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SUMMARY

The Radial Outflow Compressor (ROC) Phase IV configuration tested was
identical to the Phase III configuration except for a change made in
the rotating diffuser flowpath area distribution. Sustained test opera-
tions at 90- and 100-percent corrected speeds were accomplished for the
first time on the ROC program.

The circular inlet vane position had little effect on rotor performance
in the testing limited to the range of corrected speeds from 50 through
80 percent.

Rotor operation, with the recontoured disc reproducing No. 2 (Phase II)
diffuser area distribution, was characterized by slightly higher rotor
total pressure ratios and efficiencies relative to those produced by the
Phase III configuration. Rotor outlet Mach numbers were lower than those
obtained with the Phase III configuration but substantially higher than
the estimated values. Maximum rotor performance was obtained with the
83.4-degree supersonic stator setting. The maximum measured rotor total
pressure ratio was 7.2 with a rotor efficiency of B0 percent (the peak
efficiency) at 100-percent corrected speed.

The stator system with the supersonic stator settings of 82 or 79 degrees
demonstrated the capability of operating with overall loss levels ap-
proaching those obtained in the cascade tests.

The maximum measured stage total pressure ratio was 6.1 at the maximum
stage efriciency of 66 percent. These values were obtained at 100-percent
corrected speed with the 82-degree supersonic stator setting and the 76-
degree subsonic stator settings.
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FOREWORD

The Phase IV Radial Outflow Compressor program was carried out under
United States Army Contract DAAJ02-69-C-0070 by the Advanced Technology
Programs Department, Aircraft Engine Technical Division, Aircraft Engine
Group, General Electric Company, Cincinnati, Ohio. The United States
Army Project Engineer was Mr. R. A, Langworthy. The General Electric
Project Engineer was Mr. J. W, Blanton., The program was initiated in
May 1969 and was completed in March 1970.
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INTRODUCTION

The objectives of the Phase IV Radial Outflow Compressor (ROC) program
were to set the circular inlet vane at the optimum position for the
rotor performance and to generate a compressor map of 6 speed lines
with the supersonic stators and the subsonic stators set at the most
suitable position. The basic output of the Phase IV ROC program was
to be reduced test data to determine rotor performance, stage perform-
ance, and the operating match between the rotor and the stator. The
analyses and evaluation of the test data were to be held to specified
minimal 1imits., Based on the test results, recommendations were to
be made relative to future investigations of the Radial Outflow
Compressor.



PERFORMANCE ESTIMATES

As an aid in evaluating the Radial Outflow Compressor (ROC) Phase IV
test results, estimated performance data were compiled which represent
reasonable performance expectations for a developed compressor with
zero inlet whirl. These data, given in Table I, were based on rotor a)
performance estimates as contained in the report on the Phase II work
and extended to account for the performance of the tandem (supersonic-
subsonic) stator vanes and the outlet scroll ducting. The extension

of the rotor performance provided estimates of stage (overall) total
pressure ratio and stage (overall) adiabatic efficiency for the ROC.
Use was made of earlier tandem cascade test data in terms of total
pressure loss coefficient as a function of inlet Mach number and as
contained in the report on the Phase I work(2). These pressure loss
data were adjusted upward, allowing to some extent for the effects of
unsteady and nonuniform flow out of the rotor at the supersonic stator
inlet, in estimating a reasonable pressure loss coefficient character-
istic as a function of supersonic stator inlet Mach number. The
envelope of the tandem cascade test data, together with the estimated
pressure loss characteristic for the tandem stator system, is shown

in Figure 1. The total pressure loss characteristic, as shown in
Figure 2, from the discharge of the subsonic stator to the measuring
plane in the scroll outlet collector arms, was derived from test data
acquired in the Phase IV testing.
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Figure 1, Radial Outflow Compressor Tandem Stator System Loss Coefficient
Vs Stator Inlet Mach Number.
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Figure 2. Radial Outflow Compressor Scroll Loss Coefficient Vs Average

Mach Number at Stator System Discharge.



TEST CONFIGURATION

REDESIGNED ROTOR

The Phase IV rotor was a redesign of the Phase III rotor to reproduce
the rotating diffuser area distribution used in the Phase II work. The
resulting Phase IV configuration was analyzed to evaluate safe operatio
at full speed.

Phase IV Diffuser Contour

A modification of the roior disc was designed to change the flow area
distribution of the vaneless diffuser for the Phase IV configuration
from the schedule used in Phase III back to the Phase II schedule used
in Buildup F(l). The corresponding width schedules for Phase IV and
Phase III diffusers are compared in Figure 3. The physical change made
to the Phase III disc contour is represented in Figure 4, Growths re-
sulting from stress and thermal conditions were considered along with
the original Phase II hot flowpath shape and dimensions in the process
of determining the profile for the modified disc. The rotor disc, with
blades attached, after test, in the Phase III configuration, and before
machining to the Phase IV configuration, is shown in Figure §.

A view of the Phase IV disc after completion of the contour machining
operations is shown in Figure 6. A circumferential step (increasing
the passage width) 0.020 inch deep was left on the disc on the flow-
path surface on which the blade roots butt. The step was blended back
approximately one-sixteenth of an inch into the upstream surface, re-
ducing the step to 0.005 inch. Complete elimination of the step would
have given unacceptable clearance between the blade trailing edges and
the rotor disc. The assembly drawing of the Phase III vehicle, Figure
describes the Phase IV configuration with the exception of the rotor
disc contour change, which is illustrated in Figure 4.

