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EUSTIS DIRECTORATE POSITION STATEMENT

The purpose of the program was ‘o test a single-stage centrifugal compressor
using existing hardware including « mechanically proven shrouded impeller.
Although the performance of the shrouded impeller was poorer than anticipated,
the technical objectives of the program were met. Because of the limited
scope of the technical effort, further redesign, rematching, and testing were
not initiated to improve the performance of the machine.

This report has been reviewed by technical personnel of this Directorate,
and the Directorate agrees with the conclusions contained herein.

The U. S. Army project engineers for this effort were R. A. Langworthy
and Paul F. Haley, Technology Applications Division.
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DISCLAIMERS

The findjngs in this report are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specifications, or other cata are used for any purpose other than in connection
with a definitely related Government procuremznt operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formuiated, furnished,
or in any way supplied the said drawings, specifications, or other data 1s not 1o be regarded by implication or
otherwise as in any manner licensing the hoider or any other person or corporation, or conveymna any rights or
permission, to manufacture, use, or cell any patented .nvention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement or approval of the use of such
commercial hardware or software

DISPOSITION INSTRUCYIONS

Destroy this report when no longer neeced. Do not return it to the originator.
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INTRODUCTION

The high-pressure-ratio, single-stage centrifugal compressor has been a major
element in the Army's continuing effort to simplify and improve the performance
of compressors for gas turbine engines in the 2-to-5-1by, /sec airflow class. Two
previous programs that have dealt specifically with conventional, radially bladed
centrifugal compressors of 10:1 pressure ratio design have shown the potential
for developing the performance required for future small advanced gas turbine
engines. The latest 10:1 design, completed and reported by Pratt & Whitney
Aircraft under the terms of Contract DAAJ02-70-C-0006*, essentially achieved
the design goal of 75% efficiency at 10:1 pressure ratio.

Pratt & Whitney Aircraft analyzed an impeller having an integral shroud rather
than a conventional, detached, stationary shroud. This analysis showed that
there was the potential for a significant performance improvement (approximately
2-3 points at 10:1 pressure ratio) for a compressor stage incerporating a shrouded
impeller. This potential gain in efficiency was attributed to elimination of the
clearance leakage losses and the friction heating losses caused by relative motion
between the impeller blades and stationary shroud. Although such anaiyses have
been made before, and shrouded impellers are found in high-performance but low-
speed centrifugal pumps, the lack of technology to design and fabricate a high-
pressure-ratio, high-speed centrifugal compressor with an integral shroud has,
in the past, prevented its use. However, improvements in machining techniques
for internally contoured surfaces have made the fabrication of an integrally
shrouded impeller feasible. To experimentally evaluate this concept, P&WA™
designed a shrouded impeller that is aerodynamically similar to the 10:1 pressure
ratio compressor stage tested under Contract DAAJ02-70-C-0006. The entire
shrouded impeller was machined from one Ti-6-2-4-6 forging, thereby eliminating
shroud-to-blade attachment problems. An additional potential benefit of a
shrouded impeller is that the hub and shroud walls can be extended beyond the
blade tips to form a rotating vaneless space. To evaluate this additional potential
benefit, the shrouded impeller was manufactured with a rotating vaneless space
equivalent to the original 10:1 diffuser stationary vanel:ss space. Prior to initi-
ating this program, the shrouded impeller was spin-pit tested to design speed and
mechanically checkad out in the compressor rig to 108% of design speed.

The objective of this limited-effort, 5-month program was to experimentally test
and determine the performance of the above 10:1 pressure ratio shrouded impeller.
Performance is compared with predicted performance and with the performance
demonstrated by the conventional compressor tested under Con-

tract DAAJ02-70-C-0006.

*McAnally, III, W, J., 10:1 PRESSURE RATIO SINGLE-STAGE CENTRIFUGAL
COMPRESSOR PROGRAM, Pratt & Whitney Aircraft, USAAMRDL Technical
Report 74-15, Eustis Directorate, U.S. Army Air Mobility Research and Develop-
ment Laboratory, Fort Eustis, Virginia, April 1974.



DESIGN

The aerodynamic design of all items in the compressor flow path, with the excep-
tion of the impeller and diffuser, was identical to that used in Contract
DAAJ02-70-C-0006.

The aerodynamic design of the shrouded impeller was similar to that of the con-
ventional impeller for Contract DAAJ02-70-C-0006 and utilized the same tandem
inducer design (although a different piece of hardware). However, the 24 sec-
ondary splitter blades in the impeller were removed to facilitate machining the
internal flow passages, and the blade thickness distribution was changed to give
additional strength at the blade-to-shroud junction, The knee area of the im-
peller, which was subject to the greatest stresses, had an inverse blade thickness
distribution of approximately 0.050 in. on the hub to 0.100 in. on the shroud side.
This taper gradually leveled out to a uniform 0.065-in. thickness at the impeller
exit. The impeller blade exit diameter was increased 0.060 in. to overcome a
loss in pressure ratio attributed to removing the secondary splitters. The hub
and shroud of the impeller were extended 0.175 in. radially beyond the blade tip
to form a rotating vaneless space in the diffuser entrance that was an integral
part of the impeller. A photograph of the shrouded impeller and tandem inducer
is shown in Figure la. The conventional design impeller is shown in Figure 1b
for comparative purposes.

The 32-pipe diffuser was also similar in design to the diffuser tested under
Contract DAAJ02-70~C-0006. The diffuser geometry, as presented in Figure 2,
was dictated by the physical dimensions of the shrouded impeller and rotating
vaneless space and the anticipated impeller exit conditions.



—————

Figure 1.

a. P&WA 10:1 PRESSURE RATIO
SHROUDED IMPELLER

b. CONVENTIONAL DESIGN 10:1 PRESSURE RATIO IMPELLER
FROM CONTRACT DAAJ02-70-C-0006

Comparison of Shrouded Impeller and Conventional Impeller.
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TEST EQUIPMENT

COMPRESSOR TEST RIG

The compressor research rig incorporated both the compressor and drive turbine
on a single rotor. The drive turbine had an integral singl: entry and a double
exit, thus forming a back-to~-back configuration. A schem.atic of the compressor
rig is shown in Figure 3; it is the same configuration as that used in Contract
DAAJ02-70-C-0006, except that the shrouded impeller and shroud housing were
substituted for the conventional impeller and shroud.

The shroud housing incorporated labyrinth seals near the inlet of the shrouded im-
peller to prevent high-pressure leakage from exceeding 1% of impeller flow. The
leakage was restricted from recirculating into the impeller inlet by additional
labyrinth seals, and it was colilected and measured prior to exhausting to ambient.
The axial gap between the stationary inducer shroud and the shrouded impeller
was employed for selectively bleeding the inducer shroud boundary layer while
testing,

During the assembly of the compressor rig, attention was given to clearance and
alignment of the rotating components and balance of the rotor assembly in the
cases. A photograph of the shrouded impeller rotor assembly is shown in Figure 4.
Positioning of the rotor in the cases was based on preliminary rotor deflections
measured in a prior mechanical checkout test. Desired maximum speed rotor
clearances were: inducer, 0.005 in,; and impeller labyrinth seals, 0,001 in,

The impeller discharge and diffuser were positioned to align their centerlines under
running conditions. Final balance of the rotor assembly in the compressor and
turbine cases was accomplished within 0. 0007 oz-in. unbalance using rivets and
pins on each end of the rotor assembly. Post-test check balance values of the
rotor assembly indicated up to 0. 034 oz-in. unbalance. This balance deteriora-
tion was attributed to a 0.001-0. 002~in. rub of the inducer blade tips and the silver-
plated shroud. The impeller shroud was also lightly rubbed (less than 0.001 in.)
by the labyrinth seals; however, the impeller was not damaged and inspection re-
vealed no deformation. Post-test inspection revealed that at maximum speed

the impeller and diffuser centerlines were essentially aligned within 0.0014 in.

TEST FACILITIES

A schematic of the P&WA high-speed compressor test facility is shown in Fig-
ure 3. The drive turbine was powered by compressor bleed air from a P&WA
J75 gas turbine engine. Drive turbine supply air was controlled by two pneumatic
valves, one of which was used as vernier conirol, Since the drive turbine was a
radial inflow type and particles in the supply air tend to erode the blade tips, a
particle separator was installed downstream of the drive turbine control valves

to protect the turbine. Safety systems built into the test facilities included a rapid
shutdown system and an abort system. These systems onerated automatically
when preset conditions were encountered. Table1 summarizes the initiating
actions required to activate the safety controls and ihe actions taken.

