flow conditions in

the machine at each succeeding profile position causes the data

scatter. The scatter does not seriously affect the results,especially
when evaluating the relative merits of the three scroll splitter con-
figurations. For better visualization of the losses as measured in

the exit arm duct, a total pressure loss coefficient map was prepared
for each splitter configuration (Figures 174 through 176). The static
pressure rise coefficient as a function of circumferential position in
the scroll collector (Figures 177 through 179) aids in the selection

of the proper flow splitter and defines the characteristics of the scroll
collector as well.

The performance of the elbow turning vanes is described in terms of loss
coefficient data based on the pressure survey taken downstream of the
turning vanes (Figures 182 through 184). The upstream dynamic head

used in these loss coefficient calculations is based on the scroll

exit arm total pressure and the transition diffuser exit static pressure
(at T4 in Figure 168).

EVALUATION

Scroll Collector and Scroll Splitter

The exit arm pressure loss coefficient map for flow splitter 1 (Figure
174) demonstrates that the minimum loss coefficient equal to 0.13 is
located slightly above the flow splitter itself. Boundary layer is
observed in all circumferential locations, with particularly higher
losses in the first quadrant of the map. The high loss region propa-
gates into the center of the passage. A confined lower loss region is
located in the second quadrant,with uniform boundary layer against the
wall. This can be attributed to the particularly better flow issuing
from the front side of the nonrotating diffuser. The map is generally
symmetrical about the vertical axis,with all lower loss regions in the
third and fourth quadrants. The static pressure rise coefficient map
(Figure 177) shows an abrupt expansion of the flow immediately down-
stream of the flow splitter nose. This expansion is then followed by
a gradual contraction of the flow which returns the static pressure to
its original reading.

For flow splitter 2, the exit arm pressure loss coefficient map
(Figure 175) again indicates higher losses in the first quadrant which
also propagate to the center of the passage. Lower losses are again
confined to the third and fourth quadrants with the minimum loss of
0.15 indicated in the third quadrant. General uniform boundary layer
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exists around the circumference and diminishes in loss value as the flow
splitter region is approached. The generally symmetrical conditions
about the vertical axis exist with this configuration also. Figure

178 indicates the same general static pressure distribution as was shown
for flow splitter l.

The exit arm pressure loss coefficient profiles for flow splitter 3
shown in Figure 173 indicate a very consistent set of total pressure
readings. All faired lines approach a unique pressure loss coefficient
reading of approximately 0.35 at the center of the passage. The exit
arm loss coefficient map (Figure 176) indicates a deepening boundary
layer in quadrants two and three, with the same general flow characteris-
tics as were observed with flow splitter 1. The minimum loss coeffi-
cient is 0.16 and is again located immediately above the flow splitter
with little indication of boundary layer on its upper side. A wminimum
pressure loss area is again observed in the second quadrant of the map.
The same general static pressure distribution exists in the scroll
collector except for the initial values which are somewhat lower (see
Figure 179).

Figure 180 shows the scroll static pressure profile contained in 180
degrees of the scroll collector. This plot indicates that, throughout
the flow coefficient range, the static pressure rise in the initial
part of the duct is always returned to its initial value at or near 180
degrees of circumference. The static pressure then continues to drop
slightly through the exit arm.

With the static pressure rise coefficient variation with circum-
ferential location, shown in Figure 181 at design flow coefficient,
there is an indicated rapid diffusion of the flow just downstream of

the flow splitter lip,followed by a gradual increase in flow velocity
through the rest of the scroll collector passage. The rapid diffusion
is believed to be caused by the flow splitter lip orientation with
respect to the enterirg flow streamlines. The lip appears to be operat-
ing at a nrositive angle of attack,and the inherent upwash caused by
the leading edge induces additional flow in the exit arm in this region,
The result is a flow-starved area just downstream of the splitter lio
as indicated by the area of rapid diffusion. The area variation
designed into the scroll collector passage was intended to maintain
constant velocity. The influence of the flow splitter in producing the
flow-starved region at the passage entrance does affect the velocity
profile. The profile is indicated by the variation in the static pres-
sure rise coefficient and is a result of the combination of area varia-
tion and the upstream influence of the flow splitter.

Of the three configurations tested, Splitter 2 produces the least
amount of diffusion downstream of the flow splitter lip (as indicated
by the smallest change in static pressure rise coefficient). It also
produces the lowest static pressure rise coefficient throughout the
scroll collector. The area weighted average pressure loss roefficients
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were 0.3406, 0.3075, and 0.3217 for flow splitters 1, 2, and 3
respectively., The data from this investigation show that scroll
splitter 2 is the most efficient and produces the most symmetrical
and consistent flow pattern in the exit arm duct.

The scroll static pressure profile can be made more uniform by improved
design of the flow splitter along with maintaining the required flow
area to produce constant velocity in the scroll. Based on the results
of this investigation, it appears that improved performance can be
vealized by designing the splitter camber to match more nearly the
entering flow streamlines and also by extending the splitter so that
the leading edge is closer to the stationary diffuser exit. In this
way, the path of the flow entering the scroll exit arms is more closely
controlled, resulting in a more uniform velocity throughout the scroll
collector.

Elbow Turninggvanes

Elbow turning vane loss coefficient profiles are shown in Figures 182
through 184 at design flow coefficient for all three scroll splitter
configurations. These loss coefficients are based on the upstream
dynamic head using the transition diffuser exit static pressure and
the scroll arm exit total pressure (area averaged), assuming that the
total pressure loss through the small area ratio transition diffuser
is .1egligible.

Th. area averaged turning vane loss coefficients were 0.477, 0.379, and
0.387 for scroll splitters 1, 2, and 3, respectively. As indicated

by Figures 174 through 176, the upstream pressure profiles are definitely
not uniform and very possibly include some flow circulation in the form
of secondary vortices. This kind of flow entering the turning vanes
experiences high losses, and the flow downstream of the turning vanes

is also nonunifcrm.

The nonuniform flow conditions at the scroll arm exit are influenced by
the flow splitter configuration such that the lowest turning vane loss
coefficient occurs when the most efficient splitter configuration is
used.

From the inlet guide vane investigation on the low-speed radial outflow
compressor, data were obtained which showed that the rotor exit flow
conditions are strongly influenced by the rotor inlet flow conditions.
Even though flow splitter configuration has some effect on flow condi-
tions entering the elbow turning vanes, the major contribution is
believed to be traceable to the inlet system.

CONCLUSIONS
Of the three scroll collector flow splitter configurations investigated,

splitter 2 was identified as the rast efficient at design flow coeffi-
cient. Valuable information was obtained concerning improved splitter
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and scrull collector design. Static pressure measurements taken at
selected circumferential locations in the scroll collector indicated
that splitter design influences the downstream flow conditions. The
design intent to mainte .1 constant velocity throughout the scroll
collector can be better accomplished by the use of a flow splitter
cambered to match more nearly the entering flow streamlines. The
splitter lip of this design should be located further upstream near the
exit of the stationary diffuser to provide more control over the flow
path in the scroll collector.

The performance of the elbow turning vanes was measured and was found
to be a function of the entering flow conditions., The lowest total
pressure loss coefficient was 0.379 at design flow coefficient with
flow splitter 2 installed. With uniform upstream flow conditions, the
expected loss coefficient for these turning vanes should be in the
order of 0.10 to 0.12, Turning vane performance is dependent on those
components of the compressor wi ich have a strong influence on *he exit
flow patternj i.e., inlet guide vanes, inlet flow path, stators, and
scroll splitter design.
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Figure 169. Scroll Exit Arm Total Pressure Rake.
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————— Static Pressure Rfise Coefficient, Splitter 1
Statir Pressure ‘ise “oefficient, Splitter 2
Static Pressure “"ise Toefficient, Splitter 3

Figure 181. Scroll Collector Static Pressure Rise Coefficient
Versus Circumferential Location.
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Low-Speed ROC Axial Flow IGV

Run 1262 16V Setting 0°

Rz.p 1.45 Rotating: Hub & Housing 1
Scroll Collector Stator Setting 66°

Flow Splitter 1 1800 RPM

Area Weighted Average Pressure Loss Coefficient 0.478

— — — — -— —— Projection of Turning Vane Trailing Edge
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Total Pressure Loss Coefficient &

Figure 182. Elbow Turning Vane Loss Coefficient Profiles with
Scroll Flow Splitter 1.
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Low-Speed ROC Axial Flow IGV

Run 1263 IGV Setting 0°

R, 5 1.45 Rocating: Hub & Housing 1
Scroll Collector Stator Setting 66°

Flow Splitter 2 1800 RPM

Area Weighted Average Pressure Loss Ccefficient 0.379

— — — «—~—— Projection of Turning Vane Trailing Edge
7

= Flow Passage Wall = i
]
O ]
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Total Pressure Loss Coefficient W

Figure 183. Elbow Turning Vane Loss Coefficient
Profiles with Scroll Flow Splitter 2.
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Low-Speed ROC Axial Flow IGV
Run 1264 16V Setting 0°
R, 1.45 Rotating: Hub & Housing 1

Scroll Collector Stator Setting 66°
Flow Splitter 3 1800 RPM

Area Weighted Average Pressure lLoss Coefficient 0.387

————— — Projection of Turning Vane Trailing Edge
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Figure 184. Elbow Turning Vane Loss Coefficient Profiles
with Scroll Flow Splitter 3.
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AERODYNAMIC ANALYSIS

This section of the report presents two of the major analytical studies
conducted during Phase I of the small gas turbine engine compressor
technology program. The compressor inlet aerodynamic analysis included
calculations performed to determine flow streamlines and velocity
distributions to evaluate the inlet passage contour design of the high-
speed radial outflow compressor. The rotor blade aerodynamic analysis
was undertaken to determine the required transformation from the two-
dimensional supersonic rotor blade sections tested in the transonic cas-
cade tunnel to the three-dimensional rotating field of the high-speed
rotor. In both studies, existing computer programs were modified and
adapted to accomplish the required calculations. The development of
the rotor blade transformation was the more extensive and difficult
task, and the detailed solution of this problem is presented.

COMPRESSOR INLET AERODYNAMIC ANALYSIS

Two computer programs were utilized to calculate the flow through the
inlet section to the rotor blades. The purpose of the calculations
was to evaluate the original design of the passage contours and to
determine the optimum location for an axisymmetric turning vane which
may be required to improve entrance flow conditions into the rotor
blades.

One of the computer programs used is capable of calculating and plotting
streamline contours through the inlet passage. The program is limited
to incompressible flow without tangential velocity. These limitations
are not significant to the intended use, since the streamline pattern
served only as a guide in selecting the axisymmetric turning vane shape
used as input to the second program, which calculates compressible flow.
The second program also cannot accommodate tangential velocities. Inlet
flow without tangential velocity is not a trivial case, however, since
the initial high-speed tests will be conducted in the absence of inlet
guide vanes. The design condition requires 18.4 degrees of swirl, so
even then, the ratio of tangential velocity to radial velocity is rela-
tively small. Since the pressure gradient due to tangential velocity

is counter to the pressure gradient due to flow turning from axial to
radial at the rotor inlet, the maximum Mach numbers calculated to

exist on the surface of the shroud are higher than actual values which
will occur with inlet swirl.

Preliminary calculations of a radial flow inlet were conducted before
the axial flow inlet was selected and before the rotor disc shape had
been selected. These calculations served to shake down the computer
programs for later use and provided evidence that an inlet turning
vane or splitter could be beneficial in controlling the magnitude of
the maximum surface Mach number to occur on the critical surface of
the shroud. These results are not presented, since they do not repre-
sent the inlet or rotor disc configuratiocn selected.
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Axial flow inlet guide vanes were selccted for the high-speed radial
outflow compressor because axial flow supercharging stages may be
employed with this compressor and because low-: peed compressor tests
available at the time of selection showed more uniform conditions
entering the rotor and slightly better rotor efficiency. The inlet
guide vanes are placed at a mean radius with a hub-to-tip radius

ratio believed to be consistent with axial flow supercharging stages.
The passage area contracts in a continuous manner to accelerate the
through-flow velocity uniformly from a design Mach number of 0,50 at
the guide vane exit to 0.74 at the rotor blade inlet. The movable
portions of the guide vanes are located in a region of the inlet passage
whose inner and outer walls are sectors of spheres with a common center
lying on the compressor axis of rotation. The purpose of this config-
uration is to maintain constant minimum clearance between the movable
guide vane ends and the inner and outer walls of the passage.

The calculated streamlines of the axial inlet for incompressible flow
conditions are presented in Figure 185. Since the inlet and the cal-
culations are axisymmetric rather than two-dimensional, the streamline
spacing is not directly related to velocity, as is true for the usual
case of two-dimensional flow streamlines. The streamline pattern shows
no irregularities, and the inlet contour appears to be quite satisfactory.
When the flow through the inlet is computed using the compressible flow
program with a radial Mach number of 0.50 at the rotor blade inlet, the
contours of constant Mach number shown in Figure 186 are obtained. The
maximum Mach number contour that is plotted is for M of 0.75. The
maximum value computed in the flow was 0.81 and occurred on the shroud
surface. The local static pressure rise coefficient between the minimum
pressure and the rotor blade inlet, EP of 0.54, is not excessive and
occurs over a rotating surface which should energize the boundary layer.
No difficulty with flow separation or choking is anticipated for this
inlet during Phase II operation, which will be limited in rotational
speed and, therefore, in inlet Mach number of 0.50 presented in Figure
186.