Mechanical Aralysis of the Phase IV Configuration

In addition to the differential growth of the rotor disc and shroud,
indicating a mismatch between the front and rear blade fixing radii,
the analysis also indicated that the shroud tip deflects axially (for-
ward), relative to the casing, under load. Although consideration was
given to several methods for controlling the deflection of the shroud
rim, including winding on it a high-modulus composite hoop to preload
and deflect the shroud, none of these appeared to be practical. The
differential growth between the shroud and the disc, loading the blades
in bending, appeared to be tolerable at speeds up to 82 percent. Above
this speed, it would be expected that the blade stems would bend, re-
sulting in some compromise in blade life. Combined with the experi-
ence gained in the high-speed operation on the Phase III work, the
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analysis of the Phase IV configuration led to the conclusion that opera-
tion to 100-percent speed should be possible if it 1s carefully executed.
Although blade 1ife might be compromised, it was unlikely that sudden

failure would occur as a result of blade bending in the relatively short
duration of the high-speed operation contemplated to be required to con-
duct the Phase IV tests, provided rotor vibration levels were minimized.

FORWARD BEARING TEMPERATURE CONTROL

A further modification was made to the ROC vehicle in an attempt to
obtain reasonable life from the forward compressor thrust bearing. A
means was provided for preventing leakage of air at compressor dis-

charge temperature across vhe shaft seal from the PV6 cavity, Figure 8,
into the bearing cavity. The interseal cavity was modified to incor-
porate an air pressure supply tube and a static pressure sensor. Undesir-
able hot air leakage into the bearing cavity was prevented by pressurizing
the interseal cavity with shop air to 5 to 10 psi above the PV6 cavity
pressure during test operations.

TEST FACILITY

The test facility was as used in Phase III testing except as noted
below. In previous ROC testing, the compressor delivery air was dis-
charged into the test tank, allowing closed-cycle operation. The dis-
charge air, with temperatures as high as 700°F, was routed through the
west and center tank coolers. To eliminate the heating of the gearbox
and drive vehicle and to reduce the tank temperature, new piping and
flexible hoses were installed, routing the compressor main air outside
the test tank. A standard 5-inch orifice run was installed to measure
compressor discharge airflow.

ASSEMBLING AND BALANCING THE ROTOR

In the initial attempt to assemble the Phase IV rotor, excessive clear-
ance (0.005 inch) was observed between the end of the rotor blades and
the rotating shroud after the blade retaining nuts had been torqued to
the prescribed level, Removal of material from the shroud, by chamfer-
ing the holes, provided sufficient clearance over the radius on the
blade stems to permit the blade to seat properly on the shroud. As a
result of cleaning up the edges of the blade stem holes in the shroud,
as well as a careful selection and matching of the rotor blades, rotor
assembly with minimum runout was achieved, and a good balance of the
rotor was facilitated. A comparison of the runouts of the rotor for
Phase IV with those for Phase III Buildup C are given on Figure 9,
illustrating the substantial reduction in runout obtained with the
Phase IV rotor. The procedure followed for balancing the Phase IV
rotor and shaft was the same as previously used in the Phase III pro-
gram(B). Using the balancing apparatus as shown in Figure 10, the
Phase IV rotor had a 0.03-gram unbalance in Plane C and a 0.06-gram

15
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unbalance in Plane D. This is to be compared with the Phase-III Build-
up-C unbalance of 0.1 and 0.2 gram for Planes C and D, respectively.
The relatively lower unbalance levels for the Phase IV configuration
were expected to result in vibration problems of reduced magnitude
during the Phase IV testing.

STATOR SYSTEM

The array of supersonic and subsonic stator vanes installed in the for-
ward stator casing is shown in Figure 11. A closeup of one of the rotor
outlet (stator inlet) total head rakes is shown, mounted on a supersonic
stator vane, in Figure 12. Each rake consisted of one pitot probe at the
center of the passage with the two flanking pitot probes mounted close to
the forward (rotor shroud side) and rear (rotor disc side) stator case
walls.

INSTRUMENTAT ION

The instrumentation used in the ROC Phase IV testing was generally similar

to that used in Phase III Buildup C testing. The compressor discharge
traverse rake, containing 15 total pressure elements and 14 total temperature
elements installed in the upper discharge duct for Phase III testing, was
replaced with a single-element total pressure probe and two thermocouples
providing identical instrumentation in the upper and lower discharge duct

for the Phase IV testing. The number of Kistler (static) pressure sensors
installed was reduced from seven to three - two located at stator outlet

and one in the outlet scroll - for the Phase IV testing.

Compressor inlet total pressures were obtained from a single rake containing
five total pressure sensing elements, and located in annular inlet ducting
downstream of the inlet screen. Rotor outlet total pressures were sensed bya
three-element rake located on each of two supersonic stator vanes (Figure 12).
Rotor outlet static pressures were sensed by wall static pressure taps - twelve
located on the front casing and six located on the rear casing, Jjust upstream
from the supersonic stator inlets. Rotor outlet total and static pressures
were assumed to be identical to the stator system inlet total and static
pressures.

Compressor inlet air temperature was obtained from the average of twelve
thermocouple readings at the plane of the inlet screen in the compressor
inlet duct. Compressor rotor discharge air temperature was assumed to be
the same as compressor discharge temperature (Plane 8).
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TEST PROGRAM

The requirements established for the Phase IV ROC testing fell into two
categories:

(1) With the supersonic and subsonic stators set at a nominal
position of approximately 82 and 76 degrees respectively,
tests were to be conducted over the full range of speeds
available (a minimum of 4 speed lines up to and including
80 percent, if the compressor was capable of attaining
such speeds without risk of loss or damage to the com-
pressor) at each of 3 different circular ialet vane
positions.