11
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The compressor inlet duct contains a sharp-edged flow measuring orifice, control
valve, flow-straightening tubes, and a plenum chamber. An inflatable rubber
seal sealed the plenum to the compressor bellmouth. The control valve in the
compressor inlet duct remained in a full-open positior during all testing.

Inducer bleed flow was scavenged through a system that contained a flow-
measuring orifice, a control valve, and a vacuum pump. Compressor perform-
ance data were obtained with zero inducer bleed flow at all test conditions. Per-
formance data were also obtained with maximum inducer bleed flow for 8:1 and
10:1 pressure ratio speedlines. Impeller shroud seal leakage mass flow was
exhausted through a system that contained a flow-measuring orifice and a control
valve. All compressor performance data were obtained with the control valve
fully opened and, thus, maximum seal leakage flow.

The compressor exhausted to atmosphere from the diffuser collector through two
backpressure control valves, one of which also acted as a vernier control. By
controlling the compressor discharge backpressure, it was possible to operate
the compressor along a speedline, with transients into and out of stall. A surge
relief system was designed and used to detect the onset of surge. The system
used a high-frequency-response, pressure-sensing transducer in the diffuser
collector. A control module allowed the selection of a rate of change of pressure
that would actuate the system. If a higher rate of change of pressure was sensed,
a fast-operating valve in the compressor discharge duct was opened. This re-
duced the compressor backpressure, thereby automatically allowing the compres-
sor to move away from a surge condition.

A pressure control system was used to maintain pressure equilibrium between

the impeller hub backface compartment and a buffer seal dam.. Most performance
data were taken with this delta pressure equal to zero to prevent flow out of or into
the flow path at the impeller exit-diffuser entrance. An exception to this condition
was when flow was allowed to leak past the impeller backface to determine its
effect on the impeller hub exit flow profile.

The ¢ rod thrust load on the ball bearing was maintained by supplying gaseous
nitrogen to thie impeller thrust balance cavity through an automatic control valve.
This valve was adjustable to any set point and was changed while the rig was in
operation.

12
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Figure 4. Shrouded Impeller Rotor Assembly.

TABLE 1.

TEST FACILITY SAFETY SYSTEMS

Rapid Shutdown System
Initiating Action

Results

Rig Abort System

Initiating Action

Results

0o —

W~

p—
.

oo

W N -

U1 = W

Low thrust balance pressure
Loss of control room A/C power

Turbine inlet control valves closed
Compressor discharge valve opened
Slave engine throttled to idle

Low lubricating oil supply pressure
Rotor overspeed
Manual abort by test engineer

Explosive-actuated turbine inlet valve
closed

If manual abort, turbine inlet manifold
vented to ambient

Turbine inlet control valves closed

Compressor discharge valve opened

Slave engine throttled to idle
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INSTRUMENTATION

Instrumentation was provided to permit evaluation of overall and component
performance and to monitor rig operation. The instrumentation used to take these
data and the instrumentation locations are described herein. Major instrumenta-
tion stations for the test compressor are defined in Table 2, and the axial and
radial locations of these stations are shown in Figure 6.

TABLE 2. COMPRESSOR INSTRUMENTATION STATIONS

0 - Compressor Inlet-Plenum
1.0 - Inlet Guide Vane Exit
1.5 - Inducer Exit
2.0 - Impeller Exit
3.0 - Diffuser Exit (Collector)

OVERALL PERFORMAN TE INSTRUMENTATION

Instrumentation was provided to obtain compressor inlet, inducer bleed, and im-
peller shroud seal leakage flow rates. Instrumentation was also provided to ob-
tain rotor speed, IGV position, compressor inlet and discharge temperature and
pressure, and inducer bleed and impeller seal leakage discharge conditions.

These data were combined to define overall performance for the compressor stage.
Overall performance instrumentation is described below and is also summarized
in Table 3.

Compressor inlet flow rate was calculated from data obtained from a 5. 270-in. -
diameter thin plate orifice installed upstream of the inlet plenum in a 12, 5-in. -
diameter inlet duct. (See Figure 5.) The orifice was installed in accordance
with ASME standards. Orifice upstream static pressure was measured by means
of three static pressure taps, each sensed by a 0- to 15-psia transducer. Three
orifice differential static pressures were each sensed by a 5-psid transducer.
The temperature of the flow was measured in the inlet plenum.

Inducer bleed and impeller shroud seal leakage flow rates were calculated from
data obtained from an orifice in each discharge system. The inducer bleed flow-
measuring orifice (0.462-in. diameter) was located in a 0. 615-in. -diameter pipe.
Orifice upstream static pressure and upstream-downstream differential pressure
were sensed by a 0-to-50-psia and a 15-psid transducer, respectively. The
0.274-in. -diameter seal leakage flow-measuring orifice was located in a 0.405-in.-
diameter pipe. Orifice upstream static pressure and upstream-downstream dif-
ferential pressure were sensed by a 0-to~-100~-psia and a 25-psid transducer,
respectively. The temperature of the flow through each orifice was measured by

a chromel-alumel (C/A) thermocouple downstream of the orifice.
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TABLE 3. COMPRESSOR OVERALL PERFORMANCE
INSTRUMENTATION SUMMARY
_—_  -—-——————— e e ey
Flow
Location Variable Instrument Type Quantity
Inlet Duct Py Orifice Wall Tap 3
APg Orifice Wall Tap 3
Plenum Py Kiel Head 3
T Rosemount 5
Inlet Guide Vane a Potentiometer 1
Inducer Bleed Cavity Pg Wall Tap 1
T C/A Thermocouple 1
Inducer Bleed Orifice Pg Wall Tap 1
APg Upstream-Downstream 1
T C/A Thermocouple 1
Shroud Seal Leakage Cavity Pg Wall Tap 1
T C/A Thermocouple 1
Seal Leakage Orifice Pq Wall Tap 1
APg Upstream-Downstream 1
ik C/A Thermocoupie 1
Diffuser Exit P, Rakes 9
Collector Py Wall Tap 7
T Agpirated Thermocouple 4
Rotor Speed Speed Electromagnetic Pickup 2

e  — —  —— — — — —— ————————————— ——— |

Impeller rotational speed was obtained from two electromagnetic pickups mounted
adjacent to a six-tooth gear on the rear of the drive turbine rotor shaft. Inlet
guide vane position was determined frem measurements obtained from a poten-
tiometer connected to the IGV actuator. Compressor inlet total pressure was
measured with three Kiel-type total pressure probes located in the inlet plenum
and connected to 0- to 15-psia pressure transducers. Compressor inlet total tem-
perature was measured with five Rosemount resistance thermometers installed

at various radial positions in the inlet plenum.

Diffuser exit total pressure was measured by means of three total pressure rakes,
each consisting of three elements, as shown in Figure 7, and installed at the exit
plane of the diffuser tubes. Each element was sensed by a pressure-scanning
system using a 0- 10 150-psia transducer. The locations of the nine total pres-
sure probes superimposed onto one diffuser tube are shown in Figure 8. It was
noted that the center probe of each rake was in the same relative position in each
of three tubes to provide redundant measurements at this point. Also shown in
Figure 8 are the seven equal areas that were assigned to the total pressures
measured by the rakes for mass-averaging purposes.
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MOUTING PLATE