The radial Mach number entering the rotor was increased to 0.70 and
0.75 for two additional calculations shown in Figures 187 and 188.
Supe.rsonic Mach numbers were computed for the critical region on the
shrcud. This calculation method, like most, is not accurate when
velccities near sonic are encountered, so detailed evaluation is not
warranted. Some difficulty with this inlet can be anticipated at full
speed, however.

The possibility of improving the inlet flow for full speed operation by
employing an axisymmetric turning vane was examined. Incompressible flow
streamlines were calculated using a splitter selecteu to divide the

inlet flow into two equal amounts. Thie splitter leading edge was
contoured to replace the middle streamline at axial station 9,000

shown in Figure 189. The splitter trailing edge was placed on the
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middle streamline at radial station 7,000, Figure 189. For inter-
mediate points, the splitter was shaped to conform to a locus of passage
area centers, with the areas taken normal to the undisturbed streamlines.
The compressible flow plots with the splitter in place were erratic, and
only the result for a rotor inlet Mach number of 0.50 can be considered
presentable (Figure 190). The Mach number contour of 0.60 can be seen to
occupy a smaller zone than in the plot shown in Figure 186, The maximum
Mach number contour obtained with the splitter was 0.65, and the maximum
local value calculated was 0.66. A reduction in the high velocities
encountered in the inlet can probably be achieved by using a splitter,
although it would have to be very thin in the critical region near the
shroud (the calculated splitter was without thickness).

The mechanical design problems of installing a splitter having a larger
diameter than the shroud cpening, and of holding the splitter in place,
are formidable. Preliminary studies of this problem have indicated
that using a rotating splitter attached to the rotating centerbody and
assembled with the rotor blades and shroud may be the best solution.

It is hoped, rowever, that the beneficial effects of swirl will improve
the inlet performance and make the use of a spliite:* unnecessary.

ROTOR BLADE AERODYNAMIC ANALYSIS

Introduction

The analysis of the general fluid flow problem requires a balancing of
the mass, momentum, energy, and entropy conservation equations along with
a number of expressions describing the behavior of the fluid properties.
The general flow is impossible to solve by an available means. The
analysis of a particular flow problem fortunately is not so difficult.
This is true becaure in any given flow problem certain aspects of the
flow phenomenon tend to predominate and hence govern the fluid behavior.
This fact permits the division of flow problems into a number cf classi-
fications. Methods of analysis for many of the different classifica-
tions exist and yield excellent results.

The rotor blade aerodynamic analysis problem fits into the class of a
steady supersonic two-dimensional isentropic adiabatic flow of an ideal
gas. This class of problems can be solved by a numerical technique -
the method of characteristics., The normal characteristic relationships,
however, are not valid for the rotor blade passage, since this passage
is defined in a coordinate system which is rotating, i.e., the rotor.
Although this rotation does not affect the continuity equation, it

does affect the momentem equation because the coordinate system is
non-inertial. It also affects the energy equation, since the total
temperature of the fluid with respect to the rotor depends on the dis-
tance from the axis of rotation. Aside from momentum and energy con-
siderations, it may also be desired to modify the continuity equation
to reflect changes in wall spacing. The applicable characteristic
equations are derived in Appendix II following the method outlined

in Reference 29.
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Verification of Derived Characteristic Equations

In order to check the derived characteristic equations, it is desirable
to calculate a flow field in a rotating coordinate system by an alternate
method. The calculation of the compressible free flow with a radial
velocity component in a stationary coordinate system is relatively easy.
This is the same flow field which exists in the rotating vaneless dif-
fuser. If a rotating coordinate system is superimposed at the center

of the free vortex field, the flow field as seen by this rotating
coordinate system can be determined quite easily. A computer program
was written to perform this calculation. The correlation is shown

ir. Table XV.

Application of Method of Characteristics of Rotor Blade

An existing computer program capable of performing normal characteristic-
type solutions was modified to handle the case of the rotating coordinate
system. 7This proaram is capable of performing analysis-type calcula-
tions - determination of the flow field, given the blade geometry and
the inlet conditions. It can also perform design type calculations -
determination of rotor blade shape to obtain desired Mach number
distribution on the blade surface. This dual capability was quite
helpful in the rotor blade definition.

Application of Method of Characteristics Program to a Modified Two-
Dimensional Blade

The first application of the computer program was made with the followirng
objectives in mind:

l. To determine the accuracy of the method when applied to a complete
blade specification.

2. To determine the magnitude and direction of the effects of radial
blade orientation, coordinate rotation, and sidewall spacing on a
two-dimensional blade shape (ithat is, a similar blade designed
without consideration of these effects).

3. To determine the magnuitude and direction of the changes in blade
shape required to obtain an acceptable Mach number distribution in
the three-dimensional (rotating) case.

In order to conform to these objectives, it was desired that the first
blade shape analyzed be a slightly modified version of the rotor blade
shape tested in the supersonic cascade tunnel., This modified blade has
cusped leading and trailing edges and a minimum pressure surface Mach
number of l.13.

The reason for the modification in the minimum pressure surface Mach

number is an inherent limitation in the method of characteristics
approach. As is the case with many methods of analysis, the method of
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characteristics becomes difficult to apply or breaks down completely
under certain conditions. The breakdown of the method of character-
istics occurs in regions of the flow field where the Mach number
approaches unity. For this reason the initial analysis was performed
on a blade whose minimum Mach number is 1.13. It should be noted here
that the rotor blade design criterion calls for a Mach number of unity
over a considered portion of the rotor blade suction surface. It was
later determined that the suction surface Mach number could be brought
quite close to 1.0 (actually 1.01) without having the program encounter
difficulty.

The reason for modification of the leading and trailing edge of the blade
is that the finite thickness edges used in the cascade tunnel blade give
rise to shock and expansion patterns which propagate upstream and modify
the condition of the flow entering the blade. The detailed analysis of
the rosulting inlet flow pattern is not simple. It did not appear that
such an analysis was necessary to achieve the previously stated initial
objectives.

Method Accuracy

The ideal Mach number distribution of the modified blade is shown
in Figure 191. It was natural to attempt to reproduce this distri=~
bution using the computer program in order to achieve a familiarity
with the application of the program to the problem at hand, and to
obtain some indication of the level of accuracy which could be
expected. The results of these attempts are shown in Figure 191 as
black dots. It is evident that the numerical technique employed is
capable of accurately describing the Mach number distribution over
the entire blade surface. No calculations were attempted on the
small remaining trailing edge section of the blade.

Effects of Rotation and Wall Spacing

The generation of the input data for the case of the blade in the
rotating coordinate system proceeded concurrently with the two-
dimensional analysis. The specification of the inlet flow field for
this case was more difficult, and hence more time consuming, than
for the two-dimensional case.

The comparison of rotation and wall spacing has been made at the
25-percent chord position on the blade suction surface (point A on
Figure 192).

The results at point A, corresponding to the four possible operating
conditions,are:
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Operating Conditions Mach Number

1. No Coordinate Rotation - Constant Wall Spacing 2.119
2. No Coordinate Rotation - Variable Wall Spacing 2.016
3. Coordinate Rotation - Constant Wall Spacing 2.246
4, Coordinate Rotation - Variable Wall Spacing 2.159

0 25 100
Percent Chord

Figure 192. Rotor Blade Sketch.

The one-dimensional calculations corresponding to the above opera-
ting conditions indicate that, for the case of no coordinate
rotating, the change from a constant wall spacing to a variable
wall spacing should result in a decrease in Mach number of =-1.9
percent. For the case with rotation, the corresponding decrease
in Mach number is -1.7 percent.

The one-dimensional prediction of the effect of coordinate rotation
for the case of constant wall spacing and variable wall spacing,
respectively, is +1.9 percent and +2.1 percent.

The comparison of the one- and two-dimensional calculations is
given below.

Two- One-
Dimensional Dimensional
Fixed Conditions Changed Conditions Prediction Prediction
1. No Coordinate Constart Wall =4,9% -1.9%
Rotation Spacing to Variable
Wall Spacing
2. Coordinate Constant Wall -3.9% -1.7%
Rotation Spacing to Variable
Wall Spacing
3. Constant Wall No Coordinate 6.0% 1.9%
Spacing Rotation to
Coordinate Rotation
L, Variable Wall No Coordinate 7.1% 2.1%
Spacing Rotation to

Coordinate Rotation
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It is evident that the one-dimensional approach is not adequate
for predicting the two-dimensional effects present in the rotor.

Required Blade Shape Changes for Three-Dimensional Case

The object in applying the method of characteristics solution to a
modified three-dimensional blade was to indicate what changes in
rotor blade shape woulid be necessary to obtain an acceptable blade
surface Mach number distribution. The blade shape analyzed is
shown in Figure 193. The analysis was carried out to about 70-
percent chord, and the results are shown in Figure 194. The pas-
sage has been divided into a number of sections in Figure 193
(i.e., Section A'CA, Sectioa ACDB, etc.), and the corresponding
surface Mach number distributions for each section have been
marked on Figure 194,

The first section (Section A'CA) represents that part of the flow
field which is influenced only by the lower blade. That is, the
Mach number distribution in this section depends only on the blade
shape from A' to C. As can be seen, the Mach number distribution
from A to C is similar to the two-dimensional values shown on
Figure 191, and no further modifications are necessary.

The characteristics line AC (Figure 193) indicates that changes in
the blade shape at point A of the upper blade will propagate along
line AC and will affect the lower blade surface flow conditions at
point C., Similarly, changes made at point B will affect the lower
blade at point D. The Mach number distribution along CD, there-
fore, is dependent on the blade shape along AB as well as the blade
shape along CD.

The Mach number distribution along CD is seen, from Figure 194,
first tc drop slightly and then to rise rapidly to an undesirably
high value. The rise in Mach number along CD can be counteracted
by reducing the slope of the blade surface from A to B, as shown
in Figure 193 by dashed lines.

The surface Mach number distribution also indicates a sharp drop in
the suction surface Mach number at point D, owing to the oblique
passage shock DE., This passage shock is generated because the inlet
flow conditions and the boundary surfaces are inconsistent with an
isentropic flow process through itne passage. The inconsistency is
due to too sharp a blade surface curvature at point B.

Because of the relatively large change in the blade surface Mach
number distributions, it was decided that it would probably be more
freitful to design the three-dimensional rotor blade directly to
match a desired Mach number distribution rather than to attempt to
modify a two-dimensional blade design.
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Analysis of Upstream Shock-Expansion Pattern

One of the major roadblocks to the successful application of the computer
program to a direct three-dimensional design was the specification of the
shock-expansion pattern upstream of the blade owing to the use of finite
thickness leading edges. It was decided that an approximate specifica-
tion of this complex flow pattern would be used in lieu of an "exact"
specification. The exact specification could not be justified in the
light of the additional cost in time and money and also because greater
accuracy is not consistent with real dimensions that can be obtained by
even the most accurate blade manufacturing methods presently available.
The purpose of the approximate analysis was to describe the gross rather
than the detailed effects of the finite thickness leading edges. It

was based on the analysis performed on the relatively simple two-
dimensional blade case. The gross effects in the two-dimensional case
can be represented by considering a discontinuity to exist in the flow
pattern at the blade leading edges, as shown in Figure 195,

The approximate method was applied to the three-dimensional case, and
the results were used in the method of characteristics program.

Direct Des%gn of Three=Dimensional Blade

As was previously mentioned, the method of characteristics computer
program employed in this analysis is capable of determining passage shape
when given a surface Mach number distribution. In order that the resulting
passage vhape produce an acceptable blade contour, it is necessary that

the Mach number distribution and resulting passage shape satisfy a number
of compatibility requirements as follows:

1, The Mach number distribution must define a real blade. That is, the
Mach number distribution curve defines a flow passage such that the
pressure surface of this passage along with the suction surface of
the adjacent passage forms the outline of a blade. A blade is con-
sidered defined if it is closed at both extremities and possesses a
practical thickness in between.

2. The Mach number distribution must be capable of applying the required
tangential force to the fluid. The blade tangential force is deter-~
mined by integrating P cos 0 dA over the inner blade surface, where
B is the angle between the blade surface tangent and the local radius.

3. The minimum Mach number must be greater than 1.0 (a limitation imposed
by the method of analysis).

L, The maximum Mach number should not be too large in order to reduce
shear losses + | to reduce the amount of diffusion necessary near tne

suction surface c(railing edge.

5. The resulting blade shape should not have excessive wetted surface.
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6. The suction surface and pressure surface trailing edge Mach number
should not be excessively different. Differences in trailing edge
Mach number will result in different surface pressures just before
the trailing edge. Since the fluid pressure just behind the trailing
edge is assumed to be single valued, a radical flow adjustment is
required if excessive pressure differences exist. This adjustment will
be in the form of a trailing edge shock and expansion pattern. For
blades with finite thickness trailing edges, such patterns cannot be
entirely avoided, but their magnitude can be reduced by :ieans of con-
sistent trailing edge Mach numbers.