(2) With the circular inlet vane set at the position yielding
the best rotor performance during testing conducted under
Item 1 above, tests were to be conducted over the full
range of speeds available (a minimum of 4 speed lines up
to and including 80 percent) at supersonic vane settings
of approximately 79 degrees and 83.4 degrees. Based on
the results of the foregoing, tests were to be conducted
at 90-percent and 100-percent speeds using the most suit-
able supersonic vane setting. Subsonic vane settings
during this step were to be based on the results obtained
in the Phase III work,

Execution of Item 1 was straightforward. Compressor operation was
generally smooth at speeds up to 80 percent, and excessive rotor vibrations
were not encountered. Speed changes were made with the scroll discharge
throttle valves wide open to minimize the probability of unexpectedly
encountering stall,

In the early stages of the tests required by Item 2, it was found that
100-percent speed could be achieved without encountering mechanical
difficulties. It was also found that sustained running at 100-percent
speed could be achieved if careful attention was given to following a
test procedure which maintained the forward thrust bearing load within
limits and rotor metal temperatures below 1limits. These operational
necessities were met by appropriate adjustments made to the auxiliary
air systems shown schematically in Figure 8. At all speeds, the PV4
bleed was opened for maximum bleed, assuring that hot air from cavity
PV2 leaking past the shroud seal would not leak into the inlet. At 80-
percent speed, the PV6 cavity bleed was opened as required to keep
rotor thrust loading from exceeding a nominal 1limit of 400 pounds, At
90~ and 100-percent speed, equal amounts of air supply and bleed were
set in cavities PV6 and PV2 for purposes of cooling the rotor, and the
tank density was reduced to about one-half atmosphere to keep the rotor
thrust load from exceeding 300 pounds.
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Satisfaciory mechanical operation of the ROC vehicle was obtained over
the full speed range from the unstable flow region with wide-open dis-
charge throttle valves, through the normal operating range, and into
stall. The satisfactory experience with mechanical aspects of the com-
pressor operation in the initial testing up to and including 100-percent
speed at the 82-degree supersonic stator vane setting, along with the
difficulties inherent in attempting to choose an optimum stator setting
for higher speeds based on running up to only 80-percent speed, provided
the motivation to attemp to run a full set of compressor characteristics
at both the 79- and 83.4-degree supersonic stator settings. These two
runs were successfully accomplished. Consideration of the Phase III re-
sults demonstrated that the subsonic stator angle had little effect on
performance; therefore, the subsonic stator setting was set anc held at
76 degrees during the Phase IV testing.

Of the total test operating time of 52.7 hours for the ROC in the Fkiase
IV configuration, 19.8 hours (37.5 percent) were at or above 80-percent
speed. The test operating time at or above 90-percent speed was 5.2
hours (9.9 percent). The test operating time at 100-percent speed was
2.9 hours (5.5 percent).
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RESULTS OF TEST DATA ANALYSIS

THE EFFECT OF CIRCULAR INLET VANE POSITION ON ROTOR PERFORMANCE

Rotor characteristics were measured by a series of tests at speeds up to
80 percent for each of three axial positions of the circular inlet vane,
The three vane positions are shown schematically in Figure 13. The
forward and aft positions were at the physical 1limits available for

ad justment, and the rominal position was the same position used in the
earlier Phase III testing. Rotor total pressure ratios, as a function
of corrected airflow and for compressor operation at corrected speeds

of 50, 60, 70, and 80 percent, are shown in Figure 14, The circular
inlet vane position does not appear to have any significant effect on
rotor total pressure ratio. A similar presentation of rotor static
pressure ratio, Figure 15, shows no significant effect of circular inlet
vane position on rotor static pressure ratio. The rotor efficiency
characteristics shown in Figure 16 do not demonstrate any significant
sensitivity to circular inlet vane positions. As a result of these
somewhat surprising observations, when considered in the 1light »>f
allegations on the influence of the circular inlet vane on rotor per-
formanc~ made in earlier work 1), the Phase IV test data were subjected
to further examination and analysis in an attempt to provide an improved
understanding of the apparent lack of influence of the circular inlet
vane position on rotor performance. Rotor discharge total pressure
distributions, as determined from measurements taken by the three-element
total pressure rake at the 195-degree location, were compared for each
significant data point for the three circular inlet vane settings. The
two total pressure distribution factors (as given in Table II) indicate
similar trends and levels for the three circular inlet vane positions at
each of the four speed levels tested.

THE EFFECT OF VARIATION OF SUPERSONIC STATOR SETTING ON ROC PERFORMANCE
CHARACTERISTICS (CIRCULAR INLET VANE FIXED AT THE NOMINAL POSITION)