0.062-in.-DIAMETER TUBE
! /— 0.040-in.-DIAMETER TUBE

a — S
CENTER TAP
LOCATED ON
DIFFUSER TUBE ¢

ALL PARTS JOINED
WITH SILVER BRAZE

% Imn in.
ﬁ' [ j |
8 u.m n.
SUPPPORT STRUT

RAKE NO. 1

TAPS TO BE LOCATED
| AT DIFFUSER TUBE
EXIT PLANE

30 deg

RAKE NO. 2 RAKE NO. 3
RAKES NO. 1, 2, AND 3 ARE THE SAME, EXCEPT FOR ANG}.ES SHOWN

Figure 7. Diffuser Exit Total Pressure Rakes.
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Figure 8. Placement of Total Pressure Probes in Diffuser Exit Plane Station.
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Compressor exit static pressure was measured by means of seven static pres-
sure taps in the collector; with six connected to a pressure-scanning system using
a 0- to 150-psia transducer, and one connected to a 0-to-200-psia close-coupled
transducer for fast response during surges. The taps werc located on the shroud-
side wall so that neither diffuser discharge velocity nor the collector struts inter-
fered with the measurements. The design and location of these taps are shown in
Figure 9. Compressor exit total temperature was measured with four chromel-
alumel (C/A) thermocouples in the discharge collector aligne on diffuse: pipe
centerlines. A tabulation of the pressure tap and thermocouple locations is given
in Table 4. Thermocouples were installed at two additional locations; however,
their measurements were not used to calculate the average collector temperature.
To increase the accuracy of the temperature measurements, the thermocouples
were constructed such that the sensor was located in a flow stream that was
aspirated to ambient. Figure 10 shows the shielded thermocouples previously
used in Contract DAAJ02-70-C-0006 and the new, externally aspirated-type ther-
mocouple. Placement of the sensor in the high velocity flow reduces measure-
ment errors caused by thermal conduction. In addition, the thermocouples were
constructed from a single batch of calibrated snecial-limits-of-error wire. This
wire was continuous from the thermocouple junction to the reference junction to
eliminate errors caused by connectors and by the lower quality wire normally used
between the connector and the reference junction.

The inducer bleed and impeller shroud seal leakage flows were cach collected in
a manifold inside the compressor cases before being exhausted. The tempera-
ture and static pressure of the flow in each manifold was measured by a chromel-
alumel (C/A) thermocouple and a static pressure tap sensed by a pressure-
scanning transducer.

SWAGELOK
TUBE FITTING STRUTS (TYP)

1.t g 0.052 in.

1/4 in.

COLLECTOR WALL

TYPICAL COLLECTOR
STATIC PRESSURE TAP

7STATIC PRESSURE TAPS
DISCHARGE PIPE ¥ 4 TOTAL TEMPERATURE PROBES
® CLOSE-COUPLED STATIC
VIEW IS FORWARD LOOKING AFT  PRESSURE TAP

Figure 9. Collector Instrumentation Locatious.
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TABLE 4, LOCATION OF COLLECTOR INSTRUMENTATION

Axial Radial Circumferential
Probe Location** Location, in. Location, deg***
Static Tap
1 S () 46
2 S 7.5 316
3 S 7.5 281
4 S 6.4 231
5 S 7.5 226
6 3 9 221*
7 S 7.5 181
Thermocouple
1 M 11.0 3
2 M 11.0 93
3 M 11.0 183
4 M 11.0 273
5 M 7.25 300
6 M 18.25 210

*Connected to close-coupled transducer

**S ~ Shroud side
M - Midway between collector manifold walls

***xCircumferential location is measured clockwise from TDC, forward looking
aft. Thermocouples 5 and 6 were not used to calculate average collector
temperature.

COMPONENT PERFORMANCE INSTRUMENTATION

Instrumentation was provided to evaluate component performances; namely, that
of the inducer, shrouded impeller, and diffuser. The component performance
instrumentation is described below and is summarized in Table 5, Static pres-
sure at station 1 was measured by four equally spaced shroud wall taps. Radial
distributions of total pressure, total temperature, and air angle at the inducer
exit (station 1.5) were obtained by means of a radially traversing cobra probe and
thermocouple. The cobra probe and thermocouple are shown in Figure 11. The
pressure ports were constructed from 0.020-in.-OD tubing. Additionally,

four static pressure taps were equally spaced about the circumference on the
shroud wall in the plane of the traversing cobra probe.

Instrumentation was provided to measure impeller tip static pressure on both the
shroud side and the hub side, and total pressure and air angle distribution across
the flow path at the impeller exit (station 2). Impeller tip static pressure on the
shroud side was obtained from measurements of the pressure in a circumferential
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passage that is connected with the flow path by a 0. 026-in.- wide circumferential
groove between the shroud housing ond the diffuser. Pressure was measured
through four ports that were equally spaced around the circumference. This cir-
cumferential groove scheme is shown in Figure 12, Impeller tip backface pres-
sure was measured by means of two 0. 062-in.-diameter tubes installed 180 deg
apart in the impeller tip backface cavity.

ASPIRATED TO
ATMOSPHERE

REDESIGNED EXTERNALLY ASPIRATED CONFIGURATION

Firure 10. Original and Redesigned Collector Thermocouples.

TABLE 5., COMPRESSOR COMPONENT PERFORMANCE
INSTRUMENTATION SUMMARY

Flow
Location Variable Instrument Type Quantity
Station 1 B Shroud Wall Tap 4
Station 1.5 Py Shroud Wall Tap 4
Pi, T, «  Radial Traversing Cobra 1
Probe With Thermocouple
Impeller Tip, B Communicating Groove 4
Shroud Side
Impeller Tip, Py Tube 2
Backface
Station 2 Pl Shroud Wall Tap 2
g Hub Wall Tap 1
P, o Axial Traversing Cobra 1

Probe
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THERMOCOUPLE

INDUCER EXIT (STATION 1.5) COBRA PROBE

IMPELLER EXIT (STATION 2.0) COBRA PROBE
lll‘l'll'lll'l I
SIXTEENTHS L

Figure 11. Construction of Traverse Cobra Probes.

INDUCER SHROUDED

IMPELLER

0.026-in.-WIDE STATIC
PRESSURE COMMUNICATING
FOUR PORTS ~+ J, GROOVE

EQUALLY SPACED——~| |~

[F
|
:1

|
|

Figure 12. Impeller Tip Static Pressure Passage.
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Impeller exit air angle and total pressure were measured at station 2 by means
of a cobra probe that was traversed across the impeller exit flow path in the plane
of the rig centerline. The probe was installed at a radius ratio of 1.099, as shown

in Figure 13.

Instrumentation was provided tn measure wall static pressure on both the hub and
shroud side in the diffuser vaneless space at station 2. These static pressure
taps were 0.020 in. in diameter and were made by an electrical discharge ma-
chining process to eliminate drilling burrs and to ensure sharp edges at the inter-
section of the pressure port and the diffuser passage. These taps were located
on diffuser pipe centerlines at diffuser pipe tangency radius.

SPECIAL INSTRUMENTATION

Total pressure in the plenum, total pressure in the diffuser exit, and static pres-
sure in the collector manifold were measured with close-coupled transducers to
achieve the fast response required to define overall performance into compressor
stall. The transducers used had a frequency response of up to 100 Hz, and the
data recording system could record each transducer at a maximum of 65 scans/
sec. These response characteristics permitted good definition of stall character-
istics. When the low-speed data were being obtained, the collector manifold
close-coupled transducer was replaced with a transducer of small range

(0-25 psia) to improve the accuracy of the measurement.

DATA READOUT AND RECORDING SYSTEM

All compressor rig data were recorded with an automatic digital magnetic tape
recorder. Information needed for safe operation of the rig and for setting data
points was displayed in the control room. Control room data readouts included
rotor speed, rig vibration levels, bearing temperatures, oil pressure, inlet
orifice differential pressure, impeller thrust balance pressure, rig inlet pres-
sure, and rig discharge pressure.

When cobra probe data were being obtained, the total pressure measured by the
cobra probe was displayed on an X-Y plotter located adjacent to the traverse
actuator controls. This allowed changing the speed, or, if necessary, stopping
the cobra probe actuator to allow the probe to respond to changes in the airflow
angle.
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PROCEDURES

TEST PROCEDURES

Shakedown Test

Prior to the initiation of performance testing, the compressor test rig was sub-
jected to a prerun (nonrotating) checkout of all rig systems and then a shakedown
test. The objectives of this checkout and shakedown test were to (1) verify the
mechanical integrity of the test rig and (2) check the instrumentation and the data
acquisition systems.

During the shakedown test, rig vibrations and bearing temperatures were moni-
tored and rotor radial clearances were measured over the entire range of rig
operation. A maximum allowable limit of 270 g's at design speed was set for
extended life of the bearings; however, maximum observed vibration levels were
only 120 g's. Vibration data were recorded continuously during the test program
on analog magnetic tape. BRearing temperatures (180°-220°F) compared favorably
with those observed during earlier tests. Bearing temperatures were recorded
on a strip chart and on the primary data recording system during the test pro-
gram,

The inducer blade and impeller inlet shroud radial clearances were measured
with mechanical rub probes during the shakedown test. These clearance probes
were withdrawn after the impeller rotational speed had reached 70, 85, and 100%
of design speed. These measurements indicated adequate clearance; however,
inspection of rig hardware after disassembly indicated that an 0. 001-0. 002-in.
inducer tip rub had occurred and that initial measurements used to determine the
inducer blade clearance were probably in error.