7. The blade passage area distribution must be such that the blade is
capable of starting at the desired Mach number.

The Mach number distribution from which the final rotor blade shape was
determined is shown in Figure 196. The calculated characteristics network,
and the associated passage shape computed for this particular distribution,
is shown in Figure 197. The blade contour was derived by rotating the
upper passage surface one pitch angle counterclockwise about the rotor
centerline.

In checking the preceding seven compatibility requirements, it must

be borne in mind that the characteristics solution takes no account of
the very significant frictional losses which occur in the actual blade.
For this reason, evaluation of the Mach number distribution should be
made on the basis of the one-dimensional effects calculated from the
two-dimensional data obtained in the wi ~unnel tests,

In order that the Mach number distribution define a real blade, it was
necessary to adjust the blade shape in the trailing edge region (this
adjustment is clearly seen in the rotor blade diagram, Figure 197). The
magnitude of this adjustment is consistent with present knowledge of
conditions at the trailing edge.

The blade surface pressure distribution, Figure 198, was used to generate
the rotor blade tangential force distribution shown in Figure 199. The
resultant tangential force per blade calculated from the graphical
integration of the force parameter is 6.21 pounds. The required work
input of the rotor blade row can be determined on the basis of the
compressor efficiency and pressure ratio. For the required work input,
rotor rpm, and number of blades, the individual tangential blade force
t>n be calculated. The tangential force from this calculation is 6.24
pounds, The boundary layer would tend to decrease the work input some-
what, but it is still felt that the agreement between the two-dimensicnal
predicted value and the one-dimensional required value is satisfactory.

The minimum Mach number of the blade is 1.0, the maximum Mach number is
2.0 (neglecting the small peak on the distribution curve, Figure 196),

and the solidity is 2.5*. These values are the same values as were used in

* The solidity is indicative of the amount of wetted surface.
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the design of the two-dimensional blade tested in the transonic tunnel.
It is felt that these values are quite reasonable.

The blade passage starting criterion was applied and indicated that no
starting problems should be expected at the design inlet Mach number of
1.42,

As can be seen in Figure 196, the trailing edge suction and pressure
surface Mach numbers are significantly different from each other. This
condition could not be alleviated without major blade modifications. It
is believed that the frictional effects present in the actual blade will
reduce this difference. In any case, it is not felt to be significant
enough to warrant a redesign of the blade.
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Dimensional Rotor Blade (Final Design).
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MECHANICAL ANALYSIS

INTRODUCT ION

The rotor assembly (Figure 200) is a single stage, radial flow design
with blades carried axially between a disc and a rotating shroud. Disc
and shroud tip diameters are 13 inches, and the blades are located on an
8-inch diameter.

The major components that make up the rotor assembly are listed below:

1. Disc

2. Blades

3. Rotating shroud
L4, Centerbody

5. Shaft

6. Main bearings

The objectives of the mechanical analysis work performed during Phase I
of this program were as follows:

1. To conduct an investigation of high strength aluminum, titanium,
steel, and fiber glass (and possible composites of these) to
determine optimum material for rotor.

2, To design a demonstrator compressor to provide maximum aecro-
dynamic performance consistent with mechanical design requirements.

In order to meet aerodynamic performance objectives, the highest possible
compressor speed is required, since efficiency of the radial outflow com-
pressor improves significantly with rotational speed. Speed is limited,
however, by allowable stresses in the rotating parts because of geometry
se. from aersdynamic requirements. Thus, the mechanical design envelope
is set by high-speed requirements and geometry limits,

MATERIAL SELECTION

The major characteristic required in the rotor material is high strength
to weight ratio, since the rotational speed is limited because of stresses
in the rotor. A survey of high strength to weight ratio materials showed
6-6-2 titanium (6 percent aluminum, 6 percent vanadium, 2 percent tin,
and the remainder titanium) to have definite advantages over o.her
possible choices such as filament-wound fiber glass, X-2020 aluminum, and
marage steel. Fiber glass and aluminum :xperience a loss in strength at
the radial outflow compressor temperature levels, and marage steel has
undesirable oxidation and directional properties. In addition, subse-
quent material property testing of 6-6-2 titanium samples (see data in
report section entitled Bench Tests) showed this alloy to have excellent
ductility and resistance to notch sensitivity, as well as high strength.
All of these characteristics are important assets in assuring a rugged,
reliable rotor,

300



‘00d paads-y3tH ‘A1quassy X010y -00g 2an3tg

21
i
ﬂ!&lﬂ..dﬂ:.......ﬂ...-mlw_.__ll- % @ T e e OO

A AT L T
U g TR e e
LR mEA
T FLEA Yo ™
.?
e g W ﬂ M

T

B W

P

¥

NE——

Wl
] !
LR
"-1|r R
AN
f_...-\qul_s_.._
lIJJ

301

AT RO L e . 08 L0
Sl PRIETET LN TINED DT e ot v N O
Ferdld Pl o mi e d T D9 AW DF5 YV Eed OevaneLg 3

.
il Sl el T Ak L B TN T TR : ]

BT Wt WLt RSN SOrEEO LEEESOL | SEhEreE ; 4
T BT B e TR 3 e 5] \ ._

L &
A

T

e """-'i"_"‘"."':'

™




Additional studies have been made of an improved rotor material desig-
nated 200K titanium. This alloy is a variation of the 6-6-2 titanium
composition. Compared with 6-6-2 titanium, it has been found to offer
the following characteristics (see reference 30):

1. 40,000 psi higher 0.2 percent yield strength

2. Less reduction in strength for thick section sizes

3. Only slightly lower ductility

Should increased radial outflow compressor performance become desirable
in a growth design, 200K titanium appears to offer additional material

capabilities.,

MECHANICAL DESIGN FEATURES

The unique aerodynamic features of the radial outflow compressor present
several difficult design requirements, among which are:

1. Flow-path walls must be formed by the rotating sides of the rotor.
2. Flow path must be a converging section.
3. Rotor blades must be supported between flow-path sides.

L, Very accurate rotor blade location contour and edge thickness are
required because of small blade size and spacing.

The mechanical design features of the radial outflow compressor which
meet these requirements are described here.

BPisc and Shroud

Converging Flow Path

Design of a maximum speed rotor disc can be easily determined for a
conventional axial flow compressor, where optimum cross sections
are either the deLaval "constant stress" design for solid discs or
hyperbolic sections for a disc with a bore (see Figure 201). How-
ever, a major compromise dictated by the radial outflow compressor
aerodynamic requirements is that the rotating parts form the
tapered sides of the flow path. Inicial designs, using two
rotating parts with hyperbolic cross sections which were angled

to form a converging passage, were found to straighten outward at
full speed, changing axial position and flow area significantly.
To combat this tendency and to hold the flow-path section steady
at various speeds, the centerlines ~f both rotating sides were
selected to be radial.
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Also, to design a converging passage requires the use of rotating
parts with radial centerlines, where one part has positive cross
section taper (decreasing thickness with increasing radius) and

the other has negative taper (see Figure 202). The combination of
reverse taper on adjacent rotating parts gives the desired
converging flow passage while the radial centerlines give stable
parts that do not rhift under centrifugal load, as inclined rotating
faces tend to do. Extra stability is given the shroud by providing
radial centerlines in both rotating walls.

Stress Analysis

Once the concept for a stable converging flow path was set, refine-
ment wa3 needed to minimize stress. The most attractive possibil-
ities were:

l. Varying rotor cross section for best stress distribution

2. Bi-material construction to use strength to density ratios
to best advantage

3. Prestressing to lcvver the full speed rotor stress

Although tapered cross sections on both disc and shroud were found
to be the key to providing a stable converging flow path, only one
member could have positive taper (which decreases peak stresses).
Since a central hole (which increases maximum stress) is required
in the shroud to provide compressor inlet air, a trade-off was made
te reduce the effect of this bore by using positive taper on the
shroud. Thus, maximum stresses are permitted to be approximately
the same in the shroud (having positive taper cross section and a
bore) as in the disc (having reverse taper cross section and no
bore).

Even though a hyperbolic tapered cross section would give slightly
lower stresses in the shroud compared to a linear taper, the greater
machining accuracy obtainable with linear taper (which gives a
better balanced part and more accurate flow path) led to its accept~-
ance on both the shroud and the disc, Final sizing of disc and
shroud thicknesses is made by setting minimum desirable shroud tip
thickness and then sizing the disc to match closely the centrifugal
growth of the shroud.

Further improvement in stress distribution appeared possible with
the use of a composite material rotor with prestressing (see report
section entitled Bench Tests). Lower density material used in the
outer rotor area would develop less centrifugal force to be carried
by higher density material (having greater load capacity) in the
inner rotor area. In addition, prestress applied in such a dual
material rotor would further reduce the maximum stress at full com-
pressor speed. However, complexity in attachment of the materials
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to each other and questionable reliability of the prestress seemed
to outweigh the advantages offered. Thus, neither of these
approaches is used in the final rotor design.

Rotor SEeed

Mechanical design parameters with direct influence on each other are
rotor speed and rotor blade size, spacing, and location. Since com-
pressor size and flow path had been determined in initial aero-
dynamic analyses, a study was made using these limits in addition
to desired values of blade solidity, aspect ratio, and velocity to
determine the optimum blade size, spacing, location, and rotor
speed. The following mechanical design limits were found:

l. Minimum blade chord length is the limiting factor when the
blades are placed at a large radius and run at reduced rpm.

2. Rotor stress is the limiting factor when large blades are
placed at a small radius and run at high rpm,

The compromise design set between these two extremes has a rotor
speed of 34,500 rpm with 88 blades. The blades have a O.7-inch
chord, an aspect ratio of 1, and a solidity of 2.5, and are
located at a 3.95-inch radius.

Blades

The variables of blade size, spacing, and location were set in conjunc-
tion with rotor speed, ard the blade contour was set by aerodynamic
considerations. Blade attachment to both disc and shroud is the only
major remaining blade design problem. The attachment is designed with
the following requirements in mind:

1.
2.
3.
b,

Radial location stiffness of shroud
Torque transfer from disc to shroud
Location accuracy

Possible blade foreign object damage (FOD)

Listed below are what appeared to be the best attachment alternatives
(see Figure 203):

1.

Shear lugs - integral on each shroud and disc; fitting inside,
and thus supporting, a hollow blade.

a. Bolts through lugs to connect shroud and disc.

b. Dovetail fastener -~ holds shear lug as alternative to using
through bolts. Avoids bolt holes in shroud.
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2. Integral blades - machined integral with disc, and through bolts
to attach shroud.

3. Separate blades - located in recesses in disc and shroud with
threaded end studs through disc and shroud,

L4, Separate blades - diffusion bonded to disc and shroud.

A desirable design from a strength standpoint is the shear lug design,
but manufacturing accuracy for this was an unknown. Thus, a feasibility
program was initiated to produce hollow blades and a test piece with
matching shear lugs to check assembly fit-up accuracy (see report section
entitled Bench Tests). Also, dovetail fastener tensile specimens (com-
patible with the shear lugs) were ordered to evaluate their holding
strength. Check-out of the shear lug test piece showed that machining
accuracy and repeatability were not as good as required. Also, local
shear stress was found to be excessive in the lug where effective area
was reduced by the through bolt hole. Thus, an alternate design of
either integral or separate blades was required. The integral design
gives mechanical ruggedness and few parts to compound blade mislocation,
but separate blades allow more accurate manufacture of blade contour and
replaceability of blades. Since manufacturing limitations played such
an important part in each design, both were presented to manufacturing
firms for comments oand quotes. Review of quotes showed the integral
approach to be more expensive and to be manufacturable only through

the use of electric discharge machining (EDM) methods. This machining
process (also used in hollowing blades for the shear lug machining study)
has been found to leave surfaces having poor fatigue strength properties,
which cannot be tolerated in highly loaded rotating parts. In addition,
further comparison of the blade attachment approaches showed the
following:

Integral: Advantages 1) Few pieces
2) High shroud location stiffness

Disadvantages 1) Possible scrapping of rotor due to blade
manufacturing defects or FOD

2) High stress concentration at blade
junction of disc

3) Manufacturability - contour and finish

Separate: Advantages 1) Better biade surface contour and finish
2) Allows close fit-up of blade alignment

! i=ah<uiages 1) Bonding process involves many assembly
variables
2) Number of pieces

3) Threaded titanium
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Although bonded blades are very promising (see report section entitled
Bench Tests), they require much development work. 7Thus, separate blades
with threaded studs were chosen as the best compromise design for the
first rotor.

The threaded blade studs used in this separate blades design require
special consideration as to nut design and preload required (see
Figure 204). The nuts used are self-aligning, having a spherical base
mating to a concave washer face. This feature allows full torque appli-
cation to the nut on an '"out of line" blade stud without the risk of
bending the shank. A tconsion preload on the shank of 50 percent to 80
percent of yield strength is desirable to reduce possible <tart-stop
fatigue effects. Hovever, between start-up and 100 percent speed, both
the disc and the shroud thicknesses are reduced enough by Poisson's
ratio effect to cause almost 50-percent loss in shank preload. To
correct this, Belleville "spring!" washers are used to insure nearly
constant preload during disc and shroud thickness changes.