Rotor Total Pressure Ratio

Supersonic Stator Setting, 82 Degrees

The rotor total pressure ratio characteristics for the 82-degree
supersonic stator angle setting are shown in Figure 17. The test
data points for corrected speeds of 50, 60, 70, 80, 90, and 100
percent are plotted together with the estimated compressor-
characteristic curves for the same speeds. At speeds of 80 percent
and lower, the rotor total pressure ratio tends to be higher than
the estimated levels for each speed, with the smaller differences
occurring for the lower speeds. For the 80-percent speed test
data, the airflows appear to be at approximately the same level
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Plac [
All measurements taken fr¢ } //
Stator vane settings: supe¢ I'sg | |PTap :;j>
Fd
PT3¢c = total pressure ///g:;rif
PT3s = total pressure r Stator”
PT3D = total pressure > I //rCas:ng v
Distribution Factors —— <
PToc - PT
n = TS Gor .
3A ;
ViE roud ; Disc
*PT3Avg = (PT3;
o 2(PT3s ~ PT3D) =t Rotor //
2 (PT3g + PT3p) : A Outlet
Flow
Aft
Rotor
Percent |Corrected |Rotor! | Rotor Total D D Outlet
Corrected | Airflow Pre Pressure 1 2 Mach No.
Speed (Lbs/Sec) Ra Ratio (%) (%) (M3)
3.46 4 4,50 11.9 -4.0 1.17
3. 44 4 4.54 22.0 | -18.5 1.09
80 3.41 4 4.31 20.7 —17.2 1.09
3. 39 4 1.59 21.4 | -18.5 1.10
3.40 4 - = - -
2.72 3 3.43 4.1 -2.2 0.95
2.55 3 3.51 4.5 -4.,1 0.98
2.51 3 3.53 5.7 -3.3 0.97
70 2.46 3 3.46 6.2 -4.4 0.93
2.39 3 3.31 5.2 -4.1 0.89
= 3.28 9.0 -6.6 0.90
2.16 2 2.51 2.8 +0.6 0.77
2.05 3 - - = =
60 1.98 2 = = = =
1.79 3 - = = -
1.77 3 = i~ = =
1.71 1 1.99 3.6 +1.1 0.67
1.69 1 - = - =
1.66 1 = = - -
&b 1.56 1 = = - =
1.39 1 = = = =
1.26 1 B N - -




TABLE II. ROTOR OUTLET CROSS-STREAM PRESSURE DISTRIBUT

All measurements taken from rake at 195° position

Stator vane settings: supersonic 82>, subsonic = 76’
T total pressure at center
Prag tutal pressure at shroud side
PT3Dp - total pressure at disc side

Distribution Factors

p’[‘.“, = p'[‘,i‘
PToyve®
*PT3avg  (PTgg + PTye + PT3p),3

Dy (or PT3p, whichever is the lesser) x 100, maximum spread, percent

2(Prgs - PT3p)

100, wall-to-wall spread, percent
(PTag = PTap) wa o-wa spread, percen

Circular Inlet V

Forward Nomin
Rotor
Percent Corrected | Rotor Total 0 D, Outlet Percent Corrected | Rotor Total
Corrected Arrtlow Pressure 1 2 Mach No. Corrected | Airflow Pressure
Speed (Lbs Sce) Ratio (%) (%) (M3) Speed (Lbs/Sec) Ratio
3,16 1.35 12.8 -4.9 1.16 3.48 4,37
3.1 -4, 57 12.1 -4.8 1.24 3.48 4.62
80 3.4 1.59 16.4 -14.2 1.10 80 3.46 4.69
3.39 1. 57 17.8 -16.4 1.09 3.46 4,69
3.0 1,46 21.6 -20.8 1.08 3.00 4,30
r—--~ e
2.72 3.50 1.5 -3.1 0.96 2.84 3.43
! 2.55 3.39 6.4 -4.,0 0.90 2.71 3.53
70 | 2.51 3.35 6.1 -3.8 0.89 70 2.48 3.38
I 2.16 1 3.36 12.8 -12.0 0.90 2.35 3.29
2.39 3.31 15.0 -14.2 0.88 2.24 3.25
! = - - - = 2.22 3.19
}— —_— —
-r_ 2.16 2,52 3.5 +2.3 0.77 2.17 2.54
2.05 2.49 2.9 +2.0 0.75 2.08 2.51
60 1.98 2.46 2.4 +1.4 0.74 60 1.99 2.47
1.79 2,55 8.4 -1.1 0.78 1.89 2.50
a 1.77 2.53 8.4 -1.2 0.77 1.79 2.54
1.71 1.92 2.6 +1.1 0.64 1.76 1.95
1.69 1.91 2.8 +1.4 0.63 1.71 1.94
50 1.66 1.95 3.4 +1.2 0.65 50 1.60 1.96
1.56 1.93 3.0 +1.2 0.64 1.35 1.96
1.39 1.95 5.2 +1.2 0.65 1.25 1.94
1.26 1.93 7.7 -1.8 0.64 = =

"
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URE DISTRIBUTION FOR 3 INLET VANE POSITIONS

Forward

/ SLator/
Casing
/////</ A

Shroudﬂ{
1

Lo 2

Rotor
Outlet
Flow
cular Inlet Vane Position
Nominal Aft
Rotor Rotor
. | Rotor Total D1 D Outlet Percent Corrected | Rotor Total D D Outlet
Pressure 2 Mach No., | Corrected Airflow Pressure 1 2 Mach No.
Ratio (%) (%) (M3) Speed (Lbs/Sec) Ratio (%) (%) M3)
4.37 12.1 -5.6 1.15 3.47 4,50 11.9 -4.0 1.17
4.62 10.5 -3.5 1.24 3.44 4.54 22.0 -18.5 1.09
4.69 18.3 -14.7 1.11 80 3.01 4,31 20.7 ~17.2 1.09
4,69 31.9 -29.9 1.08 3.43 -1.59 21.4 -18.5 1.10
4,30 22.6 -20.0 1.08 - = = - -
3.43 4.4 -2.8 0.95 2.82 3.43 4.1 -2.2 0.95
3,593 4.4 -3.2 0.98 2.73 3.51 4.5 -4.1 0.98
3.38 6.9 -5.8 0.92 70 2.66 3.53 5.7 -3.3 0.97
3.29 8.1 -6.0 0.91 2.56 3.46 6.2 -4.4 0.93
3.25 8.6 =-5.7 0.91 2.38 3.31 5.2 -4.1 0.89
3.19 7.6 -5.1 0.89 2.40 3.28 9.0 -6.6 0.90
2.54 3.1 +0.45 0.78 2.10 2.51 2.8 +0.6 0.77
2.51 2.5 +0.11 0.76 - - - - =
2.47 2.3 -0.20 0.75 60 - - = - -
2.50 4.4 -0.80 0.76 - - - - =
2.54 9.5 -2.0 0.78 - = = = -
1.95 2.7 +0,62 0.64 1.72 1.99 3.6 +1.1 0.67
'1.94 2.8 +0.99| 0.64 = = - g -
1.96 2.7 +0.51 0.65 - = - o -
1.96 5.2 =0.07 0.65 90 - - = o -
1.94 8.2 -1.69 0.64 - - - - -
#
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as the estimates. Airflow is progressively much lower than the
estimated levels for 70-percent speed and lower. The tesat data
for speeds of 70-percent and below demonstrate a reduction in
flow as expected as the compressor discharge is throttled. The
test data at 80-percent speed indicate a similar rollback in
airflow as the compressor discharge is throttled, but of less
range. The test data for 90-percent speed do not show any indi-
cation of flow rollback as the compressor discharge is throttled.
Airflow remains relatively constant with increasing pressure ratio,
an opposite trend from that expected from the estimated data.