To determine the scavenge capabilities of the inducer bleed and impeller shroud
seal leakage systems, the control valves used to regulate these flows were actu-
ated throughout their full range of operation. Figures 14 and 15 show the maxi-
mum inducer bleed and seal leakage system flow capabilities. The inducer bleed
is less than 2% of the inlet flow for both the 8:1 and 10:1 pressure ratio speedlines.
The labyrinth seal leakage flow is less than 1% of the inlet flow above 1.5 lby,/sec
(75% of design rotor speed).

Adjustments were made to the automatic surge relief system, as necessary, so
that it responded to stall-associated pressure fluctuations and not to the gradual
pressure changes caused by closing the throttle valves or to random pressure
fluctuations.

All instrumentation was checked for continuity from the test rig back to the data
recording system. Just prior to the start of each run, all transducer and thermo-
couple output voltages were calibrated over their operating ranges, and a set of
ambient readings was recorded for all the instrumentation for comparison to truc
ambient conditions. During the shakedown test, overall performance, component
performance, and transient data were obtained and processed through the data re-
duction system to determine if all the instrumentation were recording properly
and to check the data acquisition and reduction systems.
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Figure 14. Inducer Bleed Flow Rate Capability.
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Figure 15. Shroud Seal Leakage Flow Rate Capability.
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Overall Performance Data Acquisition

S

Each speedline was defined by a stall transient and by steady-state points at near-
stall, wide-open discharge, and several intermediate points. Slow-stall tran-
sients were first performed vy recording data at a rate of 1 scan/sec, while
closing the compressor discharge valve from its wide-open position, thus in-
creasing backpressure until the rig surged. During the transient, adjustments

to the turbine inlet control valves were made to hold rotor speed constant, A
near-stall point was then set, based on the collector static pressure, and the
compressor again operated into stall while recording data at a higher scan rate,
approximately 65 scans/sec.

Steady-state data points were distributed along a speedline, based on the collector
static pressure range recorded during the first slow-stall transient. A steady-
state point consisted of cycling the pressure scanning units twice at a rate of

2 ports/sec, followed by the recording of the rest of the rig instrumentation for
10 sec at a rate of 10 scans/sec. A detailed outline of all data points taken is
shown in Table 6.

Component Performance Data Acquisition

Component performance data were obtained by traversing an air angle, total pres-
sure, and total temperature probe at the inducer exit and an air angle and total
pressure probe at the impeller exit. The data recording rate for all traverses
was 1 scan/seec.

Inducer cxit radial traverses were performed near the stall point on each speed-
line at 80% of design speed and above by running the probe into its limit and then
recording data, while slowly retracting the probe back out of the flow path. Im-
peller exit traverse data were obtained on each speedline at 80% of design speed
and above at the maximum possible backpressure with the traverse probe in the
flow path. Data were recorded while slowly traversing the probe from the hub
wall back into the shroud. A steady-state point was recorded to coincide with
each inducer and impeller exit traverse point,
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TABLE 6. SUMMARY OF PERFORMANCE TEST DATA POINTS
Condition Type of Data
Speed, IGV Stall teady Inducer Impeller
% of Design Prewhirl Transient State Traverse Traverse
: (With Inducer Bleed)
101 -4 1 6 1 2
. 101 0 2% 6* 1 2
101 10 1 5 1 1
96 0 1 7 1 3
q 96 10 1 9 1 3
96 20 2 5 2 1
(Without Inducer Bleed)
101 -4 1 7 1 3
101 0 2+ 7 1 4%
101 10 1 5 1 1
96 0 1 7 1 3
96 10 1 5 1 1
96 20 1 5 1 1
90 0 1 5 1 1
90 10 1 6 1 2
90 20 1 6 1 1
- 85 20 1 6 1 2
80 20 1 6 1 2
70 20 1 6
50 20 1 6
30 30 2 7
20 30 2 7
10 30 2 8
*With Impeller Exit Hub Wall Bleed
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DATA REDUCTION PROCEDURES

The reduction of data was accomplished in two steps: (1) reduction of overall per-
formance data; and (2) calculation of component performance and velocity triangles.
All performance data except orifice and plenum data were corrected to standard
day inlet conditions as follows:

recorded pressure
Corrected pressure = 5 B

Corrected temperature = recorded Ot emperdtie

Overall Performance

The reduction of overall performance data was accomplished through the use of
an IBM 360-75 computer program. Actual inlet orifice weight flow, seal leakage
weight flow, and inducer bleed weight flow were calculated from orifice equations
of the form

AP p e ap |1/2
W, -K|C-K ( : = 2 (1)
act 1 2 PS T

- upstream orifice static pressure (psia)

= orifice differentiual static pressure (psid)
T - orifice flow total temperaturc (°R)

C, Ky» K, - constants defined for cach orifice

where

pS
AP

Both weight flow and rotor speed were corrccted to standard day inlet conditions

as follows:
v
;o 2
WoWo (2)
Nact
Neor (3)
Ve
The net compressor weight flow was defined as follows:
W = - ¥ = 7 «
) net WO “bl “sl (1)
4 Overail temperature ratio and total-to-static pressure ratio are given, respec-

¢ tively. by
TR Tg/518. 655

PR P3/14.696
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A "flow path" adiabatic efficiency that does not account for the inducer bleed and
shroud seal leakage flows was defined as

_ ideal (isentropic) enthalpy change _ _Ahf(PR) (5)
actual enthalpy change Ahf(TR)

Mg low

where: Ahf(PR) and Ahf(TR) were determined by fourth degree curve fits of
change in enthalpy vs pressure ratio and temperature ratio data from Table 1
(Dry Air Tables) in Keenan and Kaye Gas Tables. The net adiabatic efficiency,
which accounts for the work done on the bleed and seal leakage flows, is given by

W i * Ahf(PR)

N oot = " t (6)
net wnet Ahf(TR) + Wbl . Ahf(TRbl) + wsl Ahf(TRSl)

where
TRy, = Tbl/518. 688
TRy - Tg)/518.688

Tbl and Tsl = the temperatures of the bleed and seal leakage flows,
respectively.

At steady-state points the overall pressure ratio was based on the arithmetic
average of six collector static pressure taps read through a pressure-scanning
system. During stall transients, the pressure ratio was determined from a single
collector static pressure tap read through a close-coupled pressure transducer.

Inlet Guide Vane Performance

Inlet guide vane performance, in terms of total pressure loss and turning distri-
bution vs inlet weight flow and guide vane setting, was assumed equal to the inlet
guide vane performance demonstrated under Contract DAAJ02-70-C-0006, since

the same vanes and inlet system were used.

Inducer Performance

Total pressure, total temperature, air angle, and radial travel data from each
inducer traverse were input into an IBM 1130 digital computer program. A con-
stant spanwise static pressure distribution equal to the measurcd svroud static

pressure was assumed.

The ratio of specific heats (v) was determined from a curve fit of ¥ vs static tem-
perature (Tg) data and involved an iteration on the value of Tg to satisfy the fol-
lowing at each percent span:

v/v-1

2o ™)
R\ T
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The absolute Mach No. (M) was calculated by iterating on the value of M until

P, o1 Y/v-1
al 1 =1 M2
P (1 + 5 M ) (8)
8
The local speed of sound was calculated by
a = (vGRT,)/2 (9)

Total temperatures were corrected for Mach No. effects by dividing the recorded
temperatures by a recovery factor. The recovery factor used in the calculations
was a linear approximation of the actual probe recovery factor vs Mach No. cali-
bration data. Total pressure and total temperature were then mass-averaged
across the span. The mass-average of any quantity (X) is given by

n n
X=2 aw-Xx [/ ¥ aw (10)
i=1 i=1
where
k+8A P
AW = sin a

The sum of the incremental weight flows from the mass-avcraging routine was
checked against the corresponding inlet orifice flow, and an iteration was per-
formed on the air angle values until the two flow calculations agreed. This air
angle check was necessary because errors of 1 or 2 deg in the alignment of the
air angle traverse probes on the test stand are not uncommon. Final mass~
average total pressure (Pt1, 5) and total temperature (T, 5) values were then cal-
culated, based on the adjusted air angle profile. Inducer pressure ratio and tem-
perature ratio were calculated as follows:

/P 1)

wl

PR; 1.5)" P15/ Pu

TR(1_1.5) = T1_5/518.688 (12)

Inducer efficiency was calculated by the same methods as the overall efficiency
and is given by
Ahf(PR

)
. 1-1.5
Mind = BHI(TR ds)

1-1.5
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From M, a, and a the components of the velocity triangles, as defined below, at
each percent span were then calculated.