Disc Flange

Attachment of the rotor to the driving shaft required a radially flex-
ible coupling to allow ''free!" rotor stretch, yet to resist radial motion
due to any unbalance in rotor or shroud. The alternative solutions
considered are:

1. Curvic or radial teeth
2. Radial pins
3. Thin shear cylinder with bolted flange

Curvic or radial teeth can do the desired job but require precise,
expensive grinding. Radial pins attempt the same job with less preci-
sion but inherently have undesirable clearances. A thin cylinder is
an easily manufactured method of attaining the desired centering force
and is radially elustic at either end. Thus, a thin shear cylinder
design is used.

Centerbodz

A rotating centerbody is desirable from an aerodynamic standpoint
because it reduces the boundary layer growth for preswirl operation.
Since it is not practical to make the centerbody integral with the
disc because of the large forging that this would require, a means for
centerbody attachment to the disc is required. Methods considered are:

l. Bolting through holes in the disc
2. Bolting into tapped holes partially through the disc
3. Rabbet with tie bolts

Holes through the disc near its center introduce stress concentrations

in the most highly stressed region of the disc which would result in
reduced test life of the disc due to low cycle fatigue cracking around
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the holes. Tapped holes in the titanium disc must be made with sharp,
cut threads, and they are susceptible to stripping and cracking. The
rabbet provides a good locating surface for centering, while the tie
bolts give a tight assembly, with the bolt holes passing through low
stress material. This last method is used.

Since the centerbody is not highly stressed and sees terpperatures much
lower than other rotor parts, aluminum is used for the centerbody
material. Use of this light material also means that centerbody
unbalance is kept to a minimum,

Shaft and Main Bearings

The shaft and bearing system is a double bearing design with an cver-
hung rotor.

Shaft

An external spline is used at the shaft-driven end with a bolted
flange attachment to the rotor at the driving end. Shaft material
is Nitralloy N, a well tried gear and shaft alloy that develops
exceptional surface hardness when nitride case hardened. This alloy
is softer than Nitralloy 135, owing to a higher nickel content, but
has higher surface toughness.

Bearings

Ball bearings are used for both the forward and the rear main
bearings. These are o0il spray lubricated and operate at a DN value
(this being a measure of surface speed where DN is the product of
shaft diameter in millimeters and shaft speed in revolutions per
minute) of approximately 1.6 x 106 at loo-gercent speed, well below
the rated DN value of approximately 2 x 10” for this type of bearing.
The bearings are spring loaded in the axial direction to insure
positive ceniering and proper load direction for both sets of
angular-contact bearings.

Seals and Cooling

Seals

The two primary points for sealing against leakage are: (1) just
forward of the front main bearing and (2) the forward face of the
shroud. The main bearing seal is of carbon and is a double seal
design using two sealing surfaces. This seal rotates with the
shaft and seals against stationary surfaces. The shroud seal is a
labyrinth design of aluminum attached to the housing ahead of the
shroud. The seals are placed at small radii to keep surface speed
of the seals at a minimum. In addition, the shroud seal is placed
on a radius approximately the same as that of the blades. This
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belances axial pressure on the forward and aft faces of the shroud
so that no axial pressure load need be carried by the bolted blades.

A backup shroud seal designed for very low leakage has also been
investigated. This seal is a hydrostatic air film design that
operates with very small clearances which restrict leakage signifi-
cantly compared to labyrinth seal designs. Comprehensive testing of
the hydrostatic seal is indicated, however, before using this design
in the compressor.

Cooling

The high surface speeds of the disc and shroud adjacent to stationary
housing parts create high trictional heating in the airr gap between
stationary and rotating parts. To control this heating and also to
regulate other thermal conditions (gradients, tiansients, etc.), air
cooling ports are built into the compressor housing both forward and
aft of the rotor. Control of leakage flow is possible by varying

the pressure of the coolant air,

System Operation

Both high rotational speeds and close clearances of the radial outflow
compressor demand that the vibrational characteristics be acceptable
and that undesirable speed ranges be avoided. The major design areas
of interest are: (1) the rotating shroud and (2) the overall rotor
assembly.

Shroud

The thin outer shroud tips are dictated by steady-state stress
analysis but are subject to circumferential traveling vibration
vaves, since the shroud is in fact a thin wheel. Any such wheel
has natural nodes in the form of sine waves around its circumference
which, if corresponding to the wheel rotational speed (or multiples
of the speed as shown on a Campbell diagram), cause a resonance
condition to exist. The shroud is designed to avoid such resonance
conditions. Computer analysis was made in an idealized shroud, and
the results presented in the Campbell diagram, Figure 205, show no
resonance conditions occurring above the 80-percent speed range.
(Note: resonance is indicated by the intersection of a node line
with a speed line.) To verify this calculated data, a test piece
shroud was manufactured. Bench tests showed natural frequencies
(sine waves of four nodes, six nodes, etc.) to agree with the
calculated values within 10 percent (note comparative data points
in Table XVII). Final shroud dimensions were modified slightly, as
a result of these analyses and tests, to provide an even greater
margin of safety.
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Rotor Assembly

Since the inlet design of the radial outflow compressor requires the
use of an overhung rotor, special emphasis is placed on the design of
a rotor assembly with high radial stiffness in crder to avoid rotor
whirl. The shaft diameter is sized as large as the bearing diameters
permit within DN limits, and steel is used as the shaft material to
get increased stiffness from its high elastic modulus. The shaft-to-
disc c¢ylinder coupling stiffness is maximized by giving it the
largest diameter possible inside the blade circle diameter., High
bolt preload is used on both blade ends to insure firm shroud to
disc attachment. The centerhody is attached to the disc by pre-
loaded tie bolts and has a small third bearing at its far end
mounted to the frame through a friction damper in order to prevent
large vibration deflections,

Critical speed analysis of this assembly made via computer shows a
single roto. critical point occurring below 100-percent speed. The
variablz damping coefficient on the centerbody bearing will be set to
keep this criticel rpm below 70-percent speed so that the critical
point can be quickly passed during spin-up to 100-percent speed.
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MECHANICAL BENCH TESTS

In order to evaluate components and design ideas being considered for
radial outflow compressor construction, the following work was done
before finalizing the design:

1. Blade forming study .

2. Blade deflection characteristics study

3. Blade attachment investigation

L4, Evaluation of material properties and machinability !
5. Component vibration tests EH
6. Rotor prestress evaluation

BLADE FORMING

Early in the preliminary design work on the radial outflow compressor,

it became evident that the rotor blades would have extremely sharp

edges (in the range of 0.003 inch thick). In order to evaluate whether
such edges could be reasonably manufactired, several blade samples were
ordered. These samples showed edges tc. be uniform and blade contour to

be good, but final blades would need :ore care to get edges thinner than
the samples and also to prevent edge bowing along the blade. The machining
technique, however, was satisfactory and was approved for use in the
manufacture of actual rotor blades.

BLADE DEFLECTION

Since these sample blades had cross sections very similar to the final
blade design, they were used to check actual bending deflection values
against calculated values in order to evaluate blade stress. Also, the
possibility of blade edge buckling due to bending loads was examined.

No edge buckling was found, however, even though applied edge compression
stress approached the yield strength of the blade material.

BLADE ATTACHMENT

As noted in the Mechanical Analysis section, one of the major design
problems was that of blade attachment. Several tests were made to
determine the best design. Initially, the shear lug design was preferred,
and two test pieces were made to evaluate the machining accuracy achiev-
able on this design. The finished parts, shown in Figure 206, are two
flat discs of 6-6-2 titanium with 12 shear lugs each. The shear lugs .
are groupcd in sets of three and are spaced the same as a full circle

of lugs. The accuracy of the lug size and location was not as good as
required, primarily because the small lug spacing allowed only small mil-
ling tools to be used. These tools wear rupidly, causi.g variations in
part dimensions,

Hollow blades were also manufactured to check fit-up with the shear lugs.

These were made by taking several solid titanium blades (obtained initially
for the blade forming study noted previously) and removing the center
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Figure 206. Blade Attachment Test Pieces of 6-6-2 Titanium
With Shear Lug Pesign.
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Figure 207. Hollow Titanium Blades Manufactured by
Removing Center Material by Electric
Discharge Machining.
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Figure 208. Assembly of Several Hollow Blades on Shear Lugs.
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material by electric discharge machining, as shown in Figure 207. Assembly
of several hollow blades on shear lugs is shown in Figure 208. Good
dimensional accuracy was held on the blade center hole, but the electric
discharge machining process left a rough hole surface with reduced
strength,

Thus, the shear lug method, although offering several design advantages,
is not used, partly because of the disadvantages of (1) poor surface
quality in blade hole and (2) unacceptable inaccuracies in size and
location of the shear lugs.

A special fastener designed to be used with the shear lug design is

the small "fir-tree" stud shown in Figure 209. This stud fits a slot
cut in the shear lug on the shroud. The hollow blade then fits over
this joint and the stud passes through a hole in the disc, pulling

disc and shroud tightly together (see Figure 210). Tensile tests were
made to evaluate the fir-tree strength. Tensile loading the fir-tree in
its slot required approximately 1100 pounds to spread the slot enough

to fail one side. Loading the same joint with a hollow blade fit snugly
over it required approximately 1700 pounds to fail the joint by yielding
the shank (see Figure 211 for failure comparison).

Another approach to blade attachment is the bonding of metal to metal

or "diffusion bonding'". This process differs from the more widely used
adhesive bonding process in that diffusion bonding requires no inter-
mediate adhesive or bonding layer between the parts being joined. Using
the hollow titanium blades fabricated previously, end plates of titanium
were bonded to the blade ends under a plate pressure of approximately
1000 psi and a temperature of about 1500 degrees Fahrenheit for 30 to
60 minutes. The quality of the bond appears comparable in strength to
conventional welds, yet with none of the brittleness of a heat affected
zone present with welding (see Figure 212, showing a separate blade
before bonding and also a bonded blade sectioned in half). Further
studies are indicated, however, to determine inspection methods, repair
techniques, fatigue strength, etc., before committing the radial

outflow compressor design to this method. The potential gains in

rotor strength and stiffness to be gained through diffusion bonding

are significant.

MATERIAL EVALUATION

One of the first test programs initiated was material evaluation of

6-6-2 titanium because it showed much promise as a high strerath rotor
material, The results of that program, shown in Table XVI (see reference
31 for additional information), demonstrate that the material fulfilled
all expectations and will be used as the radial outflow compressor disc
and shroud material.

Machinability of the 6~6-2 titanium rotor material was evaluated under

both high precision milling and electric discharge machining. The
milling was carried out in the blade attachment program where two flat
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Figure 209. Fir-Tree Stud Fastener Evaluated for Use with the
Shear Lug Design.

Figure 210. Illustration of Assembly of Fir-Tree Stud Fastener.

319



Figure 211. Tensile Test Failure Comparison with
and Without Closely Fitted Hollow
Blades.
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Figure 212. Half Sections of Hollow Blade with Diffusion Bonded Titanium
End Plates Compared with Hollow Blade Not Bonded.
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TABIE XVI

6-6-2 TITANIUM PROPERTIES

R.T. 200°F  350°F
Notched Tensile (KT = 3.2) Ultimate, ksi 235 --- -———
Smooth Tensile (KT = 1.0) Ultimate, ksi 173 164 150
.2% Yield, ksi 163 146 133
Elongation, % 12 12 12
Reduction of Area, % 37 43 50
Notch Time Fracture (KT = 3.2), ksi 200 --- ---
Creep .27% Plastic 100 Hours, ksi 150 137 120
Tatigue 107 Cycle
Smooth (KT = 1.0), ksi 102 --- --
30 --- ---

Notched (KT = 3.0), ksi

Where: R.T. is Room Temperature

KT is tensile stress concentration

ksi is psi x 10
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discs with shear lugs were machined out of a 6-6-2 titanium pancake
forging, using tape controlled milling equipment. The operation pro-
ceeded well except in the region of the shear lugs, where machining
was slow and accuracy not as good as expected. This was due to the
slightly higher surface hardness of the 6-6-2 titanium (Rockwell C
hardness of 38-40) and to the small spacing between shear lugs that
allowed only small milling tools, which cut slowly and wear rapidly.
These problems led to the abandonment of the shear lug design and to
the adoption of the separate blade design. For these separate parts,
where size of milling tools is not as restricted, tungsten carbide
tools will give good machining speed and accuracy in 6-6-2 titanium.

Electric discharge machining was employed to remove the centers from
sample blades. Precision contoured copper electrodes were used with
moderate electric power settings to maximize accuracy of the hole

while keeping surface damage to the hole at a miniimum. Machining time
to hollow one blade was excessive (about 5 hours per 0.7-inch penetration
depth), and metallocraphic inspection of the hole surface showed a layer
of heat affected material that is susceptible to cracking and fatigue
failure. So, in spite of the good contour accuracy obtained with EDM,
it proved to be an unacceptable process for radial outflow compressor
rotating parts because of the very long manufacturing times involved

and the reduced material fatigue strength it caused.