The increment in flow for the 90-percent speed test data over
that for the 80-percent speed test data is smaller than would

be expected from the estimated data.

The test data for 100-percent speed exhibit trends similar to
those for 90-percent speed, Flow and total pressure ratio are
substantially less than estimated levels, with highest total pres-
sure ratio occurring with maximum compressor discharge throttling,
as contrasted to that occurring at minimum throttling implicit in
the estimated data. The maximum total pressure ratio of 6.6 was
close to stall pressure ratio.

Supersonic Stator Setting, 83.4 Degrees

The rotor total pressure ratio characteristics for the 83.4-degree
supersonic stator setting are shown on Figure 18. The test data
points for corrected speeds of 50, 60, 70, 80, 90, and 100 percent

are plotted together with the estimated compressor characteristics

for the same speeds. The test data for speeds below 80 percent
exhibit the higher total precsure ratios and lower airflows relative
to the estimated characteristics, as was encountered with the 82-
degree stator setting. At 80-percent speed, the test data indicate
that maximum airflows are subgtanticlily less thaa the estimated
levels; at 90-percent speed,they are about the same as at 80-percent
speed. At 100-percent speed, the mersured flows are low relative to
the estimated levels, but are not neuriy so low as those for the 90-
percent speed airflows. For the B83%. .i-degree stator setting, airflow
reduction with compressor dischaige throttling occurred for all speeds
but with only minor rollback . airf.ov occurring at 90- and 100-percent
speeds. As vith the 82-degree statur setting data, there is no indi-
cation that the shape of the test data pattern approaches the shape of
the estimeted total pressure ratio/airflow characteristics as a function
of throttling the compressor dischaerge. The comparable Phase III
high-speed test data, displayed by the distinctive symbols on Figure
18, indicate that the rotor total pressure ratios were generally lower
than those for Phase 1V, and the airflow increments between the test
data groups for the speed characteristics were more evenly spaced than
for the Phase IV test data.
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Supersonic Stator Setting, 79 Degrees

The rotor total pressure ratio characteristics for the 79-degree
sapersonic stator setting are shown in Figure 19, The test data
for corrected speeds of 50, 60, 70, 80, 90, and 100 percent are
plotted together with the estimated compressor characteristics
for the same speeds. The test data for 50- and 60-percent speeds
indicate that the rotor total pressure ratio was about the same
or slightly higher than the estimated characteristics, similar

to that apparent for the other two stator settings. However,

the airflow levels closely approximate those for the estimated
compressor characteristics up through 70-percent speed. At 80-
percent speed, the test data are grouped around the corresponding
vertical portion of the estimated total pressure ratio character-
istic, but the total pressure ratioc level is generally below the
estimated levels. The 90- and 100-percent speed test data display
some rollback in airflow as the compressor discharge is throitled,
but total pressure ratio and airflow levels are substantially
below those for the estimated characteristics,

Rotor Static Pressure Ratio

Supersonic Stator Setting, 82 Degrees

The .cotor static pressure ratio characteristics for the 82-degree
supersonic stator angle setting are shown in Figure 20, The test
data for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
are plotted together with the estimated rotor characteristic
curves for the same speeds, The test data for 50-percent speed
locate the rotor static pressure ratios at the same levels as the
estimated static pressure ratios. For higher speeds, the measured
rotor static pressure ratios are below the estimated static pres-
sure ratio levels. This discrepancy increases with increasing
speed. The differences between measured and estimated airflow

for each speed characteristic are the same as described previously
for the rotor total pressure ratio characteristics, The measured
rotor staitic pressure ratio characteristic at 80-percent speed has
a shape similar to that of the estimated characteristic,

Supersonic Stator Setting, 83.4 Degrees

The rotor static pressure ratio characteristics for the 83,4-degree
supersonic stator angle setting are shown in Figure 21. The test
data for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
are plotted together with the estimated rotor characteristic

curves for the same speeds, At the 50-percent speed level, the
measured rotor static pressure ratio is about the same level as
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the estimated data, but the measured airflows are substantially
lower than the corresponding estimated airflows. At speeds from
60 to 100 percent, the measured rotor static pressure ratios are
substantially lower than the estimated data, and the discrepancy
between measured and estimated airflow persists through this range
of speeds., None of the measured data provide a speed characteris-
tic shape approaching that expected when the compressor would be
operating in a manner implied by the shape of the estimated rotor
static pressure ratio characteristics, Available Phase III
meessured rotor static pressure ratio data have been plotted on
Figure 21 and identified by distinctive symbols. Trends similar
to those for the Phase IV data are observed,with the rotor static
pressure ratios all being lower than the corresponding Phase IV
pressure ratios for corrected speeds of 70, 80, 90, and 100
percent,