Impeller incidence (i) was determined at each percent span by

i=8%-8

where 8* is the impeller leading-edge metal angle at the corresponding percent
span.

Impeller Performance

Impeller exit traverse data were reduced by nearly the same methods as the in-
ducer exit data. Static pressure was assumed to vary linearly between the meas-
ured values at the hub and shroud. Total temperature was assumed constant
across the passage and equal to the collector total temperature.

Flow at the impeller exit was supersonic across much of the passage at the higher
speed points that would cause a shock to form in front of the traverse probe. For
data taken where the local value of Py/Pg was less than 1. 893, the flow was
assumed subsonic and impeller performance parameters and velocity triangles
were calculated as in the inducer section. For values of Py/Pg greater than
1.893, the flow was assumed supersonic, and a shock correction procedure was
incorporated assuming a normal shock to determine the upstream flow conditions.

The mass-average radial velocity (Vm) and mass-average tangential velocity (V)
were calculated, and from these a mass-average air angle was determined:
z‘ . . - -1 vm
B a, = tan = (14)
. v,
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The slip factor at the instrumentation station was calculated by:

Vu
slip factor = T

The slip factor at the actual impeller tip was determined by using the calculated
wheel tip speed (U) and converting the tangential velocity (V) derived from meas-
urements at the instrumentation plane to the impeller tip by ratioing by the tip
diameter/instrumentation plane diameter, which is the assumption of constant
angular momentum. No friction loss was assumed in this calculation. Impeller
efficiency was calculated from:

Ahf(PR )
1,.5-2 (15)

nimp B Ahf(TRl. 5-2)

Combined inducer-impeller (rotor) efficiency was also defined and is given in
terms of "flow path' efficiency and net efficiency as follows:
Ahf(PR, )
M potor) . = BETR (16)
rotor flow (TRl_z)

(W_- W) « ABf(PR, )
(Mrotor) oy “TW_ = W) + BRE(TR, ,) + Wy; + ARE(TRy )

(17)

The impeller front face shroud friction temperature rise was calculated from an
energy balance equation for the compressor rotor with no inducer bleed:

Wghg Wy - Wgphy

I

| |

| |
Wih) —— | |

| I

| |

! |

1

|
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The total work was defined as the sum of the Euler work (W1 A hg) and the front
face shroud friction work (W Qhgs), where:
~ U Vae - Uy V -

2~ U
ahp = GJ

2 1

(19)

and U and V, are mean values. Putting the above work terms into the energy
balance equation and rearranging yields the following expression for the Ah due
to shroud friction:

w
Ahsf =W—:1 (hsl - h2) + (hz - hl) - AhE (20)

For the open face impeller configuration this simplifies to:
8hgp = (hy - hl) - Ohg (21)

Diffuser Performance

The diffuser static pressure rise coefficient was defined from the impeller exit to
the collector and is given by:

P,-P
Cc - 83 s2 22)

P 5 _
Pt2 PsZ

Diffuser losses were documented by the following:

Pio- Pgs

Diffuser loss (total-to-static) = (23)

Pt2

P_-P
Diffuser loss (total-to-total) = —2—1t3
P

(24)
t2

ol

t2 ~ Pg3

pt2 - Ps

Diffuser loss coefficient = (25)

2

el

-P
Dump loss = —2—83 (26)
Pi3

where P,q is the mass-average total pressure at the diffuser exit. The Mach No.
profile at the diffuser exit was calculated, based on diffuser exit total pressure
data and collector static pressure and assuming a v of 1.4. Total pressure data
from different pipes was first adjusted to match a single average value at the center
of each pipe.
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Diffuser throat blockage (B) was calculated assuming a throat Mach No. of 1.0 by

B =1.0 - flow factor

where

wnet v T3
flow factor = (27)

P *
Pt2 A* 0,532

e

VALIDATION OF TEST DATA

Estimates of the uncertainty of the data acquired from the shrouded impeller test
rig are presented in Table 7. These estimates include both the uncertainty of
the sensor and of the recording device. Uncertainty of air angle assumes no
alignment error. Both bias (constant error) and precision errors (precision
errors are two standard deviations from the mean) were used to determine the
potential uncertainty, and are presented in Table 7. When multiple probes were
available for redundant measurement, the precision error was calculated by sta-
tistically averaging individual measurements, as illustrated below.

R

where

u = overall uncertainty of flow variable
e = uncertainty of individual sensor
n = number of sensors recording the same flow variable

Table 7 also includes the effect of the data uncertainty on the uncertainty of the
overall efficiency performance cxlculation. This performance uncertainty esti-
mate was calculated by aifferentiating the efficiency equation and inputting the
uncertainty values in the resulting relationship. The uncertainty of the efficiency
value was 0. 53 percentage point, which was considered to be satisfactory.

An estimate of the uncertainty of the inlet orifice flow measurement is shown in
Figure 16 as a function of inlet orifice flow rate. The uncertainties of the inducer
bleed and shroud seal leakage flow measurements were each estimated to be ap-
proximately 4. 0% of the respective measured flow rates.

At each steady-state point, approximately 20 scans of data recorded over a 2-sec
interval were averaged. A typical printout from a near-stall, steady-state point
at 101% design speed and 0-deg inlet guide vane setting is shown in Table 8. A
2-sec average value, the maximum and the minimum value recorded, and a three-
sigma value (three standard deviations from the mean) are also listed for each
instrumentation. These provide a measure of the actual scatter in the data due
both to the uncertainty in measurement and to slight speed and flow variations that
may have occurred while recording the steady state.
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Figure 16. Inlet Orifice Flow Measurement Uncertainty.

Integrated flows calculated from inducer exit traverse data corresponded well
with the inlet orifice flow, as shown in Figure 17, The impeller exit integrated
flow correspondence was good for data obtained during runs 8.06 and 8. 07 but
shifted for data obtained during run 8,10, as shown in Figure 18. This shift was
caused by an error in the flagging and alignment of the impeller exit cobra probe,
which occurred while reinstalling the probe on the test stand prior to run 8. 10.
Prior to the calculation of component performance parameters and velocity tri-
angles, the inducer exit and the impeller exit integrated flows were adjusted to
match the measured flows a‘ these stations, and thus satisfy continuity require-
ments. This was accomplished by adding a constant value to the measured air
angle profiles to account for probe misalignment.

An externally aspirated collector total temperature probe was designed for use in
the test program as described in the Instrumentation Section, During the test
program, one of the aspirating probes was removed and replaced with one of the
original Contract DAAJ02-70-C-0006 shiclded total temperature probes for com-
parative purposes. As shown in Table 9, the two probes read within 3 deg (at
700°F) of each other at similar test point conditions and locations in the collector,
which is good agreement for the two types of probes.
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Figure 17. Inducer Exit Integrated Flow Correspondence.
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Figure 18. Impeller Exit Integrated Flow Correspondence.
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TABLE 9. COLLECTOR TEMPERATURE PROBE COMPARISON

10:1 Program  Aspirating Probe, 4,

Test Point Probe, °R °R °R
101%, -4 deg IGV, No Bleed 1166.371 1164.056 -2.315
101%, -4 deg IGV, Max Bleed 1159. 096 1155, 948 -3.149
101%, 0 deg IGV, No Bleed 1157,331 1154, 612 -2,719
101%, 0 deg IGV, Max Bleed 1152.494 1149.418 -3.076
96%, 0 deg IGV, No Bleed 1097.942 1094. 902 -3.082
96%, 10 deg IGV, Max Bleed 1085, 294 1082, 079 -3.215
85%, 20 deg IGV, No Bleed 959.913 956. 830 -3. 083
80%, 20 deg IGV, No Bleed 914,801 911, 897 -2,904
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RESULTS AND DISCUSSION

OVERALL PERFORMANCE

The overall performance map for the Shrouded impeller Test Program is pre-
sented in Figure 19 along with the peak efficiency and pressure ratio surge lines
attained in Contract DAAJ02-70-C~0006, 10:1 Pressure Ratio Single-Stage Cen-
trifugal Compressor Program (hereinafter referred to as ''the 10:1 program').