VIBRATION AND PRESTRESS

Once the basic geometry of the compressor was set, it became evident that
the thin outer edges of the shroud might be susceptible to traveling

wave vibrations. Preliminary calculations of shroud natural frequency
and rotor passing frequency showed a possibility of exciting a 3-cycle-
per-revolution traveling wave vibration in the shroud. To evaluate the
accuracy of the calculation for the unusual shroud shape, a full size
aluminum shroud was built and its natural frequency checked. Results
showed calculated and actual natural frequencies to be within 10 percent
of each other (see Tehle XVII).

Preliminary rotor stress calculations included consideration of pre=-
stressed rotors and in particular aluminum or titanium parts wrapped
with prestressed fiber glass around the bore.

At the same time, it was decided to evaluate methods of vibration damping
and changing the shroud tip vihration frequency by laying honeycomb
covered with fiber glass along the inside edges of the shroud sides

(see Figure 213). The fiber glass "treated" shroud is shown in Figure
214. The natural frequencies of this modified shroud were checked and
found to be 20 percent to 50 percent higher than the plain aluminum

shroud (see Table XVII). No significant difference in natural frequencies
was noted between the two shroud sides even though one side was a double
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reinforcement of fiber glass.

Of most importance, however, was the fact

that vibrations excited in the modified shroud were so damped by ihe
laminate that the vibration obtained with maximum excitation power could
not be detected by touching the shroud at any point.

TABLE XVI1
ALUMINUM SHROUD RESONANT FREQUENCY - CPS

Original Shroud Original Shroud

Tests with

Node Shape Calculation Tests Fiber Glass
Four Radial Nodes 991 1028 1157
Six Radial Nodes 1024 1052 1578
Eight Radial Nodes 1108 1152 1747
Ten Radial Nodes 1220 1286 1863
Twelve Radial Nodes 1376 1464 2017
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Figure 213. Fiber Glass Reinforced Shroud,
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Figure 214. Shroud with Honeycomb and Fiber Glass on Inside Edges.
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DESCRIPTION OF HIGH-SPEED COMPRESSOR

The radial outflow compressor designh evolving from the mechanical and
aerodynamic analyses performed during Phase I of the small gas turbine
engine compressor technology program has the following features:

ROTOR ASSEMBLY

The rotor assembly is comprised of a shaft with two bearings supporting
an overhung rotor.

Shaft Assembly

The shaft is made of Nitralloy N material with an external spline at the
driven end and a bolt flauge at the disc attachment end.

Both bearings are of the ball bearing type, spring loaded for a snug
fit and operate at a DN value of 1.6 x 10°.

Rotor
Shroud

The shroud is to be machined from a 6-6-2 titanium pancake forging with
the sides having radial centerlines to provide a stable rotating surface
for the flow pat Bolt holes for the blade studs are reinforced around
the edges. The bore is the inlet air passage.

Disc

The disc is to be machined from a 6-6-2 titanium pancake forging, also
with radial centerline to provide a stable rotating surface for the
flow path. It has reinforced bolt holes for blade studs, a cylindrical
flange attachment to the shaft and a bolt flange attachment to the
centerbody.

Blades

The 88 blades are to be machined from 6-6-2 titanium bar stock with end
studs where half of the blades have studs extended and threaded for bolt
attachment to disc and shroud.

Centerbody
The centerbody is to be machined from aluminum bar stock. One end is

adapted for shrink fit onto disc attachment flange and the outer end
serves as the vibration damper mount.
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STATOR ASSEMBLY

§tators

The stators are to be machined from stainless steel with a double set of
edge pins for support and alignment. Two stages of stators are required.

Stator Actuation

Each stage of stators are ganged together for simultaneous actuation,
An eccentric cam is used for stator orientation change.

Cooling

Inlet and outlet ports for rotor cooling air are provided in the stator
casing both forward and aft of the rotor.

INLET ASSEMBLY

Inlet
An axial flow design is used with bulletnose and fixed support struts.

Inlet Guide Vanes

The inlet guide vanes are to be machined from steel. Angle settings
can be varied.

RADIAL OUTFLOW COMPRESSOR

The high-speed radial outflow compressor with its test cell installation
. is shown in Figure 215. A description of the aerodynam’ : instrumenta-
tion requirem.nts for testing is presented in Appendix III.
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CONCLUSIONS

The results of the analytical and experimental investigations of both
aerodynamic and mechanical design of the radial outflow compressor

lead to the conclusion that this new type of compressor for small gas
turbines is feasible and offers a significant advance in performance.

Either the radial inflow or the axial flow inlet guide vane system can
be used satisfactorily with the ROC. The inlet contours of the axial
flow inlet will be satisfactory for the conditions to be encountered
in Phase II testing.

The rotor blade sections derived for and tested in cascade at supersonic
speeds met the requirements very satisfactorily. The three-dimensional
rotor biades transformed from the two-dimensional design,and test results
should show improved performance in the high-speed compressor due to
beneficial centrifugal force effects on the rotor hlade and wall boundary
layers.

The rotating wall vaneless diffuser performed very satisfactorily in the
low-speed ROC at effective static pressure rise coefficients in the
range which will exist in the high-speed compressor. Total pressure
losses were found to be very low in the zone of the rotating diffuser.
If this condition exists in the high-speed ROC, higher overall perfor-
mance than that calculated herein may be obtained, since significant
losses have been arbitrarily assigned to the rotating wall vaneless
diffuser.

Supersonic stator performance measured in the transonic cascade tunnel,
at Reynolds numbers less than the actual values of the high-speed ROC,
was very satisfactory. The achievement of required static pressure
increase at acceptable total pressure loss is particularly significant
because the inlet flow angles in the required range of 80 degrees from
radial represent operation at conditions much more difficult than those
encountered in any previous supersonic cascade experience.

The subsonic stators performed very well as originally designed,
indicating that the methods used are reliable. The combined cascade
consisting of the supersonic and subsonic stators operating in tandem
achieved slightly higher static pressure rise than required bhut at
higher total pressure losses than anticipated. As a result, the rotor
outside diameter was increased to obtain a lower Mach number entering
the stator system.

The scroll collector, transition diffuser, and turning elbows performed

satisfactorily during low-speed ROC testing, particularly at high flow
coefficients.
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A satisfactory mechanical design of the rotating shroud, rotor blade,
disc, and attachment method was achieved. Running life at 100 percent
speed is more than adequate for the Phas: III program.

Vibration analyses of the rotating shroud have indicated that only higher
modes of edge waves may be excited. Significant, and therefore readily
detected, amplitudes will exist before dangerous stresses are developed

in the thin rims,

The entire rotating system and its supports have been analyzed to
determine critical rotational speeds. An outboard bearing having a
variable friction damping mounting has been incorporated to permit
adjustment of the lowest critical speed which will occur at less than
full speed.

No barrier problem, either aerodynamic or mechanical, has been encoun-
tered during these investigations which will prevent the high perfor-
mance potential of the radial outflow compressor from being demon-
strated in Phases II and III of this program. On the contrary, although
difficult mechanical and aerodynamic analysis, design, and development
problems have been encountered, they have been solved successfully, and
there is much evidence to encourage the belief that the target perfor-
mance goals will be met, if not exceeded.
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RECOMMENDAT IONS

Further analysis of the inlet contours is recommended to decrease the
maximum Mach numbers that will occur over the inner surface of the
rotating shroud. An annular turning vane, or flow splitter, can
accomplish this purpose, but the mechanical design problem of assem-
bling and attaching the device is formidable. Reduced surface
velocities by means of improved contours without the use of an
annular turning vane are desirable.

A method of joining the rotating shroud, rotor blades, and disc into a
stiff, strong assembly is desired for long running life, particularly
for compressors of less airflow capacity than the present size of 4.5
pounds per second. Diffusion bonding appears to offer the capability
of joining titanium alloy parts to satisfy strength requirements. The
time and effort required to develop satisfactory diffusion bonding
techniques for fixturing, joining, inspection, nondestructive testing,
and repair are beyond the scope of this present program. It is there-
fore recommended that these techniques be developed under a separate
program,

In general, it is recommended that Phase II be continued through the
planned series of tests to determine radial outflow compressor
performance up to 80 percent design speed. The planned Phase III
work is then recommended. Appropriate aerodynamic and mechanical
improvements will be made so that the complete performance of the
ROC can be demonstrated up to 100 percent design speed.
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APPENDIX I, COMPRESSOR PERFORMANCE CALCULATIONS

The radial outflow compressor component aerodynamic performance goals
along with performance levels demonstrated are presented in Table I,
page 10. In the Summary are calculated values of overall compressor
performance based on the demonstrated component performance levels.
The design point conditions are illustrated here along with numerical
calculations to demonstrate the methods of determining the measured
component performance levels. Also, the step-by-step calcula*ion of
overall compressor performance using the demonstrated component per-
formance levels is presented.

COMPONENT DESIGN POINT TALCULATIONS

Rotor Blade

The design inlet Mach number and inlet flow angle of the rotor blades are
1.42 and 60 degrees, respectively.

Measured performance data at the inlet and exit stations are as follows
(see case 21953, Table IV):

Inlet Conditions Exit Conditions
Ptl = 108.742 inches of fluid* Pt2 = 94.248 inches of fluid
PSl = 32.457 inches of fluid P52 = 31.236 inches of fluid

q; = Ptl-PSl = 76.285 inches of fluid

Ml 1.436

Inlet flow angle = 60 degrees

Pe1 " Pe2 108.742 - 94.248

P, - P, 76.285
¢ _os2 sl 21.236 - 3451
P P -P_ - 76.385 -0
tl sl

The performance goals for the rotor blades were W = 0.15 and E} = 0.

* Manometer fluid designated "TBE" with specific gravity of 2.95.
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Rotating Vaneless Diffuser

Performance of the rotating diffuser is related to the effective static
pressure rise coefficient, CPpegs. The design inlet flow conditions of
the high-speed machine are listed below.

1. 1Inlet Mach number, M2 = 2.66
2 Inlet total temperature, th = 1159 degrees Rankine
3. Inlet velocity, V2 = 2856 fps
4, Wheel speed, U2 = 1300 fps
5. Stagnation sonic velocity, a, = 1669 fps
6 Inlet relative Mach number, Mr2 = 1.54
7. Inlet relative velocity, W2 = 1656 fps
8. Inlet relative flow angle, BZ = 60 degrees
The rotating vaneless diffuser geometry is:
1. 1Inlet diffuser passage width, h2 = 0.586 inch
2. Inlet diffuser radius, r, = 4.30 inches
3. Exit diffuser passage width, h3 = 0.400 inch
4. Exit diffuser radius, r3 = 6.50 inches
5. Radial flow area ratio, A3/A2 = 1.0
6. Diffuser radius ratio, r3/r2 = 1.512
The effective static pressure rise coefficient is defined as
C _ APf.v. - APs.b.
Petf Pea = Po2

where

APf v = free vortex pressure rise

APS b = solid b>dy pressure rise

Ptz - P82 = absolute inlet dynamic pressure
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[ = 3.5 (= - 3.5
v, ’ u, % g2
Lom (2 e 1+ .4 = 5" 1
t2 = t2
UE - U2 .
l1- .2 e 1-.2 P
- t2 L t2 N
(63 =
Poff 2 3.5
(1 + .2 M ) -1
9 .
Performing the calculations:
r
Based on conservation of angular momentum, Vu3 = (;%) Vu2
inui A,V d V b2 Az) \
From continuity, Py A2 Vr2 = p3 3 V.3 an 3 (p A3 2

V., (for free vortex flow) = 1822 fps and is defined by the calculated
values of the radial and tangential components, Vr3 and Vu3'

2
v 2
1 - 2 =3} - 1- .2 (282%) | g.7617
5 1669
t3
2
v 2
1- 2{=2) =1 - .2(388) _o.4us
2 1669
£2
Uy 2,2 2 2
2\ IR 1300 1.512
2
U 2
2\ 1300\ 2
1 - .2 (;:) 1- .2 (3333) - 0.8787
5 35 ks
(L+.2m5 - 1=[1+.2(266)° -1-=20.9
(0.7617) 33 (1.0347) 303
\oa1s 0.8787
Page = =—a - 0.318

Performance of the rotating vaneless diffuser was measured on the low-
speed radial outflow compressor. The equation that follows is an
equivalent definition of effective static pressure rise coefficient
for the low-speed machine.
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Pagf g

r r A4
1 2 2 1
(1 + Q(FE) tan BZ) + & (g)

0.945
7.06 inches
8.27 inches

§ 1is inlet flow coefficient, Vrl/Ul

r is radius at rotor inlet

r, 1is radius at rotating vaneless diffuser inlet

BZ is angle of inlet relative velocity 60 degrees

Flow coefficient is proportional to compressor airflow as shown by the
following relationships.,

w
V = —
rl pA1
Tangential velocity U1 is calculated from the rotational speed of the
compressor.
N
Uy = 2m; %0
Then,
5. = W 60
1 pAl ZﬂrlN

Compressor inlet airflow is determined from the measurement of total
pressure, static pressure,and total temperature in conjunction with an
accurately calibrated inlet bellmouth.