Supersonic Stator Setting, 79 Degrees

The rotor static pressure ratio characteristics for the 79-degree
supersonic stator angle setting are shown in Figure 22, The test
data for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
are plotted together with the estimated rotor characteristic
curves for the same speeds. The test data for the 50-percent
speed case indicate rotor static pressure levels very close to
those of the estimated characteristic, but the maximum flow
obtained is substantially less than that expected from the
estimated data. The test data for the 60- and 70-percent speed
cases display a pattern which closely resembles the estimated
static presure ratio characteristics, with the measured and
estimated maximum flows nearly equal. The measured rotor static
pressure ratio levels for these two speeds, however, are sub-
stantially lower than the corresponding estimated values. At
the 80-percent speed level, the measured rotor static pressure
ratios are well below the estimated levels, and no airflow roll-
back is observed. Maximum measured airflows are about the same
as the predicted values, At 90- and 100-percent speeds, the
measured rotor static pressure ratios are very much below
estimated levels., The measured airflow rolls back, and the
static pressure ratio rises without displaying the anticipated
constant airflow characteristic during the compressor discharge
throttling.

Rotor Dischargg Mach Number

Supersonic Stator Setting, 82 Degrees

The rotor discharge Mach number characteristics for the 82-degree
supersonic stator setting are shown in Figure 23. The test data
points for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
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are plotted together with the estimated rotor discharge Mach number
characteristic curves for the same speeds, As would be expected
from consideration of the rotor total and static pressure ratio

test data, previously described, the test data show rotor discharge
Mach numbers to be substantially higher at all speeds than the
corresponding estimated values, The measured airflow discrepancies,
below estimated levels, are as described previously.

Supersonic Stator Setting, 83.4 Degrees

The rotor discharge Mach number characteristics for the 83.4-degree
supersonic stator setting are shown in Figure 24. The test data
points for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
are plotted together with the estimated rotor discharge Mach

number characteristic curves for the same speeds, At all speeds
from 50 through 100 percent, the rotor discharge Mach number test
data are substantially and progressively higher than the estimated
characteristics,.

Comparable Phase III test data for corrected speeds of 70, 80, 90,

and 100 percent are plotted in Figure 24 and identified by the dis-
tinctive symbols. These data indicate that the rotor discharge Mach
number for each Phase III configuration data point was somewhat higher
than the Phase IV configuration test data,

Supersonic Stator Setting, 79 Degrees

The rotor discharge Mach number characteristics for the 79-degree
supersonic stator setting are shown in Figure 25. The test data
points for corrected speeds of 50, 60, 70, 80, 90, and 100 percent
are plotted together with the estimated rotor discharge Mach
number characteristics curves for the same speed. As with the
other two sets of test data for the other supersonic stator set-
tings, rotor discharge Mach numbers are substantially in excess

of the estimated values except at 50-percent speed, where they

are nearly equal.

Rotor Efficiency

Supersonic Stator Angle, 82 Degrees

The rotor efficiency characteristics for the 82-degree supersonic
stator angle setting are shown in Figure 26. The test data points
for corrected speeds of 50, 60, 70, 80, 90, and 100 percent are
plotted together with the estimsted rotor efficiency character-
istic curves for the same speeds.
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At the 50-percent speed level, the higher rotor efficiencies from
the test data approach the estimated levels but at lower airflows
as previously observed. The test data efficiency for speeds from
60 through 100 percent are progressively lower than the estimated
characteristic at each corresponding speed level,

The test data pattern for 80-percent speed resembles the estimated
characteristic in shape with the maximum measured and estimated
airflows equal. Efficiency levels are 14 points or more below

the estimated efficiency characteristic. The rotor efficiency
test data for the 90- and 100-percent speeds are clustercd betwcen
69 and 73 percent, up to 22 points below the estimated levels,

Supersonic Stator Angle, 83.4 Degrees

The rotor efficiency characteristics for the 83.4-cegree supersonic
stator angle setting are shown in Figure 27. The test data points
for corrected speeds of 50, 60, 70, 80, 90, and 100 percent are
plotted together with the estimated rotor efficiency characteristic
curves for the same speeds. With increasing speeds, the roter
efficiency test data progressively fall below the estimated level
and, at 100-percent corrected speed, by as much as 18 points,

Test data for Phase III corrected speeds of 70, 80, 90, and

100 percent are also plotted on Figure 27 for comparative purposes.
The Phase I1I rotor efficiency test data are about the same level
as the Phase IV test data at 70-percent speed but are progres-
sively lower with increasing speed. At 100-percent corrected
speed, the Phase IV rotor efficiency test data are 9 or more

points higher than the corresponding Phase IIl rotor efficiency
data.

Supersonic Stator Angle, 79 Degrees

The rotor efficiency characteristics for the 79-degree supersonic
stator angle setting are shown in Figure 28, The test data points
for corrected sperds of 50, 60, 70, 80, 90, and 100 percent are
plotted together with the estimated rotor efficiency characieristics
for the same spueds.

At all speed levels, with the exception of 50 percent, the test
data rotor efficiency levels are well below the estimated rotor
efficiency characteristicsi, ranging from 14 points at 60-percent
speed to 30 points at 100-percent speed. As for the other i1otor
performance characteristics obtained from the test data, only rotor
efficiencies from 60- and 70)-percent speed resemble the shape of
the estimated characteristics, suggesting that the intended flow-
pressure relationships for the rotor were being approached.
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Rotor Total Temperature Ratio

The rotor total temperature ratio characterisites for the 82-, 83.4-,

and 79-degree supersonic stator angles are shown in Figures 29, 30, and
31, respectively. For each supersonic stator angle, the test data points
for corrected speeds of 50, 60, 70, 80, 90, and 100 percent are plotted
together with the estimated rotor total temperature ratio for the same
speeds. The rotor discharge total temperature was assumed to be the

seme as scroll outlet total temperature.