A complete tabulation of overall performance data is listed in Table 10. Although
the shrouded impeller performance is comparable to 10:1 performance levels up
to approximately 70% speed, performance steadily deteriorates with increasing
speed. A comparison of the maximum weight flows for the two programs, shown
in Figure 20, exhibits the same trend. At 101% speed and 0-deg IGV, the shrouded
impeller performance is down by 5.7 points in efficiency and 0. 23 lby,/sec in
weight flow as compared with the unshrouded compressor performance at the same
speed and IGV setting. This is an 8.2 percentage-point deficiency relative to the
projected goals for the shrouded impeller, as outlined in Table 11, Of this 8.2
percentage-point ceficiency, 3.7 result from high diffuser losses, with the re-
maining 4.5 attributed to the rotor. Causes of the larger than anticipated rotor
and liffuser losses, which are discussed in detail later, include (1) operation of
the rotor ut higher than desired stalled incidence due to increased diffuser throat
blockage, (2) separated flow at the impeller exit along the hub sidewall in the
vaneless space, and (3) a spanwise flow incidence mismatch with the leading edge
of the diffuser.

The effect of inducer bleed on overall performance is shown in Figure 21 for 96%
speed, 10-deg IGV and 101% speed, 0-deg IGV settings. At the maximum bleed
flow rate, the net efficiency at both speeds was increased by approximately 0.6
percentage points, along with slight increases in both pressure ratio and net

weight flow. The associated inducer bleed and shroud seal leakage flow rates were
presented in Figures 14 and 15, respectively, as a function of inlet orifice flow
rate,

Overall performance data at 10, 20, and 30% design speeds are shown plotted on
expanded scales in Figure 22. There was no discernible surge point at 10% speed
as the impeller apparently produced pressure rise with the backpressuring valves
completely closed with only leakage flow through the rig. Also, the pressure ratio
produced at 10% speed was insufficient to balance the backface cavity, which re-
sulted in thrust balance GNg flowing into the flow path at the impeller exit. This
lowered the measured collector total temperature so that no accurate efficiency
calculations could be made at this speed.
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Shrouded Impelier Compressor Overall Performance
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TABLE 10, OVERALL PERFORMANCE TABULATION

Speed, IGV Net Weight Flow, Pressure Net
% Setting, deg lb,,/sec Ratio Efficiency
10 30 0.079 1.019 -
0.110 1.010 -
0.109 1.008 -

20 30 0.109 1.099 0.650
0.175 1.096 0.650
0.245 1.084 0.604
0,272 1,074 0.566
0.296 1. 065 =
0.303 1.052 =

30 30 0.242 1.276 0.670
0.335 1.268 0.672
0.419 1.236 0.618
0.465 1.194 0.520
0.481 1.156 =
0.484 1.115 =

50 20 0.650 2,041 0.764
0.769 1,892 0.682
0.785 1.809 0.627
0.782 1. 656 0.523
0.787 1.534 0.438
0.793 1.278 -

70 20 1.320 3.563 0.750
1.361 3.469 0.733
1,387 3.338 0.705
1.387 3.121 0.659
1,388 2.855 0.598
1. 395 1. 828 0.330

80 20 1.770 4, 809 0.741
1.796 4, 604 0.725
1.809 4,609 0.716
1.810 4,467 0.700
1. 805 4,083 0.650
1.814 2.378 0.370

85 20 1.992 5.631 0.743
1.994 5.470 0.730
2,032 5.376 0.722
2,034 5.210 0.706
2,034 1.723 0. 654
2,054 2,707 0.388
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_ TABLE 10. CONTINUED
Speed, IGV Net Weight Flow, Pressure Net
% Setting, deg 1b,,/sec Ratio Efficiency

- 90 20 2.253 6.433 0.731

2,317 6.244 0.719

2.309 6.079 0.708

2,317 5.931 0.695

2.321 5.535 0.660

2.311 3.104 0.401

10 2,290 6. 602 0.731

2,341 6.321 0.712

2.338 6.195 0. 704

2,344 6.029 0.690

2. 334 5.536 0.649

2,357 3.173 0.402

0 2.335 6. 622 0.716

2.353 6.365 0.700

2.357 6. 247 0.690

2.365 6. 049 0.675

2.362 5.440 0. 623

2.368 3.202 0.398

96 20 2,532 7.444 0.722

2. 547 7.202 0.710

2. 564 7.045 0.701

2.562 6. 844 0.688

2. 567 6. 547 0.667

2. 560 3. 541 0.408

10 2.649 7.721 0.721

2. 664 7.562 0.715

2. 674 7.399 0.705

2.684 7.169 0.690

2.658 6.521 0.645

2.693 3.722 0.417

0 2.681 7.906 0.713

2. 698 7.752 0.706

2,691 7.539 0.693

] 2,689 7.296 0.678

i - 2,707 6.539 0. 630

£ 2.736 3.806 0.415

£ 101 10 2.890 8.619 0.698

yf 2.894 8.531 0.696

¥ 2,912 8.331 0.687

i 2.911 8.126 0.678

3 2. 888 7.357 0.635

$ 2.926 4.156 0.415
&
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TABLE 10. CONTINUED

Speed, IGV Net Weight Flow, Pressure Net
% Setting, deg lby,/sec Ratio Efficiency

101 0 2.935 8. 881 0.689

2,956 8.786 0. 687

2.963 3.515 0.678

2,981 8.251 0.662

2.955 7.795 0.642

2,977 4,266 0.413

-4 2,991 9.058 0.690

2.980 8,843 0.683

2,993 8.675 0.676

2,988 8.302 0.660

2,977 7.778 0.635

3.011 4,313 0.416

96 20 2.554 7.498 0.729

|(With Inducer Bleed) 2,568 7.318 0.720

2.585 7.215 0.715

2,590 7.016 0.702

2.605 6.560 0.667

2.591 3.572 0.414

10 2,674 7.852 0.727

2 705 7.647 0.719

2,721 7.465 0.709

2,725 7.243 0.695

2.686 6.616 0.655

2.715 3.777 0.423

0 2.668 7.956 0,711

2.702 7.877 0.706

2,739 6.647 0.639

2.730 3.812 0.416

101 10 2,912 8.719 0.706

[(With Inducer Bleed) 2,917 8.637 0.701

2.932 8.383 0. 692

2,932 8.223 0.686

2,922 7.240 0.632

2,940 4,149 0.417

0 2.958 8.989 0.695

2.990 8.780 0.685

3.000 8.704 0.689

3.009 8.366 0.670

3.001 7.715 0.632

3.002 4,281 0.413
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TABLE 10. CONTINUED
IGV Net Weight Flow, Pressure Net
Setting, deg lb,,/sec Ratio Efficiency
-4 2.987 9.133 0.694
(With Inducer Bleed) 3.003 8.982 0.689
3.004 8.805 0.685
3.024 8.436 0. 664
3.000 7.778 0.640
3.023 4,324 0.413
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Figure 20. Shrouded and Unshrouded Impeller Maximum Weight

Flow Comparison.
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TABLE 11. COMPRESSORX EFFICIENCY SUMMARY

(100% SPEED, 0-DEG IGV)

Projected 10:1 Performance With Good Diffuser
Net Change Shroud Addition

Net Change Rotating Vaneless Space and Diffuser
Vaneless Space Addition

Projected Performance for Shrouded Impeller With
Build 6 Rotor/Diffuser Match

Demonstrated Shrouded Impeller
Net Efficiency Change

75.2%
+3. 0%

-0.5%

77.7%

69. 5%

-8.2%

Figure 21.
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50 Closed Symbols - Max Inducer Bieed Flow
- Open Symbols - No Inducer Bleed Flow
10.0 ¥ - Stall Translent
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Figure 22. Low-Speed Overall Performance.