The effective static pressure coefficient at the test conditions corre-
sponding to an inlet flow coefficient of 0.945 is calculated as follows:

2
CP = = — £=====================;- = 0.32
et 7.06}? 2 2 (7.06)*
(1 + 0.945 3457) tan 60°)° + (0.945) (5457)

342



The low-speed radial outflow compressor test results indicated that
maximum rotor efficiency was associated with effective static pressure
rise coefficients in the range from 0.30 to 0.36.

Supersonic Stator Blades

The supersonic stators are designev for an inlet Mach number of 1.28
and an inlet flow angle of 80 degrees. Using case 22286, Table X,as
typical of the test results from the transonic cascade tunnel, the
following inlet and exit conditions were measured:

Inlet Conditions Exit Conditions
M4 = 1.33 M5 = 0.7389
Pt4 = 109.5316 inches of fluid PtS = 98.7237 inches of fluid
Ps4 = 38.002 inches of fluid PSS = 68.7667 inches of fluid
@ = 80 degrees @ = 76.1749 degrees
Tt4 = 74 degrees Fahrenheit
P - P g
= t4 t5 109.5316 - 98.7237 0.1511
- P - P, T 109.5316 - 38.0025 = "7
t4 s4
P - P
T - s5 s& _68.7667 - 38.0025 0.4301
P P - P, " 109.5316 - 38.0025 = °

thH st

For the design inlet Mach number of 1.28 and inlet flow angle of 80

degrees, the loss coefficient is 0.144 and the static pressure rise

coefficient is 0.46, as shown in Figure 155. The corresponding goals
were T of 0.14 and Cp of 0.45.

Subsonic Stators

The subsonic stators are designed for an inlet Mach number of 0.70 and
an inlet angle of 75 degrees. Using case 22331, Table XI, the following
inlet and exit conditions were measured in the transonic cascade tunnel:

Inlet Conditions Exit Conditions

MS.ZS = 0.6984 M6 = 0.3471

Pts 25 = 93.5987 inches of fluid Pt6 = 91.8831 inches of fluid
P = 67.6444 inches of :luid P = 84.5614 inches of fluid
§5.25 sb6

a5.25 75 degrees a6 = 71.4732

Tts = 65 degrees Fahrenheit
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P - P
i t5.25 té _ 93,5987 91.8831 = 0.0661

Pi5.25 = Fg5.25 93-3987 - 67.6444
P -P
= "s6 " Ps5.25 84.5614 - 67.6444 _ (1o
P = 93.5987 - 67.6445 ~ °°

Pis.25 ™ Fg5.25

The goals, @ of 0.08 and C, of 0.60, at the design inlet conditions
were exceeded as shown by the above test case.

Tandem

The tandem arrangement of supersonic and subsonic stators has a design
inlet Mach number of 1.28 and an inlet angle of 80 degrees. Case 22926,
Table XII, is very close to these conditionsgand the measured inlet

and exit conditions are as follows:

Inlet Conditions Exit Conditions
M4 = 1.3012 M6 = 0.4130
Pt4 = 107.5892 inches of fluid Pt6 = 90.8436 inches of fluid
P, = 38.8470 inches of fluid P = 80.8141 inches of fluid
o = 80 degrees @ = 66.8189
Tt4 = 75 degrees Fahrenheit
P - P
L t4 t6  107.5892 - 90.8436 0.2436
P, -P - 107.5892 - 38.8470 = °
t4 s
P - P
T - t4 t6 _80.8141 - 38.8470 0.6105
P~ Pt4 - Ps4 - 107.5892 - 38.8470  *°

These performance values are relatively close to the goals, which were
w of 0.22 and Cp of 0.60.

COMPRESSOR PERFORMANCE CALCULATIONS

Rotor Inlet
The design inlet conditions are:

1. Incidence angle, i

0 degrees
2. Angle of relative velocity, Bl = 60 degrees
3. 1IGV setting, o

1 -18.4 degrees

344

st



4, Design wheel speed, U2 = 1300 feet per second
5. Trailing edge radius, r2 = 4.30 inches

6. leading edge radius, r, = 3.60 inches

7. 1Inlet temperature, Ttl = 520 degrees Rankine
8. Inlet pressure, P = 1 atmosphere

tl

The rotor inlet velocity triangle is constructed as shown in Figure 2.
The first step in solving the velocity triangle is to determine the
inlet compressor tangential velocity, U

1

U r

U—l - -r—l- (la)
2 2

U. = 1300 3560) = 1088.4 feet d (1b)
1 = 4.30 = . ee per secon

From geometry, the radial velocity component, Vrl’ can be determined.

U, -V U Vv
Ean 81 - 1v ul - Vl - Vu1 (2a)
rl rl rl
\Y
tan o) = 2 (2b)
\)
rl
0
T tan Bl + tan @ = tan 60° + tan (-18.4°) (2¢)
rl
U1 o
v = 1.732 - 0.333 = 1.399 (24d)
rl
U1
Vrl = TEFV;.? = 1088.4/1.399 = 778 ft/sec (2e)

The remaining sides at the velocity triangle are calculated.

\
rl 778
V1 ~ cos a; = cos (-i8.4°) ~ 819 ft/sec 3)
v
rl 778
wl " cos Bl = cos 60° 1555 ft/sec )
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Vul = Vrl tan @ = (778)(-0.333) = -259 ft/sec

To determine the Mach number associated with the inlet velocities,
inlet static temperature and sonic velocity are calculated.

2
Y (819)
Tep = Waf = = 7037.2)(178) (.24

= 56°R
)

Taa=Ty - (T

alz=~,YgR Tsl = 49.02 4464 = 1056 ft/sec

- - _ (o]
e1 " Tsl) = 520 - 56 = 464°R

1 819
Ml = ZI = To5¢ = 0.776
W
1 1555
MR]_ = —1 = 1056 = 1-473

Inlet temperature, pressure, and flow parameters are determined.

T

sl = 0.6975 (Isentropic Table at M_. = 1.473)
T 1

t1R

T
sl 464 . O

T = = = 665 R

t1R (Tsl/Tth) 0.6975
i 1
§§_ = 0.671 (Isentropic Table at M1 = 0.776)

tl

g 1

P, {221 (. ,) = (0.671)(1.0) = 0.671 atmosphere

sl Ptl tl

Psl

7 = 0..83 (Isentropic Table at MR = 1.473)

1
tlR
Ps1 0.671
s L
Pth = @ I/Pth) = 0.283 - 2.37 atmospheres
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(10a)

(10b)

(1l1la)

(11b)
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(12b)



m(7.2)(0.70)

Area = Dh = T = 0.11 square foot (13)
Bl
55— = 0.7525 (Isentropic Table at M :: 0.776) (14)
£l
T AL V. = |21 (p. .)(0.11)(778)
17 Ps1 %117 |5 el
wy = (0.7525) (0.07648)(0.11)(778) = 4.925% 1b/sec (15)

Rotor Blade

The rotor blade exit relative total pressure, total temperature and Mach
number can now be determined. In addition to the inlet conditions,

design values for the blade trailing edge tangential velocity, U
1300 ft/sec and exit relative flow angle, Bz, of 60 degrees are %nown.

t2R

C‘.I (=]
R TN
I

3

t2R

t2R

t2R

t2R

t2R ~

, of

U22 Ul2
«-T . = = (16)
t1R ZgJCP ZgJCP
r r
;Z and U, = U, (;g) (17)
1 i
2 2 2
- 6 -
t1R ZgJCP I ZgJCP
u,2 ey 2
o~ g, () -]
tIR ~ 2gJC, |\r;
T T Sl o 7%\ N,
tlR - 12012 3.6
= = 42°
Ten = <R 18
_ - _ - (o]
Tor * Teop = Teqr) = 665 + 42 = 707°R (19)

*With an assumed

flow coefficient of 0.95, w, = 4.68 1lb/sec.
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From rotor blade cascade tests at an inlet Mach number of 1.473, W =
0.185. For the two-dimensional cascade tests, the loss coefficient,
w, was defined as

P, - P
R T (20a)
tl sl
Py " Pep =0 (B - Py (20b)
P P
FEZ B ( . i;il) (20c)
tl tl

In the three-dimensional case, the rotating cascade produces a total
pressure rise from the inlet to the exit of the bladeyand the following
relationship is applied using the W value determined from the two-
dimensional cascade tests.

P P P
Rl Il o[y ®
i

el Perl | VPea
P P P
Pt:2R il (1 i Psl ) (PtZR) (22)
t1R tR1I/f\ 1R/ i
y-1
Por Teory 707\ 33
S 3 = 565 = 1,239 (23)
tlR/ 1 tlR
Peor ;
F=o [E - 0.186 (1 - 0.2835] 1.239 = 1.074 (24)
t1R
PR
PtZR = Pth (Fzzg) = (2.37)(1.074) = 2.55 atmospheres (25)
ﬁz ) r2 h2 cos BZ (2a)
A1 R1 h1 cos Bl
B, = B, = 60° (26b)
b _ 46.3)(0.586)(0.5) _ | o o)
A, T (38 (0.7) (0.5) T 7 £
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A

—l* = 1.158 (Isentropic Table at MlR = 1.473) (27)
1

w Q/T

A—l*—P—tlB = constant = 0.532 (288)
1 t1R

w dT

Kz*—-Pﬂ = constant = 0.532 (28b)
2 t2R

wl = w2 (280)

A * P T

Al* - P‘2R Tth - 1.074 g%% = 1.0413 (28d)
2 tlR t2R

*

ST (A_Z) (5.1) il_)
* % *

A \ALT VAT,

A2

T = (1.0)(1.158)(1.0413) = 1.206 (29)
2

MRZ = 1.54 (Isentropic Table at A2/A2* = 1.206) (30)

Rotor Exit

The rotor exit velocity triangle, shown in Figure 2, is solved, and rotor
discharge pressures and temperatures are determined.

TtZR
T " 1.476 (Isentropic Table at M2 = 1.54) 31)
s2 R

Teor 707
T . = = = 479°R (32)
52 (Tt2§7T82) 1.476
a, =Jrg R T82 = 49.024/479 = 1073 ft/sec (33)
wz = a, H'RZ = (1073)(1.54) = 1656 ft/sec (34)
wuZ = Wz sin 32 = 1656 sin 60° = 1434 ft/sec (35)
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V.,=W,+U, = 1434 + 1300 = 2734 ft/sec

u? u2 2
— — ° —
Vr2 = w2 cos Bz = (1656)(cos 60°) = 828 ft
\'J
u2 2734 o
az = arc tan 7 = arc tan 828 73.2
r2
B 2
8% - 0.256 (Isentropic Table at MR = 1.54)
2
t2R
PsZ
P82 = (Ptzg) PtZR = (0.256)(2.55) = 0.653 atmosphere

V. = 3 - (828)% + (2734)2 = 2856 ft/sec
2 v 9 + Vu2

2 2856
M2 = 2, = 1076 = 2.66
Teo
T = 2.417 (Isentropic Table at M2 = 2.66)
s2
Pea
o= 22.0 (Isentropic Table at M2 = 2.66)
s2
Tt2
_ LI - (o]
th = (Tsz)(T )- (479)(2.417) = 1159°R
s2
Pt2
P, =(® J)=—]= (0.653)(22) = 14.37 atmospheres
t2 s2 Psz
Rotating Vaneless Diffuser
From conservation of angular momentum,
) 4.3
Vu3 =(;;)(Vu2) = 6.45 (2734) = 1823 ft/sec
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(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)



P (39.68)(0.653)

- 0.054 1lbm/ft> (48)

Py =RT © 479
) 21 (4.3)(0.586) _ 2
A, =2mh = T = u.11 ft (49)
w = p,AV , = (0.054)(0.11)(828) = 4.92 lbm/sec (50)
Py
St - 0.889 (Estimated for M, = 1.54) (51)
P 2R
£2
Pis3
P.=(P. ) =— =(14.30)(0.889) = 12.7 atmospheres (52)
t3 t2 Pt2
Pi3  39.68 (12.7) 3
Py = 39.68 = = = 0.435 1bm/ft (53)
t3
_ 21 (6.45)(0.4) _ 2
Ay =21y hy = o = 0.1125 ft (54)

To account for boundary layer growth, a blockage factor, B, of 0.63 is
used.

Agp =BA, = (0.63)(0.1125) 0.071 £t (55)

An iteration is now performed assuming values of M, and checking to see
if the continuity relationship is satisfied. From the assumed M3, p3

is calculated. Using the continuity equation, a value of radial velocity
is calculated. Knowing V ., and V 3> V3 and M, are calculated and com-
pared to the assumed value. The Eollowing calculations assume an M3 of
1.28.