Stage Pressure Ratio

The compressor overall pressure ratio, the ratio of the average total
pressure in the discharge ducting downstream of the scroll to the
average total pressure in the inlet ducting is shown in Figures 32,
33, and 34 for supersonic stator angle settings of 82, 83.5, and 79
degrees, respectively. The test data points for corrected speeds of
50, 60, 70, 80, 90, and 100 percent are plotted together with the
estimated stage pressure ratio characteristic curves for the same
speeds.

Supersonic Stator Setting, 82 Degrees

The stage pressure ratio test data, plotted in Figure 32 for
corrected speeds from 50 through 80 percent, are higher than

the estimated pressure ratio characteristics; the corresponding
airflows are generally lower except at 80-percent speed, where
the maximum measured airflows closely match the estimated maxi-
mum airflows. The test data stage pressure ratio trends are
opposite to the trends of the estimated pressure ratio. As the
compressor discharge is throttled, it would be expected that

the stage pressure ratio would decrease at constant airflow;
then, with further throttling toward stall, a further decreasc

in pressure ratio would occur, accompanied by decreasing air-
flow. The test data indicate at 80-percent speed that, with

the closing of the discharge throttle valve, pressure ratios
increase at essentially constant flow; then the pressure ratio
decreases with decreasing flow as further throttling takes place.
At 90- to 100-percent speeds, the airflow remains approximately
constant, and the stage pressure ratio increases toward stall

as the compressor discharge is throttled. The airflow increments
(in going from 80- to 90- and 100-percent speed) are much smaller
than expected, with some overlap of the airflows (at these
speeds) as observed previously.
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Stage Efficiency

The overall compressor stage efficiency is the measure of the adiabatic
efficiency of the compression process from the level of the total pres-
st're in the iniet ducting to the level of total pressure at Plane 8 in
the outlet ducting. The Mach number in the outlet ducting, calculated
from the total and static pressure measurements at Plane 8, ranged from
0.25 to 0.30 over the speed range from 50 to 100 percent with compressor
operation at the higher pressure ratios at the more closed settings of
the discharge throttle valves. When the compressor was cperated with
more open discharge throttle valve settings, the indicated Mach number at
Plane 8 ranged up to 0.60, Th2 stuge efficiency test data are shown in
Figures 35, 36, and 37, for supersonic stator angles of 82, 83.4, and 79
degrees, respectively. For each stator setting, test data ar: given for
corrected speeds of 50, 60, 70, 80, 90, and 100 percent, and estimated
s*age efficiency characteristics are also given for the same speeds. The
test data for the 82-degree stator setting, Figure 35, show that the
highest measured stage efficiencies fall in the range from 70 percent
down to 65 percent for corrected speeds from 50 to 100 percent., These
efficiencies are down from the estimated data peak efficiencies by 6 to
18 percentage points for the corresponding speed range.

The test dato for the 83.4-degree stator setting, Figure 36, show that
the highest measured stage efficiencies range from about GO0 percent

(at 80-percent corrected speed) down to about 50 percent (at 100-percent
corrected speed)., These efficiencies are down from the estimated data
peak efficiencies by 10 to 34 percentage points for the same speed range,

Comparable Phase III test data are shown in Figure 36. The highest
measured stage efficicucies range from 70 percent (at 70-percént corrected
speed) down to 58.5 percent (at 100-percent corrected speed) and are
higher than the ccrresnonding Phase IV data by 11 to 8 pe:centage points
for the same corrected speed range.

The tes: data for the 79-degree stator secting, Figure 37, show the
highest measured stage efficiencies, ranging from about 73 percent (at
80-percent corrected speed) down to about 55 percent (at 100--percent
corrected speed). These efficiencies are down from the estimated data
peak efficiencies by 3 to 3C percentage points for the sam¢ speed range,.

Stator System Loss Coefficienp

The stator system loss coefficienv, w,is defined as the ratio of the aver-
age loss in total pressure through the stator system to the difference

between the average total pressure and the average stetic pressure at the
entry to the stator system. The s’ator system total pressure loss coeffi-
cients were determined by the same methods that vere used on the Phase IlI
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work. Stator inlet total pressure was obtained by averaging the readings
from the center element on each of the two total head rakes attached to
the leading edge of the supersonic stators. This was done because it was
found in the Phase III work that when an arithmetic average of all six
stator leading edge readings was used, excessively high values of static
pressure coefficient and excessively low values of loss coefficient were
obtained. The pressure loss coefficients determined from this average
inlet total pressure are designated by the symbol'm'. Corrections for the
total pressure loss (assuming a normal shock) were made for M3 > 1, Total
pressure at the subsonic stator exit was obtained by an arithmetic average
of the readings from the 9-element total pressure rake located midway
between the front and rear stator casing walls (Figure 11, foreground).

The average static pressure at the inlet to the stator system was determined
by averaging static pressures obtained from wall static pressure taps
circumferentially distributed on the front and rear stator casings in the
rotor-outlet/stator-inlet region.

The stator system total pressure loss test data are plotted in Figures
38, 39, and 40 for supersonic stator angles of 82, 83.4, and 79 degrees,
respectively. The test data are shown for corrected speeds of 50, 60,
70, 80, 90, and 100 percent along with estimated loss coefficients for
the same speeds.