INDUCER PERFORMANCE

Inducer performance for the shrouded impeller test differs significantly from the
performance demonstrated in the 10:1 program, as shown in Figure 23. Inducer
efficiency is poorer by approximately 1.0% at 100% speed, and substantially worse
at 969 speed, though the inducer is producing considerably greater pressure ratio
at these speeds. Part of the loss in inducer performance can be attributed to the
reduced flow rate and resultant more stalled incidence in the shrouded impeller
test. Opening the inducer bleed increased flow and decreased incidence values,
resulting in up to 2% inducer efficiency gains for nearly all points tested, as shown
in Figure 24, Inducer incidence and inlet relative Mach No. (both with and without
inducer bleed flow), along with the 10:1 program values, are shown in Figures 25
and 26 for 96% speed, 10-deg IGV and 101% speed, 0-deg IGV, respectively.
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Part of the performance loss can also be attributed to heat transfer from the
shroud cases into the flowpath, which was not accounted for in the data reduction
program. In the absence of any temperature traversing behind the inlet guide
vanes, theflowpath total temperature at this station was assumed to be ambient.
However, the shroud case temperature at the inducer exit traversing plane was
approximately 70 deg hotter at 101% speed in the shrouded impeller test than it
was during Build 6 testing of the 10:1 program, as shown in Figure 27, Heat
transfer into the flow path upstream of the inducer was not measured, which results
in an apparent higher temperature ratio across the inducer.

The compressor rig incorporated a ""thermal dam' between the inducer shroud
flange and the impeller housing flange, as shown in Figure 27, which allowed
cooling with nitrogen for reducing heat transfer to cases upstream of the diffuser.
This cooling simulated a thermal environment equivalent to that of a gas generator
with thin-walled cases. In the typical example represented in Figure 27, when

the coclant to the thermal dam was turned on, the three case temperatures meas-
ured decreased by an average of 58°F, and overall efficiency increased by 0.5 per-
centage points, A similar benefit was noted in the 10:1 program,

A comparison of the inducer exit relative velocity profiles is shown in Figure 28
for 101% speed and 0-deg IGV. As shown, not a great deal of difference exists in
the velocity profiles; in fact, the profile for the shrouded impeller inducer appears
to slightly improve in the tip region over the unshrouded impeller inducer., This
can probably be attributed to the tighter inducer tip clearances run for the shrouded
impeller tests. Total pressure, air angle, and total temperature profiles across
the span at the inducer exit are presented in Figures 29 and 30 for 95% speed,
10-deg IGV and 1019 speed, 0-deg IGV, respectively. The rapid increase in

total temperature towards the shroud wall should be noted. Complete velocity
triangle data are given in the traverse data reduction printouts in Table 12 for
these two speedlines,

IMPELLER PERFORMANCE

Combined inducer-impeller (rotor) performance is presented along with the Build 6
rotor performance in Figure 31. At 85% speed, 20-deg IGV, where the weight
flows were approximately identical, the shrouded impeller net rotor efficiency is
3.0 percentage points higher than the Build 6 rotor efficiency. As speed is in-
creased, however, bothflow rate and rotor efficiency fall steadily below Build 6
values. Shrouded impeller-only performance is compared to the Build 6 un-
shrouded impeller performance in Figure 32. At 85% speed the shrouded impeller
shows approximately 8 percentage points better efficiency, while producing the
same pressure ratio at the same flow as the unshrouded impeller. Again, as
speed increases, performance deteriorates steadily.

Two possible causes for the drop in rotor performance at high speeds are (1) opera-
tion of the inducer at stalled incidence, as discussed in the inducer performance
section, and (2) separation of the impeller exit flow along the hub wall in the vane-
less space.
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A T R ST IR S I RIS AN

CASE TEMPERATURE, °R

CONDITION 1 2 3 4
10:1 TEST - THERMAL DAM OFF 625.6 758.7 —— ——
SHROUDED - THERMAL DAM ON = = 785.9 766.2 1053.9
SHROUDED - THERMAL DAM OFF -_— 829.3 851.6 1098.9

Figure 27. Compressor Rig Case Temperature Comparison

(101% Speed, 0-deg IGV).

Figure 33 shows rotor adiabatic efficiency as a function of inlet tip relative flow
angle for various rotor speeds. As is shown, a 2-3% rotor efficiency improve-
ment could be realized by operation of the shrouded impeller rotor at the same

inducer tip incidence as the unshrouded impeller. The increase in rotor net
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efficiency gained by approximately 1.5% inducer bleed flow is presented in Fig-
ure 34. In addition to reducing incidence values, the bleed has an added effect on
rotor performance by reducing the hot shroud boundary layer at the impeller inlet.

Separation of the impeller exit flow is indicated in the meridional velocity profiles

in Figures 35 and 36 for 95% speed, 10-deg IGV and 101% speed, 0-deg IGV, respec-

tivelv, The apparent flow separation occurs along the hub wall and comprises
approximately 10-15% of the span. Also shown on each of these figures is the
meridional velocity profile for the unshrouded impeller operating at comparable
speed and IGV settings. While the unshrouded impeller appears to have the flow
concentrated along the hub wall (with a large meridional boundary layer defect
along the shroud), the shrouded impeller is just the opposite., This implies that
addition of the shroud makes a pronounced improvement in the shroud wall bound-
ary layer. For this particular impeller, however, the hub boundary layer de-
teriorates as much as the shroud boundary layer improves. A typical total pres-
sure and air angle profile comparison at the impeller exit for 101% speed, 0-deg
IGV is shown in Figure 37. Reduced traverse data defining the impeller exit con-
ditions for 95% speed, 10-deg IGV and 101% speed, 0-deg IGV are presented in
Table 13.
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Figure 28. Comparison of Inducer Exit or Impeller Inlet Relative Velocity
Profiles for Shrouded and Unshrouded Impellers (101% Speed,
0-deg IGV).
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Comparison of Rotor Performance for Shrouded Impeller

and 10:1 Program Rotors.
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A review of the design impeller exit velocity profiles for both the shrouded and
unshrouded impellers, as shown in Figure 38, fails to reflect the drastic flow

shifts shown in Figures 35, 36, and 37. Also in line with this, as illustrated in
Figure 39, addition of the shroud and changing of the blade thickness and thick-
ness distributions throughout the impeller did not substantially change the pre-
] dicted hub boundary layer shape factor.

Static pressures at the impeller exit are compared to the 10:1 program values

¥ for similar test conditions in Table 14, The lower rim static pressures ob-

3 served for the shrouded impeller test, which are measured in the pressure com-
municating groove, are probably influenced by the seal leakage flow. Good agree-
ment exists between the impeller backface cavity static pressures in spite of the
lower overall flow rates for the shrouded impeller test at 1017 spced.
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TABIE 14, IMPELLER EXIT STATIC PRESSURE COMPARISON l

10:1 Program Shrouded Impeller Test

Backface Backface
Rim Static, Cavity, Rim Static, Cavity,

Test Condition psia psia psia psia
101%, -4 deg IGV, near stall 54.19 55. 26 51.53 56.52
101%, 0-deg IGV, near stall 53.35 54.17 50,42 55.38
101%, 0-deg IGV, minimum 52,35 53.26 50, 20 54.96
acKkpressure

The concept of the shrouded impeller was based on its reducing the impeller front
face shroud friction temperature rise. The results of an analysis made to de-
termine the magnitude of this reduction, using the impeller exit traverse data, is
presented in Figure 40, This analysis indicates a reduction in shroud friction
temperature rise of approximately 15 deg by using a shroud, which is about half

of the predicted value of 27 deg. An error analysis was performed to determine
the accuracy in calculating the shroud friction temperature rise due to precision
errors in the measurements used in the calculation. As a result of this analysis,
it was determined that an uncertainty in the difference in shroud friction tempera-
ture rise between the shrouded and unshrouded configurations of+14 deg was pos-
sible. It must also be recognized that the magnitude of shroud friction temperature
rise is small compared to the total work done in the compressor, and that it is
determined by obtaining the difference between the total compressor temperature
rise (a large number) and the Euler temperature rise (another large number); how-
ever, the data indicate a consistent reduction in shroud friction heating with a
shrouded impeller at increasing design speeds.