Te3
Ts3

1.3277 (Isentropic Table at M3 = 1.28) (56)

_Tes 1159
53 7 T /T ) - 1.3277

ay =~frgTTS_3-= 49.02 873 = 1448 ft/sec (58)

M3 = (1448)(1.28) = 1853 ft/sec (59)

= 873°R (57)

V3 =a3
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—= = 2.03 (Isentropic Table at M3 = 1.28) (60)
ps3
3
Pe3 = pt3/(pt3/p83) = (0.435)/(2.03) = 0.214 1bm/ft (61)
s —X 4 432 - 324 ft/sec (62)

v = =
r3 " by Ay~ (0.214)(0.071)

V. = 2 2‘ = 1823)244 (324’2q; 1838 ft/sec (63)
3 Vu3 + Vr3

3 1838
My = 3= = 75 = 127 (64)
@, = arc tan (V3u/v3r) = arc tan (1823/324)
@y = arc tan 5.6265 - 79° 55! (65)

For the assumed M, of 1.28 and V3 of 1853, calculated values of M3 and
V3 were 1.27 and ?838, respectively.

Supersonic Stator

Design inlet conditions are M, of 1.28 and o, of 80 degrees. From the
two-dimensional cascade test data at these conditions, the total pres-
sure loss coefficient was 0.144 and the static pressure rise coeffi-
cient was 0.46.

Ps4/Pt4 = 0.371 (Isentropic Table at M4 = 1.28) (66)
Pt4 = Pt3 Station 3 is defined as rotor exit
Station 4 is defined as supersonic stator inlet (67)
Py, = 12.7 atmospheres (see equation 52) (68)
P34 s Pt4 (Ps4/Pt4) = (12.7)(0.371) = 4.7 atmospheres (69)
PtA - P34 = 12.7 - 4.7 = 8.0 atmospheres (70)
P - P
T - 0.144 = gA—E3 (71a)
t4 s4
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= = 0. | = 1. b
Pt4 Pt5 0.144 (8.0) 1.15 atmospheres (71b)
Pt5 = Pt4 - (Pt4 - Pts) = 12.7 - 1.15 = 11.55 atmospheres (71lc)
P =
T, = 0.46 = F22——% (72a)
t4 s4

Pss - Ps4 = 0.46 (8.0) = 3.68 atmospheres (72b)
PsS - (PSS N Ps4) * Ps4
PSS = 3.68 + 4.7 = 8.38 atmospheres (72¢)
P

85 8.38
P =71.55 - 0.7255 (73)

ts5
MS = 0.693 (Isentropic Tabiz at PsS/PtS of 0.7255) (74)

Subsonic Stators

The station designation of the subsonic stators is 5.25 at the inlet
and 6.0 at the exit. Design inlet conditions are Mg 75 of 0.71 and
as 25 of 75 degrees. From the two-dimensional cascade data at these
conditions, the total pressure loss coefficient was 0.654.

P

Pt5.25 =P g 11.55 atmospheres (75)

P

PsS.ZS =P g 8.38 atmospheres (76)

The subsonic stator calculations are as follows:

Pt5.25 - PsS.ZS = 11.55 - 8.38 = 3.17 atmospheres an
P - P
T - 0.066 = 5-2+22LO (78a)
t5.25 85.25
Pt5.25 - Pt6 = 0.066 (3.17) = 0.21 atmosphere (78b)
Peo = Pes.as - Pes.as - Prg)
Pt6 = 11.55 - 0.21 = 11.34 atmospheres (78¢)
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P - P
CP = 0.654 = P—-—S6'—_——P£5.25 (79a)
£5.25 s5.25
Ps6 - P35.25 = (0.654)(3.17) = 2.07 atmospheres (79b)
Pio = (Pyg = Pss.25) * Pys.25
Ps6 = 2.07 + 8.38 = 10.45 atmospheres (79¢)
Ps6  10.45
5 = T35 - 0-921 (80)
t6
M6 = 0.345 (Isentropic Table at PsG/Pt6 = 0.921) (81)
Compressor Efficiency
¥-1
Y
Pee
AT (Isentropic) =T [(———) - ]
to P
to
AT (Isentropic) = 520 [(11.34)'2857 - {]
AT (Isentropic) = 520 (2.00124-1)
AT (Isentropic) = 521°R (82)
(o]
Tt6 = th = 1159°R (from equation 45) (83)
- _ - - o]
Tt6 Tto = 1159 520 = 639°R (84)
(T - T_ ) Isentropic
t6 to 521 :
M = @, T ) Aetwal " §39 0.816 or 81.6% (85)

Compressor Characteristic Maps

The supersonic and subsonic compressor maps presented in Figures 216 and
217 were generated from a computer program which incorporates the above
described calculation procedure along with performance characteristics
determined from Phase I component tests.
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APPENDJX II, DERIVATION OF CHARACTERISTIC EQUATIONS

INTRODUCTION

The purpose of this analysis is to develop the equations required to
perform a numerical solution of a supersonic, adiabatic, isentropic,
steady, variable thickness inviscid flow of a perfect gas in a

rotating reference frame. Such a solution is considered to be obtained
when the significant flow field properties are known at each point in
the flow field, and such properties are consistent with both the bound-
ary conditions and the joverning flow equations, within an acceptable
degree of error.

Since the flow is considered isentropic, a knowledge of the flow direc-
tion and any fluid property (excluding entropy) is sufficient to specify
all other significant flow properties. In the analysis to follow, it
will be found convenient to specify the flow direction and the flow
pressure by means of the two flow properties E(+) and §(-), defined

as follows:
2
e SWE=L o b (1a)

E(-) = —-2- Inp -6 (1b)

Basically, it is assumed that initially the values of £(+) and E(-) are
known at every point along an input line. The analytic technique is
simply concerned with the extension of the knowledge of £(+) and §(-)
from the input line to the rest of the flow field. It is understood
that, owing to the numerical nature of the method, only a finite number
of points on the input line can be used; consequently, the flow field

can be determined only at a finite number of field points. These field
points constitute what may be called a solution mesh. If it is desired
to know the flow conditions at an off-mesh point, one may either use
interpolation between on-mesh points or redefine the initial input points
so as to produce a mesh containing the desired point. If it is deemed
that a solution mesh is not accurate enough, an increase in the number

of input points will increase the mesh fineness and the solution accuracy.
Incidentally, one method for estimating the aacuracy of a solution mesh
is simply to compare it to a finer solution mesh. A brief discussion of
the process of constructing a solution mesh from the corresponding input
points is given below.

Unlike many numerical techniques, the method of characteristics does not

require the solution for all the mesh points simultaneously. Rather,
the mesh points are determined in a consecutive manner with the conditions
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at each new mesh point generally calculated from the knowledge of condi-
tions at two previously calculated upstream mesh points. This procedure
is possible because of the nature of supersonic flow. In the special
case of a mesh point at a solid boundary, or a free surface, only one
previously calculated mesh point is required.

To specify an unknown mesh point completely, it is necessary to determine
its location and its £(+) and £(-) values. Consider two mesh points
whose location and associated flow properties are known. It is desired
to find the next consecutive mesh point. Theoretically, through each
mesh point two curves called physical characteristics may be drawn. To
distinguish the two curves, one is called the positive (+) characteristic
and the other the negative (-) characteristic. The location of the next
consecutive mesh point corresponding to the two given mesh points is
defined by the intersection of a positive and a negative characteristic
from each mesh point as shown in Figure 218.

{:}2 /m2(+)
rd
Vs (-) /
,-/ my () 3
2
X (),

(I

Figure 218. Mesh Point Location by Characteristic Curves
and by Characceristic Slopes.

In practice, only the slopes of the characteristic curves are generally
known at each mesh; and in lieu of an exact specification of the mesh
point location, an approximate location, based on the intersection of
two straight lines, must be accepted. The slopes of the characteristic
curves at any mesh point are, in general, a function only of the flow
properties at the mesh point. It will be shown later that foi the
particular problem under study, the positive and negative characteristic
slopes are, respectively,

m1(+) = tan (81 + ul) (2a)
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m,(-) = tan (8, - u,) (2b)
where 1

tan P =
A“Mz-l

With the location of the mesh point determined, an initial approximation
of the flow properties at the point can be made. As will be shown later,
£3(+) may be determined using an equation of the form

E,(9) = £,(+) + ¢ (#) + AL , (3)

where
§3(+) is the value of E(+) at mesh point 3

gl(+) is the value of £(+) at mesh point 1

el(+) is a function which depends on the flow properties at mesh
point 1

Al1-3 is the distance from mesh point 1 to mesh point 3

Similarly, the value of §3(-) can be determined from:
€4(-) = §,(-) + ¢,(-) AL, 4 (4?

where

§3(-) is the value of £(-) at mesh point 3

gz(-) is the value of E(-) at 2

ez(-) is a function which depends on the properties at mesh point 2

A12_3 is the distance from mc:h point 2 to mesh point 3
With £3(+) and £3(-) known, the rest of the flow properties at point 3
may be determined. In addition, the positive and negative character-
istic slopes may be calculated at point 3. It is apparent that a better
approximation of the position of point 3 can be obtained if the straight
lines drawn through mesh points 1 and 2 are drawn with appropriate

average slopes us shown in Figure 219. The subscript "1-3" indicates an
average of m1(+) and m3(+).

my.3(+)

my_3(-)

N (=).
Mo o 2

Figure 219. Mesh Point Location by Characteristic
Curves and by Characteristic Average Slopes.
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It can be seen that the new mesh point will be very close to its exact
locetion if the mesh is reasonably fine with respect to the curvature
of the characteristics.

With a new position for mesh point 3, a new determination of g€3(+) and
€3(-) should be made. In the new determination, the average of the
el(+) and e3(+) values should be used in placg of €1(+) in equation 3;
and the average of ¢p(-) and r3( -) used in place of ¢p(-) in equation 4.
That is,

E,(+) = §,(+) + ¢; 4(+) ALy 4 (5a)

It

83(-) = §) (=) + ¢, 3(=) ALy 4 (5b)
The iterative correction of location and properties is continued until
adequate conversion is obtained. It may be noted here that although

the above iteration can be made as close as desired, an absolute error in
location and value will always exist which can only be reduced by going
to a smaller mesh size. Fortunately, this srror is very small for reason-
ably fine meshes.

The remainder of this analysis will be devoted to a derivation of the
characteristic fuactions m(+), m(-), e(+) and e(-).

ANALYSIS

Reference Frame

The reference frame used for the development of the characteristic
relationships is a Cartesian coordinate system whose origin is fixed
in space, but which possesses an angular velocity w about its z axis.
A region surrounding the point A in the flow field is tc be investi-
gated. The point A and the associated nomenclature are shown in the
ro:ating coordinate system in Figure 220.

The unit vectors 1 and j are the intrinsic unit vector at the point A.
The vector 1 is parallel to the relative velocity vector at A, and the
vector j is normal to T as shown. Since the vectors i and J are fixed
with respect to the reference Cartesian system, they possess both a
translation and a rotation with respect to fixed space. The conserva-
tion equations_will be developed at the point A with respect to the
directions of i and j

Steady-State Conserva »n of Mass

Consider the stream element bounded by streamline (1), streamline (2),
the upper and lower flow passage walls, and stream filament faces A and
B, as shown in Figure 221. There is no flow of mass across the passage
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Figure 220. Rotating Reference Frame.
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Figure 221, Stream Element.
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walls or across the bounding streamlines. The mass flow out of the
element through face A and face B respectively is given by:

ﬁA -(szn)A (6a)

ﬁB (szn)A + E&B%iﬂl ds (6b)

Since the flow field is steady,

M, + M =0 o)
2. oV = 0 (8)
os P B

In expanded form, equation 3 becomes

oV o) o) V on
p 38 + V 5& + pv s In(z) + p v 0 (9)

The last term in equation 9 represents the effect of streamline diver-
gence. It is possible to describe streamline divergence in an alternate
and more desirable manner, i.e., in terms of the rate and change of
streamline angle with respect to the normal direction 3.

3n 28 |
ds _ on (10) 1
!

B

on
If z is assumed to be a function of R only (as in a rotor with an axi-

symmetric passage width distribution), then the term g% In(z) may be

rewritten as

-a% In(z) = %@ cos(9-B) (11)

Substituting equation 10 and equation 1l into equation 9 and rearranging
terms imparts the following form to the continuity equation at point A.

1V _ 130,38, dlne =
"V 3 - + i B8 *3m T @ cos(8-B) (12)
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Steady-State Conservation of Momentum

Consider a particle P a distance r from point A, and at an angle A with
i as shown in Figure 220. The acceleration of this point in an inertial
reference frame is

+T +20XT +0XT +O0x®XT (13)

=

A=
In equation 13 the dots represent differentiation with respect to time
in the inertial frame and the primes represent differentiation with

respect to time in the non-inertial i - j) frame.