An additional presentation of test data loss coefficients is given in
Figures 41, 42, and 43 for supersonic stator angles of 82, 83.4 and 79
degrees, respectively. 1In these figures, loss coefficient is plotted
against the Mach number at the stator system inlet. 1In addition to the
test data, estimates of the stator system loss coefficient are shown as
a function of inlet Mach number, based on tandem cascade test data(3®) as
in Figure 1. Comparable high-speed test data from Phase III are shown
in Figures 39 and 42 for comparative purposes.

Stator System Static Pressure Coefficient

The stator system static pressure coefficient is defined as the ratio of
the average rise in static pressure through the stator system to the
difference between the average total pressure and the average static
pressure at entry to the stator system. The stator system inlet total
and static pressure measurements were as described for the stator system
loss coefficients.

The static pressure coefficient determined from the use of the average of
the two centerline inlet total pressures is designated by CP'.

The stator system average outlet static pressure was determined from
measurements made by wall static pressure taps, circumferentially
distributed on both the front and rear stator casings, in the region of
the stator system outlet.
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Stator System Total Pressure Loss Coefficient
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Figure 41. ROC Phase IV Test Data - Stator System Total Pressure
Loss Coefficient Vs Stator Inlet Mach Number,
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The stator system static pressure coefficients obtained from the test
data are shown in Figures 44, 45, and 46 for stator settings of 82, 83.4,
and 79 degrees, respectively, for corrected speeds of 50, 70, 80, 90, and
100 percent. Also shown in these plots are the static pressure coeffi-
cients implicit in the estimated performance data.

High-speed test data from Phase III are shown in Figure 45 for comparative
purposes,
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(1)

(2)

(3)

(4)

(5)

(6)

CONCLUSIONS

Inlet vane position did not have a significant effect on rotor per-
formance in the speed range tested from 50- through 80-percent cor-
rected speed.

The highest levels of measured rotor performance were obtained at
the 83.4-degree suspersonic stator setting. A maximum rotor pres-
sure ratio of 7.2 was measured with a rotor efficiency of 80 per-
cent at 100-percent corrected speed. The total pressure ratio is
of the expected order of magnitude at design speed; however, the
static pressure rise is lower than expected, resulting in high
rotor discharge Mach numbers. Total pressure ratio distribution
at rotor outlet is relatively uniform. At the other two supersonic
stator settings, the rotor outlet pressure distribution is skewed,
changing, and more peaked and variable, indicating the possibility
of upstream flow separation. The Phase IV rotating diffuser area
distribution, similar to that of the original Phase II diffuser,
appeared to be responsible for small improvements in measured ro-
tor performance parameters when compared with corresponding Phase
III test data.

The stator system demonstrated loss levels that approached the
tandem cascade test data for some conditions of operation.

The highest level of stage performance was obtained with the

intermediate supersonic stator setting of 82 degrees, where a
maximum stage total pressure ratio of 6.1 was obtained with a
stage efficiency of 66 percent at 100-percent corrected speed.

The rotor and stator system are mismatched. The rotor achieves
peak performance with the supersonic stators in the closed (83.4-
degree) position, while the stator sysiem achieves peak perform-
ance in the open (79-degree) position.

Substantial inconsistency in corrected airflow is observed. There
appear to be several distinctively different modes of operation of
the ROC as characterized by different patterns of the test data
(for corrected speeds of 70 percent and below, at 80 percent, and
at 90 and 100 percent). For each of these speeds, or speed ranges,
specific and different adjustments were made to the compressor or
the facility to maintain bearing thrust load and disc temperature
below limits. A substantial difference in corrected airflow was
observed to occur, when, other things being apparently similar, a
change was made in the auxiliary airflows and when the compressor
inlet density was reduced. In the latter case, the change in air-
flow cannot be accounted for by Reynolds number effects alone.
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RECOMMENDATIONS

The Phase 1V Radial Outflow Compressor (ROC) program provided a signif-
icant quantity of high-speed performance data for the first time in the
overall program. The performance characteristics obtained during the
tests and the differences between actual data and earlier estimates pose
several questions. Answers are needed to develop a better understanding
and perspective of the ROC concept relative to other types of radial
compressors,

The questions and the means for providing answers served as the basis for
the following recommendations:

1. The test data acquired in the Phase IV program should
receive analysis and evaluation extended beyond the minimal
level specified for producing this report. For an example,
interpretation of the pressure distributions at rotor outlet
and in the stator passages should be undertaken as a step
toward developing a better understanding of the matching of
the rotor and stator.

2. A series of short ROC tests should be carried out in the
manner and for the purposes described below:

a. Determine the high-speed characteristics of the ROC
uninfluenced by secondary airflow, pressure distribu-
tions, or rotor deflections induced by the auxiliary
air system. A change in the forward thrust bearing is
required.

b. Determine the change in air angle leaving the rotor and
entering the stator system as a function of both speed
and back-pressure level to develop an improved under-
standing of the requirements for achieving the matching
between the rotor and stator systems. Vane incidence
angle measurements are required.

c. Determine the high-speed characteristics of the ROC
uninfluenced by whirl at blade entry as caused by the
rotating walls of the inlet. The application of
stationary shrouds in the inlet passage or inlet guide
vanes is required.

3. A study should be conducted to determine the paths for developing
and exploiting the ultimate performance potential of the ROC
concept. This segment of the work should be implemented by the
extension of earlier studies of the ROC rotor using larger-chord
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blades with a modified area distribution through the blade
row and resulting in near-sonic flow velocity at rotor exit
(3). 1Identification of design modifications of stator sys-
tems and scrolls compatible with this rotor design is required.
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