A comparison of impeller slip factor for both the shrouded and unshrouded im-
pellers operating at various speeds and IGV settings is shown in Figure 41, As
shown, the levels of slip factor are comparable for both impeller configurations,
This is somewhat surprising, in that a reduction in one-half the number of blades
at the impeller exit would normally reduce slip factor, A possible explanation
could be that the larger blade wake size, due to increased blade-to-blade loading,
effectively reduced the passage width to that of the case with twice the number of
blades. It can be rationalized that this would effectively maintain a high slip
factor at the expense of increased wake losses.

Although the impeller slip factor is approximately the same for both configura-
tions, the temperature rise at the same rotor speed is slightly less for the
shrouded impeller d>spite an increase in rotor diameter of approximately 2, 07 .
(See Figure 42.) This increase in rotor diameter represents approximately
11.0 deg in temperature rise. The fact that this increase in temperature did not
occur indicates that shroud friction temperature rise was reduced by a like
amount. The sum of this number and the slightly lower measured temperature
rise for the shrouded impeller agrees, as it should, with Figure 40,
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DIFFUSER PERFORMANCE

A comparison of diffuser throat flow factor for the 10:1 program and the shrouded
impeller test is shown in Figure 43 for various rotor speeds. The larger than
anticipated diffuser throat blockage for the shrouded impeller diffuser effectively
caused the diffuser to be undersized and resulted in a rotor/diffuser mismatch,
This larger blockage can also be associated with the larger than expected diffuser
losses. The diffuser total-to-total pressure losses for the shrouded impeller
test are approximately 50% greater than the 10:1 program diffuser losses, as
shown in Figure 44. The diffuser static pressure rise coefficient, presented in
Figure 45, is also considerably reduced. This loss in diffuser performance
accounts for 3.7 percentage points in overall efficiency loss at 101% speed,

0-deg IGV,

The increased diffuser throat blockage is the result of (1) increased flow blockage
at the diffuser leading edge resulting from the hub wall flow separation and

(2) blockage generation between the diffuser leading edge and throat associated
with a diffuser leading-edge incidence variation. Although the rotating vaneless
space resulted in lower wall tangential boundary layers and an improved tangen-
tial velocity profile, as shown in Figure 46, the beneficial effects that the rotating
vaneless space may have had on vaneless space wall blockage were overshadowed
by hub wall separation effects. Also, the hub wall separation, along with the
resultant increase in flow along the shroud wall, combined to produce a larger
cross channel diffuser leading-edge incidence variation, as shown in Figure 47.

Diffuser exit Mach No. profiles at near stall for 96% speed, 10-deg IGV and 101%
speed, -4-deg IGV are shown in Figures 48 and 49, respectively. Corresponding
profiles are given in Figures 50 and 51 for Build 6 of the 10:1 program for com-
parison., The high Mach No. region for the shrouded impeller test is on the hub
side, while the high Mach No. region in Build 6 was on the shroud side, which
directly correlates with the reversal in impeller exit profiles between the two

tests.
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Figure 44. Shrouded Impeller Diffuser Losses.
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Figure 46. Comparison of Impeller Exit Absolute Tangential Velocity Profiles
for Unshrouded and Shrouded Impellers (101% Speed, 0-deg IGV).
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Figure 47. Comparison of Span-Wise Distribution of Diffuser Leading-Edge
Incidence for the Shrouded and Unshrouded Impellers (101% Speed,
~-4-deg IGV).
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CONCLUSIONS

Based on the limited testing conducted under the program, the following conclusions
are presented:

1.

This program has demonstrated that it is mechanically feasible

to use a shrouded impeller in a high-speed centrifugal compressor.
The titanium shrouded impeller, which was machined from a single
forging, was tested for 20.65 hr at tip speeds reaching in excess
of 2200 ft/sec with no mechanical problems. A labyrinth seal
arrangement was effectively used to limit leakage flow to less

than 1% at design speed. Inspection of the rig hardware after
completion of the test program revealed no damage or defor-
matior to the shrouded impeller.

The design speed overal! performance of the shrouded impeller
compressor was 5.7 percentage points below the conventional
design impeller from the 10:1 program. This poor performance
was caused by higher rotor and diffuser losses and heat transfer
to the fluid from cases hotter than anticipated. The higher rotor
losses were attributed to an apparent flow separation at the hub
wall of the impeller exit, and, to a lesser degree, the inducer
operating at a stalled incidence due to a diffuser mismatch. The
higher diffuser losses were attributed to excessive throat blockage
due to poor impeller exit conditions, specifically the separated
hub wall flow and the impeller exit air angle distribution, which
caused an unfavorable incidence distribution along the diffuser
leading edge. The higher case¢ temperatures are attributed to
locating the hot seal leakage flow near the impeller inlet rather
than near the impeller exit.

The shrouded impeller did demonstrate a reduction in shroud
friction heating with increasing speed, and the rotating vaneless
space improved the ahsolute velocity profile by reducing the wall
tangential boundary layers. If the apparent hub> wall flow separation
could be resolved, a shrouded impeller may stiil be able to demon-
strate an improvement in performance over the original 10:1 im-
peller., However, the impeller analytical design system should be
evaluated and improved to more accurately predict exit conditions
for a shrouded impeller based on the results of this test,
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RECOMMENDATIONS

Analysis of the data obtained during this program leads to the following recom-
mendations to remedy the problems that caused the performance to be lower thin
predicted.

1. The design of the impeller should be improved to eliminate the
severe hub wall flow separation, This separated region could
be eliminated by redesigning the flow path with more convergence
in the impeller exit region. This method of controlling impeller
exit flow characteristics has been successfully used previously
to increase the radial velocity at the shroud side of conventional
impellers. The unusual hub wall flow separation should be further
studied and analytical design systems improved to predict the ob-
served effect of shrouding an impeller.

2. The impeller shroud seal should be moved from the inlet to near
the impeller exit similar to the backface seals on the existing im-
peller. This modification would prevent heat transfer from the
high-temperature impeller exit air as it circulates from the im-
peller tip back to the scavenge area between the seals. It would
also help prevent accidental recirculation of the impeller exit air
into the flow path at the impeller inlet.

3. The diffuser should be resized to match the impeller exit char-
acteristics. The diffuser was not properly sized for the ira~
peller exit conditions, specifically blockage and diffuser in-
cidence, and thereby caused the performance of both the rotor
and diffuser to suffer. The blockage and incidence generated
at the diffuser leading edge by the shrouded impeller were con-
siderably different from those generated by the conventional open-
face impeller. The new diffuser leading-edge geometry will have
to be based on the results of this report and modified based on
the predicted results of converging the impeller flow path to
eliminate the hub-side flow separation,
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LIST OF SYMBOLS

a speed of sound, ft/sec
A* diffuser throat area, in?
. D
A area, ins
B diffuser throat blockage
Pg3 - Pgo
Cp diffuser static pressure rise coefficient PP,
t2 - Vs2
G gravitational constant 32,174 lbm—ft/lbf—sec2
e uncertainty of an individual sensor
h enthalpy/unit mass, Btu/lbp,
i incidence, deg g* -8
J work constant 778 ft-1b, Btu
S J
3 2(7-1)
. N Y-1_ 0 =
k f (Mach No.) My /5= (1 5= u2)
M absolute Mach No.
n number of sensors
N rotor speed, rpm
Py static pressure, psia
P total pressure, psia
PR pressure ratio
R gas constant 53,345 ft, lbp Ib -°R
T total temperature, °R
Tg static temperature, °R
TR ‘omperature ratio
u overall uncertainty
U rotor speed, ft/sce
\% absolute veloceity, ft/sce
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Subscripts

act
bl

cor

flow
imp
ind

m

LIST OF SYMBOLS (Continued)

weight flow, lby,/sce

relative velocity, ft/sec

absolute air angle, deg from tangential direction
relative air angle, deg from tangential direction
leading edge metal angle, deg

ratio of specific heats

pressure correction, Po/l4.696

differertial

adiabatic ctficiency

temperature correction, '1‘0/518. 688

plenum

[GV exit instrumentation station

inducer exit instrumentation station
impeller exit instrumentation station
collector

actual

inducer bleed flow

corrected to standard dav inlet conditions
Euler

flow path (not corrected for bleed and leakage flow effects)
impeller

inducer

streamline meridional component
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LIST OF SYMBOLS (Continued)

Subscripts (Continued)

net net (corrected for bleed and leakage flow effects)

o inlet flow

sf impeller front face shroud friction .
sl seal leakage flow

u tangential component

Superscripts

(7) mass averaged
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