The terms of equation 13, expanded in terms of the 1 and ._.1- directions, are:

R = - R cos(p-p)I + w’R sin(e-F)] (14a)
F -u'i=V] (14b)
26 x T' = -2wvi + 2(1!13 (l4c)
TxF =0 (14d)
- — 2 o 2 -

WX WXT=-«-wr coshi - w r sinAj (1l4e)

particle velocity in the 1 direction
particle velocity in the j direction

The components of 14b may be rewritten as

u'=ug—:-t»vg—':l (15a)
v'=u-aa-§+v-g% (15b)

Combining equations 13 and lka to equations lle, 15a, and 15b yields

A= [- wzr cos(6-B) + u % + Vv ‘g% - 2w - er COS)\]I
ov ov 2
+[wr sin(p- §)+ua—+va + 20u - @T sind]j (16)
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To determine the acceleration of a particle at A, the radius r is allowed
to approach zero.

Limu =V 17a
-0 ( )
Lim v = 0 (17b)
r-0

L2238
Il:.i.s U= v g (17¢c)

Hence, the acceleration at the point A is

R - ('R cos(e-B) + VT + [u’R sin(e-B) + vV R 4 2wl]  (18)

The force f)er unit mass of fluid due to the flow field pressure gradients
is

dF -VP
Expanding the terms of the i and J_ directions yields
_¥p _10Pr 10Pt (20)

p—pasl+pan

Equating 20 (the force per unit mass) to 18 (the acceleration) and sepa-
rating i and j components yields the two momentum equations:

1P oV _ 2 -8) =

A +V % - Y R cos(6-B) = 0 (21a)
1 aP 2 9 2 a

-5 5; +V ’a—g‘ + 20V + W R sin(e-S) =0 (Zlb)

Characteristic Equations

It is desired at this point to have equations 2la and 21b contain only
the partials of the pressure P and flow angle §. The continuity
equation (equation 12) can be used to eliminate the partial of V at
the expense of introducing the partial of p (introduction of the
partial of z is of no consequence since it is assumed that the behavior
of z is known). However, since the flow is assumed to be isentropic,
the partial of p can be related to the partial of P by

op _ 1 oP
s 2 93s (22)

a
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Combining 2la and 21b with 22 and noting that M2 = V2/a and that pV2 =
yeM? yields

3k 36 _ _
% , 0. K (23a)
- ’
Zon T3 = 7° (23%)
pV
where M2_1
8=
WM
wZR )
AR ——2+ﬁln(z) cos(6-B)
\Y
2
o___%‘-”q.g)-%sin(e-é)
\'

In addition to equations 18a and 18b, two more equations foi the partials
of P and § can be written,as follows:

aP oP _
e ds + N dn = dP (24a)
L 96 _
% ds + n dn = dé (24b)

Equations 23a, 23b, 24a and 24b are four equations in the four partials
of P and 6 with respect to s and n, and can be represented in matrix
form by

NX =2¢C (25)
where
ds dn 0 OT
0 0 ds dn
N = Q 0 01
P
0 —lz- 1 0 )
pv -
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E
ds

P
on

<] (26)
os

8
30|
[dp |
do
-K
-

Forming the determinant of N yields

2

DET(N) = ds” - (Mz-l) dn2

(27)

and hence the determinant of N is zero in the direction

= 3 — (28)

Note: M > 1

The directions in which the determinant of N is zero are called char-
acteristic directions, and curves along which the determinant of N is
zero are called characteristic curves, or simply characteristics.

From the definition of the Mach angle, the following relationships are
valid if M > 1

sinp = 1I/M (29a)
cosy -.-,Q/h?-—l‘ ™ (29b)
tanu 1/,JM§-1 (29¢)

It is seen that the directions defined by equation 28 are coincident
with the directions of the Mach lines passing through th~ point A.

The assumption that the first derivatives of the dependent variables

have finite values requires that the four numerator determinants in
Cramer's Rule also be zero in the direction of the Mach lines through
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point A. In each of the four Cramer's Rule determinants, this require-
ment reduces to:

rE:de+ods +K tanu ds = 0 (30)

YM

The distance ds in the i direction can be related to the distance dl
in a characteristic direction by

ds = dl cosy (31)

A positive dl corresponds to a movement in the upstream direction, while
a negative dl corresponds to a movement in the downstream direction.
Besides changing ds to dl, a further modification of equation 30 can be
made by defining two new fluid properties, £(+) and £(-),such that

dE(+) = T QPR + do (32a)
ag(-) = T 2 - do (32b)

Substituting 31, 32a and 32b into 30 yields
d€(+) + (£ o cosy + K siny) d1 =0 (33)

Equation 33 may be put in finite difference form by noting that

dE(+) = E(+) - £, (+) (34a)
d§(-) = E(-) - E () (34b)
dl = a1 (34c)
where
€(+) =T In (P/; ) +8 (35a)
t
€(-) =T In (P/;t) -9 (35%)

and Ft is an arbitrary constant

Substituting 34a to 34c into 33 yields

() = §o(i) - (+ o cosy + K sinp) Al (36)
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If the definitions

e(+)
e(-)

-0 cosy, - K siny (37a)

a cosp ~ K sinp (37b)

are made, then equation 36 becomes

E(d) = §o(i) + e() Al (38)

Characteristic Functions

To summarize the analysis, it has been shown that the functions m(+),
m(-), e(+), and €(-) described in the introduction are:

m(+) = tan(e + p) (39a)
m(-) = tan(8 - p) (39b)
where
u = arc tan
Mz-l
and
e(+) = -0 cosp, - K siny (39¢)
€(-) = 0 cosy - K sinp (39d)
Whe;e= (% + ﬁ: ln(z)) cos(6-F)
c =(%$ + 2é—g)sin(e-ﬁ)

Evaluation of Field Properties from E(+) and E(-)

With £€(+) and £(-) known at a point A, the nondimensionalized pressure
at A may be obtained by addition of equations 35a and 35b, i.e.,

P
-_— = e 40
S 2T (40)
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In equation 40, Ft is an arbitrary reference pressure which will,

for convenience, be chosen as the actual total pressure (relative to
the rotating reference frame) at some reference radius R*. If the total
temperature at R* (relative to the rotating reference frame) is T,, then
since the flow is isentropic, the temperature and pressure at any other
radius are related as follows:

E ) (41)
Pt

- = exp s 2Y+F (42)
T =

—<

But since the flow is adiabatic, the increase in total temperature with
radius due to reference frame rotation is

T 2
= - % g2.r% (43)
t
2 CP Tt
Also noting that
Te Y-1 2
T = 1+ — M (44)
2
r-vis (45)
YM

and multiplying 42 by 44 and equating to 43 yield

2
2 AfM1 2Cp Ty
M2 Y-l

The equation may be solved for the Mach number M. Once M is known, the
other fluid properties can be easily evaluated by the usual methods. The
flow angle may be obtained from equations 35a -nd 35b by simple subtraction.

3y = Eiﬁ_;_ﬂ:l (47)
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APPENDIX III, ROC INSTRUMENTATION

INTRODUCT ION

The purpose of the ROC instrumentation is to provide sufficient infor-
mation to:

1. Evaluate the compressor performance.

2. Aid in locating and diagnosing mechanical and aerodynamic defi-
ciencies.

3. Insure that the compressor is operated within prescrived safe
limits.

The fulfillment of the instrumentation function in general entails both
a data collection operation and a data reduction operation. The data
collection operation ordinarily consists of five steps, as follows:

1. Definition of parameter to be monitored; and the region of interest.
2. Definition of a suitable "signature" which may be monitored if it
is not possible to monitor the parameter directly, either because

of its nat*ure or because of its location.

3. Measurement of the signature (or the parameter directly) in terms
of a transmittable signal.

4, Transmission of the signal to the display station.

5. Display of the signal by means of a suitable read-out device.

The data reduction operation entails:

1., Compensating for bias introduced by the transmission system or the
display system (relating value on read-out device to transducer

signal).

2. Relating the transducer signal to the value indicated (requires
transducer characteristic curves).

3. Relating the value of the signature to the value of the varameter
in the region of interest (in most cases, an attempt is made to
determine the value that the parameter would have had if the
instrumentation were not in place).

Lk, Combining the value of the parameter measured with other parameters

evaluate the significant system variables (efficiency, thermal
distribution, stress levels, etc.).
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STATION AND INSTRUMENTATION DEFINITIONS

The regions in the compressor at which aerodynamic measurements will

be made are listed in Table XVIII and are shown diagrammatically in

Figure 222. A listing of the quantities to be measured at the above
stations is given in Table XIX. The first column of Table XIX indicates
the symbol which shall be used to designate the quantity. The second
column indicates the number of probes or measurement heads which will be
used to collect the data. The set of four columns which follows indicates
the particular buildup during which each specific measurement will be
required, and the last column briefly describes the quantity to be
measured.

The configurations corresponding to the buildup numbers referred to in
the table are as follows:

Buildup Number Con{iguration
1 Rotor only
2 Rotor and supersonic stator
3 Rotor and supersonic stator
4 Rotor, supersonic and subsonic stators
5 Rotor, supersonic and subsonic stators
6 Rotor, supersonic, subsonic stators,

and IGV.

Required instrumentation is indicated tv an X in the appropriate buildup
number column. An asterisk by the instrument identification indicates
traversable instrumentation.

T - A
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TABIE XVIII
ROC STATION DEFINITION

" oot okl » "

Station Description
0 Tank Condition or Compressor Inlet
0.05 Inlet Screen Inlet
0.1 Inlet Screen Exit
0.25 IGV Inlet
0.50 IGV Exit
0.75 Inlet Duct
1.0 Rotor Blade Inlet
2.0 Rotor Llade Exit
E 3.0 Rotor Exit
k 4.0 Supersonic Stator Inlet
4.5 Supersonic Stator Passage
| 5.0 Supersonic Stator Exit
5.25 Subsonic Stator Inlet
5.50 Subsonic Stator Passage
6.0 Subsonic Stator Exit
' 7.0 Scroll Inlet
7.25 Scroll Centerline
7.50 Scroll Outside Diameter
7.75 Splitter Lip
8.0 Diffuser
9.0 E lbow
[4
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TABLE XIX
RADIAL OUTFLOW COMPRESSOR RESEARCH INSTRUMENTATION (PHASE II)

Buildup Number

) Identification Number 1 2-3 4-5 6 Description
Pressures
3 APV-1 2 X X X X Venturi AP
UP V-1 2 X X X X  Venturi upstream total |
0P2-1 6 X X X X Tank static pressure
0.25 Pt 4 X X X X IGV inlet totals ’
0.25 Ps 8 X X X X IGV inlet statics
*0.50 Pt 1 X IGV exit total pressure
and angle
0.50 Ps 8 X IGV exit statics
0.75 Ps 2 X X X X Inlet duct static ]
pressure '
3.0 PS 18 X X X X Rotor exit static
pressure
*3.0 Pt 1 X Rotor exit total
pressure and yaw
4.0 Ps 6 X Supersonic stator inlet
4.5 Ps 2 X X X X Supersonic stator
passage statics
*5.0 P 1 X X Supersonic stator exit
t
total and yaw
*5.0 P R 1 X Supersonic stator exit
t
total rake
5.0 Ps 8 X X X X Supersonic stator exit
statics
5.5 Ps 3 X X X Subsonic stator passage
( statics
%5.5 Pt 1 X X Subsonic stator spindle
cobra probe
! %*6.0 Pt 1 X X Subsonic stator exit
total rake
TGP 6 X X X X Scroll inlet statics
1.25 P 8 X X Scroll centerline
s
statics
375
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TABLE XIX, Continued

Buildup Number
Identification Number 1 2=3 4-5 6 Description

Pressures (Continued)

*7 .25 Pt 1 X - Scroll centerline total
and yaw traverse
7.5 P 2 . X Scroll outside diameter
s
statics
7.75 Ps 7 X Splitter lip statics
8.0 Ps 16 X X Diffuser wall statics
*8.0 Pt 15 X Diffuser totals
9.0 Ps 8 X X Elbow statics
*9.0 Pt 15 X Elbow exit totals

Additional Pressure Instrumentation

UCV-AP 2 X X X X Upstream coolant flow
orifice AP

UCV-Pt 1 X X X X Upstream coolant flow
orifice total

DCV-AP 2 X X X X Downstream coolant flow
orifice AP

DCV-Pt 1 X X X X Downstream coolant flow
orifice total

DRPg4-1 4 X X X X Disc rear static pres-
sure (radius - 4.25)

DRPg-2 4 X X X X Disc rear static pres-
sure (radius - 5.733)

Temperatures

UTV-Tt 3 X X X X Venturi upstream total

0’1‘t 2 X X X X Tank air temperature

0.05 Tt 4 X X X X Screen inlet total

3.0 Tt 1 X Rotor discharge total
rake

5.0 Tt 1 X Supersonic stator exit
rake
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TABLE XIX, Continued

Buildup Number

Identification Number 1 2-3 4-5 6 Description
] Temperatures (Continued)
*8.0 Tt ] X X X Diffuser exit total
rake
\ *9.0 in 1 X X Elbow exit total
: rake j
1
tdditional Temperature Instrumentation
UCV-Tt 2 X X X X Upstream coolant ]
orifice total ) i
DCV-Tt 2 X X X X Downstream coolant
orifice total
DTT-1 2 X X X X Disc tip thermocouple 1
DRT-1 2 X X X X Disc rear thermo- '
couple ‘
RTE-1 2 X Rotor trailing edge

theruwocouple
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